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Abstract 

Background: Parkinson's disease (PD) is one of the most common neurodegenerative disorders. 

One of the underlying mechanisms of the disease is the accumulation of α-synuclein protein 

aggregates, including amyloids and Lewy bodies in the brain, resulting in the death of 

dopaminergic cells in the substantia nigra. The current treatments for PD are mainly focused on 

replacing dopamine. However, if these medications are stopped, the severity of PD will increase. 

Moreover, the drugs used for the treatment of PD are associated with considerable side effects 

and dietary restrictions. Therefore, necessary studies to develop more effective medications for 

PD seem to be indispensable. To prevent the progression of PD, avoiding the development of α-

synuclein amyloids could be proposed.  

Methods: In this study, the effects of three last-generation nanotube-based structures on α-

synuclein amyloid formation were investigated for the first time employing Molecular Dynamics 

(MD) simulation tools. Molecular dynamics provide a deep insight into atomic interactions and 

can well study α-synuclein amyloid formation at the atomic and molecular scales. 

Results:  The molecular study results indicated that all of the nanotubes studied in this work, had 

strong energy interactions with α-synuclein. Therefore, nanotubes using phosphorus, nitrogen 

and boron dopants, have great potential to prevent α-synuclein amyloid formation. Among these 

nanotubes, phosphorus-doped carbon nanotube (P-CNT) has the most substantial interactions 

with α-synuclein. The P-CNT caused more hydrogen bonds to be formed between water and α-

synuclein molecules. This phenomenon leads to a decrease in the compactness, stability, and 

contact area of α-synuclein proteins, which results in considerable changes in the secondary 

structure of α-synuclein. 

Conclusions: Doping nanotubes especially P-CNT could be very effective for preventing the α-

synuclein amyloid formation and hence, halting the progression of PD.  This molecular study 

paves the way for the use of the Doping nanotubes in the treatment of PD. These structures are 

highly tunable and flexible. Therefore, the results of this work can be developed to 

computational, experimental and clinical levels. 

Keywords: Parkinson's Disease, Amyloid Formation, α-Synuclein, Nanotube, Molecular Dynamics 
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1. Introduction 

A global concern of great morbidity, neurodegenerative disorders of the central nervous system 

(CNS) such as PD and Alzheimer's disease have gained substantial attention in recent years. A 

backward glance through the extensive scientific work conducted so far reveals that much 

remains to be disclosed about the etiology, diagnosis, and treatment of such disorders. The loss 

of dopaminergic cells within an area of the basal ganglia called the substantia nigra, and the 

resultant imbalance between the dopaminergic and cholinergic systems, lead to the 

pathognomonic signs and symptoms of PD [1],[2]. The cardinal motor manifestations of PD 

include bradykinesia, tremor, rigidity, and postural instability. Conventional medications 

administered for the treatment of PD have minimized the severity of such symptoms and 

substantially enhanced the patients' quality of life.[3] Dopamine replacement therapies have 

long been the mainstay of treatment along with other drugs, including amantadine, selegiline, 

and biperiden. Although these medications slow down the course of the disease, they cannot 

terminate the progression of PD. [4]–[6]On the other hand, stopping their administration will 

result in the recurrence of symptoms with escalated severity. As the course of the disease 

progresses, more diverse symptoms such as cognitive impairment, psychological disorders, 

autonomic dysfunction, tend to appear, indicating the existence of a more ubiquitous underlying 

pathophysiology, and necessitating the development of novel, more effective treatments [7]–[9]. 

Microscopic examination of autopsy specimens taken from the brain of dead patients with PD 

reveals the presence of specific protein aggregates within the brain tissue, called amyloid fibrils 

and Lewy bodies. These aggregates are dense protein polymers consisting of α-synuclein 

monomers. The α-synuclein is a protein of the synuclein family consisting of 140 amino acids, 

which in its natural state, carries out critical intracellular functions. It is believed that this protein 

has critical roles in the neuronal signaling, from the synthesis and transport to the secretion and 

recycling of neurotransmitters. Under certain pathologic circumstances, this protein loses its 

natural folding [10]. The misfolded α-synuclein proteins tend to aggregate, giving rise to 

oligomers, protofibrils, amyloid fibrils, and Lewy bodies, consecutively. These cytotoxic agents 

can propagate between neurons in various ways such as exosomes, receptor-mediated transport, 

endocytosis, synaptic transmission, direct penetration, and hence, gradually spread through the 
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brain [11], [12]. Furthermore, it has been indicated that misfolded α-synuclein proteins, as the 

primary culprit for the vicious cascade, can induce the misfolding of natural α-synuclein proteins 

by direct contact, escalating the spread of the disease (Figure 1). Therefore, it can be concluded 

that preventing α-synuclein proteins from becoming misfolded, and the resultant inhibition of 

amyloid and Lewy body formation could be regarded as a propitious measure for the prevention 

and treatment of PD. [13]–[19] 

 

Figure 1 - Amyloid fibrillation process and its role in the formation of PD 

 

To date, many studies have been centered around the prevention of α-synuclein amyloid 

formation.[20] In these studies , specific biochemical agents have been applied to establish the 

objective. Among these agents, there have been several nanoparticles, including gold 

nanoparticles, superparamagnetic iron oxide nanoparticles (SPIONs), quantum dots (QDs), 

graphene and nanotube derivatives [21]–[23]; these agents can affect the process of amyloid 

formation in different ways. By the strong interactions they make with proteins and the abundant 

hydrogen bonds they induce between proteins and water molecules, nanoparticles can inhibit 
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the formation of specific spatial configuration required for amyloid precursors to aggregate. Such 

interactions also decrease the contact surface of proteins, which would reduce their chance of 

polymerization. Furthermore, some nanoparticles have been shown to decrease amyloid 

precursors' molecular compactness, a feature ordinarily required for amyloid formation. Such 

impacts have progressively motivated the development and application of more appropriate 

nanoparticles as potential treatment options for amyloid-based disorders [24]–[27]. 

Carbon nanotubes (CNTs) are hollow cylindrical structures consisting of carbon atoms arranged 

in single or multi-walled configurations. Having metallic and quasi-conductive properties, CNTs' 

specific features, including relatively large surface areas, high permeability, and exceptional 

mechanical and thermal stability, have brought them about a wide variety of utilities. Since their 

discovery in the 1990s, CNTs have been increasingly applied in nanomedicine for various 

diagnostic and therapeutic purposes [28], [29]. They have been used in drug delivery systems, 

tissue engineering, the diagnosis and treatment of malignancies, and biosensors. With the intent 

to implement CNTs in such diverse applications, making structural and chemical modifications to 

this carbon allotrope as to be adjusted for different utilities seem inevitable. This fact has led to 

the development of successive new generations of CNTs. Second-generation CNTs were 

synthesized by chemical functionalization. Chemically functionalized CNTs were shown to make 

better interactions with bio-system components and presented more favorable solubility 

properties. However, despite their vast utilities, second-generation CNTs seemed to be 

technically flawed for some novel applications. Ultimately, the last-generation CNTs or -doped 

CNTs were developed as a certain proportion of carbon atoms were replaced by other elements 

like nitrogen, bromine, and phosphorous [30], [31]. 

This study, for the first time, investigated the impacts of three types of last-generation CNTs on 

α-synuclein amyloid formation by molecular dynamics simulation tools. These CNTs include 

phosphorus-doped carbon nanotube (P-CNT), nitrogen-doped carbon nanotube (N-CNT), and 

nanotube co-duped with bromine and nitrogen (BCN). In this study, the functionality of 

nanoparticles, and various parameters involved in their interactions with α-synuclein proteins 

have been compared. In order to validate the model employed in this study, the results initially 

compared with Mohammad-beigi et al. [32]. The remainder of the paper is organized into three 
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sections: section two describes the method that was used in this study, results are presented in 

section three, and the last section concludes the paper. 

 

2. Methods 

2.1. Molecular Dynamics Simulation 

Today, with the advancement of computer technology, special attention is paid to calculate the 

properties of materials using the structure of their constituent particles via simulation. Molecular 

dynamics (MD) is a method for analyzing the physical motion of atoms and molecules. In the 

molecular dynamics simulation, the "real" dynamic behavior of the system is calculated. By 

applying Newton's motion equations, a set of atomic positions is obtained sequentially. MD is an 

estimation method, in the sense that the state of the system at any future time can be predicted 

from its current state [33]. A large number of atoms in molecular systems make it impossible to 

perform analytical calculations to obtain the properties of these complex systems. Therefore, the 

properties of molecular systems are calculated, using numerical methods. 

MD produces information at the microscopic level, such as position and speed of atoms, and the 

data are converted to macroscopic values such as pressure, and energy, using statistical 

mechanics. MD and statistical mechanics link microscopic properties and observable macroscopic 

quantities. In molecular dynamics simulations, changes in the system over time are made using 

Newton's second law. MD simulation applies Newton’s equations of motion in a specific manner 

to predict the upcoming moments based on current conditions. Initially, the characteristic of 

atoms and their physical properties are obtained. Then, for every atom in the system, a neighbor 

list consist of those atoms within the force range are created, which changes at each step. Finally, 

the applied force on atoms is calculated.  

Newton's motion equation is function of the position of the atom (𝑟𝑖) in a N atomic system: 

mi 𝑑2𝑟𝑖𝑑𝑡2 = 𝐹𝑖    , 𝑖 = 1, … , 𝑁 (1) 
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𝑚𝑖 is the mass of the atom, and 𝐹𝑖 is the force applied by the rest of the atoms to the atom 𝑖. MD 

simulation, in fact, specifies the trajectory of molecules. The force acting on atom 𝑖 in an 𝑁 atom 

system, is derived from potential function (𝑟) : 

𝐹𝑖 =  − 𝜕𝑢𝜕𝑟𝑖     , 𝑖 = 1, … , 𝑁 (2) 

 

It is possible to study the temporal evolution of the simulation system by having initial velocities 

and positions. How to change the position, velocity, and acceleration of particles is obtained over 

time by integrating Newton's motion equations. By simulating molecular dynamics, quantities 

based on the position and velocity of atoms can be obtained. The measurement of physical 

quantities in molecular dynamics is done by averaging those quantities over the simulation time 

[34], [35] . 

2.2. Simulation method 

To simulate the molecular structure of carbon CNTs, the Nanotube_Modeler_1.7.9 was used  

[36]. Using Avogadro software in this simulation, carbon CNTs were replaced with bromine and 

nitrogen, nitrogen, and phosphorus atoms to reach BCN, N-CNT, and P-CNT molecular structures, 

respectively. The molecular structure of α-synuclein (1XQ8) was extracted from[37]. Besides, the 

molecular structures of the carbon CNTs doped with bromine, nitrogen, and phosphorus were 

optimized by Gaussian 09 software [38]. 

The topological parameters of nanoparticles and α-synuclein proteins are designed for the 

Optimized Potentials for Liquid Simulations (OPLS) force field [39]. The optimization was 

performed in 5000 time-steps, with one femtosecond, and the energy level of 100 𝐾𝐽/𝑚𝑜𝑙. The 

NVT simulation system is coupled with the Berendsen thermostat algorithm and is balanced over 

100 picoseconds at 310 K  [40]. Using the Parrinello_Rahman algorithm in the NPT phase, the 

simulation reaches equilibrium at a pressure of 1 bar in ten nanoseconds [41] .Furthermore, 

applying the Linear Constraint Solver (LINCS) algorithm with h_bond and the cut off radius of 1.4 

nanometers, the simulation was solved in 40 nanoseconds.  
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3. Validation 

The molecular dynamics of graphene polyglycerol and amyloid in water were simulated by 

Hossein Mohammad-Beigi et al. [32]. Since the force field OPLS and the simulation method LINCS 

in this article are very similar to Hossein Mohammad-Beigi et al. [32], the results of the repeated 

VDW energy in the same condition were compared to validate the results (Figure 2). This figure 

shows the results of this study, and Hossein Mohammad-Beigi et al. [32] are in agreement, which 

validates the results in this study. 

 

Figure 2 – VDW energy in this study and [32] to validate the results 
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4. Results  

              

Figures 3a to 3d show α-synuclein in the simulation with BCN, P-CNT, and N-CNT after 40 

nanoseconds, while Figure 3e shows the folded α-synuclein. The compression of the protein 

particles in this figure is quite apparent. This folding in α-synuclein causes favorable conditions 

for amyloid fibrillation. The results of α-synuclein simulation in the presence of nanoparticles 

clearly show their positive effect in preventing the formation of α-synuclein structure. 

Specifically, it is shown that P-CNT is the most effective nanoparticle to prevent amyloid 

fibrillation. 

 

Figure 3 – Results of α-synuclein simulation after 40 nanoseconds with a) P-CNT b) N-CNT c) 

BCN d) Without Nano Particle 

 

      

4.1 . Interactions between nanoparticles and α-synuclein and its effect on amyloid 

fibrillation 

Van der Walls (VDW) and electrostatic interactions are two examples of intermolecular 

interactions. The greater the electrostatic and vandal interaction of α-synuclein and 
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nanoparticles, the lower the interaction between α-synuclein particles, and consequently, the 

alteration in the α-synuclein chain. The more significant electrostatic and VDW attraction 

between nanoparticles and α-synuclein proteins causes lower stimulation energy levels. The 

lower the simulation energy level, the greater the effect of nanoparticles on preventing amyloid 

fibrillation. Energy analysis is one of the most critical analyzes for the study of intermolecular 

interactions. By analyzing the energy, it is possible to study the VDW and electrostatic bonds 

during the simulation [42]–[44]. Eq. 3 and Eq.4 indicate the Lenard-Jones and Colum's law to 

calculate the VDW and the electrostatic interactions energy. 

Vvdw = 4𝜖 [(𝜎𝑟)12 − (𝜎𝑟)6] (3) 

𝑈{𝐸}(𝑟) = (4𝜋𝜖)−1 𝑞𝑖𝑞𝑗𝑟𝑖𝑗2   (4) 

     

Figure 4 presents the energy diagrams from VDW and electrostatic bonds to simulate different 

nanoparticles and α-synuclein proteins versus the simulation time. In α-synuclein simulations, in 

the presence of BCN, P-CNT and N-CNT, the energy generated by the electrostatic bonds between 

the nanoparticle and the α-synuclein protein are approximately equal to zero. Small electrostatic 

bonds have matched the lines of energy, VDW (black lines), and total energy simulation (blue 

lines). In all of the simulations, the energy from the VDW bonds overcomes the energy from the 

electrostatic bonds. The VDW scale indicates the more significant effect of the VDW attraction 

on preventing amyloid fibrillation. It is shown that in all four simulations, as the simulation time 

increases, the energy level decreases due to higher interaction between nanoparticles and α-

synuclein proteins. This figure shows that a significant increase in the attraction between 

nanoparticles and α-synuclein molecules occurs between 30 and 40 nanoseconds. The total 

energy level of all four simulations is negative that shows the gravitational pull between the 

nanoparticles and the α-synuclein molecule. The continuous decrease in energy during the 

simulation and the negation of total energy in all four simulations indicate the optimal effect of 

nanoparticles in preventing amyloid fibrillation. 
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Figure 4 - Nanoparticle simulation energy diagrams a) P-CNT b )N-CNT c) BCN and α-synuclein in 

protein over 40 nanoseconds 

 

Table 1 shows the average energy generated by the VDW and electrostatic bonds over time of 

protein simulation in the presence of different nanoparticles. The absolute value of the total 

energy of VDW and electrostatics is a good indicator for comparing the level of interactions 

between α-synuclein protein and nanoparticles. The absolute value of energy in BCN simulation 

is significantly different from other simulations. Although the negative energy in this simulation 

indicates the attraction between nanoparticles and α-synuclein proteins, the low absolute value 

of energy in this simulation indicates the small effect of nanoparticles in preventing amyloid 

fibrillation compared to other nanoparticles. Among the other three simulations, α-synuclein 

simulation in the presence of P-CNT and N-CNT has the highest and lowest energy values, 

respectively. P-CNT and N-CNT nanoparticles have the highest interactions with α-synuclein 

proteins, respectively. P-CNT nanoparticles have the most significant effect on preventing 

amyloid fibrillation due to their high interaction with α-synuclein protein. Energy Analysis has 

shown that P-CNT is the best nanoparticle to prevent PD (Table 1). 
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Table 1- Average VDW, average electrostatic, and total energy of nanoparticles in 40 

nanoseconds 

Nanoparticle P-CNT N-CNT BCN 

Van der Waals Energy(KT) -234.34 -237.94 -62.7 

Electrostatic Energy(KT) -29.9 0.001 -0.69 

Total Energy(KT) -264.39 -238.37 -63.43 

 

4.2. Secondary structure analysis 

When folding in the structure of proteins, the protein chain takes different forms due to the 

formation of hydrogen bonds between its particles. Different forms of protein make secondary 

structures during folding. The most common secondary structures are the α_helix and the 

β_sheet. Both structures are formed by the hydrogen bonds between the O carbons of the 

carbonyl group of one amino acid and the H atom of another amino acid. α-synuclein is a right 

spiral. Its structure is repeated every 5.4 angstroms. Since there are 3.6 amino acids in an α_helix 

round, every 1.5 angstroms an amino acid exists. Each group of carboxylic and amines in an 

α_helix has a hydrogen bond with amino acids at a distance of four, and this pattern is repeated 

throughout the helix, except for the four amino acids at the end. The structure of β_sheet is very 

elongated and wrinkled. One of the significant differences between beta and α-synuclein plates 

is the proximity of amino acids in this structure. Therefore, β_sheet has little flexibility. The 

interdisciplinary hydrogen bonds formed between the CO groups of a beta-strand and the NH 

adjacent beta strings stabilize the β_sheet and cause these plates to have a zigzag appearance. 

However, α_helix and β_sheet are not the only secondary structures. Other secondary structures 

include Coil, B-Bridge, Bend, and Turn [45]–[47]. α-synuclein protein naturally lacks secondary 

structures and is an integral part of proteins. α-synuclein protein has 140 amino acid groups in 

its molecular structure. Amino acids in this protein are divided into three categories. In the first 

group (amino acids 1 to 60), there are conditions for the formation of α-synuclein structure. In 

the second step (amino acids 61-95), the conditions for the formation of beta plates are created. 

Nevertheless, the third group (amino acids 96-140) has acidic properties, and there is much 
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proline in this area. The presence of proline in this area prevents the formation of β_sheet. This 

area can control the formation of amyloid fibrils [48]. 

Amyloid fibrillation is associated with an increase in helices and β_sheet structures and a 

decrease in Turn, Bend, and coil structures. Therefore, the study of secondary structures created 

in α-synuclein protein after the simulation is a perfect indicator to compare the performance of 

different nanoparticles in preventing α-synuclein chain folding and amyloid fibrillation. Figure 5 

shows the secondary structures of the α-synuclein protein in the presence and absence of various 

nanoparticles. More details of the secondary protein structures in the presence of nanoparticles 

are shown in Table 2  and Table 3  . The presence of nanoparticles increased Turn, Bend, and coil 

structures, and reduced helices and β_sheet structures in α-synuclein proteins. The performance 

of nanoparticles has been positive in preventing protein depletion. However, the increase in 

Turn, Bend, and Coil structures has been the highest in protein simulation in the presence of P-

CNT, N-CNT, and BCN nanoparticles. 

Furthermore, helices and β_sheet structures had the most considerable reductions in protein 

simulations, respectively. Although BCN is effective in preventing the formation of α-synuclein 

oligomers, it has been less effective than other nanoparticles. P-CNT, on the other hand, is the 

most effective in preventing the formation of the α-synuclein oligomer. Define Secondary 

Structure of Proteins (DSSP) analysis has shown P-CNT to be the most effective nanoparticle to 

prevent amyloid fibrillation. 
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Figure 5- the secondary structure of α-synuclein in the presence of a) P-CNT b) N-CNT c) BCN d) 

Without Nano Particle 

Table 2- The secondary structures of α-synuclein protein in the presence of nanoparticles 

Nanoparticle   Structure Coil B-Sheet B-Bridge Bend Turn 

P-CNT 

Total 1318328 2866010 24 10080 1127899 966802 

Average 32.95 71.65 0.0006 0.25 28.19 24.17 

Percent 0.24 0.51 0 0 0.2 0.17 

N-CNT 

Total 1329083 2227167 2854 111873 1808571 766245 

Average 33.22 55.67 0.07 2.79 45.21 19.15 

Percent 0.24 0.4 0 0.02 0.32 0.14 

BCN 

1513505 2324654 694 124253 1482734 893511 495047 

Average 37.83 58.11 0.017 3.11 37.07 22.34 

Percent 0.27 0.42 0 0.02 0.26 0.16 

None 

Total 1622821 1928421 81064 136748 1697853 861803 

Average 40.57 48.21 2.03 3.42 42.44 21.54 

Percent 0.29 0.34 0.01 0.02 0.3 0.15 
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Table 3-The secondary structures of α-synuclein protein in the presence of nanoparticles 

Nanoparticle   A-Helix 5-Helix 3-Helix Turn+Bend+Coil 
Helices+B-

Sheet 

P-CNT 

Total 341422 44965 242938 4960711 629349 

Average 8.54 1.12 6.07 124.01 15.73 

Percent 0.06 0.01 0.04 0.88 0.11 

N-CNT 

Total 448111 4004 231315 4801983 686284 

Average 11.2 0.1 5.78 120.05 17.16 

Percent 0.08 0 0.04 0.86 0.12 

BCN 

1513505 4220 275027 332334 1389252 735834 

Average 12.38 0.1 6.87 117.52 19.37 

Percent 0.09 0 0.05 0.84 0.14 

None 

Total 543206 106531 244514 4488077 975315 

Average 13.58 2.66 6.11 112.19 24.38 

Percent 0.1 0.02 0.04 0.79 0.17 

 

4.3.α-synuclein protein particles contact area 

 

Increasing the contact area between the protein particles provides favorable conditions for the 

interaction of the particles. As the conditions are more conducive to the interaction of the 

particles, the probability of amyloid fibrillation increases. Solvent Accessible Surface Area(SASA) 

analysis makes it possible to investigate changes in the contact area of protein particles during 

the simulation [49], [50]. The changes in the contact area of amyloid particles is defined by: 

 Contact Area (t) = 0.5 × (ca0 − 𝑐𝑎𝑡) (5) 

 

where ca0 and cat show the amount of SASA analysis at zero and at time 𝑡, respectively. Contact 

area variation of protein particles shows the ability of different nanoparticles to inhibit the 

interactions of α-synuclein protein particles. Figure 6 shows the contact area of the α-synuclein 

protein in 𝑛𝑚 \ 𝑆2 \ 𝑁 in the presence and absence of nanoparticles. Contact area reduction in 

protein has a positive effect on nanoparticles in preventing protein particle interactions. After 

ten nanoseconds, the contact area starts changing, while small changes after ten nanoseconds 
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occur, which indicates a relative equilibrium in the system. The results show that the reduction 

in the contact area in the presence of P-CNT is higher than in other cases. 

 

Figure 6 - Contact area of α-synuclein particles in the presence of a) P-CNT b) N-CNT c) BCN d) 

Without Nano Particle 

The mean values of contact area variation in the presence of nanoparticles are less in the 

presence of nanoparticles (Table 4). The performance of all nanoparticles is positive in preventing 

the interaction of protein particles. However, BCN and P-CNT possess the highest and lowest 

average contact area variation and consequently effect on preventing the interaction of protein 

particles. Therefore, P-CNT is the most effective in preventing the interaction of α-synuclein 

protein particles and the most effective nanoparticle to prevent amyloid fibrillation. 
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Table 4 - Average contact area variation of α-synuclein particles in the presence/absence of 

nanoparticles 

Nanoparticle P-CNT N-CNT BCN None 

Contact Area (nm\S2\N) 11.99 14.18 15.23 27.24 

  

 

4.4.Effect of α-synuclein and water hydrogen bonds connections on amyloid fibrillation 

process 

Hydrogen bonding is the strongest intermolecular bond. The formation of an intermolecular 

bond between two molecules shows strong intermolecular interactions. Hydrogen bonds are 

formed between tiny hydrogen atoms and small electronegative atoms such as oxygen and 

nitrogen [51], [52]. The hydrogen bonds of α-synuclein water and protein reduce interactions 

between α-synuclein protein atoms. Lower interactions between α-synuclein atoms do not allow 

for alignment and aggregation in the relatively long α-synuclein chain. The higher the hydrogen 

bonds between water and α-synuclein proteins, the more difficult it is to form amyloid fibrils. 

The hydrogen interactions of water and the α-synuclein protein prevent the formation of amyloid 

fibrils. In this paper, to compare the ability of different nanoparticles to prevent the formation of 

amyloid fibrils, H_bond analysis between water and α-synuclein protein is taken. The H_bond 

analysis measures the hydrogen bonds created between water and α-synuclein protein. Figure 

7shows diagrams of hydrogen bonds created between α-synuclein and water during the 

simulation, which decreases over time due to an increase in electrostatic interactions and VDW 

between nanoparticles and α-synuclein proteins. The slope of the reduction in hydrogen bonds 

is less in the simulation of α-synuclein protein in the presence of nanoparticles. The lower slope 

of the reduction in hydrogen bonds shows the effectiveness of nanoparticles in creating the right 

conditions for more hydrogen bonds in water and α-synuclein proteins. The diagrams from the 

H_bond analysis show the lowest slope of the decrease in hydrogen bonds in α-synuclein 

simulation in the presence of P-CNT over the simulation time. P-CNT nanoparticles have created 

the best conditions for hydrogen bonds between water and α-synuclein proteins. 
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Figure 7 - Hydrogen bonds created between water and α-synuclein versus the simulation time 

for a) P-CNT b) N-CNT c) BCN d) Without Nano Particle 

Table 5 shows the average hydrogen bonds created between water and α-synuclein in all 

simulations. The average hydrogen bonds between water and α-synuclein protein in the 

presence of nanoparticles are higher than the hydrogen bonds without nanoparticles. The 

greater the hydrogen bonds created, the more positive the effect of nanoparticles on the 

hydrogen bond between water and α-synuclein protein. Among the α-synuclein simulations in 

the presence of different nanoparticles, P-CNT and BCN had the highest and lowest mean 

hydrogen bonds, respectively. Although the use of BCN has provided better conditions for 

hydrogen bonding, it had the least effect compared to other nanoparticles. However, the effect 

of the P-CNT is more remarkable than other nanoparticles. More hydrogen bonds in the P-CNT 

simulation have further immersed α-synuclein in water, which leads to preventing foldings in the 

relatively long chain of α-synuclein. H_bond analysis shows that the P-CNT is the best compare 

to other nanoparticles to prevent amyloid fibrillation. 
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Table 5 - Average hydrogen bonds generated during simulation time in the presence of 

nanoparticles 

Nanoparticle P-CNT N-CNT BCN None 

Average Number of Hydrogen 

Bonds 
402.34 397.49 389.05 366.92 

 

 

4.5.α-synuclein particle density 

 

Folding in the molecular structure causes the molecule particles to condense. The interactions of 

α-synuclein particles in the simulation bring the particles closer together and condense the 

protein. α-synuclein protein condensation provides the conditions for amyloid fibrillation. α-

synuclein protein density during simulation is a good indicator for investigating the effect of 

nanoparticles on preventing amyloid fibrillation. Analyzing the Radius of Gyration, 𝑅𝑔, helps to 

investigate the α-synuclein protein density during the simulation. The higher the 𝑅𝑔, the higher 

the α-synuclein protein density. 𝑅𝑔 calculates the distance of the molecule particles from the 

center of gravity of the molecule (Eq.6) [53]–[55]: 

Rg = √∑ ri2mini=1∑ mini=1  (6) 

 

where 𝑛 is the number of particles, 𝑚𝑖, is the mass of the particle 𝑖, and 𝑟𝑖 is the distance of the 

particle 𝑖 from the center of gravity.  

Figure 8 shows the α-synuclein 𝑅𝑔 in the presence and absence of nanoparticles. 𝑅𝑔 in all the 

simulations decrease after 15 nanoseconds. The density of the protein particles does not change 

much after 15 nanoseconds, and the amyloid protein structure has reached a relative 

equilibrium. The use of nanoparticles in the simulation system has increased 𝑅𝑔. Moreover, it 

reduced the density of the protein particles. P-CNT showed the highest 𝑅𝑔  in the simulation 

compared to other cases. 
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Figure 8 - Radius of Gyration of α-synuclein protein for a) P-CNT b) N-CNT c) BCN d) Without 

Nano Particle 

To compare the ability of different nanoparticles to reduce the density of α-synuclein particles, 

the difference between the initial and final values of 𝑅𝑔 was considered (Table 6). This difference 

decreased in the presence of nanoparticles, which indicates the positive effect of nanoparticles 

in preventing α-synuclein density. However, the highest and lowest difference occurs in the 

presence of BCN and P-CNT, respectively. Although BCN has reduced the density of amyloid 

particles, it has been less effective than other nanoparticles. This difference is negative in the 

presence of P-CNT, which means P-CNT has been the most effective nanoparticle to prevent the 

compaction of amyloid particles. 
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Table 6 - Differences between the initial and final 𝑅𝑔 in the presence/absence of nanoparticles 

Nanoparticle P-CNT N-CNT BCN None 

Rg0-Rg40 0.77 0.79 1.48 3.07 

 

4.6.α-synuclein protein stability 

Folding in the α-synuclein protein chain provides better conditions for amyloid fibrillation. Α-

synuclein protein stability reduces the motility of its particles and creates the conditions for 

deformation in its chain. The use of different materials to create instability in the structure of the 

protein and thus further oscillations of its particles prevents amyloid fibrillation. In this paper, 

four nanoparticles are used to create instability in the α-synuclein protein structure. Root-Mean-

Square Deviation (RMSD) and Root-Mean-Square Fluctuation (RMSF) analyzes have been used to 

compare the effect of nanoparticles used to create instability in the α-synuclein structure. 

4.6.1.Stability assessment using RMSD analysis 

Different particles oscillate to achieve their most stable state during simulation time. Fluctuations 

in simulation system particles are a perfect indicator for comparing the stability of different 

simulated systems. RMSD analysis is one of the most common analyzes in molecular dynamics 

simulation to investigate the oscillation of simulation system particles [56]–[59]. In RMSD 

analysis, the oscillation of the simulated system particles is calculated relative to a reference at 

different simulation times. RMSD values are calculated by Eq.7: 

RMSD = √1n ∑(poi(t) − po𝑟(t))2n
i=1  (7) 

 

where 𝑛 shows the number of particles, 𝑃𝑜𝑖 (𝑡) shows the position of the particle 𝑖 at time 𝑡, and 𝑃𝑜𝑟 (𝑡) shows the position of the reference particle at time 𝑡.  

In creating instability in the α-synuclein protein structure, RMSD analysis for this protein has been 

taken in all simulations. The higher the oscillation of α-synuclein particles, the lower the stability 

of the protein structure. 
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Figure 9 shows the plot of RMSD in the presence and absence of nanoparticles versus simulation 

time. In all charts, we see a sudden jump in RMSD due to high particle oscillations in the system 

optimization phase. Particle fluctuations in all simulations decrease significantly after 15 

nanoseconds compared to early simulations. The decreased fluctuations after 15 nanoseconds 

indicate relative stability in the simulation system. The slope of the RMSD diagram for protein 

simulation without nanoparticles after 15 nanoseconds is approximately zero. RMSD chart 

fluctuations in α-synuclein protein simulation in the presence of different nanoparticles have 

increased compared to the simulation of this protein without the use of nanoparticles. Increasing 

fluctuations in protein particles using nanoparticles have a positive effect on the use of 

nanoparticles in creating instability in the protein structure. However, the effect of P-CNT on the 

instability of the α-synuclein protein structure has been more significant than other 

nanoparticles. 

 

Figure 9 – α-synuclein protein RMSD for a) P-CNT b) N-CNT c) BCN d) Without Nano Particle 
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For a more accurate comparison of particle oscillations during simulation, RMSD values were 

derived using numerical derivative relationships. Then, the absolute geometric mean of the 

RMSD derivative was used to compare the particle fluctuations during the simulation. The higher 

the absolute value of the RMSD derivative, the greater the oscillation of the particles, and the 

greater the instability in the α-synuclein protein structure. Table 7 shows the absolute geometric 

mean of the RMSD derivative calculated in the protein simulation in the presence of different 

nanoparticles. The mean RMSD derivative during α-synuclein protein simulation in the presence 

of nanoparticles was higher than the simulation of this protein without the presence of 

nanoparticles. The higher average RMSD derivative shows the positive effect of nanoparticles on 

the instability of the protein structure. Among nanoparticles, however, α-synuclein simulations 

in the presence of P-CNT and BCN had the highest and lowest RMSD derivative mining, 

respectively, during the simulation. Although the effect of BCN on creating instability in protein 

structure has been positive, it has created less instability in protein structure compared to other 

nanoparticles. Results showed that P-CNT is the best in creating instability in the α-synuclein 

protein structure and, consequently, the best nanoparticle to prevent amyloid fibrillation. 

Table 7 - Absolute geometric mean of RMSD α-synuclein protein in nanoparticle simulations 

Nanoparticle P-CNT N-CNT BCN None 

Geometric Mean of RMSD Derivative 

*1000 
3.87 3.61 3.53 3.45 

 

4.6.2.Stability assessment using RMSF analysis  
One of the appropriate analyzes to evaluate the oscillation rate of particles is using RMSF analysis. 

RMSF analysis makes it possible to calculate the fluctuations of all α-synuclein atoms to a single 

reference during the simulation. The greater the oscillation of α-synuclein atoms, the greater the 

instability of the α-synuclein protein molecular structure [60]–[63]. 

Figure 10 shows the RMSF analysis of all the simulations. This figure illustrates an increase in the 

fluctuations of protein atoms in the presence of nanoparticles. The use of nanoparticles has 

caused instability in the molecular structure of the α-synuclein protein. Different trends in RMSF 

sequences indicate different effects of nanoparticles on creating instability for various atoms. 
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Figure 10 - α-synuclein protein RMSF for a) P-CNT b) N-CNT c) BCN d) Without Nano Particle 

The calculated RMSF values for all atoms have been averaged to understand more details of the 

fluctuations of protein atoms (Table 8). The mean RMSF values in α-synuclein simulation in the 

presence of nanoparticles were higher compared to α-synuclein with no nanoparticles. 

Increasing RMSF values indicate a positive effect of nanoparticles on the instability of the α-

synuclein molecule structure. α-synuclein simulations in the presence of P-CNT and BCN had the 

highest and lowest mean RMSF values during simulation, respectively. The effect of BCN has been 

positive in creating instability in the structure of α-synuclein, but less effective than other 

nanoparticles in creating instability in the molecular structure of α-synuclein. The most significant 

instability in the molecular structure of α-synuclein has been performed by P-CNT, which means 

that P-CNT is the best nanoparticle to prevent amyloid fibrillation. 
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Table 8 - Average RMSF for α-synuclein protein in the presence/absence of nanoparticles 

Nanoparticle P-CNT N-CNT BCN None 

Average of RMSF(nm) 1.51 1.34 1.19 1.01 

 

 

5. Discussion                                     

   PD has no definite treatment; moreover, the drugs used for its treatment have high side effects; 

that’s why this disease has been always in the center of the researchers’ focus. Novel PD 

treatment technologies can help in the treatment of this disease. So far, various studies have 

addressed the effect of different materials including nanostructures on α-synuclein protein 

misfolding prevention which have shown promising results [32], [64]–[66]. The new generation 

of nanotubes that using from nitrogen and phosphorus dopants, has found significant 

applications [67]–[69]. Therefore, this study is aimed to investigate the effect of the doping 

nanotubes on the α-synuclein protein fibrillation. This generation of nanotubes has shown 

extraordinary ability to tune their properties. By doping at different concentrations, it is possible 

to engineer their features, in this study, new engineered structures of carbon nanotubes (CNTs) 

have been investigated for their use in the treatment of PD. Based on the results of this paper, 

the new generation of CNTs especially P-CNTs can prevent α-synuclein protein misfolding due to 

their higher interaction with α-synuclein protein. Energy analysis confirms proper interaction 

energy between all the doping CNTs and amyloids which can prevent amyloid misfolding. A 

comparison of the energy analysis with the secondary structure analysis also revealed that the 

higher the interaction energy between doping CNTs and α-synuclein, the higher the structural 

variations in the amyloid. The higher variation in the secondary structure also suggests the 

enhanced effectiveness of doping CNTs. Interaction energy and α-synuclein variations were 

higher in the case of P-CNT; thus it can be the best candidate for PD treatment. Gyration radius 

analysis also indicated a lower aggregation radius due to nanostructure interaction with α-

synuclein in the case of P-CNT. A strong attractive force between the structures will lower the 

gyration radius. Therefore, the gyration radius analysis well indicated the better influence of P-

CNT on the amyloids. Hydrogen bonds were also studied and the highest number of H-bonds 
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were also observed in P-CNT. Therefore, interaction energy due to hydrogen bonding was also 

higher in the case of P-CNT; similarly, Van der Waals and electrostatic energies were higher in 

this case. Other analyses such as interaction energy, secondary structure, gyration energy, and 

hydrogen bonding also confirmed that all the nanostructures, especially P-CNT, can be a proper 

choice for PD treatment. The simulation method was validated by comparison with the relevant 

references. RMSD and RMSF analyses also confirmed the simulation stability. 

Comprehensive and valid molecular simulations of this paper well indicated the influence of the 

doping CNTs on the treatment of PD. These nanostructures prevent α-synuclein protein 

misfolding and eliminate the conditions required for aggregation of this protein particles; hence, 

Lewy body amyloids won’t form. Therefore, this method can prevent the death of dopaminergic 

cells in the substantia nigra region and provide the dopamine required for extrapyramidal 

activities. Currently, the treatment methods of PD are based on alleviating the disease symptoms. 

The use of nanoparticles for preventing α-synuclein protein misfolding is a far more fundamental 

treatment method compared to the conventional methods. Moreover, due to the tubable 

structure of these nanoparticles, the problematic complications in the treatment of PD can be 

declined. This can suggest new applications for these nanoparticles in PD treatment and open 

new windows for future research works. 

One of the simplest implications of nanoparticles could be their direct application in the 

treatment of PD. To this end, future studies should be able to use these nanoparticles in the 

pharmaceutical filed after their in-vitro tests and clinical trials. To accelerate this process, it is 

recommended to conduct targeted experimental studies to investigate the effect of the 

mentioned nanoparticles on preventing α-synuclein protein fibrillation. Different studies have 

suggested the suitability of carbon-based nanostructures (especially CNTs) as the drug 

nanocarrier [30], [70]–[72]. It seems that the application of these nanostructures (especially P-

CNTs) to carry PD drugs can be an attractive topic for future studies. This can help in the 

simultaneous progress of classic and novel treatments for PD. 

This study employed molecular dynamic simulations. The in-depth molecular insight, reduction 

of the cost and time required for studies in different fields has introduced molecular dynamic 
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simulations an incredible tool in the progression toward the objectives in various fields of science. 

Moreover, MD simulations make it possible to investigate the effect of nanoparticles under 

various conditions. This will result in more accurate and reliable findings. To use the MD-

confirmed structures, they should be also confirmed by experimental studies, if the confirmed 

structures succeed in clinical tests, they can be employed in the prevention of PD. This study 

suggests a new way to use the new generation of nanotubes in the treatment of PD. This path 

should continue with laboratory, clinical and computational tests. In this case, we can hope that 

a great practical treatment for PD will be devloped.  
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6. Conclusion 

 

Amyloid fibrillation caused by folding in α-synuclein protein causes PD. In this paper, the 

simulation of α-synuclein in the presence of four nanoparticles of carbon CNTs was considered 

to investigate the effect of nanoparticles in preventing α-synuclein chain distortion. Furthermore, 

energy, H_bond, 𝑅𝑔, RMSD, RMSF, secondary structure, and SASA analysis have been studied in 

this paper to scrutinize the effect of the presence of the nanoparticles. α-synuclein simulation in 

the presence of P-CNT had the highest energy value compared to other cases. Besides, energy 

analysis showed that P-CNT is the best nanoparticle to prevent α-synuclein chain folding. 

Hydrogen bonds between water and α-synuclein cause α-synuclein particles to disperse into the 

water and prevent the protein chain from becoming brittle. Most hydrogen bonds between α-

synuclein and water occurred in the presence of P-CNT, N-CNT, and BCN. However, the P-CNT 

created the best conditions for hydrogen bonds between water and α-synuclein. 

α-synuclein depletion is associated with an increase in helices and β_sheet structures and a 

decrease in Turn, Bend, and Bridge structures. Decreases in helices and β_sheet and increases in 

Turn, Bend, and Bridge in the secondary structure of α-synuclein occurred in the presence of P-

CNT, N-CNT, and BCN, respectively. Analysis of the secondary structure showed that P-CNT is the 

best nanoparticle to prevent α-synuclein depletion. α-synuclein depletion causes the protein 

particles to condense. By analyzing 𝑅𝑔, the density of α-synuclein in the presence of nanoparticles 

was investigated. α-synuclein density was the lowest in simulation in the presence of P-CNT, N-

CNT, and BCN, respectively. A higher contact area of α-synuclein during simulation indicates a 

further folding in this protein. α-synuclein particles have the lowest contact areas in simulation 

in the presence of P-CNT, N-CNT and BCN nanoparticles. The SASA analysis showed that, again, 

P-CNT is the best nanoparticle to prevent α-synuclein buildup. Last but not least, RMSF and RMSD 

analysis were performed to investigate the oscillation of α-synuclein particles. The derivative of 

RMSD values of α-synuclein particles and the mean oscillation of α-synuclein atoms had the 

highest values in simulation in the presence of P-CNT, N-CNT, and BCN nanoparticles, 

respectively. P-CNT's ability to cause instability in α-synuclein was more remarkable than other 
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cases. Overall, analyzes indicated that P-CNT is the best nanoparticle to prevent amyloid 

fibrillation. The results of this study recommend using P-CNT to prevent amyloid fibrillation. 

7. Abbreviations 

CNS:Central Nervous System  

PD: Parkinson's Disease  

 MD: Molecular Dynamics  

 P-CNT: Phosphorus-doped Carbon NanoTube  

 N-CNT: Nitrogen-doped Carbon NanoTube  

 SPIONs :SuperParamagnetic Iron Oxide Nanoparticles  

 QDs :quantum dots ; CNTs: Carbon NanoTubes  

BCN : nanotube co-duped with bromine and nitrogen  

LINCS: Linear Constraint Solver  

 VDW :Van Der Walls  

DSSP :Define Secondary Structure of Proteins 

 RMSD:Root-Mean-Square Deviation  

 RMSF:Root-Mean-Square Fluctuation  

 SASA:Solvent Accessible Surface Area 

 OPLS :Optimized Potentials for Liquid Simulations 
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Figures

Figure 1

Amyloid �brillation process and its role in the formation of PD



Figure 2

VDW energy in this study and [32] to validate the results



Figure 3

Results of α-synuclein simulation after 40 nanoseconds with a) P-CNT b) N-CNT c) BCN d) Without Nano
Particle



Figure 4

Nanoparticle simulation energy diagrams a) P-CNT b )N-CNT c) BCN and α-synuclein in protein over 40
nanoseconds

Figure 5

the secondary structure of α-synuclein in the presence of a) P-CNT b) N-CNT c) BCN d) Without Nano
Particle



Figure 6

Contact area of α-synuclein particles in the presence of a) P-CNT b) N-CNT c) BCN d) Without Nano
Particle



Figure 7

Hydrogen bonds created between water and α-synuclein versus the simulation time for a) P-CNT b) N-
CNT c) BCN d) Without Nano Particle



Figure 8

Radius of Gyration of α-synuclein protein for a) P-CNT b) N-CNT c) BCN d) Without Nano Particle



Figure 9

α-synuclein protein RMSD for a) P-CNT b) N-CNT c) BCN d) Without Nano Particle



Figure 10

α-synuclein protein RMSF for a) P-CNT b) N-CNT c) BCN d) Without Nano Particle The calculated RMSF
values for all atoms have been averaged to understand more details of the �uctuations of protein atoms
(Table 8). The mean RMSF values in α-synuclein simulation in the presence of nanoparticles were higher
compared to α-synuclein with no nanoparticles. Increasing RMSF values indicate a positive effect of
nanoparticles on the instability of the α-synuclein molecule structure. α-synuclein simulations in the
presence of P-CNT and BCN had the highest and lowest mean RMSF values during simulation,
respectively. The effect of BCN has been positive in creating instability in the structure of α-synuclein, but
less effective than other nanoparticles in creating instability in the molecular structure of α-synuclein. The
most signi�cant instability in the molecular structure of α-synuclein has been performed by P-CNT, which
means that P-CNT is the best nanoparticle to prevent amyloid �brillation.
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