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A B S T R A C T

Some biological drugs with proven neuroprotective capacity are unable to cross the blood brain barrier (BBB),
preventing its use in neuroregenerative diseases such as stroke. The use of nanoparticles as a delivery system to
transport large therapeutic molecules to the cerebral parenchyma may be a good option to overcome this lim-
itation.

To achieve this goal, we have designed some polymer nanoparticles (NPs) by two ionic gelation methods of
synthesis: external (M1) and internal (M2), both using sodium hyaluronate (SH) as polymer but with differences
in the elaboration of their core. Additionally, both SH-NPs were coated with chitosan and glycerol tripalmitin in
order to improve their penetration capabilities into cells. The nanoparticles were characterized by size, shape
and charge. Then, an experimental approach was carried out in animals submitted to a stroke model, where NPs
penetration into the brain was studied and analysed after its systemic administration.

All types of NPs assayed were able to cross the BBB and were endocytosed by neurons; however, the SH-NPs
obtained by M2 are lightly more efficient in the rate of penetration than those obtained by M1. There were not
visible differences between coated and non-coated NPs obtained by both gelation methods. This may be due to
the fact that not only the size, shape and charge of NPs, but also its chemical structure influences its cellular
capture by endocytic mechanisms.

1. Introduction

Many biological drugs with proven neuroprotective capacity are
unable to cross the blood brain barrier (BBB), making its use unfeasible
in neuro-regenerative therapies. Interestingly, the administration of
peptides and proteins is often a highly effective treatment of these
diseases or their symptoms at the same time that biologic medicines
increasingly gain more space in our society [1]; unfortunately, there are
some limitations to its therapeutic use because they require intravenous
administration, which leads to low biodistribution and quick clearance
[2]. In this sense, the development of nanocarrier systems that work as
Troy horses transporting these drugs from circulation to neurons is a
promising tool to allow the systemic utilization of them in most types of
brain diseases [3].

Stroke is a leading cause of death and long-term disability

worldwide [4,5]. Whereas two-thirds of stroke deaths occur in less
developed countries [6], this disease is the second most common cause
of death in Europe [7]. There are two major types of stroke, haemor-
rhagic stroke and ischemic stroke; the last one being the most frequent
(80–85%). This type of stroke is caused by a blood clot or by the nar-
rowing of a blood vessel blocking oxygen and nutrients supply to the
infarcted area. Nowadays, the most common treatment consists of the
administration of the tissue plasminogen activator (tPA) that works in
the acute phase of the stroke dissolving the clot and improving blood
flow. However, if it is not administered within the first hours after the
stroke, it does not prevent either the recanalization of the vessels or the
further neurodegeneration due to the damage occurring during the
reperfusion period [8]. In fact, 10–40% of the patients treated with tPA
develop a haemorrhagic transformation, increasing mortality and
morbidity [9,10]. Accordingly, stroke treatments should act not only on
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restoration of normal circulation but also on neuronal protection in the
reperfusion period, reducing or ameliorating the events that trigger
neuronal damage.

In the past 20 years, a large number of clinical trials searching for
neuro-protectants against the brain damage produced by stroke and
neurodegenerative disorders has been developed with disappointing
outcomes [11]. These difficulties are mainly due to the scarce perme-
ability of the BBB; interestingly, near 100% of the large neurother-
apheutic molecules and 98% of the small drugs never reach its target in
the cerebral parenchyma. Consequently, the BBB acts as a bottleneck in
relation to the development of brain drugs [12]. As previously men-
tioned, one of the strategies proposed to solve this difficulty is the use of
nanoscale drug delivery systems, which includes liposomes, micelles or
nanoparticles (NPs), often modified with different ligands on their
surface to increase the selectivity of the delivery [13].

Nanoparticles (NPs) are exogenous synthetic structures with na-
noscale dimensions, which have raised enormous interest toward bio-
logical applications. Owing to their comparatively large size, the cel-
lular uptake of NPs is necessarily different from other types of
molecules. For example, while most molecules are unable to be inter-
nalized by cells efficiently on their own (vide supra), NPs are actively
incorporated into the cell, via different endocytic pathways [14]. NPs
have been found to have larger activated surface area than other phy-
sical forms to support drug-loading capacity, and they also have a long
useful life and good permeability through epithelia; moreover, its shape
and size as well as its easy transportation inside the body make them
very useful to this end [15]. Moreover, NPs could improve the biolo-
gical activity of many neurotherapeutic drugs, due to the increase of its
surface area, which leads to better bioavailability [16].

Sodium hyaluronate (SH) is a versatile natural anionic poly-
saccharide, with a wide spectrum of physicochemical and functional
properties, which makes it very suitable for the synthesis of NPs. This
polymer is located in the extracellular matrix and connective tissue of
vertebrates, being highly biocompatible [17] and quite suitable for
pharmacological use. SH has several functions within the organism,
including its role in tissue structure, energy storage or cell recognition
[18]. Consequently, the nanostructures obtained with SH should be
able to avoid the immune system and cross some of the barriers that the
body uses to prevent the penetration of foreign or unwanted substances,
such as the previously mentioned BBB. Among the methods used to
prepare SH-NPs, the ionic gelation technique is widely preferred
[19–21]. The formation of particles using ionic gelation is not ag-
gressive and avoids demanding organic solvents and high temperatures,
allowing effective encompassing of delicate molecules without any
damage and loss [22]. This method depends principally on ionic in-
teractions between anionic chains of SH and cationically-charged
polyions, e.g. calcium as a cross linker [23]. Besides encapsulation and
drug loading, SH-NPs can also be coated with certain materials like
chitosan or lipids, thus enhancing their specificity as carriers providing
better targeting [24]. Polyionic nano-complexes composed of poly-
anions and opposite polycations have been found to have a great po-
tential in biomedical and nano-biotechnological applications, including
controlled drugs release and gene transfection [23,25,26].

The objective of this study is to design and develop hyaluronate-
based NPs able to transport large therapeutic molecules to cerebral
parenchyma affected by neurodegenerative diseases such as ischemic
stroke. NPs will be prepared using two different ionic gelation methods;
in addition, they will be coated layer-by-layer with chitosan and gly-
cerol tripalmitin to obtain particles of adequate size, chemical structure
and charge to achieve the intended purpose. In addition, the ability of
these NPs to cross the BBB and to deliver the transportation drugs into
the neurons of control animals and after an experimental model of
stroke has been assessed.

2. Experimental

2.1. Materials

Grape seed oil and Tween® 80 were obtained from Guinama
(Valencia - Spain). Sodium Hyaluronate (1.0–1.5MDa) was purchased
from Fagron (Barcelona - Spain). Calcium Chloride, Chitosan (low
molecular weight), Glacial Acetic acid, Glycerol tripalmitin,
Rhodamine-123, 2,3,5-Triphenyltetrazolium chloride and PBS were
obtained from Sigma-Aldrich Quimica SL (Madrid - Spain).
Dichloromethane was purchased from VWR (Barcelona - Spain), keta-
mine (Imalgene 100mg/ml) from (Merial Laboratorios S.A., and xyla-
cine (Rompun®) from Bayer. Uranyl Acetate was obtained from
Electron Microscopy Sciences (Hatfield, PA - USA), and distilled water
was prepared by a Millipore (Billerica, MA, USA) system.

2.2. Methods

2.2.1. Synthesis of NPs
In order to compare and obtain the best NPs synthesis method that

meets our objectives, two NPs ionic gelation methods have been de-
veloped: external (M1) and emulsification/external gelation (M2)
techniques. The base of the NPs obtained by M1 and M2 methods is
sodium hyaluronate (SH) as a common polymer. In addition, they also
share common coatings, but on the contrary, they present differences in
the elaboration of their core.

According to external gelation technique (M1), the NPs of SH (M1
SH-NPs) are prepared following a modified ionic gelation method
[27,28] during which they are dispersed in 100mL of water with rho-
damine: 0.02% (w/v) SH and 0.5% (w/v) Tween® 80, under mechanical
shaking at 1200 rpm for 5–10min until a homogeneous dispersion is
achieved. Subsequently, the stirring speed is increased to 1600 rpm,
0.25% (w/v) calcium chloride is added, and the stirring continues at
1200 rpm for 2 h.

Emulsification/external gelation method (M2) to make NPs of SH
(M2 SH-NPs) is based on the formation of a water-oil emulsion (W/O).
To get this type of NPs, grape seed oil is dispersed in 40mL of water
with rhodamine, 0.06% (m/v) SH, and 0.6% (w/v) Tween® 80 at a
temperature of 40 °C. 100mL of grape seed oil is heated to 40 °C; then
the aqueous phase is added to the oil at a speed of 1200 rpm for 10min.
Subsequently, 5 mL of a 5% calcium chloride solution (w/v) is in-
corporated at a speed of 1600 rpm for about 10min, continuing the
stirring at 1200 rpm for 2 h.

Both types of SH-NPs were also subjected to coating with chitosan
(CH) and glycerol tripalmitin (GT). For coating, 1% chitosan solution is
used, in which 1mL of glacial acetic acid 1% (v/v) is previously added.
The solution was acidified to facilitate the dissolution of chitosan before
coating. This solution is mixed in equal parts with the dispersion of the
SH-NPs, keeping the mixture in magnetic stirring for 2 h. Then, CH-
coated SH-NPs are subjected to a lipid coating with GT, a biocompatible
triglyceride present in the human body as fat [29], which lipidic
character facilitates the penetration of the NPs through the BBB. GT
(0.1% (m/v) is dissolved in dichloromethane and added to 10mL of the
colloidal dispersion of SH-NPs, maintained under magnetic stirring
until complete evaporation of the solvent.

2.2.2. Particle size, polydispersity and Zeta potential measurement
The size distribution and the size of the NPs were determined by

mean of dynamic light scattering with Non-invasive Backscattering
Optics (NIBS), measured after dispersing them in water. For this, the
mean particle size was determined by Malvern Zetasizer Nano ZS®;
Malvern Instruments Ltd, Malvern, UK), at 25.0 °C ± 0.5 °C. The
average size is expressed in nanometers (nm).

The measurement of the charge has been carried out in the same
device (Malvern Zetasizer Nano ZS®; Malvern Instruments Ltd, Malvern,
UK) using electrophoretic light scattering and a molecular weight
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analyzer with static light scattering. The colloidal dispersion is in-
troduced partially diluted. Zeta potential is expressed in millivolts
(mV).

In both cases, Malvern Instruments software was used; this software
adapts automatically to the attenuation of the dispensing. Three mea-
surements of each sample were made. These three measurements are
the average among 10 to 15 repetitions depending on the sample.

2.2.3. Microphotographic analysis
NPs are arranged in the suitable supports (grids) for viewing. The

devices used for this study have been Transmission Electron Microscope
(TEM): CARL. ZEISS LEO 906E and Scanning Electron Microscope

(SEM): GEMINI (FESEM) CARL ZEISS. The Scientific Instrumentation
Center (CIC) of the University of Granada (Spain) has facilitated both
microscopes.

For TEM, the sample was prepared via negative staining. The dis-
persion was incubated in a grid with carbon support film for 5min in a
Petri dish and contrasted with 1% uranyl acetate in aqueous solution.
The magnification of the images are showed by mean of a scale bar of
5 µm, 1 µm, 500 nm and 100 nm respectively.

For SEM, a drop of the colloidal dispersion of NPs was deposited on
a corresponding support for the FESEM (pin stub mount) allowing it to
dry at room temperature. Subsequently, they were sputtered with
carbon with Carbon Coater (Polaron CC7650). The magnification of the

Fig. 1. A: Brain submitted to MCAO showing the in-
farct area in the left hemisphere as a most inflamed
and pale area. B: Brain sections stained with TTC
showing the infarcted area; as can be seem, it appears
white in contrast to the red-stained no affected areas.
(For interpretation of the references to color in this
figure legend, the reader is referred to the web ver-
sion of this article.)

Fig. 2. Rhodamine-fluorescent-NPs gray values of a predetermined area of the visual field obtained using the Leica advanced software AF. This software allows to
estimate the distribution (A) and quantification (B) of the rhodamine fluorescent levels (grey values) associated to the different NPs assayed. Mean value parameter
inform about the rhodamine fluorescence levels of the brain parenchyma quantified in an area of the confocal image captured at a pre-determined magnification (C
and D). The gray values were always obtained in equivalent brain areas (parietal cortex) and using the same magnification.
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images are showed by means of a scale bar of 500 nm.

2.2.4. Experimental animals
The experimental procedures to assess the in vivo brain penetration

of the different NPs elaborated have been carried out in adult male
Wistar rats (Charles River). All procedures have been carried out in the
Centre for Animal Production and Experimentation of the University of
Jaen (CPEA) and previously approved by the local Animal Care
Committee and performed in compliance with the Spanish legislation
and in accordance with the EU Directive 2010/63/EU (2010).

Animals were distributed into two experimental groups: animals
subjected to a stroke model by occlusion of the middle cerebral artery
(MCAO group), and animals that underwent the same surgical proce-
dures without filament occlusion of the artery (control group). This
experimental design was made in order to identify possible differences
in the ability of NPs to reach the cerebral parenchyma, in both control
and stroke animals, given that the last group could present a disrupted
BBB [30].

2.2.5. Stroke model
The experimental procedure consisted on a slight modification of

the model of the occlusion of the middle cerebral artery (MCAO) [31].
In brief, anaesthesia was induced by i.p. injection of 100mg/kg keta-
mine and 10mg/kg xylazine in mixture. Rectal temperature was
maintained at 37.51 °C by using a feedback-controlled heating pad.
Under a stereo zoom microscope, the right common, external, and in-
ternal carotid arteries were dissected from connective tissue through an
incision in the neck midline. A 23-mm segment of 3–0 nylon mono-
filament suture 3–4mm coating for rats commercially available (Doccol
Corp., Redlands, CA, USA) was inserted into the stump of the right
common carotid artery and advanced into the internal carotid artery
∼18–20mm from the bifurcation to occlude the origin of the middle
cerebral artery. The suture was removed after 45min of occlusion. A
Laser-Doppler flow probe (tip diameter 1mm) attached to a flowmeter
(PeriFlux 5000; Perimed AB, Stockholm, Sweden) was located over the
thinned skull in the MCAO territory (4mm lateral to bregma) to obtain
a continuous measure of relative cerebral brain flow during the ex-
periment. Only animals with a cerebral blood flow reduction over 60%
were included in the study. After surgery and recovery, the rats were
returned to their home cages and sacrificed 2 h after reperfusion. As
previously mentioned, control-operated rats underwent the same ex-
perimental procedures, but without filament occlusion.

2.2.6. Histology and microscopy
Histology and confocal microscopic analysis were carried out in the

Research Support Services of the University of Jaén (SCAI).
To assess the efficiency of uptake of NPs into the brain parenchyma,

rhodamine-123-fluorescence-labelled-NPs prepared following methods
1 and 2, not coated (M1 SH-NPs and M2 SH-NPs) or coated (GT CH M1
SH-NPs and GT CH M2 SH-NPs) were injected throughout the radial
vein of the tail at the onset of reperfusion, in both control and stroke
animals. After sacrifice, the brains of all injected animals were removed
and cut into 2mm-thick sections; in addition, some sections from the

Table 1
Size, polyspersion and ζ-potential of the different types of NPs.

Sample Size Average (nm) Polydispersion ζ-Potencial (mV)

M1 SH-NPs 65.69 ± 0.98 0.89 ± 0.15 −24.03 ± 6.70
M2 SH-NPs 55.92 ± 7.60 0.84 ± 0.22 −26.70 ± 9.20
CH-M1 SH-NPs 193.66 ± 10.37 0.34 ± 0.07 47.50 ± 1.61
CH-M2 SH-NPs 163.73 ± 14.05 0.53 ± 0.11 29.67 ± 1.41
GT-CH-M1 SH-NPs 248.06 ± 6.17 0.46 ± 0.09 27.93 ± 1.50
GT-CH-M2 SH-NPs 243.16 ± 6.02 0.37 ± 0.03 17.88 ± 2.02

Fig. 3. Size distribution of the NPs: A: Size distribution Method 1 with covers (GT CH M1 SH-NPs). B: Size distribution Method 2 with covers (GT CH M2 SH-NPs).
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brains of the MCAO group were stained with triphenyltetrazolium
chloride monohydrate (TTC) [32] to visualize the infarcted area, which
appears white in contrast to the red-stained normal areas (Fig. 1).

Other sections from the brains of both control and MCAO groups
were frozen and cut into 20 μm slices with a cryostat (Leica CM1950).
Afterward, slices were washed twice in potassium phosphate buffer (pH
7.4) for 15min and stained with DAPI (Sigma-Aldrich) to visualize the
cell nuclei. Finally, the slices were mounted on slides for examination
under confocal laser scanning microscope (Leica TCS SP5 II). Cell nuclei
were visualized in blue due to DAPI staining (Excitation 358, Emission
529), whereas NPs appeared in red due to rhodamine (Excitation 507,
Emission 525); so the biodistribution of the different types of NPs
within the brain parenchyma in both experimental groups could be
determined.

Finally, an estimation of the rhodamine fluorescence of each type of
NPs was automatically performed in the different brain samples using
the Leica advanced software AF. This software enables to analyse the
distribution and quantification of the fluorescent levels (estimated as
grey values) of the different NPs assayed in a previously determined
brain tissue area of the microscopy visual field. For all histological
sections, identical magnification and equivalent areas of the parietal
cortex was always used. An example of the distribution and quantifi-
cation of the rhodamine-fluorescence associated to the NPs obtained
with this software is shown in Fig. 2.

3. Results and discussion

3.1. Physicochemical characterization

The macroscopic analysis of the dispersion of the NPs shows that
there is no presence of aggregates or sediments. Both methods have a

slight whitish color that is accentuated in the case of method 2.
Although a slight turbidity is characteristic, the colloidal dispersions are
homogeneous and stable in all cases and throughout the study.
According to the information provided by Decuzzi [33], NPs with a size
between 100 and 200 nm are easily captured by endocytosis, and par-
ticles greater than 300 nm are captured by phagocytosis. Therefore, the
ideal size of these nanocarriers should be below 300 nm. Table 1 shows
the particle size, polyspersion, and Zeta potential of the different types
of NPs studied. The results show that the size of the SH-NPs in each case
is below 100 nm, in particular, 65.69 ± 0.98 nm for M1 SH-NPs and
55.92 ± 7.60 nm for M2 SH-NPs. However, as expected, this size is
increased by around 300% by coating the NPs with chitosan. This in-
crease in size, besides the own contribution of the chitosan layer, is also
influenced by the electric charge of the particles, which become posi-
tive (with a value of more than 30mv) after the coating (above −25mv
before coating). The addition of the glycerol-tripalmitin layer to the
coated NPs (GT-CH SH-NPs) offers a definitive size of 248.06 ± 6.17
and 243.16 ± 6.01 for M1 and M2 methods respectively. These sizes,
based on the above layer-by-layer procedure, are suitable for the pur-
pose for which they have been designed. On the other hand, poly-
dispersity is inherent in the proposed synthesis methods, as corrobo-
rated by the data recorded in Table 1, in which the polydispersion
decreases with the coating. In fact, the values of polydispersion in the
initial nanoparticle synthesis (before coating) are high for both M1 and
M2; one of the reasons for these data may be its small size. These small
NPs can easily form agglomerates, although they do not have much
relevance because the polyspersion subsequently decreases with the
coating. Definitive particle size analysis (Table 1) showed a unimodal
size distribution (Fig. 3) in both cases, with a mean diameter of
248.06 ± 6.17 nm for GT-CH M1 SH-NPs and 243.16 ± 6.02 nm for
GT-CH M2 SH-NPs. Hence, both ionic gelation methods for the

Fig. 4. Microscopy characterization of coated sodium hyaluronate nanoparticles by method 1 (GT CH M1 SH-NPs). A. TEM. Scale 5 µm. B. TEM. Scale 500 nm. C.
SEM. Scale 500 nm.
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preparation of SH-NPs and the layer-by-layer coating with chitosan and
glycerol tripalmitin were found to be effective techniques.

Zeta potentials were recorded for the different types of NPs directly
after synthesis and modified surface charge (Table 1). The main ob-
jective is that NPs keep to Fick's Law [34], essential to allow them to
pass through cell membranes through passive diffusion [35]. Ideal
conditions entail that the NPs have a certain size and a slight positive
charge to facilitate their penetration. Initially, it is observed that SH-
NPs present a negative charge of −24.03 ± 6.70mV for method 1 and
−26.70 ± 9.20mV for method 2. After being coated with chitosan,
which is a cationic polysaccharide, the particles undergo a change in
the sign of the charge, which increases in absolute value to
47.50 ± 1.61mV and 29.67 ± 1.41mV for CH M1 SH-NPs and CH
M2 SH-NPS, respectively. We also detected that the greatest changes in
size and charge of NPs occur with this coating. In the third and last
coating, the lipids present a negative charge, enough to allow them to
adhere to the surface of the NPs (now positive), but not to reverse their
charge as in the previous case. Thus, the NPs remain positive, although
the Zeta potential decreases in absolute value because layer-by-layer
assembly technique relies on electrostatic deposition of oppositely
charged polyelectrolytes on the nanocarrier surface. In short, we obtain
27.93 ± 1.50mV GT-CH M1 SH-NPs and 17.88 ± 2.02mV GT-CH M2
SH-NPs. On the one hand, these absolute values help to guarantee the
technological stability of the colloidal systems during their conserva-
tion. On the other hand, chitosan (cationic polysaccharide) coating-
based SH-NPs led to the conversion of the NPs’ surface charge for en-
hanced cell internalization. Additionally, a lipid coating was made in
order to improve the permeation of nanocarriers through the BBB since
favors its liposolubility without greatly altering its charge. In fact,

proteoglycans, mucopolysaccharides, glycolipids and flucoproteins
with sulfates and sialic acids confer to cell plasma membrane a negative
charge at physiological pH; thus, electrostatic interaction between the
positively charged part of the NPs and the negatively charged of the cell
membrane could favors its adsorption and transport throughout en-
dothelial cells [36].

3.2. Morphology study

Fig. 4 shows GT-CH M1 SH-NPs microphotographs obtained by TEM
(Fig. 4A and B) and SEM (Fig. 4C). In the first image (Fig. 4A), particles
of different sizes can be observed. No significant differences in mor-
phology and polydispersity on the size distribution were found among
them. Worth mentioning, it is a polyspersed colloidal system, as shown
by the results in the previous section. The following image (Fig. 4B)
focuses on a NP with high resolution that exhibits edges and a slightly
lighter surface, most likely corresponding to the different coating ma-
terials. The size falls within the range of average results discussed above
and shows spherical shape with a defined limit. According to Huiyi and
collaborators [37], the spherical shape could serve for the maintenance
of the textural quality [20].

In Fig. 4C, using SEM microscopy, the NP is not as uniform in its
shape, and the sphericity has evidently been slightly lost, most likely
due to the coatings. Its surface is not smooth but rough and spongy,
although there are no evident pores on the surface, which is a positive
sign because high porosity is associated with a fast and easy diffusion of
water and other fluids in and out of the matrix, and subsequently with
cell leakage [38,39].

In Fig. 5, spherical and slightly polyspersed NPs can be seen as black

Fig. 5. Microscopy characterization of coated sodium hyaluronate nanoparticles by method 2 (GT CH M2 SH-NPs). A. TEM. Scale 1 µm. B. TEM. Scale 200 nm. C.
SEM. Scale 500 nm.
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spots for GT-CH M2 SH-NPs. By focusing on an isolated NP (Fig. 5B), a
darker core and clear edges are clearly distinct, perhaps due to the
coating used. Its size is around 200 nm.

Finally, in the third image (Fig. 5C), a completely spherical NP is
observed. It seems that the coating around the surface of the SH core is
different to the previous methods, in which NPs do not show a perfect
uniformity in their sphericity. In this case, there is no presence of
porosity on the NP’s smooth surface. The coating in this method is more
uniform than in the previous method.

3.3. Estimation of the rhodamine fluorescence of NPs in the cerebral
parenchyma.

Animals from both control and MCAO groups were injected with the
different SP-NPs treatments. Fig. 6 shows an estimation of the gray
levels (rhodamine fluorescence levels) for the four types of SP-NPs as-
sayed (M1 SH-NPs, GT-CH M1 SH-NPs, M2 SH-NPs and GT-CH M2 SH-
NPs) in the cerebral parenchyma of the two rat groups. The NPs, which

were administrated to the animals through the tail vein 2 h before sa-
crifice, appear under the confocal microscopy as red vesicles due to
rhodamine fluorescence. Every type of NPs crossed the BBB being
captured later by neurons. As shown, neurons exhibit NPs mainly al-
located in their cytoplasm as vesicles placed around the nuclei, prob-
ably associated with the endomembrane cellular system. Less fluor-
escent NPs can be seen beside the endothelial cells at the lumen of the
vessels and inside the vascular wall. Different receptors in endothelial
cells must be involved in transcytosis mechanisms in order to allow NPs
to cross the BBB [14,40] and be captured by neurons. These mechan-
isms should manage the trafficking of NPs inside the brain parenchyma
and address its preferential accumulation in neuronal cells. Thus, dif-
ferent SH-receptors, like CD44, Layilin, LYVE-1, HARE/Stab2 or
RHAMM in the cell surface have been described [41], which probably
influence NPs penetration into cells. However, the clarifications of such
mechanisms will require more investigation not only in vivo but also in
vitro [3,40].

The estimation of rhodamine-fluorescence levels were evaluated in

Fig. 6. Histological sections of the brains, from control and MCAO animals at the parietal cortex area, showing the different rhodamine-fluorescent-NPs assayed
located in the vascular wall but mainly in neuron cytoplasm.
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histological sections of both control and MCAO animals using the Leica
advanced software AF as was previously described. Data are shown in
Fig. 7 for all NPs assayed (M1 SH-NPs, GT-CH M1 SH-NPs, M2 SH-NPs
and GT-CH M2 SH-NPs). In both animal groups, M2 NPs showed better
penetration in cerebral parenchyma than M1 NPs; this result must be
consequence of the different composition of M1 and M2 NPs core,
which influences the effectiveness of the endocytic mechanisms, even
though both M1 and M2 non-coated SH-NPs present negative charge
and a similar size of about 60 nm. On the other hand, we did not found
remarkable differences between coated and no coated NPs. This may be
because positively charged coated nanocarriers enhance membrane
association, internalization and endosomal escape, whereas those not
coated, despite its negative Zeta potential, have more specific and ef-
ficient uptake, particularly because they are more easily targeted with
specific cell ligands [3,14,24].

Finally, the absence of differences between control and MCAO
groups in both M1 and M2 methods is notable, possibly because 2 h
after a stroke, the BBB is still intact, and has not had enough time to
undergo changes in permeability [30].

4. Conclusion

Ionic gelation methods were found to be effective techniques for the
preparation of SH-NPs. In addition, the layer-by-layer coating of the SH
nanoparticles with chitosan and glycerol tripalmitin has given rise to
particles of adequate size of about 245 nm and surface charge of about
32mV to be used as delivery system to transport large neurother-
apheutic molecules to cerebral parenchyma.

As this study demonstrates, all types of NPs assayed are able to cross
the BBB and are endocytosed by neurons; although the SH-NPs obtained
by M2 are lightly more efficient than those obtained by M1, there were
no visible differences between coated and not coated NPs for each
method. This may be because not only the size, shape and charge of
NPs, but also its chemical structure influences its cellular capture by
endocytic mechanisms. Finally, any type of NPs show differences in the

penetration level between controls and MCAO animals, probably due to
the fact that 2 h after stroke the BBB is still intact.
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