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A B S T R A C T

Neurodegenerative diseases are chronic disorders affecting millions of people with their prevalence constantly 
increasing worldwide. The blood-brain barrier plays a key role in the design of successful treatments for these 
pathologies. Nanotechnology has the potential to improve treatment of CNS disorders and facilitate effective 
drug transfer. For this, biodegradable poly (lactic-co-glycolic acid) nanoparticles (PLGA NPs) are promising 
strategies as they can be surface-tailored with functionalized molecules for site-specific brain targeting. In our 
work PLGA NPs loaded with a fluorescent marker (rhodamine B) and functionalized with glutathione or 
phenylalanine dipeptide have been developed, characterized and analyzed for their passage across the BBB and 
distribution in different brain areas of Wistar rats.

Surface functionalization of the NPs with glutathione or phenylalanine (formulations NP-GSH-Rh and NP- 
PHE2-Rh) favoured their passage across the BBB process in which glutathione transporter and L-type amino 
acid transporter 1 (LAT-1) may be involved. One hour after their administration both functionalized formulations 
predominantly reached the hippocampus followed by the cortex and substantia nigra. Average values of intensity 
of fluorescence reached in the hippocampus showed statistically significant differences when compared to non- 
functionalized NPs and remained higher in this area 2 h after administration which allows us to highlight the 
potential importance of the results obtained as the presence of the NPs in the brain 2 h after their administration 
counteracts the efflux activity of the P-glycoprotein. In addition, none of the nanosystems caused tissue damage 
in the hippocampus, cortex or substantia nigra.

1. Introduction

Neurodegenerative diseases are chronic disorders affecting millions 
of people worldwide, with Alzheimer’s disease and Parkinson’s disease 
being the two most prevalent. Many of the drugs with possible thera
peutic effects on these diseases fail to access the site of action due to 
their inability to cross the blood-brain barrier (BBB), a selective barrier 
formed by endothelial cells that only allows the passage of some sub
stances preventing the majority of drugs from reaching the CNS.

ATP-driven drug efflux pumps (ATP-binding cassette (ABC) trans
porters) also contribute to maintain brain homeostasis by excreting 

possible neurotoxic substances. Active pharmaceutical ingredients can 
also be substrates of these efflux proteins and therefore be expelled. 
Among the efflux proteins present in the BBB, the most extensively 
described are the P-glycoprotein (P-gp), the multidrug resistance- 
associated proteins (MRPs) and the breast cancer resistance protein 
(BCRP). Due to their ability to transport a large variety of compounds, 
these efflux proteins represent a significant obstacle for drugs to cross 
the BBB [1].

Transport of essential molecules to the brain such as nutrients 
(glucose, galactose, etc.), some amino acids, nucleosides, purines, 
amines or vitamins is mediated by different transporters that are present 
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on the luminal and basolateral sides of the endothelial cells. For this, 
there is a great variety of transport proteins, for instance, brain cerebral 
type 1 transporter (GLUT-1), large amino acid transporters (LAT), and 
nucleoside transporters. Their substrates can therefore cross the BBB 
through carrier-mediated transport being these carriers size- and stereo- 
selective [2,3].

Drugs unable to freely cross the BBB can be incorporated into 
nanosystems although not all nanosystems are able to cross it properly, 
since their passage depends on several factors such as size, charge, 
surface properties, and administration route, that must be considered 
when developing a nanocarrier for this purpose. In this regard, the main 
routes involved in the passage of nanosystems through the BBB require 
the use of transporters, adsorption-mediated transcytosis and receptors, 
also including passive diffusion [4,5].

Small nanoparticles (NPs) are able to cross the BBB more easily than 
larger ones although functionalization or coating their surfaces with 
suitable molecules may help enhancing the passage of larger nano
particles through the BBB. For this, active targeting can be explored by 
means of modifying the surface of NPs using molecules that can be 
specifically recognized by overexpressed receptors or transporters 
(transferrin, LDL or integrin αvβ3 receptors, glucose, glutathione or 
amino acid transporters) thereby causing an increase in the elimination 
half-life of the drug, due to the binding capacity of the system to the 
endothelial receptors of the BBB [6]. When using small ligands such as 
glutathione or maltobionic acid this approach may improve the binding 
affinity to the target receptors [7]. In fact, sizes of NPs between 170 and 
340 nm seem to have less impact on their ability to cross the BBB than 
the functionalization process [8].

Once functionalized NPs cross the BBB, their distribution within the 
brain can be affected by physiological factors such as age, the animal 
model used in the study, as well as the type of ligand used for their 
functionalization [9,10]. This sectional brain distribution may be 
important depending on the neurodegenerative disorder to be treated. 
For instance, in Alzheimer’s disease the most affected areas of the brain 
are the hippocampus and the cortex, whereas in Parkinson’s disease is 
the substantia nigra.

Polymeric nanoparticles also show interesting features including 
excellent biocompatibility, stability, controlled release of the active 
ingredient and simple manufacturing [11]. In addition, NPs elaborated 
with low molecular weight polylactic-co-glycolic acid (PLGA) can be 
easily functionalized from the carboxyl groups of the polymer.

In our work PLGA NPs loaded with a fluorescent marker (rhodamine 
B) and functionalized with glutathione or phenylalanine dipeptide have 
been developed, characterized and analyzed for their passage across the 
BBB. Also studied is the influence of surface functionalization in their 
distribution in different areas of the brain of Wistar rats.

2. Materials and methods

2.1. Materials

Rhodamine B (Rh-B), phenylalanine dipeptide (PHE2), glutathione 
(GSH) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) 
were obtained from Sigma-Aldrich Química, S.A. (Madrid, Spain). The 
reagents (2-(N-morpholino) ethanesulfonic acid) (MES), N-hidrox
ysuccinimide (NHS), Ellman’s reagent (DTNB, 5,5′-dithiobis-(2-nitro
benzoic acid) and 4′,6-diamidino-2-phenylindole (DAPI) were obtained 
from Thermo Fisher Scientific (Madrid, Spain). PLGA Resomer® RG 502 
(Poly(D,L-lactide-co-glycolide) 50:50, Mw 12,000 Da) was provided by 
Evonik Industries AG (Essen, Germany). Dichloromethane (DCM), 
methanol, polyvinyl alcohol (PVA, Mw 30,000–70,000 Da) were pro
vided by Sigma-Aldrich Química, S.A. (Madrid, Spain). All buffers and 
solutions were prepared with distilled and deionized water (Q-POD® 
Milli-Q system, Merck Millipore, Madrid, Spain).

2.2. Elaboration of nanoparticles

Three formulations of Rh-B loaded PLGA NPs were prepared by the 
solvent extraction-evaporation method (Table 1). Briefly, 50 mg of 
PLGA 502 and 2.5 mg of Rh-B were dissolved in 2 mL of DCM. The 
resulting solution was added dropwise into 6 mL of a 1.5 % PVA solu
tion. Both phases were sonicated at 80 % amplitude for 10 min in pulses 
(15 s on, 10 s off). The organic solvent was removed under magnetic 
stirring for 4 h. The NPs were washed three times with water and 
centrifuged at 20,150 g for 30 min (Sorvall ST 8R centrifuge, Thermo 
Fisher Scientific, Waltham, USA). Finally, the NPs were suspended in 1 
mL of a 1.5 % sucrose solution (cryoprotectant) and freeze-dried for 24 h 
(Lyo Quest®, Azbil Telstar® S.A., Madrid, Spain). Thereafter, phenyl
alanine dipeptide (PHE2) and glutathione (GSH) were linked to this 
formulation (NP-Rh) to obtain NPs functionalized with either PHE2 
(formulation NP-PHE2-Rh) or GSH (formulation NP-GSH-Rh) (Table 1).

2.3. Functionalization of nanoparticles with glutathione

Formulation NP-Rh was functionalized with GSH by binding the 
peptide onto the surface of the NPs after activating the carboxyl groups 
of PLGA. Firstly, the NPs were maintained at 4 ◦C for 24 h in 1 mL of 
distilled water, following the procedure described by Constantino et al. 
[12] adapted to our experimental conditions. For this, 55 mg of 
formulation NP-Rh suspended in 1 mL of distilled water were added to 
0.5 mL of a buffered solution of 0.1M (2-(N-morpholino)ethanesulfonic 
acid) (MES) at pH 4.7. To this solution, 50 mg of N-hydroxysuccinimide 
(NHS) were added.

Then, 150 mg of 1-ethyl-3(3-dimethylamino-propyl) carbodiimide 
hydrochloride (EDC) dissolved in 2.5 mL of MES buffer were added. The 
nanoparticle suspension was kept under magnetic stirring for 1 h and 
then centrifuged at 20,150 g for 25 min to remove the MES buffer along 
with any unreacted reagent.

Then, the NPs were suspended in 2.5 mL of phosphate buffer (PBS) 
(Thermo Fisher Scientific, Madrid, Spain) adjusted to pH 7.4. To this 
second suspension, 2 mg of GSH dissolved in 2.5 mL of PBS at pH 7.4 
were added with the admixture kept under magnetic stirring for 2 h to 
ensure the reaction. Then, the NPs were centrifuged at 20,150 g for 30 
min, the cryoprotectant (1.5 % sucrose) added and the NPs (formulation 
NP-GSH-Rh) freeze-dried for 24 h. The supernatant PBS was collected 
and the amount of GSH not bound to the surface of the NPs was quan
tified. All formulations were prepared in triplicate.

2.4. Quantification of GSH bound to the nanoparticles

Quantification of GSH bound to formulation NP-GSH-Rh was per
formed by an indirect method that involves hybridization of the sulf
hydryl group with Ellman’s reagent (DTNB, 5,5′-dithiobis-(2- 
nitrobenzoic acid). DTNB is used for quantitating free sulfhydryl groups 
in solution with the reaction involved depicted in Fig. 1 in which a 
yellow-coloured product (TNB, 5-thio-2-nitrobenzoic acid) is released 
when DTNB reacts with sulfhydryl groups. This yellow-coloured product 
can be quantified by spectrophotometry.

Calibration curves were prepared in triplicate using GSH solutions at 
concentrations of 2, 4, 20, 40, 60, 80, and 100 μg/mL. Subsequently, 1 
mL of each solution was reacted for 30 min with 3 mL of DTNB that 
prepared in PBS at pH 7.4 is ionized (DTNB2− ). The resulting theoretical 

Table 1 
Nanoparticle (NPs) formulations developed. Rh-B: rhodamine B, GSH: gluta
thione, PHE2: phenylalanine dipeptide.

Formulation PLGA 502 (mg) Peptide/mg Rh-B (mg)

NP-Rh 50 – 2.5
NP-GSH-Rh 50 GSH/2.0 2.5
NP-PHE2-Rh 50 PHE2/2.0 2.5
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GSH concentrations were 0.5, 1.5, 8, 15, 20, and 25 μg/mL.
The TNB2− dianione obtained was quantified by UV/Vis spectro

photometry (Jasco International Co., Ltd., Tokyo, Japan) at a wave
length of 410 nm.

2.5. Functionalization of nanoparticles with phenylalanine dipeptide

Phenylalanine dipeptide (PHE2) was linked from its amine terminal 
group to the carboxylic terminal group of the PLGA of the NPs by a 
carbodiimide reaction adapted from the protocol described by Con
stantino et al. [12]. For this, 0.5 mL of 0.1 M MES buffered solution at pH 
4.7 were added to 55 mg of formulation NP-Rh suspended in 1 mL of 
distilled water. To this solution 50 mg of NHS were added. Then, 150 mg 
of EDC dissolved in 2.5 mL of 0.1 M MES buffered solution were added. 
The NPs suspension was maintained under magnetic stirring for 1 h and 
thereafter centrifuged at 20,150 g for 25 min to remove MES buffer and 
all unreacted reagents.

Then, the recovered NPs were suspended in 2.5 mL of PBS at pH 7.4. 

Meanwhile, a PHE2/PBS solution (0.8 mg/mL) was prepared. From this 
solution, 2.5 mL were added to the previous NPs-PBS suspension with 
the resulting mixture magnetically stirred for 2 h to ensure that the re
action was completed. Finally, the NPs were recovered by centrifugation 
(20,150 g, 30 min) and freeze-dried suspended in 1 mL of a 1.5 % su
crose solution (cryoprotectant). The PBS obtained from the supernatant 
of the NPs was analyzed for quantification of PHE2.

Fig. 2 shows the reaction involved in the functionalization of 
formulation NP-Rh with PHE2.

2.6. Determination of PHE2 bound to the nanoparticles

Quantification of PHE2 bound to the surface of NPs was carried out 
indirectly. For this, the supernatant containing the unbound peptide was 
analyzed by the method described by Neurauter et al. [13] adapted to 
our experimental conditions [14]. The chromatographic analysis was 
performed in a Jasco HPLC (Jasco International Co., Ltd., Tokyo, Japan) 
equipped with a fluorescence detector (Jasco FP-4025, Jasco 

Fig. 1. Reaction for the quantification of glutathione (GSH) bound to formulation NP-GSH-Rh.

Fig. 2. Reaction involved in the functionalization of formulation NP-Rh with phenylalanine dipeptide (PHE2).
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International Co., Ltd., Japan). The average calibration curve used for 
this quantification (50, 100, 250, 300, 400 and 500 μg/mL) was y =
35447 + 638.32x (R2 = 0.9991) where y is the peak area and x the 
concentration of PHE2.

2.7. Characterization of nanoparticles

2.7.1. Morphology
Dynamic light scattering was used to determine the polydispersity 

index (PDI), size distribution and mean diameter of the NPs by using a 
Zetatrac® Ultra 3500 system (Microtrac MRB, Montgomeryville, USA). 
The mean diameter was expressed as volume diameter.

The NPs were also examined by scanning electron microscopy (SEM) 
(Jeol JSM 7600F, Jeol Ltd., Tokyo, Japan) to analyse shape and surface 
morphology. For SEM analysis the cryoprotectant was firstly eliminated 
by suspending the NPs in MiliQ-water and centrifuging at 20,150 g for 
20 min with this step repeated three times. Then, a drop of the NPs 
suspension was added to a coverslip adhered to a stub and maintained in 
a desiccator for 24 h. Finally, the samples were coated with a thin layer 
of colloidal gold applied through a cathodic vacuum evaporator.

2.7.2. Zeta potential
Determination of zeta potential was carried out by Laser-Doppler 

anemometry using a Malvern Zetasizer Nano S® (Malvern Panalytical, 
Ltd., Malvern, U.K.). For this, 5 mg of each NPs formulation were sus
pended in 50 mL of distilled water and stirred for 1 min. Zeta potential 
measurements were carried out by placing the resulting aqueous 
dispersion with a concentration of 100 μg/mL of NPs into a capillary cell 
(Cell Enhances Capillary®, Malvern Panalytical, Ltd., Malvern, U.K.). 
Zeta potential measurements were performed in triplicate.

2.7.3. Encapsulation efficiency
Encapsulation efficiency (EE%) of Rh-B within PLGA NPs was 

determined by dissolving 10 mg of each formulation in 1 mL of DCM. 
Then, 15 mL of methanol were added to the previous solution, mixed, 
and centrifuged at 7750 g for 5 min. The supernatant (5 mL) was 
analyzed by spectrophotometry at 555 nm.

For this quantification a spectrophotometric method was developed 
using concentrations of 0.5, 1, 2, 3, 4 and 5 μg/mL of Rh-B in methanol. 
The average equation obtained was y = 0.0098 + 0.1992x (R2 =

0.9998), where y is the absorbance and x the concentration of Rh-B.

2.7.4. In vitro release studies
In vitro release of Rh-B from the NPs was carried out in a Memmert 

WB22 water bath (Memmert GmbH, Büchenbach, Germany) at 37 ±
0.1 ◦C and constant agitation (100 rpm). For this, 20 mg of NPs were 
weighed, placed in Eppendorf tubes, and suspended in 4 mL of PBS so
lution at pH 7.4. At regular time intervals (1, 2, and 6 h) samples were 
centrifuged, the supernatant removed and filtered through 0.45 μm 
PVDF filters (Teknokroma Analítica, S.A., Barcelona, Spain). Quantifi
cation of Rh-B was performed by spectrophotometry at 555 nm. All 
release tests were carried out in triplicate.

For the quantification of Rh-B in PBS a spectrophotometric method 
was developed which was linear within the following concentration 
range: 0.5, 1, 2, 3, 4, and 5 μg/mL. The average calibration curve ob
tained was y = 0.0021 + 0.227x (R2 = 0.9997) where y is the absor
bance and x the concentration of Rh-B. The limit of detection (LOD) was 
0.156 μg/mL and the limit of quantification (LOQ) was 0.449 μg/mL.

2.8. Biodistribution studies

For the biodistribution studies male Wistar rats (Harlan France SARL, 
Gannat, France) weighing 220–270 g were used. Animals were housed 
with controlled temperature and 12h:12h light:dark cycles, observed 
daily and fed with commercial pelleted diet and water ad libitum All 
animal procedures were approved by the Ethics Committee on Animal 

Experimentation (Universidad Complutense de Madrid, UCM) and the 
regional authorities (Madrid Region, PROEX 14/18). All procedures 
complied with the European Community Council Directive (010/63/ 
UE). Efforts were made to minimize the number of animals used and 
their suffering.

Animals were divided into four experimental groups. 

- Group 1 (n = 4) received saline solution.
- Group 2 (n = 6) received formulation NP-GSH-Rh.
- Group 3 (n = 6) received formulation NP-PHE2-Rh.
- Group 4 (n = 6) received formulation NP-Rh.

The NPs were suspended in saline at a concentration of 25 mg/mL. 
The volume given was adjusted by weight, utilizing 0.5 mL as a refer
ence volume for the average animal weight. The suspension was injected 
into the rat tail vein using a 30-gauge needle. Finally, the rats were 
anesthetized with isoflurane. Half of the animals within each group were 
sacrificed at time 1 h and the other half at 2 h.

Biodistribution analysis of the NPs formulations was conducted by 
measuring the fluorescence of Rh-B in various organs (liver, kidneys, 
spleen and lungs) according to the method described by Marcianes et al. 
[15] and adapted to our experimental conditions. After sacrifice, the 
liver, lungs, kidneys, and spleen were extracted from all animals. The 
extracted organs were frozen in dry ice and kept at − 80 ◦C until analysis.

Quantification of Rh-B was performed as follows: each organ was 
weighed and a portion (1.5 ± 0.1 g) was homogenized in 5 mL of DCM 
using a turbine. After 1 h homogenization protected from light exposure, 
the mixture was centrifuged at 12,400 g for 10 min to extract all Rh-B 
content. Rh-B was quantified by measuring its fluorescence in a Varian 
Cary Eclipse fluorescence spectrophotometer (Agilent Technologies, 
Madrid, Spain). Excitation and emission wavelengths were set at 553 nm 
and 627 nm, respectively. The fluorescence intensity from non-treated 
animals was used as a background signal (negative controls) to 
discard tissue autofluorescence. The amount of Rh-B was expressed as ng 
of Rh-B/g tissue. As the different formulations presented different drug 
loadings (DL), the results were normalized for the same dose of Rh-B.

The calibration curve was linear with the concentration range 1–400 
ng/mL resulting in the following average equation: y = 0.0011 +
0.1744x (R2 = 0.9987).

2.9. Passage of NPs through the BBB

The passage of NPs through the BBB was studied after i.v. adminis
tration to male Wistar rats. For this, once animals were sacrificed, brains 
were removed and divided into both hemispheres. The right hemisphere 
was used to determine the NPs that crossed the BBB. This study was 
carried out following the protocol previously described.

2.10. Regional brain distribution

The left hemisphere was used to study the distribution of NPs in 
different areas of the brain. For this, the hemisphere was sectioned into 
25 μm slices corresponding to hippocampus, cortex and substantia nigra. 
The slices were embedded for 24 h in DAPI solution (4’,6-diamidino-2- 
phenylindole) (125 ng/mL) [16] and analyzed by confocal microscopy 
in a Leica microscope (Leica Microsystems GmbH, Wetzlar, Germany) at 
545 nm excitation and 570 nm emission wavelengths [17]. ImageJ was 
the software used to quantify the intensity of Rh-B fluorescence in the 
samples [18]. Negative control rats were used to discard tissue 
autofluorescence.

2.11. Brain tissue integrity

To determine if the administration of NPs produced brain tissue 
damage, NISSL staining was performed. NISSL staining was carried out 
by immersing the samples fixed to a sample holder in a cresyl violet 
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solution for 30 min. Then, samples were washed, using increasing con
centrations of ethanol for 2 min. Finally, to ensure that samples were 
dehydrated, two 5-min washes were carried out in xylene.

Images were acquired on a Leica model DM2000 LED microscope 
coupled to a digital camera (Leica DFC425 for colour captures of cresyl 
violet stains) (Leica Microsystems GmbH, Wetzlar, Germany). Images 
captured using Leica LAS software were subsequently exported in jpeg 
format.

2.12. Statistical analysis

Results are expressed as mean standard deviation. Multifactorial 
ANOVA tests were performed using the Statgraphics 19-X64® Centurion 
software (Statgraphics Technologies, Inc., The Plains, USA). A p-value 
<0.05 was considered statistically significant.

3. Results and discussion

Surface functionalization of NPs can be used for different purposes 
which include improving their passage through the BBB [19]. For this, 
attachment of ligands to the surface of NPs can facilitate their access to 
the CNS.

Several endogenous transporters facilitate the access of essential 
substances to the brain, such as glucose, galactose, amino acids, nucle
osides, purines, amines or vitamins. Among the transporters expressed 
in the BBB are the glucose transporter GLUT-1 [20] and the L-type amino 
acid transporter 1 (LAT-1) [21].

LAT-1 is expressed in brain capillary endothelial and parenchymal 
cells forming the BBB being specially interesting for targeted drug de
livery to the brain due to its tissue-specific expression profile [22,23]. 
LAT-1, an isoform of the amino acid transport system L, transports large 
neutral amino acids with branched or aromatic side chains, such as 
phenylalanine, valine, methionine and tyrosine, among others, with 
phenylalanine being one of the amino acids showing higher affinity for 
the transporter [24].

It has been indicated that LAT-1 is expressed as much as 100-fold 
greater levels in the BBB compared to other tissues, thereby resulting 
in an interesting approach for delivering amino acid-mimicking drugs to 
the CNS [25].

Notably, several drugs on the market reach the brain via this trans
porter, such as baclofen, gabapentin and the antiparkinsonian drug L- 
DOPA [26].

Glutathione (GSH) is an essential endogenous tripeptide involved in 
intracellular metabolite detoxification. It is a high hydrophilic com
pound negatively charged at physiological pH unable to penetrate cell 
membranes thereby requiring a carrier-mediated transporter (GSH 
transporter). A study performed by Kannan et al. [27] demonstrated the 
existence of Na + -dependent GSH transporters localized at the luminal 
apical membrane of brain endothelial cells as well as Na + -independent 
GSH transporters in an in vitro BBB model developed in human cerebral 
microvascular endothelial cells (HCEC).

In our work two ligands that can be substrates for these transporters 
have been selected in order to facilitate the passage of polymeric NPs to 
the CNS: glutathione (GSH) and phenylalanine dipeptide (PHE2).

Rhodamine B (Rh-B) is a well-known P-glycoprotein (P-gp) substrate 
used in our work as fluorescent tracer as it is unable to freely cross the 
BBB. PLGA was selected as polymer due to its adequate characteristics 
such as biocompatibility and biodegradability. PLGA is used in most 
controlled release systems approved by the FDA [28] and exhibits the 
ability to partially cross the BBB [29]. Different studies have shown that 
surface functionalization of PLGA NPs with surfactants such as polox
amer 407, P188, cholic acid or tween 80 can facilitate the uptake of NPs 
by brain cells thereby leading to better brain targeting [30,31].

Binding these ligands to the surface of NPs can be achieved by 
different approaches. For instance, ligands can be attached to the 
polymer (PLGA) before elaborating the NPs or the ligand can be 

attached to the surface of NPs already loaded with the active ingredient 
[12]. Both methods have advantages and drawbacks. The union of li
gands directly to the surface of NPs loaded with the active ingredient is 
easier and avoids the internalization of the ligand towards the core of 
the particles during preparation. However, surface functionalization of 
nanoparticles involves an extended period of time needed to allow 
enough contact between the NPs and the reagents. During this time if the 
encapsulated drug is not lipophilic enough, a significant loss of the drug 
can occur. In a study conducted by our research team, morin-loaded 
PLGA NPs were functionalized with phenylalanine dipeptide, which 
resulted in improved passage through the BBB. Functionalization was 
carried out directly on the polymer before preparing the NPs. With this 
formulation we were able to observe that part of the dipeptide PHE2 was 
located towards the interior of the NPs [32].

Taking into consideration these results, in this work phenylalanine 
dipeptide (PHE2) and glutathione (GSH) have been used to functionalize 
the surface of rhodamine B-loaded PLGA NPs.

In the present study binding GSH and PHE2 to the surface of 
rhodamine B loaded PLGA NPs was achieved by activating the -COOH 
groups of PLGA with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
(EDC) and N-hydroxysuccinimide (NHS) in MES medium. The conju
gation efficiency obtained was 64.5 ± 10.8 % for GSH and 21.7 ± 112.3 
% for PHE2. Although the results obtained with glutathione are better, 
both formulations were suitable for our purposes.

Binding of these ligands could lead to modifications in the charac
teristics of the NPs. Table 2 shows the results obtained for all Rh-B 
formulations. In the table, results obtained for non-loaded functional
ized NPs are also included for comparison reasons (NP-0).

For NPs to be able to reach the CNS particle sizes should be around 
100–250 nm [33]. In our case, the method used for the elaboration of 
NPs resulted in particle sizes smaller than 200 nm, thereby being 
adequate for this purpose.

Gao and Jiang [8] prepared methotrexate-loaded poly
butylcyanoacrylate NPs coated with polysorbate 80 to study the influ
ence of size on their ability to cross the BBB. NPs were prepared with 
mean sizes of 70, 170, 220, and 345 nm. The authors found that 70-nm 
NPs coated with polysorbate 80 delivered the drug more efficiently into 
the brain with no significant differences observed among the other three 
size ranges. The authors attributed this fact to an endocytosis process 
which is favoured by NPs with sizes <100 nm. In our case, mean particle 
sizes ranged from 176.4 nm to 195.47 nm, which allowed us to evaluate 
the effect of surface functionalization on the passage of NPs through the 
BBB.

PDI (polydispersity index) is a measure of the heterogeneity of a 
sample based on its size. This parameter evaluates the size distribution, 
but also the possible aggregation/agglomeration of the sample during 
isolation or analysis, with PDI values < 0.5 being generally accepted 
[34]. In our case, all PDI values were <0.4 (Table 2).

Span correlates with the width of particle size distribution. The 
smaller the span value is, the narrower the particle size distribution is. In 
our case, all span values obtained were <0.9 indicating homogeneous 
particle size populations.

Nanoparticles exhibiting zeta potential values higher than +30 mV 
or lower than − 30 mV present lower tendency for aggregation thereby 
being more stable. When particles are neutral or negatively charged 

Table 2 
Mean particle size (±SD), PDI (polydispersity index), Span and Z potential 
values (±SD) obtained for all formulations.

Formulation Particle size ± SD (nm) PDI Span Z potential ± SD (mV)

NP-0 176.4 ± 13.45 0.22 0.68 − 24,93 ± 1.38
NP-Rh 187.67 ± 6.92 0.25 0.71 − 21.75 ± 0.48
NP-GSH 191.33 ± 10.69 0.20 0.78 − 27.61 ± 0.71
NP-GSH-Rh 192.77 ± 1.44 0.19 0.68 − 26.88 ± 0.69
NP-PHE2 195.47 ± 12.99 0.18 0.63 − 20.03 ± 0.21
NP-PHE2-Rh 190.66 ± 4.67 0.31 0.83 − 18.46 ± 0.74
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longer circulating times and fewer side-effects are described than 
positively-charged nanoparticles [35]. The mean Z potential value ob
tained for blank PLGA NPs (NP-0) was − 24,93 ± 1.38 mV, similar to 
those obtained in other studies [15,17]. The Z potential significantly 
increased with the presence of PHE2 and slightly decreased when the 
NPs were functionalized with GSH. However, these variations did not 
modify the characteristics of the particles.

Fig. 3 shows photomicrographs obtained by SEM corresponding to 
formulations NP-GSH-Rh and NP-PHE2-Rh.

SEM microphotographs showed that both formulations exhibited 
smooth and rigid surfaces with homogeneous sizes. Aggregates were not 
observed that could hinder i.v. administration of the particles. These 
results agree with those obtained by means of laser diffraction analysis.

Table 3 summarizes the mean results obtained for the encapsulation 
efficiency of Rh-B within the NPs along with drug loading and mean 
cumulative amount of Rh-B released from the NPs at 1 h and 2 h.

As it can be seen low EE values were obtained for all formulations, 
taking into consideration the hydrophilic nature of Rh-B, and particu
larly for the NPs functionalized with PHE2. Preliminary experiments 
carried out increasing the initial amount of Rh-B during the preparation 
of NPs resulted in an interaction between Rh-B and PLGA that led to a 
modification of the polymer characteristics. From those results, a 2.5 % 
concentration of Rh-B was considered enough to perform the in vivo 
biodistribution studies. This means that although low EE of Rh-B within 
the NPs was obtained it was considered adequate for our purposes.

These low EE values are probably due to the functionalization pro
cess which requires of long contact times between the NPs and the MES 
and PBS media resulting in the release (loss) of the fluorescent tracer 
during this process.

The differences obtained in the EE values among the NPs formula
tions (Table 3) made it necessary to normalize the results obtained in the 
in vivo biodistribution studies.

In vitro release of Rh-B from the NPs was studied for the only purpose 
of getting an approximate idea of whether there might be a correlation 
between the in vitro and in vivo behavior of the formulations. The release 
tests were carried out up to 6 h with intermediate samples taken at 1 h 
and 2 h as sampling times established to study in vivo the passage of NPs 
through the BBB and their brain distribution were 1 h and 2 h. Never
theless, at the 6-h time point the mean amounts of Rh-B released were 
256.10 ± 2.0, 220.73 ± 10.49 and 55.6 ± 0.40 μg/100 mg NPs for 
formulations NP-Rh, NP-GSH-Rh and NP-PHE2-Rh, respectively. When 
analyzing the in vivo results obtained, it must be taken into account that 
partial release of Rh-B may occur before crossing the BBB, indicating 
that a portion of the encapsulated tracer may be lost before the NPs cross 
the BBB. In this regard it must be stated that previous studies carried out 
by our research team showed that the greatest passage of PLGA NPs 
through the BBB occurred within the first 30 min after administration 
[15].

From the results obtained with formulation NP-GSH-Rh (Table 3) it 
can be observed that the functionalization process produced a decrease 

in the release rate of Rh-B from the NPs. This may be due to the fact that 
the functionalization process creates an additional layer on the surface 
of the nanosystems thereby modifying the release rate of the encapsu
lated tracer [36]. The same was observed with formulation NP-PHE2, 
but in this case the very low loading of Rh-B also contributed to the 
decrease in the release rate.

Biodistribution studies were conducted 1 h and 2 h after i.v. 
administration of the NPs formulations to male Wistar rats by quanti
fying the amount of Rh-B in liver, kidneys, spleen, and lungs. Due to the 
different amounts of Rh-B encapsulated within each formulation it was 
necessary to normalize the results. Firstly, biodistribution of the tracer 
(Rh-B) in the organs was compared. Fig. 4 shows the results obtained.

During the first hour the formulation functionalized with GSH (NP- 
GSH-Rh) was more prominently present in the liver in comparison to 
formulations NP-PHE2-Rh and NP-Rh but the amount of Rh-B from the 
NPs functionalized with phenylalanine dipeptide (NP-PHE2-Rh) signif
icantly increased after 2 h reaching higher mean value than that ob
tained for formulation NP-GSH-Rh (Fig. 4).

Regarding the presence of the tracer in the spleen at both time points, 
the values corresponding to the both functionalized formulations (NP- 
GSH-Rh and NP-PHE2-Rh) were significantly higher than those obtained 
for non-functionalized NPs (NP-Rh). In the lungs the values obtained in 
the first hour were significantly different for the three formulations 
assayed. At 1 h-time point formulation NP-GSH-Rh showed the highest 
affinity for the lungs whereas this result was reversed after 2 h, time at 
which formulation NP-PHE2-Rh exhibited the highest affinity. For non- 
functionalized NPs (NP-Rh) similar values were obtained at both time 
points (Fig. 4).

Lastly, the quantities of Rh-B in the kidneys at both time points were 
very low for all formulations in comparison to the amounts found in the 
other organs.

The presence of ligands (GSH and PHE2) may modify the bio
distribution of NPs, especially in the spleen. Some nanosystems tend to 
target organs taken up by phagocytic cells, such as macrophages in the 
spleen. The biodistribution results obtained seem to suggest that the 
process of functionalization could stimulate phagocytosis and migration 
of NPs towards these organs which would explain the higher presence of 
functionalized NPs in phagocytic organs, with non-functionalized NPs 

Fig. 3. Photomicrographs obtained by SEM of formulations (A) NP-GSH-Rh and (B) NP-PHE2-Rh.

Table 3 
Mean results (±SD) of encapsulation efficiency, drug loading and amounts of Rh- 
B (±SD) released from the NPs at 1 h and 2 h.

Formulation EE (%) 
± SD

DL (μg/100 mg NPs) 
± SD

Mean amounts of Rh-B (μg/ 
100 mg NPs) ± SD

1h 2h

NP-Rh 7.7 ± 0.3 357.3 ± 17.3 159.6 ± 1.3 223.8 ± 1.8
NP-GSH-Rh 8.8 ± 0.6 408.4 ± 8.4 137.6 ± 3.3 192.9 ± 7.3
NP-PHE2- 

Rh
2.3 ± 0.2 108.9 ± 11.4 31.0 ± 3.3 49.8 ± 0.5
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being more rapidly eliminated.
Surface functionalization of polymeric NPs is a key approach when 

aiming to efficiently cross the BBB. Specific ligands can be conjugated 
onto PLGA NPs to promote recognition by receptors on the endothelial 
cells. Peptides, which are short chains of amino acids, have demon
strated significant potential as conjugating ligands to facilitate BBB 
transcytosis. Moreover, functionalization with peptides is cost-efficient 
exhibiting reduced immunogenicity [37], and versatility for conjuga
tion [38].

In our study glutathione (GSH) and phenylalanine dipeptide (PHE2) 
were selected as ligands. GSH can use the glutathione transporters to 
cross the BBB and the dipeptide phenylalanine which contains aromatic 
groups, may use the L-type amino acid transporter 1 (LAT-1). Both 
transporters are highly expressed in the BBB compared to other tissues 
[39].

Fig. 5 shows the average amounts of Rh-B detected in the brain 1 h 
and 2 h after the administration of all NPs formulations to male Wistar 
rats.

At both time points functionalized formulations NP-GHS-Rh and NP- 
PHE2-Rh showed statistically significant higher amounts of Rh-B than 
non-functionalized NPs (NP-Rh) which can be clearly related to the 
greater passage of functionalized NPs across the BBB.

Regarding formulation NP-PHE2-Rh a significant reduction of the 
amount of Rh-B was obtained at time 2 h that could be related to the very 
low loading of the tracer within this formulation and its rapid release. 
Rhodamine is a well-known P-gp substrate that once released from the 
NPs in the brain it will be readily expelled [21]. For this reason and 
taking into consideration the low EE obtained for formulation 
NP-PHE2-Rh, 2 h after the administration very low levels of Rh-B were 
detected in the brain. On the other hand, it must be taken into account 
that phenylalanine is an amino acid with a gradient favourable to entry 

the brain tissue, but not to be expelled.
Nevertheless, the average amounts of Rh-B obtained for both func

tionalized formulations were higher than that of non-functionalized NPs 
at both time points.

GSH transporter is highly expressed at the BBB level [40,41] playing 
an important antioxidant role as protects cells against reactive oxygen 
and nitrogen species [42].

In view of the results obtained, the exploitation of the BBB’s natural 
transport mechanisms, such as the GSH or PHE2 transporters represents 
an interesting approach for enhancing the delivery of therapeutic agents 
to the CNS.

Studying the distribution of NPs within different brain regions may 
be highly interesting to facilitate the access of drugs encapsulated within 
these nanosystems, and when aiming to treat pathologies affecting the 
CNS. Moreover, regional biodistribution studies allow evaluating the 
effect of NPs functionalization on their brain distribution. In our study, 
the fluorescent compound was detected and quantified after the 
administration of all Rh-B loaded NPs (NP-Rh, NP-GSH-Rh, NP-PHE2- 
Rh) in the substantia nigra (SN), cortex (COR) and hippocampus (HIP) 
(Fig. 6).

The impact of surface modification on the regional distribution of 
nanoparticles in the brain remains a challenge. In our study the results 
obtained 1 h after the administration of the NPs revealed that the highest 
intensity of fluorescence was detected in the hippocampus, followed by 
the cortex and substantia nigra (Fig. 6). Cook et al. [9] suggested that 
differences between brain regions might be related to differences in 
blood flow. In our case both functionalized formulations led to signifi
cantly higher values of fluorescence intensity in the hippocampus when 
compared to the other regions (COR and SN). At this time point com
parison of the formulations in the cortex region of the brain did not show 
any significant differences between functionalized and 

Fig. 4. Mean amounts (±SD) of Rh-B in liver, kidneys, spleen, and lungs after the administration to male Wistar rats of Rh-B loaded PLGA NPs (functionalized and 
non-functionalized formulations). Rh-B: rhodamine B.

Fig. 5. Average amounts (±SD) of Rh-B detected in the brain 1 h and 2 h after the administration of all NPs formulations to male Wistar rats.
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non-functionalized NPs. In the substantia nigra formulation 
NP-PHE2-Rh showed low fluorescence intensity values but without 
statistically significant differences when compared to the other formu
lations (Fig. 6).

The results obtained in the first hour could be attributed to the fact 
that the BBB is not equally restrictive throughout the CNS. In those areas 
where its structure is more permissive, passive diffusion and the in
terventions of LAT1 transporters would allow faster passage of NPs, 
while in other more isolated areas such as the substantia nigra, passive 
diffusion will probably be less effective, giving priority to transport 
through slower channels.

When analyzing the results obtained 2 h after administering the NPs 
it can be observed that both functionalized formulations (NP-GSH-Rh 
and NP-PHE2-Rh) led to higher fluorescence intensity values in hippo
campus that were statistically significant when compared to non- 
functionalized NPs (Fig. 6). These results are of special interest taking 
into consideration that the presence of the NPs in the brain after 2 h 
counteracts the efflux activity of P-glycoprotein, thereby remaining in 
the area for a longer period of time where the therapeutic effect may be 
exerted. Although a reduction of fluorescence was achieved in this area 
at 2 h in comparison with 1 h however, the values obtained in hippo
campus were still higher than those in the cortex and substantia nigra.

At this time point (2 h) the results obtained in substantia nigra were 
similar for the three formulations (NP-GSH-Rh, NP-PHE2-Rh and NP- 
Rh) also indicating that the NPs remained in this area. At the cortex 
level both NP-Rh and NP-GSH-Rh formulations showed similar intensity 
of fluorescence that was markedly reduced for formulation NP-PHE2- 
Rh.

Therefore, from these results it can be stated that 2 h after the 
administration of functionalized PLGA NPs (NP-GSH-Rh and NP-PHE2- 
Rh) statistically significant higher intensity of fluorescence values 
were obtained in the hippocampus when compared to non- 
functionalized NPs.

From our results and in concordance to those obtained by Gao and 
Jiang [8] denote that particle sizes between 170 and 340 nm have less 
impact on their ability to cross the BBB than the functionalization 
process.

When treating pathologies affecting the CNS the administration of 
drugs encapsulated within polymeric NPs may be a very interesting 
approach to gain access to different brain regions. Hippocampus is a 
complex brain structure located in the temporal lobe that plays a major 
role in learning and memory but also in spatial navigation, emotional 
behavior and regulation of hypothalamic functions [43,44]. Hippo
campal lesions generally cause severe difficulties in the formation of 
new memories, with long-term memory being the most affected. The 

most common pathologies affecting the hippocampus include neurode
generative diseases such as Alzheimer’s disease and frontotemporal 
dementia, pathologies for which there is currently no cure. Therefore, 
functionalization of NPs could be of great interest for treating these 
pathologies.

Finally, to assess if the presence of NPs damaged brain tissue NISSL- 
staining was performed on the hippocampus, cortex and substantia 
nigra. Images of the results obtained are depicted in Fig. 7.

As it can be seen no structural damage was caused by the adminis
tration of the NPs formulations in any of the brain areas analyzed 
(hippocampus, cortex, and substantia nigra). These results together with 
the improvement of the access of functionalized NPs to the hippocampus 
with ligands that can be specifically recognized by transporters 
expressed at the BBB level such as GSH and LAT-1 are very promising for 
future therapeutic applications taking into consideration the need to 
circumvent the physical barrier that the BBB represents for the access 
drugs to the brain at high concentrations which still remains a major 
challenge to improve current therapies of CNS pathologies.

4. Conclusions

Surface functionalization of PLGA nanoparticles with glutathione or 
phenylalanine (formulations NP-GSH-Rh and NP-PHE2-Rh) favoured 
their passage across the BBB. Glutathione transporter and L-type amino 
acid transporter 1 (LAT-1) which are highly expressed at the BBB level 
may be involved in this passage. Regarding the distribution of the 
nanoparticles in different areas of the brain both functionalized for
mulations (NP-GSH-Rh and NP-PHE2-Rh) predominantly reached the 
hippocampus with differences being statistically significant when 
compared to non-functionalized NPs and remained in this area for at 
least 2 h where the therapeutic effect may be exerted specially in pa
thologies affecting this area such as Alzheimer’s disease and fronto
temporal dementia. No structural damage was caused by the 
nanoformulations in the hippocampus, cortex or substantia nigra. These 
promising results must be considered as preliminary efforts that require 
further investigations to select the most adequate ligand for a specific 
biological target, especially when aiming to treat neurodegenerative 
diseases for which there is currently no cure. For this future research will 
firstly involve evaluating the performance of both functionalized for
mulations in an animal model of Alzheimer’s disease in which the BBB is 
altered.
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