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Abstract: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder with unmet
medical need, and is the leading cause of age-related dementia affecting millions of people worldwide.
This work aims at developing small, high-drug loading capacity (DL) and -entrapment efficiency
(EE) memantine hydrochloride (MEM)/chitosan nanocrystals (CS-NCs) to treat moderate to severe
dementia associated with AD. MEM-loaded chitosan nanocrystals (MEM/CS-NCs, further abbreviated
as MEM-NCs) were prepared by the ionic gelation method. Different formulations were prepared
by varying the concentrations of CS and sodium tripolyphosphate (STPP). The prepared MEM-NCs
formulations (n = 8) were evaluated for their particle size (PS), polydispersibility index (PDI), zeta
potential (ZP), DL, EE and characterized by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Furthermore, in vitro (i.e., release behavior, cytotoxicity) and ex vivo
studies (i.e., histopathology) studies were carried out. The results show that the DL was over 92% and
the EE was higher than 73%, while the particles were relatively small with nanometric PS (152.63 ± 12.95
to 310.23 ± 10.49 nm), uniform with acceptable PDI (0.336 ± 0.05 to 0.534 ± 0.02), and stable with
positive ZP (23.8 ± 0.4 mV to 54.0 ± 0.5 mV). The optimal formulation (MEM-NC3) was selected
mainly based on the PS (152.63 ± 12.95 nm), DL (98.44 ± 3.31%), and EE (78.7 ± 3.11%). Interestingly,
it does not elicit any cytotoxic and tissue damage when examining at goat nasal mucosa. The selected
formulation was subjected to surface morphological studies such as transmission electron microscopy
(TEM), which revealed that the NCs were spherical in shape and small (100 nm). Interestingly, the
selected formulation was able to sustain the drug release for up to 24 h with an initial burst release
(86.51 %). We conclude that the prepared MEM-NCs represent a promising drug formulation for further
in vivo studies (in animal models and in a clinical setting) to prevent and treat AD.

Keywords: memantine HCl/chitosan nanocrystals; ionic gelation method; Alzheimer’s disease;
neurodegenerative disorder; nanomedicine; innovation
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1. Introduction

AD is the fourth largest cause of death for people over the age of 65 years; it is
defined as a neurodegenerative disorder characterized by irreversible and progressive
memory loss followed by complete dementia [1,2]. The cognitive decline is characterized
by impaired daily activity performance, speech, behavior, and visual-spatial perception.
Cognitive impairment in AD is caused by death of cholinergic neurons in basal forebrain
area. Thereby, a deficit of acetylcholine (ACh) contributes substantially to the etiology of
AD [1,2]. At the same time, the level of dementia correlates with the extent of neuronal
death caused by an excess of glutamate which is considered as the most prevalent excitatory
neurotransmitter in the brain to date [2].

Memantine hydrochloride (MEM HCl, simply abbreviated as MEM) is the hydrochlo-
ride salt form of memantine, voltage-dependent non-competitive and N-methyl-D-aspartate
(NMDA) receptor antagonist [3]. MEM binds and inhibits the cationic channels of glutamin-
ergic NMDARs (NMDA receptors) channel located in the central nervous system (CNS);
this channel is classified as an open channel blocker’ as it can enter and block the current
only when the channel is opened [3]. It is also both a nicotinic receptor antagonist and a
5-hydroxytryptamine type 3 (5HT3) receptor antagonist. MEM is used to treat moderate to
severe dementia associated with AD [3].

All the N-methyl-D-aspartate (NMDA) receptor antagonists available nowadays are
taken orally, but about 57–82% of the unchanged drug gets eliminated in the urine [4].
Moreover, the gastrointestinal side effects of these NMDA inhibitors included nausea,
anorexia, muscle spasms, and diarrhea. When MEM is administered intravenously (IV),
the onset of effects is very rapid. The parenteral route has also its own limitations; it is not a
patient-friendly route because of the possibility of adverse reactions and fear of the needles.
However, other delivery strategies, including intranasal administration (nasal route), may
outperform oral dosages [5], and could be considered as an alternative to treat AD. By this
administration route, MEM could prevent the prolonged influx of calcium ions, neuronal
cytotoxicity and thus enhances the cognitive function [6]. Therefore, to treat AD, it remains
imperative to create long-term, non-gastrointestinal delivery strategies for these NMDA
inhibitors. Brain delivery by nose, via the olfactory pathway, by bypassing the blood–brain
barrier (BBB), appears the best route for fast onset of action, increased bioavailability, and
decreased side effects when treating AD with MEM.

Chitosan (CS) is rich in amino and hydroxyl (positively charged) groups, which
facilitate the formation of nanoparticles (NPs) by chemical and physical cross-linking
(hydrogen bonding in aqueous solution). The positively charged groups of CS can be
ionically cross-linked by electrostatic interactions (non-covalent) with negatively charged
counter ions like those found in the non-toxic and multivalent tripolyphosphate (TPP)
anion [7–9]. In the present study, ionic gelation method was used to implement the
preparation of MEM-CS NCs.

The distribution of medications through the BBB is one of the biggest issues in the
treatment of AD. The inclusion of anti-AD drugs in polymeric nanoparticles (NPs) is a
viable remedy for these issues. While many polymeric NPs are biocompatible and nontoxic,
many of them cannot be used for CNS targeting because they are not biodegradable [10].
CS-based NPs stand out among polymeric drug nanocarriers which are both stable and
biodegradable delivery systems for CNS. Indeed, CS has garnered interest as a non-toxic,
safe, stable, and promising natural polymer for use in drug delivery systems. In recent
years, a great deal of research has been done to design drug delivery systems that use CS
to treat different neurological illnesses [11]. Additionally, because of their mucoadhesive
properties and inherent bioactivity, CS NPs can both facilitate drug absorption into the
brain through the olfactory pathway and can be used as nanocarriers of anti-AD drugs.
With a focus on improving BBB penetration of AD drugs and minimizing their peripheral
adverse effect, CS-based NPs might be employed to overcome certain obstacles in the
treatment of AD [12].
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Drugs are protected by polymeric NPs by entrapment inside the core, encapsulation,
adsorption on the particle surface or conjugation. Polymeric NPs have several advantages
over other NPs, including a low quantity requirement of drug, higher stability, ease of
synthesis, extended and sustained drug release profile, biodegradability, biocompatibility,
nontoxicity, minimal drug alteration, prolonged blood circulation period, and the ability to
deliver drugs to specific sites or the brain [13]. Polymeric NPs use endocytosis and tran-
scytosis mechanisms to transport molecules with payload across the BBB. Some polymeric
NPs, such as CS, polybutylcyanoacrylate (PBCA), dendrimers, and poly(d,l-lactide-co-
glycolide) (PLGA),are helpful in drug delivery and therapy of brain illnesses [14]. Chitin
polymer, which is widely accessible and has several medicinal uses, is used to create CS
NPs. With longer plasma circulation times, these modified NPs were able to pass the BBB
via transferrin receptor-mediated endocytosis. CS NPs can deliver caspase-3 inhibitor
using this method, preventing ischemia-induced apoptosis in neuronal cells [15]. Recently,
Rocha-Meneses et al. demonstrated that functionalized CS NPs loaded with large peptide
moieties and brain-targeted anti-transferrin monoclonal antibody were able to rapidly
penetrate BBB and elicit neuroprotection [16].

Among the several synthetic methods, NP synthesis using ion exchange is a flexible
and effective method that offers a new route to designing complicated structures and
metastable NPs, which are not accessible by standard syntheses [17]. Due to their adapt-
ability and capacity to modify fine structures, NP syntheses by ion exchange reactions are
anticipated to be able to produce novel devices with necessary characteristics.

In recent years, nasal route is considered as convenient, safe, non-invasive, and
reliable route for brain targeting. Drug will reach the brain by nasal cavity via olfactory
and trigeminal nerves present in nasal cavity. Though polymeric nanocrystals (PNCs) have
been used widely for oral, parenteral, ocular, and transdermal delivery, recently, brain
targeting through PNCs via nasal route has also increased [18]. A particle range between
1 and 100 nm in size with a consistent atomic structure is referred to as an NC. There are
amorphous NPs and those made of two or more NCs.

The novelty of the present investigation is related to the development of small, uni-
form, and stable PNCs for a drug used to treat AD (i.e., Memantine) while improving
targeted and sustained/controlled delivery of the drug to the brain. PNCs are designed to
overcome issues encountered with conventional dosage forms (e.g., standard formulations
such multidose treatment, substandard patient compliance, and high cost). Indeed, the
hydrophilic nature of MEM cannot pass the BBB; a PS of less than 200 nm is also a key
requirement for crossing this barrier. Therefore, MEM-CS NCs was selected as the carrier
in this study to assess in vitro and ex vivo analyses before any in vivo studies.

2. Materials and Methods
2.1. Reagents

Memantine HCl (MEM) was purchased from Hetero Drugs, Hyderabad, India. Chi-
tosan (CS) 400 kD MW and sodium tripolyphosphate (STPP) 85% deacetylated were bought
from Sigma Aldrich, Mumbai, India. The other chemicals and regents used in this study
were of analytical grade.

2.2. Preparation of Memantin-Loaded Chitosan Nanocrystals (MEM-NCs)

High-quality (Supplementary file) MEM-NCs were prepared by ionic gelation method.
The CS- MEM solution was prepared by using different concentration of polymer-drug
ratio (Table 1). The CS concentration ranged from 2 to 9 mg. STPP was dissolved in water to
get clear solution. The prepared STPP solution was added dropwise to CS- MEM solution
using 1 mL micro syringe and was stirred at 1000 rpm using a magnetic stirrer (REMI 2).
The resulting solution was then filtered by using a membrane filter (0.45 µm; Millipore) to
remove the residual from STPP. The obtained NCs were concentrated by ultracentrifugation
at 12,000 rpm at 4 ◦C for 20 min [19].
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Table 1. Various formulation concentration and condition of MEM-NCs.

Formulation
Code

MEM
Concentration (mg)

CS: MEM
Concentration Ratio

Time
(h)

MEM-NC1 10 2:1 4

MEM-NC2 10 3:1 4

MEM-NC3 10 4:1 4

MEM-NC4 10 5:1 4

MEM-NC5 10 6:1 4

MEM-NC6 10 7:1 2

MEM-NC7 10 8:1 6

MEM-NC8 10 9:1 6
MEM: memantine HCl; CS: chitosan; NC: nanocrystal.

Electrostatic interactions were present between the CS and STPP. Here, the oxygen
atoms of the STPP show electrostatic interaction with the OH group of the CS (Scheme 1).
Further, the STPP interacted with the MEM by van der Waals forces. The major alkyl groups
of MEM show van der Waals forces with the electronegative oxygen atoms of the STPP [20].
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Scheme 1. Schematic diagram of the chemical reactions between MEM, STPP, and CS.

2.3. Particle Size (PS), Polydispersibility Index (PDI) and Zeta Potential (ZP)

A light scattering PS analyzer was used to measure the PS and PS distribution (PSD) of
the prepared MEM-NCs with appropriate dilutions according to the method described by
Mohamed et al. (2022). All samples were measured at least three times. The measurements
of ZP and PDI are frequently employed to forecast the stability of a nanosystem. Nano ZS,
a product of Malvern Instruments, Malvern, UK, was used to calculate ZP of the prepared
MEM-NCs [21].
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2.4. Drug Entrapment Efficiency (EE) and Drug Loading (DL)

Freeze dried MEM-NCs were dissolved in acetonitrile and filtered (0.45 µm membrane
filter) and the solution were estimated using UV-Vis spectrophotometer at 291 nm (UV-Vis
method performance parameters such as accuracy, precision, repeatability, and linearity are
mentioned in the supplementary file). EE and DL of MEM were quantified using following
Equations [22]:

(%)EE =
quantity o f MEM in NCs

quantity o f MEM in the preparation
× 100 (1)

(%)DL =
quantity o f MEM in NCs
quantity o f NCs ontained

× 100 (2)

2.5. Morphology
2.5.1. Scanning Electron Microscopy

High magnification was used for SEM, which produces high-resolution pictures and
accurately quantifies very minute features and objects. SEM micrographs of pure MEM
and MEM-NCs were obtained by spreading a small quantity of powdered sample over a
double-sided carbon tape on a metal study, then the sample was gold coated (ion sputter)
to form a thin layer over it and mounted into a SEM microscope (Carl Zeiss Microscopy
Ltd., Cambridge, UK). A working distance of ~5 mm with acceleration of 10.0 kV were
applied, and images at various levels of magnification were captured [23].

2.5.2. Transmission Electron Microscopy (TEM)

The morphology of selected MEM-NCs was investigated after they were diluted
with Milli Q water (1:1000), placed on a copper grid, and air dried [16]. The sample was
further investigated using a TEM (FEI Technai TF-30, Hillsboro, OR) at 200 kV after being
negatively stained with a 1% solution of phosphotungstic acid.

2.6. Powder X-ray Diffraction (PXRD) Studies

The XRD analysis was used to investigate the impact on the crystallinity of MEM and
MEM-NCs by using a diffractometer (Siemens D5000, Munich, Germany). The samples
were put into a sample holder that used Cu Kα radiation as its source. The diffractometer
was then operated at 40 kV and 30 mA current [24]. The samples were scanned at a speed
of 3◦ per minute with a step size of 0.02◦ over an angle range of 0◦ to 80◦.

2.7. In Vitro Release Studies

The in vitro drug release study was performed using the dialysis bag method.
Nanocrystals equivalent to 5 mg of the drug was placed in a cellulose dialysis bag, (MWCO
12,000 g/mole) and to this a little amount of dissolution media (PBS) was added, which
was then sealed at both ends. It was then placed in a beaker containing 1× PBS at pH 6.4.
Aliquots of 5 mL were withdrawn at each interval of time and were replaced with fresh
dissolution media. The samples were measured by UV spectrophotometer at 291 nm [25].

2.8. In Vitro Cell Cytotoxicity Using RPMI 2650 Cell Lines

To measure the growth modulation of cells, tetrazolium salt 3-(4, 5 dimethyl thiazole-2-
yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay was carried out using RPMI 2650 cell
line. The RPMI 2650 cell line was treated with different concentration of MEM-NCs and
pure MEM solution ranging 62.5 mg/mL to 1000 mg/mL for 72 h. After 72 h, the cell lines
were microscopically examined for morphological changes [26].

2.9. Ex Vivo Histopathological Studies

Ex vivo histopathological studies were carried out on goat nasal mucosa (conchae
nasals). Freshly isolated goat nasal mucosa was stored in 1× PBS (pH 6.4) and cut into
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four defined pieces of uniform thickness and diameter. Each section was named as negative
control, positive control, pure MEM solution and MEM-NCs [27]. PBS (pH 6.4) was used
as negative control, isopropyl alcohol (IPA) as positive control, drug solution (2 mg/mL)
and MEM NCs dispersion (2 mg/mL), respectively. The nasal mucosa, treated for 72 h,
was stored, and examined on an optical microscope to detect any toxicity by examining the
potential damages to the tissues.

2.10. Statistical Analysis

The results of each experiment were performed in triplicate and are shown as mean
standard deviation (mean ± SD, n = 3). The data were analyzed using one-way analysis of
variance (ANOVA), with a significance level of p < 0.05.

3. Results and Discussion
3.1. PS, PDI, ZP, DL, and EE of MEM-NCs: MEM-NC3 as the Optimal Formulation

In the solution, MEM-NCs were found to have a bi-modal size distribution (complex
including at least two molecules) with a hydrodynamic PS in the range of 152.63 ± 12.95
to 310.23 ± 10.49 nm and a PDI of 0.336 ± 0.05 to 0.534 ± 0.02 (Table 2). ZP of MEM-NCs
ranged between 23.8 ± 0.4 mV and 54.0 ± 0.5 mV (Table 2).

Table 2. Basic physical characteristics of MEM–NCs. * Each value signifies mean ± SD, n = 3; the
significant variances compared to control (pure MEM) are denoted by ** p < 0.05, as estimated by the
ANOVA test. Otherwise, p > 0.05.

Formulation Code PS
(nm) * PDI * ZP

(mV) *
DL *
(%)

EE *
(%)

MEM-NC1 204.90 ± 14.09 0.359 ± 0.03 28.6 ± 1.40 96.22 ± 5.32 76.6 ± 3.55 **

MEM-NC2 158.96 ± 8.63 ** 0.534 ± 0.02 23.8 ± 0.40 94.63 ± 3.64 74.6 ± 4.59

MEM-NC3 152.63 ± 12.95 ** 0.437 ± 0.14 36.1 ± 0.60 98.44 ± 3.31 ** 78.7 ± 3.11 **

MEM-NC4 310.23 ± 10.49 0.437 ± 0.06 54.0 ± 0.50 ** 95.66 ± 4.64 74.5 ± 5.43

MEM-NC5 211.76 ± 6.10 0.336 ± 0.05 45.3 ± 1.20 92.57 ± 5.32 75.4 ± 2.69

MEM-NC6 278.46 ± 16.77 0.370 ± 0.17 50.1 ± 2.80 94.85 ± 5.78 74.9 ± 5.67

MEM-NC7 212.90 ± 4.78 0.342 ± 0.05 47.5 ± 1.60 95.55 ± 6.76 73.8 ± 4.80

MEM-NC8 290.70 ± 7.60 0.474 ± 0.18 52.1 ± 1.50 ** 94.87 ± 5.11 73.8 ± 5.77

MEM: memantine HCl; NC: nanocrystal; PS: particle size; PDI: polydispersibility index; ZP: zeta potential;
DL: drug loading content/capacity; EE: drug loading/entrapment efficiency.

MEM-NC-3 displayed the smallest PS (Table 2). This formulation displayed a hy-
drodynamic diameter of 152.63 ± 12.95 nm with a PDI of 0.437 ± 0.14 (Figure 1a). ZP is
a crucial metric for understanding the makeup of the particle surface and determining
the stability of the complex over time [28]. The ZP of MEM-NC-3 was estimated to be
36.1 ± 0.6 (Figure 1b), which demonstrates that the surface charge was somewhat reduced.
Due to the MEM being entirely encased by the CS shell, MEM-NC-3 was able to exert an
enough repulsive force to prevent settling or aggregation/agglomeration during long-term
storage, as indicated by the reported low PDI value (<0.7), which indicates the homogeneity
in PSD [29,30].

DL (%) and EE (%) of MEM-NCs ranged between 92.57 ± 5.32 % and 98.44 ± 3.31%,
and between 73.8 ± 5.77 and 78.7 ± 3.11%, respectively (Table 2). The maximum absorption
of MEM-NCs, measured between 200 and 400 nm, with a peak at 291 nm, was responsible
for nearly 90% of the overall output maintained (p > 0.05). This value was within the
reference (label quantity) range of 90 to 105% of MEM. MEM-NC3 displayed the highest
DL (98.44 ± 3.31%) and EE (78.7 ± 3.11%), and so was selected as optimal formulation for
these parameters (in addition to its smallest size). The drug:polymer ratio of MEM-NC3
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was 1:4 (MEM:CS). A lipophilic drug may improve EE by integrating a positively charged
carrier like CS, as claimed by Senthilvel et al. (2022) [31].
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3.2. Surface Morphology of MEM-NC3 by SEM Depicts Smooth Spherical NPs

The surface morphologies of free MEM and MEM-NC3 (selected as optimal formu-
lation) are depicted in Figure 2. The free MEM appears smooth and crystalline with an
average particle size of 15 µm (Figure 2a). MEM-NC3 was spherical with a crystalline
surface and a PS in the nanometric range was confirmed (Figure 2b). The formation of an
encircling crystal network by a thin polymer layer during hydration enables the system
to transform from globular to spherical and achieve thermodynamic stability by lowering
total free energy [32]. The stability of the spherical structure was demonstrated even when
several mechanical stressors, such as sonication and ultracentrifugation, were used.
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Figure 2. SEM image of (a) free MEM, (b) MEM-NC3, and (c) TEM image of MEM-NC3.

The morphology of freshly prepared MEM-NC3 indicates that nanocrystals were
roughly spherical in shape with size ranges of 100–129 nm (Figure 2c). MEM-NC3 regularly
exhibited a smooth spherical form with a dense CS matrix that is homogenous (PDI of 0.437),
however the size is smaller than the hydrodynamic measurement as determined by dynamic
light scattering [33].

3.3. PXRD of MEM-NC3 Revealed Its Crystalline Nature

A typical method for identifying a novel crystallographic phase in the solid/crystal
state is PXRD. The diffraction patterns of pure MEM and MEM-NC3 crystals are shown
in Figure 3. Characteristic diffraction peak of 2θ values were visible in the PXRD pattern
for pure MEM at 11.01, 14.98, 19.04, 26.11, and 30.83◦. On the other hand, MEM-NC3
displayed several distinctive interference peaks with 2θ values at 11.89, 13.65, 12.90, 17.06,
18.41, and 20.44◦. The formation of a new crystalline peak was confirmed as CS character-
istic peaks and the lack of the MEM peaks was observed (characteristic peak of CS was
slightly altered with 2θ values at 10.78 and 19.25◦). This study confirmed that the prepared
MEM-NC3 was crystals [28,34,35].
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3.4. In Vitro Release Study Showed Sustained and Controlled Release of MEM-NC3

The in vitro release behavior of pure MEM and MEM-NCs is shown in Figure 4. An
initial drug release of 21.44 ± 1.21% was observed, which may be accounted for the MEM
adsorbed to the surface. After 12 h, 78.51 ± 2.21 % of MEM was released, followed by
slow release up to 24 h with 87.28 ± 2.01 %. The increased release in aqueous media from
21.44 ± 1.21% to 87.28 ± 2.01 % is due to the swelling property of the polymer. Further,
there was no significant release found among the tested MEM-NCs and up to 24 h. The
optimized formulation MEM-NC3 displayed a higher but insignificant (p < 0.05) release
rate compared to that of other formulation. The MEM-NCs showed biphasic pattern of
release with an initial burst release followed by a sustained release markedly enhanced
(p < 0.05) as compared to the pure MEM (control), which is a BCS-I drug (high solubility,
high permeability). CS has been referred to be more efficient at enhancing drug uptake
when formulated in the nanocrystal form, as compared to solution [28,34,35]. Thereby,
MEM-NCs (aka MEM/CS-NCs) could release the MEM in a regulated way over the course
of 24 h, meantime strongly suggesting that CS may have affected MEM release from NCs.
It could be able to offer a continuous/uninterrupted drug release over a longer length of
time because of MEM enhanced solubility [36].
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3.5. Cytotoxicity Studies Showed that Lower Doses MEM-NC3 are Safer Compared to Pure MEM

The cytotoxicity of pure MEM and MEM-NPs have been investigated for their antipro-
liferative activity in human nasal cell line RPMI 2650 based on MTT assay [37]. The RPMI
2650 cell line was treated with different concentrations (62.5 µg/mL to 1000 mg/mL) of
MEM-NC3 (test) or pure MEM (control) solution for 72 h. MEM-NC3 showed markedly
lower cytotoxicity (p < 0.05) as compared to the pure MEM. RPMI 2650 cell lines exposed
to MEM and MEM-NP after 72 h of treatment exhibited increased cytotoxicity in a dose-
dependent manner (Figure 5). As per this study, a dose of MEM-NC3 up to 250 mg/mL−1

is recommended. Nevertheless, such a study in additional cell lines (like brain cells) and
kinetic studies at doses lower than 500 mg/mL−1 are to be performed.
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Figure 5. Percentage inhibition of RPMI 2650 cells on pure MEM and MEM-NC3 at various con-
centrations (mean ± SD, n = 3). The significant variances associated with control (pure MEM) are
denoted by *** p< 0.005 and ** p< 0.05 as estimated by the ANOVA test.

Their morphological changes were microscopically examined (Figure 6), which con-
firmed cytotoxic effects of MEM and MEM-NC3 when the dose is at least as high as
500 mg/mL. Microscopic images of RPMI 2650 cells exposed to MEM and MEM-NCs after
72 h of treatment exhibited significant cytotoxicity in a dose-dependent manner, which are
in line with our previous MTT findings.
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3.6. Ex Vivo Histopathological Studies Confirm the Safe Use of MEM-NC3 by Nasal Route

The nasal ciliotoxicity study revealed the microscopic structure of the goat nasal
mucosa after its treatment for 72 h with PBS (pH 6.4) as a negative control (Figure 7a), IPA,
as a positive control (Figure 7b), pure MEM solution, as an internal control (Figure 7c), and
MEM-NC3 dispersion, as the selected test (optimal) formulation (Figure 7d). As expected,
PBS at physiological pH induced normal tissue architecture of the goat nasal mucosa while
IPA induced complete detachment of cilia, loss of epithelial cells, and shrinkage of the
mucosal layer of epithelial cells [38]. The drug solution also induced detachment of a
few cilia from the epithelial tissue, which indicates toxicity effect when compared with
PBS-treated nasal mucosa slides [39,40]. Interestingly, there was no cell necrosis or cilia
detachment from the MEM-NC3 dispersion-treated nasal mucosa (Figure 7d).
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Overall, these data suggest that a dose higher than 500 µg/mL−1 (0.5 mg/mL) and at
least up to 2000 µg/mL (2 mg/mL) of MEM-NCs can be administrated via the nasal route
in animals without significative adverse effects, and could be more beneficial than the use
of free/pure MEM. As nasal administration is a direct route to the brain [41,42], the present
study should undergo additional investigations to prove the efficacy (efficiency and safety)
of MEM HCl/CS NCs and/or natural neuroprotective plant extracts/phytochemicals en-
trapped to CS NCs in vivo, using animal models such as Globodera pallida [1,2,43] but also to
investigate the effects in brain tissues of vertebrates. This pioneered work is a step forward
toward a possible solution to prevent and treat more efficiently neurodegenerative diseases.

4. Conclusions

MEM/CS-NCs were successfully prepared by the ionic gelation method (using STTP
as a cross-linker). The optimized MEM-NC3 formulation was characterized both in vitro
and ex vivo. MEM/CS-NC3 (abbreviated as MEM-NC3) displayed smooth, spherical
uniform, stable NCs. Interestingly, MEM could be released in a controlled/sustained
manner in vitro. Furthermore, MEM-NC3 represents a potential new strategy for safe
MEM nasal delivery since MEM-NC3 were significantly less cytotoxic than pure MEM
at the tested concentrations both in treated human nasal RPMI 2650 cells and goat nasal
mucosa tissue. These findings represent a first few steps forward in the development
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of a novel nasal delivery system for the treatment of Alzheimer’s disease, among other
neurodegenerative diseases.
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