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Abstract: This work aimed to evaluate the potential of the nanosystems constituted by dopamine
(DA) and the antioxidant Citicoline (CIT) co-loaded in solid lipid nanoparticles (SLNs) for intranasal
administration in the treatment of Parkinson disease (PD). Such nanosystems, denoted as DA-CIT-
SLNs, were designed according to the concept of multifunctional nanomedicine where multiple
biological roles are combined into a single nanocarrier and prepared by the melt emulsification
method employing the self-emulsifying Gelucire® 50/13 as lipid matrix. The resulting DA-CIT-SLNs
were characterized regarding particle size, surface charge, encapsulation efficiency, morphology, and
physical stability. Differential scanning calorimetry, FT-IR, and X ray diffraction studies were carried
out to gain information on solid-state features, and in vitro release tests in simulated nasal fluid
(SNF) were performed. Monitoring the particle size at two temperatures (4 °C and 37 °C), the size
enlargement observed over the time at 37 °C was lower than that observed at 4 °C, even though at
higher temperature, color changes occurred, indicative of possible neurotransmitter decomposition.
Solid-state studies indicated a reduction in the crystallinity when DA and CIT are co-encapsulated
in DA-CIT-SLNSs. Interestingly, in vitro release studies in SNF indicated a sustained release of DA.
Furthermore, DA-CIT SLNs displayed high cytocompatibility with both human nasal RPMI 2650 and
neuronal SH-SY5Y cells. Furthermore, OxyBlot assay demonstrated considerable potential to assess
the protective effect of antioxidant agents against oxidative cellular damage. Thus, such protective
effect was shown by DA-CIT-SLNs, which constitute a promising formulation for PD application.
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1. Introduction

Among the neuroactive substances which, nowadays, are attracting much attention
for their feasible clinical application in the treatment of neurological disorders, citicoline
(Cytidine 5'-Diphosphocholine or cytidine diphosphate choline, CIT) merits consideration
for its several benefits. CIT, indeed, is an important intermediate in the biosynthesis of
cell membrane phospholipids and its main activity is connected to the improvement of
the human psychomotor vigilance, arousal, and visual work [1]. CIT’s capability in re-
establishing normal brain and cerebral cortex structure has also been confirmed in several
models of neurological disorders, including its beneficial outcome to block the simvastatin
unwanted side effects in patients suffering from Alzheimer’s disease (AD) [2,3]. From a
clinical viewpoint, CIT adjuvant therapy has also shown favorable effects in Parkinson’s
disease (PD), as shown in a recent comprehensive review article on this topic [4].

As a consequence, in the last couple of decades, several research efforts have been
devoted to formulate CIT in nanosized lipid-based pharmaceutical dosage forms in order
to bypass the obstacle represented by the blood-brain barrier (BBB) and to reach the central
nervous system (CNS). Thus, for the treatment of cerebral ischemia, stealth immunolipo-
somes encapsulating CIT were evaluated for their diagnostic and therapeutic properties
in vivo, in an animal model of cerebral ischemia [5]. Based on the abovementioned argu-
ments, it appears that CIT may play a key role in the treatment of neurological diseases.
In this regard, it is important to remember that, currently, with an ever-increasing aging
population worldwide, the incidence of neurological disorders is continuously growing,
resulting in over one in three people affected by neurological conditions, the leading cause
of illness and disability worldwide [6]. However, in spite of the huge efforts made by
the scientific community, there is still a need to develop new and more effective disease-
modifying strategies to hinder this increasing incidence of neurological disorders. This
worrying incidence is mainly explained by a delivery problem, namely, the inability of most
potentially active-at-CNS-level substances to overcome the BBB in therapeutic amounts.

In this regard, in the last years, most interest has been focused on the administration
of drugs by intranasal route since it may offer a noninvasive bypass to the BBB. The
intranasal delivery offers well-established advantages over the oral administration which,
on the other hand, is characterized by a variety of formulation options and better patient
compliance [7,8]. The advantages of the nasal administration over the oral one include the
avoidance of first-pass metabolism and rapid onset of action [9]. In addition, one of the
most promising applications of nasal drug delivery is the nose-to-brain delivery, which
allows a variety of neuroactive agents to be conveyed directly to the brain in therapeutic
amounts, exploiting the fact that the olfactory mucosa is the region of nasal cavity not
protected by the blood-brain barrier [10,11].

In the last decades, nanodelivery systems have been widely used for the targeting of
brain diseases, including polymeric and inorganic nanoparticles of small dimensions such
as gold and other metallic nanoparticles prepared by laser ablation, due to their ability
to increase drug bioavailability and BBB crossing [12-14]. Notably, lipid nanosystems
constituted by hydrophobic and amphiphilic molecules are also able to form different
structures such as vesicles and micelles in aqueous medium, and possess a great potential
for nose-to-brain delivery application [12]. Such lipid-based nanosystems comprise solid
lipid nanoparticles (SLNs), nanostructured lipid carriers, and liposomes, among others.

A further innovative concept which, in recent years has been introduced for the
treatment of brain diseases, is denoted as “multifunctional nanomedicines”, consisting of
the use of nanocarriers able to encompass multiple disease fronts through the co-delivery
of two or more active substances to the target site [15]. Thus, for instance, it is well known
that oxidative stress (i.e., the imbalance between the biochemical production pathways
of the reactive oxygen species (ROS) and the cellular antioxidant cascade resulting in
molecular damage) and mitochondrial dysfunction play a crucial role in the pathogenesis
of neurodegenerative diseases, including AD and PD [16-18]. It is in agreement with the
experimental observation that, in the PD patients’ brain, the presence of high levels of
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ROS occurs, leading to DA neuron loss, which constitutes the hallmark typical of PD [19].
Consequently, it is suitable to evaluate for brain delivery, by intranasal administration,
the combination of an anti-Alzheimer’s or a dopaminergic drug and an antioxidant agent
co-encapsulated in a lipid nanocarrier as multifunctional nanomedicine for the treatment
of AD or PD, respectively [20].

The advantages of these multifunctional nanomedicines over the monofunctional ones
in brain delivery include enhanced bioavailability, targeted delivery, and controlled drug
release [15]. As for the advantages of these multifunctional nanomedicines over other
nanomedicines designed specifically for PD, they may be clearly demonstrated by the
reported co-delivery of curcumin and piperine in lipid-based nanocarriers to an animal
model of PD [15]. It was shown that such combination led to reduced levels of oxidative
stress and cell apoptosis due to the former therapeutic agent, while piperine was able
to prevent the formation of oligomers of alpha-synuclein proteins, unlike the untreated
control [15]. An additional advantage of these multifunctional nanomedicines with high
relevance in PD treatment is the protection of the cargo against unfavorable environments.
Thus, catecholamines such as DA can be appropriately protected regarding the spontaneous
autoxidation reaction under neutral/alkaline conditions to give cytotoxic products by the
simultaneous presence of an antioxidant agent in the same nanosystem.

In this context, we recently reported on the evaluation of the neurotransmitter dopamine
(DA) and the antioxidant grape-seed-derived proanthocyanidins (grape seed extract, GSE)
co-loaded in solid lipid nanoparticles (SLNs) to achieve a more favorable PD treatment
through nose-to-brain delivery [21]. By flow cytometry, we found a higher SLN internal-
ization both in olfactory ensheathing cells and in neuronal SH-SY5Y cells when GSE was
co-encapsulated, rather than adsorbed onto the particles. In addition, Franz diffusion cell
experiments demonstrated a higher permeation of DA from both SLN types through the
porcine nasal mucosa compared to unencapsulated DA [21].

As part of our ongoing research program aimed at the screening of some combinations
of neurotransmitter DA and antioxidant agent co-loaded in SLNs for a more effective
PD treatment through nose-to-brain delivery, we report herein on the technological and
biological characterization of the nanosized platform denoted as DA-CIT-SLNs, where the
neurotransmitter DA and the antioxidant CIT are co-loaded in SLNSs. It should be noted that
we previously investigated the potential of SLNs for CIT-alone vectorization [22], selecting
such nanocarriers for their promising features such as safety and stability. Moreover, they
can be prepared on a large scale and proposed to patients following several delivery routes.
In particular, SLNs are extensively used to improve the formulation of hydrophobic drugs,
but, relevantly, selected formulation protocols also allow hydrophilic drug substances to be
encapsulated in these nanocarriers [23]. In this regard, we developed a preparative method
of SLNs, enabling the encapsulation of both lipophilic and hydrophilic drugs, consisting of
the melt emulsification method employing Gelucire® 50/13 (a self-emulsifying mixture of
PEG-esters (stearoyl polyoxyl-32 glycerides), a small glyceride fraction and free PEG chains)
as lipid matrix [24-26]. However, our objective to co-encapsulate two substances as DA and
CIT in the same lipid matrix is not a simple task; it is actually particularly challenging due
to their hydrophilic character (calculated log Po/w = —1 and —4, respectively (computed
by XLogP3 3.0, PubChem release 2021.10.14).

Following the mentioned preparative method, we successfully formulated Gelucire
50/13-based DA-CIT-SLNs which are herein characterized for their physicochemical prop-
erties including particle size, surface charge, and encapsulation efficiency. In addition, we
carried out the characterization of these SLNs at solid state using differential scanning
calorimetry (DSC) and X ray diffraction (XRD), and in vitro release and physical stabil-
ity studies were also performed. From a biological viewpoint, cytobiocompatibility was
ascertained in the presence of human nasal RPMI 2650 and neuronal SHSY-5Y cells, by
working with two different DA concentrations. Then, OxyBlot assay performed in the
neuronal SHSY-5Y cells also allowed us to screen different SLN formulations, pointing out
the protective role exerted by the antioxidant CIT, and after nanoencapsulation in SLNs.

®
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Last but not least, it should be also noted that the DA-CIT-SLNs approach, proposed
herein as a new option of PD treatment, in a broader perspective, may be also adapted
in designing appropriate combinations of drug/antioxidant agents to manage further
neurological disorders by intranasal administration, in addition to PD.

2. Materials and Methods
2.1. Materials

Gelucire® 50/13 was received as a gift by Gattefosse (Milan, Italy). Citicoline sodium
salt (CIT) was kindly provided as a gift from Esseti Farmaceutici s.r.l. (Pomezia, Italy).
Polysorbate 85 (Tween® 85), acetic acid (AcOH), KBr, porcine stomach mucin (type 1I, sialic
acid ~1%), dopamine hydrochloride, carboxyl ester hydrolase (E.C. 3.1.1.1, 15 units/mg
powder), and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were purchased from Sigma Aldrich
(Milan, Italy). Dialysis tubes with an MWCO 3.5-4 kDa were purchased from Spectra Labs
(Milan, Italy). Advanced Minimum Essential medium (A-MEM) was purchased from Gibco-
Thermo Fisher Scientific (Waltham, MA, USA). Heat-inactivated fetal bovine serum (FBS)
was purchased from Euroclone S.p.A (Pero, Italy). GutaMAX™ supplement was acquired
from Biowest (Nuaillé, France). Trypsin EDTA 0.25% was purchased from Elabscience
(Huston, TX, USA). Alamar Blue and Resazurin were purchased from Bio-Rad (Hercules,
CA, USA) and Biotium (Fremont, CA, USA), respectively. In this work, double-distilled
water was employed, and all other chemicals were of reagent grade.

2.2. Preparation of DA-CIT-SLNs-60

DA-CIT-SLNs were prepared following the melt emulsification method previously
reported by us [24-26]. Briefly, 120 or 60 mg of Gelucire® 50/13 were melted at 70 °C, and in
a separate vial, 1.37 mL of a diluted AcOH solution (0.01%, w/v) containing the surfactant
(Tween 85®, 60 mg) was heated at 70 °C. Then, 10 mg of each active principle CIT and DA
were poured in the AcOH solution before the addition of the resulting mixture to the melted
lipid at 70 °C. By homogenization of this mixture at 12,300 rpm for 3 min with an UltraTurrax
model T25 apparatus (Janke and Kunkel, IKA®-Werke GmbH & Co., Staufen, Germany), an
emulsion was obtained. By cooling at room temperature of the nanosuspension, the resulting
SLNs were subjected to centrifugation (Eppendorf 5415D, Hamburg, Germany) at 13,200 x g,
45 min, and the obtained pellet was used for successive studies while the supernatant was
discarded. Throughout the study, based on the Gelucire® 50/13 amount employed, SLNs
were denoted as “DA-CIT-SLNs-60" and “DA-CIT-SLNs-120".

2.3. Quantification of DA and CIT

The DA and CIT quantifications were performed by HPLC as follows. HPLC equip-
ment consisted of a Waters Model 600 pump (Waters Corp., Milford, MA, USA), a Waters
2996 photodiode array detector, and a 20 pL loop injection autosampler (Waters 717 plus).
A Synergy Hydro-RP (25 cm x 4.6 mm, 4 um particles; Phenomenex, Torrance, CA, USA)
was the stationary phase, and 0.02 M potassium phosphate buffer, pH 2.8: CH3OH 90:10
(v:v), was employed as mobile phase. The isocratic mode was selected for column elution at
the flow rate of 0.7 mL/min at the wavelength of 280 nm and, under such chromatographic
conditions, the retention times of CIT and DA were 3.5 min and 6.5 min, respectively.
Under the previous mentioned HPLC conditions, the quantifications of CIT and DA were
performed in the ranges 80 png/mL-24 ng/mL and 600-2 pg/mL, respectively.

For DA and CIT content evaluation in SLNs, after lyophilization, particles underwent
enzymatic digestion by esterases [27]. In particular, 1—2 mg of freeze-dried SLNs and 1 mL
of a solution of such enzyme at 12 .U./mL in phosphate buffer (pH 5) were incubated for
30 min in an agitated (40 rpm/min) water bath at 37 °C (Julabo, Milan, Italy). Then, the re-
sulting mixture was centrifuged (16,000 x g, 45 min, Eppendorf 5415D) and the supernatant
was analyzed by HPLC for DA and CIT quantitative determination, as reported above.
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The encapsulation efficiency (E.E.%) was calculated using Equation (1):
E.E.% = DA (or CIT) in the supernatant after esterase assay/Total DA (or CIT) x 100 (1)

where total DA (or CIT) is intended as the starting amount of each substance used for SLN
preparation. This study was performed in triplicate.

2.4. Physicochemical Characterization of SLNs

For all SLNs, particle size and polydispersity index (PDI) determinations at 25 °C
took place after dilution in double-distilled water (1:1, v:v) in disposable polystyrene latex
cuvettes. A Zetasizer NanoZS (ZEN 3600, Malvern, UK) apparatus was used following
photon correlation spectroscopy (PCS) mode with angle detection set at 90°. Via the use of
laser Doppler anemometry (Zetasizer NanoZS, ZEN 3600, Malvern, UK) following dilution
1:20 (v:v) in the presence of KC1 (1 mM, pH7), zeta potential measurements were also carried
out at 25 °C in disposable polystyrene latex folded cuvettes. The particle size, PDI, and zeta
potential values were each measured in eight sample replicates [28]. Transmission electron
microscopy (TEM, FEI Tecnai 12 TEM, Eindhoven, The Netherlands), equipped with a LaB6
filament operating at 120 kV, was adopted to investigate the nanoparticle morphology in
the dried state. For SLN observations, drops of suspensions were deposited on Formvar®-
coated Cu grid (300 mesh, Agar Scientific, Stansted, Essex, UK). The microscope was
calibrated using the S106 Cross Grating (2160 lines/mm, 3.05 mm) supplied by Agar
Scientific. Corrections concerning alignments and astigmatism were carried out following
factory settings and fast Fourier transform processing, respectively.

2.5. Solid-State Studies
2.5.1. Fourier Transform Infrared (FT-IR) Spectroscopy

FT-IR spectra were acquired in KBr discs using 2-5 mg of pure DA, CIT, CIT-SLNs, and
lyophilized DA-CIT-SLNs-60 (72 h of a freeze-drying cycle, Lio Pascal 5P, Milan, Italy). A
Perkin Elmer 1600 FI-IR spectrometer (Perkin Elmer, Milan, Italy) processed all the spectra

(r.t., 4000-400 cm~1 wavenumber range), showing a resolution of 1 cm~ 1L,

2.5.2. Differential Scanning Calorimetry (DSC)

DSC calorimetric runs were carried out for bulk materials such as pure DA and CIT,
freeze-dried CIT-SLNs, and DA-CIT-SLNs-60, using a Mettler Toledo DSC 822e STARe was
202 System combined with DSC MettlerSTARe Software STARe SW V6.0 (Mettler Toledo,
Milan, Italy). Freeze-dried particles (5 mg) of each product were placed in an aluminum
pan and hermetically sealed. The scanning rate was of 5 °C/min under a nitrogen flow
of 20 cm®/min, and the temperature range was set from 25 to 275 °C for all samples.
Following the procedure of the MettlerSTARe Software, the DSC apparatus was calibrated
using indium (99.9%). Each thermal run was replicated three times.

2.5.3. X-ray Powder Diffraction (XRPD)

X-ray diffraction patterns of pure DA, freeze-dried plain SLNs, and DA-CIT-SLNs-60
were acquired using an X'Pert PRO (PANalytical, Malvern, UK) system. For safety of
comparison, free CIT and CIT-SLNs X-ray diffraction patterns were acquired as described

in [22]. The data were collected at room temperature in the 26 range of 10°-50°, with a step
size of 0.02°.

2.6. Physical Stability of DA-CIT-SLNs

The physical stability of DA-CIT SLNs-60 dispersions was monitored by particle size
measurements during storage at 4 °C in the refrigerator up to 1 week and at 37 °C up to
24 h as well. Precisely, a water bath (Julabo, Milan, Italy) set at the temperature equal to
37 °C with agitation of 40 rpm/min was adopted for SLN incubation. At different time
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points, particle size was checked, and cuvette preparation followed the approach described
in Section 2.4. Physical stability studies were carried out in triplicate at each temperature.

2.7. In Vitro Release Tests

To start in vitro release studies, freeze-dried DA-CIT SLNs-60 (corresponding to
1-1.2 mg of both DA and CIT) was dispersed in 1.5 mL of double-distilled water in a
dialysis bag soaked in the receiving medium thermostatted at 37 + 0.1 °C in an agitated
(40 rpm/min) water bath (Julabo, Milan, Italy). The receiving medium was constituted of
40 mL of simulated nasal fluid (SNF) mixed with 0.25% (w/v) of mucin (pH of the mixture
was equal to 6.0) [29]. The release study was conducted for 24 h, and at scheduled time
points, 0.8 mL of the receiving medium were withdrawn and replaced with 0.8 mL of
fresh medium. Then, centrifugation took place at 16,000 g for 45 min (Eppendorf 5415D,
Germany), and the amounts of DA (or CIT) delivered were determined in the resulting
supernatants obtained after centrifugation. The release experiments in SNF containing
mucin were performed in triplicate.

2.8. Cytotoxicity Assessment in RPMI 2650 and in SH-SY5Y Cell Model Lines

Neuronal SH-SY5Y cells, grown as previously described [30], and RPMI 2650, grown
as previously described [26], were plated in a 96-plastic culture plate (BD, Franklin Lakes,
NJ, USA) for 24 h at a density of 40,000 cells per well. Then, for both cell lines, the
culture medium was replaced with 200 uL of fresh medium containing different dilutions
of free DA, free CIT, DA-SLNs, CIT-SLNs, DA-CIT-SLNs-60, and plain SLNs. In a set of
experiments, DA was used at 100 uM and CIT at 23 uM, while in another set of experiments,
DA was used at 50 uM and CIT at 12.5 uM. Volumes of plain SLNs were chosen to obtain
the same lipid amounts of the other preparations. In these conditions, cells were grown at
37 °C for 24 h. The 0.1% Triton-X100-treated cells were used as a positive control. Then,
after removing the medium and washing two times with PBS, viability was evaluated
by resazurin-based colorimetric assay according to the manufacturer’s protocol (Biotium,
Fremont, CA, USA) [31-33].

Briefly, the fluorescence of solubilized resorufin was measured at the emission wave-
length of 590 nm with the excitation wavelength at 544 nm by using a microplate reader
FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Germany). Then, 0.1%
Triton X-100 treatment was used as a positive control, and each experiment was performed
three times.

2.9. Permeation Studies across RPMI-2650 Cell Monolayer

To evaluate the transport capability of DA, CIT, SLN CIT, and DA-CIT SLNs through
a cellular monolayer, RPMI 2650 cells were grown at an air-liquid interface onto Transwell
semipermeable filters in order to acquire morphological and functional features resembling
a polarized barrier epithelium. Briefly, cells were seeded (3 x 10° cells/cm?) on permeable
inserts (Transwell®, 0.4 um pore size, 0.33 cm? growth area; Corning, Tewsbury, MA, USA)
for two days and then at an air-liquid interface for 14 days to form a fully confluent and
differentiated monolayer [34,35]. Trans-epithelial electrical resistance (TEER) was evaluated
as indicator of epithelium tightness using an EVOM resistance meter and STX 2 electrodes
(World Precision Instruments, Sarasota, FL, USA). Blank filter values were subtracted, and
the values were calculated considering the surface area of the inserts (average TEER after
14 days in air liquid interface was 80 £ 8 () cm?). Powders of DA (or CIT) or freeze-dried
samples of CIT-SLNs and DA-CIT-SLNs-60 were suspended in medium without phenol
red to obtain a final concentration of 0.4 mg/mL DA and 0.3 mg/mL CIT. Then, 100 puL
of each sample were added to the apical side of the insert, while the basal side contained
500 pL of culture medium. Culture medium without sample was considered as negative
control. After 3, 6, and 24 h of incubation, DA and/or CIT content(s) were evaluated both
in the apical and basal medium, by withdrawing 0.3 mL of the receiving medium and
replacing with 0.3 mL of fresh medium. Then, each sample was centrifuged at 16,000 g
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for 45 min (Eppendorf 5415D, Germany), and the amounts of DA and/or CIT delivered
were quantified in the resulting supernatants by HPLC, as described in Section 2.3. Each
assay was performed in triplicate.

2.10. DPPH Assay for In Vitro Antioxidant Activity Evaluation

The in vitro antioxidant activity of the control powders of DA and CIT, plain SLNSs,
CIT-SLNSs, and DA-CIT-SLNs-60 was evaluated using the DPPH test with slight modifica-
tions [30,36,37]. Firstly, an ethanolic solution of DPPH was obtained at the concentration
of 0.001% w/v and then diluted to 8 x 107%% (w/v). After freeze-drying of the SLNs,
0.5 mL of each sample previously redispersed in ethanol was reacted with 2.5 mL of the
diluted DPPH solution for 60 min at room temperature in the dark, and for each sample,
the corresponding absorbance was recorded at the wavelength of 514 nm via the use of a
Perkin-Elmer Lambda Bio 20 spectrophotometer (Milan, Italy). Blanks were obtained by
filling the cuvettes with 0.5 mL of ethanol and 2.5 mL of the 8 x 10~%% (w/v) solution in
DPPH. The lipid Gelucire® 50/13 was dispersed in acetone at 5 mg/mL by vortexing and,
afterwards, treated as above with DPPH reactant. For all formulations under investigation,
antioxidant activity (AA) was calculated using Equation (2) and expressed in percentages:

AA (%) =(1 — As/Ab) x 100 ()
where As is the sample absorbance and Ab is the absorbance of the radical.

2.11. OxyBlot Assay

Carbonylated proteins, whose content is widely used as a marker for oxidative
stress [38], were detected by using the OxyBlot™ Protein Oxidation Detection Kit (Merck
Millipore, Billerica, MA, USA) according to the manufacturer’s instructions. Proteins
obtained from each sample in equal amounts were split into two aliquots, and each one
underwent a denaturation cycle by using a 6% SDS (w/v) solution. Subsequently, one
aliquot was derivatized with 2,4-Dinitrophenylhydrazine (DNPH) solution, while the
other aliquot was treated with derivatization-control solution, serving as a nonderivatized
control. The derivatized and nonderivatized proteins were then separated using 12%
SDS-PAGE and transferred onto a nitrocellulose membrane. After blocking nonspecific
binding, the membrane was incubated with an antidinitrophenyl primary antibody (1:150,
polyclonal; Merck Millipore, Billerica, MA, USA, 90451) dilution in Tris-buffered saline
(TBS), 0.1% Tween-20, and 5% milk, at room temperature for 1 h. Following washing, the
membrane underwent an additional incubation with goat antirabbit secondary antibody
(Merck Millipore, Billerica, MA, USA, 90452) diluted 1:300 in TBS, 0.1% Tween-20, and 5%
milk, at room temperature for 1 h. Inmunoreactive protein bands were visualized using
ECL chemiluminescence substrate and the ChemiDoc Imaging System (Bio-Rad, Hercules,
CA, USA). The intensities of oxidized protein bands in each lane were quantified using
Image Lab software (version 6.1 Bio-Rad, Hercules, CA, USA).

2.12. Statistics

Statistical analyses were carried out by Prism v. 5.0 (GraphPad Software Inc., La
Jolla, CA, USA). Data are expressed as mean £ SD. Multiple comparisons were based
on one-way analysis of variance (ANOVA). Either Bonferroni’s or Tukey’s post hoc test
were carried out in all cases, except for OxyBlot assay results. The statistical analysis led
to differences being considered significant when p < 0.05. For cell viability experiments,
statistical significance was evaluated by a two-tailed unpaired Student’s t-test. Significant
differences were obtained when p < 0.05.

3. Results
3.1. Preparation and Characterization of SLNs

Table 1 shows the main physicochemical properties of the DA-CIT SLNs herein pre-
pared starting from two different amounts of the lipid Gelucire® 50/13. A statistically
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significant difference compared to plain SLNs occurred in terms of particle size when the
amount of the lipid Gelucire® 50/13 was set at 120 mg. Indeed, DA-CIT-SLNs-120 exhibited
an average diameter of 405 nm, whereas the particle size observed for the formulation
DA-CIT-SLNs-60 was seen to be similar to plain SLNs and, in addition, smaller than both
CIT-SLNs and DA-SLNs previously described by us [22,25] (Table 1). Moreover, the same
trend was observed also for PDI values; namely, the PDI value of DA-CIT-SLNs-120 was
higher than plain SLNs, suggesting a possible plurimodal size distribution. On the other
hand, the PDI value of DA-CIT-SLNs-60 was comparable to that of plain SLNs, which may
even imply a broad monomodal size distribution. The results reported in Figures 1 and 51,
which deal with TEM visualization and size distribution of both DA-CIT-SLNs herein
discussed, respectively, clearly show that the size distribution of DA-CIT-SLNs-60 is
of broad monomodal type, while that of DA-CIT-SLNs-120 corresponds to a bimodal
(two populations) size distribution (Figure Sla,b, respectively). In addition, Figure 1 shows
that both DA-CIT-SLNs were almost round-shaped nanocarriers.

Table 1. Physicochemical properties of SLNs studied 2.

. Size Zeta Potential E.E. DA E.E. CIT
Formulation (am) PDI? (mV) (%) (%)
DA-CIT-SLNs-60 131 + 20 0.40 £ 0.04 -1024+1.1 77 £7 75+2

DA-CIT-SLNs-120 405 £ 25 ** 0.53 + 0.01 —-78+04 65+ 3 59 + 8
DA-SLNs € 171 £ 6 ** 0.20 + 0.01 —2.04+0.7* 19+3 -

CIT-SLNs d 201 424 ** 0.45 + 0.08 —224+02* - 807
Plain SLNs © 141 £ 11 0.35 +0.17 —9.74+0.8 - -

2 Mean =+ standard deviation of at least eight replicates (n = 8) are reported. Plain SLNs were taken as control
for statistical evaluation. ® PDI: polydispersity index. © From Reference [25]; ¢ From Reference [22]; ¢ From
Reference [39]. ** p < 0.001 as compared with plain SLNs.

(a)

Figure 1. Transmission electron microscopy images of DA-CIT-SLNs-60 at the dried state. Panel
(a) scale bar is 50 nm. Panel (b) scale bar is 20 nm.

For all tested DA-CIT-SLNs, zeta potential values were comparable with plain SLNs
and found to be negatively charged, unlike DA-SLNs and CIT-SLNs, which were practically
neutral from a surface charge point of view. This may suggest that the introduction of
two hydrophilic substances (i.e., DA and CIT) slightly improves the physical stability of the
corresponding nanocarriers compared to the single introduction of them. Notably, high levels
of DA and CIT contents were determined by HPLC and, in detail, the E.E.% of DA were
equal to 77 &= 7% and 65 % 3%, while the E.E.% of CIT were equal to 75 & 2% and 59 & 8%
for DA-CIT-SLNs-60 and DA-CIT-SLNs-120, respectively (Table 1). However, due to the
unfavorable particle size and the lower neurotransmitter content of DA-CIT-SLNs-120, we
discarded these nanocarriers and, thus, they were not subjected to further in vitro studies.
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3.2. Physical Stability

The assessment of the physical stability of DA-CIT-SLNs-60 at 4 °C and 37 °C was
carried out following the evolution of particle size of such nanocarriers after storage at
mentioned temperatures over the time reported in Figure 2. As shown in Figure 2a, size
enlargement observed over the time at 4 °C was relevant from one day of storage, but
no color changes appeared under visual inspection up to one week. At 37 °C, particles’
mean diameters increased over time (Figure 2b), even though this enhancement was lower
than that observed at 4 °C. However, after 24 h of storage at 37 °C, color changes occurred,
suggesting possible neurotransmitter decomposition; hence, the study was stopped. To
substantiate the hypothesis of possible neurotransmitter decomposition, the UV-Vis spectra
(Agilent/HP 8453 UV-Vis Spectrophotometer-Spectroscopy System) of aliquots of DA-CIT-
SLNs-60 stored at 37 °C for 24 h were examined. Such samples showed intense absorbances
at the wavelengths of 450 nm, attributable to aminochrome, which is the key intermediate of
the neurotransmitter autoxidation process leading to color changes, precipitate formation,
or synthesis of polymeric substances (i.e., neuromelanin) [40,41].

(a) (b)
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Figure 2. Physical stability of DA-CIT-SLNs-60 particle size over time and temperature: (a) 4 °C for one
week; (b) 37 °C for 24 h. The control was the mean particle size of DA-CIT-SLNs-60 reported in Table 1.

3.3. Solid-State Studies

The solid-state characteristics of the prepared DA-CIT-SLNs-60 were assessed by
spectroscopy (FT-IR), thermal analysis (DSC), and X-ray powder diffraction (XRPD) studies,
and the relative results are summarized in Figure 3.

)

o
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from DA-CIT-SLNs-60 (%

Figure 3. In vitro release of DA (red) and CIT (blue) from DA-CIT-SLNs-60 in SNF at 37 °C.
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3.3.1. FT-IR Spectroscopy

As already observed for the FT-IR spectrum of others Gelucire® 50/13-based SLNs,
DA-CIT-SLNs-60 also showed absorption bands due to Gelucire® 50/13 lipid matrix
(Figure S2a). Thus, the peaks at 2917 cm~! and 1730 cm ! in the FT-IR DA-CIT-SLNs-
60 spectrum could be ascribed to partially hydrated Gelucire® 50/13 [42] and, in particular,
the latter peak should be attributable to the ester carbonyl function of the Gelucire® 50/13,
whereas the absorption bands at 1656 cm~! and 1472 cm ™! of the FT-IR spectrum of DA-
CIT-SLNs-60 are not of unequivocal attribution. Overall, it may be stated that the FT-IR
spectrum of DA-CIT-SLNs-60 shows absorption bands attributable to the lipid matrix,
whereas those due to DA and CIT cannot be easily detected. This may probably be due to
the fact that the characteristic absorption bands of the neurotransmitter DA and antioxidant
CIT are of weaker intensity compared to those of Gelucire® 50/13 and, hence, are covered
from these last ones.

3.3.2. DSC Analysis

As previously reported [22], the DSC thermogram of pure CIT (Figure S2b) showed two
endothermic peaks at 130 °C and 150 °C, together with an exothermic peak at about 260 °C.
This last peak should be due to melting with exothermic decomposition of CIT, because it is
reported that the melting point of this active substance is in the range 259-268 °C [19]. As
for the presence of two endothermic peaks at 130 °C and 150 °C in the same DSC profile, in
our opinion, this may be due to the presence of two different solvates (hydrates) since CIT
is a hygroscopic powder and stable hydrates may be formed [43]. In the DSC thermogram
of DA-CIT-SLNs-60 (Figure S2b), a broad exothermic peak is present at 150 °C and an
endothermic one at 210 °C. Concerning such DSC profile, our hypothesis is that the broad
exothermic peak at 150 °C may be due to the melting with exothermic decomposition
of CIT, and the endothermic one at 210 °C may be attributable to the melting of the
neurotransmitter DA. Both these thermal processes, indeed, may be considerably shifted at
lower temperatures when DA and CIT are co-loaded in SLNSs. It is clear that our hypotheses
remain to be demonstrated, and this could be the topic of future work aiming to assess such
thermoanalytical outcomes. Overall, it can be stated that a marked reduction in crystallinity
occurs once the active substances herein studied are co-encapsulated in the SLN structure.

3.3.3. X-ray Diffraction Spectra

The XRPD diffractograms of pure DA (Figure S2c left) and CIT [22] clearly demonstrate
their crystalline nature. The diffractograms of DA-SLNs and DA-CIT-SLNs-60 (Figure S2c
middle and right) show similar XRPD patterns, with the most intense peaks at 20 19 (°) and
20 23 (°) due to the SLN matrix [22], and a peak at 26 37.6 (°) which could be ascribed only
to the DA crystal structure, since at such 26 values, only diffraction peaks of little intensity
occur in the spectrum of pure CIT. Concerning DA-CIT-SLNs-60, the absence of any XRPD
reflection of CIT suggests a most reduced crystallinity of the antioxidant compound once
both the active substances are nanoencapsulated in DA-CIT-SLNs-60 (Figure S2c right).

3.4. In Vitro Release Studies of DA-CIT-SLNs-60

Reported in Figure 3 are the release profiles of the neurotransmitter and the antioxidant
from DA-CIT-SLNs-60 by using SNF enriched with mucin to better mimic the liquid nasal
compartment as release medium. As shown, when the release of CIT was examined in SNF
from the studied nanocarriers, after a burst up to 5 h leading to 9% of the total antioxidant
delivered, a progressive decrease in the antioxidant released was noticed up to 24 h when
the study was stopped. On the other hand, an almost linear sustained release kinetic of the
neurotransmitter was observed over time, reaching 10% of DA delivered after 24 h.

3.5. Cytobiocompatibility in SH-SY5Y and RPMI 2650 Cells

For cytocompatibility assessment, SH-SY5Y neuronal cells were treated with free DA,
free CIT, DA-SLNs, CIT-SLNs, DA-CIT-SLNs-60, and plain SLNs and viability, by keeping
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the doses of 100 uM and 50 uM of DA (unencapsulated or in SLNs). Such concentration
values were chosen based on previous experiments that evaluated the range in which
a reduced viability was observed [44,45]. Interestingly, the cytotoxic effect of DA was
counteracted in the presence of CIT in both conditions, since there was not a significant
difference in viability between cells treated with DA-CIT-SLNs-60 and untreated cells
(Figure 4a,b).
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Figure 4. SHSY-5Y cells were challenged with free DA, free CIT, DA-SLNs, CIT-SLNs, DA-CIT-SLNs-
60, and plain SLNs for 24 h, considering (a) 50 uM DA and 11.5 uM CIT and (b) 100 pM DA and
23 uM CIT. Cells were then assayed for vitality using the resazurin assay. Control (CTRL) cells are
untreated cells (100% of vitality), whereas TX-100 (0.1% Triton X-100) denotes positive controls. Data
are expressed as average + SD of two experiments carried out each in six wells. * p < 0.05, ** p < 0.01,
*** p < 0.001 for all conditions vs. untreated cells.

Interestingly, when RPMI 2650 cells were challenged under the same conditions, no
significant reduction in viability was observed at both DA doses adopted (Figure 5a,b).
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Figure 5. RPMI 2650 cells were challenged with free DA, free CIT, DA-SLNs, CIT-SLNs, DA-CIT-
SLNs-60, and plain SLNs for 24 h, considering (a) 50 uM DA and 11.5 uM CIT and (b) 100 uM DA
and 23 uM CIT. Cells were then assayed for vitality using the resazurin assay. Control (CTRL) cells
are untreated cells (100% of vitality), whereas TX-100 (0.1% Triton X-100) denotes positive controls.
Data are expressed as the average & SD of two experiments carried out each in six wells. *** p < 0.001
for the different treatments vs. untreated cells.
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3.6. Permeation Studies across RPMI-2650 Cell Monolayer

For the transcellular permeation study, we seeded and cultured RPMI 2650 cells on
Transwell plates. Once the cells completely covered the culture insert, we then added
the samples (i.e., free DA, free CIT, DA-SLNs, CIT-SLNs, and DA-CIT-SLNs-60) in the
apical side. After 3, 6, and 24 h of incubation, we analyzed the concentrations of the active
principles DA and CIT in the basolateral sides. The results in Table 2 demonstrate that,
as expected, free DA was not able to cross the cell monolayer, whereas the DA appar-
ent permeability coefficient (Papp) significantly increased from DA-SLNs (Papp = 0.0109
(£0.040 x 10~%) cm/s) to DA-CIT-SLNs-60 (Papp = 0.0369 (+0.041 x 10~%) cm/s). In the
case of the antioxidant CIT, a slight increase in permeability was revealed from the unencap-
sulated (Papp = 0.0413 (6 x 10~8) cm/s) to the entrapment in the CIT-SLNs (Papp = 0.0577
(£6 x 1078) cm/s). On the other hand, from DA-CIT-SLNs-60, CIT permeation took
place under the HPLC limit of quantification, maybe because CIT was mainly consumed
according to a redox reaction with DA, whose chemical structure was let unmodified.

Table 2. Apparent permeability coefficient (Papp) of DA and CIT, each one unencapsulated and from
SLNs, across RPMI 2650 cells.

Formulation Papp DA Papp CIT
(cm/s) (cm/s)
DA-CIT-SLNs-60 0.0369 (0.041 x 10~%) <LOQ
DA-SLNs 0.0109 (£0.040 x 10~%) -
CIT-SLNs - 0.0577 (£6 x 1078)
Free-DA NP2
Free CIT 0.0413 (£6 x 1078)

2 NP: No permeation. Data are mean =+ standard deviation of six replicates (n = 6).

3.7. DPPH Test and Antioxidant Activity

The prepared SLNs were evaluated for their antioxidant activity by using a slightly
modified spectrophotometric method based on the use of 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical enabling to assess the ability of chemical substances to act as free radical
scavengers or hydrogen donors (Table 3). As shown, a synergic effect could be deduced
between pure CIT and plain SLNs because, once DA-CIT-SLNs-60 are formulated, then
they result in 93.2 £ 5.0% of antioxidant activity, namely, significantly more than the control
Gelucire® 50/13 (** p < 0.001). Interestingly, when the antioxidant activity of CIT alone
was compared with that from CIT-SLNs and DA-CIT-SLNs-60, no statistical difference
was noticed in terms of protection from oxidative stress (p > 0.001), meaning that the
nanoencapsulation process did not alter the antioxidant role exerted by CIT. Furthermore,
the in vitro antioxidant activity of CIT-SLNs and DA-CIT-SLNs-60 was almost comparable
from the presence of DA (93.2 & 5.0 and 91.3 £ 1.3, for CIT-SLNs and DA-CIT-SLNs-60,
respectively). However, it should be pointed out that the antioxidant activity of DA-CIT-
SLNs-60 resulted in a higher statistically significant manner than CIT alone.

Table 3. In vitro antioxidant activity evaluated according to DPPH test.

. Antioxidant Activity
Formulation (%)
CIT 88.6 - 0.6
Gelucire®50/13 2 55.0 + 0.2
Plain SLNs 2 728 +53
CIT-SLNs 932 £5.0
DA-SLN 2 54.7 £ 2.5
DA-CIT-SLNs-60 913+1.3

2 From Ref. [30]. Data are mean = standard deviation of six replicates.
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3.8. OxyBlot Assay in SHSY-5Y Cell Line

It is known that oxidative stress can damage biological macromolecules, since pro-
teins are among the principal targets, and the quantification of protein carbonylation
levels represents a key biomarker of oxidative damage. Protein carbonylation introduces
carbonyl groups (aldehydes and ketones) specifically in proline, arginine, threonine, or
lysine residues [46]. We determined the post-translational modification of cellular proteins
through OxyBlot analysis to investigate the effect of DA (free or encapsulated, at the concen-
tration of 11.50 ng/mL) and CIT (free or encapsulated, at the concentration of 7.65 ug/mL)
on protein oxidation after 24 h of treatment. Figure 6a,b illustrate the results obtained.
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Figure 6. (a) Representative OxyBlot analysis of cell lysates obtained from untreated SHSY-5Y cells
(Ctrl), and cells treated with free DA (11.50 pg/mL), CIT (7.65 pg/mL), DA-SLNs, CIT-SLNs, and
DA-CIT-SLNs-60. For each lysate, the first and second lanes represent nonderivatized control and
derivatized sample, respectively. Equal loading of cell lysate samples was confirmed using anti-
AGC antibody. (b) Densitometric analysis was performed to quantify the bands, and the data were
normalized to the loading control AGC. Results are expressed as mean & SD from at least three
independent experiments. * p < 0.05, *** p < 0.01, ***p < 0.001 vs. Ctrl.

In SHSY-5Y neuroblastoma cells, treatment with free DA or DA-SLNs led to high levels
of carbonylated proteins, indicating the evident pro-oxidant activity of DA. Conversely,
cells treated with free CIT, CIT-SLNs, and DA-CIT-SLNs-60 exhibited fewer carbonylated
proteins. Furthermore, it was consistently observed that if the concentrations of DA and
CIT were increased while maintaining the same concentration ratio, a protective effect of
CIT was consistently observed.

4. Discussion

Nowadays, the development of novel multifunctional nanomedicines, which combine
multiple biological roles into a single nanocarrier, has attracted the most attention for the
management of neurological disorders [15]. The present work was aimed at the technologi-
cal and biological evaluation of the DA-CIT-SLNs nanosystems for intranasal administra-
tion as a potential innovative treatment of PD. In these multifunctional nanomedicines, the
DA should replace the loss of the neurotransmitter occurring in Parkinsonian patients, CIT
should combat the oxidative stress and mitochondrial dysfunction that play a key role in
PD pathogenesis, and the nasal administration should offer a noninvasive bypass of the
BBB [10,11,20].

To achieve SLNs co-administering DA and CIT, we used the preparative method of
SLNs developed by us, enabling the encapsulation of both lipophilic and hydrophilic active
principles employing the Gelucire® 50/13 as lipid matrix. With pleasure, we observed that,
overall, the method also worked well in the challenging case herein examined, because both
the hydrophilic actives were encapsulated each, with satisfactory encapsulation efficiency.
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We started varying the initial lipid amount in order to check whether it could exert some
effects in terms of particle size and encapsulation efficiency. Since bigger SLNs with lower
contents in DA and CIT were prepared at higher Gelucire® 50/13 amounts (Table 1), we
chose to perform our investigation employing Gelucire® 50/13 at lower amounts (i.e., DA-
CIT-SLNs-60). By comparing the results herein obtained with those previously reported in
the nanoencapsulation of DA and GSE in Gelucire® 50/13-based SLNs [21], we noted a
marked increase in E.E.% of neurotransmitter and antioxidant in the combination of the
present study (77 £ 7% and 75 £ 2%, respectively, for DA and CIT vs. 62 &+ 4% and 10 £ 0%,
respectively, for DA and GSE combination). Another crucial ratio that needs to be optimized
for appropriate treatment of PD is the DA /CIT encapsulation molar ratio, which, in this
study, was selected by us at 3/1 (mol/mol), as a starting point. It is clear that, in this regard,
an appropriate experimental design should be adopted to know how easily this ratio can be
tuned. However, this investigation should be the topic of future studies. A further issue that
should be addressed concerns the possible location of the two hydrophilic active principles
inside the SLNs. Taking into account the mentioned composition of Gelucire® 50/13 (i.e., a
lipid mixture able to self-emulsify in contact with aqueous media) as well as some hints from
the literature [47-49], we proposed a model for such PEGylated SLNs [25] which we can
employ to gain insights into the possible location of the two hydrophilic active principles
within such PEGylated SLNs. In particular, these nanocarriers should be constituted by
a hydrophilic shell comprising the polyoxyethylene chains and cosurfactant (Tween 85),
together with an internal lipid layer formed by the stearoyl moieties (Figure 7). In such an
SLN model, hydrophilic substances such as DA and CIT could be adsorbed on the particle
surface or entrapped according to the so-called drug-enriched shell model. However, a
hydrophilic substance such as DA (calculated log Po/w = —1) could be also entrapped in
the aqueous phase of the W/O nanoemulsion present in the lipid core due to the ability
of Gelucire® 50/13 to self-emulsify in contact with aqueous media, and this corresponds
to the drug-enriched core model. On the other hand, for a strongly hydrophilic substance
such as CIT (calculated log Po/w = —4) and characterized by a higher number of hydrogen
bonding acceptor (HA)/donor (HB) groups than DA (11 HA + 4 HB vs. 3 HA + 3 HB for
DA and CIT, respectively, as computed by Cactvs 3.4.8.18 (PubChem release 2021.10.14)),
an almost complete location in the hydrophilic shell should occur only because, in this
layer, efficient hydrogen bonding and polar interactions could be established between the
polyoxyethylene chains of Gelucire® 50/13 and CIT.
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Figure 7. Schematic representation of the Gelucire® 50/13-based DA-CIT-SLNSs.

Such substance localization could also explain the finding of size increase and het-
erogeneously distributed SLNs at higher Gelucire concentrations, as occurs for DA-CIT-
SLNs-120. Indeed, at higher Gelucire concentrations, it is possible that the stability of the
nanoemulsion decreased due to destabilization phenomena like creaming, sedimentation,
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and coalescence, leading to bigger droplet size. In support of the proposed locations, we
invoke also the outcomes of the in vitro release studies on DA-CIT-SLNSs (Figure 3). Indeed,
the observed burst effect in the release kinetic of CIT from such nanocarriers is consistent
with a location of this antioxidant agent in the hydrophilic shell of the nanoparticles. The
observed decrease in CIT release after 5 h may be due to the CIT degradation products
ascribable to hydrolytic and/or oxidative processes [50]. Similarly, the almost linear sus-
tained release of DA found for DA-CIT-SLNs is also consistent with a neurotransmitter
location as nanoemulsion within the lipid core of the examined PEGylated SLNs. On the
other hand, this different release behavior suggests that the co-encapsulation is not always
more advantageous than the formulation of two different SLNs. Indeed, at longer times,
when more neurotransmitter is released, the amount of the antioxidant agent is lower,
with the risk of toxicity issues that may arise. This is a possible drawback of using such
multifunctional nanoformulations. Overall, such findings corroborate the assessment that
the preparative method of SLNs based on the self-emulsifying lipid Gelucire® 50/13 consti-
tutes a satisfactory procedure for entrapping not only one, but also two hydrophilic active
principles, such as DA and CIT. Moreover, such a preparative method is essentially organic
solvent free, in addition to the negligible amount of AcOH solution (0.01%, w/v) added to
avoid pH values of the medium higher than 6, where the spontaneous DA autoxidation is
markedly favored [51]. Lastly, this method of producing SLNs also appears suitable for
obtaining a satisfactory development towards industrial scale-up employing microfluidic
tools [52]. A DA controlled release system should meet three main conditions to maintain
this option viable: (1) allow stabilization in its basal state; (2) facilitate its release under
physiological conditions; (3) this release should take place in the necessary regions, particu-
larly in the substantia nigra pars compacta [53]. Since DA is a highly reactive molecule, a
novel concept regarding its administration exploits the use of co-administration of antioxi-
dants, such as in is our case of CIT. In general, increased stability of ingredients has been
observed when co-encapsulated with antioxidant reagents, reaching higher functionality
and bioactivity compared to a single bioactive by inducing synergistic effects between
ingredients [54]. The release kinetics and permeation studies presented herein may suggest
that upon in vivo administration, a more prolonged release of CIT would be necessary to
avoid DA autoxidation, which is well known to be responsible for neurotoxicity. Thus,
novel formulations should be exploited to increase CIT content. CIT was not toxic at the
doses used in our experimental model in vitro, but it would be possible to increase the
doses in in vivo experiments without observing any toxic effects, since it has been docu-
mented that, when administered orally or by injection, CIT is nontoxic and is very well
tolerated [55]. Furthermore, different studies were performed in vivo in order to assess the
acute, subacute, and chronic toxicity of citicoline [56]. On the other hand, DA’s controlled
release would allow its use according to the needs of the dopaminergic neurons without
causing an overdose that could lead to dysregulation of motor performance [53].

As for the physical stability of DA-CIT-SLNSs, based on their zeta potential values,
such nanocarriers were expected to be of moderate stability. Indeed, when monitoring the
particle size at 4 °C for a week and at 37 °C for 24 h, moderate stability was practically
observed for the studied nanosystems (Figure 2). However, an intriguing behavior noted
was that, when comparing the outcomes at 4 °C for one day with those at 37 °C for 24 h, it
resulted that, in the latter conditions, the particle size increase was lower than that observed
in the former ones, leading to the conclusion that the studied nanosystems should be more
physically stable at higher temperatures. To account for this unusual behavior, our opinion
is that, in both conditions examined, the nanocarriers tend to aggregate in agreement with
the low negative surface charge measured. However, such an aggregation process is slower
at 37 °C compared to 4 °C, due to the increased thermal movements, which hinder this
nanoparticle accumulation phenomenon.

Concerning the solid-state studies on DA-CIT-SLNS, the relative results, taken together,
indicate that a reduction in the crystalline solid state of CIT and DA occurs when they are
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co-encapsulated in DA-CIT-SLNs-60 (Figure S2). This outcome parallels with the DA-SLNs
solid state (Figure 52b) and with the CIT-SLNs solid state [22].

From a biological viewpoint, cytocompatibility was observed for DA-CIT-SLNs-60,
according to the resazurin assay when both RPMI 2650 and SH-SY5Y cells were incubated
with SLN formulations, which did not cause any cell toxicity (Figures 4a,b and 5a,b). In the
presence of both cell lines, we worked with 50 and 100 uM at most of free or encapsulated
DA, following the suggestion from the literature indicating that DA concentrations higher
than 100 uM for SH-SY5Y were found to be toxic enough within 24 h [57]. However, the
resazurin-based colorimetric assay could be biased by the color change accompanying neu-
rotransmitter decomposition. A more accurate evaluation of nanoparticle cytotoxicity can
be achieved using real-time cell analysis (RTCA), which is an impedance-based assay that
minimizes the interference issue with optically active nanoparticles, enables the evaluation
of higher concentrations, and manifests the real-time capability of screening nanoparticle
cytotoxicity [58-60]. On the other hand, focusing on Papp values and permeation studies
from DA-CIT SLNs-60, within 24 h, DA, unlike free form, was found intact in the basolateral
compartment at each time point. It may be interpreted that the CIT present in DA-CIT
SLNs-60 was also capable to protect DA from early degradation during permeation across
the RMPI 2650 cell monolayer (Table 2), while this did not occur for the permeation of
the free form. Moreover, an enhancement of DA Papp resulted from DA-CIT SLNs-60 in
comparison to DA-SLNs (0.0369 (£0.041 x 10~%) em/s vs. 0.0109 (£0.040 x 10~%) cm/s),
respectively, Table 2). Such a Papp increase can be explained by taking into account that
the role of SLNs as a penetration enhancer of nasal mucosa has been already shown in the
literature [61]. In addition to this, we hypothesized that the DA-CIT-SLNs-60 permeation
across cell membranes of the human nasal epithelium of RPMI 2650 cells is enhanced also
because they possess a smaller particle size than DA-SLNs (Table 1). Furthermore, gaining
insight into the permeation across the RPMI 2650 barrier, from Table 2, it is apparent that
free CIT and CIT from CIT-SLNs were seen to permeate across the human nasal barrier of
the RMPI 2650 cell monolayer in both cases. Interestingly, however, from DA-CIT SLNs-60,
the antioxidant compound in the basolateral compartment was below the limit of quan-
tification (LOQ) of the HPLC analytical method employed (see Section 2.3.). This very
low amount of CIT permeated, in our opinion, may be mostly a consequence of the redox
reaction that takes place between CIT and DA, leading to consumption of the antioxidant
agent. In addition to this, it should be also considered that, to some extent, further CIT loss
may also occur during sample manipulations because of an almost complete location of
the antioxidant in the hydrophilic shell during sample manipulations. Lastly, the observed
significantly higher antioxidant activity of DA-CIT-SLNs-60 than CIT alone (Table 3), can be
also related to the abovementioned role of SLNs as a penetration enhancer of nasal mucosa.

To better quantify the oxidative cellular damage level in the SHSY-5Y neuronal cells
of free and nanoencapsulated substances herein studied, the OxyBlot test was performed
(Figure 6). The imbalance between pro-oxidant and antioxidant systems is a condition
observed in neurodegenerative diseases. Several studies have pointed out that this state of
oxidative stress significantly contributes to the progression of the mentioned diseases [62].
One particular aspect is the oxidative modification of proteins, which has been found to
play a pivotal role in several pathological processes. Oxidation mainly alters the chemical
properties of amino acid side chains, leading to structural and folding changes in proteins.
In many instances, these modifications result in protein impairment, although some mod-
ifications may instead activate the proteins [63]. A previous work revealed that in the
neurodegeneration of PD, reactive oxygen species (ROS) induced carbonyl modification
of a molecular chaperone, heat shock 70-kDa protein 1 (Hsp70.1), especially in its key site,
Arg469 [64]. Finally, in our recent study, we demonstrated that in human neuroblastoma
SH-SY5Y cells, a high accumulation of carbonylated proteins is observed in the presence of
free DA [65].

The OxyBlot assay (Figure 6) shows a significant increase in cellular oxidative damage
(expressed in terms of protein carbonylation) in SHSY-5Y neuroblastoma cells when treated



Pharmaceutics 2024, 16, 1048

17 of 20

with DA-SLNs compared to the same cells treated with free CIT or DA-CIT-SLNs-60, which
demonstrates a significant protective effect due to the antioxidant CIT.

To perform a more in-depth analysis of such results, by comparing the data from the DPPH
test, aimed at evaluating the in vitro antioxidant effect (Table 3), with OxyBlot output, assessing
the protective effect from oxidative damage, the following rank orders were obtained. From
DPPH test: CIT-SLNs = DA-CIT-SLNs-60 > free CIT, whereas from OxyBlot assay (Figure 6b), the
rank order for the protective effect was free CIT > CIT-SLNs = DA-CIT-SLNs-60. The observed
discrepancy between antioxidant alone and its formulations could be ascribable to the
fact that OxyBlot measurements, unlike DPPH ones, are performed in the presence of a
delicate cell model line, namely, the neuronal SHSY-5Y cells. However, the DA-CIT-SLN-
60 formulation only possesses the advantage of a multifunctional nanomedicine, i.e., to
combat the oxidative stress and mitochondrial dysfunction providing neurotransmitter to
replace its loss in Parkinsonian patients.

5. Conclusions

From a technological point of view, an important conclusion of the present study is
that the preparative method of SLNs based on the self-emulsifying lipid Gelucire® 50/13 as
lipid matrix works well in terms of encapsulation efficiencies even when two hydrophilic
substances such as DA and CIT are to be encapsulated. Such a preparative method is
essentially organic solvent free and may constitute a valid alternative to the usual double
emulsification (W1/0/W2) strategy employed in such circumstances. As for biological
aspects, in view of an intranasal administration of DA-CIT-SLNs-60, the co-administration
of DA and CIT could be beneficial under different points of view. Firstly, the release of CIT
from the studied SLNs can be addressed to restore neuron functionality into the brain of
PD patients. Secondly, another benefit relies on the fact that, thanks to the presence of CIT,
the oxidative stress and mitochondrial dysfunction are lowered, and this contributes to
limiting the progression of PD. In this regard, it is important to underline the considerable
potential of the OxyBlot assay to gain insights on the protective effect of antioxidant agents
towards oxidative stress and mitochondrial dysfunction. Notably, the platform herein
evaluated, i.e., DA-CIT-SLNSs-60, can be appropriately adapted for application to other
neurological diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 / pharmaceutics16081048/s1, Figure S1: Particle size distribution
of DA-CIT-SLNs-60 (a) and DA-CIT-SLNs-120 (b); Figure S2: Panel (a): FT-IR spectra of pure DA (a),
pure CIT (b), DA-SLNs (c), and DA-CIT-SLNs-60 (d). Panel (b): DSC profiles of pure DA (a), pure CIT
(b), DA-SLNSs (c), CIT-SLNs (d), and DA-CIT-SLNs-60 (e). Panel (c): X-ray diffraction patterns of free
DA (left), DA-SLNs (middle), and DA-CIT-SLNs-60 (right). For the FT-IR spectra of CIT-SLNs and
the X-ray diffraction patterns of free CIT and CIT-SLN, the reader is referred to Ref. [22].
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