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Abstract 

The second main cause of death in the world and one of the major public health problems is 

cancer. Curcumin is a natural bioactive substance with good anti-cancerous effect. However, due 

to the low cellular uptake of curcumin anti-cancer drug, it is vital to exploit a noble formulation, 

which can contribute to a decrease in its hydrophobicity and enables the efficient therapeutic 

effect of curcumin. Biocompatibility and hydrophilicity of the polyethylene glycol cause it to be 

one of the most attractive drug carriers. Chitosan is also of great importance, considering its 

mailto:moraveji@aut.ac.ir
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biocompatibility, and is used along with the drug-carrying polymers. In this study, for the first 

time, a combination of trimethyl chitosan and polyethylene glycol was employed to deliver 

curcumin. Herein, hydrophilicity, stability, and energy analysis of the systems have been 

investigated, from which it was found that the 60/40 is the optimum ratio concentration of 

chitosan to polyethylene glycol for Curcumin delivery. Another characteristic property of the 

hybrid drug delivery system was the PEG chain length, with its least magnitude being the 

optimal value. Results of the present molecular study give a practical insight into the curcumin 

drug delivery system and propose a novel hybrid carrier for efficient curcumin delivery, which 

can be further exploited to develop novel nanomedicine systems. 

Keywords: Curcumin; Drug delivery; PEG chain length; Molecular dynamics; nanomedicine.  

1. Introduction 

Cancer occurs by a series of sequential mutations in genes, which alter the cell functions. 

Furthermore, lack of tumor suppressor genes triggers the uncontrolled cell division. As presented 

in various researches, different molecular methods can be adopted to investigate the potency of 

gene expression and defective proteins which are also effective in determining the novel cancer 

biomarkers [1]. As reported, most of the tumor cells are more round than the normal cells, which 

can be attributed to the fact that they have a lower interaction energy with the extracellular 

matrix and the neighboring cells [2]. In order to improve the efficiency of the therapy and to 

minimize the severe side effects, delivering drug through a smart carrier has been extensively 

researched [3,4]. The great achievements in smart drug delivering systems could enhance the 

therapeutic index of anticancer drugs, through optimizing their pharmacokinetics and tissue 

distribution and to modify the targeted delivery to the action site [5]. The rational design and 

https://www.sciencedirect.com/topics/medicine-and-dentistry/tumor-suppressor-gene
https://www.sciencedirect.com/topics/medicine-and-dentistry/cancer-biomarkers
https://www.sciencedirect.com/topics/medicine-and-dentistry/cancer-biomarkers
https://www.ncbi.nlm.nih.gov/books/n/cooper/A2886/def-item/A3407/
https://www.ncbi.nlm.nih.gov/books/n/cooper/A2886/def-item/A3056/
https://www.ncbi.nlm.nih.gov/books/n/cooper/A2886/def-item/A3056/
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optimization of drug delivery system cannot be fulfilled without no knowledge of the loading 

capacity and distribution of drug molecules [6]. 

Curcumin is a polyphenolic hydrophobic substance derived from the rhizome of Curcuma longa, 

which is typically provided in forms of tablets, capsules, creams, extracts, gels, nasal sprays, etc. 

by pharmaceutical companies [7]. The structure of curcumin has been broken down in a 

systematic style to identify the noticeable sites of structural modifications (Fig. 1). The sites can 

be broadly categorized as the aromatic group, the di-keto moiety, the active methylene site, and 

the carbon linker. Apart from these sites, monocarbonyl analogues have also been extensively 

studied to improve the anticancer activity [8]. 

 

Fig. 1. The skeleton of the parent curcumin indicating the major reactive sites. 

Curcumin possesses various functions in pharmacology and biology such as anti-cancer, anti-

oxidation, anti-inflammatory, anti-tumor and anti-HIV, antimicrobial, anti-phlogosis, and anti-

lipidemic effects, which have enabled it to act against anorexia, diabetes, coughs, hepatic 

disorders, alzheimer disease and rheumatism. However, its hydrophobicity and instability in 

exposure to different media have limited its extensive applications [9]. To administer the 

therapeutic agents which have low oral bioavailability, developing an effective drug delivery 
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system is an effective strategy which can bring about magnificent consequences in medicine 

[10]. 

 Kim et al. (2011) have examined the cellular uptake kinetics of the natural form of Curcumin 

and Curcumin− Polyethylene Glycol (PEG), where, the cytotoxic effect of proliferating the 

preadipocytes and antiadipogenic properties in distinguishing preadipocytes have also been 

studied. The Curcumin and Curcumin−PEG were found to be differently absorbed onto 3T3-L1 

preadipocytes and adipocytes with a limited amount of Curcumin−PEG absorption in the cell. 

The improved water solubility of Curcumin−PEG can be correlated with an increased cellular 

retention of Curcumin in 3T3-L1 cells, particularly in preadipocytes [11]. 

Chitosan (CS), a cationic polysaccharide with its many advantages including good 

biocompatibility, biodegradability, antibacterial activity, and nontoxicity has been extensively 

applied in drug delivery systems [12]. Due to the large quantities of primary amino groups in 

chitosan, its solubility in water can be controlled; this pH-responsive biopolymer can play 

interesting roles in the fields of controlled drug delivery [13]. 

Wan et al. (2012) have synthesized Curcumin/chitosan micro-particles containing curcumin 

using an ionic cross‐ linking method with a maximum concentration of 270.24 ng/ml. The 

encapsulation efficiency and the extent of drug loading by Cur/chitosan micro-particles were 

reported to be 85% and 33.5%, respectively [14]. Shelma et al. (2013) have synthesized 

amphiphilic lauroyl‐ sulfated chitosan which loaded curcumin (Cur/LSCS). They also showed 

that the serum concentration of curcumin by oral administration of curcumin containing 

Cur/LSCS was greater and persisted for a longer duration of time (7 days) than that observed 

through oral (6 hr) or intraperitoneal (24 hr) administration of free curcumin. Moreover, 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Choon+Young++Kim
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pharmacokinetic studies showed that the bioavailability of curcumin from Cur/LSCS was 11.5‐
times greater than that of the free curcumin [15].  

In this work, for the first time, potential of targeted delivering of curcumin by smart hybrid 

carriers made of PEG and chitosan has been studied. To achieve the optimum and controlled 

release of curcumin in cancer cells, the PEG to chitosan ratio and PEG chain length should be 

optimized, which have not been considered and studied elsewhere. The present work was mainly 

focused on investigating the optimization conditions, stability, and hydrophilicity of the drug 

delivery system. The role of molecular dynamics simulation will be highlighted due to its 

prediction capabilities prior to experimental studies, which not only saves time, material, lab 

work, and costs, but also is promising to reduce the drug side effects on patients. Moreover, 

molecular dynamic (MD) simulation can be used to clarify the interactions between the drug and 

carrier at molecular level, which is difficult to be observed by experiments, and MD simulation 

can reveal the trajectory of the atoms at spatial and temporal scales, providing detailed 

information about the conformational changes. For this objective, the gyration radius, Root-

mean-square deviation (RMSD) have been investigated, as obvious clues to predict the stability 

of the accumulated molecules and a guarantee for the efficiency of the drug delivery process. 

Furthermore, to indicate the increased hydrophilicity of the drug- carrier complex, hydrogen 

bonding has been investigated. 

2. Material and methods 

2.1 Molecular Dynamics 

The chains were sequentially optimized using Avogadro and HyperChem software’s UFF and 

OPLS-AA force field. In the next step, optimizations were carried out using Gaussian 09 

software by considering the b3lyp function and 6-31
+
G* basis set. To carry out the simulations 
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we used GROMACS 2019.5 (OPLS-AA force field) in the EM (10 kJ/mol/nm minimum force), 

NVT (500 ps), NPT (500 ps) and then the MD (100 ns) simulation in 2 fs time steps. All cases 

contained 6000 water molecules (SPC/E water model) (Fig. 2B) in boxes with 7×7×7 nm
3
. 

The cutoff radius was adjusted to 1.4 nm for the van der Waals and Colomb interactions. We 

used Colomb energy algorithm and Particle Mesh Ewald (PME). The MD simulation step was 

carried out with isotropic Parrinello–Rahman algorithm at 1bar and with nose-hoover (velocity-

scaling algorithm in NVT and NPT) at 300K. The constraint algorithm was based on the Links 

algorithm that was only used for hydrogen bonds. The partial atomic charges of the structures are 

calculated using Gaussian software (pop=esp). 

Newton’s motion equations, for all system particles, were applied in Molecular dynamics that 

can provide a set of consecutive atomic positions to predict the upcoming moments on the basis 

of the present condition [16]. The molecular dynamic study was done in various stages. In the 

first stage, the initial configuration of the particles was obtained. In the second stage, calculation 

of neighbors lists was made within the force range of the targeted atom in the system. Finally, 

according to the applied force on each atom based on the configuration, initial conditions and 

acceleration of each particle, calculations were done through integral methods. Newton’s motion 

equation were solved in short time intervals (1-10 fs) for an integrated calculation. In each step, 

calculation of the applied force on atoms with the present situation and velocities was done to 

reach the upcoming positions and velocities in the following step. A set of forces was considered 

as the atoms displace to new positions and the process will be repeated. In this respect, molecular 

dynamics simulation can be a beneficial path to describe the dynamic variables changes by 

passing time [17]. 

2.2 Force Fields 
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The accuracy and validity of simulated results were determined by using Force Fields. 

Interactive energies (potential energy) of inter-particle will be changed by changing their 

distances. Equation (1) presents the potential function; while the force function of each “i” atom 

in a N-atom system is achievable from equation (2), which is extracted from the potential 

function. These equations were concomitantly solved. In addition, the force can be allocated to 

time and the atomic position by using equation (3) [18, 19]. Simple potentials such as the hard 

sphere potential can be applied in the primary molecular simulation. In this model, it was 

assumed that the particles move in straight lines with a constant velocity. When the distance of 

spheres becomes equal to the sum of their radii, relatively elastic collisions will happen. Then, a 

new velocity will be calculated based on the principle of conservation of linear motion size. By 

using the hard sphere model, beneficial results will be achievable, although in atomic or 

molecular system simulations it is not ideal. 

Based on the Van der Waals potential, as interatomic or intermolecular distances vary, their 

forces change. However, no force was considered among particles unless they collide with each 

other. Van der Waals potential was represented in Equation (4), where “σ” shows the potential 

good depth and “q” denotes the distance at which the potential becomes zero. Calculations can 

be used to specify these parameters by Fitting with laboratory data or exact quantum chemistry. 

“r” illustrates the distance between two atoms, and their inter-atomic potential was shown by 

“V” [20]: 

 

U=u(r)                                                                                                                     (1) 

 Fi= -
𝑑𝑣𝑑𝑟𝑖                                                                                                                   (2) 

𝑚𝑖 𝑑2 𝑟𝑖𝑑𝑡2 = Fi, i=1, ..., N                                                                                             (3) 
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VסdW = 4ɛ[(
σ𝑟 )

12
 – (
σ𝑟 )

6
]                                                                                              (4) 

 

Drug diffusion coefficient can be calculated using Equations (5) and (6). Mean-square 

displacement (MSD) was calculated to reveal the drug diffusion coefficient; Coordinates of 

atoms are also in view as “r” while “t” shows time. After MSD calculation, diffusion coefficient 

can be calculated for a three-dimensional system by using Einstein’s relation (Equation (6)) [21]. 

 

MSDS≡ < [r(t) – r(0)]
2
 > ═ 1𝑡 ∑  𝑡𝑡=0 [r(t) –  r(0)]2                                                 (5) 

D = 
16 lim𝑡→∞ 𝑀𝑆𝐷𝑡                                                                                                           (6) 

 

2.3. System preparation 

According to similar structures available in the OPLSaa force field, Charge and other relevant 

parameters of the nanostructured functional groups were defined. Calculation of non-bonding 

interactions (i.e., electrostatic and Van der Waals) was done through applying Lenard-Jones and 

Columbian potential models. The input structure was prepared by implementing the OPLSaa 

force field. All molecules were placed in the box and tip3p water model was utilized as a solvent 

to obtain molecules parameters (changed to script format). 50000 steps were employed to 

minimize the energy of all simulation systems. To omit Van der Waals interactions and create 

hydrogen bonds between water molecules and other species, the steepest descent method was 

applied. Nose–Hoover algorithm was used to increase the temperature of the system from 0 to 

310 K in 100ps in a constant volume in the next stage. Moreover, temperature-coupling systems 

were considered as 0.5 ps. Then at a constant pressure in 200 ps, the system was balanced. 

Parrinello–Rahman algorithm was employed to balance the system pressure. The temperature of 
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37ºC for 50 ns was used in the MD simulation. Cut-off distance was set to 1.2 and the 

electrostatic force calculation was conducted by employing particle mesh ewald (pme). The 

LINCS (linear constraint solver) algorithm was adopted for maintaining the bond lengths; while 

the bonds engaged in hydrogen atom was limited by applying SHAKE algorithm which will 

accelerate the calculations. 

 

3 Results 

3.1 Concentration Optimization  

The 3D images of polymers and drug molecules are displayed in Fig. 2. The green, red, and blue 

molecules exhibit chitosan, curcumin, and poly ethylene glycol, respectively. Due to the high 

hydrophobicity of curcumin, it will result in several problems which limit its extensive use. As 

an instance, curcumin molecules would be aggregated in the blood stream so that their transport 

through cellular membrane would not be possible. The more hydrophilicity of curcumin, the 

better distribution and solubility in water can be attained which are essential in developing an 

efficient smart nanomedicine. 

Curcumin uptake in the digestive system is extremely low. In general, hydrophobicity of 

curcumin cause it to be less biocompatible. Therefore, a great deal of research has been attracted 

to improve the curcumin biocompatibility. The use of polymeric carriers is one of the best 

approaches to enhance the curcumin hydrophilicity. Among different types of polymers, the 

combination of chitosan polymer and polyethylene glycol can be the best multi-objective option 

for the absorption, transfer, and release of curcumin; because chitosan polymer is extremely 

biocompatible and of a natural origin. Furthermore, chitosan is sensitive to pH and can control 

the release of drug by varying the pH which can be exploited to develop smart drug carriers to 
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load drug in normal cells with neutral pH and release drug at the cancerous cells with an acidic 

pH. This is due to the fact that pH of cancer cells is quite different from the pH of Non-cancerous 

cell in the body [13].  

Chitosan has hydrophilic functional groups, the use of chitosan can improve the hydrophilicity, 

biocompatibility and provides a controlled mechanism for curcumin release. Meanwhile, 

polyethylene glycol is also highly effective in carrying the drug and is one of the greatly 

hydrophilic polymers, which can solve the problems regarding the hydrophobicity of curcumin. 

Given that, the simultaneous use of polyethylene glycol and chitosan can be totally effective in 

stimuli responsive and smart uptake, transfer, and release of curcumin. However, to optimize the 

curcumin carrier, the optimum concentrations ratio of chitosan to polyethylene glycol and PEG 

chain length must be determined.  

To this end, the curcumin drug absorption was investigated at different concentration ratios of 

chitosan and polyethylene glycol. The three-dimensional Fig. 2 show the images before and after 

the simulation at each concentration. In the images prior to each simulation, it is apparent that the 

drug molecules and polymers were in a scattered form and in the simulation final images, the 

drug adsorption onto the polymer is obvious in Fig. 2. 
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Fig. 2. The drug delivery systems before and after simulation at different concentrations ratio of 

chitosan to PEG (50/50, 60/40, 70/30, 80/20) 

As it can be detected by comparing the figures in Fig. 2, the highest amount of molecule 

aggregation and drug uptake was observed at 60% chitosan and 40% polyethylene glycol 

concentrations. In addition, it is obvious that this concentration is the most stable combination of 

chitosan and polyethylene glycol polymers to deliver curcumin.  

The drug loading is totally dependent on the concentration of hybrid carriers. As an example, the 

use of chitosan-grafted pNIPAM copolymers enhanced the loading efficiency of curcumin. Three 

samples were different in pNIPAM molar ratio. For CS-g-pN 1, CURCS-g-pN 2, and CUR-CS-

g-pN 3 with 3, 40, and 60%, the concentrations of curcumin in each formulation were found at 

8.42±0.30, 97.94±3.73, 153.28±8.70, and 49.44±2.53 μM for curcumin in PBS (control), CUR-

CS-g-pN 1, CURCS-g-pN 2, and CUR-CS-g-pN 3, respectively [22]. 

3.1.1 Hydrophilicity  

Hydrogen bonding between two atoms is defined as a receptor-acceptor pair with an angle 

between them being less than 30 degrees. The graph of the number of hydrogen bonds over time 

for all simulations is given in Fig. 3. It has been reported that the drug loading rate is greatly 

influenced by the hydrogen bond between the drug and the carrier [23, 24]. Moreover, Hydrogen 

bonding is directly associated with the hydrophilicity. The higher the number of hydrogen bonds, 

the higher the hydrophilicity of the system. Moreover, it can result in the improved solubility of 

the drug. Comparison of the graphs shows that at all concentrations, number of the formed 

hydrogen bonds was sufficient and the number of hydrogen bonds at all concentrations was 

favorable and thus, it contributed to the hydrophilicity of curcumin. The data are consistent with 
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[25], which asserts the higher solubility of Curcumin in PEG, especially, a 2000-fold increases in 

solubility of Curcumin in PEG compared to water. Yadav et al. (2018) linked the stability of 

chitosan-Curcumin complexes to forming hydrogen bonding between the hydroxyl (-OH) group 

of the Curcumin molecule and hydroxyl (-OH) group of chitosan with a binding energy of -4.3 

kcal/mol [26]. 

  

 

Fig. 3. The hydrogen bonds in drug delivery systems with different concentration ratios of 

chitosan to PEG (50/50, 60/40, 70/30, 80/20) 

3.1.2 Stability 
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Gyration radius is a factor that enables us to study and analyzes the aggregation of molecules 

such as polymers, and resizing of biological macromolecules such as proteins over time. The 

initial radius of the aggregated molecules of chitosan, polyethylene glycol and curcumin and the 

final radius of the so-called molecules after simulation are presented in Table 1. Specifically, the 

smaller accumulation radius of the molecules leads to a better and stronger accumulation. 

Furthermore, the better aggregation between chitosan and polyethylene glycol and drug 

molecules causes the complex to be more stable and be better for delivering curcumin. 

According to Table 1, all systems except the system of 60/40 experienced an increase in the 

gyration radius.  

 

Table 1. Simulation of gyration radius of the drug delivery systems 

 50/50 60/40 70/30 80/20 

Final radius 2.91713 2.5936 2.70456 2.92576 

Initial radius 2.45746 2.66928 2.29274 2.4443 
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Fig. 4. Gyration radius diagram for the drug delivery systems with different concentration ratios 

of chitosan to PEG (50/50, 60/40, 70/30, 80/20) 

 

The gyration radius diagrams of the simulations are depicted in Fig. 4. Reducing the gyration 

radius means that more polymer molecules are accumulated in one region, and the higher 

gyration radius brings about a better dispersion of the molecules. The system with concentration 

ratio of 60/40 resulted in 0.07568 nm reduction in the radius, which is the highest reduction in 

gyration. This result indicates that the highest aggregation has been occurred in this 

concentration of the polymers, which enables these polymers to properly surround the drug and 

to form a more stable complex. 
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Root-mean-square deviation (RMSD) of the system is one of the important parameters in 

molecular dynamics simulation which indicates the model stability. In fact, RMSD shows the 

deviation of particles position relative to their reference position at each time. The slopes near to 

0 show higher stability of the simulated model. Gradual increase in the slope or sharp 

fluctuations shows instability. To evaluate the variations in the residue positions, RMSD analysis 

was performed. Fig. 5 shows the RMSD for four concentration ratios. At the beginning of 

simulation, instability of the system can be witnessed, then after 500 ps, the slope approached 

zero and the system stability was attained, in other words, stable complexes were created. This 

system reached the stable mode in a quick time which can be due to the small size of the 

molecules and the fast and strong interactions of molecules with each other. The results are 

consistent with [27], in which the RMSD values of complex of curcumin-chitosan nanoparticles 

rapidly reached in 4 ns. Our complex of chitosan/PEG–Curcumin was one order of magnitude 

faster than [27] indicating a more stable system. 

In addition, the maximum and minimum RMSD values for each system are displayed in Fig. 5. 

Comparing the fluctuations of all systems, it can be inferred that the sample created by the 

fewest fluctuations was alluded to the 60% chitosan and 40% polyethylene glycol which 

validates the gyration radius results.   
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Fig. 5. The RMSD analysis for the drug delivery systems with different concentration ratios of 

chitosan to PEG (50/50, 60/40, 70/30, 80/20) 

3.1.3 Energy analysis 

The binding energy for four complexes was determined by using the MM/PBSA method. The 

summery of van der waals, electrostatic, and total energies of 50/50, 60/40, 70/30, 80/20 ratios of 

chitosan-PEG content, over 100000ps is presented in Table 2. The negative electrostatic energy 

indicates a strong attraction between the drug and the carrier. 
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Table 2. Energy analysis for the drug delivery system with different concentration ratios of 

chitosan to PEG (50/50, 60/40, 70/30, 80/20) 

 

# Chitosan/PEG 

ratio 

Van der Waals energy Electrostatic energy Total energy 

 

MAX 

 

MIN 

 

AVR 

 

MAX 

 

MIN 

 

AVR 

 

MAX 

 

MIN 

 

AVR 

1 50/50 13.542 -593.972 -311.512 50.827 -923.843 -412.924 8.83 -1459.771 -724.4369 

2 60/40 -0.481 -541.007 -216.685 52.379 -920.163 -356.191 36.833 -1375.274 -572.8767 

3 70/30 11.969 -460.43 -220.874 80.145 -752.59 -311.447 16.599 -1108.543 -532.3215 

4 80/20 11.969 -514.671 -198.527 55.165 -700.437 -259.163 25.358 -1183.077 -457.6899 

 

It can be seen that for all samples, the electrostatic forces were the dominant interactions. The 

result is consistent with [26], whose energy profile revealed insights by describing the van der 

Waals (VdW) and electrostatic forces for the interactions of Curcumin and chitosan, with the 

electrostatic energy being much more prevalent than the VdW.  

Moreover, the higher electrostatic energy at a neutral pH leads to a higher loading of the drug 

onto the nanocarrier surface at a given pH. It can be noted that for the drug delivery system 

created by  chitosan to PEG ratio of 60/40, the ratio of average electrostatic forces to average van 

der waals forces was the highest (1.644). The relative values of other samples of first, third, and 

fourth were 1.325, 1.410, 1.305, respectively. The negative electrostatic energy indicates a strong 

attraction between the drug and the carrier. In fact, the optimized composition for cationic 

chitosan and an uncharged PEG can result in the highest electrostatic interaction in the efficient 

drug delivery. 
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Trend of the associated electrostatic energy for the chitosan to PEG ratio of 60/40 over 

100000ps, is given in Fig. 6. 

 

Fig. 6. The electrostatic energy diagram of 60/40 chitosan to PEG ration over 100000ps. 

 

3.2 Optimization of PEG length chain 

Xu et al. (2018) have studied the PEGylation effect on the drug clinical performance. Their MD 

results show that stability, bioavailability, and retention time of the linking protein have been 

improved. However, a decrease in protein bioactivity with PEG conjugates was found. Their 

study reveals that there should be a tradeoff between two opposing impacts of PEGylation. 

Actually, finding out the optimal PEG length can maximize the overall therapeutic efficacy of 

the drugs [28]. 

Therein, the effect of PEG chain at 5, 8, 10, 12 monomers was investigated in presence of 5 

molecules of curcumin and 5 molecules of chitosan. The 3D images before and after the 

simulation at each concentration can be seen in Fig. 6. In the images prior to each simulation, it 

https://pubs.rsc.org/en/results?searchtext=Author%3ADong%20Xu
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is apparent that the drug molecules and polymers are scattered and in the simulation final images, 

the drug adsorption on the polymer is visible. 
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Fig. 7. The drug delivery systems before and after simulation at different PEG chain length 

 

Fig. 7 shows that the shortest PEG chain resulted in the highest amount of Curcumin (red 

molecules) loading onto the chitosan-PEG carrier, which is in complete agreement with [29], 

which have found out that the higher PEG chain length had smaller zeta potential value. The 

drug loading capacity will increase by augmenting the zeta potential [30]. 

3.2.1 Stability 

The diagram of the gyration radius corresponding to the effect of PEG chain simulations is 

plotted in Fig. 8. The only system that experienced a reduction in gyration radius correspond to 5 

mer PEG chain. This result indicates that the highest aggregation occurred in this polymer length 

which enabled these polymers to properly surround the drug and to form a more stable complex. 

 

Fig. 8. Stability of PEG chain at different mers of 5, 8, 10, and 12 via gyration analysis. 
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To evaluate the variations in the residue positions, the RMSD analysis was performed. Fig. 9 

shows the RMSD for four ratios of concentrations. At the beginning of simulation, instability of 

system was detected, then after 500 ps the slope approached zero and the system stability was 

kept constant, in other words, stable complexes were created. The magnified range that the slope 

was very near to zero (3×10
-6

). This system reached the stable mode in a quick time, which can 

be due to the small size of the molecules and the fast and strong interactions of molecules with 

each other. 
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Fig.9 stability of PEG chain at different mers of 5, 8, 10, 12 via RMSD analysis 

 

In addition, the maximum and minimum RMSD values for each system are given in Fig. 9. 

Comparing the fluctuations in all systems, it can be inferred that the sample with the fewest 

fluctuations was formed by the PEG length of 5 and 8 mer. The results of the sample with 5 mer 

is in a complete agreement with the results of gyration radius and H-bonding analysis, suggesting 

a more hydrophilic and stable nanosystem for curcumin drug delivery. However, for the system 

with 8 mer PEG chain, both the results of gyration radius and H-bonding were not promising. In 

another word, the system with 8 mer was both less hydrophilic and stable. Therefore, the system 

with 5 mer PEG chain had the optimum length. Increasing the PEG chain length may bring about 

the steric effect. 

Mu et al. (2013) provide molecular insights into steric shielding effect of PEG supported by 

computational simulation and experimental data and their results can be generalized for 

interactions with high Mw substrates or receptors [31]. 

3.2.2 Hydrophilicity 
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Fig. 10. Hydrophobicity of the drug delivery system at PEG chain at different mers of 

5, 8, 10, and 12.  

 

PEGylation of curcumin is a convenient method to improve its solubility [32]. Comparison of the 

graphs at Fig. 10 reveal that for all the PEG chain lengths, the number of hydrogen bonds was 

favorable, and it contributed to the hydrophilicity of curcumin. Average number of hydrogen 

bonds for four systems was 0.713857, 0.394717107, 0.627781, and 0.330639113. It can be seen 

that the highest average number of hydrogen bonds was achieved for the system with 5 mer 

PEG. In another word, increasing the PEG chain length did not lead to a higher hydrophilicity of 
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drug delivery system. Therefore, the optimum length for PEG chain is 5mer. This finding 

confirms the gyration results. While increment of PEG chain length from to 5 to 10, leads to a 

less reduction in hydrophilicity of samples in comparison to increments from 5 to 8, or 5 to 12 

mer.  

3.2.3 Energy analysis 

Since the hydrogen bond energy still originates from the dipole–dipole interaction of the donor-

acceptor groups, being added to the electrostatic potential, it can be inferred that the electrostatic 

interaction energy ascends as the number of hydrogen bonds increases [26]. Accordingly, for the 

chitosan/PEG carrier with 5- mer PEG, which possessed the highest average number of hydrogen 

bonds, the highest electrostatic interaction energy could be predicted. The binding energy for the 

four complexes was determined by using the MM/PBSA method. 

 

Table 3. Energy analysis for the drug delivery system with different PEG chain length of 5, 8, 

10, 12mers. 

 

# Chitosan/PEG 

ratio 

Van der waals energy Electrostatic energy Total energy 

 

MAX 

 

MIN 

 

AVR 

 

MAX 

 

MIN 

 

AVR 

 

MAX 

 

MIN 

 

AVR 

1 5 mer -1.373 -508.666 -229.166 47.373 -753.037 -331.816 27.926 -1168.433 -553.1941 

2 8 mer 20.891 -354.274 -129.573 43.394 -758.027 -282.151 35.786 -991.089 -411.723 

3 10 mer 13.739 -429.025 -203.62 48.353 -525.837 -166.014 22.485 -781.68 -369.633 

4 12 mer 17.02 -333.712 -125.967 103.557 -606.946 -241.431 58.21 -834.785 -367.398 
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The summery of van der Waals, electrostatic, and total energy for 5 mer, 8 mer, 10 mer, and 12 

mer of PEG in chitosan-PEG hybrid system, over 120000ps is presented in Table. 3. The 

negative electrostatic energy indicates a strong attraction between the drug and the carrier. 

According to Table 3, a comparison of the energy data shows that the average energy for the 5-

mer polymer is more than other chain lengths of these polymers; this finding confirms the 

Hydrogen bonds analysis. The aggregation of 5-mer polymers has a stronger electrostatic 

attraction than those of the 8-mer and 12-mer. The van der Waals attraction is also higher in 5-

mer polymers. It is worth mentioning that  the data must be normalized for comparison. In the 

normalized state, the energy superiority of the 5-mer polymers is much more obvious. As a 

result, it can be stated that the polymers aggregation in the 5-mer polymers is much more stable 

and has higher attraction energy than other states. Stronger attraction energy indicates a higher 

stability of polymer aggregation and the higher attraction energy, the more stable carrier for drug 

delivery. 

The portion of electrostatic energy is higher than that of the VDW energy. The electrostatic 

attraction between curcumin and chitosan made this aggregation more stable. This is due to the 

negative charge of curcumin (caused by hydroxide functional groups); because these hydroxide 

groups interact with the chitosan amine groups and have electrostatic attraction. The amine 

groups have a positive charge, and the negative charge absorbs the hydroxide groups. 

Electrostatic attraction between the amine and hydroxide groups is also present in the 8-mer and 

12-mer polymers, but the important point is the spatial accessibility of these functional groups to 

each other. The 5-mer polymers have the highest spatial accessibility and the least steric 

hindrance for interaction between hydroxide groups and amine groups, so in this case the 

electrostatic attraction is maximum. 
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This same spatial accessibility cause the van der Waals energy to be even greater. Because 

arondro-aromatic interactions of van der Waals and other types of van der Waals interactions are 

greater in this case. The spatial accessibility of polymers and drugs to each other is greater in the 

5-mer state and more concentrated and closer to each other. As a result, electrostatic and van der 

Waals interactions were greater in this case. 

4. Validation test 

To validate the research work done for the two polymer ( chitosan and PEG),we chose a 

relevant recent article and repeated the RMSD analysis for PEG/drug, which is shown in 

Fi.5.b in [33]. Mina Mahdavi  et al. (2020), have repeated the simulation four times to show 

that there may be some variations in the result. It can be seen that our result is in good 

agreement with its counterpart in regard to the diagram trend and the initial and end points. 

The final and average values of RMSD in the present work and [33] have been presented in 

Table.4. We used the plot digitizer to calculate the average RMSD values. It can be notified 

that the results are in excellent agreement.These measurements can provide proofs of this 

work and show consistency with previous works, suggesting that an equilibration of the drug 

adsorption on the nanocarriers. 

Table.4 Validation test of RMSD resukts 

 Initial Value Average Value Final Value 

RMSD [ The present 

work] 

0 30.36799 38.1869 

RMSD [33] 0 33.32126 38.9795 
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Fig.11 The validation test of PEG/drug a) Simulation of the present work b) Simulation of [33] 

5. Conclusion 

Curcumin possesses great therapeutic properties, especially anticancer effects; however, it has a 

low aqueous solubility which is challengeous. Prior to efficiency assessment of the hybrid drug 

delivery system via clinical trials, MD simulations not only can provide valuable information at 

molecular level, but also reduce the risks of human trials. Curcumin drug absorption was 

investigated at different concentrations ratios of chitosan to polyethylene glycol, and the results 

showed that the 60/40 ratio is the optimum concentration ratio. The gyration radius analysis 

indicated that chitosan, polyethylene glycol and drug molecules at concentration ratio of 60/40 

have the strongest aggregation, and that composition is the most stable. The RMSD analysis 

asserted that these small molecules had fast and strong interactions and more importantly, the 

fewest fluctuations were ascribed to the 60/40 composition, which validates the gyration radius 

results. The hydrogen bonds in the drug delivery systems exhibited the hydrophilicity. The 

energy analysis suggests that for the optimum composition of chitosan and PEG, the highest 

negative electrostatic energy was achieved, which confirms the highest adsorption for efficient 

drug delivery system. The second factor in the design of the hybrid drug delivery systems was 
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the effect of PEG chain length on the adsorption of the drug. The highest adsorption was 

observed for 5 mer chain due to spatial accessibility, and interestingly the only system that led to 

a reduction in gyration radius was 5 mer PEG chain, which highlights the optimum and stable 

drug delivery system. The RMSD results indicate that 5 and 8 mer had low fluctuations. The 5 

mer sample is in complete agreement with the results of gyration radius and H-bonding, 

suggesting a more hydrophilic and stable hybrid for curcumin drug delivery. Actually, the 

highest average number of hydrogen bonds correspond to the system with 5 mer PEG. The 

energy results confirmed that aggregation in the 5-mer polymers was much more stable and 

exhibited higher attraction energy than the other states. This is due to the negative charge of 

hydroxide functional groups of curcumin interacting with the chitosan amine groups. 

References 

[1] Seyed Hossein Hassanpour, Mohammad amin Dehghani, Review of cancer from perspective 

of molecular, Journal of Cancer Research and Practice (2017) 4, 127-129.  

[2] Cooper GM. The Cell: A Molecular Approach. 2nd edition. Sunderland (MA): Sinauer 

Associates; 2000. The Development and Causes of Cancer. Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK9963/. 

[3] M. Gunay, H. Kavas, A. Baykal, Simple polyol route to synthesize heptanoic acid coated 

magnetite (Fe3O4) nanoparticles, Mater. Res. Bull. 48 (2013) 1296–1303. 

[4] K. Zhang, W. Wu, K. Guo, J.F. Chen, P.Y. Zhang, Magnetic polymer enhanced hybrid 

capsules prepared from a novel Pickering emulsion polymerization and their application in 

controlled drug release, Colloids Surf A. Phys. Eng. Asp. 349 (2009) 110–116. 

https://www.sciencedirect.com/science/article/pii/S2311300617300125#!
https://www.sciencedirect.com/science/article/pii/S2311300617300125#!
https://www.sciencedirect.com/science/journal/23113006
https://www.ncbi.nlm.nih.gov/books/NBK9963/


32 

 

[5]Jennifer I.Hare
,
 TwanLammers

, 
Marianne B.Ashford

,
 SanyogittaPuri

,
 GertStorm

,
 Simon 

T.Barry, Challenges and strategies in anti-cancer nanomedicine development: An industry 

perspective, Advanced Drug Delivery Reviews 108 (2017) 25-38. 

[6] Youyong Li, Tingjun Hou, Computational Simulation of Drug Delivery at Molecular Level, 

Current Medicinal Chemistry 17 (2010) 4482-4491. 

[7] Somayeh Deljoo, Navid Rabiee, Mohammad Rabiee, Curcumin-hybrid Nanoparticles in 

Drug Delivery System (Review),  Asian Journal of Nanoscience and Materials,2 (2018) 66-91. 

 [8] Fiona C. Rodrigues, N.V. Anil Kumar, Goutam Thakur, Developments in the anticancer 

activity of structurally modified curcumin: An up-to-date review, European Journal of Medicinal 

Chemistry 177 (2019),76-104. 

[9] Srinivasan Ayyanaar, Mookkandi Palsamy Kesavan, Gandhi Sivaramanc, Balaji 

Maddiboyina, Jamespandi Annaraj, Jegathalaprathaban Rajesh, Gurusamy Rajagopal, A novel 

curcumin-loaded PLGA micromagnetic composite system for controlled and pH-responsive drug 

delivery, Colloids and Surfaces A 573 (2019),188–195. 

[10] Mahsa Saheb, Narges Fereydouni, Saeideh Nemati, George E. Barreto, Thomas P. Johnston, 

Amirhossein Sahebkar, Chitosan‐ based delivery systems for curcumin: A review of 

pharmacodynamic and pharmacokinetic aspects, J Cell Physiol. 324 (2019),1–16. 

[11] Choon Young Kim,Nicolas Bordenave, Mario G. Ferruzzi, Ahmad Safavy,Kee-Hong 

Kim,Modification of Curcumin with Polyethylene Glycol Enhances the Delivery of Curcumin in 

Preadipocytes and Its Antiadipogenic Property,J. Agric. Food Chem. 59(2011), 3, 1012-1019. 

https://www.sciencedirect.com/science/article/pii/S0169409X16301351#!
https://www.sciencedirect.com/science/article/pii/S0169409X16301351#!
https://www.sciencedirect.com/science/article/pii/S0169409X16301351#!
https://www.sciencedirect.com/science/article/pii/S0169409X16301351#!
https://www.sciencedirect.com/science/article/pii/S0169409X16301351#!
https://www.sciencedirect.com/science/article/pii/S0169409X16301351#!
https://www.sciencedirect.com/science/journal/0169409X
http://www.ajnanomat.com/article_79350.html
http://www.ajnanomat.com/article_79350.html
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Choon+Young++Kim
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Nicolas++Bordenave
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Mario+G.++Ferruzzi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Ahmad++Safavy
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Kee-Hong++Kim
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Kee-Hong++Kim


33 

 

[12] L. Li, et al., A cell-penetrating peptide mediated chitosan nanocarriers for improving 

intestinal insulin delivery, Carbohydr, Polymers 174 (2017), 182–189. 

[13] Navid Ahmadi Nasab, Hassan Hassani Kumleh, Mojtaba Beygzadeh, Shahram Teimourian, 

Mahmood Kazemzad, Delivery of curcumin by a pH-responsive chitosan mesoporous silica 

nanoparticles for cancer treatment, ARTIFICIAL CELLS, NANOMEDICINE, AND 

BIOTECHNOLOGY 46(2017), 75-81. 

[14] Wan, S., Sun, Y., Sun, L., & Tan, F., Chitosan microparticles for oral bioavailability 

improvement of the hydrophobic drug curcumin. Die Pharmazie‐ An International Journal of 

Pharmaceutical Sciences, 67 (2012), 525–528. 

[15] Shelma, R., & Sharma, C. P., In vitro and in vivo evaluation of curcumin loaded lauroyl 

sulphated chitosan for enhancing oral bioavailability. Carbohydrate Polymers, 95(2013), 441–

448. 

[16] Shanzhong (Shawn )Duan, AndrewRies, An efficient algorithm for equations of motion of 

molecular dynamical systems, Mathematical and Computer Modelling 5(2012), 1516-1528.  

[17] Adam Hospital, Josep Ramon Goñi, Modesto Orozco, Josep L Gelpí, Molecular dynamics 

simulations: advances and applications , Advances and Applications in Bioinformatics and 

Chemistry 8(2015), 37-47.  

https://www.sciencedirect.com/science/article/pii/S0895717711006479?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0895717711006479?via%3Dihub#!
https://www.dovepress.com/advances-and-applications-in-bioinformatics-and-chemistry-journal
https://www.dovepress.com/advances-and-applications-in-bioinformatics-and-chemistry-journal


34 

 

[18]   Yelena A. Arnautova,  Ruben Abagyan, Maxim Totrov, All-Atom Internal Coordinate 

Mechanics (ICM) Force Field for Hexopyranoses and Glycoproteins, J. Chem. Theory 

Comput.11 (2015) 2167-2186. 

[19]  Camila Zanette,  Caitlin C. Bannan, Christopher I. Bayly,  Josh Fass,  Michael K. Gilson, 

Michael R. Shirts, John D. Chodera, David L. Mobley, Toward Learned Chemical Perception of 

Force Field Typing Rules, J. Chem. Theory Comput.15 (2019), 402-423. 

[20] Lee-Ping Wang, Todd J. Martinez, Vijay S. Pande, Building Force Fields: An Automatic, 

Systematic, and Reproducible Approach,
 
J. Phys. Chem. Lett.5 2014), 1885-1891. 

[21] A. Ghoufi, G. Maurin, Single-File Diffusion of Neo-Pentane Confined in the MIL-47(V) 

Metal–Organic Framework, J. Phys. Chem. C 123 (2019),17360-17367. 

[22] Luckanagul, Jittima Amie., Pitakchatwong, Chutamart., Bhuket, Pahweenvaj Ratnatilaka 

Na., Muangnoi, Chawanphat., Rojsitthisak, Pranee., Chirachanchai, Suwabun., Wang, Qian., & 

Rojsitthisak, Pornchai., Chitosan-based polymer hybrids for thermo-responsive nanogel delivery 

of curcumin.Carbohydrate Polymers,181 (2018), 1119-1127. 

[23] M. Subashini, P. V Devarajan, G.S. Sonavane, M. Doble, Molecular dynamics simulation of 

drug uptake by polymer, J. Mol. Model. 17 (2011), 1141–1147. 

[24] M.H. Rodríguez, L.G.F. Morales, J.C. Basurto, M.C.R. Hernandez, Molecular Docking and 

Molecular Dynamics Simulation to Evaluate Compounds That Avoid the Amyloid Beta 1-42 

Aggregation, in: Comput. Model. Drugs Against Alzheimer’s Dis., Springer (2018), 229–248. 

[25] PoopakFarnia, SaeedMollaei, AfshinBahrami, AlirezaGhassempour, Ali Akbar 

Velayati,Jalaledin Ghanavi, Improvement of curcumin solubility by polyethylene 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Yelena+A.++Arnautova
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Ruben++Abagyan
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Maxim++Totrov
https://pubs.acs.org/doi/10.1021/ct501138c
https://pubs.acs.org/doi/10.1021/ct501138c
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Lee-Ping++Wang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Todd+J.++Martinez
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Vijay+S.++Pande


35 

 

glycol/chitosan-gelatinnanoparticles (CUR-PEG/CS-G-nps, Biomedical Research 27 (2016), 

659-665. 

 [26] Priya Yadav, Arghya Bandyopadhyay, Anindita Chakraborty, Keka Sarkar, Enhancement 

of anticancer activity and drug delivery of chitosan-curcumin nanoparticle via molecular docking 

and simulation analysis, Carbohydrate Polymers 182 (2018), 188-198. 

[27] Azam Khezri, Arsalan Karimi, Fatemeh Yazdian, Mahmoud Jokar, Soheil Rezazadeh 

Mofradnia, Hamid Rashedi, Zahra Tavakoli, Molecular dynamic of curcumin/chitosan 

interaction using a computational molecular approach: Emphasis on biofilm reduction, 

International Journal of Biological Macromolecules 114(2018), 972-978. 

[28] Dong Xu, Nikolai Smolin,  Rance K. Shaw   Samuel R. Battey,   Aoxiang Tao,   Yuying 

Huang,  Shaikh Emdadur Rahman
,
 Matthew L. Caylor, Molecular insights into the improved 

clinical performance of PEGylated interferon therapeutics: a molecular dynamics perspective, 

RSC advances 8 (2018) 2315-2322. 

[29] Ugur Bozuyuk, Nihal Olcay Dogan, and Seda Kizilel, Deep insight into PEGylation of 

bioadhesive 

chitosan nanoparticles: Sensitivity study for the key parameters through artificial neural network 

model, ACS Appl. Mater. Interfaces10 (2018), 33945-33955. 

[30] Yao Chen, Di Wu, Wu Zhong, Shuwen Kuang, Qian Luo, Liujiang Song, Lihua He, Xing 

Feng and Xiaojun Tao, Evaluation of the PEG Density in the PEGylated Chitosan Nanoparticles 

as a Drug Carrier for Curcumin and Mitoxantrone, Nanomaterials 8 (2018), 486. 

https://www.sciencedirect.com/science/journal/01418130
https://pubs.rsc.org/en/results?searchtext=Author%3ADong%20Xu
https://pubs.rsc.org/en/results?searchtext=Author%3ANikolai%20Smolin
https://pubs.rsc.org/en/results?searchtext=Author%3ARance%20K.%20Shaw
https://pubs.rsc.org/en/results?searchtext=Author%3ASamuel%20R.%20Battey
https://pubs.rsc.org/en/results?searchtext=Author%3AAoxiang%20Tao
https://pubs.rsc.org/en/results?searchtext=Author%3AYuying%20Huang
https://pubs.rsc.org/en/results?searchtext=Author%3AYuying%20Huang
https://pubs.rsc.org/en/results?searchtext=Author%3AShaikh%20Emdadur%20Rahman
https://pubs.rsc.org/en/results?searchtext=Author%3AMatthew%C2%A0L.%20Caylor


36 

 

[31] Qimeng Mu, Tao Hu , Jingkai Yu , Molecular Insight into the Steric Shielding Effect of 

PEG on the Conjugated Staphylokinase: Biochemical Characterization and Molecular Dynamics 

Simulation, PLoS ONE 8 (2013), 68559.  

[32] Jin-Rong Peng, Zhi-Yong Qian, Drug delivery systems for overcoming the bioavailability of 

curcumin: not only the nanoparticle matters ,Nanomedicine 9 (2014), 747–750. 

[33] Mina Mahdavi, Ali Fattahi, Emad Tajkhorshid, and Sasan Nouranian, Molecular Insights 

into the Loading and Dynamics of Doxorubicin on PEGylated Graphene Oxide Nanocarriers, 

ACS Appl. Bio Mater.,  (2020) Just Accepted Manuscript 

 

 

 

 



Figures

Figure 1

The validation test of PEG/drug a) Simulation of the present work b) Simulation of [30].

Figure 2



hydrophobicity of the drug delivery system at PEG chain at different mers of 5, 8, 10, 12

Figure 3

stability of PEG chain at different mers of 5, 8, 10, 12 via RMSD analysis



Figure 4

stability of PEG chain at different mers of 5, 8, 10, 12 via gyration analysis



Figure 5

The drug delivery systems before and after simulation at different PEG chain length



Figure 6

The electrostatic energy diagram of 60/40 chitosan to PEG ration over 100000ps.

Figure 7

RMSD analysisforthe drug delivery systems with different concentrations of chitosan to PEG ratio (50/50,
60/40, 70/30, 80/20)



Figure 8

Gyration radius diagram forthe drug delivery systems with different concentrations of chitosan to PEG
ratio (50/50, 60/40, 70/30, 80/20)



Figure 9

The hydrogen bonds in drug delivery systems with different concentrations of chitosan to PEG ratio
(50/50, 60/40, 70/30, 80/20)



Figure 10

The drug delivery systems before and after simulation at different concentrations of chitosan to PEG
ratio (50/50, 60/40, 70/30, 80/20)



Figure 11

The skeleton of the parent curcumin indicating the major reactive sites.
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