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Abstract: A widely investigated approach to bypass the blood brain barrier is represented by the
intranasal delivery of therapeutic agents exploiting the olfactory or trigeminal connections nose-
brain. As for Parkinson’s disease (PD), characterized by dopaminergic midbrain neurons degener-
ation, currently there is no disease modifying therapy. Although several bio-nanomaterials have
been evaluated for encapsulation of neurotransmitter dopamine (DA) or dopaminergic drugs in
order to restore the DA content in parkinsonian patients, the premature leakage of the therapeutic
agent limits this approach. To tackle this drawback, we undertook a study where the active was
linked to the polymeric backbone by a covalent bond. Thus, novel nanoparticles (NPs) based on
N,O-Carboxymethylchitosan-DA amide conjugate (N,O-CMCS-DA) were prepared by the nanopre-
cipitation method and characterized from a technological view point, cytotoxicity and uptake by
Olfactory Ensheating Cells (OECs). Thermogravimetric analysis showed high chemical stability of
N,O-CMCS-DA NPs and X-ray photoelectron spectroscopy evidenced the presence of amide linkages
on the NPs surface. MTT test indicated their cytocompatibility with OECs, while cytofluorimetry
and fluorescent microscopy revealed the internalization of labelled N,O-CMCS-DA NPs by OECs,
that was increased by the presence of mucin. Altogether, these findings seem promising for further
development of N,O-CMCS-DA NPs for nose-to-brain delivery application in PD.

Keywords: dopamine; intranasal administration; polymeric conjugates; polymeric nanoparticles;
fluorescent microscopy

1. Introduction

Nowadays, notable challenges are emerging in the development of useful therapeutic
approaches for the treatment of neurodegenerative diseases (NDs) [1]. Thus, it is commonly
accepted that the main obstacle for drug delivery in therapeutic concentrations to the brain
is constituted by the blood brain barrier (BBB), which maintains the brain homeostasis and
prevents the entry of substances that can cause neuronal damage [2]. This obstructing effect
of the BBB is due to brain capillary endothelial cells, which limit the transcellular transport,
as well as to the tight junctions between cells, that restrict the paracellular transport [3]. In
general, in the case of NDs the BBB, even though compromised and more permeable, is still
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capable to protect the brain from the entry into it of dangerous molecules [2]. Hence, to treat
NDs with the available drug delivery systems (DDS) and to slow down their progression,
it is necessary to use high doses of therapeutic agents to gain appropriate BBB crossing [4].
In addition, the delivery of the therapeutic agent is often made by prolonged infusion or
highly invasive procedures. Due to all these unfavourable factors, poor results have been
observed in clinical trial studies employing current DDS for the treatment of neurological
diseases [1].

A widely investigated approach to bypass the BBB is represented by the intranasal
delivery of therapeutic agents allowing the direct access via nose-to-brain of the active
using mainly the olfactory and trigeminal nerve transport pathways [5–8]. Moreover,
intranasal delivery may also allow the indirect drug absorption by the lymphatic system
and its successive transport into the systemic circulation [6]. In some circumstances, the
nasal drug administration route may be even an effective alternative to the oral one [9]. This
last, although characterized by patient compliance and the endorsement of pharmaceutical
industry [10,11], may have some disadvantages for poorly soluble and/or unstable drug
molecules in the gastrointestinal fluids [11]. However, it has been also demonstrated
that nose-to-brain delivery with several molecules is unfeasible since they do not possess
suitable properties, as high molecular weight, limited diffusion through mucus barrier,
binding to mucin and mucociliary clearance (which reduce the residence time in the nose)
to reach the brain in therapeutic amount. Other factors accounting for reduced brain
bioavailability are related to the limited volumes that can be intranasally administered,
and/or to enzymatic degradation in the olfactory mucosa. Hence, it is recognized that
nose-to-brain delivery is practically limited only to potent drug molecules, typically those
with effective plasma concentrations in the ng/mL (or lower) range [6].

In addition, nowadays most promising strategies for the treatment of NDs are also
those based on drug encapsulation in nanocarriers which, appropriately designed, are
able to improve the BBB crossing, overcoming so the problems showed by the current
DDS employed for neurological diseases treatment [12–14]. This favourable effect of using
nanocarriers is partially explained by the protection of the drug from degradation and/or
efflux back into the nasal cavity [12] or because these nanoformulations can efficiently
overcome the BBB, exploiting the normal physiological mechanisms of transport [13]
including those involved in the intranasal route [15].

In the developed Countries, Parkinson’s disease (PD) is the second most common neu-
rodegenerative diseases after Alzheimer’s disease [16] and it is characterized by dopamin-
ergic midbrain neurons degeneration. Consequently, the patient presents the classical
motor impairments symptoms of PD including tremor, rigidity, bradykinesia and postural
instability. As the disease progresses, many PD patients show not only motor symptoms
but also non-motor ones such as sleep disorders or depression, with a great impact on their
quality of life. At present, there is no disease modifying therapy for PD, similarly for other
NDs [17]. Current treatments of PD are based on the so-called “Dopamine replacement
strategies (DRS)” aimed at modulating the dopamine (DA) levels administering DA ago-
nists and this is known as “DRS by pharmacological approaches” [18]. On the other side,
the DRS concept to restore neuron functionality into the brain has been demonstrated in
preclinical studies harnessing exogenous/endogenous neural stems or neurotrophic factors
and it is known as “cell-based (or -replacement) therapy” [18,19].

In the last decade several natural and synthetic polymers have been evaluated for
nanoencapsulation of free DA or dopaminergic drugs in the context of “DRS by phar-
macological approaches” [20–26]. However, a possible drawback of this strategy may be
the premature leakage of the encapsulated therapeutic agent which could further reduce
the low brain bioavailability above mentioned consequent to the BBB occurrence. In or-
der to limit this problem, we decided to evaluate the nanoencapsulation of therapeutic
agent-polymer conjugates where the leakage of the active should be limited or missing at
all being linked to the polymeric backbone by a covalent bond. In order to offer several
advantages including enhanced drug solubilisation, prolonged circulation and improved
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mucoadhesive properties, polymer-drug conjugates can be nanostructured leading to
polymeric nanoparticles which may be able to cross the BBB by endocytosis [27,28]. Our
interest in using chitosan and its derivatives as biopolymers for DRS by pharmacological
approaches [21,22] led us to evaluate N,O-Carboxymethyl chitosan-DA conjugates where
the polymeric chain is linked to the neurotransmitter moiety by a cleavable ester or amide
bond [29,30].

The aim of the present work was to prepare novel nanoparticles (NPs) based on
N,O-Carboxymethyl chitosan-DA amide conjugate (N,O-CMCS-DA) [30] and to evaluate
their potential for nose-to-brain delivery of DA to be administered as such or formulated
by using an appropriate biomaterial [1,18]. It is now recognized, indeed, that the use
of biomaterials to deliver drugs for the treatment of neurological disorders, as PD, is
favourable because they can allow appropriate release kinetics or prevents degradation
of the therapeutic agent [1,18]. On the other hand, they may constitute a physical scaffold
supporting cellular survival, integration and differentiation in cell-based therapies [18].
Possible biomaterials for neurological disorders could be mucoadhesive chitosan-based
hydrogels which could constitute a favourable matrix in contact with olfactory epithelium
and they have been extensively used in biomedical applications [31–33]. Indeed, the use of
appropriate mucoadhesive systems, as such hydrogels, reduces the mucociliary clearance
and increases the retention time in the nasal mucosa [15].

This work is in the context of our ongoing research project on carbohydrate based
nanocarriers for smart therapeutic applications, such as overcoming of the BBB and treat-
ment of neurological disorders. Carbohydrates, as chitosan and its derivatives, indeed,
have received considerable attention for brain delivery due to their natural origin, inherent
biodegradability and biocompatibility. The feasibility of using carbohydrate-based DDS in
brain delivery has been demonstrated both with oligomeric as well as polymeric carbohy-
drates [30,34]. For the purpose mentioned, N,O-CMCS-DA NPs were successfully prepared
by nanoprecipitation method starting from the N,O-CMCS-DA amide conjugate [30]. These
nanocarriers were characterized from a technological viewpoint including their internal
structure, thermal stability, surface features, release profile and physical stability. Cyto-
toxicity evaluation of N,O-CMCS-DA NPs were carried out by MTT assays on Olfactory
Ensheathing Cells (OECs). Flow cytometry and epifluorescence microscopy were used to
evaluate internalization of labelled N,O-CMCS-DA NPs by OECs.

2. Materials and Methods
2.1. Materials

N,O-Carboxymethyl Chitosan (N,O-CMCS, Molecular weight in the range of 30–500 kDa
as stated by the supplier, deacetylation degree, 94.2%; viscosity 22 mPa•sec) was pur-
chased from Heppe Medical Chitosan GmbH (Halle, Germany). Dopamine hydrochloride
(DA•HCl), porcine stomach mucin (type II, bound sialic acid ~1%) Polyvinylalcohol (PVA,
polymerization degree 500), Fluorescein 5(6)-isothiocyanate (FITC) and PBS were supplied
by Sigma-Aldrich (Milan, Italy). Dialysis tubes with a MWCO-3500 kDa were purchased
from Spectra Labs (Rome, Italy). Throughout this work, double distilled water was used.
All other chemicals used were of reagent grade. Dopamine-fluorescein isothiocyanate
(FITC-DA) was synthesized starting from DA and FITC as described by Carta et al. [35].

2.2. Quantitative Determination of Dopamine and N,O-Carboxymethylchitosan-DA Amide
Conjugate (N,O-CMCS-DA)

The quantitative determination of DA was carried out by HPLC as previously re-
ported [30] using 0.02 M potassium phosphate buffer, pH 2.8: CH3OH 70:30 (v:v) as
mobile phase and the elution of the column in isocratic mode took place at the flow rate
of 0.7 mL/min. Under such chromatographic conditions, the retention times of DA and
N,O-CMCS-DA were 5.5 min and 4.9 min, respectively [30].
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2.3. Preparation of N,O-CMCS- or N,O-CMCS-DA-Loaded NPs (N,O-CMCS- or
N,O-CMCS-DA-NPs) and Corresponding FITC Labelled NPs (FITC-N,O-CMCS or
FITC-N,O-CMCS-DA NPs)

N,O-CMCS or N,O-CMCS-DA NPs were prepared starting from the commercially
available N,O-CMCS or from N,O-CMCS-DA prepared as previously reported [30], respec-
tively, according to nanoprecipitation method previously reported by Musumeci et al. with
some modifications [36]. A dispersion of N,O-CMCS or N,O-CMCS-DA at the concentration
of 10 mg/mL in acetone was sonicated in a sonicator water bath (Branson Sonifiers, Rungis,
France) for 40 min at room temperature (r.t.). Afterwards, 50 µL of the resulting dispersion
were poured at r.t. into 0.5 mL of an aqueous PVA solution (1 mg/mL) and the resulting
mixture was quickly sonicated by probe sonication with a Vibra-cell sonicator (Sonics and
Materials, Market Harborough, UK) for 8 min in an ice water bath. Then, the mixture
was centrifuged (Eppendorf 5415D, Hamburg, Germany) at 13,200 rpm for 45 min. The
resulting pellet was employed for following studies and the consequent supernatant was
discarded. Lyophilized samples of N,O-CMCS-DA NPs were obtained using a Lio Pascal
5P (Milan, Italy) apparatus.

To achieve the corresponding FITC fluorescently labelled NPs, i.e., FITC-N,O-CMCS
or FTIC-N,O-CMCS-DA NPs, the same procedure was adopted starting from FITC-N,O-
CMCS [29] or FITC-N,O-CMCS-DA [30], respectively. The labelling efficiency of the result-
ing fluorescent NPs was determined as previously reported [37].

2.4. Physicochemical Characterization of Nanoparticles Prepared

Particle size and polydispersity index (PDI) of NPs were measured at 25 ◦C after dilu-
tion in double distilled water (1:1, v:v) by using a Zetasizer NanZS (ZEN 3600, Malvern, UK)
apparatus according to photon correlation spectroscopy (PCS) mode. The determination of
the zeta-potential was also performed at 25 ◦C using laser Doppler anemometry (Zetasizer
NanoZS, ZEN 3600, Malvern, UK) after dilution 1:20 (v:v) in the presence of KCl (1 mM,
pH 7). The particle size, PDI and zeta potential values were each measured in triplicate and
the results are shown as the mean ± SD.

The morphology of NPs was acquired by cryogenic transmission electron microscopy
(Cryo-TEM) using a Hitachi 7700 electron microscope operating at a temperature of 105 K
and an acceleration voltage of 100 KV. The procedure for deposition of the samples has
been previously described [38] and it involved the deposition of a drop of NP suspension
on copper grids covered with an amorphous carbon film. After removing the excess
solution, the sample was vitrified by immersion in liquid ethane maintained just above its
freezing point. Then, the sample was transferred to the Gatan 626 cryo holder. The sample
was protected against atmospheric conditions during the entire procedure to prevent the
formation of ice crystals. The digital images were acquired with an AMT-XR-81 camera
and processed with the EMIP software, version 3DFSC.

To determine the Encapsulation Efficiency of neurotransmitter (i.e., E.E. DA%) or FITC
(i.e., E.E. FITC%) in the NPs, after separation from the resulting pellet (Section 2.3), the
supernatant was analyzed by HPLC for DA or N,O-CMCS-DA content, according to the
quantitative determination above described, whereas the FITC content was determined by
a fluorimetric method as previously reported [30].

The encapsulation efficiency (E.E.%) was calculated as follows:

E.E.% = wi − ws/wi ∗ 100

where wi is total initial weight of DA or N,O-CMCS-DA or FITC and ws is the weight of DA
or N,O-CMCS-DA or FITC determined in the supernatant.

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

FT-IR spectra were obtained in KBr discs using 2–5 mg of pure DA•HCl, N,O-CMCS,
N,O-CMCS-DA, and lyophilized N,O-CMCS-DA NPs using a Perkin Elmer 1600 FT-IR
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spectrometer (Perkin Elmer, Milan, Italy). The analysis was carried out at r.t. in the range
of 4000–400 cm−1 at a resolution of 1 cm−1 [33].

2.5.2. Differential Scanning Calorimetry (DSC)

DSC analyses on pure DA•HCl, N,O-CMCS, N,O-CMCS-DA and lyophilized) N,O-
CMCS-DA NPs were carried out using a Mettler Toledo DSC 822e instrument. The appara-
tus was calibrated with indium and in each run the heating rate of 5 ◦C/min was used in
the range of 25–275 ◦C. About 5 mg of each sample filled the standard aluminum sample
pans for analysis and an empty pan was used as reference. Analyses were performed under
nitrogen flow of 20 cm3/min. Each experiment was carried out in triplicate [39].

2.5.3. Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) has been performed on a PerkinElmer TGA-
400 instrument (PerkinElmer Inc., Waltham, MA, USA), heating samples (5–10 mg) from
30 to 600 ◦C in nitrogen-saturated atmosphere. The flow rate was set to 20 ◦C/min. For
each specimen, thermograms (TG) and derivative (DTG) curves have been acquired and
analyzed with the TGA Pyris software, Version 13.3.1.0014.

2.5.4. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis has been carried out to gain infor-
mation on the surface chemical composition of the N,O-CMCS-DA NPs. The analysis
was performed using a scanning microprobe PHI 5000 VersaProbe II (Physical Electronics,
Chanhassen, MN, USA), equipped with a monochromatized AlKα X-ray radiation source.
The specimens were analyzed in HP mode (scanned size: 1400 × 200 µm, X-ray take-off
angle of 45◦). For each sample, survey scans (pass energy 117.4 eV) and high-resolution
spectra (pass energy 29.35 eV) were acquired in FAT mode. The interpretation of the results
by means of a curve-fitting procedure was carried out using MultiPak software package
(version 9.6.0.8). The peak area were normalized by correction with empirically derived
sensitivity factors, according to MultiPak library, thus enabling comparison of data from
different elements. Charge referencing was performed by setting the lower binding energy
C1s photo-peak at 284.8 eV (i.e., C1s hydrocarbon peak).

2.6. Physical Stability of N,O-CMCS-DA NPs on Storage

The physical stability of N,O-CMCS-DA NPs was evaluated measuring their particle
size after incubation upon storage at 4 ◦C up to 3 months as well as at 25 ◦C over one
week [28] and at 37 ◦C up to 24 h. The particle size was measured at different time intervals
according to the description reported in Section 2.4.

2.7. In Vitro Release in Simulated Nasal Fluid/Mucin

A weighted amount of N,O-CMCS-DA NPs corresponding to 1–1.2 mg of DA was
dispersed in 20 mL of Simulated Nasal Fluid (SNF) [29] mixed with 0.25% (w/v) of mucin
(pH of the mixture = 6). Prior to start release test, the medium was thermostated at
37 ± 0.1 ◦C in an agitated (40 rpm/min) water bath (Julabo, Milan, Italy) and the release
study was conducted for 55 h. At scheduled time points, 0.8 mL of the receiving medium
were withdrawn and replaced with 0.8 mL of fresh medium. Then, each sample withdrawn
was centrifuged at 16,000× g for 45 min, (Eppendorf 5415D, Germany), and the amounts of
the neurotransmitter delivered were determined in the resulting supernatants following
the analytical protocol described in Section 2.2, and plotted against the time. All the release
experiments in SNF containing mucin were performed in triplicate.

2.8. Cytotoxicity Studies with Olfactory Ensheathing Cells (OECs)

OECs were obtained from olfactory bulbs of mouse P2 as previously reported [40,41].
Cells were grown in Dulbecco’s Modified Eagle’s medium (DMEM) supplemented

with 10% FBS and bovine pituitary extract, with regular media changes twice a week.
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Subsequently, cells (3 × 104 cells/well) were seeded in 96-well plates and exposed to
N,O-CMCS-DA NPs corresponding to DA concentrations of 0.3, 1.17, 4.7, 18.75 and 75 µM.
Twenty-four h after treatments, cell viability was evaluated by MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5 diphenyl tetrazolium bromide), as previously described [30]. The cell viability was
calculated as follows:

% viability = [(Optical density {OD} of treated cell − OD of blank)/(OD of vehicle control − OD of blank) × 100],

considering untreated cells as 100%. Cells treated with 1% Triton X-100 were used as
positive control.

2.9. Flow Cytometry

OECs (plated at the number of 50,000 per each well of a 24-well plate) were incubated
with FITC-N,O-CMCS-DA NPs in order to obtain the final concentrations of 18.75 and
75 µM DA in the presence or absence of 2.5% mucin. After 2 h, each well was treated
with 0.04% trypan blue in PBS (in order to quench extracellular fluorescence), trypsinized,
resuspended in 0.5 mL of PBS, and cells were evaluated by the Amnis Flowsight IS100
(Merck). Brightfield scatter plots obtained by plotting Area on x-axis vs Aspect Ratio on
y-axis were generated, then single cells events were gated, and finally 10,000 single-cell
events for sample were acquired. The percentage of green positive cells (channel 2, 488
nm excitation laser) and mean fluorescence were analyzed using Amnis IDEAS software,
Version 6.0 [42].

2.10. Epifluorescence Microscopy

OECs were seeded onto glass coverslips in 24-well plates (5 × 104 cells/well). After
24 h, the medium was removed, cells were washed with PBS and then exposed to two
different FITC-N,O-CMCS-DA NPs concentrations (corresponding to 18.75 and 75 µM
DA), or FITC-DA (18.75 and 75 µM) [35], in the presence or absence of 2.5% mucin for
2 h. After incubation, cells were washed with PBS, then fixed with a solution containing
1% sucrose and 1% paraformaldehyde in PBS, for 5 min. Then, coverslips were mounted
and nuclei were counterstained with Vectashield Antifade Mounting Medium with 40,6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories Inc., Burlingame, CA, USA). The
preparations were viewed under an epifluorescence microscope (Nikon Eclipse Ni) using a
60× magnification. Negative controls for background fluorescence were OECs incubated
with medium only for 2 h.

2.11. Statistics

Statistical analyses were carried out by Prism v. 5, GraphPad Prism 5.0. Data were
expressed as mean ± SD. Multiple comparisons were based on one-way analysis of vari-
ance (ANOVA) with the either Bonferroni’s or Tukey’s post hoc test and differences were
considered significant when p < 0.05.

3. Results
3.1. Formulation and Characterization of DA/CSNPs

The nanoprecipitation method previously reported [36] allowed us to prepare N,O-
CMCS or N,O-CMCS-DA NPs by adding a sonicated dispersion of N,O-CMCS or N,O-
CMCS-DA in acetone to an aqueous PVA solution (1 mg/mL). The resulting mixture was
sonicated and centrifugated providing the desired nanocarriers. Similarly, the correspond-
ing FITC fluorescently labelled NPs, i.e., FITC-N,O-CMCS or FITC-N,O-CMCS-DA NPs
were prepared. Table 1 summarizes the main physicochemical features of the different NPs
prepared. As can be seen, NPs arising from N,O-CMCS conjugated to small molecules
(DA or FITC) were lower in size than the unconjugated ones (i.e., N,O-CMCS NPs) which
resulted the biggest (252 ± 33 nm/289 ± 50 nm and 608 ± 58 nm, respectively). When
both the small molecules were conjugated to the same polymer backbone ((i.e., N,O-CMCS)
an intermediate mean diameter value was observed (425 ± 28 nm). In all cases examined
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a broad size distribution of the particle population was observed as proved by the PDI
values ranging between 0.34 and 0.62. A bimodal size distribution was evidenced by PCS
for N,O-CMCS-DA NPs (Figure 1a).

Table 1. Physicochemical characterization of NPs prepared a.

Formulation Size
(nm) PDI a Zeta Potential

(mV)
E.E. DA

(%)
E.E. FITC

(%)

N,O-CMCS NPs 608 ± 58 0.47–0.62 −9.2 ± 0.7 - -
N,O-CMCS-DA NPs 289 ± 50 0.48–0.54 −32.4 ± 1.6 94 ± 3 -

FITC-N,O-CMCS NPs 252 ± 33 0.50–0.59 −20.3 ± 1.0 - 99.9 ± 0.0
FITC-N,O-CMCS-DA NPs 425 ± 28 0.34–0.36 −14.2 ± 1.6 89 ± 2 97.4 ± 0.7

a PDI: polydispersity index.

Figure 1. (a) Particle size distribution and (b) Cryo-TEM images of N,O-CMCS-DA NPs.

Zeta potential measurements were all negative values due to the corresponding nega-
tive charges on the surface of N,O-CMCS backbone. Interestingly, all NPs obtained from
N,O-CMCS conjugated to DA and/or FITC showed zeta potential values significantly
different from the N,O-CMCS NPs, the most negative being N,O-CMCS-DA NPs (i.e.,
−32.4 ± 1.6 mV). The E.E. DA% for N,O-CMCS-DA NPs was essentially quantitative and
only a slight reduction occurred for DA content referring to FITC-N,O-CMCS-DA NPs.
When fluorescent NPs were achieved by covalent linkage of FITC to the N,O-CMCS poly-
mer, the E.E. FITC% resulted quantitatively bound to the final NPs either in the presence or
in the absence of neurotransmitter conjugated.

As for the particle morphology of N,O-CMCS-DA NPs, cryo-TEM visualizations
showed spherically shaped particles which appear stable under electronic beam used
for TEM visualization, namely no collapsing of the colloids was denoted during beam
irradiation (Figure 1b). Moreover, it was deduced that no aggregated particles there were
as well as a thick layer was observed around the particles of N,O-CMCS-DA NPs resulting
in a core-corona structure. By comparing the particle size results deduced from TEM with
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those measured by PCS, it is clear that using the former approach, a smaller mean diameter
value for N,O-CMCS-DA NPs can be obtained. Such difference should be attributed to
the fact that PCS measurements were carried out in suspension providing hydrodynamic
diameters, while TEM analyses were performed at the dried state [43].

3.2. Solid State Studies

To increase our knowledge on the solid state features of N,O-CMCS-DA NPs herein
prepared, spectrophotometric (FT-IR) and thermal analysis (DSC and TGA) studies were
performed and the corresponding results are shown in Figures 2 and 3. Moreover, details
on the surface composition of the N,O-CMCS-DA NPs were obtained by XPS analysis.
The absorption bands of pure DA•HCl (Figure 2) in the range 1600–1650 cm −1 were not
observed in FT-IR spectrum of N,O-CMCS-DA NPs, similarly to that previously observed
for N,O-CMCS-DA [30]. The broad peak at 1622 cm−1 in the FT-IR spectrum of N,O-CMCS
as well as the missing absorption at 1730 cm−1 suggest that the starting carboxymethyl
chitosan used to prepare N,O-CMCS-DA [30] is in the –COONa form and, hence, the
commercial polymer is a polyanionic macromolecule [44,45]. Such broad absorption is
still present both in the N,O-CMCS-DA and N,O-CMCS-DA NPs, even though less intense
(1640 cm−1 and 1638 cm−1, respectively). However, the latter nanocarriers, besides the
intense peak at 3416 cm−1 due to the –OH absorption band, showed also the occurrence of
a clear absorption peak at 1731 cm−1 which is absent in the starting N,O-CMCS-DA and,
hence, it should be a distinctive feature of these nanocarriers.

Figure 2. FT-IR spectra (left panel) and DSC profiles (right panel) of (a) pure DA•HCl; (b) N,O-CMCS;
(c) N,O-CMCS-DA; (d) lyophilized N,O-CMCS-DA NPs.

Figure 3. TG (on the left) and DTG (on the right) curves of pure DA (red line) N,O-CMCS (green line)
and N,O-CMCS-DA NPs (black line).

The DSC thermogram of pure DA•HCl (Figure 2) showed an intense endothermic
peak at 253 ◦C corresponding to the melting of the drug [46]. In the thermograms of
N,O-CMCS and N,O-CMCS-DA no distinct peaks were present suggesting an amorphous
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internal structure for these macromolecules (Figure 2). As previously reported [47], for
the polysaccharide N,O-CMCS the endothermal broad peak at 142 ◦C should be due to
the water loss. N,O-CMCS-DA alone showed a low shift of the peak corresponding to the
melting point of DA hydrochloride (i.e., 248 ◦C) while N,O-CMCS-DA NPs exhibited a
distinct endothermic peak at high temperature (i.e., 262 ◦C), presumably due to the particle
thermal decomposition.

TGA thermograms of selected analytes were shown in Figure 3. As far as pure DA•HCl
is concerned, the main pyrolytic event occurred at a Tpeak = 327 ◦C, evidencing a high drug
stability under non-oxidative conditions, with a residue at 600 ◦C of 29 %. In the case of
pure N,O-CMCS, a first event was associated to the water/volatile loss (Tpeak = 56.3 ◦C,
∆W = 10.6%); then, two partially overlapped events occurred (295 ◦C and 307.4 ◦C, ∆W = 17.5
and 8.9%, respectively). The second event could be probably associated to the removal of
carboxylate from polysaccharide, with carbon dioxide release from samples; the third degra-
dation was due to the possible NH2 detachment in the form of ammonia (NH3) released.
The residue at 600 ◦C was equal to 51%. Finally, N,O-CMCS-DA NPs showed a low wa-
ter/volatiles loss (Tpeak = 65.8 ◦C, ∆W = 0.2%) and two partially overlapped events in a
large peak. (298.6 and 320.5 ◦C, with ∆W = 28.7 and 44.1%, respectively).

XPS analysis was carried out on N,O-CMCS-DA NPs, as well as on their precursors
(i.e., pure CMCS and pure DA•HCl). In Table 2, the atomic percentages detected on the
analyzed samples are reported.

Table 2. Surface composition of DA, CMCS and N,O-CMCS-DA NPs samples.

Sample
Atomic Percentage %

C1s O1s N1s Cl2p Na1s Si2p

pure DA•HCl 71.7 15.3 6.8 6.1 – –
CMCS 51.5 32.3 8.8 3.8 3.6 –

N,O-CMCS-DA NPs 74.2 22.2 0.6 0.8 0.7 1.5

In particular, the N1s signal was acquired and an accurate curve-fitting was performed
in order to supply evidence of the amide linkage presence on the NPs surface. N1s of pure
DA consisted prevalently of protonated amine moieties, since DA was in the hydrochloride
form, as already reported [48]. As far as the N1s signal of CMCS protection (Figure 4a),
the amine groups of chitosan (falling at 399.4 eV) were partially transformed in amide
groups (falling at 401.3 eV), due to the carboxymethylation process. The percentage of
amide groups was about 22% of the total nitrogen signal.

As far as the N,O-CMCS-DA NPs N1s signal is concerned (Figure 4b), a significantly
higher contribution of the amide groups (falling at 401.0 eV) was detected, with a percentage
of amide groups that increased up to 40%.

3.3. Physical Stability of N,O-CMCS-DA NPs on Storage

N,O-CMCS-DA NPs were exposed at 4 ◦C, 25 ◦C and 37 ◦C, for different time intervals
and their particle size was determined (Figure 5). Overall, NPs increased their mean
diameters in a time dependent manner, and, precisely, particle size was doubled at the
latest time points, both at 37 ◦C and 4 ◦C (Figure 5a–c). However, neither aggregates nor
colour changes were seen under incubation, irrespectively of the tested temperature.
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Figure 4. N1s curve fittings of (a) N,O-CMCS and (b) N,O-CMCS-DA NPs samples. Uncertainty on
BE peak positions was ±0.2 eV.
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Figure 5. Particle size variation of N,O-CMCS-DA NPs after incubation at: (a) 4 ◦C; (b) 25 ◦C; (c) 37 ◦C.
Panel (d): DA (or N,O-CMCS-DA or a mixture of both, see text) released from N,O-CMCS-DA NPs in
Simulated Nasal Fluid (SNF) supplemented with 0.25% (w/v) of mucin.

3.4. In Vitro Release in Simulated Nasal Fluid

Figure 5d shows the release profile obtained after incubation of N,O-CMCS-DA NPs in
the medium SNF/mucin. It should be noted that from the retention times of the chromato-
graphic peaks in the range between 4.9–5.5 min it was not possible to assign each of them
unequivocally to DA containing substances (i.e., pure neurotransmitter or N,O-CMCS-
DA conjugate oligomers) or to a mixture of both. Therefore, the cumulative DA released
shown on y-axis of Figure 5d should be actually referred to DA containing substances or
to their mixture. As shown, a prompt release of DA was observed, reaching 20% of the
total DA delivery after 3 h and this amount resulted constant up to more than two days
of release. During all this release time no change in color was detected, ascribable to DA
degradation [48].

3.5. Cytotoxicity Studies in OECs

OECs are cells ensheating the olfactory nerve in its way to the olfactory bulb, thus
it is worth to understand whether N,O-CMCS-DA NPs were cytotoxic to these cells. Cell
viability was examined by the MTT test and was determined 24 h after incubation of
cells with N,O-CMCS-DA NPs in order to obtain different DA concentrations. As shown
in Figure 6, NPs were slightly toxic to OECs at all DA concentrations, with a maximal
reduction of cell viability of around 10% with 75 µM DA.
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Figure 6. Cytotoxicity of N,O-CMCS-DA NPs. OECs were challenged with N,O-CMCS-DA NPs at
the indicated DA concentrations of 0.3, 1.17, 4.7, 18.75, and 75 µM. Cells were then assayed for vitality
by the MTT assay. Controls (CTRL) are untreated cells (100% of vitality), whereas 1% Triton X-100
(TX) was used as positive control. ** p < 0.01, *** p < 0.001 vs. CTRL; **** p < 0.0001 vs. TX. Data are
the results of two experiments each carried out in six wells.

3.6. Uptake Studies

OECs would transport DA through the olfactory nerve once DA carried by their NP
cargo is taken up by these cells. To ascertain whether OECs are capable to internalise N,O-
CMCS-DA NPs epifluorescence studies were carried out with FITC-NPs carrying DA or
FITC-DA. The DA concentrations of 18.75 and 75 µM were chosen to deliver an appropriate
therapeutic dose [38,49] while causing low-level cytotoxicity for OECs (Figure 7). Cytofluo-
rimetric analysis of the uptake at 2 h showed that the DA concentration did not change
the number of positive cells, which was around 2%, while the presence of 2.5% mucin
increased significantly these percentages with both concentrations (Figure 7a). Another
parameter that is possible to study by cytofluorimetry is the mean fluorescence intensity
(MFI), an indication of distribution of NPs among cells. Interestingly, the higher the DA
concentration the higher the MFI, although not significantly, whereas the MFI was not
substantially changed by the presence of mucin (Figure 7b). Overall, these data indicate
that mucin determined NP uptake by more cells.
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Figure 7. Cellular uptake of FITC-N,O-CMCS-DA NPs by OECs. OECs were incubated with FITC-
N,O-CMCS-DA NPs at DA concentrations of 18.75 and 75 µM in the presence or absence of 2.5%
mucin for 2 h and evaluated by flow cytometry. Positive cells, shown as percentages (a), and the
mean fluorescence intensity (b), were obtained in two experiments each conducted in duplicate and
shown as mean ± SD. In (a) *** p < 0.001 for both DA concentrations, w/o mucin vs. w/mucin.

To confirm cytofluorimetric data, we performed an epifluorescence study. Very few
cells were associated with FITC-N,O-CMCS-DA NPs at 18.75 µM DA, evidenced by dots
closed to nuclei, whereas more cells incubated with FITC-N,O-CMCS-DA NPs at DA con-
centration of 75 µM showed perinuclear dots or diffuse perinuclear staining (Figure 8a,b).
In the presence of mucin, the number of cells that had taken up FITC-N,O-CMCS-DA NPs
increased in comparison with the condition in the absence of mucin at the correspond-
ing concentration (Figure 8c,d). Notably, with 75 µM and mucin, the dots enlarged and
more than one dot was associated with single cells (Figure 8d). Uptake was not observed
with FITC-N,O-CMCS-DA at concentration of DA equal to 18.75 µM (not shown) and
75 µM, either in the absence or presence of mucin (Figure 8e,f). Controls in the absence
or presence of mucin were devoid of any signal that could confound the specific one
(Figure 8g,h). Overall, although cytofluorimetry has a quantitative and more sensitive
outcome, both assays showed that mucin determines a higher number of cells that had
taken up FITC-N,O-CMCS-DA NPs.
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Figure 8. Epifluorescence microscopy of OECs incubated with FITC-N,O-CMCS-DA NPs at DA
concentrations of 18.75 (a,c) and 75 µM (b,d), or FITC-N,O-CMCS-DA 75 µM (e,f), were incubated
with OECs in the presence or absence of mucin for 2 h and then evaluated by epifluorescence
microscopy. Controls (CTRL) were cells incubated with medium only in the presence or absence of
mucin (g,h). Arrows indicate NPs in close vicinity of nuclei as dots, while arrowheads point to more
diffuse perinuclear staining. Bar = 10 µm.

4. Discussion

In this work, we describe the preparation and characterization of N,O-CMCS-DA NPs
as potential nanostructured carriers to be intranasally administered as such or formulated
in combination with mucoadhesive hydrogels [50] to restore neuron functionality into the
brain of parkinsonian patients. The potential of N,O-CMCS-DA amide conjugate to treat
PD has been previously described together with its release profile [30]. For this purpose,
we followed the nanoprecipitation method [36] to obtain not only the required NPs but also
to produce N,O-CMCS NPs and the corresponding labelled NPs, i.e., FITC-N,O-CMCS or
FTIC-N,O-CMCS-DA NPs as well. However, as shown in Table 1, the nanocarriers prepared
were characterized by mean diameters >200 nm as well as by a broad size distribution as
demonstrated by the high PDI values and PCS measurements. Similar results have been
already observed in the literature when nanoprecipitation method has been selected to
prepare polymeric NPs [51]. To reduce the unfavourable physicochemical NPs features,
it has been emphasized the importance to control some crucial factors during the various
steps of the nanoprecipitation method [52]. As well known, this last involves the use of two
miscible phases, namely an organic phase (the solvent) in which the polymer and the active
are dissolved and an aqueous phase (the non-solvent) [51,52]. Thus, the addition of solvent
to non-solvent leads to a decrease of polymer solubility (i.e., supersaturation step) and then
formation of primary particle nuclei (i.e., nucleation step) followed by their size growth (i.e.,
growth step) up to particle precipitation takes place (i.e., coagulation step) [52]. According
to the literature, an accurate control of the factors involved in the steps of this preparative
method may allow the production of NPs with satisfactory physicochemical features and
better than those obtained by other methods (e.g., emulsification-solvent evaporation
method) [52]. One of these critical factors is the mixing rate of phases. Indeed, poor mixing
conditions provides low nucleation rate with the growth of few particles leading to few big
NPs formation, while appropriate mixing conditions induces high nucleation rate with a
larger population of small particles. The uniform growth of the particle nuclei is another
important factor which plays a key role in determining a mono- or pluri-disperse particle
population and, hence, their PDI value [51]. In this context, it is noteworthy the approach
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used by Craparo and coworkers [51] to remove the excess of surfactant (i.e., PVA) used in
their preparation of Rhodamine B loaded PLGA–PEG NPs prepared by nanoprecipitation
method. Such purification method allowed the authors to reduce both the particle size and
improve the colloidal stability of these nanocarriers. Altogether, all these outcomes suggest
that a notable improvement of the physicochemical properties of the resulting particles
herein studied should result optimizing both the reaction conditions and removing the
excess of surfactant.

In addition to the intrinsic factors of the preparative method, in the case herein studied
there are further specific issues which need to be considered to account for the mean
diameters (>200 nm) of N,O-CMCS-DA NPs and their PDI values (in the range 0.34–0.62)
in agreement with a bimodal size distribution evidenced by PCS. In particular, we refer to
the wide range of molecular weight (30–500 kDa) of the starting commercially available
polymer used (N,O-CMCS). Such very high polydispersion in molecular weight of the
starting polymer not only brings about a lower solubility in acetone selected as organic
solvent but also affects all the successive steps above summarized for the production of
NPs by nanoprecipitation. As a consequence, we did not observe a true polymer solution
in acetone but a dispersion and, hence, the need of using also mixture sonication before
the addition of the aqueous surfactant (PVA) solution. Moreover, under such conditions,
even the uniform growth of the nuclei may be more difficult enhancing, so, the possibility
to produce a pluri-modal particle population.

Another interesting result reported in Table 1 is that NPs arising from N,O-CMCS
conjugated to small molecules (DA or FITC) were very lower in size than the unconjugated
ones (i.e., N,O-CMCS NPs), while, when both DA or FITC were conjugated to the same
polymer, an intermediate size was observed. At present, the reason accounting for this
behaviour is not clear, but our hypothesis is that the conjugation with such small molecules
brings about a conformational reorganization of the polymer leading to NPs shrinkage. In
particular, we think that specific π-π interactions between the aromatic moieties in N,O-
CMCS-DA NPs or in FITC-N,O-CMCS NPs may cause the shrinkage of the corresponding
NPs. This effect is less intense when DA and FITC were both grafted onto the same polymer
backbone as occurs for FITC-N,O-CMCS-DA NPs.

From the zeta potential values some noteworthy insights can also be deduced (Table 1).
Thus, the lowest negative zeta potential occurs in the case of N,O-CMCS NPs (i.e., −9.2 ± 0.7 mV)
which resulted also the biggest in size particles. It suggests that in such NPs the polymeric
chains are looser and the negative charge density on the surface of these particles is lower.
In the case of N,O-CMCS-DA NPs, it can be deduced that the corresponding polymeric
chains are more dense and higher is the negative charge density on their surface. Moreover,
the high enough zeta potential observed (−32.4 ± 1.6 mV) suggests that these particles
should be endowed with sufficient colloidal stability.

As for the results of E.E % (Table 1), the high percentages observed both for DA
and FITC, overall, confirm that the leakage of the active should be limited linking it to a
polymeric backbone by a covalent bond.

Concerning the morphological results from cryo-TEM investigation, it still remains to
be established the structure of the thick layer observed around the N,O-CMCS-DA NPs. In
our opinion, it may be due to physisorption/chemisorption phenomena of the hydrophilic
polymer PVA, as well as to a hydrated polymer corona thickness due to high vacuum TEM
environment [43].

In the FT-IR spectrum of N,O-CMCS-DA NPs it is present a clear absorption peak at
1731 cm−1 which is absent in the starting N,O-CMCS-DA. In our opinion, this absorption
band at 1731 cm−1 may suggest the presence, at least in part, of N,O-CMCS in the –COOH
form which is reported to occur at 1741–1737 cm−1 [47]. In other words, it is possible that,
under the conditions used to prepare the N,O-CMCS-DA NPs, some of the carboxymethyl
groups of the polymeric chains are dissociated (–COONa) and others are in unionized form
(–COOH) [53].
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However, solid state studies on N,O-CMCS-DA NPs were mainly performed in order
to gain insights on the internal structure and surface features of these nanocarriers at solid
state and to assess their thermal stability Overall, the results from DSC analysis (Figure 2)
suggest that the N,O-CMCS-DA NPs seem characterized by an amorphous internal struc-
ture which, at temperatures greater than 260 ◦C, undergo thermal decomposition. TGA
runs (Figure 3) have been performed to determine the thermo-stability of the nanoformula-
tions, as already reported elsewhere [54]. Overall, all TGA observations revealed the higher
thermal stability of the nanoparticle formulation for potential application in pharmaceutical
preparations. Therefore, it could be hypothesized that the DA decomposition occurred at a
temperature of about 322 ◦C for N,O-CMCS-DA NPs is slightly slower than that observed
on pure DA•HCl and, furthermore, in good agreement with DSC results of thermal stability
(Figure 2). However, since the N,O-CMCS and DA•HCl decompositions fell in a narrow
temperature range (i.e., 295–335 ◦C), a precise evaluation of the DA content by TGA analysis
was not possible. XPS analysis evidenced an increase in the amide groups percentage on
the N,O-CMCS-DA NPs surface with respect to CMCS. This finding clearly indicated the
presence of amide bonds between the active compound (DA) and the polymer.

As for the stability of N,O-CMCS-DA NPs on storage, the results reported in Figure 5a–c
suggest that, as expected, the best storage conditions occur at the lowest temperature
investigated, namely at 4 ◦C.

In vitro release tests from N,O-CMCS-DA NPs were carried out in SNF supplemented
by 0.25% (w/v) of mucin and it because such a release medium is more biomimetic than
SNF alone previously adopted for release studies starting from pure N,O-CMCS-DA amide
conjugate [30]. In fact, it is well known that nasal epithelium is covered by a mucus gel.
Drug molecules or particles in this environment can interact with mucin chains and it
markedly influences their transport through the olfactory mucus layer and, hence, the
amount that could be transported into brain via the olfactory and trigeminal nerves [6]. In
this context, it is recognized that a challenging aspect in the research field of nose-to-brain
delivery is to provide evidence, if any, suggesting transport through olfactory mucus of
intact nanocarriers [6]. Unfortunately, in the release experiments we cannot use mucin
concentrations close to that occurring in the airway (about 3% w/v) [55] due to the con-
siderable viscosity of the resulting medium that could prevent a correct determination of
DA and N,O-CMCS-DA conjugate by HPLC. Hence, as above mentioned, the cumulative
DA released shown on y-axis of Figure 5d should be actually intended as pure neurotrans-
mitter or N,O-CMCS-DA conjugate or a mixture of both. As can be seen from Figure 5d,
a prompt release of DA occurs, reaching 20% of DA delivery after 3 h and this amount
resulted constant up to more than two days of release. We hypothesized that this prompt
delivery corresponds to the diffusion of a mixture of low molecular weight fractions of
N,O-CMCS-DA conjugate from swollen N,O-CMCS-DA NPs with core-corona structure
and pure neurotransmitter produced by hydrolytic cleavage of the amide bond on the
surface of swollen N,O-CMCS-DA NPs. In fact, diffusion of water-soluble low molecular
weight fractions of N,O-CMCS-DA conjugate and hydrolytic cleavage of the amide bond
may occur in swollen N,O-CMCS-DA NPs being the polymeric chains more exposed to the
release medium. It should be noted that the resulting amount of neurotransmitter could be
suitable for brain delivery considering that DA, as neurotransmitter, is a potent biologically
active substance. On the other hand, it should be also considered that the in vivo release
conditions can be markedly different from those selected in vitro due to possible presence
of amidase enzymes which catalyse the hydrolytic cleavage of the amide bond increasing
so the amount of neurotransmitter released. Hence, in vivo DA release could be triggered
in a greater amount.

Since N,O-CMCS-DA NPs were prepared from the N,O-CMCS-DA conjugate which
can be classified as a mucoadhesive polymer as previously demonstrated [30] and similar
to how it occurs for other chitosan and its derivatives [56,57], it may be reasonably assumed
as further feature of N,O-CMCS-DA NPs that even these nanocarriers should possess good
mucoadhesive properties.
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To assess the potential use of N,O-CMCS-DA NPs for nose-to-brain delivery, cytotoxic-
ity tests were carried out on olfactory ensheathing cells (OECs) which are glial cells found
in the olfactory system. As shown in Figure 6, NPs were slightly toxic to OECs, being the
maximal reduction of cell viability of around 10% at highest DA concentration tested (i.e.,
75 µM DA).

However, the most interesting outcome from the biological evaluation is that mucin
determined NPs uptake by more cells, as demonstrated by the higher number of cells that
had taken up FITC-N,O-CMCS-DA NPs in the presence of mucin compared to that observed
without mucin. To account for this result, it must be considered that NPs used in biological
application are exposed to extracellular proteins that can be adsorbed on the surface of
these nanocarriers to form a protein corona layer. The adsorbed protein coat influences
physicochemical properties of such NPs including release profile [58], their trafficking [59],
and their subsequent interactions with cells [60]. Hence, these surface modified NPs with
natural protein possess properties very different from chemically surface modified NPs
so that the formers can be considered at the interface of biomimetic NPs and biological
systems [61]. The protein layer can be further classified as hard or soft corona depending on
whether the coat is tightly or loosely bound to the nanocarrier, respectively [62].

Herein, we evaluated the effect of the protein mucin, which is present in the mucus
gel covering the nasal epithelium at about 3% w/v concentration [55], for in vitro release
profile and uptake studies. As for the effect on drug release, it has been suggested that the
protein layer on the nanoparticle surface acts as a shield which reduces or impedes at all
drug release leading to a sustained release. Instead, as shown in Figure 5d, we noted a
prompt release and this behaviour, in our opinion, can be explained by the very low mucin
concentration used in these experiments (i.e., 0.25% w/v). Under such conditions, indeed,
we believe that a soft corona layer can be formed at most and for such particles, prompt
release (burst effect) have been described just because the mentioned shielding effect of the
resulting protein corona does not occur [58,63].

In contrast, in the cell uptake experiments, we verified a strong effect of the mucin
at physiological concentration significantly influencing the interaction with OECs. In the
presence of mucin, the number of cells that had taken up by OECs increased in comparison
with that observed in the absence of mucin. At present, it is not simple to account for this
outcome but our hypothesis is, firstly, that mucin may be adsorbed onto the surface of
N,O-CMCS-DA NPs forming a hard corona structure by hydrogen bonding interactions
between the –OH groups of the polymer backbone and the hydroxylated amino acid
(i.e., threonine and serine) present in mucins [55,64]. Moreover, even π-π hydrophobic
interactions between aromatic amino acids of mucins and benzene ring of DA may be
involved [65]. On the other hand, it is well known that OECs surround the olfactory
axons from the epithelial membrane up to lamina propria of the olfactory mucosa and
different types of OECs are expressed at different localizations (e.g., OECs located in the
mucosa, OECs resident in the lamina propria etc.) [8]. OECs can be considered a gateway
to the central nervous system, since they line the olfactory nerve during its course from
the olfactory mucosa to the olfactory bulb, reaching also the cerebrospinal fluid [5]. We
further hypothesized that mucin-N,O-CMCS-DA NPs complex may bind to specific mucin
sites on the OECs located in the epithelial membrane of the olfactory mucosa and this
can increase the N,O-CMCS-DA NPs uptake compared to that observed in the absence
of mucin. Indeed, under physiological conditions, mucins fibers are expressed on the
membrane surface of the mucosa of epithelial cells and they have a common framework
consisting of repeated PTS (proline-threonine-serine) backbone with intermitting cysteine
rich domains [8] (Figure 9). Binding of N,O-CMCS-DA NPs to mucin fibers may occur
via thiol-disulfide exchange between thiol containing amino-acids (i.e., cysteine) of cell
surface mucin fibers and disulfide bonds of mucin proteins adsorbed on the surface of NPs.
Once anchored to the cell surface, N,O-CMCS-DA NPs uptake by OECs may take place via
endocytosis mechanisms. To support this hypothesis, it has been found that mucin corona
enhanced the cell internalization of polystyrene-benzopyrene NPs by lung epithelial cells
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(A549 cell line) through micropinocytosis [65]. It has been also observed that the mucin
corona coating and resultant nano-clusters of gold nanoparticles dramatically facilitated
the endocytosis of nanoparticles by intestinal epithelial cells by favouring the membrane
interaction of NPs [66].

Figure 9. Possible mechanism accounting for the enhanced uptake of N,O-CMCS-DA NPs by OECs
in the presence of mucin.

Finally, the limits of our work should be considered. Our simplistic model does not
take into account the many obstacles that NPs have to face for an efficient nose-to-brain
delivery of DA. Mucus and mucociliary clearance are the first barrier that NPs encounter to
limit their arrival on the olfactory mucosa. When NPs reach the olfactory epithelium, they
have to traverse the nasal olfactory epithelium and, depending on the pathway followed,
also the arachnoid membrane surrounding the subarachnoid space [67,68]. As concerning
the mucociliary clearance, the mucoadhesiveness of N,O-CMCS-DA NPs renders unlikely
this mechanism as opposing to the NP delivery of DA. Moreover, the internalization of
N,O-CMCS-DA NPs by OECs was already considerable at 2 h of incubation. The mucus
flow rate in the nose is 5 mm/min (with a range of 0.5–23.6 mm/min) and hence the mucus
layer is renewed every 15–20 min [67,69]. Considering this parameter, it may be possible
that mucoadhesive properties of N,O-CMCS-DA NPs permit the increase of residence time
and internalization by olfactory nerve terminations [8,69]. Another variable that our study
does not consider is the breathing pattern. Since the ultimate method to delivering NPs
for nose-to-brain will be most likely through spray devices, the nasal deposition following
spraying has been studied by different variables, including airflow rate. The association
between the inspiratory airflow rate and aerosol deposition patterns in the nose has been
considered for aerosol deposition in the olfactory region for nose-to-brain delivery, although
there is much debate about it, with contrasting results depending on the used model [70].
Thus, all these parameters should be considered in the evaluation of possible resistances
that NPs can meet in the process of nose-to-brain delivery of their payload.

5. Conclusions

Herein, we have successfully prepared N,O-CMCS-DA NPs by nanoprecipitation
method starting from the N,O-CMCS-DA amide conjugate where DA was covalently linked
on the polymeric backbone. The obtained nanocarriers were characterized by PCS analysis
which showed a mean diameter value of 289 ± 50 nm and a bimodal size distribution. Such
particle features should be due to intrinsic factors of the preparative method as well as to
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the high polydispersion in molecular weight (30–500 kDa) of the starting polymer used
(N,O-CMCS). It appears that a notable improvement of the physicochemical properties of
N,O-CMCS-DA NPs should result optimizing both the reaction conditions and removing
the excess of surfactant (PVA) used. The zeta potential values observed (−32.4 ± 1.6 mV)
suggest that these particles should possess sufficient colloidal stability. Moreover, the high
percentages of E.E.% both for the neurotransmitter (DA) and for the fluorescent probe (FITC)
confirm that the leakage of the cargo should be limited linking it to a polymeric backbone
by a covalent bond. Solid state studies through FT-IR, DSC and thermogravimetric analysis
showed that the particles were amorphous and demonstrated their thermal stability for
potential application in pharmaceutical preparations. XPS analysis supplied evidence of the
amide bond between DA and CMCS and the absence of free-DA on the NPs surface. Cell-
viability tests on OECs suggested only a slight cytotoxicity at the highest DA concentration
used (75 µM). Finally, it was shown by epifluorescence microscopy that mucin determined
N,O-CMCS-DA NPs uptake by more cells. This result can be accounted for considering that
mucin may be adsorbed onto the surface of N,O-CMCS-DA NPs leading to a hard corona
structure. This mucin- N,O-CMCS-DA NPs complex may bind to specific cell surface mucin
sites and it can favour the N,O-CMCS-DA NPs uptake.

Altogether, these findings seem promising for further development of N,O-CMCS-DA
NPs for nose-to-brain delivery application in PD.

Author Contributions: Conceptualization, A.T., G.T. and M.C.; methodology, A.T., S.C., E.D.G., R.C.,
M.L.D.G., S.D.G.; software, S.D.G. validation, A.T., S.D.G.; investigation, A.T., M.L.D.G., S.C., E.D.G.,
M.N.H., S.D.G.; resources, F.C., S.T.; writing—original draft preparation, A.T., S.C., E.D.G., G.T., M.C.;
writing—review and editing, A.T., G.T., M.C.; supervision, A.T., G.T., M.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Experiments were carried out in compliance with the Ital-
ian law on animal care no.116/1992 and in accordance with the European Community Council
Directive(86/609⁄EEC).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: A.T. would acknowledge Mauro Coluccia, Alessandra Pannunzio and Daniela
Donghia (University of Bari, Italy) for their valuable technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Khan, J.; Rudrapal, M.; Bhat, E.A.; Ali, A.; Alaidarous, M.; Alshehri, B.; Banwas, S.; Ismail, R.; Egbuna, C. Perspective Insights to

Bio-Nanomaterials for the Treatment of Neurological Disorders. Front. Bioeng. Biotechnol. 2021, 9, 724158. [CrossRef]
2. Saraiva, C.; Praca, C.; Ferreira, R.; Santos, T.; Ferreira, L.; Bernardino, L. Nanoparticle-mediated brain drug delivery: Overcoming

blood-brain barrier to treat neurodegenerative diseases. J. Control. Release 2016, 235, 34–47. [CrossRef]
3. Abbott, N.J.; Chugani, D.C.; Zaharchuk, G.; Rosen, B.R.; Lo, E.H. Delivery of imaging agents into brain. Adv. Drug Deliv. Rev.

1999, 37, 253–277. [CrossRef]
4. Kanwar, J.R.; Sriramoju, B.; Kanwar, R.K. Neurological disorders and therapeutics targeted to surmount the blood-brain barrier.

Int. J. Nanomed. 2012, 7, 3259–3278. [CrossRef]
5. Agrawal, M.; Saraf, S.; Saraf, S.; Antimisiaris, S.G.; Chougule, M.B.; Shoyele, S.A.; Alexander, A. Nose-to-brain drug delivery:

An update on clinical challenges and progress towards approval of anti-Alzheimer drugs. J. Control. Release 2018, 281, 139–177.
[CrossRef]

6. Bourganis, V.; Kammona, O.; Alexopoulos, A.; Kiparissides, C. Recent advances in carrier mediated nose-to-brain delivery of
pharmaceutics. Eur. J. Pharm. Biopharm. 2018, 128, 337–362. [CrossRef]

7. Samaridou, E.; Alonso, M.J. Nose-to-brain peptide delivery—The potential of nanotechnology. Bioorg. Med. Chem. 2018, 26,
2888–2905. [CrossRef]

8. Ganger, S.; Schindowski, K. Tailoring Formulations for Intranasal Nose-to-Brain Delivery: A Review on Architecture, Physico-
Chemical Characteristics and Mucociliary Clearance of the Nasal Olfactory Mucosa. Pharmaceutics 2018, 10, 116. [CrossRef]

http://doi.org/10.3389/fbioe.2021.724158
http://doi.org/10.1016/j.jconrel.2016.05.044
http://doi.org/10.1016/S0169-409X(98)00097-0
http://doi.org/10.2147/IJN.S30919
http://doi.org/10.1016/j.jconrel.2018.05.011
http://doi.org/10.1016/j.ejpb.2018.05.009
http://doi.org/10.1016/j.bmc.2017.11.001
http://doi.org/10.3390/pharmaceutics10030116


Pharmaceutics 2022, 14, 147 20 of 22

9. Musani, I.E.; Chandan, N.V. A comparison of the sedative effect of oral versus nasal midazolam combined with nitrous oxide in
uncooperative children. Eur. Arch. Paediatr. Dent. 2015, 16, 417–424. [CrossRef]

10. Kaur, G.; Arora, M.; Ravi Kumar, M.N.V. Oral Drug Delivery Technologies-A Decade of Developments. J. Pharmacol. Exp. Ther.
2019, 370, 529–543. [CrossRef]

11. Trapani, G.; Franco, M.; Trapani, A.; Lopedota, A.; Latrofa, A.; Gallucci, E.; Micelli, S.; Liso, G. Frog intestinal sac: A new in vitro
method for the assessment of intestinal permeability. J. Pharm. Sci. 2004, 93, 2909–2919. [CrossRef]

12. Mistry, A.; Stolnik, S.; Illum, L. Nanoparticles for direct nose-to-brain delivery of drugs. Int. J. Pharm. 2009, 379, 146–157.
[CrossRef]

13. Re, F.; Gregori, M.; Masserini, M. Nanotechnology for neurodegenerative disorders. Maturitas 2012, 73, 45–51. [CrossRef]
14. Hawthorne, G.H.; Bernuci, M.P.; Bortolanza, M.; Tumas, V.; Issy, A.C.; Del-Bel, E. Nanomedicine to Overcome Current Parkinson’s

Treatment Liabilities: A Systematic Review. Neurotox. Res. 2016, 30, 715–729. [CrossRef]
15. Islam, S.U.; Shehzad, A.; Ahmed, M.B.; Lee, Y.S. Intranasal Delivery of Nanoformulations: A Potential Way of Treatment for

Neurological Disorders. Molecules 2020, 25, 1929. [CrossRef]
16. Reeve, A.; Simcox, E.; Turnbull, D. Ageing and Parkinson’s disease: Why is advancing age the biggest risk factor? Ageing Res. Rev.

2014, 14, 19–30. [CrossRef]
17. Rodriguez-Nogales, C.; Garbayo, E.; Carmona-Abellan, M.M.; Luquin, M.R.; Blanco-Prieto, M.J. Brain aging and Parkinson’s

disease: New therapeutic approaches using drug delivery systems. Maturitas 2016, 84, 25–31. [CrossRef]
18. Mirzaei, S.; Kulkarni, K.; Zhou, K.; Crack, P.J.; Aguilar, M.I.; Finkelstein, D.I.; Forsythe, J.S. Biomaterial Strategies for Restorative

Therapies in Parkinson’s Disease. ACS Chem. Neurosci. 2021, 12, 4224–4235. [CrossRef]
19. Conese, M.; Cassano, R.; Gavini, E.; Trapani, G.; Rassu, G.; Sanna, E.; Di Gioia, S.; Trapani, A. Harnessing Stem Cells and

Neurotrophic Factors with Novel Technologies in the Treatment of Parkinson’s Disease. Curr. Stem Cell Res. Ther. 2019, 14,
549–569. [CrossRef]

20. Pillay, S.; Pillay, V.; Choonara, Y.E.; Naidoo, D.; Khan, R.A.; du Toit, L.C.; Ndesendo, V.M.; Modi, G.; Danckwerts, M.P.; Iyuke, S.E.
Design, biometric simulation and optimization of a nano-enabled scaffold device for enhanced delivery of dopamine to the brain.
Int. J. Pharm. 2009, 382, 277–290. [CrossRef]

21. Trapani, A.; De Giglio, E.; Cafagna, D.; Denora, N.; Agrimi, G.; Cassano, T.; Gaetani, S.; Cuomo, V.; Trapani, G. Characterization
and evaluation of chitosan nanoparticles for dopamine brain delivery. Int. J. Pharm. 2011, 419, 296–307. [CrossRef]

22. De Giglio, E.; Trapani, A.; Cafagna, D.; Sabbatini, L.; Cometa, S. Dopamine-loaded chitosan nanoparticles: Formulation and
analytical characterization. Anal. Bioanal. Chem. 2011, 400, 1997–2002. [CrossRef]

23. Md, S.; Khan, R.A.; Mustafa, G.; Chuttani, K.; Baboota, S.; Sahni, J.K.; Ali, J. Bromocriptine loaded chitosan nanoparticles intended
for direct nose to brain delivery: Pharmacodynamic, pharmacokinetic and scintigraphy study in mice model. Eur. J. Pharm. Sci.
2013, 48, 393–405. [CrossRef]

24. Rashed, E.R.; Abd El-Rehim, H.A.; El-Ghazaly, M.A. Potential efficacy of dopamine loaded-PVP/PAA nanogel in experimental
models of Parkinsonism: Possible disease modifying activity. J. Biomed. Mater. Res. A 2015, 103, 1713–1720. [CrossRef]

25. Pahuja, R.; Seth, K.; Shukla, A.; Shukla, R.K.; Bhatnagar, P.; Chauhan, L.K.; Saxena, P.N.; Arun, J.; Chaudhari, B.P.; Patel, D.K.;
et al. Trans-blood brain barrier delivery of dopamine-loaded nanoparticles reverses functional deficits in parkinsonian rats. ACS
Nano 2015, 9, 4850–4871. [CrossRef]

26. Monge-Fuentes, V.; Biolchi Mayer, A.; Lima, M.R.; Geraldes, L.R.; Zanotto, L.N.; Moreira, K.G.; Martins, O.P.; Piva, H.L.; Felipe,
M.S.S.; Amaral, A.C.; et al. Dopamine-loaded nanoparticle systems circumvent the blood-brain barrier restoring motor function
in mouse model for Parkinson’s Disease. Sci. Rep. 2021, 11, 15185. [CrossRef]

27. Ekladious, I.; Colson, Y.L.; Grinstaff, M.W. Polymer-drug conjugate therapeutics: Advances, insights and prospects. Nat. Rev.
Drug Discov. 2019, 18, 273–294. [CrossRef]

28. Mandracchia, D.; Trapani, A.; Perteghella, S.; Sorrenti, M.; Catenacci, L.; Torre, M.L.; Trapani, G.; Tripodo, G. pH-sensitive
inulin-based nanomicelles for intestinal site-specific and controlled release of celecoxib. Carbohydr. Polym. 2018, 181, 570–578.
[CrossRef]

29. Cassano, R.; Trapani, A.; Di Gioia, M.L.; Mandracchia, D.; Pellitteri, R.; Tripodo, G.; Trombino, S.; Di Gioia, S.; Conese, M.
Synthesis and characterization of novel chitosan-dopamine or chitosan-tyrosine conjugates for potential nose-to-brain delivery.
Int. J. Pharm. 2020, 589, 119829. [CrossRef]

30. Di Gioia, S.; Trapani, A.; Cassano, R.; Di Gioia, M.L.; Trombino, S.; Cellamare, S.; Bolognino, I.; Hossain, M.N.; Sanna, E.; Trapani,
G.; et al. Nose-to-brain delivery: A comparative study between carboxymethyl chitosan based conjugates of dopamine. Int. J.
Pharm. 2021, 599, 120453. [CrossRef]

31. Garcia-Pardo, J.; Novio, F.; Nador, F.; Cavaliere, I.; Suarez-Garcia, S.; Lope-Piedrafita, S.; Candiota, A.P.; Romero-Gimenez, J.;
Rodriguez-Galvan, B.; Bove, J.; et al. Bioinspired Theranostic Coordination Polymer Nanoparticles for Intranasal Dopamine
Replacement in Parkinson’s Disease. ACS Nano 2021, 15, 8592–8609. [CrossRef]

32. Tripodo, G.; Trapani, A.; Rosato, A.; Di Franco, C.; Tamma, R.; Trapani, G.; Ribatti, D.; Mandracchia, D. Hydrogels for biomedical
applications from glycol chitosan and PEG diglycidyl ether exhibit pro-angiogenic and antibacterial activity. Carbohydr. Polym.
2018, 198, 124–130. [CrossRef]

33. Mandracchia, D.; Trapani, A.; Tripodo, G.; Perrone, M.G.; Giammona, G.; Trapani, G.; Colabufo, N.A. In vitro evaluation of glycol
chitosan based formulations as oral delivery systems for efflux pump inhibition. Carbohydr. Polym. 2017, 166, 73–82. [CrossRef]

http://doi.org/10.1007/s40368-015-0187-7
http://doi.org/10.1124/jpet.118.255828
http://doi.org/10.1002/jps.20180
http://doi.org/10.1016/j.ijpharm.2009.06.019
http://doi.org/10.1016/j.maturitas.2011.12.015
http://doi.org/10.1007/s12640-016-9663-z
http://doi.org/10.3390/molecules25081929
http://doi.org/10.1016/j.arr.2014.01.004
http://doi.org/10.1016/j.maturitas.2015.11.009
http://doi.org/10.1021/acschemneuro.1c00484
http://doi.org/10.2174/1574888X14666190301150210
http://doi.org/10.1016/j.ijpharm.2009.08.021
http://doi.org/10.1016/j.ijpharm.2011.07.036
http://doi.org/10.1007/s00216-011-4962-y
http://doi.org/10.1016/j.ejps.2012.12.007
http://doi.org/10.1002/jbm.a.35312
http://doi.org/10.1021/nn506408v
http://doi.org/10.1038/s41598-021-94175-8
http://doi.org/10.1038/s41573-018-0005-0
http://doi.org/10.1016/j.carbpol.2017.11.110
http://doi.org/10.1016/j.ijpharm.2020.119829
http://doi.org/10.1016/j.ijpharm.2021.120453
http://doi.org/10.1021/acsnano.1c00453
http://doi.org/10.1016/j.carbpol.2018.06.061
http://doi.org/10.1016/j.carbpol.2017.02.096


Pharmaceutics 2022, 14, 147 21 of 22

34. Trapani, A.; Laquintana, V.; Lopedota, A.; Franco, M.; Latrofa, A.; Talani, G.; Sanna, E.; Trapani, G.; Liso, G. Evaluation of new
propofol aqueous solutions for intravenous anesthesia. Int. J. Pharm. 2004, 278, 91–98. [CrossRef]

35. Carta, F.; Vullo, D.; Maresca, A.; Scozzafava, A.; Supuran, C.T. Mono-/dihydroxybenzoic acid esters and phenol pyridinium
derivatives as inhibitors of the mammalian carbonic anhydrase isoforms I, II, VII, IX, XII and XIV. Bioorg. Med. Chem. 2013, 21,
1564–1569. [CrossRef]

36. Musumeci, T.; Ventura, C.A.; Giannone, I.; Ruozi, B.; Montenegro, L.; Pignatello, R.; Puglisi, G. PLA/PLGA nanoparticles for
sustained release of docetaxel. Int. J. Pharm. 2006, 325, 172–179. [CrossRef]

37. Trapani, A.; Corbo, F.; Agrimi, G.; Ditaranto, N.; Cioffi, N.; Perna, F.; Quivelli, A.; Stefano, E.; Lunetti, P.; Muscella, A.; et al.
Oxidized Alginate Dopamine Conjugate: In Vitro Characterization for Nose-to-Brain Delivery Application. Materials 2021, 14,
3495. [CrossRef]

38. Trapani, A.; Guerra, L.; Corbo, F.; Castellani, S.; Sanna, E.; Capobianco, L.; Monteduro, A.G.; Manno, D.E.; Mandracchia, D.; Di
Gioia, S.; et al. Cyto/Biocompatibility of Dopamine Combined with the Antioxidant Grape Seed-Derived Polyphenol Compounds
in Solid Lipid Nanoparticles. Molecules 2021, 26, 916. [CrossRef]

39. Trapani, A.; Catalano, A.; Carocci, A.; Carrieri, A.; Mercurio, A.; Rosato, A.; Mandracchia, D.; Tripodo, G.; Schiavone, B.I.P.;
Franchini, C.; et al. Effect of Methyl-beta-Cyclodextrin on the antimicrobial activity of a new series of poorly water-soluble
benzothiazoles. Carbohydr. Polym. 2019, 207, 720–728. [CrossRef]

40. Pellitteri, R.; Spatuzza, M.; Russo, A.; Stanzani, S. Olfactory ensheathing cells exert a trophic effect on the hypothalamic neurons
in vitro. Neurosci. Lett. 2007, 417, 24–29. [CrossRef]

41. Musumeci, T.; Pellitteri, R.; Spatuzza, M.; Puglisi, G. Nose-to-brain delivery: Evaluation of polymeric nanoparticles on olfactory
ensheathing cells uptake. J. Pharm. Sci. 2014, 103, 628–635. [CrossRef] [PubMed]

42. Castellani, S.; Trapani, A.; Spagnoletta, A.; di Toma, L.; Magrone, T.; Di Gioia, S.; Mandracchia, D.; Trapani, G.; Jirillo, E.; Conese,
M. Nanoparticle delivery of grape seed-derived proanthocyanidins to airway epithelial cells dampens oxidative stress and
inflammation. J. Transl. Med. 2018, 16, 140. [CrossRef] [PubMed]

43. Wilson, B.K.; Prud’homme, R.K. Nanoparticle size distribution quantification from transmission electron microscopy (TEM) of
ruthenium tetroxide stained polymeric nanoparticles. J. Colloid Interface Sci. 2021, 604, 208–220. [CrossRef] [PubMed]

44. Mourya, V.K.; Inamdar, N.N.; Tiwari, A. Carboxymethyl chitosan and its applications. Adv. Mat. Lett. 2010, 1, 11–33. [CrossRef]
45. Bukzem, A.L.; Signini, R.; Dos Santos, D.M.; Liao, L.M.; Ascheri, D.P. Optimization of carboxymethyl chitosan synthesis using

response surface methodology and desirability function. Int. J. Biol. Macromol. 2016, 85, 615–624. [CrossRef] [PubMed]
46. National Center for Biotechnology Information. Dopamine Hydrochloride; National Library of Medicine: Bethesda, MD, USA, 2021.
47. Perteghella, S.; Mandracchia, D.; Torre, M.L.; Tamma, R.; Ribatti, D.; Trapani, A.; Tripodo, G. Anti-angiogenic activity of N,O-

carboxymethyl-chitosan surface modified solid lipid nanoparticles for oral delivery of curcumin. J. Drug Deliv. Sci. Technol. 2020,
56, 101494. [CrossRef]

48. Trapani, A.; Mandracchia, D.; Tripodo, G.; Cometa, S.; Cellamare, S.; De Giglio, E.; Klepetsanis, P.; Antimisiaris, S.G. Protection of
dopamine towards autoxidation reaction by encapsulation into non-coated- or chitosan- or thiolated chitosan-coated-liposomes.
Colloids Surf. B Biointerfaces 2018, 170, 11–19. [CrossRef]

49. Tang, S.; Wang, A.; Yan, X.; Chu, L.; Yang, X.; Song, Y.; Sun, K.; Yu, X.; Liu, R.; Wu, Z.; et al. Brain-targeted intranasal delivery of
dopamine with borneol and lactoferrin co-modified nanoparticles for treating Parkinson’s disease. Drug Deliv. 2019, 26, 700–707.
[CrossRef]

50. Wu, J.; Cui, X.; Ke, P.C.; Mortimer, M.; Wang, X.; Bao, L.; Chen, C. Nanomaterials as novel agents for amelioration of Parkinson’s
disease. NanoToday 2021, 41, 101328. [CrossRef]

51. Craparo, E.F.; Musumeci, T.; Bonaccorso, A.; Pellitteri, R.; Romeo, A.; Naletova, I.; Cucci, L.M.; Cavallaro, G.; Satriano, C. mPEG-
PLGA Nanoparticles Labelled with Loaded or Conjugated Rhodamine-B for Potential Nose-to-Brain Delivery. Pharmaceutics 2021,
13, 1508. [CrossRef]

52. Lammari, N.; Louaer, O.; Meniai, A.H.; Elaissari, A. Encapsulation of Essential Oils via Nanoprecipitation Process: Overview,
Progress, Challenges and Prospects. Pharmaceutics 2020, 12, 431. [CrossRef]

53. Chen, X.-G.; Tang, H.-J. Chemical characteristics of O-carboxymethyl chitosans related to the preparation conditions. Carbohydr.
Polym. 2003, 53, 355–359. [CrossRef]

54. Cometa, S.; Bonifacio, M.A.; Trapani, G.; Di Gioia, S.; Dazzi, L.; De Giglio, E.; Trapani, A. In vitro investigations on dopamine
loaded Solid Lipid Nanoparticles. J. Pharm. Biomed. Anal. 2020, 185, 113257. [CrossRef]

55. Lethem, M.I. The role of tracheal bronchial mucus in drug administration to the airway. Adv. Drug Deliv. Rev. 1993, 11, 271–298.
[CrossRef]

56. Palazzo, C.; Trapani, G.; Ponchel, G.; Trapani, A.; Vauthier, C. Mucoadhesive properties of low molecular weight chitosan- or
glycol chitosan- and corresponding thiomer-coated poly(isobutylcyanoacrylate) core-shell nanoparticles. Eur. J. Pharm. Biopharm.
2017, 117, 315–323. [CrossRef] [PubMed]

57. Trapani, A.; Palazzo, C.; Contino, M.; Perrone, M.G.; Cioffi, N.; Ditaranto, N.; Colabufo, N.A.; Conese, M.; Trapani, G.;
Puglisi, G. Mucoadhesive properties and interaction with P-glycoprotein (P-gp) of thiolated-chitosans and -glycol chitosans and
corresponding parent polymers: A comparative study. Biomacromolecules 2014, 15, 882–893. [CrossRef]

http://doi.org/10.1016/j.ijpharm.2004.02.028
http://doi.org/10.1016/j.bmc.2012.05.019
http://doi.org/10.1016/j.ijpharm.2006.06.023
http://doi.org/10.3390/ma14133495
http://doi.org/10.3390/molecules26040916
http://doi.org/10.1016/j.carbpol.2018.12.016
http://doi.org/10.1016/j.neulet.2007.02.065
http://doi.org/10.1002/jps.23836
http://www.ncbi.nlm.nih.gov/pubmed/24395679
http://doi.org/10.1186/s12967-018-1509-4
http://www.ncbi.nlm.nih.gov/pubmed/29792199
http://doi.org/10.1016/j.jcis.2021.04.081
http://www.ncbi.nlm.nih.gov/pubmed/34265681
http://doi.org/10.5185/amlett.2010.3108
http://doi.org/10.1016/j.ijbiomac.2016.01.017
http://www.ncbi.nlm.nih.gov/pubmed/26778157
http://doi.org/10.1016/j.jddst.2019.101494
http://doi.org/10.1016/j.colsurfb.2018.05.049
http://doi.org/10.1080/10717544.2019.1636420
http://doi.org/10.1016/j.nantod.2021.101328
http://doi.org/10.3390/pharmaceutics13091508
http://doi.org/10.3390/pharmaceutics12050431
http://doi.org/10.1016/S0144-8617(03)00051-1
http://doi.org/10.1016/j.jpba.2020.113257
http://doi.org/10.1016/0169-409X(93)90013-T
http://doi.org/10.1016/j.ejpb.2017.04.020
http://www.ncbi.nlm.nih.gov/pubmed/28455206
http://doi.org/10.1021/bm401733p


Pharmaceutics 2022, 14, 147 22 of 22

58. Behzadi, S.; Serpooshan, V.; Sakhtianchi, R.; Muller, B.; Landfester, K.; Crespy, D.; Mahmoudi, M. Protein corona change the drug
release profile of nanocarriers: The “overlooked” factor at the nanobio interface. Colloids Surf. B Biointerfaces 2014, 123, 143–149.
[CrossRef]

59. Monopoli, M.P.; Walczyk, D.; Campbell, A.; Elia, G.; Lynch, I.; Bombelli, F.B.; Dawson, K.A. Physical-chemical aspects of protein
corona: Relevance to in vitro and in vivo biological impacts of nanoparticles. J. Am. Chem. Soc. 2011, 133, 2525–2534. [CrossRef]

60. Fleischer, C.C.; Payne, C.K. Secondary structure of corona proteins determines the cell surface receptors used by nanoparticles. J.
Phys. Chem. B 2014, 118, 14017–14026. [CrossRef]

61. Lai, W.; Li, D.; Wang, Q.; Nan, X.; Xiang, Z.; Ma, Y.; Liu, Y.; Chen, J.; Tian, J.; Fang, Q. A Protein Corona Adsorbed to a Bacterial
Magnetosome Affects Its Cellular Uptake. Int. J. Nanomed. 2020, 15, 1481–1498. [CrossRef] [PubMed]

62. Corbo, C.; Molinaro, R.; Parodi, A.; Toledano Furman, N.E.; Salvatore, F.; Tasciotti, E. The impact of nanoparticle protein corona
on cytotoxicity, immunotoxicity and target drug delivery. Nanomedicine 2016, 11, 81–100. [CrossRef]

63. Bruckner, M.; Simon, J.; Jiang, S.; Landfester, K.; Mailander, V. Preparation of the protein corona: How washing shapes the
proteome and influences cellular uptake of nanocarriers. Acta Biomater. 2020, 114, 333–342. [CrossRef] [PubMed]

64. Cone, R.A. Barrier properties of mucus. Adv. Drug Deliv. Rev. 2009, 61, 75–85. [CrossRef]
65. Ji, Y.; Wang, Y.; Shen, D.; Kang, Q.; Chen, L. Mucin corona delays intracellular trafficking and alleviates cytotoxicity of nanoplastic-

benzopyrene combined contaminant. J. Hazard. Mater. 2021, 406, 124306. [CrossRef] [PubMed]
66. Yang, D.; Liu, D.; Qin, M.; Chen, B.; Song, S.; Dai, W.; Zhang, H.; Wang, X.; Wang, Y.; He, B.; et al. Intestinal Mucin Induces

More Endocytosis but Less Transcytosis of Nanoparticles across Enterocytes by Triggering Nanoclustering and Strengthening the
Retrograde Pathway. ACS Appl. Mater. Interfaces 2018, 10, 11443–11456. [CrossRef]

67. Pardeshi, C.V.; Belgamwar, V.S. Direct nose to brain drug delivery via integrated nerve pathways bypassing the blood-brain
barrier: An excellent platform for brain targeting. Expert Opin. Drug Deliv. 2013, 10, 957–972. [CrossRef] [PubMed]

68. Wang, Z.; Xiong, G.; Tsang, W.C.; Schätzlein, A.G.; Uchegbu, I.F. Nose-to-Brain Delivery. J. Pharmacol. Exp. Ther. 2019, 370,
593–601. [CrossRef]

69. Sonvico, F.; Clementino, A.; Buttini, F.; Colombo, G.; Pescina, S.; Stanisçuaski Guterres, S.; Raffin Pohlmann, A.; Nicoli, S.
Surface-Modified Nanocarriers for Nose-to-Brain Delivery: From Bioadhesion to Targeting. Pharmaceutics 2018, 10, 34. [CrossRef]

70. Maaz, A.; Blagbrough, I.S.; De Bank, P.A. In Vitro Evaluation of Nasal Aerosol Depositions: An Insight for Direct Nose to Brain
Drug Delivery. Pharmaceutics 2021, 13, 1079. [CrossRef]

http://doi.org/10.1016/j.colsurfb.2014.09.009
http://doi.org/10.1021/ja107583h
http://doi.org/10.1021/jp502624n
http://doi.org/10.2147/IJN.S220082
http://www.ncbi.nlm.nih.gov/pubmed/32189964
http://doi.org/10.2217/nnm.15.188
http://doi.org/10.1016/j.actbio.2020.07.041
http://www.ncbi.nlm.nih.gov/pubmed/32726673
http://doi.org/10.1016/j.addr.2008.09.008
http://doi.org/10.1016/j.jhazmat.2020.124306
http://www.ncbi.nlm.nih.gov/pubmed/33109409
http://doi.org/10.1021/acsami.7b19153
http://doi.org/10.1517/17425247.2013.790887
http://www.ncbi.nlm.nih.gov/pubmed/23586809
http://doi.org/10.1124/jpet.119.258152
http://doi.org/10.3390/pharmaceutics10010034
http://doi.org/10.3390/pharmaceutics13071079

	Introduction 
	Materials and Methods 
	Materials 
	Quantitative Determination of Dopamine and N,O-Carboxymethylchitosan-DA Amide Conjugate (N,O-CMCS-DA) 
	Preparation of N,O-CMCS- or N,O-CMCS-DA-Loaded NPs (N,O-CMCS- or N,O-CMCS-DA-NPs) and Corresponding FITC Labelled NPs (FITC-N,O-CMCS or FITC-N,O-CMCS-DA NPs) 
	Physicochemical Characterization of Nanoparticles Prepared 
	Solid State Studies 
	Fourier Transform Infrared (FT-IR) Spectroscopy 
	Differential Scanning Calorimetry (DSC) 
	Thermogravimetric Analysis (TGA) 
	X-ray Photoelectron Spectroscopy (XPS) 

	Physical Stability of N,O-CMCS-DA NPs on Storage 
	In Vitro Release in Simulated Nasal Fluid/Mucin 
	Cytotoxicity Studies with Olfactory Ensheathing Cells (OECs) 
	Flow Cytometry 
	Epifluorescence Microscopy 
	Statistics 

	Results 
	Formulation and Characterization of DA/CSNPs 
	Solid State Studies 
	Physical Stability of N,O-CMCS-DA NPs on Storage 
	In Vitro Release in Simulated Nasal Fluid 
	Cytotoxicity Studies in OECs 
	Uptake Studies 

	Discussion 
	Conclusions 
	References

