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ABSTRACT

The development of new nanotechnology-based drug delivery systems, such as Polymer-Based Nanoparticles (NPs), is a new
strategy to increase the solubility and bioavailability of many pharmaceutical compounds. Indeed, Poly(Lactic-Co-Glycolic Acid) (PLGA)
is one of the most successfully used biodegradable polymers.

The purpose of the current work was to determine whether the neuroprotective efficiency of, Atorvastatin (ATV), was altered when
encapsulated using ATV-loaded PLGA NPs. However, the poor aqueous solubility of ATV hinders the in vivo efficacy of this drug. We
prepared a biodegradable NP complex based on PLGA with a non-ionic amphiphilic surfactant, Polyethylene Glycol (PEG). We evaluate
the biological activity and neuroprotective effects of PLGA-PEG-HIV-TAT/ATV, in comparison with free ATV, using a human neuronal
cell line (SH-SY5Y) and primary mouse neuronal cultures as biological models. And next we evaluate the neuroprotective effects of
PLGA-PEG-HIV-TAT/ATV, in comparison with free ATV using a cellular model of brain stroke, Oxygen and Glucose Deprivation (OGD).

We first determined toxicity and efficiency of internalization and colocalization within the inner compartments of neuroblastoma cells
SH-SY5Y and cortical neurons. The data showed that the NPs could cross the cell membrane, being detected in the cytoplasm as early
as 4 h after administration and decreasing through 24 h. NPs did not present toxicity at the concentrations tested, with or without ATV
loading. Next, we examined the ability of the PLGA-PEG-HIV-TAT/ATV polymer complex to prevent toxicity and death of SH-SY5Y cells
in a model of Oxygen-Glucose Deprivation (OGD) at different concentrations. ATV-loaded NPs, increased cell viability by approximately
85-95% and had no significant cytotoxic effect. The data showed that they could be used as alternative neuroprotective strategy to
deliver compounds such as statins. Thus, we propose that these NPs are promising nanosystems for the treatment of some neurological

disorders, if they improve the passage of ATV across the blood-brain barrier.
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INTRODUCTION

The passage of drugs across cell membranes is perhaps the main
obstacle to effective drug administration. In general, administration of
drugs at high concentrations are required in order to achieve adequate
cellular uptake and the expected effect [1]. The oral route is the most
frequent route of drug administration; however, low solubility and
absorption of hydrophobic drugs limit the ability to obtain optimal
plasma concentrations and most importantly, distribution into
target tissues. Recently, the pharmaceutical industry has developed
new strategies to increase solubility and bioavailability, among
them the development of new nanotechnology-based drug delivery
systems, such as Polymer-Based Nanoparticles (NPs) [1]. Following
this rationale to increase the bioavailability of unstable hydrophilic
drugs such as anthocyanins, polymer-based NPs have been used due
to their special characteristics such as high diffusion rate, improved
bioavailability and high loading efficiency of water-soluble drugs.
Formulations of biodegradable NPs based on Poly(Lactic-Co-
Glycolic-Acid) (PLGA) and a Polyethylene Glycol (PEG) stabilizer
loaded with anthocyanins have been used for their biological activity
and neuroprotective effect [2]. PLGA is one of the most widely used
biodegradable polymers because its hydrolysis produces monomers
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of endogenous metabolites, which are easily eliminated by the body.
As PLGA has minimum systemic toxicity for administration of
drugs, the United States Federal Drug Administration (FDA) and the
European Medicine Agency (EMA) have approved the use of PLGA-
based medicines in humans. Alternative NPs such as nano-liposomes,
solid lipid NPs, polymeric NPs, polymeric micelles or dendrimers
have been proposed [3,4]. The design of PEGylated liposomal forms
of doxorubicin has shown substantially increased efficacy in breast
cancer treatment [5].

Several statins such as Atorvastatin (ATV), simvastatin, lovastatin,
etc., are currently in use to treat hyperlipidemias, reducing cholesterol
synthesis through inhibition of 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) [6]. In addition, it has been described
that statins exert beneficial effects in some neurodegenerative
diseases, such as Alzheimer’s Disease (AD), Multiple Sclerosis
(MS), Amyotrophic Lateral Sclerosis (ALS), Parkinson’s Disease
(PD) and cerebral ischemic stroke. In fact, it is well documented
that administration of statins reduces the incidence of primary
Cerebrovascular Accident (CVA) and, in the long term, improves
neurological functional responses in patients [6]. Among the statins,
ATV has low aqueous solubility resulting in low oral bioavailability
(12%), and thus presents a challenge to obtain a suitable dosage
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form. Solid-phase dispersion techniques have been used to improve
the solubility of ATV [7]. It has been reported that lipophilic statins
such as simvastatin and lovastatin have the ability to cross the Blood-
Brain Barrier (BBB) due to their lipophilic character [6]; however,
there are no significant differences in neuroprotection or coronary
artery disease between these lipophilic statins and other statins, such
as pravastatin and rosuvastatin, which are hydrophilic [8,9]. Thus, the
use of NPs may provide a new system of administration of drugs with
different solubility properties. Recently, research has focused on the
design of solid polymer NPs and lipid systems (liposomes) that confer
greater stability and bioavailability to the drug [3].

The efficiency of internalization of NPs through the endothelium
depends on the physicochemical characteristics of the particles, in
addition to their size. In recent years, significant progress has been
made in the field of neuroscience, improving the understanding of
the physiopathology of the Central Nervous System (CNS); however,
development of successful strategies against major neurological
disorders is limited by the protective function of the BBB [10]. It
has been reported that NPs have been able to penetrate the BBB
and reach the brain 1 h after injection [11-13]. The incorporation
of a hydrophilic PEG group on the surface provides resistance to
opsonization and phagocytosis, consequently with a longer duration
in the blood compared to NPs prepared without PEG [2].

The use of Cell-Penetrating Peptides (CPPs), short amphipathic
and cationic peptides that are rapidly internalized across cell
membranes, may aid in transport across cell membranes and even
the BBB. Generally, they are peptides with chains of less than 30
amino acids (aa) that have the capacity to transport molecules from
the extracellular space into the cells [10], and can be used to deliver
NPs, molecular cargo such as fluorescent dyes, drugs, liposomes,
and peptides [12]. In this way, studies have been carried out with
peptides derived from human immunodeficiency virus (HIV-1),
Antennapedia (pAntp), the VP22 protein of herpes simplex virus and
polyarginine (poly-Arg) sequences, among others [13-15].

The present work is focused on the use of ATV-loaded NPs,
analyzing internalization parameters in two neural cell types. The aim
of this work was to establish a “proof of concept” of whether ATV
presented in NPs is therapeutically more or less neuroprotective than
free ATV in a cellular model of brain stroke (oxygen and glucose
deprivation; OGD). Our data support the hypothesis that ATV-
loaded NPs are as effective as the free compound for recovery from
OGD.

MATERIALS AND METHODS

ATV (Atorvastatin), PLGA (Resomer’ RG503H, Poly (D,L-
50:50),
polyoxypropylene (Poloxamer), N-diisopropylethylamine (DIEA),
ethyl-3-(3-dimethylaminopropyl)  carbodiimide  hydrochloride
(EDC) and NHS (N-Hydroxysuccinimide ) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). PEG-methyl ether maleimide
(Maleimide-PEG-NH2; 2,000 Da) was obtained from Jenkem
Technology (Beijing, P.R. China). Acetonitrile was from Fisher
Scientific (Loughborough, UK), while diethyl ether, acetone, and
methanol were purchased from Merck KGaA (Darmstad, Germany).
Dimethylformamide (DMF) was from Scharlau (Barcelona, Spain)
and chloroform from Carlo Erba (Cornaredo, MI, Italy).

The HIV-TAT peptide (CGGGGYGRKKRRQRRR) was
synthesized by Solid-Phase Peptide Synthesis (SPPS) and characterized

lactide-co-glycolide Pluronic’ F-68 Polyoxyethylene-
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by Reversed-Phase High-Performance Liquid Chromatography (RP-
HPLC) as described previously [16]. The HIV-TAT peptide contains
cationic aa including 6 arginine residues and 2 lysine residues,
promoting their uptake by cells and making them more efficient in
transport than other cationic homopolymers rich in ornithine and
histidine [17,1].

Preparation and characterization of ATV-loaded polymer-
ic NPs

Synthesis and characterization of the polymer PLGA-PEG-
HIV-TAT: A combination of 1 g (32.3 umol) of PLGA (RG 503H), 27
mg(234.6 umol) of NHSand 45 mg (234.7 umol) of EDC were dissolved
in 2 ml of chloroform in a glass vial. The activation of carboxyl groups
of the PLGA took place in the hermetically-sealed vial upon stirring
overnight at room temperature. The succinimidyl ester of the PLGA
(PLGA-NHS) was precipitated with cold diethyl ether and pelleted
by centrifugation, re-dissolved in chloroform and precipitated again
with diethyl ether. This process of precipitation/dissolution washing
cycle was repeated three times before the activated PLGA-NHS was
dried under vacuum, dissolved in chloroform and after adding water,
stirring and flash freezing, it was lyophilized.

To obtain the PLGA-PEG-maleimide, 500 mg (16.2 pmol)
of PLGA-NHS and 35 mg (17.5 pmol) of maleimide-PEG-NH2
were dissolved in 1 ml of chloroform. The amine reacted with the
PLGA-NHS after addition of 20 pl (117.15 pmol) of DIEA with
constant stirring overnight in a hermetically-sealed vial. The PLGA-
PEG-maleimide was precipitated with cold 80:20 ether:methanol
and pelleted by centrifugation, re-dissolved in chloroform and
precipitated again with 80:20 ether:methanol. This wash process was
repeated three times and the final polymer PLGA-PEG-maleimide
was dried under vacuum, dissolved in chloroform and after adding
water, stirring and flash freezing, it was lyophilized. Characterization
of PLGA-PEG-maleimide was done by proton Nuclear Magnetic
Resonance ("H-NMR) after dissolving it in deuterated chloroform.
The spectrum was recorded at 298K on a Varian Inova 400 MHz
spectrometer (Agilent Technologies, Santa Clara, CA, USA).

Previously, PLGA/PEG NPs loaded with ATV (PLGA-PEG/
ATYV) were prepared and then to obtain the polymer PLGA-PEG-
HIV-TAT, 5 mg (2.6 pmol) of HIV-TAT peptide was dissolved in
500 ul of acetonitrile/ DMF (50:50 v/v) and added to a solution of 150
mg (4.0 pumol) PLGA-PEG-maleimide in chloroform. The reaction
of the thiol group of the cysteinyl-peptide with the maleimide group
of the polymer took place overnight in a sealed vial with stirring.
The product was precipitated with cold ether:methanol (50:50,
v/v) and pelleted by centrifugation, re-dissolved in chloroform and
precipitated again in ether:methanol (50:50, v/v). This wash cycle
was repeated twice more before the final PLGA-PEG-peptide was
dried under vacuum, dissolved in chloroform and after adding water,
stirring and flash freezing, it was lyophilized. Characterization of the
PLGA-PEG-HIV-TAT was done by '"H-NMR as described above after
dissolving it in deuterated dimethylsulfoxide.

Preparation of ATV-loaded NPs: NPs containing ATV were
prepared by the solvent-displacement technique: An organic
solution of 45 mg polymer (PLGA-PEG-HIV-TAT or PLGA-PEG)
in 2.5 ml of acetone containing 5 mg ATV was poured dropwise with
moderate stirring onto 5 ml of an aqueous solution containing 50
mg of Poloxamer (F68). This agent acts as a surfactant and maintains
the emulsion depending on the dispersion capacity in water. The
NPs were formed instantaneously by rapid diffusion of the solvent
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to the aqueous medium. The organic solvent was removed from the
suspension by subjecting it to reduced pressure.

Physicochemical characterization of NPs: We used the Nano
Zetasizer Malvern for morphometric determinations (average
particle diameter and polydispersity) and surface charge-zeta
potential (Z potential) using dynamic light scattering with Non-
Invasive Backscatter optics (NIBS), after diluting the NPs 1:10 in
milli-Q water. ATV content of the PLGA-PEG-HIV-TAT and
PLGA-PEG NPs was quantified by RP-HPLC (1260 Infinity, Agilent
Technologies, Santa Clara, CA, USA) in a ZORBAX Eclipse Plus SB-
C18 column (100 x 4.6 mm; 3.5 um) (Agilent Technologies). Isocratic
mixture of acetonitrile: water (85:15, v/v), adjusted to pH 4.5 with
phosphoric acid, was used as eluent. The analysis was performed at
a flow rate of 1 ml/min with a UV detection wavelength of 261 nm.
Standard curves were made for quantitation of ATV by plotting RP-
HPLC absorption values for different concentrations of the drug.

Transmission Electron Microscopy (TEM) of NPs:
Physicochemical characterization was complemented by TEM, using
a NPs suspension (100 pl/ml) that had been stirred continuously for
1 h. A drop of NPs (10 pl) was placed in collodion/carbon-coated
copper TEM grid (o 3 mm - 400 mesh), followed by a drop of uranium
acetate (2%) that was allowed to air-dry at room temperature and
mounted on the microscope scanner. TEM photographs were taken
in three or more fields at 3K, 8K, 15K, 25K and 40K, by using the NIH

imaged software. (3K = 3000 increases).

Viability assay in SH-SY5Y cells: The putative cytotoxic effects
of the ATV solution and ATV-loaded NPs were assayed by the MTT
method, as previously described [18-20]. Neuroblastoma cells (SH-
SY5Y) were plated at a high density (85% confluent) in 24-well plates
(Corning, NY, USA), incubated several hours to permit attachment,
and different concentrations of ATV (0.5, 1 and 2 uM), both in
solution and NP-loaded, were added to the cell culture medium. The
medium was changed on the 2nd day following the drug treatment,
and no additional dose of drug was added. Cells treated with only
media (1x DMEM) were used as controls, and each test was performed
in triplicate. Viability of the cells was determined on the 4th day after
drug administration. After the specified incubation time, each well
was washed with HBSS to eliminate phenol red and 200 ul (0.5 mg/
ml) of MTT was added to each well, and incubated for 1 h at 37°C.
The MTT derivative was dissolved in DMSO (500 pL per each well),
and the optical density was measured at 550 nm using a microplate
reader (Opsys, MR-DINEX Technologies). Differences in viability
were expressed as a percentage of absorbance relative to untreated
controls [21].

Viability, cytotoxicity and survival of SH-SY5Y cells after
treatment with ATV-loaded NPs in an OGD model: Parallel
cultures of SH-SY5Y neuronal cells were maintained under optimal
CO2 conditions, either at 5% O2 (standard) or in hypoxia chambers
(1% 0O2), with culture medium depleted of glucose, as previously
described [21,22]. After 16 h, the cytotoxicity profile was evaluated in
SH-SY5Y cells, using the MTT assay [23].

Different cell viability experiments were performed in triplicate,
using the OGD model. The first was to establish the effect of ATV
alone (0.5, 1.0 and 2.0 puM) on SH-SY5Y cells, under standard
incubation conditions (95% CO2 and 5% O2 in DMEM with glucose)
vs. hypoxic conditions (36% CO2, 63% N2, 1% O2 in DMEM without
glucose). The second experiment consisted of determining the effect
of ATV in solution and ATV-loaded NPs in SH-SY5Y cells at a

SCIRES Literature - Volume 1 Issue 2 - www.scireslit.com Page - 058

single concentration (1.0 uM) in the OGD model vs. standard culture
conditions.

Cortical primary neuron culture and OGD: Primary mouse
neurons were prepared from 17 day-old Swiss mice embryos (E17).
A pool of cerebral cortices were dissected and enzymatically digested
with 0.05% trypsin-EDTA (Invitrogen) and 10 mg/ml DNase (Roche
Applied Science) for 15 min at 37°C, followed by trituration with
fire-polished glass pipettes. The cells were plated in 24-well plates for
viability experiments and 6-well plates for western blot analysis, at a
density of 2.5 x 10° cells/ ml. The plates were previously coated with
0.5 mg/ ml poly-L-lysine (Sigma-Aldrich) in borate buffer. Neurons
were cultured with Neurobasal Medium (NB) supplemented with
2% B27 and 2 mM glutamine (Invitrogen), and maintained at 37°C
in a humidified 95% air/5% CO2 atmosphere incubator. In all
experiments, cultures were used after 4 days of maintenance, and
contained 90-95% neurons.

For OGD, cultured neurons were incubated in glucose-free
DMEM in a near-anaerobic atmosphere containing 1% 02, 5% CO2
and 94% N2 at 37°C. For a control (non-OGD condition) that was
considered “normoxic” with respect to standard methods, DMEM
media and a normal incubator were used. After 17 h OGD, the
cultures were returned to a normal environment; glucose-free media
was replaced with NB/B27 media and cultures were returned to a 95%
air/5% CO2 incubator. Experimental parameters were assayed 24 h
after re-oxygenation/regeneration. Neuronal cultures were treated
after OGD with ATV or ATV-loaded NPs as described previous
section, for four hours (rescue period).

Immunofluorescence: Immunofluorescence  assays
performed as previously described [24,25], with some modifications
described below. Fixed neurons were permeabilized in PBS
containing 0.25% Triton X-100, followed by incubation with the
primary antibody against PEG (PEG-B-47 ab51257; Abcam). In some
experiments PEG-positive NPs were localized with respect to early
endosome compartment, and lysosomes, using the antibodies against
an endosomal marker (Rab5) and a lysosomal marker (CD63), both
from Abcam. In some experiments an antibody against tubulin (B-IIT

tubulin, Abcam) was used to label the microtubular network.

were

After several washes with PBS containing 0.25% Triton X-100,
coverslips were incubated with Alexa-555-labeled anti-mouse (1:500;
Invitrogen) and with AlexaFluor™ 488 (green) phalloidin (Invitrogen
A12379) (1:100) for labeling of F-actin. DAPI (1:5,000) was used to
label the nuclei (blue) and confirm cellular integrity.

Statistical analysis: The data are expressed as the mean *
Standard Deviation (SD) of at least three independent experiments.
The non-parametric Kruskal-Wallis test followed by the Mann-
Whitney U-test was used to investigate significant differences. In all
cases, p < 0.05 was considered to be statistically significant and p <
0.001 highly significant. All data processing was performed using
GraphPad’ Prism statistical software (7 version).

RESULTS

Physicochemical characterization of PLGA-NPs: TEM
and DLS analysis

Three different NP preparations were obtained: PLGA-PEG NPs
loaded with ATV (PLGA-PEG/ATV), and PLGA-PEG-HIV-TAT
NPs both with (PLGA-PEG-HIV-TAT/ATV) and without (PLGA-
PEG-HIV-TAT) drug. The polydispersity index of the three analyzed
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samples was low, indicating the formation of almost monodispersed
NPs (Figure 1A, B, C). The Z potential of NPs prepared with the
PLGA-PEG-HIV-TAT was electropositive, both when loaded with
ATV (21.8 £ 0.057 mV) and without drug (23.1 = 1.2 mV). On the
contrary, the Z potential of the ATV-loaded NPs prepared with
the PLGA-PEG polymer was electronegative (-20.4 + 1.02 mV).
Thus, the covalent coupling of the HIV-TAT peptide to the PLGA-
PEG-maleimide polymer led to a synthetic copolymer that confers
cationic charge to the NPs. Simultaneously, the ATV content of the
NP preparations was quantified, using RP-HPLC to determine the
amount of free drug that was not entrapped in the nanoparticle,
after centrifugation and filtration of the samples. The entrapment
efficiency was found to be higher than 95%.

Morphological examination by TEM showed NPs with spherical
and oval morphology (Figure 2), with an average diameter of 176.4 +
11.23 nm in the complete assembly (PLGA-PEG-HIV-TAT/ ATV)
versus 96.6 + 1.60 nm in empty NPs (PLGA-PEG-HIV-TAT), whereas
PLGA-PEG NPs with ATV (PLGA-PEG/ATV) had a diameter of
158.9 + 1.37 nm (Figure 2).

Uptake of ATV-loaded NPs by SH-SY5Y cells and primary
neurons

Cell uptake analysis was performed to evaluate the ability of
human neuroblastoma SH-SY5Y cells and cortical neurons to engulf
NPs. In order to investigate intracellular retention, ATV-loaded NPs
were diluted in DMEM or in NB/B27 for addition to SH-SY5Y cells
or primary neurons, respectively. After incubation for 2, 4, 8, 16
or 24 h, cells were fixed and stained with anti-PEG antibodies, and
phalloidin to show F-Actin of the cytoskeleton. The images show that
ATV-loaded NPs were effectively absorbed and internalized by SH-
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Figure 1: Dynamic Light Scattering (DLS) determination. We determined the
particle size (nm), electrokinetic potential (potential of mV) and polydispersity
index of the assembly of three nanosuspensions: A) PLGA-PEG HIV-TAT; B)
PLGA-PEG/ATV; and C) PLGA-PEG-HIV-TAT/ATV
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PLGA-PEG-HIV-TAT-NPs

PLGA-PEG/ATV NPs

PLGA-PEG-HIV-TAT/ATV NPs

Figure 2: Transmission electron micrographs of different assembled NPs.
Three different microphotographs for each nanosuspension (PLGA-PEG-
HIV-TAT, PLGA-PEG/ATV and PLGA-PEG-HIV-TAT/ATV, respectively from
top to bottom) were obtained at three different magnifications (3K, 8K, and
15K). Scale bars (red line) were used to specify length in micrographs at each
magnification (2 ym, 500 nm and 200 nm, respectively). In all cases, spherical
morphology and particles size was observed to confirm DLS measurements.
Two higher magnification (25K and 40K) images of PLGA-PEG-HIV-TAT/
ATV are presented in the right panel (K = 1000x).

SY5Y cells (Figure 3A) and cortical neurons (Figure 3B), as early as
2 h after administration. The data showed that a maximum of PEG-
positive signal was reached after 4 h incubation, with decreasing
levels thereafter in SH-SY5Y (Figure 3A) and cortical neurons (Figure
3B), being clearly lower after 24 h. Cellular localization with respect
to the nuclei (DAPI-stained) indicated perinuclear distribution with
a vesicular-like structure (Figure 3C).

To further define these NPs, several antibodies were used against
specific proteins that mostlylocalize in endosomes, Golgi or lysosomes.
Confocal microscopy showed that ATV-loaded NPs colocalized with
the early endosome marker Rab5 (12.67%) (Figure 3C), and also with
the lysosomal marker CD63 (58%), strongly suggesting that the NPs
enter the cell through an endosomal-lysosomal pathway.

ATV-loaded NPs
survival after OGD

improved SH-SY5Y and neuronal

An important aim of our work was to identify whether ATV
administration via NPs is as effective as ATV applied in solution.
First, ATV in solution was tested for cytotoxicity and its capacity to
recover a cellular model of OGD. ATV in solution (0.5, 1.0 and 2.0
uM) was incubated with cells for 18 h, and cell survival was tested
by the MTT assay. There was a decrease in cell viability and slightly
harmful effect of 2 uM ATV with respect to the controls, under
standard incubation conditions (Figure 4A). To determine whether
ATV in solution could enhance cell recovery after OGD, it was added
to the cell culture medium at different concentrations, resulting in an
increase in cell viability (Figure 4A).

In parallel experiments, we determined that ATV-loaded NPs did
not possess any significant cytotoxic effects, with 85-95% cell viability
observed by the MTT method. Next we compared ATV in solution
(I uM) and ATV-loaded NPs in a model of OGD in SH-SY5Y
cells. Under standard culture conditions (normoxia), no changes in
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viability were observed in either treated groups when compared with
controls (Figure 4B). After OGD, there was a clear reduction in viable
cells that was prevented by the presence of either ATV solution or
ATV-loaded NPs (Figure 4B).

Next, these observations were extended to primary neurons. In
conditions of normoxia, the ATV-loaded NPs increased cell viability,
as determined by MTT, and after OGD both the ATV solution and
the ATV-loaded NPs increased cell viability, with highly significant
differences from the untreated control group (p < 0.0001)(Figure 5A).

To confirm that ATV and ATV-loaded NPs improved neuronal
viability, we used the microtubule network as a reference of neuronal
integrity. Thus in parallel cultures, neurons treated and untreated
with NPs, were fixed and stained with antibodies against -tubulin,
showing that the Microtubular Network (MT) was modified after
OGD, taking on a more punctuate aspect. In contrast, a linear MT
aspect was clearly recovered after OGD in cells treated with ATV
solution or ATV-loaded NPs (Figure 5B), suggesting that effect of
ATV was indistinguishable between methods of drug delivery.

DISCUSSION

Nanomedicine, the medical application of nanotechnology,
promises a limitless range of applications from biomedical imaging
to drug delivery and therapeutics [26]. Nanotechnology is a rapidly-
developing field with great potential for research and applications in
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Figure 3: Confocal laser scanning fluorescence images showing the
uptake of PLGA-PEG-HIV-TAT/ATV. The IFs represent a time-course of
NPs incorporation within SH-SY5Y cells (A), or cortical neurons (B). Cell
were fixed at different time points (from 2-24 h) and stained with anti-PEG
polyclonal antibody (red), and F-actin was observed using phalloidin (green);
the microphotographs were taken at 63x. C) In a parallel experiment, the
percentage of colocalization was determined between PEG-positive NPs and
the early endosome marker Rab5 (12.67%) and the lysosomal marker CD63
(58%).
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Figure 4: Effects of different Atorvastatin (ATV) concentrations on viability of
SH-SY5Y cells. (A) Different concentrations of ATV in solution were assayed
in normal growth conditions (normoxia), or in a model of Oxygen and Glucose
Deprivation (OGD), as described in the Materials and Methods. (B) In parallel
experiments, a single concentration of ATV in solution was compared with
NPs loaded with similar amounts of ATV in normoxia or in a model of OGD.
Differences in viability were determined by MTT assay, and the data plotted
as the mean = SD of three separate experiments. Cut offs for statistical
significance were established at p < 0.05 (*), p < 0.005 (**) and p < 0.001 (***).

the prevention and treatment of various pathologies associated with
human diseases. Nanoparticles based on biodegradable and relatively
innocuous polymers, such as PLGA-PEG, have been widely researched
as drug delivery systems that are encapsulated and protected from
antigen recognition, opsonization and tissue degradation, allowing
for controlled release and improved distribution to target tissues.
In addition, PLGA and PEG are approved by the USFDA and EMA
for employment in various drug delivery systems, both in preclinical
and clinical studies. The aim of the current work was to prepare and
characterize a series of derivative NPs containing a representative
drug, ATV. The purpose was to determine if this drug incorporated
within NPs was more or less effective than the original drug alone, in
recovery from OGD in vitro.

In this study, we prepared PLGA-PEG-HIV-TAT NPsloaded with
ATV, and completely characterized them from a physicochemical
perspective (particle size, polydispersity, Z potential, encapsulation
efficiency, morphology, etc.). For the present work we did not
compare NPs with TAT and without TAT. We have assumed that the
presence of TAT facilitates entry into neuronal or non-neuronal cells
[27,28]. Similarly, we assume that the presence of PEG help to NPs
evade from clearence mechanisms present in the systemic circulation
and the body [29]. The NPs varied in size depending on the addition
of ATV, though all fell into an acceptable nanometric range (96-176
nm), and had a positive Z potential of 23.1 + 1.2 mV (empty NP)
and 21.2 + 0.057 mV (ATV-loaded). Polydispersity, a measure of the
heterogeneity of particle sizes in the mixture, was very low (0.122 +
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Figure 5: Effects of different Atorvastatin (ATV) concentrations on viability
of primary cortical neurons. The effects of similar concentrations of ATV
and ATV-loaded NPs were compared in primary cortical neurons, growing
in standard conditions (normoxia), and in a model of Oxygen and Glucose
Deprivation (OGD), as described in the Materials and Methods. (A) Differences
in viability were determined by MTT assay, and the data plotted as the mean
+ SD of three separate experiments. Cutoffs for statistical significance were
established at p < 0.05 (*), p < 0.005 (**) and p < 0.001 (***). (B) In parallel
cultures, cortical neurons subjected to OGD were incubated with ATV in
solution, ATV-loaded NPs, or control media (OGD). After four hours neurons
were fixed and stained with anti-tubulin, with untreated neurons serving as a
reference for the Microtubular network (MT) (Control).
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0.004 and 0.149 + 0.023, respectively for empty NPs and ATV-loaded
NPs). Additionally, the efficiency of encapsulation of ATV was
greater than 95%, which permitted subsequent comparative analyses
to the unbound drug.

A major obstacle to the delivery of peptide and protein medications
is their limited bioavailability, inadequate stability, immunogenicity,
and limited permeability across biological membranes. However,
nanotechnology can increase the uptake of these peptides by cells
[26,30]. In particular, the effective transport of anti-viral peptides
through the vaginal epithelium by means of PLGA NPs coated with
glycol-chitosan has been recently demonstrated [30,31]. Furthermore,
several small regions within proteins, called Protein Transduction
Domains (PTDs) or Cell-Penetrating Peptides (CPPs) can be used to
permit delivery of exogenous substances into living cells [31,32]. In
the present study, a small peptide of 16 aa (HIV-TAT) has been used
to improve the delivery of ATV from PLGA-PEG NPs across neuronal
cell membranes. It is likely that HIV-TAT promotes diffusion of ATV
encapsulated in the PLGA-PEG NPs across the membrane, acting as
a CPP nanovehicle, as recently reported to transport of other drugs
through a lipid membrane [26].

Similarly, in other studies, DNA transfection in vivo has been
improved using liposomes modified with HIV-TAT-like peptides,
coated with PEG to protect the peptide from nonspecific interactions
between the liposome and the cell [17]. Recently was reported that
Chitosan-PEG-TAT polymer could deliver a functional siRNA against
the Ataxin-1, supporting that idea that NPs modify with PEG and TAT
would be an useful tool in neurodegenerative pathologies [32].

TEM analysis showed at the highest magnification (8K and
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15K) that NPs presented predominantly spherical shapes. It has
been commonly assumed that the outer region corresponds to the
hydrophilic PEG segment, with an internal hydrophobic amorphous
core similar to that reported by Li and others [31]. The negative Z
potential has been considered by other authors [2,33] as an important
indicator of stability of similar dispersions. The negatively charged
NPs provides extra stability due the putative repulsion among NPs. In
addition, it has been proposed that the anionic charge of NPs would
allow better cross the BBB, compared to cationic NPs. In future
experiments, this aspect must be further evaluated.

Before studying the NPs in vitro, cytotoxic effects of the ATV at
different concentrations were determined. A dose of 2 uM ATV in
solution was found to be the highest concentration suitable for using
in our neuronal neuroblastoma cell line (SH-SY5Y). There was no
apparent toxicity in SH-SY5Y or in primary neurons when we used
PLGA-PEG-HIV-TAT/ATV nanoparticles in concentration nearby
to 1 um of free ATV.

Next we evaluated the cellular uptake, diffusion, residence time
and putative route of internalization recently, the mechanism of
uptake of CPPs has become very controversial, due in many cases
to a lack of knowledge about the active conformational structure of
peptides and polymeric complexes at the time of penetration and
translocation across the membrane [14].

The time course study of NP uptake in SH-SY5Y cells showed
internalization as early as 2 h after treatment, remaining detectable
through 24 h, although at significantly lower levels. The fact that
detected NPs steadily decreased from a peak at 4 h after treatment
over time is consistent with activation of cellular metabolism for their
elimination, without presenting cellular toxicity. Indeed, viability
in NP-treated cells was very similar to that of the untreated control
groups.

The presence of the intracellular PEG-positive signal corresponds
to the entry of ATV-loaded NPs, this internalization may correspond
with either endocytosis or transcytosis [10]. In fact, endocytosis and
direct penetration of molecular cargo have been suggested as the two
major uptake mechanisms, which is still under debate [35]. We think
that the endocytic pathway is involved in the transport of NPs. Our
data indicated a clear colocalization PEG positive signals with Rab5
(12.67%), an early endosome marker [34], and CD63 (58.14%) which
participates in the lysosomal pathway 4 hours after NPs delivery.
Rab5 belongs to the Ras small GTPase superfamily, as does Rab7.
Membrane trafficking from the early endosome to the late endosome
is determined by the recruitment of Rab5 to early endosomes and,
sequentially, acquisition of Rab7 followed by loss of Rab5 in the late
endosomes [34]. On the other hand, colocalization of CD63 with
the NPs suggests that a significant fraction of NPs that enter the
cells follow the lysosomal route. This strongly support that PLGA-
PEG-HIV-TAT/ATYV is internalized using the endosomal-lysosomal
pathway. As described in other studies [35,36], the simple cytosolic
persistence of the NPs stained with anti-PEG did not affect the cyto-
architecture of the SH-SY5Y cells. In our study, cell morphology and
viability were similar to the controls in both normoxia and OGD.

The in vitro release of anthocyanin nanoparticles and resveratrol
has been previously demonstrated, exhibiting a biphasic kinetic
including rapid drug diffusion, followed by a continued release
dependent on the characteristics of the particular drug. It is
tantalizing to hypothesize that ATV may be liberated from PLGA-
PEG-HIV-TAT NPs by a similar route, generating a therapeutic
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effect [37,38]. In fact it has been reported that ATV may improve a
murine model of Middle Cerebral Artery Occlusion (MCAO), when
administered after brain damage [39]. Thus, as a “proof of concept”
we compared the neuroprotective efficacy of free ATV with its NP-
entrapped counterpart. A cellular model of primary cortical neurons
were depleted glucose and oxygen for a specific time period, to mimic
a brain stroke [40,41]. Both forms of ATV administration obtained a
similar neuroprotective response, confirming that NPs loaded with
ATV is an excellent mode of drug delivery. We must assume that ATV
in the endosomal/lysosomal system is released from NPs, and exert
its therapeutic action, in a similar way as it makes it free. However,
it remains to be established whether in animal models of MCAO the
efficiency of these CPPs will be similar to cell culture. Obviously,
the complexity of multiple cellular systems must be considered in
vivo, and the CPP are dispersed throughout nearly the entire body,
independently of the route of administration (oral, intravenous or
intraperitoneal).

Cellular association and trafficking of NPs enables us to
understand both the context-dependent phenomena in various
disease states, and the potential therapeutic approaches [42,45]. Still,
the challenge is to formulate a combination of encapsulated agent
with a targeted drug delivery, which will ensure the medicine reaches
its target site effectively.

Both in vitro and in vivo assays, CPPs have proven to be
valuable tools for transport across the cell membrane, including
nanoparticulate pharmaceutical carriers (e.g., liposomes, micelles)
[43]. For instance, Matrix Metalloproteinase (MMPs), particularly
gelatinases (MMP-2/-9), are involved in neurovascular deterioration
after stroke, so the in vivo detection can provide information on the
disruption of BBB. In a recent report, the authors used cell penetration
peptides that activated gelatinase, allowing to establish its activity in
primary neuronal cultures and even in the brain of ischemic mice
[44]. In addition, several CPPs have been investigated in models of
ischemia reperfusion in rats, demonstrating a significant reduction
in infarct volumes and neurological deficit after the MCAO [45].
Similar to what happens with the activation of CPPs by gelatinase
action after cerebral infarction [46] it is possible that the HIV-TAT
peptide coupled to the NPs is able to reach neurons by the disruption
of the BBB and promotes diffusion of the ATV encapsulated inside
the neurons.

In summary, encapsulation in PLGA-PEG-HIV-TAT NPs
provides an excellent mechanism to deliver specific compounds
to neurons. As a proof of concept, our data showed that those
NPs containing neuroprotective compounds could be used as an
alternative drug supply system to free delivery of pharmacological
agents, such as statins. Our data strongly suggest that PLGA-NPs are
internalized using a endocytic/lysosomal pathway. We demonstrate
that in a cellular OGD model, ATV-loaded NPs-administration
is as good as free ATV, perhaps with even lower toxicity. With all
these data it is tantalizing to propose that similar NPs improved to
cross BBB, may be promising systems for the treatment of some
neurological disorders.
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