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ABSTRACT

Tacrine remains a potent acetylcholinesterase inhibitor
(AChEI), motivating tacrine-based hybrids and controlled-re-
lease formulations for Alzheimer’s disease. Here, a tacrine-cin-
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hibitors; chitosan; Drug release, inhibition was assessed by Ellman’s assay, where compound
Nanoparticles 2 showed an IC,, of 0.735 + 0.041 uM compared with tacrine

(0.00153 + 0.00015 puM). To develop a delivery system, com-
pound 2 was incorporated into chitosan nanoparticles (CSNPs)
via ionic gelation to afford a compound 2-CSNPs nanocompos-
ite. FTIR and XRD were used to evaluate functional groups and
solid-state changes, and TGA was applied to compare thermal
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1. Introduction

Alzheimer’s disease (AD) is the leading cause of
dementia and it is one of the major healthcare chal-
lenges of our time. The disease is a specific pattern of
cognitive and functional decline that occurs with ag-
ing and is associated with particular neuropathogen-
esis which is often accompanied by behavioral disor-
ders such as apathy, aggressiveness and depression®
2, The cholinergic system has a crucial role in AD due
to its involvement in cognitive function, memory and
learning. The cholinergic hypothesis of AD proposes
that deterioration of cholinergic neurotransmission
in CNS contributes markedly to cognitive decline
associated with this disorder. Most drugs currently
used in the treatment of AD are cholinesterase in-
hibitors; however, they are symptomatic drugs®. A
wide variety of commercially available drugs and
lead compounds used in the treatment of AD contain
heterocyclic nuclei which provide privileged physic-
ochemical features®>.

Oxidative stress is a critical factor in the pathogen-
esis and progression. It refers to an imbalance relat-
ing to the formation of reactive oxygen species (ROS)
and the brains. Notably, compounds possessing anti-
oxidant activity have demonstrated prospective effi-
cacy for the treatment of AD®.

Tacrine (Cognex) (Figure 1) was approved by the
United States Food and Drug Administration for the
treatment of AD in 1993. Although, the clinical use of
Cognex was limited because of its hepatotoxicity. Ta-
crine has, however, remained an important molecule
for research into new AD drugs’.

Considering the multifactorial nature of AD, the
traditional agent designed by one-molecule one tar-
get approach is insufficient to provide enough befits.
Thus, designing compounds that can simultaneous-
ly regulate multiple significant targets in the devel-
opment of AD, has emerged as new strategy. These
compounds referred to as multi-target-directed li-
gands (MTDLs). Novel multifunctional compounds
had been designed through linking antioxidants with
tacrine, which showed potent activity against differ-
ent pathologies of AD?°.

Given the growing interest in the development
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Figure 1. Chemical structure of tacrine, the first clin-
ically approved acetylcholinesterase inhibitor for
treatment of AD.

of novel anti-AD drugs, the present work has the
scope to synthesize a tacrine derivative, compound
2, through coupling reaction with antioxidant cin-
namic acid as shown in Scheme 1. Compound 2,
N-(1,2,3,4-tetrahydroacridin-9-yl)cinnamamide,
corresponds to 9-cinnamoylamino-1,2,3,4-tetrahy-
droacridine disclosed in US Patent 5,175,172; how-
ever, full spectral and physicochemical characteri-
zation data for this compound were not reported in
that patent!®. To develop a sustained release delivery
system, compound 2 was incorporated into chitosan
nanoparticles (CSNPs). Chitosan was selected as
the carrier polymer because of its biocompatibility,
biodegradability, pH-responsive behavior, and suit-
ability for ionic gelation, enabling incorporation of
compound 2 into a matrix capable of modulating
drug release!! 2. in the perspective to have a biolog-
ically active compound with AChE inhibitory activity
to support the development of a potential lead com-
pound for slowing the progression of Alzheimer’s
disease.

2. Materials and Methods

All chemicals utilized in this work were of ana-
lytical reagent grade and used without further pu-
rification. CS (low molecular weight, deacetylation
75%-85%) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Sodium tripolyphosphate (TPP)
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Scheme 1. Synthesis of compound 2.

was purchased from Sigma-Aldrich (St. Louis, MO,
USA). 1,2,3,4-tetrahydro-9- acridinamine mono-
hydrochloride (C,,H,,N,.HCI) was purchased from
Cayman Chemicals (Ann Arbor, MI, USA). Acetylth-
iocholine iodide, Acetylcholinesterase lyophilized
powder (electrophorus electricus, electric eel),
DTNB {5,5-dithio-bis-(2-nitro benzoic acid)} were
purchased from Sigma-Aldrich.

'H- and *C-NMR spectra were recorded on a Bruk-
er Avance III 500 MHz NMR spectrometer at the
Department of Chemistry, Faculty of Science, The
University of Jordan, operating at 500 MHz for 'H
and 125 MHz for 3C. HRMS analysis was performed
using an Apex IV mass spectrometer in positive
electrospray ionization mode (ESI*), Department
of Chemistry, Faculty of Science, The University of
Jordan. FTIR spectra were recorded at the labora-
tories of Isra University using a PerkinElmer Spec-
trum equipped with a UATR Tow accessory, over the
range 400-4000 cm™ at a resolution of 4 cm™. UV-Vis
measurements were performed at Isra University
using a Thermo Scientific Multiskan GO UV /Vis mi-
croplate spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA, USA).

2.1. Chemical synthesis of N-(1,2,3,4-tetrahy-
droacridin-9-yl) cinnamamide (2)

Compound 2 was synthesized by heating tacrine
monohydrochloride (0.4 g, 1.70 mmol) with cin-
namoyl chloride (0.7 g, 4.20 mmol) under solvent
free conditions and with continuous stirring over-
night at 160 °C. The reaction progress was moni-
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tored by TLC. After completion, the reaction mix-
ture was cooled to room temperature and purified
by recrystallization from 1-propanol to afford com-
pound 2 as white crystals (0.348 g, 62% yield). Rf
= 0.64 (CHCl3/MeOH = 2:1, v/v). HRMS (ESI*): m/z
[M+H]* found for C;,H, N,0O, 329.16484. mp 158-
160 C°.

'H-NMR (500 MHz, CDCL,): § = 1.8-3.1 (m, 8H, ali-
phatic CH,), 6.84-915 (m, 11H, aromatic/olefinic H),
11.76 (s, 1H, NH).

13C-NMR (125 MHz, CDCl): § 164.75 (C=0), 156.29,
152.01, 149.43, 144.12, 136.42, 134.43, 132.72,
130.44, 128.93 (2C), 128.81, 128.52 (2C), 128.01,
125.73,123.81,119.67,29.02, 25.34, 21.11, 20.45.

2.2. Preparation of Chitosan Nanoparticles

A known amount of chitosan was dissolved into 1%
(v/v) acetic acid (100 mL) and stirred until the solu-
tion became clear. A sodium tripolyphosphate (TPP)
solution was prepared dissolving a suitable amount
of TPP in distilled water (100 mL). The chitosan na-
noparticles (CSNPs) were formed through the addi-
tion of TPP solution dropwise to the chitosan solu-
tion under continuous stirring until the TPP amount
is complete. The pH was adjusted at 5.6 using NaOH
(0.5 M). The CSNPs were collected by centrifugation
at 4500 rpm and dried overnight in an oven at 40 °C.

2.3. Preparation Compound 2-CSNPs Nano-
composites

The nanocomposite was obtained as a fine pow-



Al-rubaye H.B. et al., Papuakxevtixi), 38, 11I, 2026 | 216-226

Al-rubaye H.B. et al, Pharmakeftiki, 38, 111, 2026 | 216-226

B Tacrine

100 1 Compound 2

80 1

60

40 -

% inhibition of AChE

20

0 T T T
-4 -3 -2

ik 0 1 2

Log concentration {LM)

Figure 2. Concentration-response curves (% inhibition vs log concentration, uM) for tacrine and compound
2 against acetylcholinesterase (AChE), used for ICs, determination. Data are presented as mean # SD (n = 3).

der. A solution of compound 2 was prepared by dis-
solving compound 2 in methanol (50 mL). The com-
pound 2 solution was mixed with the chitosan (CS)
solution for 1 h, after which a sodium tripolyphos-
phate (TPP) solution was added dropwise under
continuous stirring to form the nanocomposite. The
pH of the dispersion was adjusted to 5.6 using 0.5
M NaOH. The mixture was stirred overnight to ob-
tain a homogeneous size distribution and to enhance
the loading of compound 2. The nanocomposite was
then collected by centrifugation at 4500 rpm, and
the recovered pellet was dried overnight in an oven
at 40 °C. The amount of free (unencapsulated) com-
pound 2 in the supernatant was quantified using a
UV-Vis spectrophotometer at Amax = 245 nm based
on a calibration curve, and the loading efficiency
was calculated from the difference between the total
amount of compound 2 added and the amount re-
maining free in the supernatant.

2.4. Determination of AChE Inhibitory Activity
Using Ellman’s Assay

AChE inhibitory activity was evaluated using the
Ellman method with minor modifications. Assays
were performed in 96-well plates (final volume
200 pL/well) in Tris-HCl buffer (pH 7.5) containing
DTNB (0.4 mM), acetylcholinesterase (final 0.02 U/
mL; with 0.1% BSA), and inhibitor solutions pre-
pared in DMSO (final DMSO <1% v/v in all wells).
After pre-incubation (15 min, room temperature),
the reaction was initiated by adding acetylthiocho-
line iodide (0.4 mM) and incubated for 20 min in
the dark; absorbance was read at 412 nm. Vehicle
controls (enzyme + DMSO) and blanks (no enzyme)
were included, % inhibition was calculated relative
to the vehicle control, and ICs( values were obtained
by nonlinear regression from atleast n = 3 independ-
ent experiments and reported as mean + SD.

3. Results and Discussion
3.1. Chemical Synthesis

Compound 2 was prepared via a coupling reaction
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Table 1. ICs, values (uM) of tacrine and com-
pound 2 against AChE determined by Ellman’s
assay.

Tacrine 0.00153 £ 0.00015

Compound 2 0.735 £ 0.041

as shown in Scheme 1'°. Tacrine was reacted with
cinnamoyl chloride under heating in an oil/paraffin
bath. The reaction mixture was maintained at 160
°C to initiate product formation and kept to reaction
to completion. After cooling, the crude solid was
dissolved in hot 1-propanol and filtered to remove
insoluble material. The filtrate was concentrated
and the product was obtained by recrystallization
to afford compound 2 in a good yield (62%) as
white crystals. The structure was confirmed by IR,
'H-NMR, *C-NMR and HRMS.

FTIR spectrum (4000-500 cm™) of compound 2
showed absorptions consistent with an amide and
aromatic system. A strong absorption at 1656 cm™*
is attributed to the amide C=0 stretching vibration,
and showed aromatic C-H stretching at 3095-3048
cm™ and aliphatic C-H stretching at 2934 and 2867
cm™. A strong band at 1656 cm™ is consistent with
an amide C=0, with aromatic/conjugated C=C bands
at 1611-1597 cm™. NMR of compound 2 showed a
downfield singlet at § 11.76 ppm attributable to the
amide N-H, while *C-NMR displayed the amide car-
bonyl at § 164.75 ppm.

3.2. Biological Evaluation

The concentrations required to inhibit 50% of
AChE activity (ICs0) were determined for compound
2 and tacrine. Compound 2 exhibited AChE inhibito-
ry activity with an ICso of 0.735 * 0.041 uM (Table
1).

Compound 2 showed a concentration-dependent
inhibition of AChE in Ellman’s assay (Figure 2). Ta-
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Figure 3. FTIR spectra of (A) compound 2, (B) chi-
tosan nanoparticles (CSNPs), and (C) compound 2-
CSNPs nanocomposite.
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Figure 4. XRD diffraction spectra of compound 2
(A), CSNPs (B) and Compound 2-CSNPs nanocompos-
ites (C).
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Figure 5. TGA thermograms of (A) compound 2, (B) chitosan nanoparticles (CSNPs), (C) compound 2-CSNPs

nanocomposite.

crine was used as a reference inhibitor and exhibit-
ed markedly higher potency, achieving comparable
inhibition at much lower concentrations, consistent
with its lower ICsq value. Data are presented as mean
+ SEM (n = 3). ICso values were estimated from the
inhibition-concentration (logio) relationship using
Microsoft Excel (Figure 2). Statistical comparisons
were performed using a t-test, with p < 0.05 consid-

ered significant.
3.3. Characterization of Nanocomposite

Chitosan is a pH-sensitive polymer due to proto-
nation of its amine groups (pK, = 6.5). The pH of the
prepared chitosan solution was 5.63, which favors
protonation and electrostatic interactions necessary
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Figure 6. SEM micrographs of compound 2-loaded chitosan nanoparticles at different magnifications: (A)

20,000x, scale bar = 5 um; (B) 5,000x, scale bar = 20 um.

for nanoparticle formation and complexation!?!.

FTIR spectra (Figure 3) were recorded for com-
pound 2, CSNPs, and compound 2-CSNPs. Compound
2 showed characteristic bands in the amide/aromat-
ic regions, while CSNPs exhibited a broad band in the
3200-3500 cm™ region attributed to overlapped
0-H/N-H stretching and bands in the 1650-1590
cm™* region consistent with amide/NH_vibrations.
After loading, the composite spectrum showed no-
ticeable changes in the amide/aromatic regions and
attenuation/overlap of characteristic compound 2
bands, supporting successful incorporation of com-
pound 2 into the CSNP matrix.

3.4. X-Ray Diffraction

X-ray diffraction (XRD) was used to evaluate the
crystallinity of the polymeric nanoparticles and the
nanocomposite. Figure 4 shows the XRD patterns of
compound 2 (A), CSNPs (B), and compound 2-CSNPs
(C). The diffractogram of compound 2 (206 = 2-70°)
exhibited multiple sharp diffraction peaks at 26 =
10.18°,13.85°,18.20°,20.10°, 21.38°, 24.20°, 29.20°,
34.36° and 34.90° indicating a crystalline struc-
ture. In contrast, the XRD pattern of CSNPs showed
a broad halo with the absence of sharp reflections,
consistent with a predominantly amorphous na-
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ture. A similar broad pattern was observed for the
compound 2-CSNPs nanocomposite, with marked
reduction of the characteristic crystalline peaks of
compound 2, suggesting decreased crystallinity af-
ter incorporation into the chitosan matrix. The re-
duction in chitosan crystallinity can be attributed
to ionic crosslinking with TPP, which disrupts chain
packing and promotes formation of the nanopartic-
ulate structure 5.

3.5. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was used
to evaluate the thermal behavior of compound 2,
CSNPs, and the compound 2-CSNPs nanocomposite
(Figure 5). Compound 2 exhibited a major degrada-
tion event at higher temperature (maximum around
350 °C), indicating thermal decomposition with a
measurable residual mass at 800 °C. CSNPs showed
multistep degradation, including an initial weight
decrease below 150 °C attributed to loss of adsorbed
water, followed by a main degradation step around
200-300 °C range associated with decomposition
of the chitosan polymer backbone. The compound
2-CSNPs nanocomposite displayed a similar multi-
step profile; however, changes in the positions and/
or intensities of the degradation steps and the resid-
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Figure 7. Cumulative release profile of compound
2 from compound 2-CSNPs nanocomposite in phos-
phate buffer.

ual mass compared with CSNPs suggest interactions
between compound 2 and the chitosan matrix and
the effect of ionic crosslinking with TPP, which can
modify chain packing and thermal stability'¢*".

3.6 Scanning Electron Microscopy (SEM)

SEM micrographs were used to examine the sur-
face morphology of the compound 2-CSNPs na-
nocomposite and recorded at 5000x and 20,000x
magnification (Figure 6). The images show irreg-
ular, micrometer-scale agglomerates with a rough,
heterogeneous surface, containing needle/rod-like
features along with plate/flake-like fragments. The
sample appears polydisperse, with evident clumping
and clustering, indicating aggregation of the nano-
composite during/after drying!”8,

3.7.In vitro Release Study of 2-Nanocompos-
ites

The cumulative release profile of compound 2
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Figure 8. (A) DLS intensity-weighted particle size
distribution of the compound 2-CSNPs nanocompos-
ite. (B) Zeta potential distribution of the compound
2-CSNPs nanocomposite.

from the compound 2-CSNPs nanocomposite at
pH 7.4 is shown in Figure 7. The release exhibited
a biphasic behavior. An initial faster release phase
was observed, reaching approximately 50% within
approximately 400 minutes, which may be attrib-
uted to drug molecules located near the particle
surface or weakly associated with the polymeric
matrix. This was followed by a slower, sustained
release phase, with cumulative release gradually
increasing to about 80% at approximately 1400
minutes. Overall, the compound 2-CSNPs formu-
lation demonstrated a sustained-release behavior
under physiological pH conditions. The observed

223



PAPMAKEYTIKH, 38, 111, 2026 | 216-226

EPEYNHTIKH EPTAZIA

PHARMAKEFTIK]I, 38, 111, 2026 | 216-226

biphasic release pattern can be consistent with
chitosan-based delivery systems reported in the
literature previously. The initial burst phase is
commonly attributed to surface-associated dug
release, whereas the subsequent slower phase
reflects diffusion through the hydrated polymer-
ic network, together with swelling of the chitosan
matrix and gradual structural relaxation. In ioni-
cally crosslinked chitosan systems, the extent of
release is additionally influenced by the degree of
TPP crosslinking, medium penetration, and pH-de-
pendent polymer hydration!”2°,

The release mechanism is commonly governed
by a combination of diffusion of the drug through
the hydrated polymer network, and polymer
swelling and/or gradual matrix erosion. For chi-
tosan-based nanocomposites, penetration of the
aqueous medium leads to polymer hydration and
swelling, which can generate diffusion pathways
and facilitate the outward diffusion of encapsulat-
ed compound 2. The rate of release can also be in-
fluenced by the degree of ionic crosslinking, water
uptake, and environmental conditions like pH 121,

3.8. Particle Size and Zeta Potential

The hydrodynamic particle size distribution of
the compound 2-CSNPs nanocomposite was meas-
ured at 25 °C by dynamic light scattering (DLS) us-
ing a Malvern Zetasizer Nano ZS (Malvern Instru-
ments, Malvern, UK). As shown in Figure 8A, the
sample exhibited a main intensity-weighted size
peak centered at approximately 568 nm, consist-
ent with the presence of submicron particles and/
or aggregated populations in suspension. Zeta po-
tential ({) was determined at 25 °C using the same
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instrument by electrophoretic light scattering
(ELS). The nanocomposite showed a {-potential
of approximately -17 mV (Figure 8B), indicating
a negatively charged surface and limited-to-mod-
erate electrostatic stabilization. Such ¢ values can
reduce aggregation to some extent, although some
clustering may still occur depending on pH and
ionic strength.

4., Conclusion

In this study, a tacrine-cinnamic acid hybrid (com-
pound 2) was synthesized as a potential lead for
Alzheimer’s disease (AD). Compound 2 showed in-
hibitory activity against acetylcholinesterase (AChE)
in vitro using Ellman’s assay with potential antiox-
idant properties. The structure of compound 2 was
confirmed using HRMS, *H-NMR, and *C-NMR. To
develop a delivery system, compound 2 was incor-
porated into chitosan nanoparticles (CSNPs) to form
a compound 2-CSNPs nanocomposite by ionic ge-
lation. FTIR and XRD were used to characterize the
nanocomposite and assess interactions/solid-state
changes. In vitro release testing indicated a sus-
tained-release profile of compound 2 from the na-
nocomposite. Overall, the results support compound
2-CSNPs as a chitosan-based formulation for con-
trolled delivery of compound 2.
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