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and naphthalimidohexylamine (HEXNAP) was conjugated to
poly(acrylic acid) (NS and N10). The antioxidant and cholinester- ¢ ¢ T3
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ase inhibitory activities of these novel PDCs were evaluated and
compared with those of their respective starting materials.
Additionally, in silico molecular modeling studies were conducted
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these conjugates. NM1S (unadjusted and adjusted value) showed

significantly enhanced in vitro antioxidant activity (p < 0.0001) compared to vanillin. The adjusted value of NS compared to
HEXNAP showed significantly enhanced in vitro cholinesterase inhibitory activity against acetylcholinesterase (AChE) and
butyrylcholinesterase (BuChE) (p < 0.0001). Kinetic and molecular modeling studies revealed that NS was a competitive inhibitor
of butyrylcholinesterase and interacted with the active sites of human acetylcholinesterase and human butyrylcholinesterase enzymes.
NMIS and NS were identified as lead PDCs based on their enhanced antioxidant and cholinesterase inhibitory activity, respectively.

Overall, this work demonstrates the potential use of PDCs as treatment options for neurodegenerative diseases.

1. INTRODUCTION

Neurodegenerative diseases (NDs), such as Alzheimer’s disease
(AD), Parkinson’s disease, Huntington’s disease, and amyo-
trophic lateral sclerosis, are marked by the progressive
degeneration of neurons and the accumulation of protein
aggregates.”” These conditions result in the gradual loss of
neuronal cells and a decline in their functionality, leading to
cognitive and behavioral impairments.” According to the World
Health Organization (WHO), neurological disorders are
projected to become the second leading cause of death globally
within the next 20 years.” The complex etiology of these
diseases, involving numerous endogenous factors, genetic
influences, and environmental conditions, currently limits
treatment options to symptomatic memagement.?”4 While
these treatments can improve cognitive performance, they do
not delay or reverse the progression of these diseases.”
Oxidative stress (OS) is a common feature of neuro-
degenerative diseases (NDs) and may significantly contribute
to the dysfunction or death of neuronal cells, thereby playing a
key role in the disease’s pathogenesis." Additionally, decreased
cholinergic activity in the central nervous system (CNS) is a

© 2024 The Authors. Published by
American Chemical Society

WACS Publications 10514

crucial factor in the cognitive deficits associated with NDs.””
Acetylcholinesterase (AChE) influences the pathogenesis of
these diseases through its effects on the inflammatory response,
apoptosis, OS, and the aggregation of pathological proteins.’
Alzheimer’s disease (AD), the most prevalent type of
dementia, is a progressive, neurodegenerative disease. In
contemporary AD therapy, symptomatic treatment is the only
option due to its complex etiology.’ Current pharmacological
treatments that are now being developed or evaluated in clinical
trials target the primary pathological hallmarks of AD: amyloid 8
(Ap) plaques and neurofibrillary tangles (NFTs).® These
pathological hallmarks are driven by oxidative stress (OS) and
cholinesterase activity.9 OS, an early AD trigger, contributes to
Ap plaque formation and tau aggregation in NFTs.'”'" Current
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Figure 1. Illustration of PAH and Vanillin conjugate synthesis.
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observations indicate that as the AD progresses, butyrylcholi-
nesterase (BuChE) activity increases and AChE activity
decreases, linking increased cholinesterase activity to tau tangle
formation.'>"?

Significant progress has been made in the synthesis of small
multitargeted molecules acting as both antioxidants and
cholinesterase inhibitors.”'*~"" In recent years, the use of
antioxidants, e.g., vanillin and its derivatives, has been reported
for treating AD.”'**° Naphthalimide derivatives have been
extensively studied due to their broad range of action against
pharmacologically significant targets.”"”* For AD specifically,
vanillin and naphthalimide derivatives encompass the ability to
counteract OS, reduce inflammation, and inhibit cholinesterase
(ChE) activity.”** However, vanillin and naphthalimide exhibit
low water-solubility and limited uptake resulting in low
bioavailability.”***

Polymer-drug conjugates (PDCs) are promising candidates
for treating NDs. These therapeutic compounds involve the
covalent attachment of drugs to water-soluble polymers, which
offers several advantages: enhanced solubility, improved
bioavailability, and increased stability. PDCs can also reduce
toxicity, extend circulation time, and incorporate targeting
moieties and imaging agents for precise targeting. Additionally,
they enable controlled drug release through cleavable linkers in
specific environments.”® Moreover, PDCs exhibit greater
chemical stability in plasma, reduced immunogenicity, and
smaller particle sizes (<50 nm), facilitating enhanced
penetration compared to alternative nanocarriers like micelles
and liposomes.*® There are currently only a few studies on PDCs
for the treatment of neurological conditions.”” ™' These studies,
however, demonstrated that the PDCs were stable in a
physiological environment, nontoxic, and showed targeted
uptake and drug transport to the brain, making them a potential
treatment strategy for NDs.

Therefore, this research was focused on the development of
novel polymer-vanillin and polymer-naphthalimidohexylamine
conjugates for NDs treatment. Poly(allylamine hydrochloride)
(PAH), a synthetic cationic, pH-sensitive polymer was chosen
for conjugation with vanillin as it provides water-solubility,
biocompatibility, and has been shown to form polyplexes with
good stability.”*>* Polyacrylic acid (PAA), a synthetic
polyanionic, nontoxic, biocompatible, and biodegradable
polymer, was chosen for conjugation with naphthalimidohexyl-
amine (HEXNAP). Due to their stability and biocompatibility,
nanoparticles derived from PAA derivatives can be employed to
deliver drugs,35 and attaching these active moieties to water-
soluble polymers will increase their aqueous solubility.”**®

The objectives were to (i) synthesize and characterize a series
of novel PAH-vanillin and PAA-HEXNAP conjugates, (ii)

evaluate their in vitro antioxidant and cholinesterase inhibitory
activities, and (iii) explore their potential cholinesterase
inhibitory mechanism through in silico molecular modeling
studies. This comprehensive approach not only aims to provide
novel therapeutic avenues for NDs but also paves the way for
future research and development in PDCs for neurological
applications.

2. MATERIALS AND METHODS

2.1. Materials. Poly(allylamine hydrochloride) (M, = 17,500 g/
mol), vanillin, 1,6-diaminohexane, naphthalic anhydride, (1-ethyl-3-(3-
(dimethylamino )propyl)carbodiimide hydrochloride) (EDC), ethanol,
2,4,6-tri(2-pyridyl)-s-triazine (TPTZ), ferric chloride, trolox, gallic
acid, galantamine, folin, and ciocalteu’s phenol reagent, sodium
carbonate, sodium acetate, sodium hydroxide, glacial acetic acid,
Electrophorus electricus, equine serum (S,5’-dithiobis(2-nitrobenzoic
acid) (DTNB)), sodium phosphate, Hepes, acetylthiocholine iodide
(AChEI), and butyrylthiocholine iodide (BuChEI) were purchased
from Sigma-Aldrich (Dorset, U.K.). Polyacrylic acid (M, = 25,000 g/
mol) was purchased from Fujifilm Wako Pure Chemical Corporation
(Osaka, Japan). 2,2-diphenyl-1-picrylhydrazyl (DPPH) and tacrine
were purchased from TCI, (Tokyo Chemical Industry, UK.). The
solvents for the 'H Nuclear Magnetic Resonance (NMR) analysis of
D,0 and CDClI; were obtained from Cambridge Isotope Laboratories,
Inc.

2.2. Methods. 2.2.1. Synthesis of PAH-Vanillin Conjugates. PAH-
vanillin conjugates were synthesized as described by Wang et al.,>” with
some adjustments. Vanillin was conjugated to a fixed amount of PAH
using a condensation reaction employing different molar ratios (Figure
1).

A solution of PAH (0.2336 g; 2.5 mmol in the means of the
monomer) in H,O (30 mL) was adjusted with NaOH to pH 9.8. The
solution of vanillin (0.25 mmol (10%) and 0.375 mmol (15%)) in
ethanol (10 mL) was slowly added under stirring to the PAH solution
while the PAH solution was purged with nitrogen gas. The solution was
agitated overnight at ambient temperature followed by dialysis (with a
molecular weight cutoff of 3500 Da) with water (S L) for 24 h, with 6
water changes occurring during that time frame. The dialyzed products
were next subjected to freeze-drying using the VirTis advantage freeze-
dryer (Biopharma Process System, U.K.). The products NM10 (10%
vanillin attached, yield 65.1 & 2.2%) and NM1S (15% vanillin attached,
yield 68.6 + 0.6%) were obtained. The confirmation of structural
changes was conducted using '"H NMR, ATR-FT-IR, and UV—visible
spectroscopy. Elemental analysis was done on NM1S only.

NM10 'H NMR: (D,O solvent peak &,,), 853, (HC = N, imine),
3656 0715 (3H, Ar-H, Vanillin), &5, (_OCH3) Vanillin), 6,6 (CH,
branch chain of PAH), ,,,, and 8,5 (CH,, branch chain of PAH).
NMI15 'H NMR: (D,0 solvent peak &, 45), 8,; (HC = N, imine), 54,
8677 (3H, Ar-H, Vanillin), 85 40 (—OCHy, Vanillin), 8, 3, (CH, branch
chain of PAH), 8; 4 6,41 (CH,, branch chain of PAH).

2.2.2. Synthesis of Naphthalimidohexylamine. The synthesis of
HEXNAP (Figure 2) was conducted following the methodology
previously described by Blaikie et al,” with some adjustments. A
solution of 1,6-diaminohexane (2.35 g, 20.20 mmol) and naphthalic
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Figure 2. Illustration of naphthalimidohexylamine synthesis.

anhydride (2.00 g, 10.10 mmol) in ethanol (100 mL) was heated under
reflux at approximately 78 °C for 1h. The solution was allowed to cool
to ambient temperature, and the solid byproduct (bisnaphthalimide)
formed was separated by filtration using a Buchner funnel. The ethanol
filtrate was dried by evaporation by using a Biichi R-210 rotary film
evaporator (BUCHI, U.K.). The residue was subjected to water
treatment, resulting in the formation of a precipitate that was filtered off
with water and dried in a vacuum oven (yield 51.9%). Thin-layer
chromatography (TLC) was employed to verify the purity of the
sample, while '"H NMR spectroscopy was utilized for comprehensive
characterization.

'"H NMR: (CDClI, solvent peak §,,): 356 (dd, 2H, napth-H), &,
(dd, 2H, napth-H), &, (t, 2H, napth-H), §,, (t, 2H, N—CH2-CH2),
8,5 (t, 2H, CH2-CH2-NH2), 8,5 155 (m, 4H, CH2-CH2-CH2),
8, s_14 (m, 4H, CH2-CH2-CH2).

2.2.3. Synthesis of PAA-HEXNAP Conjugates (Figure 3). A solution
of PAA (0.230S g; 3.2 mmol in the means of monomer) and EDC (1.2
equiv of HEXNAP) in methanol (30 mL) was refluxed at S0°C and
stirred for 2 h. A solution of HEXNAP (0.16 mmol (5%) and 0.32 mmol
(10%)) in DMSO (20 mL) was slowly added while stirring of the PAA-
EDC solution which was purged with nitrogen gas. The solution was left
stirring overnight at ambient temperature followed by dialysis (with a
molecular weight cutoff of 3500 Da) with water (S L) for 24 h, with 3
water changes occurring during that time frame. The dialyzed product
was filtered and transferred to the round-bottom flask (RBF) and 1 M
NaHCO; (15 mL) was added, and the solution was agitated overnight
at ambient temperature followed by dialysis (with a molecular weight
cutoff of 3500 Da) with water (S L) for 24 h, with 6 water changes. The
dialyzed product was filtered and freeze-dried using the VirTis
advantage freeze-dryer. The products NS (5% HEXNAP attached,
yield 60.8 + 5.4%) and N10 (10% HEXNAP attached, yield 57.3 +
18.4%) were obtained. The confirmation of structural changes was
conducted using '"H NMR, ATR-FT-IR, and UV—visible spectroscopy.
Elemental analysis was done on NS only.

NS5 'H NMR: (D,O solvent peak &, ), 35, (dd, 2H, napth-H), &,
(dd, 2H, napth-H), 8,5 (t, 2H, napth-H), &,, (CH, aliphatic chain of
PAA), 6, 43 (CH,, aliphatic chain of PAA). N10 "H NMR: (D,O solvent
peak 8,,5), 85, (dd, 2H, napth-H), &, 5 (dd, 2H, napth-H), 6,5 (t, 2H,
napth-H), §,, (CH, aliphatic chain of PAA), 8, 44 (CH,, aliphatic chain
of PAA).

2.2.4. Structural Characterization Using Nuclear Magnetic
Resonance (NMR). "H NMR characterization was performed using a
BRUKER Ascend 400 MHz Avance III HD instrument (Bruker,
Coventry, U.K.) with Mnova NMR software (Mestrelab Research) with
scans ranging from 16 to 128. D,O was used as a solvent for each
product except for HEXNAP where CDCIl; was used. The % of drug
conjugation to the polymer was calculated using NMR.

2.2.5. Elemental Analysis. Polymer-drug conjugation of NM15 and
NS was also calculated by using elemental analysis. To constrain the
total concentrations of C, N, and H in the samples, ca. 1.5—2 mg was
weighed (tin capsule, 8 mm height, S mm diameter from Elemental
Microanalysis) and analyzed by flash-combustion with an elemental
analyzer (EA, Isolink from Thermo Fisher Scientific). The EA was
equipped with a zero-blank autosampler and a combustion column
packed with CuO and Cu wire held at 950 °C. Helium was used as a
carrier gas at a constant flow rate of 140 mL/min. The He reference flow
was set to 100 mL/min. For the combustion, a pulse of O, gas was
injected for S s at a flow rate of 250 mL/min. The gas chromatograph
oven in the EA was held at 65 °C. Measurements with a thermal
conductivity detector were calibrated against a series of acetanilide
standards. All samples were run in duplicates, and a blank was inserted
after each sample was analyzed.

2.2.6. Structural Characterization Using Fourier Transform
Infrared Spectroscopy (FT-IR-ATR). FT-IR analysis was performed
using a Nicolet is10 instrument with an ATR attachment (Thermo
Scientific, UK.) and using OMNIC software. The background was
collected first, and then the sample with a total of 16 scans. The scan
range was between 4000 and 500 cm™.

2.2.7. Structural Characterization Using UV-Visible Spectro-
scopic Analysis. The UV—visible spectra of all compounds were
determined using a Cary 60 UV—visible spectrophotometer (Agilent,
U.K.). Compounds were dissolved in dH,O and further diluted to get
an absorbance value below 1. Solutions were scanned from 190 to 500
nm in a quartz cell. Spectra were recorded by using Carry WinUV
software.

2.2.8. Total Phenolic Content: The Folin-Ciocalteu (FC) Assay. The
FC assay was carried out as previously reported by Pohl et al,*® with
minor modifications. Gallic acid (1 mg/mL, ethanol: water (4:10))
stock solution was diluted to a concentration range between 0.006 and
0.20 mg/mL. All compounds (NM10, NM1S, NS, N10, vanillin,
HEXNAP, PAA, PAH, and trolox (positive control)) were prepared in
an ethanol: water (4:10) mixture. A dilution series of all compounds
ranging from 0.003 to 2 mg/mL was made in Eppendorf tubes (1.5
mL). For the reaction to occur, 25 yL of compounds and negative
control (ethanol: water (4:10)) were added to a 96-well plate in
triplicates. dH,0O (200 yL) and FC reagent (20 uL) were added to all of
the wells and incubated for 3 min in the dark. After incubation, 20%
Na,CO; (25 puL) was added to all of the wells, and the plate was
incubated for 30 min at 37 °C in the dark. After incubation, absorbance
was read at 750 nm using a Bio-Rad iMark UV—vis microplate reader
(Bio-Rad, U.K.). The results are expressed as mg gallic acid equivalents
(GAE) per gram dry sample (C).

2.2.9. In Vitro Antioxidant Activity. 2.2.9.1. 2,2-Diphenyl-1-
picrylhydrazyl (DPPH) Assay. The DPPH assay was carried out as
previously reported by Scipioni et al.,"® with minor modifications. All
compounds (NM10, NM1S5, NS, N10, vanillin, HEXNAP, PAA, PAH,
and gallic acid (positive control)) were prepared in an ethanol: water
(4:10) mixture. A dilution series of all compounds ranging from 0.1 to
10,000 pg/mL was made in Eppendorf tubes (1.5 mL). For the reaction
to occur, SO 4L of compounds and negative control (ethanol: water
(4:10)) were added to a 96-well plate in triplicates. DPPH solution
(100 uL, 0.1 mM) was added to all of the wells. Plates were analyzed
every 15 min for up to 120 min and absorbance was read at 517 nm
using a Bio-Rad iMark UV—vis microplate reader. Results were
expressed in terms of IC, (concentration at which 50% of the radical
scavenging activity was achieved).

2.2.9.2. Ferric-Reducing Antioxidant Power (FRAP) Assay. The
FRAP assay was carried out as previously reported by Pohl et al.,*® with
minor modifications. A stock solution of Trolox (1 mg/ mL) was
prepared in an ethanol: water (4:10) mixture and further diluted to
0.002—0.08 mg/mL with dH,O. All compounds (NM10, NM15, NS,
N10, vanillin, HEXNAP, PAA, PAH, and gallic acid (positive control))
were prepared in the ethanol: water (4:10) mixture. A dilution series of
all compounds ranging from 0.002 to 2 mg/mL was made in Eppendorf
tubes (1.5 mL). For the reaction to occur, 10 L of compounds and the
negative control (ethanol: water (4:10)) were added to a 96-well plate
in triplicate. FRAP reagent (190 uL) was added to all wells and
incubated for 30 min at 37 °C in the dark. After incubation, the
absorbance was read at 593 nm using a Bio-Rad iMark 18 UV—vis
microplate reader. The results are expressed as milligrams of Trolox
equivalent (TE) per gram of dry sample (C).

2.2.10. In Vitro Cholinesterase Inhibitory Activity. 2.2.10.1. Ell-
man’s Assay. The inhibitory activity of the PDCs against AChE and
BuChE was determined using an Ellman’s assay as previously reported
by Blaikie et al,” with minor modifications. AChE and BuChE stock
solutions (22 U/mL) from E. electricus and equine serum, respectively,
were prepared in 20 mM Tris HCI (pH 7.5). Before use, AChE and
BuChE stock solutions were diluted 1:100 and 3:100, respectively. A 3
mM DTNB (5,5 -dithiobis(2-nitrobenzoic acid)) solution was
prepared in phosphate/Hepes buffer (0.05 M/0.09 M, pH 7.5).
Solutions of 15 mM acetylthiocholine iodide (AChEI) and
butyrylthiocholine iodide (BuChEI) were prepared in dH,O. All
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Table 1. FT-IR Results for Vanillin, PAH, and NM15

wavenumbers (cm™!)

aldehyde hydroxyl
compounds C=0 C-H O-H
vanillin 1660 2858 1263
3134
PAH
NM1S 1283

methoxy amine alkyl imine
O-CH, CH, —-N-H C-H C=N
1024 2944
1557 2914
3345
1025 3346 2911 1630

compounds (NM10, NM15, NS, N10, vanillin, HEXNAP, PAA, PAH,
and positive controls (galantamine and tacrine)) were prepared in 10
mM Tris:HCl buffer, pH 7.4. A dilution series of all compounds ranging
from 8—2000 pg/mL for AChE and 0.008—2000 ug/mL for BuChE
were made in Eppendorf tubes (1.5 mL). For the reaction to occur, 125
UL of DTNB solution, 25 uL of samples and negative control (Tris: HCI
buffer, pH 7.4), and 25 uL of diluted AChE or BuChE solution were
added to a 96-well plate in triplicate. The plate was incubated for 10 min
at 37 °C, 25 uL of AChEI and BuChEI solution were added to all wells,
and the plate was incubated for a further 20 min. The absorbance was
measured at 415 nm by using a BioTek Synergy HT microplate reader
(Agilent, U.K.). The cholinesterase inhibitory activity was expressed in
terms of IC, (concentration at which 50% of the cholinesterase activity
was inhibited).

2.2.10.2. Kinetic Study of BuChE Inhibition. For the kinetic study,
NS, HEXNAP, and tacrine were tested at ICy,/2, ICyo, and 2*ICy,
(these concentrations were selected from Ellman’s assay results). Four
concentrations of the BuChEI substrate were prepared, ranging from 5
to 50 mM. NS, HEXNAP, and tacrine were evaluated against each
concentration of the substrate. The method was as described in Section
2.2.10.1 until the substrate was added to the plate in triplicate, at which
point the absorbance was measured every min for 20 min at 415 nm
using a BioTek Synergy HT microplate reader. For each substrate
concentration, the absorbance was plotted against time, and the slope
was taken as the rate (v). The reciprocal of substrate concentration (1/
S) and rate (1/v) were plotted for each compound concentration and
the negative control. This generated the Lineweaver—Burke plot, which
could be used to determine the V., and K, values for each compound
concentration and negative control.

2.2.10.3. Molecular Modeling. PyRx 0.8 was used to determine in
silico predictions of the binding potential of NS, HEXNAP, galant-
amine, and tacrine with ChE enzymes. Protein structures used in the
docking processes were obtained from the Protein Data Bank (human
AChE - 4PQE; human BuChE - 2J4C). Both structures exhibited a
resolution of less than 3 A. Water molecules and any ligands linked to
the structures were removed, while polar hydrogens were introduced.
The three-dimensional (3D) structures of NS, HEXNAP, and
galantamine were obtained with ChemDraw (ChemDraw Professional
22.0 and Chem3D 22.0) and the MM2 energy minimization program,
and they were stored as pdb files. Each ligand and macromolecule were
applied to PyRx, and the binding energies of the various conformations
were calculated using Autodock Vina 1.1.2S. The molecules were
docked by placing a grid box around the binding sites. The binding site’s
position was established by employing a residue crucial to ligand
binding (human AuChE- Trp86 and human BuChE- Trp82) in the
enzyme active site. The grid box size was chosen to 40 A x 40 A x 40 A.
The lowest energy conformation for each ligand-macromolecule
complex was chosen for further investigation, and the complex was
loaded into BIOVIA Discovery Studio, version 21.1.0.20298 (Dassault
Systémes) for visualization.

2.3. Statistical Analysis. All experiments were conducted at least
three times unless otherwise stated and results are shown as mean +
SD/SEM. Statistical analysis was performed using both Microsoft Excel
2019 and GraphPad Prism 10 (GraphPad Software), and a significant
difference was determined using the one-way ANOVA and Dunnett’s
multiple comparisons tests (¥*p < 0.0S, **p < 0.01, ¥**p < 0.001 ***¥p
< 0.0001, ns not significant compared to solvent control).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of PAH-Vanillin
and PAA-HEXNAP Conjugates. In recent years, numerous
polymer conjugates of various polyphenols and other small
molecular drugs have been reported, demonstrating enhanced
characteristics such as improved water-solubility, biocompati-
bility, and reduced toxicity.”*”** However, to the best of our
knowledge, derivatives of PAH conjugated to vanillin and PAA
conjugated to HEXNAP have not been previously reported.
Therefore, one of this study’s objectives was to synthesize and
characterize, for the first time, PAH-vanillin and PAA-HEXNAP
conjugates as a potential treatment strategy for treatment of
NDs.

PAH-vanillin conjugates were prepared by the reaction
between the aldehyde group of vanillin and the primary amine
groups of PAHs using a condensation reaction (Figure 1).In the
NM15 'H NMR spectra, the peak of aromatic proton and
methoxy proton of vanillin was identified around &3, 8677 (3H,
Ar—H), and 8,45 (—OCH,;) (Figure S1). The peak for the
imino (HC = N) proton was identified at 45, (similar proton
peaks were identified on NM10 spectra (Figure S2)) which was
absent in PAH (Figure S4) and the parent compound vanillin
which has a peak for the aldehyde (HC = O) proton around &, 4
(Figure $3). According to Marin et al,,*” the imino proton peak
can also shift to a higher field due to the lower conjugation of
imino linkage induced by the aliphatic nature of the polymer. It
is sometimes difficult to determine the presence of imine proton
peak just by NMR characterization alone when the polymer is
involved in the synthesis, unlike small molecule drugs. However,
these conjugates are novel compounds with no equivalent data
in the literature; therefore, to prove that the conjugation was
successful, further characterization was done using ATR-FT-IR
and UV—visible spectroscopy.

In the ATR-FT-IR spectrum, vanillin showed a vibrational
band at 1660 and 2858 cm™" corresponding to the stretching of
the C = O and C—H bonds in the aldehyde group, whereas the
band at 1263 and 3134 cm™' was due to the bending and
stretching of the O—H in the hydroxyl group. The bands at 1024
and 2944 cm ™" were recognized as O—CH, and CHj stretching
vibrations associated with the vanillin methoxy group.”' PAH
showed a vibration band at 1557 and 3345 cm ™' corresponding
to N—H bending and stretching. The broad band at 2914 cm™
corresponds to C—H vibrations in the PAH structure. Evidence
for imine-bond formation was supported by the appearance of
the vibration band at 1630—1632 cm™! for C=N in the FTIR
spectra,””** in NM10 and NM15. The intensity at 1557 and
3345 cm™" bands of amine bond present in PAH decreased and
the band at 1660 cm™" related to the aldehyde group present in
vanillin completely disappeared. Additional bands associated
with vanillin and PAH are also observed in the conjugates (Table
1 and Figures S5—S8).
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Figure 3. Illustration of the conjugate. Synthesis of PAA and naphthalimidohexylamine.

The UV—visible spectra of NM15 (representative of NM10,
Figure S9) compared to vanillin and PAH are depicted in Figure
4A. Pure vanillin showed four peaks, 205, 230, 280, and 310 nm,
which correspond to previously published values.”” PAH
showed no absorbance peaks, as it does not have a chromophore
in its structure. One new peak appeared at around 385—390 nm
for NM10 and NM1S which belong to the Schiff base bond,
resulting in the generation of a new transition n-z*.*” In further
work, the pH of the NM1S solution was adjusted to an acidic pH
of 1-2 from its initial value of pH 6.7 to observe any potential
impact on the UV—visible spectra. It was evident from Figure 4B
that the imino bond peak at 390 nm underwent hydrolysis as the
peak at 390 nm disappeared and the peak for vanillin was
produced back. The pH value was critical for controlling the
equilibrium of the reaction. Highly acidic pH can have a
substantial impact on the formation and breakage of imino
bonds. The latter are stable in alkaline or neutral conditions but
hydrolyze in acidic environments.**

The ATR-FT-IR and UV—visible spectra data correlate with
the NMR data, indicating that the vanillin moiety was
successfully conjugated to the PAH polymer.

Naphthalimide derivatives have demonstrated promising
therapeutic potential for AD, exhibiting antioxidant, anticholi-
nesterase, and amyloid aggregation inhibitory activities.”>
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Among these, the HEXNAP-vanillin conjugate has shown
notable antioxidant and anticholinesterase properties.” How-
ever, HEXNAP is primarily soluble in organic solvents, thus
limiting its use. Therefore, novel water-soluble PAA-HEXNAP
conjugates were developed to enhance water-solubility and
improve efficacy.

PAA-HEXNAP conjugates were prepared by the reaction
between the primary amine group of HEXNAP and the
carboxylic acid groups of PAA using EDC-mediated amide-
bond formation (Figure 3). In the '"H NMR spectra of NS, the
peaks of the aromatic protons of the HEXNAP groups, which
were absent in PAA, appeared at §g; (2H, napth-H), 5, (2H,
napth-H), and 6, 5 (2H, napth-H) (Figures S10, S12, and S13).
Similar peaks were seen for the N10 conjugate (Figure S11). In
the ATR-FT-IR spectrum, HEXNAP showed stretching bands
at 3306 cm™! corresponding to primary amine, 1654 and 1695
cm™! assigned as the ring C = O, and 2930 and 2854 cm™
corresponding to the hexyl chain. PAA showed vibration bands
at 1694, 1159, and 1149 cm™* corresponding to C = O, —(C—
O)H, and COO~ stretching and bending of carboxylic acid. The
bands at 2931 and 1410 cm™" correspond to the stretching and
bending of C—H and C—H, vibrations in the PAA structure.”
Evidence for amide-bond formation was supported by the
appearance of the vibration band at 3252—3196 cm™" for N—H
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Figure 4. UV—visible spectroscopic analysis of (A) NMI1S and (B)
NMI1S at acidic pH.

and 15571552 cm™ for C = O in the FTIR spectra,”""*® of NS
and N10. Additional bands associated with vanillin and PAH are
also observed in the conjugates (Table 2 and Figures S14—S17).

Similarly, the UV—visible spectra of NS (representative of
N10, Figure S18) compared to HEXNAP and PAA are depicted
in Figure 5. NS, N10, and HEXNAP had a peak at 345 nm which
corresponds to the 1,8 naphthalic ring of HEXNAP.*” These
data confirm that the HEXNAP moiety was successfully
conjugated to the PAA polymer.

Furthermore, integration values of the NMR spectroscopy can
be employed to determine the % conjugation of the drug to the
polymer.”® An example calculation for NM15 is shown below
where 3 is the PAH proton integration value and 0.41 is the
combined integration value of the hydrogen atoms in the vanillin
aromatic ring (Figure S1). Each integration value was then
divided by the total number of protons, and the resulting value
was used to determine % conjugation.
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Figure 5. UV—visible spectroscopic analysis of NS.

0.136
(%) X 100 = 13.6%

Conjugation percentages were determined for each PDC, and
results are presented in Table 3. NM10 and NM15%

Table 3. % Conjugation of PDCs Derived from 'H NMR and
Elemental Analysis Data (n = 3, Mean +SD)

theoretical %  calculated % conjugation  calculated % conjugation by

conjugation by 'H NMR elemental analysis
NM10-10% 93 +09 NA
NM15-15% 14.6 + 1.4 179+ 0.3
N5-5% 0.24 + 0.08 1.04 + 0.03
N10-10% 1.1 +£0.1 NA

attachments were closest to the theoretical value; however,
this was not the case for NS and N10. This could be due to the
hydrophobic nature of HEXNAP which may have hindered its
interaction with the polymer. Due to the limitations of NMR,
such as overlapping peaks and a noisy baseline, it was difficult to
determine the exact percentage of the drug attached to the
polymer. Therefore, the % conjugation achieved was also
calculated using elemental analysis for NM1S and NS (Table 3).
For example, the analysis of NM135 revealed a composition of
53.01% carbon, 8.14% hydrogen, and 14.22% nitrogen. These
data indicated an excess of 1.418 mol of carbon, attributable to
the vanillin. By correlating this excess carbon with vanillin, the
percentage of vanillin attached was determined to be 17.7%.
Data obtained from elemental analysis provide a more reliable
method for determining the percent conjugation of lead
compounds than NMR, which is limited by overlapping peaks
and a noisy baseline. Therefore, all further calculations are based
on elemental analysis data.

To further elucidate the benefits of these novel conjugates,
their total phenolic content, antioxidant properties, and
cholinesterase inhibitory activity were thoroughly investigated.

Table 2. FT-IR Results for HEXNAP, PAA, and NS

wavenumbers (cm™")

amine HEXNARP ring carboxylic acid amide alkyl chain
compounds —-N-H CcC=0 C=0 —(C-0)H —-CO0O~ N-H C=0 C-H C-H,
HEXNAP 3306 1695, 1654 2930, 2854
PAA 1694 1159 1449 2931 1410
NS 1658 1698 1450 3196 1552 2930, 2854 1402
10519 https://doi.org/10.1021/acs.chemmater.4c01767
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3.2. Determination of Total Phenolic Content. The total
phenolic content of the PDCs and starting materials was
determined using the Folin-Ciocalteu (FC) assay (Figure 6).
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Figure 6. Total phenolic contents of NM10 and NM135. Data presented
as mean + SD (n = 3), significant difference via one-way ANOVA
(**##%p < 0.0001), and Dunnett’s multiple comparisons tests.

Phenolic compounds possess hydroxyl groups that play a
significant role in their ability to scavenge free radicals.”” The
highest total phenolic content was found for NM15 (282 + 20
mgGAE/1 g). As per elemental analysis % attachment data
(Section 3.1), only 17.8% of vanillin was attached in NM1$
conjugate; thus, the adjusted NMI1S exhibited a higher
proportional phenolic content compared to vanillin (684 + 80
mgGAE/1 g). For example, the 17.9% (NM15) total phenolic
content of vanillin is 122.4 mgGAE/1 g much lower than NM15.
The enhanced conjugation activity can be attributed to the
formation of an imino bond, resulting in the formation of
phenolic Schiff bases.”® These Schiff bases are widely recognized
for their potent antioxidant properties and ability to effectively
scavenge free radicals through the mechanism of hydrogen atom
transfer (HAT) or single electron transfer (SET).*® Due to the
absence of phenolic groups, PAH, PAA, HEXNAP, NS, and N10
did not exhibit any phenolic content (results not shown). These
findings indicate that NM10 and NM15 may have antioxidant
properties.

3.3. In Vitro Antioxidant Activity. The DPPH assay works
under the mechanism of SET and HAT and is considered a
mixed-mode assay.”' The conjugates and parent compounds
were observed for a duration of 120 min to demonstrate the
changes in antioxidant capacity over time”” (Figure 7A).

The data shown in Figure 7A indicated that vanillin and
NM10 exhibited no antioxidant activity before 15 and 45 min,
respectively. NM1S demonstrated activity only after 60 min.
Once antioxidant activity was evident, the IC, values exhibited a
decrease over time, indicating a progressive increase in
antioxidant activity. DPPH functions as both a radical initiator
and an oxidizing agent. DPPH color can be lost by radical
reaction (HAT) or reduction (SET) as well as unrelated events,
and steric accessibility is a significant factor in determining the
reaction. Hence, small compounds with greater access to the
radical site have a greater antioxidant capacity.”® This could
explain why NM10 and NM15 take longer to exhibit antioxidant
activity.

NM10 and NM1S exhibited strong radical scavenging activity
compared to vanillin. The IC, values for PDCs were
significantly lower (from 435.9 to 510.4 ug/mL (p < 0.0001))
when compared to the starting compounds employed in the
synthesis, namely vanillin (IC5, = 909.9 + 93 ug/mL), which
correspond to a previously published value (ICs, = 1397 + 3.8
ug/mL)** and PAH (no activity). Furthermore, PAA,
HEXNAP, NS, and N10 showed no antioxidant activity (data
not shown).

Figure 7B shows a significant increase in the antioxidant
activity of vanillin after conjugation to PAH. However, this
increase in potency was further exemplified when considering
the difference in vanillin % attachment in each compound. For
example, as per elemental analysis % attachment data (Section
3.1) only 17.8% of vanillin was attached in the NM1S5 conjugate,
thus the adjusted NM1S is more potent than vanillin (p <
0.0001, Figure 7C).

The enhanced antioxidant activities of NM10 and NMI1S5,
despite their lower total phenolic content (Section 3.2), are
novel finding. This suggests that the conjugation not only retains
but significantly enhances the antioxidant properties of vanillin.
As conjugates are Schiff bases, the presence of C = N linkage in
Schiff bases is important for biological activity, including
antibacterial, anticancer, and antioxidant activity.55 Hence, the
presence of an HC = N linkage within the conjugates plays a
significant role in augmenting the antioxidant activity. Scipioni
et al.'® reported that the nitrogen molecule exerts the most
significant influence on the radical scavenging properties,
suggesting the importance of the electron pair on the nitrogen
atoms for the radical scavenging property. To the best of our
knowledge, no previous studies have shown that such
conjugation significantly enhances the activity of vanillin. This
novel finding emphasizes the significance and impact of the
research, providing new insights into the potential of polymer-
vanillin conjugates as potent antioxidant agents.

The FRAP assay relies on the reduction of the ferric-
tripyridyltriazine [Fe"(TPTZ),]** complex. FRAP assay works
on the SET mechanism.”" The results obtained for the FRAP
assay performed on the conjugates are presented in Figure 7D.
All conjugates synthesized, exhibited significantly lower activity
(p < 0.0001) when compared with vanillin (102.5 + 11 mgTE/1
g) (Figure 7D). As stated previously, the presence of the imine
moiety in the conjugates had an effect on the antioxidant
activity. Even after the conjugates were adjusted as per %
attachment, the conjugates did not show improved antioxidant
activity compared to vanillin. This can be accounted for as it is
known that Schiff bases are stable in alkaline conditions, under
acidic conditions hydrolysis to the corresponding amine and
carbonyl compounds®™ as has been shown in the UV study
(Section 3.1). As the FRAP assay works under an acidic pH (pH
3.6), the conjugates undergo hydrolysis, and the imino bond is
separated into vanillin and PAH. PAA, HEXNAP, NS, and N10
showed no FRAP activity (data not shown). However, NM15
was selected as the lead conjugate for further work, as there was
no significant difference between the antioxidant activity of
NM10 and NM15.

In conclusion, the enhanced antioxidant activity observed in
NM10 and NM15S, despite their lower total phenolic content,
underscores the effectiveness of conjugating vanillin to PAH.
The presence of the imino bond in Schiff bases plays a significant
role in enhancing the antioxidant activity. Although the FRAP
assay results indicate some limitations due to hydrolysis, the
overall findings highlight the potential of PAH-vanillin
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Figure 7. Antioxidant activity of vanillin, NM10, and NM15 over 120 min (A), DPPH antioxidant activity of NM10 and NM1S after 120 min before
adjustment (B), after adjustment for NM15 (C), and FRAP antioxidant activity of NM10 and NM15 (D). Data presented as mean + SD (n = 3),
significant difference via one-way ANOVA (**%#%*p < 0.0001), and Dunnett’s multiple comparisons tests.

conjugates as effective antioxidant agents. This approach
provides novel insights into the development of potent
antioxidant compounds.

3.4.InVitro Cholinesterase Inhibitory Activity. 3.4.1. Ell-
man’s Activity. Ellman’s Assay Involves the Hydrolysis of the
Substrate AChEI/BuChEI by AChE/BuChE.

Figure 8 showed the evaluation of NS, N10, and the starting
materials against the AChE and BuChE enzymes (Figure 8A,B).
Both NS and N10 showed significantly decreased activity (p <
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0.0001) compared to HEXNAP (Figure 8A,B). It is crucial to
note, however, that HEXNAP has a relatively low solubility in
water, which makes it a poor candidate for drug development;**
thus, conjugating it to PAA not only increases its water-solubility
but also produces a PDC that has anticholinesterase activity.
Based on the elemental analysis % attachment data (Section
3.1), only 1.04% of HEXNAP is attached in the NS conjugate,
thus the adjusted NS is more potent than HEXNAP (p < 0.0001,
Figure 8C,D). However, NS was selected as the lead conjugate
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Figure 8. Ellman’s AChE and BuChE inhibitory activity of NS and N10 before adjustment (A, B) and after adjustment for NS (C, D). Data presented
as mean + SD (n = 3), significant difference via one-way ANOVA (****p < 0.0001), and Dunnett’s multiple comparisons tests.

for further work because only 1.04% of HEXNAP attached to
PAA demonstrated significantly greater potency compared to
that of HEXNAP alone. These findings are novel, as no previous
studies have reported conjugates of HEXNAP with enhanced
anticholinesterase activity and improved solubility.

Additionally, NS, N10, and HEXNAP showed stronger
activity against AChE than BuChE. This was expected as the
flexible hexyl group in HEXNAP is responsible for increased
inhibitory action against AChE.”” The flexibility of the long,
saturated hexyl chain allows the molecule to adopt a
conformation that efficiently interacts with the active site
residues of AChE, but not BuChE. In BuChE, the larger and
more flexible active site makes it difficult for the hexyl chain to
form eflicient interactions, thus, decreasing its inhibitory
effectiveness.” This was further confirmed by in silico molecular
modeling studies (Section 3.4.3). Furthermore, PAA, vanillin,
NM1S, and PAH showed no cholinesterase inhibitory activity
(data not shown).

The selective inhibition of AChE over BuChE suggests that
these novel PDCs can increase acetylcholine (ACh) levels in the
brain, offering symptomatic relief for NDs. While initial findings
suggest strong AChE inhibition, the goal of these novel
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conjugates is to target BuChE and reduce the risk of adverse
effects associated with BuChE inhibitors.

3.4.2. Kinetic Study of BuChE Inhibition. Reversible
enzymatic inhibitors may act via a competitive, noncompetitive,
mixed, or uncompetitive mechanism.”® Lineweaver—Burke plots
can be used in the kinetic study to determine the kind of
inhibition by analyzing the V. and K, values. The V_, is the
enzyme reaction’s maximal rate, whereas the K is the substrate
concentration that equals half the V_,,. The type of inhibitor is
determined by comparing its values to those of the control (no
inhibition). Competitive inhibitors are characterized by an
increase in the K, value, while the V, remains unchanged.
Noncompetitive inhibitors typically result in a decrease in V_,,
with no significant change in K. Mixed inhibitors exhibit a
decrease in the V,_, and an increase in the K, values.
Uncompetitive inhibitors lead to a decrease in both V,, and
K., values as well.*®

A kinetic study was carried out to assess the type of inhibition
imparted by novel anticholinesterase conjugate NS. The BuChE
enzyme was used because as AD progresses, BuChE activity
increases and AChE activity declines.'” The type of BuChE
inhibition exerted by tacrine, HEXNAP, and NS was determined
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Figure 9. Ellman’s BuChE kinetic study of tacrine (A), HEXNAP (B), and NS (C). Data presented as mean + SEM (n = 3), significant difference via
one-way ANOVA (***p < 0.001 for tacrine V,,,, HEXNAP and NS K, values, ***¥*p < 0.0001 for tacrine K,, value), and Dunnett’s multiple

comparisons tests.

Table 4. Correlation between Binding Affinity and the In Vitro Results for AChE and BuChE Inhibitory Activity Using PyRx and

Ellman’s Assay, Respectively

AChE BuChE
compounds binding affinity (kcal/mol) in vitro ICgy (ug/mL) binding affinity (kcal/mol) in vitro ICs (ug/mL)
NS -10 0.56 + 0.03 (after adjustment) —8.8 0.91 =+ 0.06 (after adjustment)
HEXNAP -9.0 1.67 £ 0.1 -9.0 4.17 £ 0.4
galantamine -9.1 1.11 + 0.08 NA NA
tacrine NA NA —8.8 0.0053 + 0.0001

using Lineweaver—Burke plots. The V. and K, values were
then calculated based on these plots (Figure 9).

The kinetic study revealed that both HEXNAP and NS act as
competitive inhibitors, as indicated by their V. and K, values
(Figure 9B,C). The ICs, value of HEXNAP exhibited a V,, of
0.0017 and a K, of 2.965 mM, compared to the negative control
whichhada V,, 0£0.0018 and a K, 0f 0.523 mM. Similarly, IC,
value of NS exhibited a V,,, of 0.0016 and a K, of 0.926 mM,
while the negative control had a V,,, 0of 0.0017 and a K, of 0.492
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mM. While the V., values for both HEXNAP and NS5 did not
differ significantly from the negative control, the K, values were
significantly higher (**p <0.01 for HEXNAP and *p < 0.05 for
NS), confirming that they competitively inhibit BuChE.
Competitive inhibition is desirable in drug development for
targeting BuChE because it indicates a more targeted and
controlled interaction with the enzyme, which may lead to
improved therapeutic effects. However, mixed inhibitors may
show a more unpredictable effect as they not only compete in the

https://doi.org/10.1021/acs.chemmater.4c01767
Chem. Mater. 2024, 36, 10514—10527


https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01767?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01767?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01767?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c01767?fig=fig9&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c01767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials pubs.acs.org/cm

(A)

TYR
A:337 TRP
PHE A:86
A:297
358
TRP : HIS
A:286 £5 A:437
TYR
A:341
D
o
!
PHE GLY
> AbBs A121
Interactions
I conventional Hydrogen Bond I Pi-Pi Stacked
[1 carbon Hydrogen Bond ] Pi-Alkyl
B
(B) Hs
A:438
PH
TYR A:329
TRP A:332
A:82
ALA
A:328
-0
~o
d
Interactions
B Fi-pi Stacked [] pi-Alkyl

| Alkyl

Figure 10. Binding mode of N5 in the catalytic and peripheral pocket of (A) 4PQE (hAChE) and (B) 2J4C (hBuChE).

active site but also interact with other regions of the enzyme.*®
Therefore, by competitively inhibiting BuChE, NS could
increase the levels of ACh, improving cholinergic neuro-
transmission and alleviating the cognitive decline linked to
NDs. This finding is significant, as it represents a novel
contribution to the field of PDCs for cholinesterase inhibition,
with no equivalent data available in the literature.

3.4.3. Molecular Modeling. To elucidate the observed in vitro
inhibitory effect of the compound NS on AChE and BuChE, in
comparison to HEXNAP, galantamine, and tacrine, molecular
modeling studies were conducted utilizing crystal structures of
ChE human isoforms. NS$ exhibited a greater binding affinity for
the AChE enzyme and a slightly lower affinity for the BuChE
enzyme compared to HEXNAP (Table 4).

However, there may be variations between the predicted
binding affinity and the in vitro results due to several factors.
First, AChE and BuChE crystal structures from human isoforms
were utilized in the docking simulations, whereas AChE and
BuChE from E. electricus and equine serum were employed in the
in vitro study, respectively. Second, in silico modeling is a
simplified docking model compared to the complex human
system which can result in less precise predictions of binding
affinity.*”°

models, combining in vitro and in silico approaches is critical. In

Despite species differences and the ease of docking

silico models use human enzyme structures to predict binding
affinities, while in vitro experiments validate findings under
complex conditions, improving our understanding of cholines-
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terase inhibitors and aiding in the development of neurological
treatments.

The visualization of ligand-protein interactions between NS
and cholinesterase enzymes provided novel findings as it
provided a comprehensive mechanism for how NS inhibits
hAChE and hBuChE (Figure 10).

NS, HEXNAP, and galantamine interact extensively with
human AChE’s (hAChE) peripheral anionic site (PAS) and
catalytic anionic site (CAS), forming 7—7 stacking bonds,
hydrogen bonds, and hydrophobic interactions (Figures 104,
S19A, and S20). Notably, the polymer backbone of NS interacts
with the CAS region through z-alkyl bonds with Trp86 and
His447 and forms a carbon—hydrogen bond with Ser203,
contributing significantly to its inhibitory activity. This
interaction indicated that the conjugation may have reoriented
the molecule such that the HEXNAP portion no longer has
access to the CAS site within the gorge of the hAChE compared
with free HEXNAP, which interacts with the CAS site (Figure
S19A). This interaction enables NS to penetrate deeper into the
enzymatic gorge, increasing its inhibitory activity compared to
free HEXNAP. Overall, the longer chain (i.e., the saturated hexyl
chains of HEXNAP in NS) and polymer backbone were more
effective at inhibiting AChE.

Furthermore, PAS forms a stable complex with the ApS
peptide, which accelerates oligomerization and aggregation of
senile plaques. Incubating AChE with Af peptide leads to three
times more aggregation than Af alone.”®" Therefore, further
work is required to determine if the binding conformation of N5
minimizes the accumulation of senile plaques.

Human BuChE (hBuChE) consists more hydrophilic and
charged residues than AChE (especially in PAS sites).’ In
Figure 10B, the naphthalimide ring of N5 interacts with the CAS
region via n—zu bonding with Trp82 and His438. The carbon
chain of NS interacts with CAS, forming s-alkyl bonds with
Tyr332, Ala328, and Phe329. Additionally, the polymer
backbone did not have any interaction with hBuChE. However,
in the instance of HEXNAP (Figure S19B), identical
interactions were seen with those in the N5. N5 and HEXNAP
did not interact with the PAS region and did not form hydrogen
bonds with hBuChE, although they did form substantial
hydrophobic interactions. Tacrine produced hydrophobic and
hydrogen bonds with only the CAS region (Figure S21).

Even though the active site gorge in both hAChE and hBuChE
has a depth of roughly 20 A, the volume differs by around 200 A3,
with hBuChE being the larger isoform.” This could explain why
the compounds interact only with CAS in hBuChE. Also, the
CAS is responsible for degrading ACh.°" Thus, conjugate NS
may be able to prevent the degradation of ACh by interacting
with the CAS region of hAChE and hBuChE and can also
prevent the accumulation of Af plaques by interacting with the
PAS region in hAChE. Further work is required to confirm this
in suitable in vitro and in vivo models.

This comprehensive mechanistic understanding, together
with insights into the structural differences between hAChE and
hBuChE, provides novel insights into the potential therapeutic
benefits of novel PDC-based cholinesterase inhibitors for NDs.

B 4. CONCLUSIONS

This study focused on the design and synthesis of a series of
novel PAH-vanillin and PAA-HEXNAP conjugates, as well as
their antioxidant and cholinesterase inhibitory activity, and the
exploration of their potential cholinesterase inhibitory mecha-
nism through in silico molecular modeling studies. Successful
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conjugation of all conjugates was confirmed with 'H NMR,
ATR-FT-IR, and UV—visible spectroscopy. NM15 and N5 were
identified as lead conjugates for further development of a
polyelectrolyte complex (PEC) in the context of a multitarget
strategy.”® NM15 showed significantly enhanced in vitro
antioxidant activity with an ICy, of 90.85 ug/mL (after
adjustment) in the DPPH assay compared to the starting
material vanillin (909.9 ug/mL), which corresponds to
previously published work on vanillin.”'*** Additionally, N5
showed significantly enhanced in vitro cholinesterase inhibitory
activity with an ICg; of 0.56 ug/mL for AChE and 0.91 ug/mL
for BuChE (after adjustment) in the Ellman’s assay.
Furthermore, kinetic and molecular modeling studies revealed
that NS is a competitive inhibitor of BuChE and interacts with
the active sites of hAChE and hBuChE enzymes which
correspond to previously published work on vanillin-naphtha-
limide derivatives.”'? However, future work is required to
develop a polyelectrolyte complex (nano polyplex) by
combining NM15 and NS. These NM15 and NS complexes
will be further examined for antioxidant and cholinesterase
inhibitory properties, as well as in vitro toxicity studies. Future
work will also include studies of bioavailability, pharmacoki-
netics, and the development of a nasal drug delivery system for
the polyelectrolyte complex. This may lead to the development
of novel multitarget treatment for NDs. Overall, these data
suggest that PDCs are promising for developing a novel
treatment for NDs.
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Figure S11. 'H NMR spectra of N10.
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Figure S12. 'H NMR spectra of HEXNAP
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Figure S13. 'H NMR spectra of PAA
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Figure S14. FTIR spectra of N5.
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Figure S15. FTIR spectra of N10.
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Figure S16. FTIR spectra of HEXNAP.
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Figure S18. UV-Visible spectroscopic analysis of N10.
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Figure S19. Binding mode of HEXNAP in the catalytic and peripheral pocket of (A) 4PQE (hAChE) and
(B) 2J4C (hBuChE).
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Figure S21. Binding mode of tacrine in the catalytic and peripheral pocket of 2J4C (hBuChE).
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