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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease is characterized by the accumulation of beta-amyloid plaques and neurofi-
Molecular docking brillary tangles. Effective therapeutic strategies involve inhibiting the formation of beta-amyloid
Nanocarriers aggregates and destabilizing existing ones. A significant challenge in current treatments is the
:/[1;}111213?; inability of therapeutic agents to cross the blood-brain barrier, a limitation addressed by
Rivastigmine employing drug nanocarriers. This study investigates the interactions between memantine,
In silico rivastigmine, beta-amyloid structures, and graphene oxide nanocarriers using molecular docking

and in silico methods. The goal is to enhance drug development through cost-effective and effi-
cient computational techniques. Results indicate that the binding energies for memantine-beta-
amyloid and rivastigmine-beta-amyloid complexes are —9.03 kcal/mol and —7.81 kcal/mol,
respectively, suggesting superior stability for the memantine-beta-amyloid complex. The elec-
trostatic energies are —1.91 kcal/mol for memantine and —0.81 kcal/mol for rivastigmine,
further supporting the greater stability of the memantine complex. Additionally, memantine’s
interaction with graphene oxide results in more negative adsorption energy (—92.47 kJ/mol)
compared to rivastigmine (—86.36 kJ/mol), indicating a stronger binding affinity. The charge
transfer (Q) values are —0.41 kJ/mol for memantine and —0.33 kJ/mol for rivastigmine. The
negative enthalpy (AH) of —85.71 kJ/mol and Gibbs free energy (AG) of —41.52 kJ/mol for the
memantine-graphene oxide interaction suggest a spontaneous process. Both memantine and
rivastigmine display similar electronic properties, but memantine shows a more effective inter-
action with graphene oxide, likely due to its amine functional group and spatial configuration.
The adsorption energy analysis confirms that memantine forms a more stable complex with
graphene oxide than rivastigmine.

1. Introduction

In the field of medical science, there is a preference for medications with specific targeting, high performance, and minimal side
effects. In silico methods offer a cost-effective approach for developing drugs to treat brain-nerve diseases like Alzheimer’s, reducing
potential damage effectively [1]. Traditional Alzheimer’s therapies face challenges in crossing the blood-brain barrier (BBB), while
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functionalized graphene does not have this limitation. Alzheimer’s, the leading cause of dementia, is characterized by memory loss,
behavioral changes, impaired cognitive function, and severe depression. It was originally identified by Alois Alzheimer in 1906 after
two decades of research. Although the precise cause remains unknown, potential factors including free radicals, cholinergic defects,
and the accumulation of beta-amyloid and tau proteins have been identified by researchers. The amyloid precursor protein, essential
for nerve cell growth and repair, is a key player in Alzheimer’s disease and is located at the end of presynaptic axons as a membrane
protein. As it deteriorates, damaged amyloid precursor protein transforms into beta-amyloid fragments, causing nerve cell damage and
cognitive decline, ultimately leading to Alzheimer’s disease. The number of amino acids at the cleavage site of the beta-amyloid protein
can influence the formation of amyloid plaques, with beta-amyloid, containing forty-two amino acids, being particularly prone to
plaque formation [2-5].

Currently, medications such as donepezil, galantamine, rivastigmine, and memantine are commonly prescribed to alleviate
symptoms and slow disease progression [6]. Rivastigmine (Fig. S1), a reversible, long-acting, non-competitive acetylcholinesterase
carbamate inhibitor, is utilized to ameliorate symptoms in the mild to moderate stages of Alzheimer’s disease [7]. Its mechanism
involves halting the degradation of acetylcholine, thereby impeding disease advancement and safeguarding cholinergic neurons from
further damage [8].

Memantine (Fig. S2) is a non-competitive antagonist for N-methyl-D-aspartate (NMDA) receptors that is used for moderate to
severe Alzheimer’s disease. It prevents excitotoxic neuronal cell death without disrupting physiological synaptic activity. Memantine
can increase synaptic transmission in muscarinic acetylcholine receptors and further increase the proliferation and production of
mature neurons in the hippocampus, thus reducing Alzheimer’s symptoms [9].

This computer software is commonly used to predict the interaction between a ligand and a receptor, such as a protein or enzyme,
and to comprehend the binding mechanisms involved [10]. They are also valuable for the virtual screening of extensive compound
libraries in order to identify potential hit compounds for drug discovery [11]. Molecular docking seeks to predict the top binding
conformations or poses of a ligand against the target of interest, and scoring functions are used to assess the strength of the
ligand-receptor interactions [12]. Moreover, molecular docking has a crucial role in the computer-aided drug design process, assisting
in lead identification, optimization, and the development of new drug candidates.

Advancements in nanotechnology have made a significant impact on nanomedical research in the clinical sciences. This has led to
the emergence of innovative nanodevices and nano systems that depend on the precise design and integration of functional nano-
materials [13]. One notable development is the production of nanocarriers, which are colloidal systems utilized for drug delivery and
typically have a particle size of less than 1000 nm [14]. These carriers effectively encase the drug and have the ability to traverse cell
membranes and biological barriers owing to their small dimensions and extensive contact surface area [15]. This enables them to
convey drugs through areas with numerous restrictions [16].

Nanocarriers offer various advantages, including safeguarding drugs from degradation, reducing interactions with the biological
environment, improving drug absorption into target tissues, and managing the distribution of the drug within the body. Furthermore,
nanoparticles offer several improvements over traditional drug delivery systems, such as increased drug stability in systemic circu-
lation, resulting in a longer half-life, sustained drug release, and minimized side effects. Additionally, their biodegradable and
biocompatible nature implies that their metabolic by-products can be easily excreted from the body. These advancements hold great
promise in enhancing drug packaging, delivery, and targeting efficacy in the domain of nanomedicine [17-20].

In recent years, there has been significant interest in graphene oxide (single-layer sheet of graphite oxide) structure [21-29].
Graphene oxide is predominantly used in the fields of sensors and drug delivery [30]. There are many types of oxygen species and
bonds with carbon in the graphene oxide layer, such as epoxy, hydroxyl, carbonyl, and carboxylic groups. With a large number of
functional groups, graphene oxide can interact with many chemical groups and can be easily modified to enhance its functions and
generate new properties [31].

Nanomedicines designed by docking methods can be used for drug delivery with minimal toxicity [32]. In this study, the inter-
molecular interactions of Alzheimer’s drugs (memantine and rivastigmine) with beta-amyloid protein and graphene oxide nanocarrier
were investigated using molecular docking and DFT study [33].

2. Material and methods

Gaussian 09, Gauss View 06, Autodock 4.2, and Vinadock software were employed to predict the interactions between ligands and
receptors, assisting in understanding the binding mechanisms involved.

In the molecular docking method, computer software such as Gaussian 09, Gauss View 06, Autodock 4.2, and Vina dock 1.1.2 were
used. Gaussian and Gauss View software was used to draw and optimize the molecular structure of the drugs [34,35]. Autodock, and
Vinadock were used for molecular docking [36,37]. Lig Plot 2.2 and Discovery Studio 2016 software were used to display interactions
[38]. To perform the docking method, the genetic algorithm available in Auto-dock software was used. For this purpose, Autodock 4.2
software was installed on an 8-core computer running windows.

2.1. Docking of two drugs and beta-amyloid

Memantine’s molecular structure was optimized using Gaussian software, while the beta-amyloid protein file was obtained from the
PDB (Protein Information Bank) site with the PDB code 3lpi. The protein strand A was used for further study and selected as the
receptor The pdbaqt files of memantine and rivastigmine were imported, and used for molecular docking to find the best binding site of
drugs and beta-amyloid protein. Vina dock program was used for molecular docking. In this study, *binding sites’ refer to specific
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regions on the beta-amyloid protein targeted during docking simulations. 'Conformers’ denote the ligands memantine and riva-
stigmine’s various spatial arrangements or poses as they interact with these sites. Multiple conformers allow us to capture the ligand’s
flexibility and identify each site’s most stable binding orientation. The initial blind docking procedure was first employed to screen the
protein surface comprehensively. This was followed by targeted docking at specific sites, utilizing additional conformers to enhance
the precision of the interaction analysis.

The initial study focused on conducting molecular docking simulations involving memantine and beta-amyloid using 20 conformers
within a 126%126*126 A grid box. Subsequently, specific docking was carried out at individual sites, producing a comprehensive
dataset. To maintain accuracy, instances where the grid box covered multiple adjacent sites resulted in a single docking process.

For memantine, the first grid box encompassed sites 1, 2, and 3, with dimensions of 50%49%52 A. The second grid box covered sites
4,5,6,7,and 8 within a 50%49*51 A space. The third grid box was dedicated to the ninth site, measuring 49*51*52 A. The fourth grid
box, measuring 52*53*49 10\, housed sites 10 and 11. The fifth grid box, with dimensions of 51*52*53 10\, included sites 12 to 17. The
sixth grid box, measuring 51*49*50 A, comprised sites 18 and 19. Finally, the seventh grid box, measuring 4949*49 A, corresponded
to the final site, site 20.

During the molecular docking process of rivastigmine and beta-amyloid, blind docking was first carried out using 20 conformers
within a 126*126*126 A grid box. Specific docking was then conducted at each site using another 20 conformers, resulting in a dataset.
To optimize efficiency, for closely located sites covered by the same grid box, docking was performed only once. The initial grid box
covered sites 1, 2, 3, and 4 with a dimension of 50 *50*50 A. Subsequently, a second grid box was allocated specifically for site 5 with
dimensions of 50*51*49, followed by a third grid box which included sites 6 and 7 with dimensions of 49 *51*52 A. The fourth grid
box, sized at 50 *51*52 /1’\, was assigned to site 4, and the fifth grid box, with dimensions of 49*52*50 }o\, encompassed sites 9 and 10.
Similarly, the sixth to thirteenth grid boxes each contained a single site, with dimensions of 50*50 *51 f\, and finally, the fourteenth
grid box covered sites 19 and 20 with dimensions of 50 *51*53 A.

2.2. Interaction of rivastigmine and memantine with graphene oxide nanosheet

In this section, the investigation focused on studying the interactions of rivastigmine and memantine with graphene oxide
nanosheet. Due to the large size of graphene oxide and the complexity of its structure, quantum calculations were carried out for
specific dimensions of the graphene oxide sheets. The optimized arrangements of rivastigmine, memantine, and graphene oxide nano
sheet are presented in Fig. S3.

2.2.1. DFT computational method

Density functional theory was employed to assess the electronic and structural characteristics of rivastigmine, memantine, and
graphene oxide nanosheet, utilizing quantum calculations at the B97D level with the 6-314+G* basis set [39,40]. The graphene oxide
nanosheet used in this study measured approximately 100 A x 100 A, with a thickness of 1.2 A.

3. Results and discussions
3.1. Modeling the structure of graphene oxide and rivastigmine and memantine

The initial molecular layouts of rivastigmine, memantine, and graphene oxide sheet were generated and then fine-tuned using the
B97D level and 6-31+G* basis set in the gas phase. It is important to highlight that the two-dimensional structure of graphene oxide
plays a crucial role in dictating the charge and spatial distribution of the HOMO and LUMO orbitals.

3.2. Interaction of rivastigmine and memantine with graphene oxide nanosheet

To find the most stable state, the interaction between drugs and a graphene oxide nanosheet was evaluated to determine the best
position of the molecules relative to each other in terms of energy absorption using current equation: AEagsorption = Ecomplex—(Egraphene
oxide + Edrug)- The interaction of rivastigmine and memantine with the graphene oxide sheet was examined using parameters such as
electric dipole moment and thermodynamic properties in the gas phase. The calculated thermodynamic properties include the
adsorption energy (AE), enthalpy (AH), and Gibbs free energy (AG). These properties offer insights into the stability and spontaneity of
the interactions.

3.3. Molecular docking of memantine with beta-amyloid

The all data related to the molecular docking of memantine and beta-amyloid using Autodock tools software are as Table 1:

The Autodock software was used to calculate the binding data for beta-amyloid docking with memantine. Analysis the Autodock
calculations in Table 1 reveals that the state 1 has the most favorable intramolecular (—9.33 kcal/mol), and van der Waals, hydrogen
bond interactions (—7.42 kcal/mol), resulting in the lowest binding energy (—9.03 kcal/mol). This suggests that state 1 is the most
stable binding conformations of the complex memantine-beta-amyloid. After that, the second state with binding energy of —7.34 kcal/
mol is stable.

Also, Table S.1, Tab. S.2, and Fig. 1(a and b) summarize general and different interactions of memantine with amino acids in the
beta-amyloid structure using Discovery Studio software. It has been shown that among the seven docking modes, the largest number



Table 1

Autodock software calculation data for beta-amyloid docking with memantine. The unit of all data is kcal/mol.
Site Binding Ligand- Inhib Intermol vdw_hb_desolve_energy  Electrostatic- total_internal ~ Torsional- Unbound- clRMS  refRMS
number -energy efficeiency -costant -energy energy energy energy
blind —8.75 —0.63 386.64 —9.05 -7.12 -1.93 0.08 0.3 0.08 0.0 46.5
1 —9.03 —0.64 239.62 -9.33 —7.42 -1.91 0.1 0.3 0.1 0.01 46.51
2 —7.34 —0.52 4.2 —7.63 —6.1 —-1.53 0.1 0.3 0.1 0.05 31.76
3 —6.95 -0.5 8.05 -7.25 —6.04 -1.21 0.1 0.3 0.1 0.06 40.2
4 —6.79 —0.48 10.6 -7.09 —6.66 —0.43 0.1 0.3 0.1 0.03 52.85
5 —6.49 —0.46 17.52 —6.79 —4.74 —2.05 0.1 0.3 0.1 0.0 47.69
6 —6.24 —0.45 26.72 —6.54 —4.83 -1.7 0.1 0.3 0.1 0.0 45.81
7 —6.17 —0.44 29.94 —6.47 —4.35 —-2.12 0.1 0.3 0.1 0.0 23.77

‘Ip 32 1pnoan( ‘4
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and types of interactions are related to the first state and then the second state, which confirms the stability of these two states
compared to the others. The most important principle in docking is to find ligands with the highest conformation in the lowest binding
energy. Ligands that have favorable levels of interaction, hydrogen bonding, and protein inhibition are suitable for further in-
vestigations [41-50].

In the first state, memantine exhibits hydrophobic interactions with the amino acids Trp250, Leu249, Val352, Glu351, and Tyr251,
contributing to its enhanced stability. In the secondary state, memantine interacts with the amino acids Asn153, Pro149, and Ser147
within the beta-amyloid structure. The greater number of hydrophobic interactions in the first state may indeed contribute to the
enhanced stability of memantine compared to the second state (Fig. 2A and B).

Hydrogen bonds are relatively weak but forming more hydrogen bonds is beneficial for composition as they have a longer lifespan
than hydrophobic bonds and can be considered stronger. Amino acids can easily form hydrogen bonds due to their COOH and NH,
groups. Memantine, with its cage-like structure and only one amino group (NHy), primarily interacts with its surroundings through
hydrogen bonds. According to the data in Table S1 and Table S2, memantine forms hydrogen bonds with leucine (Leu222), glutamine
(GIn73), proline (Prol52), valine (Val154), and isoleucine (ILE148) amino acids. In the first state, memantine acts as the donor
hydrogen and forms a hydrogen bond with glutamine as the acceptor, with a bond length of 3.04 A°. In the second state, memantine
forms hydrogen bonds with proline (Pro152), valine (Val154) and isoleucine (ILE148), with bond lengths of 2.81 A°, 3.13 A°, and 3.15
A°, respectively. It can be concluded that proline has the strongest hydrogen bond among the three amino acids due to its shorter bond
length. Additionally, in the first state, valine, lysine, and proline have alkyl-alkyl interactions, while in the second state, glycine has van
der Waals interaction and proline has two alkyl-alkyl interactions. Also, the electrostatic interactions between the ligand and the
protein (Fig. S4) can indeed stabilize the composition. The electrostatic energy amounts mentioned in Table 1 (—1.91 kcal/mol for the
first state and —1.53 kcal/mol for the second state) confirm that state 1 is more stable than state 2.

3.4. Molecular docking of rivastigmine with beta-amyloid

Table 2 shows the binding energy, intramolecular energy, van der Waals, hydrogen bonding, solvent binding and electrostatic
energy of beta-amyloid and rivastigmine interaction using Autodock tools. The binding energy between rivastigmine and beta-amyloid
was found to be lower in state 1 (—7.81 kcal/mol) and state 4 (—7.72 kcal/mol) compared to the other states, indicating that these
states are more stable.

According to the results from Table 2, the total energy of the interactions between the beta-amyloid amino acids and rivastigmine
structure in state 1 is —8.49 kcal/mol, while in state 4 it is —8.33 kcal/mol. This indicates that the first state is partially more stable
than the fourth state due to the lower energy level. Fig. 3(A and B) also shows various interactions, such as hydrogen bonds and van der
Waals forces, between the beta-amyloid amino acids and rivastigmine structure.

a) Interactions in two-dimensional mode b) Hydrogen bonds
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Fig. 1. The interaction of beta-amyloid with memantine in two more stable states. a) the two-dimensional representation of main interactions and b)
the three-dimensional representation of hydrogen bond.
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Fig. 2. A, B) Hydrogen bonds and hydrophobic interactions between beta-amyloid and memantine in two more stable states 1 and 2 using Lig Plot
software. Semicircles and brown arcs indicate hydrophobic interactions of drugs with amino acids of beta-amyloid. The green dotted lines represent
hydrogen bonds and the numbers on the green lines represent their bond lengths in angstroms.

In state 1, the rivastigmine structure forms hydrogen bonds with lysine (Lys70) and arginine (Arg368). The hydrogen bonds formed
by arginine, utilizing its two NH» and one NH groups, display greater strength compared to those formed by lysine, which has an
additional NH, group. Based on the data shown in Fig. 5, it is clear that the hydrogen bond length for arginine in state 1 is 2.89 A,
whereas for lysine, it is 2.96 A, indicating a stronger hydrogen bond for arginine compared to lysine. In state 4, there is a hydrogen
interaction between glutamic acid (Glu371) and rivastigmine with a bond length of 2.95 A. However, it is evident that the number of
hydrogen interactions in the first state is higher than that in the fourth state, implying greater stability in the first state. This supports
the ratio of the binding energy between these two states (Figs. 3 and 4).

Based on Fig. 4(A and B) and Fig. S6, as well as Table S3, it is observed that rivastigmine, which contains an aromatic ring in its
structure, engages in aromatic interactions with certain amino acids within the beta-amyloid structure. In the initial state, lysine forms
a pi-sigma interaction, whereas proline and arginine exhibit a pi-alkyl interaction with the aromatic ring of rivastigmine. However, in
the fourth structure, only the amino acid Lys70 interacts with the aromatic ring through a pi-carbon interaction. According to Fig. 4
and Table S3, Table S4 in the state 1, which is the most stable structure, the largest number of hydrophobic interactions takes place.
The amino acids that have a hydrophobic interaction with rivastigmine in the first state are:

Val370, Glu371, Pro221, Leu222, Phe220, Tyr75, Ala218, Ser71, Gly217, Glu400, Gly219, Pro369, Gly72.

And in the fourth state are:

Gly219, Glu400, Ser71, Arg368, Pro369, Val370, Pro221, Lys70, Leu222, Phe220, Ala218.

It should be mentioned that the most type of interactions between rivastigmine and beta-amyloid is hydrophobic interactions. As
previously mentioned, these interactions share similarities with hydrogen interactions in terms of electrostatic forces. As illustrated in
Table 2, the electrostatic energy for the first state is —0.81, whereas for the fourth state it is —0.89 kcal/mol. This indicates that the
electrostatic interaction in the fourth state is more stabilizing than in the first structure. Despite the increase in binding energy for the
first structure due to additional hydrophobic, hydrogen, and aromatic interactions, it is generally accepted that the first state is the
most stable, as indicated in Figs. S6 and S7.

3.5. General properties of rivastigmine and memantine drug interactions with graphene oxide

This study exploring the influence of various factors like local and general properties, as well as thermodynamic properties on the
structural and electronic characteristics of molecules [51]. The focus of the research was on analyzing the electronic properties of
graphene oxide nanosheet, as well as investigating the activity, stability, and reactivity of the drug-graphene oxide complex formed
with rivastigmine and memantine. The calculation and summary of molecular orbital, energy gap, chemical hardness, chemical po-
tential, and electron affinity of the molecules were presented in Table S.5.

According to the calculations, the energy gap of rivastigmine and memantine is 5.79 and 5.75 eV, respectively. The values of the
energy gap show that rivastigmine and memantine are almost similar in terms of energy and the lower amount belongs to memantine,
so it is expected that the reactivity of these two drugs is almost equal and a little better for memantine. The molecular orbital dis-
tribution of graphene oxide with rivastigmine and memantine can be seen in Fig. S8.

As we know, the amount of energy exchanged in the process of increasing an electron to a single gaseous atom in the ground state is
called electron-wanting energy [52]. Also, the hardness (n) shows the resistance of the molecule to charge transfer, which is equal to
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Table 2
Calculation data of Autodock software for docking beta-amyloid with rivastigmine. The unit of all data is kcal/mol.

Site Binding Ligand- Inhib Intermol vdw_hb_desolve_energy  Electrostatic- total_internal ~ Torsional- Unbound- clRMS  refRMS
number -energy efficeiency -costant -energy energy energy energy

blind -7.18 —0.4 5.46 —8.67 —7.49 -1.18 —0.48 -1.49 —0.48 0.0 45.66
1 —7.81 —0.43 1.89 -9.3 —8.49 —0.81 —0.42 1.49 —0.42 0.0 44.78
2 —5.81 —0.32 55.1 -7.3 —6.54 -0.76 —0.63 1.49 —0.63 0.0 43.94
3 —5.27 —0.29 136.58 —6.76 —5.88 —0.88 —0.49 1.49 —0.49 0.0 37.05
4 -7.72 —0.43 2.19 -9.21 —8.33 —-0.89 —0.52 1.49 —0.52 0.0 44.73
5 —5.01 —0.28 212.5 —6.5 —5.71 -0.8 —0.59 1.49 —0.59 0.0 45.79
6 —-4.71 —0.26 351.3 —6.2 -5.07 -1.13 —0.62 1.49 —0.62 0.0 17.16
7 —5.03 —0.28 205.46 —6.52 -5.39 -1.13 —0.63 1.49 —0.63 0.0 31.16
8 —5.43 -0.3 103.85 —6.93 —6.05 —0.88 —0.58 1.49 —0.58 0.0 37.63
9 —4.92 -0.27 248.04 —6.41 —6.01 -0.4 —0.61 1.49 —0.61 0.0 56.17
10 —5.4 -0.3 110.37 —6.89 —5.57 -1.32 —0.49 1.49 —0.49 0.0 55.28
11 —5.03 —0.28 207.01 —6.52 —5.58 —0.94 —0.59 1.49 —0.59 0.0 26.49
12 —5.26 -0.29 139.83 —6.75 -5.91 —0.84 —0.36 1.49 —0.36 0.0 26.66
13 -5.6 -0.31 78.78 -7.09 —6.72 —-0.37 -0.33 1.49 -0.33 0.0 31.98
14 —6.35 —0.35 22.29 -7.74 —-6.9 —0.94 —0.62 1.49 —0.62 0.0 51.33
blind —7.18 —-0.4 5.46 —8.67 —7.49 -1.18 —0.48 -1.49 —0.48 0.0 45.66
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A) Interactions in two-dimensional mode B) Hydrogen bonds
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Fig. 3. The interaction of beta-amyloid with rivastigmine in two more stable states. A) the two-dimensional representation of main interactions and

B) the three-dimensional representation of hydrogen bond.
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Fig. 4. (A, B) The interactions of the two more stable states of rivastigmine with beta-amyloid amino acids with Lig Plot, respectively.

half of the energy gap and is defined as equation (2) [53,54]:
n=1/2(Emo — Enomo) Eq (2)

as we know the greater the energy gap between the HOMO and LUMO orbitals, the greater the chemical hardness, and also the softer
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Fig. 5. Two-dimensional representation of the main interactions in the most stable docking states of memantine (A) and rivastigmine (B) with beta-
amyloid using Discovery Studio software.

chemical species are more reactive than the harder chemical species [53]. On the other hand, the concept of electron chemical po-
tential (u), which is often called the electronegativity of a negative atom, is shown as equation (3) [53,55]:

p=1/2(Euomo + Erumo) Eq (3)

Also, the electrophilic index (o) which indicates the degree of stability of the molecule when receiving electrons, is defined as
equation (4) [53,56]:

0=p2/2n Eq (4)

Therefore, the chemical hardness is directly related to the amount of energy gap.

In Table S5, among the two drugs, the chemical hardness of memantine is lower than rivastigmine by 0.02 eV. So, memantine drug
is a harder species and this indicates the less activity of this structure. As a result, memantine has a more active structure than
rivastigmine.

The value of Ejypo for graphene oxide nanosheet, rivastigmine and memantine is —4.24, —0.14 and —0.22 V, respectively. Also,
the values of electrophilic index (w) for graphene oxide nanosheet is higher than rivastigmine and memantine. Hence, the level energy
of graphene oxide is lower than drugs and also due to the higher electrophilic factor of graphene oxide nanosheets than drugs, so it can
be said that in the interactions, the direction of electron is from the drug to the graphene oxide nanosheets. It shows a greater affinity to
accept electrons from drugs, in which reducing the energy gap and decreases in electrostatic factor occurs through the interaction
between the drug and the graphene oxide nanosheet.

The dipole moment is one of the important properties of the molecule, which gives information about the geometric and electronic
structure. According to Table S5, the value of dipole moment for memantine is —3.07 and for rivastigmine is —3.05 V.

3.6. Investigation of Mulliken’s atomic charges

Mulliken atomic charge distribution was investigated to identify active charge centers in molecules. In the case of rivastigmine, the
carbon atom exhibited a maximum positive atomic charge of 1.47 electrons, while the carbon and oxygen atoms had maximum
negative atomic charges of 1.026 and 0.809 electrons, respectively. For memantine, the highest positive atomic charges were observed
on the carbon and hydrogen atoms, with values of 0.518, 0.578, and 0.215 electrons, while the carbon and nitrogen atoms had
corresponding maximum negative atomic charges of 0.643, 0.526, and 0.373 electrons. In graphene oxide, the carbon atoms linked to
oxygen had the highest positive atomic charges ranging from 0.788 to 0.600, while the oxygen atoms exhibited the most negative
atomic charges ranging from 0.888 to 0.667 electrons. The distribution of positive and negative charges in the molecule is irregular,
particularly in the regions containing hydroxy and carbonyl groups. The symmetrical distribution of the Highest Occupied Molecular
Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) suggests that the absorption energy will be highest when drug
molecules are placed near the carbonyl and hydroxy functional groups at the edges of the graphene oxide nanosheet. Memantine has
stronger interaction toward graphene oxide nanosheet than rivastigmine. (Fig. S8 and Fig. S9).
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3.7. Comparison of molecular docking energy data for memantine and rivastigmine with beta-amyloid protein

By comparing and analyzing the data and energy amounts of memantine and rivastigmine with beta-amyloid in the most stable
states, are shown in Table 3 and Fig. 5(A and B). The binding energy of the positive control was found to be —8.53 kcal/mol, compared
to —9.03 kcal/mol for memantine and —7.81 kcal/mol for rivastigmine, indicating that memantine has a stronger binding affinity.

It can be concluded that:

1) The stability of the complex between memantine and beta-amyloid is better than the complex between rivastigmine and beta-
amyloid due to the lower amount of binding energy

2) The amount of internal energy related to memantine docking with beta-amyloid is —9.33 kcal/mol and for rivastigmine is —9.3
kecal/mol, which shows the equality of these two values and this type of energy for both ligands in this position.

3) The sum of van der Waals and hydrogen bond interactions and solvation for memantine with beta-amyloid is —7.42 kcal/mol and
for rivastigmine with beta-amyloid is —8.49 kcal/mol. The results show that the complex of rivastigmine with beta-amyloid
compared to the complex of memantine with beta-amyloid has a lower energy and is more stable.

4) The amount of electrostatic energy for memantine is —1.91 kcal/mol, while for rivastigmine it is —0.81 kcal/mol, which, shows
that the complex of memantine and beta-amyloid is more stable than the complex of rivastigmine with beta-amyloid (Table 3).

Generally, amino acids can form hydrogen bonds due to the presence of carboxylic acid (COOH) and amino groups (NH).
Memantine forms a hydrogen bond with glutamine, with a bond length of 3.04 A°. Rivastigmine forms stronger hydrogen bonds with
lysine and arginine, with bond lengths of 2.96 A° and 2.89 A°, respectively. This suggests that rivastigmine forms stronger hydrogen
bonds with beta-amyloid compared to memantine. The greater stability and more negative amount of hydrogen bond energy for
rivastigmine further support this finding (Fig. 5(A and B) and Fig. 6(A and B)). As shown in Fig. 6, memantine lacks aromatic in-
teractions, while rivastigmine, can engage in aromatic interactions with beta-amyloid owing to the presence of an aromatic ring in its
structure. In its most stable state (first state), rivastigmine interacts through aromatic interactions with beta-amyloid amino acids such
as proline (Pro369), arginine (Arg368), and lysine (Lys70). In Fig. 6, the ratio of hydrophobic interactions to hydrogen interactions in
the complex of memantine and beta-amyloid is equal to 5 to 1, while this ratio for the complex of rivastigmine and beta-amyloid is equal
to 13 to 2, and it shows that the greater number of interactions is in the complex of rivastigmine and beta-amyloid.

Memantine demonstrates more stability compared to rivastigmine-beta-amyloid complexes, despite having a greater number and
variety of interactions. Factors such as physicochemical properties, structure, spatial orientation, conductivity, and the manner of
connection to the desired site should be considered when assessing the stability and effectiveness of a substance or drug. Physico-
chemical properties, including appearance, boiling point, density, volatility, and solubility in water, can significantly impact the
stability and ultimate effectiveness of a drug.

The stability and effectiveness of memantine in beta-amyloid complexes can be attributed to its small size, cage-like structure, and
the presence of an amin group and alkyl ring. Memantine has a more stable structure with no twists, which contributes to its overall
stability and performance in interaction with beta-amyloid. On the other hand, rivastigmine is a relatively elongated and large
molecule with a flexible structure that may negatively affect its effectiveness and performance in beta-amyloid complex. The twists and
turns in the structure of rivastigmine can potentially hinder its stability and final effectiveness. In contrast, memantine’s stable and
rigid structure, along with its specific chemical properties, contribute to its stability and positive effects in beta-amyloid complexes
(Fig. S10).

3.8. Investiagation of the interaction of rivastigmine and memantine with the graphene oxide sheets

At first, in order to evaluate the interactions between rivastigmine and memantine with graphene oxide nanosheet (Figs. S10a and
b), the adsorption energy, enthalpy, and Gibbs free energy, and charge transfer for the complexes of rivastigmine and memantine with
graphene oxide nanosheet are reported in Table 4.

Based on the results, the interaction between memantine and graphene oxide nanosheet has a more negative adsorption energy
(AE) (—92.47 kJ/mol) compared to rivastigmine (—86.36 kJ/mol), indicating a stronger attraction. Additionally, the charge transfer
(Q) in the memantine-graphene oxide complex (—0.41 kJ/mol) is greater than that of rivastigmine (—0.33 kJ/mol). Also, the negative
values of AH (—85.71 kJ/mol) and AG (—41.52 kJ/mol) propose that the interaction between memantine and graphene oxide is
spontaneous. Therefore, it can be concluded that the position of memantine on the graphene oxide sheet provides more suitable
conditions for attraction. The charge transfer in both complexes occurs from the HOMO of the drugs to the LUMO of the graphene oxide
sheet. The best position for the interaction between the two drugs and the graphene oxide nanosheet is near the hydroxy and carbonyl
functional groups. The HOMO electron cloud is focused on the graphene oxide nanosheet, increasing reactivity and absorption energy.
The highest absorption energy is observed for memantine. The distribution of molecular orbitals shows that for the caged-like molecule
(memantine) the positive electron cloud is spread throughout the structure, indicating better absorption on the nanosheet and a more
favorable interaction.

4. Conclusion

This study highlights the potential of memantine and rivastigmine in forming stable complexes with beta-amyloid and graphene
oxide nanocarriers, which could significantly enhance their therapeutic efficacy for Alzheimer’s disease. Memantine, in particular,
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Table 3
Comparison of molecular docking energy data of beta-amyloid protein with memantine and riva-
stigmine. The unit of all data is kcal/mol.

Data comparison factors Memantine Rivastigmine
Binding-energy —9.03 —7.81
Ligand-efficiency —0.64 —0.43
Inhib-constant 239.62 1.89
Intermol-energy —9.33 -9.3
Vdw-hb-desolve-energy —7.42 —8.49
Electrostatic-energy -1.91 —0.81
Total-internal 0.1 —0.42
Torsional-energy 0.3 1.49
Unbound-energy 0.1 —0.42
cIRMS 0.01 0.0
refRMS 46.51 44.78
A B
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Fig. 6. The number and types of amino acids involved in the interaction of memantine (A) and rivastigmine (B) with beta-amyloid in the most stable
states of in Liga-Plot.

Table 4
The interaction energy of memantine and rivastigmine with nanographene oxide nanosheets; Adsorption energy (AE), Gibbs free energy (AG) and
enthalpy (AH) in terms of (kJ/mol) and charge transfer (Q).

Complex AE AG AH Q
Rivastigmine complex —86.36 —29.27 —77.66 —0.33
Memantine complex —92.47 —41.52 —85.71 —0.41

shows a more favorable interaction profile, as evidenced by lower binding energy and stronger electrostatic interactions. Molecular
docking and in silico results indicate that the binding energies for memantine-beta-amyloid and rivastigmine-beta-amyloid complexes
are —9.03 kcal/mol and —7.81 kcal/mol, respectively, suggesting superior stability for the memantine-beta-amyloid complex. The
electrostatic energies are —1.91 kcal/mol for memantine and —0.81 kcal/mol for rivastigmine, further supporting the greater stability
of the memantine complex. Additionally, memantine’s interaction with graphene oxide results in more negative adsorption energy
(—92.47 kJ/mol) compared to rivastigmine (—86.36 kJ/mol), indicating a stronger binding affinity. The charge transfer (Q) values are
—0.41 kJ/mol for memantine and —0.33 kJ/mol for rivastigmine. The negative enthalpy (AH) of —85.71 kJ/mol and Gibbs free energy
(AG) of —41.52 kJ/mol for the memantine-graphene oxide interaction suggest a spontaneous process. These findings suggest that
memantine may be a more effective candidate for further development. Future work should explore the applicability of these findings
to other drug classes and natural sources, broadening the scope to include diverse therapeutic agents. Additionally, addressing the
limitations of current in silico models and incorporating more comprehensive in vivo studies will be crucial for advancing this
research.
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