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Molecular dynamics simulation 
study of doxorubicin adsorption 
on functionalized carbon 
nanotubes with folic acid 
and tryptophan
Tahereh Arabian1, Sepideh Amjad‑Iranagh2* & Rouein Halladj1*

In this work, molecular dynamics (MD) simulation is used to study the adsorption of the anticancer 
drug, doxorubicin (DOX), on the wall or surface of pristine and functionalized carbon nanotubes 
(FCNTs) in an aqueous solution. Initially, the CNTs were functionalized by tryptophan (Trp) and folic 
acid (FA), and then the DOX molecules were added to the system. The simulation results showed 
that the drug molecules can intensely interact with the FCNTs at physiological pH. Furthermore, 
it was found that as a result of functionalization, the solubility of FCNTs in an aqueous solution 
increases significantly. The effect of pH variation on drug release from both pristine and FCNTs was 
also investigated. The obtained results indicated that in acidic environments due to protonation 
of functional groups (Trp) and as a result of repulsive interaction between the DOX molecule and 
functional groups, the release of DOX molecules from FCNT’s surface is facilitated. The drug release is 
also strongly dependent on the pH and protonated state of DOX and FCNT.

Nanomaterials have dimensions on the nanometer scale and are comparable with biological molecules that are 
constituents of living systems1. They can be used in biomedical applications such as drug delivery, chemotherapy, 
radiation therapy, and biosensors2,3. Carbon nanotubes have been recognized as a good choice for biological and 
biomedical applications due to their excellent electrical and mechanical properties and have been used exten-
sively in the last decade4–7. Single-walled carbon nanotubes (SWCNTs) are hollow cylinders about 0.5 to 5 nm in 
diameter made of rolled graphite sheets8–11. Pristine carbon nanotubes are toxic and hydrophobic, limiting their 
biomedical and biotechnological applications. Therefore, to overcome these limitations, the surface of carbon 
nanotubes can be modified. In general, surface modification is done both covalently and non-covalently and 
using biological molecules12–14. Bio functionalization of the CNT’s surface via amino acids can provide them with 
proton donor–acceptor characteristics since amino acids contain both proton donor carboxylic acid (COOH) 
and the proton acceptor amine (NH2) groups15–18. Various studies have been performed on the CNTs func-
tionalized with amino acids. Mallekpour et al.19 studied the covalent surface functionalization of multi-walled 
carbon nanotubes (MWCNTs) with different natural amino acids, and their results indicated that the formation 
of amino acid on the MWCNTs with availability for further chemical operation whereas the structure of MWC-
NTs remained relatively intact. Rahmani et al.20 studied the adsorption of two amino acids on the CNTs surface 
to investigate their effect on the solvation properties of CNTs. The complex formation of alanine and histidine 
with the armchair single-wall carbon nanotube (SWCNT) was studied by density functional theory (DFT). The 
results of computer simulation in an aqueous solution indicate that amino acid functionalization increases the 
intermolecular interactions between carbon nanotube and water molecules. On the other hand, a method to 
increase the adsorption and targeting capacity of CNT is modifying their surface with specific ligands21.

One of the ligands used for this purpose is folic acid (FA). Folate receptors are present on the surface of many 
cancer cells, so using this ligand is a way to target cancer cells22–26. It is an essential vitamin from the B vitamin 
group (B9)27,28. Recently, studies have been performed on the interactions of carbon nanotubes and folic acid. 
Tavakolifard et al.29 functionalized SWCNT covalently with paclitaxel (PTX), an anticancer drug, and folic acid 
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(FA) as a targeting agent for many tumors. The results showed good conjugation of the targeting molecule and the 
anticancer drug on the surface of the CNT. Mehra et al.30 assessed and compared the in vitro and in vivo cancer 
targeting propensity of DOX loaded FA, and estrone (ES) anchored PEGylated multi-walled carbon nanotubes 
(MWCNTs). Ellison et al.31 functionalized SWCNT covalently with FA Infrared spectroscopy confirmed intact 
molecular binding to the SWNTs through the formation of an amide bond between a carboxylic acid group on 
SWCNT and the primary amine group of FA. Carbon nanotubes are introduced as promising carriers for the 
treatment of cancer. Because they increase the circulation time of the drug, reduce systemic toxicity, and increase 
the accumulation of the drug at the tumor site32. Anticancer drugs can be combined with carbon nanotubes 
through covalent or non-covalent interactions33,34. DOX is a chemotherapy drug of the anthracycline class of 
anticancer drugs35,36. The drug release at the target site is sometimes additionally triggered by using various physi-
cal factors like infrared radiation, and ultrasonic and magnetic fields. Biochemical triggering factors of which 
pH change is appropriate from neutral to acidic state occurring in tumor tissue have also been considered37,38.

In the present molecular dynamics studies39–42, the adsorption and release of DOX have been investigated 
for CNT, functionalized with FA and tryptophan (Trp) (a non-polar aromatic amino acid)43 in both neutral and 
acidic pH.

Materials and methods
Structure preparation.  In the first step, an armchair (12, 12) SWCNT with a diameter of 16.283 Å and 
length of 40 Å was constructed as the model for DOX-CNT drug carrier system. The CNT model was generated 
by employing the Nanotube Modeler package44. The initial structure of DOX was obtained from the DRUG-
BANK server45. The partial charge of all atoms in DOX molecules was obtained by applying the electrostatic 
potential (ESP) method46 by the DFT, 6-31G (d,p), B3LYP utilizing GAMESS47 software. The chemical structure 
of Trp and FA were extracted from the PubChem website48. The molecular structure of DOX, Trp, and FA are 
shown in Fig. 1.

CNTs were functionalized with both Trp and FA. Also Table 1 presents systems and structures used in the 
simulation boxes. The structures of the functionalized CNTs are shown in Fig. 2.

Figure 1.   The initial structure of (a) Doxorubicin (b) Tryptophan (c) Folic acid.

Table 1.   Systems used in the simulation boxes.

Systems CNT Functional group Drug

Drug-CNT pristine CNT 0 8

Drug-Trp-CNT CNT functionalized with Trp 20 Trp 8

Drug-FA-CNT CNT functionalized with FA 5 FA 8

Drug-Trp-FA-CNT CNT functionalized with Trp and FA 20 Trp and 5 FA 8
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Figure 2.   The structures of the functionalized CNTs. (a) DOX (red)-CNT; (b) DOX (red)-Trp (green)-CNT; (c) 
DOX (red)-FA (blue)-CNT; (d) DOX (red)-Trp (green)-FA (blue)-CNT.
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Molecular dynamic simulation.  The GROMACS package (version 2019.3)49–51 with the force field 
CHARMM2752,53 was used for the MD simulations. The parameters of the force field for the drug, Trp and 
FA molecules were obtained from the SwissParam website54. The dimensions of the simulation boxes were 
5 × 5 × 5 nm. The water molecules were modeled by using the tip3p model55, and 3295 water molecules to the 
DOX-Trp-FA-CNT system, 3362 water molecules to the DOX-Trp-CNT system, 3458 water molecules to the 
DOX-FA-CNT system, and 3351 water molecules to the DOX-CNT system were added. During these MD simu-
lations, the temperature was maintained at 300 K by employing a V-rescale thermostat56, and the pressure was 
held at 1 bar by applying the Parrinello–Rahman algorithm57,58. The Leap–Frog integration algorithm was uti-
lized to solve the equation of motion under periodic boundary conditions in all directions. The cut-off distance 
for the van der Waals interactions was 1.3 nm. The electrostatic interactions were computed with the particle 
mesh Ewald method59,60. The Trp and FA molecules were randomly placed in the simulation boxes. First, trypto-
phan molecules were added to the box, and after complete absorption, folic acid molecules were added to absorb 
on the carbon nanotube’s surface. Simulations of the absorption of these functional groups were performed for 
10 ns. Then, 8 drug molecules (DOX) were added to each simulation boxes and the final simulations for each 
system were run for 40 ns to fully absorb the drug molecules. The visual molecular dynamics (VMD 1.9.4)61 
software was used to visualize the studied systems.

pH effect.  In physiological application, two values of pH are important: pH = 7.4 and pH = 4–5.5, which are 
for normal conditions and cancerous cell environments, respectively. It was observed that the amount of the pro-
tonated state of Trp molecules as a functional group of CNTs DOX molecules increases in the acidic condition. 
To model the pH-controlled drug loading and then its release from the carrier on the cancerous cell, the number 
of Trp molecules in the protonated form (that is, changing of NH2 to NH3+) is of significant importance. DOX 
has an NH2 group with pKa = 8.6, and tryptophan has an NH2 group with pKa = 2.46.

In this study, the number of protonated Trp molecules was changed from 0 to 10 and 20. The MD simulation 
for each system was run for a period of 10 ns.

Results and discussion
Equilibration.  At the first step, the equilibrium state and the stability of the simulation boxes were evaluated 
by observing the change in total energy and root mean square displacements (RMSD) of the simulation systems. 
Supplementary Figs. S1, S2 (presented in the supporting information) show that the total energy curves and 
RMSD values for the investigated systems remained constant and reached the equilibrium state after 5 ns.

Solubility.  The purpose of the functionalization of CNTs is to improve the solubility of CNTs in aqueous 
solutions62. To evaluate the effect of functional groups on the solubility of carbon nanotubes, different param-
eters such as the number of hydrogen bonds (NHBS) these formed between functionalized CNTs and water 
molecules, the value of solvent accessible surface area (SASA), and the solvation free energies calculated12. The 
solvation free energy is calculated using the following equation:

where �σ(i) is the atomic solvation parameter, Ai is the solvent-accessible surface area of an atom in the structure 
and Ar

i  is the solvent-accessible surface area of an atom in the reference state. A reference state is a standard state 
of a species in a phase limited to one particular pressure63.

The results reported in Table 2 indicate that the functionalized CNTs have higher SASA and higher number of 
hydrogen bonds but lower free energy than pristine CNT. The results show that the presence of functional groups 
increases solvent accessible surface areas for doxorubicin molecules. (as shown in Supplementary Figs. S3, S4 in 
the supporting information). Also, while no hydrogen bond formed between pristine CNT and water molecules, 
the number of hydrogen bonds between water molecules and the polar groups (–NH2, –COOH, –OH, and –O–) 
of the functionalized CNT increases up to almost 140 in the system (DOX-FA-Trp-CNT). It indicates the effect 
of a functional group on the interaction of functionalized CNT (FCNT) with water molecules as the solvent. As 
seen in Table 2, the increase in the SASA parameter from DOX-pristine CNT to DOX-FA-Trp-CNT occurs with 
a variation of NHB, indicating a lot more accessible surface for interaction FCNT is available.

(1)�Gs =
∑

atomsi

(�σ(i)
∑

(Ai − Ar
i )),

Table 2.   Computed solvent accessible surface area (SASA), number of hydrogen bonds and solvation free 
energy (SFE).

Systems SASA (nm2) NHB SFE (kJ/mol)

DOX-CNT 51.13 0 298.68

DOX-Trp-CNT 62.52 65.55 224.79

DOX-FA-CNT 73.35 89.14 199.08

DOX-Trp-FA-CNT 81.47 140.49 160.07
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Interaction energies between the DOX and CNT/FCNTs.  Leonard Jones and electrostatic interac-
tions are two parts of interaction energies. The Lenard-Jones interaction is calculated from the following equa-
tion:

where r is the distance between two interacting particles, ε is the depth of the potential well, and σ is the dis-
tance at which the particle–particle potential energy V  is zero. The electrostatic interaction is calculated from 
the Coulomb’s equation:

where K is Coulomb’s constant ( K ≈ 8.988 × 109 N m2 C−2), q1 and q2 are two point charges, and r is the distance 
between the charges.

The interaction energies between DOX molecules and the CNT/FCNTs were calculated to investigate the 
mechanism of DOX adsorption on the nanotube walls. Figure 3 shows the variation of van der Waals (vdW) 
interaction energies between DOX molecules and CNT/FCNTs. As seen in Fig. 3a, the vdW energies decrease as 
the simulation proceeds, which indicates that DOX molecules are adsorbed on the surface of the CNT/FCNTs. 
Figure 3b shows the process of adsorption of DOX molecules on the surface of Trp-FA-CNT. Also, as shown in 
Supplementary Fig. S5, the electrostatic interaction during the simulation is reduced by drug adsorption. Drug 
molecules and functionalized nanotubes interact through van der Waals and electrostatic interactions. At the 
beginning of the adsorption process, the electrostatic interaction is high but decreases during the simulation 
(see Supplementary Fig. S5 in the Supplementary Information). On the other hand, reducing the electrostatic 
interaction and overcoming the π − π interaction between the aromatic rings of DOX and fCNT/CNT causes 
the drug molecules to be adsorbed on the fNT/CNT surface by vdW interaction. The calculated average vdW and 
electrostatic energies (kJ/mol) are reported in Table 3. In addition, the results show that the functionalization of 
CNTs has a significant effect on reducing vdW and electrostatic energies. Also, among the studied systems, the 
CNT functionalized with Trp and FA has the highest adsorption of the drug. Hasanzade et al.64 reported that 
the vdW interactions can be considered as the main interactions in the delivery of the DOX molecules. Tables 4 
and 5 show that the average vdW and electrostatic energies between water and drug and FCNTs, respectively. 

(2)VLJ (r) = 4ε

[

(σ

r

)12

−

(σ

r

)6
]

,

(3)|F| = K
|q1q2|

r2
,

Figure 3.   (a) van der Waals (Lennard–Jones) interactions between DOX molecules and CNT, FA-CNT, Trp-
CNT and Trp-FA-CNT. (b) Snapshots of DOX adsorbed on Trp-FA-CNT surface.

Table 3.   Average vdW and electrostatic energies (kJ/mol).

Systems vdW (kJ/mol) Electrostatic energy (kJ/mol) Total energy (kJ/mol)

DOX-CNT − 771.59 0 − 771.59

DOX-FA-CNT − 933.83 − 156.834 − 1090.664

DOX-Trp-CNT − 1113.41 − 226.634 − 1340.044

DOX-Trp-FA-CNT − 1288.44 − 447.948 − 1736.388
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These average values were obtained from the number of frames. Simulations were performed at 4000 frames. 
According to the tables, in FA-CNT, the drug molecules have stronger interactions with water. As a result, FCNTs 
represent higher solubility in water. In addition, the interaction of water molecules with the pristine CNT is 
higher than with the other systems.

Number of contacts and contact area.  The number of contacts that are formed between DOX and 
CNT/FCNT can be computed via the following expression:

where NCNT/FCNT is the total numbers of atoms in the CNT/FCNT and NDOX is the total number of atoms in 
the drug, and ri is the distance of the jth atom of DOX from the ith atom of the CNT/FCNT. Figure 4 shows the 
number of atomic contacts between the DOX molecules and the pristine CNT and FCNTs. As this figure shows, 
the number of atomic contacts increases with the adsorption of drug molecules on the CNT/FCNT during 
the simulation. Then, at the end of the simulation, the number of the contacts of DOX-CNT, DOX-FA-CNT, 
DOX-Trp-CNT, and DOX-Trp-FA-CNT are 5971.89, 7581.11, 9893.74, and 11,895.41, respectively. These values 
indicate that the number of contacts between the DOX molecules and the carrier in the FCNT is higher than the 
pristine CNT, which shows the significant role of functional groups in drug adsorption on the carrier surface.

(4)NC(t) =

NCNT/FCNT
∑

i=1

NDOX
∑

j=1

ri+0.6nm
∫

ri

δ
(

r(t)− rj(t)
)

dr,

Table 4.   Average vdW and electrostatic energies (kJ/mol) between the DOX and water.

Systems vdW (kJ/mol) Electrostatic energy (kJ/mol) Total energy (kJ/mol)

DOX-CNT − 653.42 − 2222.26 − 2875.68

DOX-FA-CNT − 710.20 − 2508.05 − 3218.25

DOX-Trp-CNT − 619.26 − 2268.81 − 2888.07

DOX-Trp-FA-CNT − 628.10 − 2290.75 − 2918.85

Table 5.   Average vdW and electrostatic energies (kJ/mol) between the carriers and water.

Systems vdW (kJ/mol) Electrostatic energy (kJ/mol) Total energy (kJ/mol)

DOX-CNT − 2323.28 0 − 2323.28

DOX-FA-CNT − 2241.38 − 1712.75 − 3954.13

DOX-Trp-CNT − 2250 − 2509.12 − 4759.12

DOX-Trp-FA-CNT − 2218 − 3852.57 − 6070.57

Figure 4.   Number of atomic contacts between DOX and CNT, FA-CNT, Trp-CNT and Trp-FA-CNT.
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Radial distribution function (RDF).  To examine the interactions between DOX and CNT/FCNTs, the 
radial distribution function (RDF) for all studied systems was calculated by using the following equation:

where 〈ρB(r)〉 is the partial density of component B at distance r from component A and 〈ρB〉local is the partial 
density of the average component B in all spheres around particles A with radius r65. Figure 5a shows that RDF 
curves have two peaks in the approximate range of 0.5 to 2.1 nm, indicating that these interactions between DOX 
and CNT/FCNTs have occurred in this range. The results also show that the strongest peak belongs to the Trp-
FA-CNT. In addition, the RDF curve for water molecules located around each functional group was calculated. 
As Fig. 5b shows, more water molecules are located around Trp-FA-CNT than around FA-CNT, Trp-CNT, or 
pristine CNT. Therefore, it can be concluded that not only do the existence of a functional group of the DOX 
affect adsorption, but the type of it also influences the rate of adsorption. To understand the molecular orienta-
tion of DOX adsorbed on CNTs, we calculated the atomic RDF for DOX molecules, and the results are given in 
Fig. 6. As seen in Fig. 6a, the strongest peak belongs to the aromatic group of the DOX molecule. On the other 
hand, previous studies66,67 showed that these peaks are due to the formation of  π − π interactions between the 
aromatic ring of DOX molecules and the sidewall of CNTs or between drug molecules and the aromatic ring of 
functional groups. Figure 6b shows groups of atoms of a DOX molecule that interact with the surface of CNT.

Drug release.  To investigate the effect of protonated Trp on the motion of DOX molecules in the studied 
systems, the distances between the center of mass (COM) of each DOX molecule and CNT were evaluated. The 

(5)gAB(r) =
�ρB(r)�

�ρB�local

1

�ρB�local

1

NA

∑NA

i∈A

∑NB

j∈B

δ(rij − r)

4πr2
,

Figure 5.   (a) Radial distribution functions (RDFs) plots for the drug molecules around CNT/FCNTs. (b) RDF 
plots for water molecules around the functional groups in FCNT systems.

Figure 6.   (a) RDFs between DOX atoms and Trp-FA-CNT. (b) Schematic model of atomic groups of a DOX 
molecule.
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results are presented in Table 6. It can be seen that in the deprotonated state of Trp (at neutral pH), all eight drug 
molecules are attached to the surface of the FCNT and are in the approximate range of 0.8 to 3 nm from COM 
of CNT. Note that DOX molecules are adsorbed on both the CNT wall and the functional groups. Therefore, 
the repulsive interaction causes distance between the protonated DOX and the protonated Trp. Also, as seen in 
Table 6, there are some fluctuations in the calculated distance between DOX and CNT’s COM. These fluctuations 
for the system containing 10 DOX molecules are higher than the others. However, after 10 ns these fluctuations 
gradually diminished and then completely disappeared. This behavior is due to some fluctuations in the distance 
between DOX molecules and FCNT’s COM increasing due to repulsive interaction between protonated func-
tional groups in FCNT and DOX, which causes deviation from the system’s minimum energy at the equilibration 
state. Figure 7 shows the simulation results of drug release in three stages.

So that the system gains the equilibration state, the DOX molecules release from the FCNT surface or adjust 
themselves to some new adsorption locations on the FCNT surface. This phenomenon is observed at a high 
protonated state in which 20 Trp molecules have been protonated. At this state, 3 DOX molecules were still near 
to the surface, and 5 molecules also released from the surface, in the approximate range of 4 to 5 nm. From the 
analysis of results, it can be seen that the number of protonated states has a significant effect on drug movement. 
Also, according to Supplementary Tables S1, S2, and S3, with increases protonated Trp in the system, the vdW 
and electrostatic energies between the drug molecules and the CNT/FCNTs decrease, but energies between the 
drug and water molecules and between the CNT/FCNTs and water increases.

Conclusion
In this study, we investigated the interactions of doxorubicin (DOX) as an anticancer drug with CNT/FCNTs. 
Tryptophan (Trp) and folic acid (FA) were used as functional groups and were attached to the CNT’s surface. The 
MD simulation revealed that the functionalization of single-wall CNT (SWCNT) increases the adsorption capac-
ity of DOX molecules due to the van der Waals interaction between the FCNT and DOX molecules. Moreover, 
radial distribution functions (RDF) were evaluated and analyzed to understand the interactions between DOX 
and CNT/FCNTs. The results indicated that DOX molecules are attached to the CNT’s surface due to the forma-
tion of π–π interactions between the aromatic rings of DOX molecules and the aromatic rings of the functional 

Table 6.   Variation of distance (nm) between the center of mass (COM) of CNTs and DOX molecules.

Protonated state DOX-1 DOX-2 DOX-3 DOX-4 DOX-5 DOX-6 DOX-7 DOX-8

0 1.158 1.642 1.199 1.403 0.857 0.962 0.823 1.119

10 4.295 3.077 1.703 4.172 1.903 1.878 1.605 1.969

20 5.094 3.537 1.503 5.024 4.902 5.212 1.477 4.696

Figure 7.   The last snapshots of drug release (red molecules) obtained by MD simulations for three studied 
systems. (a) 0 protonated state; (b) 10 protonated state; (c) 20 protonated state.
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groups. The obtained results manifested that the location of the DOX and Trp molecules is strongly dependent 
on the pH values. It was observed that the acidic pH of an aqueous solution acted as the medium, and at this pH, 
the number of released molecules increases by increasing protonated Trp units. One of the possible applications 
of this structure is its use as a drug carrier in targeted drug delivery, which needs more research and studies.

Received: 19 August 2021; Accepted: 30 November 2021

References
	 1.	 Silambarasan, D., Iyakutti, K. & Vasu, V. Functionalization of single-walled carbon nanotubes with uracil, guanine, thymine and 

l-alanine. Chem. Phys. Lett. 604, 83–88 (2014).
	 2.	 Liu, X. et al. Understanding the interaction of single-walled carbon nanotube (SWCNT) on estrogen receptor: A combined 

molecular dynamics and experimental study. Ecotoxicol. Environ. Saf. 172, 373–379 (2019).
	 3.	 Zamani, F. et al. Nanostructures for Drug Delivery 239–270 (Elsevier, 2017).
	 4.	 Sheikhi, M. et al. Adsorption properties of the molecule resveratrol on CNT (8, 0–10) nanotube: geometry optimization, molecular 

structure, spectroscopic (NMR, UV/Vis, excited state), FMO, MEP and HOMO-LUMO investigations. J. Mol. Struct. 1160, 479–487 
(2018).

	 5.	 Lotfi, M., Morsali, A. & Bozorgmehr, M. R. Comprehensive quantum chemical insight into the mechanistic understanding of the 
surface functionalization of carbon nanotube as a nanocarrier with cladribine anticancer drug. Appl. Surf. Sci. 462, 720–729 (2018).

	 6.	 Khorram, R., Raissi, H. & Morsali, A. Assessment of solvent effects on the interaction of Carmustine drug with the pristine and 
COOH-functionalized single-walled carbon nanotubes: A DFT perspective. J. Mol. Liq. 240, 87–97 (2017).

	 7.	 Mousavi, S. Z., Amjad-Iranagh, S., Nademi, Y. & Modarress, H. Carbon nanotube-encapsulated drug penetration through the cell 
membrane: An investigation based on steered molecular dynamics simulation. J. Membr. Biol. 246, 697–704 (2013).

	 8.	 Barzegar, A., Mansouri, A. & Azamat, J. Molecular dynamics simulation of non-covalent single-walled carbon nanotube function-
alization with surfactant peptides. J. Mol. Graph. Model. 64, 75–84 (2016).

	 9.	 Amjad-Iranagh, S., Yousefpour, A., Haghighi, P. & Modarress, H. Effects of protein binding on a lipid bilayer containing local 
anesthetic articaine, and the potential of mean force calculation: A molecular dynamics simulation approach. J. Mol. Model. 19, 
3831–3842 (2013).

	10.	 Kavyani, S., Dadvar, M., Modarress, H. & Amjad-Iranagh, S. Molecular perspective mechanism for drug loading on carbon nano-
tube–dendrimer: A coarse-grained molecular dynamics study. J. Phys. Chem. B 122, 7956–7969 (2018).

	11.	 Kavyani, S., Dadvar, M., Modarress, H. & Amjad-Iranagh, S. A coarse grained molecular dynamics simulation study on the struc-
tural properties of carbon nanotube–dendrimer composites. Soft Matter 14, 3151–3163 (2018).

	12.	 Kordzadeh, A., Amjad-Iranagh, S., Zarif, M. & Modarress, H. Adsorption and encapsulation of the drug doxorubicin on covalent 
functionalized carbon nanotubes: A scrutinized study by using molecular dynamics simulation and quantum mechanics calcula-
tion. J. Mol. Graph. Model. 88, 11–22 (2019).

	13.	 Kamel, M., Raissi, H., Morsali, A. & Shahabi, M. Assessment of the adsorption mechanism of Flutamide anticancer drug on the 
functionalized single-walled carbon nanotube surface as a drug delivery vehicle: An alternative theoretical approach based on 
DFT and MD. Appl. Surf. Sci. 434, 492–503 (2018).

	14.	 Li, Z., Tozer, T. & Alisaraie, L. Molecular dynamics studies for optimization of noncovalent loading of vinblastine on single-walled 
carbon nanotube. J. Phys. Chem. C 120, 4061–4070 (2016).

	15.	 Dehneshin, N., Raissi, H., Hasanzade, Z. & Farzad, F. Using molecular dynamics simulation to explore the binding of the three 
potent anticancer drugs sorafenib, streptozotocin, and sunitinib to functionalized carbon nanotubes. J. Mol. Model. 25, 1–15 (2019).

	16.	 Wang, C., Li, S., Zhang, R. & Lin, Z. Adsorption and properties of aromatic amino acids on single-walled carbon nanotubes. 
Nanoscale 4, 1146–1153 (2012).

	17.	 Wang, C., Yang, G. & Jiang, Y. Structure and property of multiple amino acids assembled on the surface of a CNT. Phys. E 85, 7–12 
(2017).

	18.	 Deborah, M., Jawahar, A., Mathavan, T., Dhas, M. K. & Franklin Benial, A. M. Spectroscopic studies on valine-functionalized 
single-walled carbon nanotubes. Fullerenes Nanotubes Carbon Nanostruct. 23, 649–657 (2015).

	19.	 Mallakpour, S. & Zadehnazari, A. A facile, efficient, and rapid covalent functionalization of multi-walled carbon nanotubes with 
natural amino acids under microwave irradiation. Prog. Org. Coat. 77, 679–684 (2014).

	20.	 Rahmani, L. & Ketabi, S. Solvation of alanine and histidine functionalized carbon nanotubes in aqueous media: A Monte Carlo 
simulation study. J. Mol. Liq. 208, 191–195 (2015).

	21.	 Liu, X. et al. Biocompatible multi-walled carbon nanotube–chitosan–folic acid nanoparticle hybrids as GFP gene delivery materi-
als. Colloids Surf. B 111, 224–231 (2013).

	22.	 Modupe, O., Siddiqui, J., Jonnalagadda, A. & Diosady, L. L. Folic acid fortification of double fortified salt. Sci. Rep. 11, 1–10 (2021).
	23.	 Castillo, J. J. et al. Computational and experimental studies of the interaction between single-walled carbon nanotubes and folic 

acid. Chem. Phys. Lett. 564, 60–64 (2013).
	24.	 Depan, D., Shah, J. & Misra, R. Controlled release of drug from folate-decorated and graphene mediated drug delivery system: 

Synthesis, loading efficiency, and drug release response. Mater. Sci. Eng. C 31, 1305–1312 (2011).
	25.	 Wolski, P., Narkiewicz-Michalek, J., Panczyk, M., Pastorin, G. & Panczyk, T. Molecular dynamics modeling of the encapsulation and 

de-encapsulation of the carmustine anticancer drug in the inner volume of a carbon nanotube. J. Phys. Chem. C 121, 18922–18934 
(2017).

	26.	 Merzel, R. L. et al. Folate binding protein: Therapeutic natural nanotechnology for folic acid, methotrexate, and leucovorin. 
Nanoscale 9, 2603–2615 (2017).

	27.	 Gupta, R., Kalita, P., Patil, O. & Mohanty, S. An investigation of folic acid–protein association sites and the effect of this association 
on folic acid self-assembly. J. Mol. Model. 21, 1–8 (2015).

	28.	 Talaulikar, V. & Arulkumaran, S. Folic acid in pregnancy. Obstet. Gynaecol. Reprod. Med. 23, 286–288 (2013).
	29.	 Tavakolifard, S., Biazar, E., Pourshamsian, K. & Moslemin, M. H. Synthesis and evaluation of single-wall carbon nanotube–pacli-

taxel–folic acid conjugate as an anti-cancer targeting agent. Artif. Cells Nanomed. Biotechnol. 44, 1247–1253 (2016).
	30.	 Mehra, N. K. & Jain, N. K. One platform comparison of estrone and folic acid anchored surface engineered MWCNTs for doxo-

rubicin delivery. Mol. Pharm. 12, 630–643 (2015).
	31.	 Ellison, M. D. & Chorney, M. Reaction of folic acid with single-walled carbon nanotubes. Surf. Sci. 652, 300–303 (2016).
	32.	 Karnati, K. R. & Wang, Y. Understanding the co-loading and releasing of doxorubicin and paclitaxel using chitosan functionalized 

single-walled carbon nanotubes by molecular dynamics simulations. Phys. Chem. Chem. Phys. 20, 9389–9400 (2018).
	33.	 Wu, H. et al. Prostate stem cell antigen antibody-conjugated multiwalled carbon nanotubes for targeted ultrasound imaging and 

drug delivery. Biomaterials 35, 5369–5380 (2014).
	34.	 Ganji, M. D., Mirzaei, S. & Dalirandeh, Z. Molecular origin of drug release by water boiling inside carbon nanotubes from reactive 

molecular dynamics simulation and DFT perspectives. Sci. Rep. 7, 1–13 (2017).



10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:24210  | https://doi.org/10.1038/s41598-021-03619-8

www.nature.com/scientificreports/

	35.	 Izadyar, A., Farhadian, N. & Chenarani, N. Molecular dynamics simulation of doxorubicin adsorption on a bundle of functional-
ized CNT. J. Biomol. Struct. Dyn. 34, 1797–1805 (2016).

	36.	 Wolski, P., Nieszporek, K. & Panczyk, T. Pegylated and folic acid functionalized carbon nanotubes as pH controlled carriers of 
doxorubicin. Molecular dynamics analysis of the stability and drug release mechanism. Phys. Chem. Chem. Phys. 19, 9300–9312 
(2017).

	37.	 Kavyani, S., Amjad-Iranagh, S. & Modarress, H. Aqueous poly (amidoamine) dendrimer G3 and G4 generations with several 
interior cores at pHs 5 and 7: A molecular dynamics simulation study. J. Phys. Chem. B 118, 3257–3266 (2014).

	38.	 Panczyk, T., Wolski, P. & Lajtar, L. Coadsorption of doxorubicin and selected dyes on carbon nanotubes. Theoretical investigation 
of potential application as a pH-controlled drug delivery system. Langmuir 32, 4719–4728 (2016).

	39.	 Yousefpour, A., Amjad-Iranagh, S., Goharpey, F. & Modarress, H. Effect of drug amlodipine on the charged lipid bilayer cell 
membranes DMPS and DMPS+ DMPC: A molecular dynamics simulation study. Eur. Biophys. J. 47, 939–950 (2018).

	40.	 Yousefpour, A., Amjad Iranagh, S., Nademi, Y. & Modarress, H. Molecular dynamics simulation of nonsteroidal antiinflammatory 
drugs, naproxen and relafen, in a lipid bilayer membrane. Int. J. Quantum Chem. 113, 1919–1930 (2013).

	41.	 Nademi, Y., Iranagh, S. A., Yousefpour, A., Mousavi, S. Z. & Modarress, H. Molecular dynamics simulations and free energy profile 
of Paracetamol in DPPC and DMPC lipid bilayers. J. Chem. Sci. 126, 637–647 (2014).

	42.	 Yousefpour, A., Modarress, H., Goharpey, F. & Amjad-Iranagh, S. Combination of anti-hypertensive drugs: A molecular dynamics 
simulation study. J. Mol. Model. 23, 1–18 (2017).

	43.	 Wenninger, J. et al. Associations between tryptophan and iron metabolism observed in individuals with and without iron deficiency. 
Sci. Rep. 9, 1–9 (2019).

	44.	 Nanotube modeler, http://​www.​jcrys​tal.​com/​produ​cts/​wincnt/ (2019).
	45.	 Drugbank, http://​www.​drugb​ank.​ca (2019).
	46.	 Yousefpour, A., Modarress, H., Goharpey, F. & Amjad-Iranagh, S. Interaction of PEGylated anti-hypertensive drugs, amlodipine, 

atenolol and lisinopril with lipid bilayer membrane: A molecular dynamics simulation study. Biochim. Biophys. Acta BBA Biomembr. 
1848, 1687–1698 (2015).

	47.	 Schmidt, M. W. et al. General atomic and molecular electronic structure system. J. Comput. Chem. 14, 1347–1363 (1993).
	48.	 pubchem, http://​pubch​em.​ncbi.​nlm.​nih.​gov (2019).
	49.	 Hess, B., Kutzner, C., Van Der Spoel, D. & Lindahl, E. GROMACS 4: Algorithms for highly efficient, load-balanced, and scalable 

molecular simulation. J. Chem. Theory Comput. 4, 435–447 (2008).
	50.	 Yousefpour, A., Modarress, H., Goharpey, F. & Amjad-Iranagh, S. Interaction of drugs amlodipine and paroxetine with the metabo-

lizing enzyme CYP2B4: A molecular dynamics simulation study. J. Mol. Model. 24, 1–11 (2018).
	51.	 Kavyani, S., Amjad-Iranagh, S., Dadvar, M. & Modarress, H. Hybrid dendrimers of PPI (core)–PAMAM (shell): A molecular 

dynamics simulation study. J. Phys. Chem. B 120, 9564–9575 (2016).
	52.	 Az’hari, S. & Ghayeb, Y. Effect of chirality, length and diameter of carbon nanotubes on the adsorption of 20 amino acids: A 

molecular dynamics simulation study. Mol. Simul. 40, 392–398 (2014).
	53.	 He, Z. & Zhou, J. Probing carbon nanotube–amino acid interactions in aqueous solution with molecular dynamics simulations. 

Carbon 78, 500–509 (2014).
	54.	 Swissparam, http://​www.​swiss​param.​ch/ (2019).
	55.	 Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. & Klein, M. L. Comparison of simple potential functions for 

simulating liquid water. J. Chem. Phys. 79, 926–935 (1983).
	56.	 Berendsen, H. J., Postma, J. V., van Gunsteren, W. F., DiNola, A. & Haak, J. R. Molecular dynamics with coupling to an external 

bath. J. Chem. Phys. 81, 3684–3690 (1984).
	57.	 Parrinello, M. & Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method. J. Appl. Phys. 52, 

7182–7190 (1981).
	58.	 Rahimi, A., Amjad-Iranagh, S. & Modarress, H. Molecular dynamics simulation of coarse-grained poly (l-lysine) dendrimers. J. 

Mol. Model. 22, 59 (2016).
	59.	 Darden, T., York, D. & Pedersen, L. Particle mesh Ewald: An N⋅ log (N) method for Ewald sums in large systems. J. Chem. Phys. 

98, 10089–10092 (1993).
	60.	 Amjad-Iranagh, S., Golzar, K. & Modarress, H. Molecular simulation study of PAMAM dendrimer composite membranes. J. Mol. 

Model. 20, 1–20 (2014).
	61.	 Humphrey, W., Dalke, A. & Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 14, 33–38 (1996).
	62.	 Anzar, N., Hasan, R., Tyagi, M., Yadav, N. & Narang, J. Carbon nanotube-A review on synthesis, properties and plethora of applica-

tions in the field of biomedical science. Sens. Int. 1, 100003 (2020).
	63.	 Eisenberg, D. & McLachlan, A. D. Solvation energy in protein folding and binding. Nature 319, 199–203 (1986).
	64.	 Hasanzade, Z. & Raissi, H. Molecular mechanism for the encapsulation of the Doxorubicin in the cucurbit [n] urils cavity and the 

effects of diameter, protonation on loading and releasing of the anticancer drug: Mixed quantum mechanical/molecular dynamics 
simulations. Comput. Methods Prog. Biomed. 196, 105563 (2020).

	65.	 Razmimanesh, F., Amjad-Iranagh, S. & Modarress, H. Molecular dynamics simulation study of chitosan and gemcitabine as a drug 
delivery system. J. Mol. Model. 21, 1–14 (2015).

	66.	 Qiu, L. Y. & Yan, M. Q. Constructing doxorubicin-loaded polymeric micelles through amphiphilic graft polyphosphazenes con-
taining ethyl tryptophan and PEG segments. Acta Biomater. 5, 2132–2141 (2009).

	67.	 Chen, T., Li, M. & Liu, J. π–π stacking interaction: A nondestructive and facile means in material engineering for bioapplications. 
Cryst. Growth Des. 18, 2765–2783. https://​doi.​org/​10.​1021/​acs.​cgd.​7b015​03 (2018).

Author contributions
T.A. did the project, wrote the manuscript.S.A.-I. determined the title of the project and did the analysis and 
edited the manuscript.R.H. checked the analysis and the manuscript.All authors reviewed the manuscript.R.H. 
and S.A.-I. are the corresponding authors.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​03619-8.

Correspondence and requests for materials should be addressed to S.A.-I. or R.H.

Reprints and permissions information is available at www.nature.com/reprints.

http://www.jcrystal.com/products/wincnt/
http://www.drugbank.ca
http://pubchem.ncbi.nlm.nih.gov
http://www.swissparam.ch/
https://doi.org/10.1021/acs.cgd.7b01503
https://doi.org/10.1038/s41598-021-03619-8
https://doi.org/10.1038/s41598-021-03619-8
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:24210  | https://doi.org/10.1038/s41598-021-03619-8

www.nature.com/scientificreports/

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Molecular dynamics simulation study of doxorubicin adsorption on functionalized carbon nanotubes with folic acid and tryptophan
	Materials and methods
	Structure preparation. 
	Molecular dynamic simulation. 
	pH effect. 

	Results and discussion
	Equilibration. 
	Solubility. 
	Interaction energies between the DOX and CNTFCNTs. 
	Number of contacts and contact area. 
	Radial distribution function (RDF). 
	Drug release. 

	Conclusion
	References


