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A B S T R A C T

Nanoplatforms can optimize the efficacy and safety of chemotherapy, and thus cancer therapy. However,
new approaches are encouraged in developing new nanomedicines against malignant cells. In this work,
a reproducible methodology is described to prepare D9-tetrahidrocannabinol (D9-THC)-loaded poly(D,L-
lactide-co-glycolide) (PLGA) nanoparticles against lung cancer. The nanoformulation is further improved
by surface functionalization with the biodegradable polymers chitosan and poly(ethylene glycol) (PEG) in
order to optimize the biological fate and antitumor effect. Mean nanoparticle size (�290 nm) increased
upon coating with PEG, CS, and PEG–CS up to �590 nm, �745 nm, and �790 nm, respectively. Surface
electrical charge was controlled by the type of polymeric coating onto the PLGA particles. Drug
entrapment efficiencies (�95%) were not affected by any of the polymeric coatings. On the opposite, the
characteristic sustained (biphasic) D9-THC release from the particles can be accelerated or slowed down
when using PEG or chitosan, respectively. Blood compatibility studies demonstrated the adequate in vivo
safety margin of all of the PLGA-based nanoformulations, while protein adsorption investigations
postulated the protective role of PEGylation against opsonization and plasma clearance. Cell viability
studies comparing the activity of the nanoformulations against human A-549 and murine LL2 lung
adenocarcinoma cells, and human embryo lung fibroblastic MRC-5 cells revealed a statistically significant
selective cytotoxic effect toward the lung cancer cell lines. In addition, cytotoxicity assays in A-549 cells
demonstrated the more intense anticancer activity of D9-THC-loaded PEGylated PLGA nanoparticles.
These promising results were confirmed by in vivo studies in LL2 lung tumor-bearing immunocompetent
C57BL/6 mice.

ã 2015 Published by Elsevier B.V.
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1. Introduction

D9-Tetrahidrocannabinol (D9-THC) has attracted special inter-
est in oncology given their well-known palliative effects and
antitumor activity (Ramer and Hinz, 2008; Aviello et al., 2012;
Velasco et al., 2012; Solinas et al., 2013). In fact, D9-THC has been
described to inhibit tumor angiogenesis and cell growth in
malignant tissues, thus causing cell death (McKallip et al., 2002;
* Corresponding author at: Departamento de Farmacia y Tecnología Farm-
acéutica, Facultad de Farmacia, Universidad de Sevilla, C/Profesor García González
N� 2, 41012 Sevilla, España. Tel.: +34 954556618; fax: +34 954556085.

E-mail address: luciamartin@us.es (L. Martín-Banderas).

http://dx.doi.org/10.1016/j.ijpharm.2015.04.054
0378-5173/ã 2015 Published by Elsevier B.V.
Casanova et al., 2003; Blázquez et al., 2004; Bifulco et al., 2006;
Ramer et al., 2012; Hernán Pérez de la Ossa et al., 2013a; Machado-
Rocha et al., 2014).

Unfortunately, and despite oral aerosols, transdermal patches,
and suppositories have been proposed (Hernán Pérez de la Ossa
et al., 2013a), up to now the development of an effective and safety
(D9-THC)-based formulation remains to be accomplished. Proba-
bly, reasons beneath the challenge are the high instability,
oily-resin nature, low water solubility (�2.8 mg/L), and low
bioavailability of the compound (Brownjohn and Ashton, 2012).
To beat the challenge, (D9-THC)-loaded microparticulate systems
based on the polymer poly(e-caprolactone) have been engineered
by oil-in-water emulsion-solvent evaporation with promising
results against cancer (Hernán Pérez de la Ossa et al., 2012,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpharm.2015.04.054&domain=pdf
mailto:luciamartin@us.es
http://dx.doi.org/10.1016/j.ijpharm.2015.04.054
http://dx.doi.org/10.1016/j.ijpharm.2015.04.054
http://www.sciencedirect.com/science/journal/03785173
www.elsevier.com/locate/ijpharm


206 L. Martín-Banderas et al. / International Journal of Pharmaceutics 487 (2015) 205–212
2013a,b). However, the micrometer size of the D9-THC particulate
formulation (�20–50 mm) is expected to limit the clinical outcome
(Decuzzi et al., 2009).

As an alternative, poly(D,L-lactide-co-glycolide) nanoparticles
(PLGA NPs) have been investigated (Martín-Banderas et al., 2014).
This PLGA-based formulation was also used as nanocarrier for
synthetic cannabinoid receptor agonist 13 (CB13) molecules
(Durán-Lobato et al., 2013; Martín-Banderas et al., 2012). However,
a definitive in vitro and in vivo proof of concept of the possibilities
of this (D9-THC)-loaded nanoparticulate formulation is needed.

Therefore, this work is devoted to the development of PLGA-
based nanocarriers as delivery systems for D9-THC. Concretely,
PLGA NPs, PLGA NPs surface coated with poly(ethylene glycol)
(PEGylated PLGA NPs), PLGA NPs embedded within a chitosan (CS)
shell (chitosan-coated PLGA NPs), and PEGylated chitosan-coated
PLGA NPs were investigated. Vitamin E molecules were incorpo-
rated to the formulations to enhance the stability of D9-THC
against oxidation. Geometry and surface electrical charge meas-
urements, blood compatibility and protein adsorption character-
izations, and the in vitro evaluation of the D9-THC loading and
release capabilities revealed that the PEGylated PLGA nanosystem
was the more adequate formulation for the parenteral adminis-
tration of D9-THC (see below). Finally, the in vitro anticancer
activities of (D9-THC)-loaded PEGylated PLGA NPs were evaluated
in murine LL2 and human A-549 lung cancer cell lines. The human
embryo lung fibroblastic MRC-5 cell line was used as control.
Regarding the in vivo investigation of the antitumor potential of
(D9-THC)-loaded PEGylated PLGA NPs, LL2 lung tumor-bearing
immunocompetent C57BL/6 mice was used to that aim.

2. Materials and methods

2.1. Materials

D9-THC was provided by THC Pharm (Frankfurt am Main,
Germany). PLGA (Resomer1 RG 502, PLGA 50:50, molecular
weight: 12,000 Da, inherent viscosity: 0.24 dL/g) was obtained
from Boehringer-Ingelheim (Ingelheim, Germany). Low molecular
weight chitosan, Span1 60, Tween1 80, Pluronic1 F-68, ethyl-
enediaminetetraacetic acid (EDTA), trypsin, sodium citrate, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
Triton1 X-100, ammonium oxalate, sodium dodecyl sulphate
(SDS), monoclonal antibody specific for human C3a desArg
peroxidase-conjugated rabbit anti-C3a and fluorochrome nile
red were purchased from Sigma–Aldrich (St Louis, MO, USA).
Glycerol was obtained from Acofarma Distribución S.A. (Barcelona,
Spain). Vitamin E was a generously gift from ChemTrade GmbH
(Burgbernheim, Germany). Threalose was obtained from VWR
International Eurolab S.L. (Barcelona, Spain).

PEG (molecular weight: 20 kDa) was obtained from Serva
Feinbiochemica GmbH & Co. (Heidelberg, Germany). PEG molecu-
lar weights and PEG chain lengths may have a significant influence
on the prevention of the surface adsorption of plasma proteins
onto NPs (and thus, plasma clearance) (Gref et al., 2000). It is
accepted that increasing PEG chain lengths (thus PEG molecular
weights) minimizes protein adsorption onto PEGylated NPs
(preventing plasma clearance). Hence, this is the reason why
PEG with a molecular weight of 20 kDa was used, instead of other
PEGs, e.g., from 2000 to 5000 Da.

All other chemicals were purchased from Panreac Química
(Barcelona, Spain). Deionized and filtered water was used in all
the experiments (Milli-Q Academic, Millipore, Molsheim,
France). The release medium (phosphate buffered saline, PBS,
pH 7.4) was obtained from Biochemica AppliChem (Darmstadt,
Germany).
Human embryo lung fibroblastic MRC-5 and human lung
adenocarcinoma A-549 cell lines were obtained from the European
Collection of Cell Cultures (ECACC). The murine lung carcinoma
LL2 cell line was obtained from the Scientific Instrumentation
Centre of the University of Granada (Granada, Spain). The cell lines
were maintained in Dulbecco’s modified Eagle’s medium (DMEM
high glucose, with L-glutamine, phenol red and without pyruvate)
with penicillin–streptomycin, which were obtained from PAA
Laboratories (Pasching, Austria), and supplemented with Fetal
Bovine Serum (FBS, Stemcell Technologies Inc.).

2.2. Synthesis and characterization of the PLGA-based
nanoformulations

PLGA-based NPs were prepared by following the nanoprecipi-
tation method (Fessi et al., 1989; Martín-Banderas et al., 2014).
Briefly, a weighted amount of PLGA was dissolved with Span1 60 in
acetone to obtain a 1.5% (w/v) concentration. Then, 5 mL of such
solution were added drop-wise to 15 mL of a Pluronic1

F-68 aqueous solution (0.5%, w/v) under magnetic stirring. Acetone
was evaporated at room temperature during 4 h, to obtain an
aqueous dispersion which was finally centrifuged to collect the NPs
(10,000 rpm, 15 min, 4 �C; Eppendorf 504R, Eppendorf AG,
Hamburgo, Germany). After washing twice, the NPs were
re-suspended in a 5% (w/v) threalose solution (used as cryopro-
tectant) and freeze-dried (frozen in liquid nitrogen and lyophilized,
�80.0 � 0.5 �C, 0.057 mbar; Telstar Cryodos-50; Telstar Industrial S.
L., Tarrasa, Spain) to obtain a fine whitish powder. All the
formulations were prepared in triplicate.

Surface modification of the PLGA NPs with chitosan and/or PEG
was done to improve the NP cellular uptake and to minimize the
opsonization process that may take place in blood (Gref et al.,
2000; Parveen and Sahoo, 2011). To that aim, chitosan or PEG was
added to the NP aqueous dispersion upon evaporating acetone.
Briefly, PLGA NPs were incubated overnight in a 0.25% (w/v)
chitosan solution in 1% (v/v) acetic acid to obtain chitosan-coated
PLGA NPs. PEGylation of the chitosan-coated PLGA NPs (or PLGA
NPs) was accomplished by incubating the particles in a 4.5% (w/v)
PEG solution during 3 h. Finally, the PEGylated chitosan-coated
PLGA NPs (or PEGylated PLGA NPs) were collected by centrifuga-
tion (10,000 rpm, 15 min, 4 �C).

To sum up, 4 nanoformulations were synthesized, i.e., PLGA NPs,
chitosan-coated PLGA NPs (CS–PLGA NPs), PEGylated PLGA NPs
(PEG–PLGA NPs), and PEGylated chitosan-coated PLGA NPs (PEG–
CS–PLGA NPs).

On the basis of the best drug incorporation conditions defined
previously (Martín-Banderas et al., 2014), D9-THC-PLGA was
loaded to the nanoparticulate systems. Briefly, the procedure
started by adding 2.25 mL of a D9-THC solution in acetone (1 mg/
mL) to the PLGA organic solution before starting the nano-
precipitation procedure. The drug/polymer concentration in this
solution was 5% (w/w). In addition, the antioxidant additive
vitamin E was incorporated to that organic solution to prevent D9-
THC oxidation (vitamin/polymer concentration: 5%, w/w).

Mean particle size was determined at 25.0 � 0.5 �C by a laser
scattering technique based on the Mie theory (Partica LA-950V2,
Horiba Ltd., Kyoto, Japan). Measurements of aqueous dispersions of
the PLGA-based NPs (0.1%, w/v) were carried out under continuous
magnetic agitation. To confirm the results transmission electron
microscopy (TEM) characterizations were also done (CM-10 trans-
mission electron microscope; Philips Electronics, Amsterdam,
Holland) to particle samples prepared by drying the dispersions at
room temperature overnight in a convection oven. Finally, the
surface electrical charge of the NPs was determined in triplicate by
zeta potential (z, mV) measurements (Zetamaster 3000, Malvern
Instruments Ltd., Malvern, UK) at room temperature.
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2.3. Drug loading and in vitro drug release determinations

D9-THC loading to (and release from) the PLGA-based NPs was
determined by a reverse phase-high performance liquid chroma-
tography (RP-HPLC) method which was previously validated to
demonstrate its precision, accuracy, and linearity. The RP-HPLC
analysis was done with a Hitachi LaChrom1 (D-7000) Series HPLC
system equipped with a L-7200 automatic injector, a D-7000 in-
terphase, a L-7100 quaternary pump, and a DAD UV–vis
L-7455 detector. A Waters column (3 mm, 4.6 � 100 mm, Milford,
MA, USA) maintained at 25.0 � 0.1 �C (L-2350 column oven, Elite
LaChrom1) was used in this analysis. Data collection and
calculation were carried out with a HSM D-7000 LaChrom1

software (Merck-Hitachi, Darmstadt, Germany).
Briefly, 5 mL of acetone was added to 5 mg of lyophilized NPs

(accurately weighted with a high-precision analytical balance,
d = 0.01 mg, model CP 225D; Sartorius AG, Göttingen, Germany).
The mixture was mechanically stirred to dissolve the particles in
acetone, which was finally evaporated (Büchi R/210 Rotary
Evaporator, BüchiLabortechnik AG, Flawil, Switzerland). Then,
1 mL of methanol was added and mechanical stirring was
continued during 5 min. The drug solution was filtered (0.22 mm
syringe filter, Millex1 GV, Millipore, Barcelona, Spain) and injected
into the HPLC system for D9-THC detection. Drug incorporation to
the NPs was indicated as entrapment efficiency (EE, %) and drug
loading (DL, %), as follows:

EEð%Þ ¼ amountofD9 � THCloadedðmgÞ
initialamountofD9 � THCloadedðmgÞ

  !
� 100 (1)

DLð%Þ ¼ amountofD9 � THCðmgÞ
amountofNPsobtained

  !
� 100 (2)

In vitro drug release studies were carried out by incorporating
4 mg of NPs to 15 mL of phosphate buffered saline (PBS) (pH 7.4)
containing 0.1% (w/v) of Tween1 80 to keep the sink conditions
(Hombreiro-Perez et al., 2003). The experiments were done in
triplicate at 37 �C and under mechanical stirring (100 rpm,
Unitronic OR, Selecta S.A., Barcelona, Spain). Aliquots (500 mL)
were withdrawn at predetermined time intervals, centrifuged
(10,000 rpm, 5 min; Eppendorf 504R, Eppendorf AG, Hamburgo,
Germany), and filtered (0.22 mm syringe filter, Millex1 GV,
Millipore, Barcelona, Spain). Finally, 20 mL of these aliquots was
injected into the HPLC apparatus to evaluate the D9-THC content.
To that aim, it was used a calibration curve constructed over the
range 20–100 mg/mL (r2 = 0.9990, limit of detection: 30 mg/mL,
limit of quantification: 40 mg/mL).

2.4. Protein adsorption and blood compatibility studies

Regarding the protein adsorption tests, NPs were incubated in
1 mL of a 400 mg/mL bovine serum albumin (BSA) aqueous
solution. Then, the dispersion was mechanically stirred with a
magnetic stirrer during 2 h at 37 �C (Thiele et al., 2003; Parveen
and Sahoo, 2011), and the NPs were centrifuged (10,000 rpm,
4 �C, 20 min; Eppendorf 504R; Eppendorf AG, Hamburgo,
Germany) to remove any unabsorbed protein. Finally, samples
were diluted in PBS (1:20) and zeta potential measurements
were accomplished.

The interaction of nanoparticulate formulations with blood
components has been postulated as an indicator of toxicity (Dash
et al., 2010; Bender et al., 2012; Lekshmi and Reddy, 2012). Blood
was obtained from six healthy female adults (30–42 years old), and
poured into flasks containing either EDTA (used in the haemolysis,
and platelet activation experiments), or sodium citrate (used in the
complement system activation, and plasma clotting time experi-
ments). Following a clearly defined method (Dash et al., 2010), the
NPs were kept in contact with blood aliquots to evaluate their
effect on erythrocytes, coagulation, and complement system. An
UV spectrophotometric technique was satisfactorily validated and
verified for accuracy, precision, and linearity.

2.5. In vitro cytotoxic activity

The anticancer activities of the (D9-THC)-containing formula-
tions were evaluated by using the MTT proliferation assay which
measures the mitochondrial dehydrogenase activity (Vihola et al.,
2005; Gustafsson et al., 2009). To that aim, murine LL2 and human
A-549 lung cancer cell lines were used. The human embryo lung
fibroblastic MRC-5 cell line was employed as control. The
formulations involving the drug, i.e., free D9-THC, (D9-THC)-loaded
PLGA NPs, (D9-THC)-loaded PEGylated PLGA NPs, and (D9-THC)-
loaded PEGylated chitosan-coated PLGA NPs, that were kept in
contact with cells ranged from 0.1 to 50 mM equivalent drug
concentration. In addition, NP concentration in these nano-
formulations (further including drug-unloaded PLGA NPs) was
in the same range of concentrations (0.06–0.32 mg/mL).A total
number of cells/well from 2.7 � 103 to 4.5 �103 cells/well were
cultured in 96-well plate (Nunclon1, Thermo Fisher Scientific,
Waltham, MA, USA) during 24 h at 37 �C. Then, the formulations
were added to the cell culture. After 72 h of incubation, the
medium was removed, 125 mL MTT (1 mg/mL in medium) was
incorporated and the plates were incubated during 4 h at 37 �C.
Next, 80 mL of 20% SDS in 0.02 M HCl was added and incubated
during 10 h at 37 �C. The optical density of each well was measured
at 540 nm (Synergy HT multiwell plate spectrophotometer reader,
BioTek Instruments Inc., Winooski, VT, USA) to quantify cell
viability. Cell survival (%) was calculated as percentage of viability
compared to the control (non-treated cells).

2.6. In vivo anticancer studies

These studies were approved by the Ethics Committee of the
University of Granada and performed according to its guidelines. A
number of 40 immunocompetent female C57BL/6 mice (body
weight �25 g, Charles River, Barcelona, Spain) were used. They
were maintained at 22 � 1 �C and 40–70% of relative humidity in a
laminar airflow cabinet with a 12 h light/dark cycle, and under
specific pathogen-free conditions. All mice were subcutaneously
injected in the right hind flank with 5 �105 LL2 cells dispersed in
200 mL of PBS. When tumors were palpable, mice were randomly
distributed into 4 experimental groups (n = 10) and treated every
3 days with: control (non-treated mice), free D9-THC, PEGylated
PLGA NPs, and D9-THC-loaded PEGylated PLGA NPs. This nano-
particulate system was selected for this study given its promising
in vitro antitumor effect (see Figs. 4 and 5). The treatment consisted
in a peritumoral injection during 21 days of the formulations
(D9-THC equivalent doses: 5 mg/Kg of body mass). At the moment
of treatment administration, mice were weighted, the tumor size
was measured, and the death of mice was recorded. Tumor volume
(V, mm3) was measured by using a digital caliper as follows:

V ¼ a � b2 � p
6

(4)

where a is the longest diameter and b is the shortest diameter.



Table 1
Mean diameter (Dmean, nm) and zeta potential (z, mV) values of the PLGA-based
nanoparticulate formulations loaded with D9-THC (drug concentration: 5%, w/w)
(n = 12) (S.D.: standard deviation).

Formulation Dmean� S.D. (nm) z � S.D. (mV)

PLGA 290.10 � 60.30 �34.78 � 5.98
PEG–PLGA 587.90 � 98.01 0.46 � 0.06
CS–PLGA 746.89 � 100.76 78.21 � 7.65
PEG–CS–PLGA 789.67 � 95.34 5.34 � 0.98
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2.7. Statistical analysis

Data is presented as mean � standard deviation. In the in vitro
cell culture assays, Student’s t-test and one-way analysis of
variance (ANOVA) were used to define the significance between
two groups and among more than two groups, respectively
(software SPSS version 15, SPSS IBM Statistics, Chicago, USA).
Regarding the in vivo antitumor activity results, statistical analysis
was performed using the Student’s t-test (software SPSS version
15, SPSS IBM Statistics, Chicago, USA). The probability of mice
survival (cumulative survival curves) was determined by the
Kaplan Meier method, and the log-rank test was used to compare
the fraction of surviving mice between groups (a = 0.05). Data with
p < 0.05 and p < 0.001 were considered as significant and very
significant, respectively.

3. Results and discussion

3.1. Particle geometry and surface electrical charge

Mean particle size of PLGA NPs is increased from �300 nm to
�600 nm or �750 nm when a polymeric coating is incorporated
onto their surface, i.e., PEG or chitosan, respectively (Table 1). It has
been attributed such kind of increase in size to polymer deposition
onto the NP surface in the form of multi-layers (Nafee et al., 2009;
Parveen and Sahoo, 2011). In all cases the coefficient of variation is
in the range of �15%, this indicating that the particle distributions
were almost homogeneous. Taking into consideration particle sizes
corresponding to the same nanoformulations prepared without
using vitamin E (Martín-Banderas et al., 2014), it can be assumed
that this additive does not seem to affect particle dimensions.
Surface modification by using chitosan and/or PEG is expected to
promote cellular uptake while keeping to a minimum NP
opsonization (Gref et al., 2000; Parveen and Sahoo, 2011;
Martín-Banderas et al., 2014). Finally, all the nanoformulations
were characterized by a spherical shape.

In addition, PLGA NPs surface coated by chitosan and/or PEG
were characterized by a core/shell structure that can be easily
visualized by TEM (see Fig. 1 as an illustrative example). These
results along with the previously reported FTIR data (Martín-
Banderas et al., 2014) confirmed the core/shell structure of these
nanoparticulate systems.

Regarding the surface electrical charge of the PLGA NPs,
characteristic z negative values for pure PLGA NPs, turns into
positive or almost neutral upon surface coating with chitosan or
PEG, respectively (Table 1). The positive z values defined for the
chitosan-coated PLGA NPs may come from the polycationic nature
of chitosan (primary amino groups). On the contrary, the z values
Fig. 1. Transmission electron microphotographs of c
close to neutrality in the case of PEGylated NPs may be due to the
displacement of the diffuse ionic layer to a greater distance from
the particles by the PEG chains (Patel et al., 2012).

3.2. Drug vehiculization

Results obtained from D9-THC incorporation experiments to
PLGA NPs are collected in Table 2. Similar drug loading values were
obtained in PLGA NPs and in PLGA NPs surface modified with
chitosan and/or PEG, thus the polymeric surface coating to the
PLGA NPs did not positively influence the drug loading efficiencies.
In fact, EE (%) and DL (%) values were always in the range of �95% to
�97% and �4.8% to �4.9%, respectively. In any case, and
independently of the preparation conditions, D9-THC was repro-
ducibly and efficiently loaded to the NPs probably thanks to the
apolar character of D9-THC which avoids its migration into the
aqueous phase during NP synthesis (Barichello et al., 1999).
Furthermore, the use of vitamin E in NP preparation to some extent
influenced D9-THC loading. In fact, D9-THC entrapment efficiencies
were slightly reduced when vitamin E was not used in NP synthesis
(Martín-Banderas et al., 2014). This is because of the surfactant
nature of the additive which gets to improve the stability and the
quality of the organic/aqueous interface during NP synthesis
(Duhem et al., 2014). Vitamin E mixed with the nonionic
surfactants used in the synthesis of the nanoformulations provides
an increase in stability of the nanoparticles wall (Li et al., 2011).

Regarding D9-THC release from the nanoparticulate systems, a
biphasic profile consisting of a rapid phase followed by a slow
release phase was observed (Fig. 2). Concretely, up to �20% of the
D9-THC molecules entrapped within the PLGA NPs (4, black line),
�10% of the D9-THC molecules entrapped within the chitosan-
coated PLGA NPs (&, dashed line), �60% of the D9-THC molecules
entrapped within the PEGylated PLGA NPs (~, black line), and
�20% of the D9-THC molecules entrapped within the PEGylated
chitosan-coated PLGA NPs (^, dashed line), were released in
�1 day, �4 days, �3 days, and �1 day, respectively; the remaining
drug being released in a sustained manner over a period of �9 days,
�6 days, �7 days, and �9 days, respectively. This is the
hitosan-coated PLGA NPs. Bar length: 1000 nm.



Table 2
D9-THC entrapment efficiency (EE, %) and D9-THC loading (DL, %) values of the
PLGA-based nanoparticulate formulations (n = 12).

Nanoformulation EE (%) DL (%)

PLGA 95.5 � 0.2 4.8 � 0.1
PEGylated PLGA 97.4 � 0.3 4.9 � 0.1
Chitosan-coated PLGA 96.3 � 0.6 4.8 � 0.2
PEGylated chitosan-coated PLGA 94.9 � 0.8 4.8 � 0.1

Fig. 3. Zeta potential (mV) values of PLGA NPs, PEGylated PLGA (PEG-PLGA) NPs,
chitosan-coated PLGA (CS-PLGA) NPs, and PEGylated chitosan-coated PLGA
(PEG–CS–PLGA) NPs before and after contacting with BSA.
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consequence of the well-known drug diffusion process character-
istic of hydrophobic and semi-crystalline PLGA nanomatrices
(Fu et al., 2000; Chan et al., 2009; Kumari et al., 2010; Patel et al.,
2012). Chitosan surface coating of the PLGA NPs prolonged D9-THC
release probably because D9-THC molecules must diffuse through
a core/shell matrix greater than the pure PLGA matrices (Table 1).
On the contrary, PEGylation accelerated D9-THC release from PLGA
NPs and chitosan-coated PLGA NPs presumably due to the polar
nature of PEG chains which facilitates the contact of the NP
matrices with water molecules (and thus PLGA hydrolysis and drug
diffusion) (Martín-Banderas et al., 2014).

As previously highlighted, vitamin E was incorporated to the
nanoformulations to prevent D9-THC degradation, process that
may occur under the acidic environment resulting from PLGA
degradation (Fu et al., 2000; Traber and Atkinson, 2007; Astete
et al., 2011; Klose et al., 2011; Hernán Pérez de la Ossa et al., 2012;
Tran et al., 2012). In order to define the protective effect of vitamin
E to the D9-THC molecules incorporated into the NPs, the
remaining amount of drug molecules (into the NPs prepared with
or without the antioxidant agent) after a 144 h of releasing process
(under the conditions detailed in Section 2.3) was extracted and
measured by HPLC. Compared to the antioxidant-free nano-
formulations, an enhancement of � 67% in the stability of D9-THC
was measured which led to a 10-day release profile when vitamin E
was incorporated to the NPs. Thus, the use of vitamin E can (protect
and) prolong drug release from the PLGA-based nanoparticulate
systems (Barcia et al., 2005; Hernán Pérez de la Ossa et al., 2013a;
Herrero-Vanrell et al., 2014). On the opposite, a 6-day release
profile was characteristic of the vitamin E-free nanoformulations
(Martín-Banderas et al., 2014).

3.3. Protein adsorption and blood compatibility

Numerous investigations have defined the protective effect of
hydrophilic polymer chains (i.e., PEG) located onto NP surface
against opsonization and plasma clearance. In fact, PEGylation has
been suggested to be necessary to assure NP accumulation into the
targeted cell/tissue (Gref et al., 2000; Decuzzi et al., 2009; Reddy
et al., 2012; Sempf et al., 2013). In our investigation, BSA was used
Fig. 2. In vitro D9-THC release (%) from PLGA (4, black line), chitosan-coated PLGA
(&, dashed line), PEGylated PLGA (~, black line) and PEGylated chitosan-coated
PLGA (^, dashed line) NPs as a function of the time (days) (n = 3).
as a model protein to evaluate NP interaction with blood proteins
(Thiele et al., 2003; Parveen and Sahoo, 2011).

Fig. 3 illustrates how the z values are significantly reduced
when non-PEGylated NPs are in contact with BSA molecules, the
consequence of an intense protein adsorption. On the opposite, the
surface electrical charge of PEGylated NPs is not significantly
affected. This information may be advantageously used to estimate
how PEGylated NPs may evade the recognition by the RES in their
way to the targeted site of action, compared to non-PEGylated NPs
(Jokerst et al., 2011; Sempf et al., 2013). According to this
information, non-PEGylated chitosan-coated PLGA NPs were
discarded in the in vitro anticancer activity experiments.

Results collected in Table 3 clearly define the adequate in vivo
safety margin of all of the PLGA-based nanoformulations. These
nanosystems can be considered haemocompatible for drug
delivery applications. In fact, the particles are expected to exhibit
a negligible effect on haemolysis, not affecting sP-selectin release
levels (from platelet activation quantification), complement
system activation, and plasma clotting times. Similar results have
been reported for other nanoparticulate systems with significant in
vivo safety margin (Dash et al., 2010; Arias et al., 2011; Martín-
Banderas et al., 2012; Pérez-Artacho et al., 2012).

3.4. In vitro anticancer activity

The cytotoxic activity of the (D9-THC)-containing formulations
was firstly investigated in vitro in human embryo lung fibroblastic
MRC-5 and human lung adenocarcinoma A-549 cell lines (Fig. 4).
With respect to the free drug, it was found to be more cytotoxic to
A-549 cells than to MRC-5 cells. Such significant difference
suggests a certain selectivity of action for cancer cells which
may be justified if it is taken into account that the CB1 and
CB2 cannabinoids receptors are overexpressed in lung cancer cells
(Preet et al. 2008; Takeda et al. 2008; Moreno et al. 2014). These
findings were also observed in the D9-THC-loaded PLGA-based
nanosystems (Fig. 4a and b) while drug unloaded PLGA NPs did not
develop any cytotoxic activity (data not shown).

Viability of MRC-5 cells was significantly affected by the type of
nanoparticulate system (F = 25.270, p < 0.05, n = 16), being the (D9-
THC)-loaded PEGylated PLGA NP formulation the one producing
the greatest anticancer effect [post hoc Student–Newman–Keuls
(SNK)] (Fig. 4a). Cell proliferation was observed when using (D9-
THC)-loaded PEGylated chitosan-coated PLGA NPs, and with (D9-
THC)-loaded PLGA NPs, probably a consequence of the very slow
D9-THC release kinetics characteristic of these nanoformulations
(Fig. 2) that determine a smaller effective drug concentration in
contact with the cells (Hernán Pérez de la Ossa et al., 2012, 2013b).
In any case, the limited expression of CB1 and CB2 cannabinoids
receptors in MRC-5 cells may be responsible for the negligible



Table 3
Blood compatibility of the nanoparticulate formulations in terms of haemolysis (%), platelet activation [soluble P-selectin (sP-selectin) release, ng/mL], complement
activation (C3a desArg ng/mL) and plasma recalcification time (T1/2max, min).

Formulation Haemolysis (%) sP-selectin release (ng/mL) C3a desArg (ng/mL) T1/2max (min)

PLGA NPs 2.1 � 0.2 96 � 9 293 � 7 10.5 � 0.7
(D9-THC)-loaded PLGA NPs 1.9 � 0.4 103 � 7 289 � 8 11.1 � 0.5
PEGylated PLGA NPs 2.2 � 0.6 104 � 5 291 � 5 12.1 � 0.8
(D9-THC)-loaded PEGylated PLGA NPs 1.8 � 0.8 101 � 8 296 � 8 11.6 � 1.2
PEGylated chitosan-coated PLGA NPs 2.3 � 0.6 106 � 4 294 � 7 12.4 � 0.9
(D9-THC)-loaded PEGylated chitosan-coated PLGA NPs 2.4 � 0.3 98 � 9 288 � 9 11.7 � 1.3
Control (PBS solution) 0 97 � 13 284 � 12 12.3 � 1.1
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activity of D9-THC in this cell line, even in the form of free
molecules. In fact, only at the greater equivalent drug concentra-
tion (50 mM), the PEGylated PLGA nanoformulation exhibited
some negative effect on MRC-5 viability.

Compared to MRC-5 cells (Fig. 4a), the in vitro anticancer
activity of D9-THC-loaded PLGA-based particles against A-549 cells
was clear and positively affected by the D9-THC equivalent
concentration (Fig. 4b) (F = 35.676, p < 0.05, n = 16), being the
cytotoxic effect of (D9-THC)-loaded PEGylated PLGA NPs 1.4-fold
greater than free drug. Concretely, the inhibitory concentration 50
(IC50) values of free D9-THC and (D9-THC)-loaded PEGylated PLGA
NPs in MRC-5 cells were found to be 99.2 � 41.4 mM and
76.2 � 20.6 mM, respectively (meaning a 1.63-fold decrease); and
60.8 � 23.6 mM and 42.3 � 29.3 mM, respectively in A-549 cells.
These IC50 values were mathematically determined using the point
to point method in Excel or by linear extrapolation from the
corresponding concentration-response curve when IC50 values
were not within the range of tested concentrations. Finally,
viability of A-549 cells was significantly influenced by the type of
drug-loaded nanostructure (F = 13.368, p < 0.05, n = 12). In this
case, the post hoc SNK differentiated the effect of the (D9-THC)-
loaded nanoformulations: PEGylated PLGA > PEGylated chitosan-
coated PLGA > PLGA.

The greater activity of D9-THC molecules against A-549 cells
when loaded to PEGylated PLGA NPs is probably the result of the
sum of the differences on cannabinoids receptors expression
between cell lines and of a protective role against degradation
displayed by the nanoparticulate matrix on the drug molecules. In
addition, vitamin E was incorporated to the nanoformulation to
prevent D9-THC degradation (see Section 3.2), i.e., by oxidation,
temperature, and/or light. Thus, drug molecules loaded to the NPs
Fig. 4. Cell viability (%) values of (a) MRC-5 and (b) A-549 cells upon contacting with free 

THC)-loaded PEGylated chitosan-coated PLGA NPs. Drug equivalent dose in mM, n = 4. An a
THC-loaded PLGA nanoparticles at the same concentration in the same cell line. A dagge
loaded PLGA nanoparticles at the same concentration between the two cell lines studi
(also containing vitamin E) may be protected from unfavorable
conditions determining their degradation. This may be the reason
why: (i) a greater antitumor effect was found in the nano-
particulate formulations compared to the free drug; and (ii) even at
the greater drug concentrations (50 mM), the cytotoxic activity of
the free D9-THC could be considered to be very poor (almost
negligible) in contrast to D9-THC-loaded NPs.

Same hypothesis should be used to explain both the null
cytotoxic effect of D9-THC molecules in murine lung adenocarci-
noma LL2 cells (the cell line used in the in vivo studies, see
Sections 2.6 and 3.5), and the clearly greater cytotoxic activity of
(D9-THC)-loaded PEGylated PLGA NPs in LL2 cells compared to free
D9-THC. Again, the PEGylated nanoformulation reported a greater
reduction in LL2 cell viability in comparison to free D9-THC
(significant differences were appreciated at concentrations
�10 mM, p < 0.05) (Fig. 5). Drug unloaded PEGylated PLGA NPs
did not develop any cytotoxic activity (data not shown).

3.5. In vivo tumor growth inhibition and survival analysis

The anticancer activity of free D9-THC, PEGylated PLGA NPs, and
D9-THC-loaded PEGylated PLGA NPs was investigated in LL2 lung
tumor-bearing immunocompetent C57BL/6 mice (Fig. 6). No
statistically significant differences in terms of antitumor effect
were observed during the first 4 weeks of treatment. Compared to
the control group and the free D9-THC, D9-THC-loaded PEGylated
PLGA NPs reported a 2.2-fold reduction in tumor volume on day 32,
which was finally measured to be a 1.5-fold reduction on day 41
(end of the experiment). In any case, no statistically significant
differences were defined between the groups in terms of tumor
volume reduction (Fig. 6a) and cumulative survival (Fig. 6c). In
D9-THC, (D9-THC)-loaded PLGA NPs, (D9-THC)-loaded PEGylated PLGA NPs, and (D9-
sterisk represents a statistically significant difference between free-D9-THC and D9-
r represents a statistically significant difference between free-D9-THC and D9-THC-
ed (ANOVA test).



Fig. 5. Cell viability (%) values of LL2 cells upon contacting with free D9-THC and
(D9-THC)-loaded PEGylated PLGA NPs. Drug equivalent dose in mM, n = 4.
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addition, no disparities were detected in the tumor necropsies of
the animals included in the 4 study groups. Finally, the similarities
found between the control group and the groups of mice under
treatment in terms of evolution of body weight (along with the
blood compatibility investigation) suggested the adequate in vivo
safety margin of the formulations.
Fig. 6. Evolution of (a) tumor volume (mm3) and (b) weight (g), and (c) cumulative
survival in LL2 lung tumor-bearing immunocompetent C57BL/6 mice treated with
free D9-THC, PEGylated PLGA NPs, and (D9-THC)-loaded PEGylated PLGA NPs
(n = 10). Control group: no treatment.
4. Conclusions

A reproducible nanoprecipitation technique has been proposed
to prepare PLGA-based nanoformulations loaded with D9-THC. The
nanosystems are characterized by an adequate in vivo safety
margin, high drug loading efficiencies, and sustained drug release
properties. Surface modification with PEG chains can improve the
D9-THC vehiculization capabilities and reduce protein adsorption
(and thus probably the in vivo opsonization processes). Vitamin E
has been advantageously included in the nanoformulations to
protect the drug from degradation. In vitro anticancer studies
highlighted the promising activity of (D9-THC)-loaded PEGylated
PLGA NPs against murine lung adenocarcinoma LL2 and human
lung adenocarcinoma A-549 cell lines. Further in vivo studies are
encouraged to clarify the potential application of the nano-
formulation in lung cancer chemotherapy. In this line, supplemen-
tary surface modifications, i.e., decoration of the particle surface
with ligands specific to receptors overexpressed onto the cancer
cell membrane, may optimize the selectivity of these (D9-THC)-
loaded nanoparticulate systems toward tumor cells.
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