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ABSTRACT

Objective: This study investigated the therapeutic potential of chitosan-coated Selenium-Donepezil Nanoparticles (SeNPs) in a scopolamine-
induced rat model of Alzheimer's disease (AD).

Methods: Chitosan-coated SeNPs were synthesized and characterized using Field Emission Scanning Electron Microscopy (FE-SEM), Dynamic Light Scatter-
ing (DLS), Fourier-Transform Infrared Spectroscopy (FTIR), and Energy-Dispersive X-Ray Spectroscopy (EDAX). The therapeutic potential of SeNPs was
evaluated in a scopolamine-induced rat model of AD by assessing spatial memory using the Morris Water Maze (MWM) test and passive avoidance test, as
well as measuring oxidative stress markers, including the Ferric-Reducing Ability of Plasma (FRAP) and Malondialdehyde (MDA) levels.

Results: The selected formula (F2) of chitosan-coated SeNPs significantly improved spatial memory and reduced oxidative stress markers com-
pared to scopolamine controls, suggesting a synergistic effect. The average size of F2 was approximately 200 nm, with a zeta potential of-20.4 mV.
The loading efficiency of donepezil into F2 was 42.3+0.57%. In the MWM test, F2 significantly improved spatial memory and learning compared to
the scopolamine group (p<0.01). F2 also ameliorated scopolamine-induced memory deficits in the passive avoidance test (p<0.05). Furthermore, F2
significantly increased FRAP levels and decreased MDA levels in both serum and brain tissue compared to the scopolamine group (p<0.05).

Conclusion: The results suggest that chitosan-coated SeNPs may offer a promising therapeutic approach for AD by targeting both oxidative stress

and cholinergic dysfunction, warranting further investigation.
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INTRODUCTION

Alzheimer's disease (AD) is a neurodegenerative disorder marked by
cognitive decline, memory loss, and behavioral changes [1, 2]. The com-
plex pathophysiology involves B-amyloid plaques, neurofibrillary tan-
gles, oxidative stress, and cholinergic dysfunction [2]. Current treat-
ments offer limited efficacy, primarily managing symptoms rather than
addressing the underlying causes of the disease [3].

Oxidative stress, an imbalance between Reactive Oxygen Species
(ROS) production and antioxidant defenses, plays a critical role in
AD pathogenesis. ROS can damage cellular components, leading to
neuronal dysfunction and death. Selenium, an essential trace ele-
ment with potent antioxidant properties, has shown promise in
mitigating oxidative stress and neurodegeneration in AD models [4].
Studies have linked low selenium levels with cognitive impairments
in individuals with AD [5-7].

The central cholinergic system's pivotal role in learning and memory
processes was first recognized in the 1970s [8, 9]. AD's activity is
reduced, contributing to cognitive decline [10]. The disruption of the
cholinergic system involves amyloid plaques, neurofibrillary tangles,
and excessive acetylcholinesterase release, leading to decreased
acetylcholine levels and memory/learning disorders [9, 11, 12].
Donepezil, an acetylcholinesterase inhibitor, improves cognitive
function in AD patients [3, 13].

Oxidative stress significantly contributes to age-related cognitive
problems, including AD. Free radicals can damage mitochondrial com-
ponents, increasing the production of harmful Amyloid Beta (Af) [14].

Developing novel nanoparticles with therapeutic antioxidant proper-
ties is crucial for managing neurological disorders [15, 16].

Selenium, a cofactor in redox regulation, exhibits potent antioxidant
and neuroprotective functions in AD models [5, 6]. Age-related de-
cline in selenium levels may contribute to neuropsychological de-
cline in adults [17].

Nanoparticle-based drug delivery systems have gained attention for
their potential to revolutionize therapeutics [18]. Nanocarriers can
enhance drug efficacy, improve bioavailability, and reduce adverse
side effects. Chitosan, a natural biocompatible polysaccharide, has
emerged as a promising carrier for targeted drug delivery in AD
treatment [19]. Nano-selenium has shown superior efficacy com-
pared to other forms of selenium in regulating enzymes and reduc-
ing toxicity [20]. Selenium nanoparticles have garnered interest for
their therapeutic potential due to their chemical stability, high bio-
compatibility, and low toxicity [19].

This study focuses on designing a mesoporous selenium nanoparti-
cle system loaded with donepezil to enhance donepezil's brain de-
livery and improve scopolamine-induced memory and learning
impairments.

MATERIALS AND METHODS
Material

This study utilized 56 male wistar rats (weighing 200-250 g, 3-4 mo
old) obtained from the Pasteur Institute of Iran. The animals were
housed in quadruple cages under standard conditions, with a 12 h
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light/dark cycle and a constant temperature of 23+1 °C. They had
free access to food and water throughout the study. The ethics ap-
proval for this study was obtained from Shahrekord University of
Medical Sciences (IR. SKUMS. REC.1399.032).

Reagents used in this study included donepezil hydrochloride, sele-
nium dioxide, ascorbic acid and low molecular weight chitosan (all
from Merck, Darmstadt, Germany) and Cetyl Trimethyl Ammonium
Bromide (CTAB) (98%, Sigma Aldrich, Seelze, Germany).

Preparation of mesoporous selenium nanoparticles (SeNPs)

To prepare mesoporous SeNPs, CTAB (100 mg) was dissolved in 46
ml of water at room temperature and stirred for 30 min at 800 rpm.
Zinc (30 mg) was added to the solution and stirred for 120 min at
800 rpm. Sodium selenite solution (2 ml, 5 mmol) and ascorbic acid
solution (2 ml, 20 mmol) were added, and the mixture was stirred
for 2 h at 800 rpm. The solution was centrifuged at 800 rpm for 5
min and washed three times with water and ethanol. The precipitate
was dispersed in 30 ml of ethanol and refluxed at 80 °C and 800 rpm
for 24 h to remove CTAB. The SeNPs were then washed three times
with water and dried [21].

Loading SeNPs with donepezil (F1)

1. SeNPs (50 mg) were dispersed in 5 ml of a solution containing
50 mg of donepezil.

2. The mixture was stirred at 800 rpm at room temperature under
dark conditions for 24 h.

3. F1 nanoparticles were separated using centrifugation and dried
using a freeze-dryer.

Chitosan coating of SeNPs (F2)

1. F1 nanoparticles (50 mg) were dispersed in 5 ml of deionized
water.

2. Chitosan (5 mg) was dissolved in 2 ml of 0.1 M acetic acid and
added dropwise to the nanoparticle solution.

3. The mixture was stirred for 24 h.

4. F2 nanoparticles were separated using centrifugation and dried
using a freeze-dryer.

Preparation of SeNPs coated with chitosan (F3)

For animal studies, 44 mg of Se nanoparticles were coated with
chitosan (F3) using the same method to prepare nanoparticles
(without donepezil).

Evaluation of loading and release of donepezil

The amount of donepezil loaded into the SeNPs was determined by
measuring the absorbance of the supernatant solution at 260 nm
using a spectrophotometer. The loading efficiency and loading ca-
pacity were then calculated using specific formulas. These calcula-
tions provide insights into the effectiveness of incorporating the
drug into the nanoparticles. The loading efficiency reveals the per-
centage of the initial drug successfully loaded into the nanoparticles,
while the loading capacity indicates the amount of drug loaded per
unit mass of nanoparticles:

Equation 1:

(primary drug amount - (unloaded drug amount)

Loading efficiency (%) =
x 100

(primary drug amount)

Equation 2:

Loadi ity (% (loaded drug amount) 100
= X
oading capacity (%) (loaded drug amount + nanoparticles amount)

Characterization of nanoparticles

The physicochemical properties of the prepared nanoparticles were
characterized using various techniques:

Morphology: The morphology of the nanoparticles was assessed
using FE-SEM (Tescan/Mira, Brno, Czech Republic).
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Size and zeta potential: The particle size and zeta potential were
measured using DLS (Mastersizer 2000, Malvern Instruments, Mal-
vern, and Worcestershire, UK).

Porosity: The pore size and surface area of the mesoporous SeNPs
were investigated using Nz adsorption-desorption analysis.

Chemical Structure: The chemical structure of the nanoparticles
was analyzed using FTIR (Nicolet Magna IR-550).

Elemental Composition: The elemental composition of the nano-
particles was determined using EDAX coupled with FE-SEM [22].

Experimental design and dosage justification

The doses and concentrations for selenium, donepezil and other
reagents were selected based on preliminary studies and previous
literature to optimize therapeutic efficacy while minimizing poten-
tial toxicity. The preparation and administration of each compound
adhered to established protocols to ensure consistency and repro-
ducibility across experimental groups [22-24].

Animal groups

This study obtained 56 male wistar rats (200-250 g, 3-4 mo old)
from the Pasteur Institute of Iran. The animals were housed in quad-
ruple cages under standard conditions, with a 12 h light/dark cycle
and a constant temperature of 23+1 °C. They had adequate access to
food and water throughout the study.

The rats were randomly divided into seven groups (n = 8 per group):
Control: Group receiving normal saline (vehicle).
SCO: Group receiving scopolamine (5 mg/kg).

SCO+Don: Group receiving scopolamine (5 mg/kg) with donepezil
(0.1 mg/kg).

SCO+Se: Group receiving scopolamine (5 mg/kg) with selenium
nanoparticles (without chitosan coating).

SCO+F1: Group receiving scopolamine (5 mg/kg) with loaded SeNPs
without chitosan coating (containing 0.1 mg/kg donepezil).

SCO+F2: Group receiving scopolamine (5 mg/kg) with loaded SeNPs
with chitosan coating (containing 0.1 mg/kg donepezil).

SCO+F3: Group receiving scopolamine (5 mg/kg) with blank SeNPs
chitosan coating.

Nanoparticles were administered intraperitoneally at 2 ml/kg per
day for 26 d. Three weeks after the start of treatment, behavioral
tests were conducted [25].

Animal study
Learning and memory test
Spatial memory test (Morris water maze, MWM)

The Morris Water Maze (MWM) test is a widely used method to evalu-
ate spatial learning and memory in rat models. The apparatus consist-
ed of a circular pool (136 cm diameter, 60 cm height) filled with water
maintained at 251 °C. A hidden platform (10 cm diameter) was sub-
merged approximately 1 cm below the water's surface in the center of
one quadrant (target quadrant). The pool was located in a dimly lit
room with visual cues on the walls to aid navigation [26].

Learning phase (Days 22-26)

Each rat was subjected to four trials per day for four consecutive
days. The rat was placed in the pool at a random starting point and
given 60 sec to locate the hidden platform. If unsuccessful, the rat
was gently guided to the platform. The time (latency) and distance
traveled (path length) to reach the platform were recorded using
Ethovision XT software.

Probe trial (Day 27)

To evaluate spatial memory retention in rats, researchers conducted
a probe trial where the platform was removed, and the rats' move-
ments were recorded. The time spent in the target quadrant and the
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distance traveled within it served as indicators of the rats' ability to
recall the platform's location. These metrics are valuable in as-
sessing the rat's ability to recall the platform's location and navigate
to the target quadrant effectively.

Passive avoidance test (Shuttle box)

The passive avoidance test was used to evaluate memory function in
rats. The apparatus consisted of two chambers (one light, one dark)
separated by a sliding door. The dark chamber's floor was equipped
with a metal grid connected to a shock generator.

Habituation (Days 1-2): Rats were individually placed in the light
chamber for 5 min and the time it took them to enter the dark
chamber was recorded.

Acquisition (Day 3): Rats were placed in the light chamber and after
20 sec, the door was opened. The time to enter the dark chamber (ini-
tial latency, T1) was recorded. Upon entering, the door was closed and
a mild foot shock (50 Hz, 1 mA, 1 second) was administered.

Retention (Day 4): Rats were again placed in the light chamber and
the time to enter the dark chamber (Step-Through Latency, (STL))
was recorded (maximum 60 sec). Increased STL indicated improved
memory retention [26].

Laboratory analysis
Measurement of antioxidant capacity

The ferric-reducing ability of plasma (FRAP) assay was used to as-
sess antioxidant capacity in serum and brain tissue homogenates.
The FRAP working solution consisted of acetate buffer, TPTZ solu-
tion and FeCls.

1.Brain tissue was homogenized and centrifuged to obtain the su-
pernatant.

2.Serum or brain supernatant (50 pl) was added to 1.5 ml of FRAP
working solution and incubated at 37 °C for 10 min.

3.The absorbance of the resulting blue-colored complex was meas-
ured at 593 nm.

4.FRAP values were calculated using a standard curve generated
with FeSO4 [25].

Measurement of malondialdehyde (MDA) levels

The level of MDA, a marker of lipid peroxidation, was measured in
serum and brain tissue homogenates using the thiobarbituric acid
reactive substances assay.

1. Serum or brain homogenate (1 ml) was incubated at 37 °C for 60 min.

2. Trichloroacetic acid (1 ml, 5%) and thiobarbituric acid (1 ml,
67%) were added and the mixture was vortexed.

3.The mixture was centrifuged, and the supernatant was heated in a
boiling water bath for 10 min.
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4. After cooling, the absorbance was measured at 535 nm.
5.MDA levels were calculated using a standard curve [27].
Measurement of acetylcholinesterase (AChE) activity

A modified Ellman's method measured Acetylcholinesterase (AChE)
activity in serum and brain tissue homogenates.

1.Serum or brain homogenate (0.4 ml) was added to 2.6 ml phos-
phate buffer.

2.5,5'-Dithiobis-(2-Nitrobenzoic Acid) (DTNB) (100 pl) was added,
and the absorbance was zeroed.

3. Acetylthiocholine iodide substrate (60 pl) was added, and the
mixture was mixed well.

4.The absorbance at 412 nm was measured every 15 sec for seven
readings.

5.The reaction rate (change in absorbance per minute) was calculat-
ed, and AChE activity was determined.

For red blood cell AChE activity, blood samples were diluted with
distilled water and the assay was performed as described above
using the acetylthiocholine iodide substrate [28].

Statistical analysis

After collecting the data (n = 3), it was entered into Statistical Pack-
age for the Social Sciences (SPSS) 18 software and analyzed using
descriptive statistics (including frequency, percentage, mean and
standard deviation) and analytical statistics, including one-way
analysis of variance with Tukey's post hoc test. A significance level of
5% (p<0.05) was considered to indicate statistical significance.

RESULTS
Characterization of nanoparticles
Morphology and size

FE-SEM analysis revealed that the SeNPs were spherical and uni-
formly distributed. The average nanoparticle size was approximate-
ly 200 nm (fig. 1A). DLS analysis further confirmed the size distribu-
tion, with an average size of 206 nm and a polydispersity index
(PDI) of 0.231, indicating a high degree of size uniformity (fig. 1E).

Porosity

The mesoporous structure of SeNPs was confirmed by isotherm and
porosity studies (fig. 1B). The surface area of the nanoparticles was
determined using the Brunauer-Emmett-Teller (BET) method, which
revealed a surface area of 0.091625 cm?/g (fig. 1C) and the pore
radius, as calculated from the Barrett-Joyner-Halenda (BJH) method,
was 1.64 nm (fig. 1D).

Zeta potential

The zeta potential of the SeNPs was measured to be-20.4 mV (fig. 1F).
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Fig. 2: FTIR spectrum of SeNPs showing characteristic peaks
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Fig. 1: Characterization of SeNPs: A) FE-SEM image, B) Isotherm, C) BET pattern, D) BJH curve, E) Size distribution, F) Zeta potential

FTIR analysis

Fig. 2 displays Se's FTIR data. The peak observed at 1109 cm corre-
sponds to the stretching vibration of Se-O, whereas the peaks at 1631
and 470 cm? correspond to the bending vibrations of Se-O. Intense
bands are detected at 3437 cm?, indicating O-H stretching vibrations,
while the peak at 1393 cm corresponds to C-O stretching vibrations.
The vibrations detected at 2870 cm! and 2927 cm! correspond to the
symmetric and asymmetric stretching vibrations of the C-H bonds.

EDAX analysis

The elemental composition of the F2 nanoparticles was evaluated
using EDAX. The analysis confirmed the presence of carbon, oxygen,
selenium, hydrogen and nitrogen, which are the constituent ele-
ments of selenium nanoparticles, donepezil and chitosan (fig. 3). The
presence of these elements supports the successful formation of the
F2 nanoparticles and the incorporation of both donepezil and chi-
tosan into the nanoparticle structure.
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Fig. 3: EDAX analysis of F2 nanoparticles confirming elemental composition
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Thermogravimetric analysis (TGA) of nanoparticles

The thermal stability of Se, F1 and F2 nanoparticles were investigat-
ed using TGA under a nitrogen atmosphere. The samples were heat-
ed from ambient temperature to 800 °C at a constant rate. The TGA
curves (fig. 4) reveal distinct weight loss patterns for each nanopar-
ticle type.

Se: The Se nanoparticles demonstrated high thermal stability, exhib-
iting minimal weight loss (5.5%) even when heated up to 800 °C.
This observed weight loss can be primarily attributed to the evapo-
ration of residual solvent and adsorbed water.

120

Se

100

Se@D
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F1: They showed a significant weight loss of 68.35% at 800 °C, sug-
gesting the decomposition of the organic functional groups in
donepezil.

F2: They exhibited a weight loss of 56.45% at 800 °C. This weight
loss is attributed to the combined decomposition of donepezil and
the chitosan coating. The slightly lower weight loss compared to F1
suggests that the chitosan layer provides additional thermal stabil-
ity. The distinct weight loss patterns observed for each nanoparticle
type provide valuable insights into their thermal behavior and the
potential impact of the chitosan coating on their stability.
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Fig. 4: TGA analysis of Se, F1 and F2 nanoparticles showing weight loss patterns

Drug loading

The successful encapsulation of donepezil within the chitosan-
coated selenium nanoparticles (F2) is crucial for the efficacy of
this drug delivery system. The loading efficiency of donepezil
into the F2 nanoparticles was determined to be 42.3+0.57%,
indicating that a substantial portion of the initial drug amount

was successfully incorporated. The loading capacity, which re-
flects the amount of drug loaded per unit mass of nanoparticles,
was 12.2+0.31%. While this value may seem moderate, it is es-
sential to consider the potential for controlled and sustained
release of donepezil from the nanoparticles, which could en-
hance its therapeutic efficacy. The loading efficiency and capaci-
ty values are summarized in table 1.

Table 1: Donepezil loading in F2 nanoparticles

Nanoparticle Loading efficiency (%)

Loading capacity (%)

F2 42.3+0.57

12.2+0.31

Value represent mean+SD (n = 3).

The successful loading of donepezil into the F2 nanoparticles, as
evidenced by the reasonable loading efficiency and capacity, sup-
ports the feasibility of this drug delivery system for further investi-
gation in the context of AD treatment. The subsequent evaluation of
drug release kinetics will provide additional insights into the poten-
tial of these nanoparticles for controlled and targeted drug delivery
to the brain.

Morris water maze (MWM) test

The Morris water maze (MWM) test was employed to assess the
effects of SCO and F2 on spatial learning and memory in rats. The
experimental timeline involved ten consecutive days of SCO admin-
istration to induce memory impairment, followed by a 5 d MWM
assessment starting on the fifth day post-SCO treatment.

The results revealed that chronic SCO administration significantly
impaired spatial memory, as evidenced by the increased latency (time
to find the hidden platform) in the MWM test compared to the control
group (p<0.05). The learning performance, assessed by both latency
and path length to reach the hidden platform during the first four
training days, further confirmed the cognitive deficit in the SCO group.

Moreover, the probe trial on day 5, where the platform was removed,
showed a marked decrease in the time spent in the target quadrant by
the SCO group, further substantiating the memory impairment.

In contrast, rats treated with F2 significantly improved spatial
memory and learning. They demonstrated significantly reduced
latency and path length to find the platform during training, along
with increased time spent in the target quadrant during the probe
trial (p<0.01 compared to the SCO group). These findings suggest
that F2 effectively mitigated scopolamine-induced memory impair-
ment, highlighting their potential as a therapeutic intervention for
cognitive deficits associated with AD [29-31].

Learning stage

The Morris water maze test assessed the rats' spatial learning ability
over four days. The results revealed significant differences in the
time it took the various groups to find the hidden platform across
the training days. This variation was particularly pronounced in the
SCO+Se and SCO+F2 groups (fig. 5).

As expected, scopolamine injection impaired learning, leading to an
increase in the time required to locate the platform. On the first day,
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no significant differences were observed between the groups. How-
ever, on the second day, the SCO+Se group took significantly longer
to find the platform compared to all other groups. The remaining
groups were similar on day 2 (fig. 5).
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The observations highlight the impact of scopolamine on spatial
learning and suggest potential variations in the learning process
between different treatment groups, particularly the SCO+Se group,
which warrants further investigation.

- 4 =SCO
sco+Don
—k— scotSe

40 —x. - SCOHF3

scotF1

20+ sCo+F2
0 f t f i
0 1 2 4 5

Day

Fig. 5: Impact of different treatments on spatial learning in the Morris water maze test. The graph shows each group's mean escape laten-
cy (time to find the hidden platform) across the first four training days. Error bars represent the standard error of the mean (SEM)

The impact of treatments on spatial learning
Scopolamine's detrimental effect

From the second to the fourth day of the test, the SCO group consist-
ently swam a significantly greater distance to find the platform com-
pared to the control group, further confirming the cognitive impair-
ment induced by SCO.

Donepezil's partial improvement

The group treated with scopolamine and donepezil (SCO+Don)
showed a gradual improvement in learning, as evidenced by their
decreasing escape latency. By days 3 and 4, their performance was
comparable to that of the control group. This suggests that donepezil
partially mitigated the learning impairment caused by scopolamine.

Selenium's beneficial effects

The selenium-treated groups (SCO+Se, SCO+F3, SCO+F1 and
SCO+F2) exhibited enhanced spatial learning compared to the SCO
group, with significantly reduced escape latencies. Notably, the
SCO+Se group performed better on day three than the control and
SCO+Don groups.
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Chitosan's potential role

The chitosan-coated nanoparticle groups (SCO+F3 and SCO+F2)
showed a trend towards improved spatial memory compared to the
SCO+Don group, although this difference was not statistically signifi-
cant.

Synergistic effect

The SCO+F1 and SCO+F2 groups, which received selenium nanopar-
ticles loaded with donepezil, demonstrated the most pronounced
improvement in spatial learning, particularly on the third and fourth
days, suggesting a potential synergistic effect between selenium and
donepezil.

The impact of treatments on distance traveled

Scopolamine's detrimental effect

The SCO group consistently swam a significantly greater distance to
find the platform compared to the control group from the second to
the fourth day of the test, further confirming the cognitive impair-
ment induced by SCO.

uControl
Esco
uscot+don
Esco+Se
uscotF1
uscot+F2
HSCo+F3

Fig. 6: Effect of different treatments on escape latency in the morris water maze test (training days 1-4). The graph illustrates each
group's mean escape latency (time to find the hidden platform). Standard deviation (SD) (n=3) is represented by error bars. Significant
differences are denoted by: (*) for differences with the control group (p<0.05) and (#) for differences with the SCO group (p<0.05)
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Selenium and donepezil's beneficial effects

The treatment groups, including those receiving selenium (SCO+Se,
SCO+F3, SCO+F1 and SCO+F2) and donepezil (SCO+Don), showed an
apparent reduction in swimming distance compared to the SCO group.
This reduction was statistically significant on the third and fourth days
for all treated groups except for the SCO+F3 group on the third day.

Donepezil's initial advantage

On the second day, the group treated with scopolamine and
donepezil (SCO+Don) demonstrated a significantly shorter swim-
ming distance than all other treatment groups except the SCO+F1
group. This suggests that donepezil may offer an initial advantage in
improving spatial navigation.

No significant differences between treatments

Apart from the observation on the second day, no significant differ-
ences in swimming distance were found between the various treat-
ment groups on other test days.

Probe trial

The probe trial, conducted without the hidden platform, as-
sessed spatial memory retention by measuring the time spent in
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the target quadrant. The SCO group exhibited a significant de-
crease in time spent in the target quadrant compared to the con-
trol group (p<0.05), confirming the detrimental effects of sco-
polamine on spatial memory. In contrast, all treatment groups
demonstrated a substantial increase in time spent in the target
quadrant (p<0.05), indicating improved spatial memory reten-
tion. These findings suggest that the treatments effectively miti-
gated scopolamine-induced memory impairment. Fig. 8 illus-
trates the time spent in the target quadrant during the probe
trial for each group.

In addition to time spent in the target quadrant, the probe trial
assessed spatial memory by measuring the distance traveled
within this area. The SCO group exhibited a significant decrease
in the distance traveled in the target quadrant compared to the
control group (p<0.05), further underscoring the detrimental
effects of scopolamine on spatial memory. Conversely, all treat-
ment groups significantly increased the distance traveled within
the target quadrant (p<0.05), indicating improved memory re-
tention and a stronger inclination to search in the area previous-
ly associated with the platform. Fig. 9 illustrates the distance
traveled in the target quadrant during the probe trial for each

group.

u Control
Hsco
uscotdon
Escot+Se
uscotF1
usco+F2
HSCO+F3

Fig. 7: Impact of different treatments on swimming distance in the Morris water maze test (training days 1-4). The graph depicts the mean
swimming distance traveled to find the hidden platform for each group. Standard deviation (SD) (n=3) is represented by error bars. Sig-
nificant differences are denoted by: (#) for differences with the SCO group (p<0.05)
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Fig. 8: Effect of different treatments on time spent in the target quadrant during the probe trial. The graph shows each group's mean time
spent in the target quadrant (where the platform was previously located) during the probe trial. Standard deviation (SD) (n=3) is repre-
sented by error bars. Significant differences are denoted by: (#) for differences with the SCO group (p<0.05) and (a) for differences with

the SCO+Don group (p<0.05)
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Fig. 9: Impact of different treatments on distance traveled in the target quadrant during the probe trial. The graph illustrates the mean
distance traveled within the target quadrant for each group during the probe trial. Standard deviation (SD) (n=3) is represented by error
bars. Significant differences are denoted by: (#) for differences with the SCO group (p<0.05) and (a) for differences with the SCO+Don
group (p<0.05)

Passive avoidance test

The passive avoidance test, a fear-motivated test commonly used to
assess memory function in rodents, was employed to evaluate the
effects of scopolamine and F2 on memory retention. The test
measures the latency of an animal to enter a dark chamber where it
has previously received a mild foot shock. A longer latency to enter
the dark chamber indicates improved memory retention, as the
animal remembers the aversive experience.

The results showed no significant differences in initial latency (time
to enter the dark chamber before the shock) between the groups
during the acquisition trial. However, in the retention trial (24 h

Latency time (sec)
N W A O O
& ©6 © o© o

-
o
t

later), the SCO group exhibited a significantly reduced STL com-
pared to the control group, indicating impaired memory retention.
In contrast, all treatment groups showed a significant increase in
STL compared to the SCO group, suggesting that the treatments
effectively ameliorated scopolamine-induced memory deficit.

These findings further support the potential of F2 in mitigating cog-
nitive impairment associated with AD, as they demonstrate the abil-
ity to improve both spatial memory (MWM test) and associative
memory (passive avoidance test). The observed increase in STL in
the treated groups suggests that these interventions enhance
memory consolidation and retrieval processes, which are crucial for
cognitive function.

m Acquisition Trial

m Retention Trial

0

il

CONTROL SCO SCO+DONSCO+SE SCO+F1 SCO+F2 SCO+F3
Group

Fig. 10: Effect of different treatments on step-through latency in the passive avoidance test (acquisition and retention trials). The graph
compares the mean STL, or the time to enter the dark chamber, between the groups in the acquisition and retention trials. Data are
mean+SD (n=3). # p<0.05 vs. SCO

Measurement of antioxidant capacity
Serum FRAP levels

The serum FRAP levels showed a significant decrease in the SCO
group (313.6%15.14) compared to the control group (409.4+18.65),
indicating reduced antioxidant capacity due to scopolamine-induced
oxidative stress. While the SCO+Don, SCO+Se and SCO+F3 groups
also exhibited decreased FRAP levels compared to the control,
treatment with F1 (439+2.80) and F2 (466+9.15) nanoparticles led

to a significant increase in FRAP levels, surpassing even the control
group (p<0.05). Importantly, all treatment groups showed a signifi-
cant increase in FRAP levels compared to the SCO group (p<0.05),
suggesting their antioxidant potential in mitigating scopolamine-
induced oxidative stress (fig. 11A).

Brain tissue FRAP levels

In contrast to the significant decrease in brain tissue FRAP levels
observed in the SCO and SCO+Se groups, the SCO+F2 group showed
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a significant increase compared to the control (p<0.05). Further-
more, the SCO+Don, SCO+F3 and SCO+F1 groups also demonstrated
higher FRAP levels than the SCO group (p<0.05) (fig. 11B).

Measurement of oxidative stress and cholinesterase activity
Malondialdehyde (MDA) levels
Serum

The mean serum MDA level, a marker of lipid peroxidation, was
significantly elevated in the SCO group (17.63+0.8) compared to all
other groups (p<0.05), indicating increased oxidative stress. Treat-
ment with F1 and F2 nanoparticles significantly decreased serum
MDA levels compared to both the control group (11.32+0.36) and
the SCO group (p<0.05). The other treatment groups (SCO+Don,
SCO+Se and SCO+F3) also showed a significant reduction in serum
MDA levels compared to the SCO group (p<0.05) (fig. 11C).

Brain tissue

The brain tissue MDA levels followed a similar pattern, with a signif-
icant increase observed in the SCO group (5.70+0.17) compared to

600

w4

Serum FRAP (mmol/|

C
.20 : el a 2
E?ls o, *
- 2
E 10 I
3
g s
E 1] | | | | | |
3 0650\ £ d,? R
(% & & & 6:"' ‘;’
Group
E
540 T = * ® T
=30 - -
Z
= 20
E
w 10
5
L4
(=]
[=2]
[-=

Group

Brain MDA {mmol/1) Brain FRAP (mmol/l

Brain AChE activity (u/])

Int ] App Pharm, Vol 17, Issue 2, 2025, 456-467

the control group (3.70£0.43) (p<0.05). All treatment groups exhib-
ited a significant decrease in brain tissue MDA levels compared to
the SCO group (p<0.05) (fig. 11D).

Acetylcholinesterase (AChE) activity
Serum

Serum AChE activity was significantly decreased in the SCO
(27.96+0.76), SCO+Se (29.37+3.15) and SCO+F3 (29.77+2.25)
groups compared to the control group (34.90+1.61) (p<0.05). How-
ever, the SCO+F2 group showed a significant increase in serum AChE
activity compared to the SCO group (p<0.05) (fig. 11E).

Brain tissue

Brain tissue AChE activity showed a statistically significant differ-
ence between the SCO (13.71£0.43), SCO+Se (14.14+0.31), SCO+F2
(17.23+0.54) and control groups (16.02+0.47) (p<0.05). The
SCO+Don (11.15+0.43), SCO+F3 (15.05+0.44) and SCO+F2 groups
exhibited increased AChE activity, with a significant difference ob-
served between these groups and the SCO group (p<0.05) (fig. 11F).
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Fig. 11: Effects of different treatments on oxidative stress markers and acetylcholinesterase activity. The graphs compare the mean levels
of A) serum FRAP, B) brain tissue FRAP, C) serum MDA, D) brain tissue MDA, E) serum AChE activity and F) brain tissue AChE activity be-
tween the groups. Standard deviation (SD) (n=3) is represented by error bars. Significant differences are denoted by: (*) for differences

with the control group (p<0.05) and (#) for differences with the SCO group (p<0.05)

DISCUSSION

Alzheimer's disease (AD), a leading cause of neurodegenerative
decline globally, is characterized by the accumulation of 3-amyloid
plaques and the subsequent elevation in oxidative stress. The pre-
sent study investigates the therapeutic potential of chitosan-coated

selenium nanoparticles (SeNPs) loaded with donepezil (F2), a novel
approach aimed at addressing both the oxidative damage and cho-
linergic deficits that are hallmarks of AD. Our findings demonstrate
that F2 bolster antioxidant defenses and enhance cholinergic func-
tion. This dual action positions F2 as a promising therapeutic strate-
gy that could modify disease progression by directly delivering a
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combination of antioxidant and cholinergic-modulating agents to the
affected brain regions.

Scopolamine, a non-selective muscarinic acetylcholine receptor
antagonist, is widely used to induce memory impairment and amne-
sia in animal models, mimicking certain aspects of AD [32]. The
current study employed scopolamine to investigate the effects of
chitosan-coated SeNPs containing donepezil on memory and learn-
ing deficits in male rats. The investigation was driven by the well-
documented antioxidant properties of SeNPs and their potential to
counteract the oxidative stress associated with scopolamine-induced
cognitive impairment.

The use of scopolamine to induce amnesia in rodents serves as a
well-established pharmacological model for AD, facilitating the in-
vestigation of potential therapeutic interventions. Consistent with
previous studies, the current research demonstrated that intraperi-
toneal administration of scopolamine resulted in cognitive deficits in
rats. These deficits were evident in the prolonged search time for the
hidden platform in the Morris water maze and the reduced latency
time in the passive avoidance test, which are widely used to assess
animal cognitive function [33, 34].

The administration of SeNPs effectively mitigated these scopola-
mine-induced cognitive impairments. Rats treated with SeNPs exhib-
ited improved performance in both the Morris water maze and pas-
sive avoidance tests, demonstrating enhanced learning and memory.
These findings align with previous research by Balaban et al. (2017),
who reported that selenium can prevent cognitive deficits in scopol-
amine-treated animals [35]. Furthermore, Samad et al (2021)
showed that co-administration of selenium can inhibit arsenic-
induced reduction of spatial memory [36]. The present study ex-
tends these findings by demonstrating the efficacy of SeNPs, specifi-
cally chitosan-coated selenium nanoparticles loaded with donepezil,
in ameliorating scopolamine-induced memory impairment. The
observed improvements in cognitive function suggest the potential
of F2 as a therapeutic strategy for addressing cognitive deficits asso-
ciated with AD.

Selenium (Se) is an essential trace element that plays a crucial role
in human health, particularly as a structural component of antioxi-
dant enzymes involved in peroxide decomposition [37, 38]. Seleni-
um deficiency or excessive intake can lead to various health issues,
including cardiovascular and inflammatory diseases, immunodefi-
ciency and brain disorders [39]. Selenium treatment has been shown
to reduce memory deficit risk in animal models and patients with
[40]. The growing interest in understanding the function of selenium
and selenoproteins in neurodegenerative disorders like AD has led
to extensive research in this area.

Despite extensive investigation, the exact molecular pathways un-
derlying the initiation of AD remain elusive. Several hypotheses have
been proposed, including the aggregation of amyloid precursor pro-
tein leading to the formation of A plaques, excessive phosphoryla-
tion of tau protein, alterations in cholinergic neurotransmission and
oxidative stress [13].

Reducing brain ROS is critical in AD treatment. As a component of
antioxidant enzymes, selenium actively contributes to ROS inhibition.
Our data analysis revealed that the Alzheimer's model exhibited de-
creased FRAP levels and increased lipid peroxidation (measured by
MDA) in both serum and brain tissue. Treatment with Se, however,
effectively reversed these effects. The long-term administration of
selenium enhanced memory recall and reduced oxidative damage
caused by scopolamine. Both SeNPs and SeNPs combined with chi-
tosan significantly increased FRAP activity and decreased MDA levels
in both blood and brain. These findings align with previous research
demonstrating the potent antioxidant properties of selenoproteins
and selenium nanoparticles, effectively decreasing neurogenic damage
in individuals with AD and in animal models [40-42].

Se-based nanoparticles (SeNPs) offer several advantages over organ-
ic and inorganic selenium compounds, including reduced toxicity
and enhanced biocompatibility. These properties have attracted
significant attention from the scientific community regarding their
potential as therapeutic agents. Studies have shown that nanoparti-
cles containing selenium and selenite can effectively reduce oxida-

Int ] App Pharm, Vol 17, Issue 2, 2025, 456-467

tive stress and inhibit its associated cytotoxicity [23]. The ability of
SeNPs to inhibit A aggregation, a key pathological hallmark of AD,
has also been demonstrated. For instance, epigallocatechin-3-gallate
(EGCG)-stabilized SeNPs and sialic acid-modified SeNPs coated with
a blood-brain barrier permeable peptide-B6 have been shown to
prevent A} aggregation effectively [43, 44].

Furthermore, Wang et al. reported that selenium-containing clio-
quinol derivatives exhibit beneficial effects on Cu?*-induced AP ag-
gregation, hydrogen peroxide scavenging and intracellular ROS
production in a neuroblastoma cell line [45]. Building on previous
studies showing the capacity of selenium species to inhibit metal-
induced AP aggregation, our findings highlight the therapeutic po-
tential of SeNPs in AD. Specifically, the protective effects of chon-
droitin sulfate nano-selenium in AD mouse models were remarkable,
demonstrating the ability to mitigate oxidative stress, enhance cog-
nitive function and regulate cholinesterase activity [41].

The antioxidant properties of SeNPs have been further enhanced by
stabilizing them with chitosan or with both chitosan and chlorogenic
acid polyphenol. These modified SeNPs have demonstrated not only
high antioxidant activity and the ability to inhibit metal-induced A
aggregation [36]. Selenium's ability to combat key pathological pro-
cesses in AD, such as AB-induced neurotoxicity, oxidative stress and
tau protein dysregulation, highlights its significant promise for the
development of novel Se-containing therapeutics.

The central cholinergic neuronal system plays a critical role in learn-
ing and memory. Its impairment, characterized by decreased acetyl-
choline levels and receptor density, is a hallmark of pathological
aging and AD [46]. Selenium-based compounds, like ebselen and
diselenides, have exhibited anticholinesterase properties and anti-
oxidant activity [47]. Our study demonstrated that Se treatment
effectively reduced the elevated levels of cholinesterase induced by
scopolamine. This reduction in cholinesterase activity, which is
known to impair memory function, suggests a potential mechanism
through which Se exerts its beneficial effects on the cholinergic sys-
tem and, consequently, memory.

Furthermore, the deterioration of the cholinergic system can trigger
the production of AP plaques, which, in turn, can lead to mitochon-
drial dysfunction and oxidative stress [48]. The antioxidant proper-
ties of SeNPs, coupled with the presence of donepezil, a cholinester-
ase inhibitor, may contribute to the observed neuroprotective ef-
fects by suppressing neuronal death and A accumulation.

Studies have demonstrated the protective effects of selenium com-
pounds against AB-induced neurotoxicity in hippocampal neurons
[44]. The accumulation of AB in the brain is directly correlated with
oxidative stress [49] and Naziroglu et al. showed that SeNPs could
effectively decrease ROS production, thereby reducing Af formation
[15]. Oxidative stress also plays a role in neuronal cell death in AD
and antioxidants can interfere with pathways leading to A accumu-
lation[50]. Therefore, it is plausible that the antioxidant properties
of SeNPs, in conjunction with the presence of donepezil, contribute
to the observed neuroprotection by suppressing neuronal death and
AB buildup.

The neuroprotective effects of F2 likely stem from their dual action:
reducing oxidative stress and enhancing cholinergic signaling, both
crucial factors in AD pathophysiology. This proposed mechanism is
further supported by studies where donepezil-loaded mesoporous
silica nanoparticles significantly improved memory retention in rats.
These findings collectively suggest that enhanced drug delivery to
the brain and subsequent modulation of cognitive pathways play a
key role in the therapeutic efficacy of such nanoparticle-based ap-
proaches [26].

The literature on the impact of selenium and SeNPs on disease
treatment presents some conflicting findings. These discrepancies
may be attributed to variations in experimental conditions, such as
selenium concentrations, cell lines used and the specific selenium
compounds administered [15].

The current study's findings align with previous research, demon-
strating that SeNPs enhance cognitive function memory and reduce
oxidative stress in neurodegenerative disorders. Our results indicate
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that combining donepezil with Se, particularly in the form of F2, is
more effective than donepezil alone in improving cognitive function,
enzyme activity, lipid peroxidation and FRAP levels. The lack of
statistical significance in some comparisons might be attributed to
the specific concentrations and nanoscale dimensions of the SeNPs
used.

Overall, our work supports the notion that Se exhibits neuroprotec-
tive effects and shows promise as a treatment option for neuropa-
thological disorders like AD. The development of F2 represents a
step towards harnessing the therapeutic potential of selenium for
combating the complex pathophysiology of AD.

CONCLUSION

The present study demonstrates that chitosan-coated selenium
nanoparticles loaded with donepezil can effectively ameliorate sco-
polamine-induced memory and learning impairments in male rats.
The improvements in cognitive function were associated with modu-
lation of brain acetylcholinesterase activity, reduced lipid peroxida-
tion and enhanced brain antioxidant levels. These findings suggest
that the synergistic effects of selenium and donepezil, delivered via a
targeted nanoparticle system, offer a promising therapeutic strategy
for addressing the cognitive deficits and oxidative stress associated
with AD.
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