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ABSTRACT: Neuronal cell model line SHSY-5Y is extensively adopted 

when in vitro investigations are related to Parkinson disease (PD) applica-

tion. Herein, chitosan nanoparticles (CS NPs) were formulated for the 

co-administration of  dopamine (DA) and Grape Seed Extract (GSE) with 

the aim to gain insight into the interactions occurring between SHSY-5Y 

and NPs. Following the ionic gelation technique, the mean particle size of  

the NPs resulted in the range 310–330 nm and the zeta measurements 

were in the range +16.4 – +35.5 mV. The presence of  CS chains on the 

surface suggested by positive zeta values was also confirmed by FT-IR 

analysis, whereas storage stability studies upon different temperatures ev-

idenced that, although aggregation occurred, DA autoxidation was pre-

vented because no black suspensions were detected over the time, irrespec-

tively of  the temperature assayed. From a biological viewpoint, release 

studies of  CS NPs loaded with DA and GSE showed that in SHSY-5Y cell 

lines DA accumulation was time-dependent, irrespectively of  the presence 

of  GSE. Furthermore, ROS levels and carbonylated proteins both de-

creased in SHSY-5Y cell line once NPs administering both DA and GSE 

were incubated, suggesting a significative reduction of  oxidative stress 

which plays a significative role for PD development. 

KEYWORDS: dopamine; chitosan nanoparticles; radical oxygen species; 

SHSY-5Y cell line; OxyBlot analysis 

 

1. Introduction 

Among biopolymers for drug delivery pur-
poses, the polysaccharide chitosan (CS) is exten-
sively used because of its favorable features, in-
cluding mucoadhesion, biocompatibility and the 
ability to transiently open the tight junctions of 
the epithelial layers[1,2]. For instance, since 1990’s, 
chitosan nanoparticles (CS NPs) have paid atten-

tion to the mild method of ionic gelation occur-
ring in their preparation[3,4], which allows several 
applications in humans, including the use of dif-
ferent routes of administration[5] . The final prop-
erties of the NPs can be modulated by the molec-
ular weight of the adopted CS and its 
deacetylation degree, also allowing to different 
active substances to be loaded and addressed to 
the targeting site. From a clinical viewpoint, in the 
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case of antioxidant agents delivery, the needing of 
their supply to the Central Nervous System is 
relevant because such compounds can contribute 
to ameliorate patients affected by neurodegenera-
tive disorders such as Parkinson disease (PD). For 
such pathology, the mechanisms of “mitochon-
drial dysfunction and oxidative stress” and the 
“neuroinflammation” are well known to be in-
volved in its pathogenesis[6,7] together with the 
needing to supply the neurotransmitter dopamine 
(DA) whose low levels are essential in the Sub-
stantia Nigra. Hence, beneficial effects of anti-
oxidant molecules are expected once they are 
administered as such or in combination with an-
ti-compounds. In this regard, several examples of 
CS NPs for the vectorization of polyphenol-based 
antioxidant compounds have been reported in the 
literature[8–12]. For instance, narigenine[10] and el-
lagic acid[11] were recently loaded in CS NPs and 
tested for their protective effects in neuronal cell 
lines, as a prediction of their anti-PD activity. 
Among polyphenols arising from natural sources, 
Grape Seed Extract (GSE) is a mixture where 
pro-antocyanidines are predominant and its im-
portance for PD treatment has been previously 
shown[13]. Moreover, GSE incorporation in NPs 
made of a CS derivative was already attempted 
with the scope to increase the resistance of endo-
thelial progenitor cells to oxidative stress[12], but to 
the best of our knowledge, CS NPs containing 
both GSE and DA applied for PD treatment have 
never been described. Therefore, herein we have 
investigated CS NPs where two active principles 
were co-loaded, namely, DA and GSE, with the 
aim to gain insight into some biochemical 
changes in terms of radical oxygen species (ROS) 
production, the amounts of carbonylated proteins 
induced by such NPs in the neuronal SHSY-5Y 
cells. Indeed, CS and CS derivatives NPs admin-
istering DA alone were previously studied by 
us[1,5,14], adopting high molecular weight CS for 
the formulation instead of the low molecular 
weight CS herein selected with the idea in mind to 
explore a different type of polycation for NP 
production. On the other hand, another colloidal 

carrier represented by Solid Lipid Nanoparticles 
(SLNs) was recently investigated by us for the 
feasibility to load GSE[15,16] alone or also in the 
presence of DA[13] in view of PD application. 
Overall, in the present work, the in vitro studies 
focusing on the hydrophilic carrier represented by 
CS NPs instead of hydrophobic SLNs allowed us 
to obtain preliminary information for an alterna-
tive delivery system able to vectorize both DA 
and GSE. 

2. Experimental method 

2.1 Materials 

Chitosan hydrochloride was purchased from 
Heppe Medical Chitosan GmbH (Halle, Ger-
many). According to the manufacturer’s instruc-
tions, the mean molecular weight was in the range 
60–80 KDa. DA hydrochloride, KBr, Tween 20, 
dimethylsulphoxide, pentasodium tripolyphos-
phate (TPP) heat-inactivated fetal bovine serum 
(FBS), penicillin, streptomycin and glutamine 
were purchased from Sigma–Aldrich (Milan, It-
aly). Grape Seed Extract containing ≥95.0% of 
proanthocyanidins was bought from Farmalabor 
(Canosa di Puglia, Italy). All other chemicals 
were reagent grade. Ultrapure water was used 
throughout the study.  

2.2 NP formulation 

The preparation of DA/CS NPs was carried 
out following the ionic gelation method[5]. A 0.2% 
w/v solution of CS was prepared in aqueous so-
lution of diluted acetic acid (0.1%. v/v). Then, 
DA was dissolved in the polysaccharide solution 
to achieve the final concentration of 0.5% w/v. 
To 0.75 ml of the resulting CS solution, 0.2 mL of 
an aqueous solution of TPP (0.07%, w/v) were 
pipetted to induce NP formation under moderate 
magnetic stirring (20 rpm, Securlab, Rome, Italy) 
at room temperature under light protection. The 
resulting NPs were centrifuged (16,000 × g, 45 
min, Eppendorf 5415D, Hamburg, Germany), the 
supernatant was addressed to DA/GSE quanti-
fication via HPLC analysis and the obtained pel-
let was resuspended in distilled water for further 
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studies. The so-obtained NPs were indicated as 
“CS DA TPP NPs”. 

To adsorb GSE onto the NP surface sepa-
rately, an aqueous solution of 0.1% w/v of GSE 
was prepared. To 1 mL of GSE solution, 0.5 mL 
of CS DA TPP nanosuspensions previously ob-
tained as above were added and for 3 hours under 
light protection at room temperature were let to 
incubate to promote physical adsorption. After-
wards, centrifugation (16,000 × g, 45 min, Ep-
pendorf 5415D, Hamburg, Germany) was per-
formed in order to isolate colloidal particles. The 
resulting NPs were herein indicated as “CS DA 
TPP NPs ads GSE”. In the absence of DA and in 
the absence of adsorption, the NPs were taken as 
control and indicated as “CS TPP NPs”. The NPs 
prepared as above in the absence of DA but ad-
sorbed GSE were called “CS TPP NPs ads GSE”. 

2.3 Physico-chemical characterization of 

NPs 

A Zetasizer Nano ZS (ZEN 3600, Malvern, 
UK) equipment following the photon correlation 
spectroscopy (PCS) mode allowed measurements 
of size and polydispersion index (PDI) of NP 
formulations. Precisely, particle size and PDI 
were measured after NP dilution 1:1 (v:v) with 
double distilled water, while the zeta potential 
value was determined after NP dilution 1:20 (v:v) 
in the presence of KCl (1 mM, pH 7)[17,18].  

A Hitachi 7700 electron microscope in cry-
ogenic mode was used to analyze the morphology 
and size of CS DA TPP NPs and CS DA TPP 
NPs ads GSE. All observations were carried out 
at an accelerating voltage of 100 kV and a tem-
perature of 105 K. The samples were vitrified 
according to the previously described procedure[19]. 
Briefly, a drop of the suspension containing the 
NPs was deposited on carbon-coated grids and, 
after removing the excess solution with filter pa-
per, NPs were vitrified by immersion in liquid 
ethane, kept just above the freezing point, and 
finally transferred onto the Gatan 626 cryo sup-
port. An AMT-XR-81 camera was used to acquire 
the digital images. The morphology and size of 
the particles were determined by processing 

twenty randomly selected fields at different mag-
nifications, by adopting 500 counts per sample. 

DA and GSE quantifications were carried 
out by HPLC as previously reported[13]  and un-
der such chromatographic conditions, the reten-
tion times of DA and GSE were found to be equal 
to 5.5 min and 12 min, respectively. For DA cal-
ibration, curve linearity (R2 > 0.999) was checked 
over the range of concentrations tested (4.75 × 10
−4 to 1.5 × 10−5 M), whereas for GSE calibration 
curve linearity (Rm > 0.999), the range of con-
centrations was found to be 100–50 mg/mL. 

To determine the Encapsulation Efficiency 
(E.E.) referring to DA and GSE in the obtained 
NPs, the samples underwent to centrifugation as 
described in Section 2.2 and the resulting super-
natants were then analyzed by HPLC for DA (or 
GSE) content. The E.E.% was calculated as fol-
lows (Equation 1):  
E.E.% = Total DA (or GSE) – DA (or GSE) in the 
supernatant after centrifugation/Total DA (or 
GSE)*100 

(1) 
where total DA (or total GSE) is the starting 
amount of DA (or GSE) used for NP production. 
Each measurement was performed in triplicate. 

Moreover, for NPs, pH values were meas-
ured at 25 °C by a FIVEEASY pH meter appa-
ratus (Levanchimica, Bari, Italy).  

2.4 Size stability studies 

For both CS DA TPP NPs and CS DA TPP 
NPs ads GSE physical stability was evaluated by 
measuring particle size during incubation upon 
the following conditions of storage: i) 4 °C for 3 
weeks; ii) 25 °C for 1 week; iii) 37 °C for 24 h[20]. 
For each temperature of storage, the particle size 
was measured at appropriate time points, fol-
lowing the PCS methodology described in Section 
2.3. For each temperature of storage, the study 
was carried out in triplicate. 

2.5 FT-IR spectroscopy 

Powders of 2–5 mg of freeze-dried CS TPP 
NPs, CS DA TPP NPs, CS TPP NPs ads GSE 
NPs and CS DA TPP NPs ads GSE NPs (Lio 
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Pascal 5P, Milan, Italy) were milled into KBr 
discs prior to acquiring FT-IR spectra on a Perkin 
Elmer 1600 FT-IR spectrometer (Perkin Elmer, 
Milan Italy). FT-IR spectra were also acquired for 
pure CS, DA, and GSE. The spectroscopic anal-
ysis was performed at room temperature (range: 
4,000–400 cm−1; resolution: 1 cm−1[21,22]). 

2.6 Cell cultures 

SHSY-5Y cell line were cultivated in DMEM 
medium (Sigma, St. Louis, MO, USA) supple-
mented with 10% FBS, glutamine, 2 mM penicil-
lin (100 I.U./mL) and streptomycin (100 mg/mL). 
A humidified incubator set 37 °C and containing 
5% CO2 in air was used for cell cultivation. 

2.7 Cytotoxicity assay 

The inhibition of SHSY-5Y cell proliferation 
was investigated according to sulforhodamine B 
(SRB) assay. For this assay, cells at 70–80% con-
fluency were exposed to trypsin (0.25% trypsin 
with 1 mM EDTA), washed, and resuspended in 
growth medium; then, 100 μL of a cell suspension 
(105 cells/mL) were added to each well of a 
96-well plate and an overnight incubation was 
planned. Afterwards, cells were treated with dif-
ferent concentrations of CS TPP NPs ads GSE (0–
0.8 μg/mL), CS DA TPP NPs ads GSE and DA 
(0–50 μg/mL) for 24 and 48 h. After treatment, 
10% trichloroacetic acid (TCA) and 0.4% (w/v) 
SRB dissolved in 1% acetic acid allowed 
SHSY-5Y cell fixation. SRB was removed and the 
plates washed four times with 1% acetic acid in 
order to discard unbound dye before air-drying. 
Bound SRB was then dissolved in 200 μL of 10 
mM unbuffered Tris-based solution and the plates 
were left on a plate shaker for at least 10 min. 
Absorbance was measured in a 96-well plate 
reader at the wavelength of 492 nm via the use of 
a SpectroStar spectrophotometer (BMG Labtech, 
Ortenberg, Germany). The percentage cell sur-
vival was calculated as the absorbance ratio of 
treated to untreated cells. The data shown are 
means ± standard deviation (S.D.) arising from 
eight replicates of five independent experiments. 

2.8 ROS determination 

ROS generation was evidenced according to 
the colorimetric nitro blue tetrazolium (NBT, 
Thermo Fisher Scientific, Milan, Italy) assay, 
based on the reduction of yellow water-soluble 
tetrazolium chloride by superoxide to an insoluble 
violet formazan[23,24]. SHSY-5Y cells were ex-
posed to DA (10 μg/mL), CS DA TPP NPs ads 
GSE (DA set at 10 μg/mL), and CS TPP NPs ads 
GSE (GSE set at 0.15 μg/mL) for different time 
points (ranging from 5 min to 24 h). After treat-
ment, the culture medium was replaced with un-
conditioned medium enriched with NBT (1 
mg/mL) at 37 °C for 1 h. Then, cells were washed 
and lysed in a 90% dimethylsulphoxide solution 
containing 0.01 N NaOH and 0.1% SDS. Ab-
sorbance of formazan was measured at the 
wavelength of 620 nm (BMG Labtech, Ortenberg, 
Germany) and data were plotted as % of control 
untreated cells. 

2.9 In vitro DA/GSE release studies 

SH-SY5Y cells were treated at 80% conflu-
ence with CS DA TPP NPs (DA = 20 μg/mL) or 
with CS DA TPP NPs, ads GSE (0.07 μg/mL) for 
1, 6 and 24 h and pure GSE (0.07 μg/mL) for 1, 6 
and 24 h. The culture medium was replaced with 
fresh medium 24 h prior to experiments. After 
treatment, cells were washed twice in ice-cold 
PBS and collected in RIPA lysis buffer (Merk 
KGaA, Darmstadt, Germany) supplemented with 
the inhibitor cocktail, protease, containing 
AEBSF, Aprotinin, Bestatin, E-64, Leupeptin, 
Pepstatin A (Merk KGaA, Darmstadt, Germany) 
and NaF (1mM). Then, aliquots of 100 μL were 
withdrawn and added to 900 μL of cold acetoni-
trile in order to deproteinize the samples arising 
from the lysis[25]. After mixing and centrifugation 
(16,000 g, 45 min, Eppendorf 5415D, Hamburg, 
Germany), the resulting clear supernatant was 
analyzed by HPLC as above described for the 
amounts of DA and GSE released. 

2.10 OxyBlot assay 

The effects of DA, CS TPP NPs ads GSE and 
CS DA TPP NPs ads GSE, on the oxydation of 
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cellular proteins were measured by OxyBlot assay 
using OxyBlotTM Protein Oxidation Detection 
Kit (S7150; Chemicon, Temecula, CA, US).  

Proteins derived from each sample with an 
equal amount were divided into two aliquots. 
After the denaturation of each sample with 6% 
SDS (w/v), one aliquot was derivatized with 
2,4-Dinitrophenylhydrazine (DNPH) solution; 
the other aliquot was reacted with derivatiza-
tion-control solution to serve as a non-derivatized 
control. Thereafter, the derivatized and 
non-derivatized proteins were resolved by 12% 
SDS-PAGE and then transferred onto a nitrocel-
lulose membrane. 

After blocking of nonspecific binding, the 
membrane was incubated with rabbit polyclonal 
anti-dinitrophenyl primary antibody at a dilution 
of 1:150 in Tris-buffered saline (TBS), 0.1% 
Tween-20, 5%, at room temperature for 1 h. After 
washing, the membrane was further incubated 
with Goat Anti-Rabbit IgG (HRP-conjugated) 
secondary antibody at a dilution of 1:300 in TBS 
0.1% Tween-20.5%, at room temperature for 1 h. 
The immunoreactive protein bands were then 
visualized by ECL chemiluminescence substrate 
and the ChemiDoc Imaging System (Bio-Rad, 
Hercules, CA, US). 

Intensities of oxidized protein bands in each 
lane were measured by Image Lab software (ver-
sion 6.1 Bio-Rad, Hercules, CA, US).  

2.11 Statistics 

For physico-chemical properties and size 
stability studies, statistical analyses were carried 
out using Prism Version 4, GraphPad Software 
Inc. (San Diego, CA, USA). Data were expressed 
as either mean ± SD. Multiple comparisons were 
based on one-way analysis of variance (ANOVA) 
with either Bonferroni’s or Tukey’s post hoc test, 
and differences were considered significant when 
p < 0.05.  

For biological studies, experimental points 
represented means ± SD of three to five inde-
pendent experiments, performed in eight repli-
cates, undergoing statistical evaluation using the 
ANOVA test. Where shown in the Figures, post 

hoc tests (Bonferroni/Dunn) were also performed 
to reinforce statistical evaluation. 

3. Results 

3.1 Physico-chemical characterization of 

NPs 

Table 1 deals with the main physi-
co-chemical characterization of NPs under inves-
tigation. The smallest particles were the unloaded 
CS TPP NPs with a mean diameter equal to 179 ± 
10 nm, whereas the addition of the neurotrans-
mitter alone and, afterwards, the physical ad-
sorption of GSE induced size enlargement, re-
sulting in NPs whose particle mean diameter was 
in the range 310–330 nm. As shown in Table 1, 
due to the physical GSE, adsorption size distri-
bution was broad, as demonstrated by the higher 
values of PDI (0.45–0.55 and 0.40–0.50 for CS 
TPP NPs ads GSE and CS DA TPP NPs ads GSE, 
respectively). Figures 1(c) and 1(d) show TEM 
images from CS DA TPP NPs and TEM images 
of NPs from CS, DA, TPP, ads GSE, respectively. 

As evident from the wide field, the nanopar-
ticles have a spherical shape and very similar size. 
For each sample, the diameter of  the NPs was 
measured and the results were statistically pro-
cessed (see histograms in Figures 1(c) and 1(d)). 
The radius (R) distribution was fitted with a 
Gaussian function. For the CS DA TPP NPs, a 
monodisperse distribution was obtained with 
main value R = 105 nm and a standard deviation 
of  30 nm. The CS, DA, TPP, NPs, ads GSE show 
a broader bimodal beam distribution and the 
principal values determined are R1 = 70 nm and 
standard deviation 30 nm, and R = 115 nm and 
standard deviation 40 nm. 

Concerning the zeta potential values, for all 
formulations investigated, positive values were 
detected in good agreement with the exposure of 
CS chains outside the NPs. Moreover, CS TPP 
NPs ads GSE exhibiting a zeta potential value 
equal to +24.0 mV (** p ≤ 0.001), induced to 
suppose that, as expected, the physical adsorption 
of GSE led to an external localization of the an-
tioxidant mixture. Regarding E.E. for DA, high 
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values were obtained (49 ± 7–50 ± 6), both in the 
presence or in the absence of GSE adsorption 
(Table 1). When all tested nanosuspensions un-
derwent to pH measurements, acidic values were 

achieved in the range 3.30–4.10, according to the 
fact that the CS dissolving medium was repre-
sented by diluted acetic acid.

Table 1. Physicochemical properties of DA (with or without GSE) containing NPs. Mean ± S.D. are reported, n = 6. CS TPP 
NPs were used as control for statistical evaluation. (*) p ≤ 0.01; (**) p ≤ 0.001 

Formulation Size (nm) PDI Zeta potential (mV) E.E. DA (%) E.E. GSE (%) pH 
CS TPP NPs 179 (± 10) 0.42–0.44 +30.4 (± 0.7) – – 3.75 (± 0.03) 

CS DA TPP NPs 310 (± 33)** 0.40–0.41 +16.4 (± 1.7)** 50 (± 6) – 3.30 (± 0.09) 
CS TPP NPs ads GSE 330 (± 5)** 0.45–0.55 +24.0 (± 2.9)** – 19 (± 1) 4.10 (± 0.04) 

CS DA TPP NPs ads GSE 326 (± 9)** 0.40–0.50 +35.5 (± 2.6)* 49 (± 7) 28 (± 4) 3.65 (± 0.1) 
       

 
(a) 

 
(b) 

 

Figure 1. (a) Particle size distribution of NPs, CSDA, TPP and (b) NPs, CSDA, TPP, ads GSE; (c) TEM images of CS, DA, 
TPP, NPs, and (d) CS DA TPP NPs ads GSE. 
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3.2 Physical stability of NPs 

The physical stability of  NPs was com-
pared between CS DA TPP NPs and CS DA TPP 
ads GSE NPs, by measuring the particle size of  
such formulations after storage at 4 °C for 3 

weeks or at 25 °C for 1 week as well as for 24 h at 
37 °C (Figures 2(a)–(c)). In detail, storage at 4 °C 
could be prolonged up to 21 days only for CS DA 
TPP NPs with a marked particle size increase 
over time (**p ≤ 0.001, Figure 2(a)). On 

 
(a) 

 
(b) 

 

 
(c) 

Figure 2. Physical stability of CS DA TPP NPs (black bars) and CS DA TPP NPs ads GSE (grey bars) under three different 
temperatures of storage. Panel A 4 °C, Panel B 25 °C and Panel C 37 °C. For each temperature, the particle size at time zero was 
the reference control value. (*) p ≤ 0.01; (**) p ≤ 0.001. 
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the other hand, aggregates already occurred when 
CS DA TPP ads GSE NPs were stored over 14 
days at 4 °C (Figure 2(a)). By increasing the 
temperature of storage, as it could be seen in 
Figures 2(b) and 2(c) referring to 25 °C and 37 °C, 
respectively, CS DA TPP NPs underwent to faster 
aggregation, reaching micron-sized particles. CS 
DA TPP NPs ads GSE provided bigger particle 
size than CS DA TPP NPs at 25 °C rather than at 
37 °C. Precisely, at 25 °C aggregates of CS DA 
TPP NPs ads GSE appeared at 4 days of incuba-
tion vs 7 days of CS DA TPP NPs with significant 
statistical differences in comparison to the initial 
particle size of each formulation (Figure 2(b)). 
Moreover, at 37 °C aggregates of CS DA TPP 
NPs ads GSE were detected at 24 h vs 17 h of CS 

DA TPP NPs and, for the former NPs, a marked 
particle size enlargement was revealed starting 
from 1 h (**p ≤ 0.001) instead of at the latest time 
points (Figure 2(c)). Overall, through the study of 
physical stability, although aggregates were de-
tected, no black precipitates were seen, suggesting 
that NPs were able to protect DA from early au-
toxidation. 

3.3 FT-IR studies 

The solid state of NPs under investigation 
was characterized by recording FT-IR spectra 
which are shown in Figure 3, Panels A and B. 
The typical crystalline state of the pure substances 
DA and GSE was derived from the corresponding 
FT-IR spectra shown in Figure 3, Panel B (curves 

 

 

Figure 3. Panel A. FT-IR spectra of pure DA a); pure CS b); CS TPP NPs c) and CS DA TPP NPs d). Panel B. FT-IR spectra of 
pure DA a); pure GSE b); NPs CS TPP ads GSE c) and CS DA TPP NPs ads GSE d). 
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a), b)), but, once the FT-IR spectra of the NPs 
were considered, an amorphous state of DA 
and/or GSE was evidenced (Figure 3, Panel A 
(curve d)); Figure 3, Panel B (curves c), d)). The 
typical stretching band of C=O of pure CS at 
1,645 cm–1 was shifted at 1,638 cm–1 in the FT-IR 
spectrum of CS TPP NPs (Figure 3, Panel A, 
curve c)), confirming the external position of the 
polycation outside such NPs. For CS DA TPP 
NPs ads GSE (Figure 3, Panel B (curve d)), the 
characteristic peaks attributable to pure DA and 
pure GSE at 1,616–1,579 cm–1 and at 1,609 cm–1, 
respectively, were not distinctly detected but the 
stretching band of C=O at 1,635 cm–1 could be 
again attributed to the CS presence on the exter-
nal side of the NPs. 

3.4 Cell viability 

As already seen, DA reduced SHSY-5Y cell 
viability in a dose-dependent (1–50 μM) manner 

(Figure 4A). On the other hand, CS TPP NPs ads 
GSE completely reversed the effect on cell vitality 
of DA, and such NPs did not alter SHSY-5Y cell 
viability, at both 24 h and 48 h as times of incu-
bation, irrespectively of the concentration used 
(Figure 4A). 

3.5 ROS production 

In this study, the effect of CS DA TPP NPs 
ads GSE on ROS generation in SHSY-5Y cells 
was investigated. As shown in Figure 4B, expo-
sure of SHSY-5Y cells to 10 μg/mL DA led to a 
2.1-fold increase compared with the control, 
whereas CS DA TPP NPs ads GSE significantly 
inhibited the increase in intracellular ROS pro-
duction in SHSY-5Y cells. Notably, incubation 
with 0.15 μg/mL of CS TPP NPs ads GSE alone 
did not cause any ROS production in the 
SHSY-5Y cells (Figure 4B). 

 

Figure 4. Biological effects of CS DA TPP NPs, ads GSE on SHSY-5Y cells. A. Sensitivity of SHSY-5Y cells to CS DA TPP, 
NPs ads GSE. Cells were treated with and without increasing concentrations of DA, CS DA TPP NPs ads GSE, CS TPP NPs 
ads GSE and viable cell number was determined 24 h or 48 h later with SRB assay. The data are means ± S.D. of four different 
experiments run in eight replicates and are presented as percent of control. B. ROS generation was detected by colorimetric NBT 
assay. The data are means ± S.D. obtained from three independent experiments performed with eight replicates in each and are 
presented as a percentage of control. Asterisks indicate values that are significantly different between DA and CS TPP NPs ads 
GSE at the same GSE concentration (Student’s t-test, *p < 0.05).  

3.6 DA/GSE release in SHSY-5Y cell line 

Total intracellular DA content was evaluated 
in SH-SY5Y after treatment with 20 μg/mL DA 

loaded in CS TPP NPs as GSE or in CS TPP NPs 
after 1, 6, and 24 h of incubation. Interestingly, 
DA cellular accumulation was found to be time 
dependent, although 3–4 times less when CS DA 
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TPP NPs and GSE were incubated in comparison 
to CS DA TPP NPs (Figure 5). On the other hand, 

pure GSE was found quantitatively inside the 
cells within 24 h (Figure 5). 

 

Figure 5. Intracellular DA concentration after CS DA TPP NPs ads GSE or CS DA TPP NPs (25 μg/mL DA) treatments in 
SH-SY5Y cell lines. The intracellular DA concentration was determined by HPLC; cells were continuously exposed to the 
compounds for 1, 6, or 12 h. Each point represents the means ± S.D. of three different experiments and is indicated as μg (re-
ferred to as DA or GSE only when alone)/μg of protein. * Indicates values that are significantly different (* p < 0.05, values that 
are significantly different at the same time point; † p < 0.05, values that are significantly different between 1 h and 24 h points. 
 

 

Figure 6. Carbonylation of intracellular proteins. A. Detec-
tion of oxidized proteins in cell lysates isolated from 
SHSY-5Y neuroblastoma cells. Cells were treated for 15 min 
with DA (25 μg/mL), CS TPP NPs ads GSE and CS DA 
TPP NPs ads GSE, and the oxidation of cellular proteins was 
measured by OxyBlot assay. Anti β-actin antibody was used 
to verify equal loading of cell lysate samples (lower panel). 
Blots are representative of five different experiments (n = 5). 
B. The bands were quantified using densitometric analysis 
and data expressed as a ratio of OxyBlot band average in-
tensity to actin band intensity. The data are means ± S.D. of 
five different experiments (n = 5). Values with shared letters 
are not significantly different according to Bonferroni/Dunn 
post hoc test. 

3.7 OxyBlot analysis 

We determined the effects of DA and NPs 
administering DA and GSE on the oxidation of 
cellular proteins by OxyBlot analysis. The signif-
icant accumulation of oxidatively modified pro-
teins in SHSY-5Y neuroblastoma cells (p < 0.0001) 
clearly indicates the pro-oxidant activity of DA 
(25 μg/mL, Figure 6). On the other hand, a 
smaller amount of carbonylated proteins levels 
(carbonylated proteins/b-actin ratio ≤1) was ob-
served in SHSY-5Y neuroblastoma cells treated 
with CS DA TPP NPs ads GSE and CS TPP NPs 
ads GSE (Figure 6).  

4. Discussion 

DA-loaded CS NPs were previously stud-
ied by us as a possible strategy to mask the hy-
drophilicity of  DA in order to bypass the Blood 
Brain Barrier (BBB)[1,5,14]. However, the use of  a 
low molecular weight of  CS for DA nanoencap-
sulation together with the supply of  the antioxi-
dant mixture GSE was never attempted before. 
Therefore, the design of  the carrier NP was 
planned in order to induce a co-administration of  
the two agents DA and GSE, adopting a high 
mucoadhesive material, such as CS, whose per-
formances for transmucosal route application are 
well established[26,27]. For NP formulation, an ex-
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ternal localization of  GSE was planned, thanks 
to the approach of  the physical adsorption of  the 
NPs onto an aqueous solution of  the GSE ex-
tract. Moreover, the pH values of  nanosuspen-
sions were also measured and reported in Table 

1, evidencing the acid pH range (3.30–4.10) due 
to the use of  diluted acetic acid, and, conse-
quently, further studies are required for a proper 
administration aiming at preventing irritation. In 
addition, the particle size of  the investigated NPs 
was in the range 310–330 nm, namely higher 
values than mean diameters (98–148 nm) previ-
ously found by us in our previous work[1], where 
the molecular weight of  the adopted CS was 110 
KDa. Our hypothesis is that, herein, the initial 
DA cargo equal to 5 mg causes size enlargement 
of  the final NPs and such dimensional increase is 
also kept constant during physical adsorption of  
GSE. In this regard, from TEM pictures, the 
magnification of  the NPs marked with * in Fig-

ures 1(c) and 1(d) shows an important result ob-
tained by Cryo-TEM, namely the nanocarriers 
differ significantly in their surface morphology. 

As can be seen from Figure 1(c) (magnifica-
tion of  the particle *), the NPs of  CS DA TPP 
showed a poorly defined outer layer, probably 
due to the presence of  residual micelles leading 
to the formation of  a cloud-shaped surface. In-
terestingly, the CS DA TPP NPs ads GSE (Fig-

ure 1(d)) show a well-defined and very rough 
surface, characterised by the presence of  small 
protrusions, probably due to the adsorption of  
GSE. 

Moreover, as shown in Table 1, all NPs ex-
hibited positive zeta values, although higher than 
the ones shown by Felice et al.[12] as a consequence 
of the higher molecular weight of CS, herein em-
ployed in comparison to the one cited in[12]. Pre-
cisely, when CS TPP NPs and CS DA TPP NPs 
were compared in terms of zeta potential, DA was 
argued to be on the surface of the NPs because a 
partial shielding of the positive charges of CS 
occurred, moving from +30.4 mV (i.e., CS TPP 
NPs) to +16.4 mV (i.e., CS DA TPP NPs, p ≤ 
0.001). Moreover, in good agreement with the 

zeta potential outcomes, FT-IR spectra also in-
dicated the external localization of the polycation 
CS in loaded and unloaded NPs (Figure 3, panels 
A and B). The stretching band of C=O ascribable 
to CS chains detected in FT-IR spectra (Figure 3) 
allows to believe that such NPs can adhere to the 
extracellular mucus, so providing a useful mo-
dality for paracellular transport of active com-
pounds[28]. In terms of active principle loading, 
notably, for DA containing NPs, the DA E.E.% 
around 50% was quite similar to the one previ-
ously found by us when glycol chitosan was the 
polycation forming NPs without any GSE[5], in-
stead of 81% found for NPs obtained from CS 
having 110 KDa as molecular weight[1]. On the 
other hand, CS based NPs did not reach high 
E.E.% in terms of GSE (i.e., the maximum GSE 
E.E. value was 28%), probably due to the fact that 
the hydrophobicity of the phenyl rings of some 
compounds of GSE induces higher affinity to-
wards the lipid Gelucire® 50/13 of the previously 
studied SLNs[13] rather than towards CS. How-
ever, in the case of E.E. values referring to GSE, 
in the presence of DA (i.e., CS DA TPP NPs ads 
GSE) higher E.E.% was obtained than in the case 
of CS TPP NPs ads GSE, maybe because non 
covalent interactions occurring between DA and 
GSE should increase the amount of the adsorbed 
mixture in the NPs structure. In vitro characteri-
zation included the assessment of the physical 
stability of the NP dispersions produced by eval-
uating the particle size evolution upon storage at 
different temperatures (Figures 2(a)-(c)). In par-
ticular, when the storage temperature was set at 
37 °C by comparing CS DA TPP NPs and CS DA 
TPP NPs ads GSE, for the former NP aggregation 
was detected starting from 17 h (Figure 2(b)). For 
CS DA TPP NPs ads GSE, at the latest time point 
of incubation, the mean diameter increase was in 
sub-micron size range, suggesting that GSE layer 
adsorbed onto the NPs exerts a protective role 
according to a sterically stabilization mechanism 
that hinders reciprocal accumulation among close 
particles in the dispersion (Figure 2(c)). Fur-
thermore, it could not be ruled out at all that the 
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high value of zeta potential of CS DA TPP NPs, 
ads GSE also contributes to the stabilization effect 
towards the exposure at different temperatures. 
Interestingly, for both CS DA TPP NPs ads GSE 
and CS DA TPP NPs during storage stability 
studies, no change of color of the particles was 
optically seen, inducing to suppose that the au-
toxidation of DA did not occur due to different 
reasons, namely i) the structural organization of 
NPs (for CS DA TPP NPs); ii) the adsorbed GSE 
layer for CS DA TPP NPs ads GSE, able to exert 
its antioxidant role towards the early degradation 
of the neurotransmitter. In principle, colloidal 
aggregation could be induced by several factors as 
already discussed[29], but, on the base of the bio-
logical results, the aggregation process occurring 
at 37 °C did not hinder the performance of the 
NPs containing DA and/or GSE. In this regard, 
in the present work SHSY-5Y cells were selected 
because, being widely used to study pathogenesis, 
this cell line expresses such representative dopa-
minergic markers as tyrosine hydroxylase and 
dopamine transporter which are relevant for in-
vestigations concerning PD[30,31]. Figure 5 eluci-
dates that DA accumulation in SHSY-5Y cells 
occurred in both types of NPs thanks to the vec-
torization of the CS-based nanoparticulate sys-
tem. It was an interesting finding considering that 
the hydrophilic features of DA are well known to 
be unfavorable to the BBB crossing, so limiting its 
therapeutic efficacy. Moreover, SHSY-5Y cells 
also represented a suitable model system to study 
the role of CS DA TPP NPs ads GSE NPs against 
ROS-mediated dopaminergic cell death and, 
herein, the protective effects of CS DA TPP NPs 
ads GSE NPs are ascribable to the suppression of 
ROS generation (Figure 4B). Such preventive 
capacity is very effective than that induced by 
other natural compounds in the same DA-treated 
SHSY-5Y cell line, such as isoborneol[32], pyrrol-
oquinoline quinone[33] and baicalein[34].  

In the literature, DA-induced neuronal 
apoptosis has been suggested to be mediated by 
ROS generation and mitochondrial dysfunction, 
common events leading to neuronal apoptosis in 

PD[35]. On the other hand, although some anti-
oxidant compounds possess neuroprotective ef-
fects in PD, the lack of efficacy to penetrate the 
BBB led them to fail in in vivo effects. Maybe the 
strategy of nanoparticle administration seems to 
be encouraging and, hence, providing both DA 
and GSE which in a synergic manner are required 
in the neurological disorder of PD.  

Furthermore, the cytoprotective ability of CS 
DA TPP NPs ads GSE NPs, and CS TPP NPs ads 
GSE NPs can be deduced thanks to the inhibitory 
effect exerted towards DA-induced stress ac-
cording to OxyBlot results shown in Figure 6. 
Some examples of OxyBlot application to inves-
tigations concerning PD and Alzheimer’s disease 
(AD) have been previously reported[36–38]. In a rat 
model of AD, brain tissue analyses showed that 
deferoxamine treatment decreased oxidation as 
measured by OxyBlot[37]. In the case of autosomal 
recessive PD, the oxidative stress related to Parkin 
mutations in a human cellular model was also 
investigated by OxyBlot[38]. 

To the best of our knowledge, this is the first 
work where OxyBlot test was adopted for meas-
uring oxidative stress in the presence of chitosan 
nanoparticles and the resulting protection exerted 
by the antioxidant mixture GSE induces us to 
plan further studies which can better address the 
application of such NPs for PD treatment. 

5. Conclusions 

In the last decades, polyphenols received 
special attention due to their nutraceutical and 
pharmacological activities for the prevention and 
treatment of some diseases. Nevertheless, their 
photosensitivity and low bioavailability are some 
drawbacks which could limit their application. In 
this work, a new nanostructured carrier consisting 
of low molecular weight CS, DA, and polyphenol 
enriched GSE was described as a candidate for-
mulation for PD application. High percentages of 
encapsulation efficiency of DA and GSE were 
found in the NPs and multiple biological assays 
evidenced good tolerability of the NPs in 
SHSY-5Y cell model line. Overall, the possible 
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cooperation role occurring between DA and GSE 
administered by NPs was herein envisaged and 
future research work will better clarify how such 
NPs can be addressed to obtain a suitable phar-
maceutical dosage form for PD treatment. 
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