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Abstract 

   The structural stability of DNA is important because of its biological activity. 

DNAs due to their inherent chemical properties are not stable in an aqueous 

solution, therefore, a long period of storage of DNA at the ambient condition in 

bioscience is of importance. Ionic liquids (ILs) as interesting alternatives 

compared to organic solvents and water due to their considerable properties can 

be used as new agents to increase the stability of DNA for a long period of 

storage. In this article, molecular dynamics (MD) simulations and quantum 

chemistry calculations were applied to investigate the effects of amino acid ionic 

liquids ([BMIM][Ala], [BMIM][Gly], [BMIM][Val], [BMIM][Pro] and 

[BMIM][Leu]) on the dynamical behavior and the structural stability of calf 

thymus DNA. Based on the obtained MD results ILs enter into the solvation shell 

of the DNA and push away the water molecules from the DNA surface. Structural 

analysis shows that [BMIM]+ cations can occupy the DNA minor groove without 
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disturbing the double-helical structure of DNA. ILs due to strong electrostatic and 

van der Waals (vdW) interactions with the DNA structure contribute to the 

stability of the double-helical structure. Quantum chemistry calculations indicate 

that the interactions between the [BMIM]+ cation and DNA structure has an 

electrostatic character. Moreover, this cation forms a more stable complex with 

the CGCG region of the DNA in comparison with AATT base pairs.  Overall, the 

results of this study can provide new insight into the application of ILs for 

maintaining DNA stability during long-term storage. 

Keywords: DNA; Amino acid ionic liquids; Electrostatic interactions; Stability; 

MD Simulation; Nucleic acid    

Graphical Abstract 

 

Theoretical methods reveal that amino acid ionic liquids can be good candidates 

for increasing the stability of DNA in long-term storage.  



3 
 

Introduction  

   Nucleic acid (DNA and RNA) based materials have been considered in recent 

years due to their interesting applications in different fields such as drug delivery 

(Li et al.,2013), nanosensors (Choi et al., 2018; Khavani et al., 2019; Khavani et 

al., 2018), electrochemistry (Silva et al., 2018), and chemistry (Lopez et al., 

2018). The structural stability of DNA is important because of its biological 

activity. They can be used as a detector for single nucleotide polymorphism and 

as microarrays for gene expression analyses (Ott et al., 2003; Tateishi et al., 2014; 

Koch et al., 2018). There are many reports in the literature about the application 

of DNA and RNA structures as molecular computing devices and molecular 

transport agents (Phadke et al., 2001; Yurke et al., 2000; Li et al., 2013; Girard et 

al., 2017; Wang et al., 2017). DNAs due to their inherent chemical properties are 

not stable in an aqueous solution, which is a great challenge in the progress of 

nanotechnology based on nucleic acids (Chandran et al., 2012; Lukin et al., 2006; 

Marchand et al., 2018). Moreover, pH, ionic strength, salt concentration, and non-

physiological temperature have important effects on DNA properties and can 

denature the DNA structure easily (Vijayaraghavan et al., 2010; Oprzeska et al., 

2018; Stellwagen et al., 2019). Therefore, long period storage of DNA at the 

ambient condition in nanotechnology is of importance.  

   Recently, scientists and researchers have considered ionic liquids (ILs) as 

interesting alternatives compared to organic solvents and water due to their 
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considerable properties such as low toxicity, low vapor pressure, high chemical, 

and thermal stability, and high conductivity (He et al., 2006; Huddleston et al., 

2001; Welton et al., 1999). ILs can be used in different areas like synthesis (Zhou 

et al., 2003), catalysis (Olivier et al., 2010; Wasserscheid et al., 2000), separation 

(Anderson et al., 2002; Blanchard et al., 2001), electrochemistry (Fukumoto et 

al., 2005; Leone et al., 2001) and gas adsorption (Sistla et al., 2015). Low 

cytotoxicity and biodegradability of ionic liquids make them an ideal candidate 

for interaction with biomolecules. There are many experimental and theoretical 

studies in the literature about the effects of ionic liquids on the stability, activity, 

and properties of biomolecules like DNAs, proteins, and enzymes (Pillai et al., 

2018; Reslan et al, 2018; Haque et al., 2017). For example, Kaar and coworkers 

studied the effects of dialkylimidazolium and pyrrolidinium-based ionic liquids 

with different anions including [PF6]-, [OAC] -, [BF4] - and [NO3] - on the lipase 

activity and stability (Kaar et al., 2003). Their obtained results indicated that 

lipase has greater activity in ionic liquids with [BF4]- and [PF6]- in comparison 

with ILs containing [NO3]- anion. Micaelo et al. by employing molecular 

dynamics (MD) simulations investigated the effect of 1-butyl-3-

methylimidazolium hexafluorophosphate ([BMIM][PF6]) and 1-butyl-3-

methylimidazolium nitrate ([BMIM][NO3]) on the stability of protease structure 

(Micaelo et al., 2008). Based on MD simulation data, the native structure of the 

protease is more stable in [BMIM][PF6] than [BMIM][NO3] and shows better 

stability at higher temperatures in the presence of this IL.  
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   The experimental study on the effects of [BMIM][PF6] ionic liquid on the 

ethidium bromide interaction with DNA indicates that [BMIM]+ interacts with 

phosphate groups in the DNA, which leads to the transformation of DNA 

conformation and reduces the interaction of ethidium bromide with the DNA 

(Cheng et al., 2007). Moreover, Ding and coworkers reported that [BMIM][Cl] 

ionic liquid increases the stability of DNA structure, which the reason for this 

stability is the electrostatic and hydrophobic interactions between DNA and 

[BMIM]+ cation (Ding et al., 2010). Another experimental study by Sharma and 

coworkers revealed that choline-based bioionic liquids such as choline glycolate 

and choline pyruvate have remarkable effects on the chemical stability of DNA 

(Sharma et al., 2015). According to their obtained results, significant electrostatic 

interactions and hydrogen bonding between ionic liquids and DNA are the main 

factors for this stability. Sahoo et al. by employing theoretical methods 

investigated the choline amino acids ILs interactions with ct-DNA and reported 

that the corresponding ILs by hydrogen bond (H-bond) formation with phosphate 

groups and van der Waals (vdW) interactions stabilize the ct-DNA (Sahoo, et al., 

2018). Based on the reported results by Chandran and coworkers electrostatic and 

hydrophobic interactions between cations of ILs and the DNA backbone can 

increase DNA stability significantly (Chandran et al., 2012). Besides, ILs can 

prevent the hydrolytic interactions that denature the DNA by disturbing the water 

cage around the DNA structure through the dehydration process.   
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   In this study, by employing molecular dynamics (MD) simulations and 

quantum chemistry calculations the dynamical behavior and the structural 

stability of calf thymus DNA (as a case study) in water and different amino acid 

ionic liquids were investigated. The results of this study can provide new insight 

into the amino acid ionic liquid interactions with DNA from the molecular 

viewpoint, which can be useful for maintaining DNA stability during long-term 

storage.    

Computational details 

Molecular dynamics simulation  

   To study the effect of amino acid ionic liquids (ILs) on the stability and 

dynamical behavior of DNA, full atomistic molecular dynamics (MD) 

simulations were applied. The initial structure of the well-characterized 

Dickerson-Drew dodecamer (5́-(CGCGAATTCGCG)2-3 ́ ) as a model in MD 

simulations was obtained from the protein data bank (PDB) with 1BNA code. 

This DNA structure is a very stable B-DNA duplex that has a full helical turn. 

The studied ionic liquids composed of 1-butyl-3-methylimidazolium ([BMIM]+) 

as the cation and glycinate ([Gly]-), alanate ([Ala]-), valinate ([Val]-), leucinate 

([Leu]-) and prolinate ([Pro]-) as anions.  
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Figure 1. The optimized structures of the cation and anions of the studied ILs. 

   The ff99SB (Hornak et al., 2006) and OL15 (Zgarbova et al., 2013) force field 

parameters were applied for the ILs and DNA, respectively. The structures of the 

cation and anions of the ionic liquids were optimized at M06-2X-D3/6-

311++G(d,p) (Zhao et al., 2006; Zhao et al., 2006; Frisch et al., 2009; Khavani et 

al., 2015) and atomic charges were calculated by the CHelpG method at the same 

level. Figure 1 shows the optimized cation and anion structures of the studied ILs. 

To examine the validity of the employed force field for the ionic liquids, the 

appropriate number of ILs (Table S1) were added in a cubic box (5×5×5 nm3) and 

50 ns NPT MD simulations were applied. At the first step of the MD simulation, 

energy minimization was performed in 50000 steps. Then, the temperature of the 

IL systems increased from 0 to 298.15 K during 10 ns with 1 fs time step by 

employing an NVT ensemble. In the next step, all the ILs were equilibrated 

during 10 ns (1 fs time step) in an NPT ensemble at 298.15 and 1 bar. Finally, 50 

ns MD simulations (with 2 fs time step) were performed on the equilibrated 

structures as the product step. According to Table S1, the calculated density 
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values for the corresponding ILs from MD simulations are in good agreement 

with experimental data (Sistla et al., 2015), which confirms that the ff99SB force 

field can reproduce the amino acid ionic liquids properties.  

   The dynamical behavior of the DNA in pure water and in presence of 10, 20, 

30, 40, and 50 wt% of ILs was examined. The DNA structure was fully solvated 

by pure water (TIP3P water model (Jorgensen et al., 1983)) and water-IL 

mixtures in a cubic box (8×8×8 nm3). The number of water and ionic liquid 

molecules is reported in Table 1. The systems were kept neutral by adding 22 Na+ 

ions (Joung et al., 2008). After initial energy minimization during 100000 steps, 

the temperature of the systems increased from 0 to 298.15 K during 10 ns (with 

1 fs time step) in an NVT ensemble by employing the restraining force constant 

of 2.5 kcal.mol-1.A2̊ for the solute structure. Then all the systems were 

equilibrated in an NPT ensemble (1 bar and 298.15 K) during 10 ns with 1 fs time 

step. After this step, 200 ns NPT MD simulations as the product step (with 2 fs 

time step) were performed on the results of the equilibration step. The periodic 

boundary conditions were applied in all directions for the studied systems. Based 

on Table 1, in addition to the pure water, the dynamical behavior of the DNA was 

investigated in twenty-five water-IL mixtures.  

   In the NPT simulations, the temperature was controlled by employing the 

Langevin thermostat and the pressure was regulated by the isotropic Berendsen 

method with a collision frequency of 2 ps-1 and a relaxation time of 1 ps for the 
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temperature and pressure, respectively (Sindhikara et al., 2009; Beruaga et al., 

2004). To calculate the long-range electrostatic interactions, Particle Mesh Ewald 

(PME) method with 10 A ̊direct cutoff was applied (Ryckaert et al., 1977). The 

shake constraints were employed on all bonds involving hydrogen atoms (Tobias 

et al., 1997). All the MD simulations were performed using the Amber 14 

software package (Case et al., 2014). To calculate the binding Gibbs energies for 

the ionic liquid interactions with DNA, the molecular mechanics-Poisson-

Boltzmann surface area (MM-PBSA) method was employed (Miller et al., 2012; 

Gohlke et al., 2003; Khavani et al., 2015; Izadyar et al., 2015; Khavani et al., 

2017; Khavani et al., 2020). The binding Gibbs energies were calculated from the 

final 50 ns of the product step.               

Table 1. The number of water and ionic liquid molecules in the simulation box of the DNA.  
IL weight 
percent 

 [BMIM][Ala] [BMIM][Gly] [BMIM][Leu] [BMIM][Pro] [BMIM][Val] 

10 wt% IL:H2O 136:15212 145:15212 114:15074 123:15318 120:15138 
20 wt% IL:H2O 247:13558 292:13558 227:13313 249:13749 241:13426 
30 wt% IL:H2O 413:11888 440:11888 339:11566 378:12143 362:11714 
40 wt% IL:H2O 553:10202 590:10202 450:9834 510:10498 483:10002 
50 wt% IL:H2O 695:8499 741:8499 561:8116 646:8813 604:8290 

     

Quantum chemistry calculations 

   To study the nature and strength of [BMIM]+ cation interactions with the DNA 

structure density functional theory (DFT) and density functional theory 

dispersion corrected (DFT-D3) calculations were applied. The corresponding 

DNA structure is composed of two parts including AATT and CGCG base pairs. 

Therefore, quantum chemistry calculations were employed to compare the 
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[BMIM]+ cation interactions with AATT (A-T) and CGCG (C-G) base pairs. The 

[BMIM]+ complexes with AATT and CGCG regions were designed based on the 

obtained structure of the DNA in the presence of ionic liquids after 200 ns MD 

simulations.  

   The structures of the [BMIM]+ complexes with the A-T and C-G base pairs 

were optimized using BP86 (Perdew, 1986) and BP86-D3 (Austin et al., 2012) 

functionals within 6-31G(d) basis set (Petersson et al., 1991). The counterpoise 

correction method was employed to calculate the basis set superposition error 

(EBSSE) to eliminate the effect of basis set incompleteness (Simon et al., 1996). In 

contrast to the BP86, the PB86-D3 functional can describe dispersion 

interactions, therefore the energy difference obtained by these functionals was 

reported as the dispersion interaction energy. Frequency calculations were 

performed to calculate the thermodynamic parameters and structural stability of 

[BMIM]+ complexes with A-T and C-G base pairs. The frequency analysis 

confirmed the nature of the stationary points as minima with real frequencies, 

which indicates the stability of the corresponding structures. To analyze the 

electrostatic, donor-acceptor and molecular orbital interactions between 

[BMIM]+ cation and the base pairs natural bond orbital (NBO) analysis was 

performed at the BP86-D3/6-31G(d) of the theory (Reed et al., 1988; Khavani et 

al., 2018; Khavani et al., 2018). Gaussian 09 computational package (Frisch et 

al., 2009) was employed for all the quantum chemistry calculations. In order to 
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compare and determine the nature of the interactions between [BMIM]+ cation 

and the A-T and C-G base pairs 2D and 3D non-covalent interaction (NCI) 

analysis using MultiWFN 3.8 was performed (Lu et al., 2012; Izadyar et al., 2017; 

Khavani et al., 2018).     

Results and discussion 

DNA stability in water  

   The dynamical behavior of DNA in water was investigated during 200 ns MD 

simulations. The structural analysis confirms that DNA maintains its native B-

conformation and has considerable stability along simulation trajectories (Figure 

2-a). Moreover, the obtained structure of DNA in water shows that Na+ ions 

condense around phosphate groups of the DNA backbone. According to Figure 

S1, the obtained DNA structure after MD simulation in water is very close to the 

crystal structure, which confirms considerable stability of the DNA during the 

simulation time.  

   The root mean square deviation (RMSD) values of DNA in water during 200 

ns MD simulations were calculated and reported in Figure 2-b. According to this 

figure, the calculated average value of RMSD of DNA is 3.45 A ̊(±0.41). This 

value is small and indicates the remarkable stability of DNA in water. The 

calculated radii of gyration (Rg) values of DNA (Figure 2-c) confirmed RMSD 

results and indicate that DNA is stable along the MD simulations. To analyze the 

flexibility of DNA, root mean square fluctuation (RMSF) values were calculated. 
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According to Figure 2-d, central residues of DNA have lower fluctuation or more 

stability in comparison to the terminal residues. 

 

Figure 2. The obtained DNA structure (Na+ presented in green color) after simulation time in 

water (a) and the calculated RMSD (b), Rg (c), RMSF (d), radial distribution function for the 

H-bond interactions inside the DNA (e) and the number of internal H-bonds of the DNA (f) 

during 200 ns MD simulations.    

   Moreover, to study the possibility of the hydrogen bond (H-bond) formation 

between base pairs inside the DNA structure, radial distribution function (RDF) 

analysis was applied. Figure 2-e shows the probability of finding a pair of NH….N 
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or NH….O in terms of the intermolecular distance. According to figure 2-e, the 

base pair of DNA can form two types of H-bonds, in which NH….O interactions 

are stronger than NH….N hydrogen bonds. The RDF plots show a sharp peak at 

1.85 and 1.95 A,̊ for the NH….O and NH….N hydrogen bonds, respectively, which 

is in good agreement with the calculated distances in the crystal structure 

(NH….O= 1.87 A ̊and NH….N= 1.94 A)̊. H-bond interactions between base pairs 

have a key role in the structural stability of the DNA. The calculated number of 

H-bonds (Figure 2-f) along the simulation time reveals that base pairs inside the 

DNA have considerable interactions with each other. Actually, due to strong H-

bond interactions between base pairs, the DNA can maintain its B-conformation 

during the MD simulations. 

Ionic liquid effects on the dynamics of DNA 

   To investigate the effect of ionic liquids on the DNA structure its dynamical 

behavior was analyzed in the presence of [BMIM][Ala], [BMIM][Gly], 

[BMIM][Val], [BMIM][Pro], and [BMIM][Leu] ionic liquids through 200 ns MD 

simulations. A high concentration of ionic liquids increases the viscosity of the 

solution, which can have important effects on the flexibility and dynamics of the 

DNA. Therefore, MD simulations were performed in the water-ionic liquid 

mixtures with 10 to 50 wt% concentration.  

   Figure 3 shows the obtained DNA structures in the presence of various ILs after 

200 ns MD simulations. According to this figure [BMIM]+ cation makes 
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complexes with the minor and major grooves of the DNA and anions lie around 

the DNA due to the H-bond interactions. Structural analysis reveals that [BMIM]+ 

cation prefers the minor groove of the DNA because at the lower concentration 

[BMIM]+ first occupies the minor groove. Then by increasing the IL 

concentration, this cation interacts with DNA from the major groove. Moreover, 

due to the considerable interactions between anions of ILs and Na+ the 

condensation of Na+ reduced around the DNA backbone (Figure 3). For example, 

in the presence of 50 wt% of [BMIM][Val] and [BMIM][Ala] ionic liquids, there 

is no Na+ in the first solvation shell of the DNA.   

   The calculated RMSD and Rg values of DNA in the presence of different ILs 

indicate that ILs have remarkable effects on the stability of the DNA structure 

(Figures S2 and S3). According to Figure 4-a, the calculated average values of 

RMSD for the DNA in water-IL mixtures are lower than 2 A,̊ which is smaller 

than that of in the water. This result indicates that ILs elevate the structural 

stability of the DNA in comparison with water. Based on the calculated RMSD 

values, there is no logical trend between the concentration of ILs and the 

structural stability of the DNA. For example, DNA has a greater fluctuation in 

the presence of 10 wt% of [BMIM][Pro], while this behavior is observable in the 

presence of 50 wt% of [BMIM][Ala]. The calculated RMSD values are too small 

and confirm that in the presence of ILs the DNA structure has considerable 

stability.  



15 
 

 

Figure 3. The obtained structures of DNA in various water-ionic liquid mixtures after 200 ns 

MD simulations. The [BMIM]+, [Ala]-, [Gly]-, [Leu]-, [Pro]- and [Val]- ions are shown in gray, 

orange, blue, cyan, tan and silver colors, respectively.  
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   A comparison between the calculated Rg values for the DNA in the presence 

and absence of ILs reveals that ILs increase the compaction of the DNA structure. 

According to Figure 4-b, the DNA structure has the minimum and maximum 

compaction in the presence of [BMIM][Gly](40 wt%) and [BMIM][Leu](50 

wt%), respectively. Based on the Rg analysis ILs decrease the DNA fluctuations, 

in other words, ionic liquids can increase the structural stability of DNA in 

comparison with water. Because of small differences, a conclusion based on the 

calculated RMSD and Rg values cannot show meaningful results, therefore other 

analyses were applied. 

 

Figure 4. The calculated average RMSD (a), Rg (b), SASA (c), and number of internal H-bonds 

(d) of the DNA during simulation time in water and water-IL mixtures.   

   ILs can penetrate into the solvent shell around the DNA and increase its stability 

due to interaction with DNA structure. Figure 4-c shows the calculated solvent 
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accessible surface area (SASA) of the DNA in water and different ILs. This figure 

clearly shows that ILs reduce the SASA of the DNA. Moreover, the trend of the 

calculated SASA is according to the calculated Rg values. For example, in the 

presence of [BMIM][Leu] (40 and 50 wt%) the DNA structure is more accessible 

by water molecules in comparison with other ILs, therefore DNA structure has a 

greater Rg in the presence of this ionic liquid. This means that water-DNA 

interactions can decrease DNA compaction and make the DNA unstable, while 

ILs by pressing the DNA elevate the intermolecular interactions and DNA 

stability.  

   The calculated number of internal H-bonds of the DNA in water and different 

water-IL mixtures confirms that ILs can improve the internal interactions of the 

DNA (Figure 4-d). ILs make DNA stabilize by increasing the internal H-bond 

interactions, therefore DNA has greater stability in the presence of the ILs in 

agreement with Rg and RMSD results. The calculated RMSF values (Figure S4) 

indicate that ILs change the flexibility of base pairs inside the DNA. According 

to Figure S4, the concentration and anion of the ILs have important effects on the 

flexibility of the base pair. Terminal base pairs of the DNA have greater 

fluctuations in the presence of 10 wt% of [BMIM][Ala] compared to water. 

Besides, the central part of the DNA in mixtures of [BMIM][Leu] (20 wt%) and 

[BMIM][Pro] (30 wt%) shows more stability than other water-IL mixtures. Based 

on RMSF results central base pairs have lower fluctuation in comparison with the 
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terminal residues in water, while according to Figure S4 central and terminal 

residues of the DNA in the presence of 40 and 50 wt% of ILs have approximately 

similar flexibility. In other words, the ILs by elevating the structural compaction 

reduce the base pair flexibility, therefore DNA is more stable in ILs than in water.             

Ionic liquid interactions with the DNA structure 

   Structural analysis revealed that DNA has a more stable structure in IL-water 

mixtures in comparison with pure water. Therefore, analyzing the IL interactions 

with the DNA structure can provide interesting results from the molecular 

viewpoint to elucidate the effects of ILs on the stability of the DNA structure. 

The calculated average number of contacts (cutoff 5 A)̊ between ILs (cations and 

anions) and the DNA structure shows that ILs have strong interactions with the 

dodecamer structure (Figure 5-a). Furthermore, by increasing the concentration 

of the ILs the interaction between ILs and DNA elevates, which is due to the 

entrance of ILs into the solvation shell of the DNA. Based on the calculated 

values of contacts, [BMIM][Leu] has more contacts with the DNA among the 

other ILs. Due to the considerable IL contacts with DNA, structural analysis 

shows that [BMIM]+ cations can occupy the DNA minor groove. This cation 

entered the minor groove and bound to the groove without disturbing the double-

helical structure of DNA. 
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Figure 5. The calculated average values of the number of contacts (a), distance between ILs 

and the DNA (b), the number of H-bonds (c), average EIE (d), and average vdW interaction 

energy of the IL interactions with the DNA structure (e) and the number of ILs around the 

structure of DNA (cutoff 5 A)̊.  

   Even in the presence of 10 wt% of ILs at least three cations occupy the minor 

groove of the DNA. Figure 5-b shows the calculated average distance between 

the ILs and the structure of the dodecamer. According to this figure by increasing 

the concentration of ILs their distance from the DNA decreases confirming that 

ILs can enter into the first solvation shell of the DNA. In other words, ILs and 

water molecules compete with each other to interact with the DNA structure. In 
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comparison with water molecules, cations of the ILs have greater interaction with 

the negatively charged DNA structure and the minor and major grooves, which 

are appropriate places for the H-bond interactions.  

   H-bond interaction is one of the important factors that has key role effects on 

the structural stability of the DNA. The cation and anions of the studied ILs are 

able to form H-bonds with the backbone and grooves of the DNA. According to 

Figure 5-c, the [BMIM][Gly] has greater H-bond interactions with the DNA in 

comparison with other ILs. Based on the structural analysis there is a considerable 

number of H-bonds between the DNA grooves and IL cations, including the 

guanine (O and N atoms) and thymine (O atoms) of the DNA as the acceptors 

and the carbon atoms in the [BMIM]+ ring as donors. The carbon atoms in the 

ring of the cation have a perpendicular direction relative to the groove. In this 

orientation, the C-H bond of the cation ring forms H-bond with the nucleotides. 

Based on the obtained results the cation has more H-bond interactions with 

adenine and cytosine in comparison with guanine in this direction. According to 

Figure 5-c, [BMIM][Ala] and [BMIM][Gly] have a greater number of H-bonds 

with the DNA structure than other ILs. This result can be explained due to the 

smaller size of the anion of the ILs because these anions can better enter into the 

solvation shell and make H-bonds with the DNA in comparison with [Leu]-, [Pro]- 

and [Val]- anions. 
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   The calculated interaction energies using the linear interaction energy (LIE) 

method show that the electrostatic and van der Waals (vdW) interactions are a 

combination of hydrophobic and polar interactions between the ILs and the 

backbone and grooves of the DNA, which contribute to the DNA stability. Figure 

5-d shows the calculated average electrostatic interaction energy (EIE) values 

between the corresponding ILs and DNA structure. According to this figure, 

[BMIM][Gly] has the maximum EIE with the DNA among the studied ILs, which 

is a result of the greater H-bond interactions between this IL and the dodecamer. 

Based on Figure 5-d, irrespective of the IL concentration, [BMIM][Gly] and 

[BMIM][Ala] have greater electrostatic interactions with the DNA than other ILs, 

because a certain amount of the ILs enter into the grooves and solvation shell of 

the DNA. Since [Leu]- and [Val]- anions have hydrophobic side chains in 

comparison with [Gly]- and [Ala]- anions, the [BMIM][Leu] and [BMIM][Val] 

ionic liquids have lower electrostatic interactions with the DNA.  

   The calculated vdW interaction energy (Figure 5-e) reveals that [BMIM][Gly] 

and [BMIM][Pro] have the minimum and maximum vdW interactions with the 

DNA, respectively, which is in contrast to the electrostatic interaction energy 

analysis. This result clearly shows that the strength of the IL interactions with 

DNA depends on the nature of the anions of the ILs. Moreover, the calculated 

values of the electrostatic and vdW interactions reveal that electrostatic 

interactions contribute more to the stability of the DNA than vdW interactions. 
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Due to the strong electrostatic interactions between ILs and the DNA, ILs can 

increase the stability of the dodecamer structure. For example, RMSF analysis 

(Figure S4) revealed that the DNA structure has the maximum stability in the 

presence of [BMIM][Gly] (50 wt%), which this stability can be due to the 

considerable electrostatic interactions (Figure 5-d) between this IL and the DNA. 

   Hydration has important effects on structural stability, dynamical behavior and 

the form of the double helix of the DNA. To study the hydration properties of the 

DNA in the IL-water mixtures the distribution of ILs around this structure was 

analyzed. Figure 5-f shows the calculated number of ILs around the structure of 

DNA (cutoff 5 A)̊. According to this figure, there are more [BMIM][Gly] in the 

hydration shell of DNA, which confirms that this IL has greater interactions with 

the DNA structure in comparison with the other ILs. As the concentration of ILs 

increases the IL population elevates in the solvation layer. In other words, ILs 

enter the solvation shell of the DNA and push away the water molecules from the 

DNA surface (Figure S5). It is well worth mentioning that the trend of the 

calculated number of ILs around the DNA structure is in agreement with the 

calculated EIE values. This result indicates that [BMIM][Gly] and [BMIM][Ala] 

ionic liquids have more contribution to the stability of the DNA, through strong 

electrostatic interactions. Because the ions of the corresponding ILs can better 

enter into the solvation shell of the DNA. Irrespective of IL concentration the 

order of ILs in the solvation shell of the DNA is as follows: [BMIM][Gly]> 
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[BMIM][Ala]> [BMIM][Pro]> [BMIM][Val]> [BMIM][Leu], which confirms 

that the type of anions of IL can have a considerable role on the hydration 

properties of biomolecules.  

   Trajectory analysis shows that a considerable amount of water molecules lies 

in the spine of the DNA. In the presence of ILs the probability of finding water 

molecules in the spine of DNA decreases. In other words, the cation of ILs 

disturbs the spine of hydration by entering into the DNA minor groove. Figure 6-

a clearly shows that [BMIM]+ cation competes with water molecules to lie in the 

spine of the DNA. Besides, structural analysis confirms that at least 4 or 5 

[BMIM]+ cations can be found in the spine of the DNA in the presence of 50 wt% 

of ILs. To further analyze the effect of ILs in the solvation shell of DNA the 

number of water molecules that were stripped from the DNA solvation shell was 

calculated.  

   According to Figure 6-b, by increasing the concentration of ILs the number of 

water molecules around the DNA structure reduces. Based on the calculated 

values, 50 wt% of ILs, can strip about 35-45% of water molecules from the DNA 

structure. Therefore, the obtained results confirm that [BMIM][Gly] and 

[BMIM][Leu] ionic liquids have the maximum and minimum effects on the 

solvation shell of the DNA, which is in agreement with the EIE analysis.  
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Figure 6. The water molecules and [BMIM]+ cations in the spine of the DNA (a) and the 

frequency of observed water molecules in the solvation shell of the DNA (b). The structures 

were obtained in pure water and IL-water mixtures (50 wt%) after simulation time)    

   To understand the distribution of cation and anion of the ILs around the DNA 

structure RDF analysis was applied. Figure S6 shows the calculated RDF plots 

for the cation and anion of ILs with the O2 and N3 atoms of the base pairs. 

According to this figure, [BMIM]+ cation has more interactions with the DNA 

structure in comparison with the anion of the ILs. In addition, the quality of the 

obtained RDF peaks at almost the same distances reveals the intrusion of the ILs 

into the DNA grooves. It can be concluded that ILs due to strong electrostatic and 
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vdW interactions can increase the stability of the DNA structure by entering into 

the solvation shell of the DNA structure. Furthermore, the type of anions of ILs 

can be essential for the stability of the DNA structure. However, the cation of ILs 

plays a more crucial role because the cation has stronger interactions than the 

anion with the dodecamer structure.   

Binding energies of the IL-DNA complexes 

   To have a quantitative insight into the IL interactions with the DNA structure, 

Gibbs binding energies were calculated using the MM-PBSA method. Based on 

the obtained results the DNA structure remains its B-conformation in the presence 

of different ILs, which is due to the considerable IL interactions with the 

backbone and grooves of the DNA.  

   The calculated values of electrostatic (ΔEele) and van der Waals (ΔEvdW) 

interactions confirm that electrostatic interactions have more effects on the 

stability of the DNA structure in comparison with vdW interactions (Table 2). 

According to the calculated Gibbs binding energy in the gas phase (ΔGgas), the 

complex formation between ILs and the DNA structure is favorable from the 

thermodynamic viewpoint. Moreover, [BMIM][Ala] ionic liquid makes the most 

stable complex with the DNA among the studied ILs in the gas phase. Based on 

the structural analysis the [BMIM]+ cation lies in the grooves of the DNA 

irrespective of the anion type, while the calculated values of ΔGgas reveal that 
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anions can be important in the strength of the IL interactions with the double-

helical structure.  

Table 2. The calculated contributions of the energy components (kcal.mol−1) of the IL interactions with the DNA. 
ILs ΔEvdW SEM* ΔEele SEM ΔGgas SEM ΔGsol SEM ΔGtot SEM 

[BMIM][Ala] 
10 wt% -89.68 2.22 -2696.03 116.33 -2785.72 119.14 2762.90 117.45 -22.81 1.85 
20 wt% -155.36 3.09 -4305.69 114.06 -4461.05 116.55 4435.33 115.62 -25.71 1.49 
30 wt% -154.43 2.50 -3199.87 99.17 -3362.55 100.29 3354.31 98.58 -8.24 2.35 
40 wt% -121.32 3.60 -2331.61 95.15 -2462.15 96.07 2452.94 97.58 -9.20 1.85 
50 wt% -373.25 1.66 -6998.20 80.80 -7408.59 79.23 7398.23 80.72 -10.36 2.68 

[BMIM][Gly] 
10 wt% -81.65 2.76 -2680.36 103.67 -2762.01 105.88 2736.96 104.62 -25.08 1.49 
20 wt% -127.56 3.18 -3226.17 108.02 -3353.74 109.89 3347.76 108.61 -5.97 1.74 
30 wt% -159.01 3.11 -2984.05 135.73 -3157.91 135.95 3143.06 137.43 -14.84 1.95 
40 wt% -290.50 3.59 -6226.38 81.24 -6516.88 82.84 6511.54 81.76 -5.34 1.88 
50 wt% -373.19 2.13 -5435.28 72.87 -5912.34 72.91 5903.00 73.92 -9.34 2.51 

[BMIM][Leu] 
10 wt% -81.13 2.17 -2449.81 81.68 -2530.61 83.08 2511.59 81.88 -19.01 1.47 
20 wt% -95.65 2.39 -2318.22 88.32 -2413.88 89.98 2403.91 88.95 -9.96 1.39 
30 wt% -181.42 2.51 -5443.42 111.09 -5624.84 113.11 5598.99 112.80 -25.84 1.39 
40 wt% -169.78 2.62 -4605.02 99.81 -4787.82 101.46 4774.80 101.84 -13.01 1.85 
50 wt% -225.82 3.74 -4804.88 134.28 -5042.31 134.09 5030.71 136.67 -11.60 3.06 

[BMIM][Pro] 
10 wt% -114.61 2.21 -3002.10 92.60 -3116.71 94.00 3098.85 93.04 -17.44 1.33 
20 wt% -150.73 1.33 -4681.90 86.78 -4832.63 87.46 4784.98 86.76 -47.65 1.19 
30 wt% -89.51 3.45 -1483.37 89.75 -1579.61 91.13 1572.89 92.44 -6.72 1.65 
40 wt% -161.40 2.42 -4098.14 130.42 -4267.53 130.91 4259.55 132.44 -7.98 1.24 
50 wt% -343.33 1.15 -6309.44 57.49 -6675.51 56.30 6652.77 57.97 -22.73 3.36 

[BMIM][Val] 
10 wt% -117.33 1.00 -3756.52 64.27 -3873.85 64.76 3841.38 64.34 -32.47 1.03 
20 wt% -154.41 1.77 -5020.67 50.58 -5175.08 51.51 5135.37 51.29 -39.70 1.11 
30 wt% -191.24 1.81 -4502.43 62.01 -4693.67 62.78 4685.65 61.79 -8.02 1.47 
40 wt% -176.09 4.17 -4692.82 134.15 -4870.91 137.72 4867.05 136.35 -3.86 2.00 
50 wt% -242.77 1.94 -6049.00 71.40 -6291.78 72.20 6286.43 71.34 -5.34 2.04 

*SEM= Standard Error of Mean  
 

   In contrast to the gas phase, the IL-DNA complexation is not favorable in the 

solution phase (ΔGsol) thermodynamically (ΔG> 0). In other words, water 

molecules reduce the IL interactions with the DNA, since they compete with ILs 

for H-bond formation with DNA base pairs. The calculated total Gibbs binding 

energy (ΔGtot) confirmed that the concentration and anion type of ILs are 

important factors in the stability of the IL-DNA complexes. Figure 7 shows the 
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calculated ΔGtot versus concentration of different ILs. According to this figure, it 

can be claimed that by increasing the concentration of ILs the stability of the IL-

DNA complexes reduces. Because of the high concentration of ionic liquids the 

density of [BMIM]+ cation on the surface and solvation shell of the DNA 

increases, which can elevate the repulsion interactions between the bound cation 

in the grooves of the DNA. Moreover, Figure 7 shows that the [BMIM][Pro] (20 

wt%) and [BMIM][Val] (40 wt%) complexes with the DNA have maximum and 

minimum stability in comparison with other IL-DNA complexes. The calculated 

results by the MM-PBSA method are in agreement with the results of LIE 

analysis, both methods confirmed that electrostatic interactions between ILs and 

the DNA have a key role in the stability and structural properties of the DNA. 

Moreover, both cations and anions have effects on DNA stability but cations play 

a more important role. 

 

Figure 7. The correlation between the concentration of the ILs and the calculated ΔGtot 

(kcal.mol-1) of the IL-DNA complexes.  
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Quantum chemistry aspects of the IL-DNA interactions 

   MD simulations revealed that IL can increase the stability of the DNA structure 

due to strong interactions with the base pairs in comparison with water molecules. 

Moreover, [BMIM]+ cation has more effects on the stability of the double-helical 

structure than anions. Therefore, quantum chemistry calculations were applied to 

investigate the nature and strength of the cation interactions with the DNA 

structure. In the DFT and DFT-D3 calculations, the complexation process 

between [BMIM]+ cation and AATT (A-T) and CGCG (C-G) base pairs were 

investigated.  

   The optimized structures (Figure S7) of the base pair complexes with the cation 

show that the cation has a stable position in the minor groove of the DNA, which 

is according to the MD simulation results. The calculated thermodynamic 

parameters such as binding energy (ΔE) and Gibbs binding energy (ΔG) of the 

base pair complexes with the [BMIM]+ cation confirm that DNA forms a stable 

complex with this cation and the complexation process is favorable from the 

thermodynamic viewpoint (ΔG <0). According to Table 3, dispersion interactions 

between this cation and the base pairs have a remarkable role in the stability of 

the IL-DNA complexes since the calculated thermodynamic parameters by the 

DFT-D3 method show greater stability for the corresponding complexes in 

comparison with the DFT method. Moreover, based on the calculated values by 
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both methods the cation makes a more stable complex with the C-G base pairs 

than A-T.    

Table 3. The calculated thermodynamic parameters and stabilization energy of the base pair complexes with the [BMIM]+ 
cation.  

 DFT-D3 
(kcal.mol-1) 

DFT 
(kcal.mol-1) 

Dispersion 
Energy 

∑E(2) 
(kcal.mol-1) 

∑E(2) 
(kcal.mol-1) 

 -ΔE -ΔG EBSSE -ΔE -ΔG EBSSE -ΔEdis -ΔGdis [BMIM]+→DNA DNA→[BMIM]+ 

A-T 258.61 238.87 12.30 209.87 195.18 12.30 48.74 43.68 12.27 45.24 
C-G 263.74 248.29 14.07 227.08 209.57 14.07 36.65 38.72 11.61 57.02 

      

   To determine the nature of the cation interactions with the DNA, NCI analysis 

was applied at the BP86-D3/6-31G(d) level of theory. By employing this method, 

it is possible to determine the attractive and repulsive interactions based on the 

electron density (ρ) and the sign of the second derivative in the perpendicular 

direction of the bond (λ2). The sign of λ2 can be either negative or positive 

depending on the type of interaction. The positive and negative values of λ2 show 

the non-bonding (steric repulsion) and bonding (H-bond) interactions, 

respectively, while the negligible values of λ2 (λ≈ 0) reveal the vdW interactions. 

Figure 8-a shows the calculated 2D NCI plots of the C-G and A-T base pairs and 

their complexes with the [BMIM]+ cation. These plots show the reduced density 

gradient (RDG) versus the electron density. Figure 8-a shows three definite 

regions, which are specified by blue, red and green colors indicating H-bond, 

repulsion and vdW interactions, respectively. The 2D NCI plot of the C-G base 

pairs shows a greater aggregation of blue dots in the negative region (λ2< 0), 

which indicates that C-G base pairs have more internal H-bonds in comparison 



30 
 

with A-T base pairs. Moreover, the peaks of the RDG at λ2≈ [-0.05,-0.04] au in 

the plot of C-G confirm strong internal H-bonds between these base pairs. 

   The comparison between 2D NCI plots of the base pairs in the presence and 

absence of [BMIM]+ cation reveals that the cation has considerable vdW 

interactions with the surface of DNA. In other words, the corresponding graphs 

show the aggregation of green dots in vdW regions in the presence of [BMIM]+ 

cation, which confirms that this cation through the vdW interactions contributes 

to the stability of the DNA. Moreover, the extent of the aggregation of green dots 

about λ2≈ -0.02 au indicates that [BMIM]+ cation have greater vdW interactions 

with the C-G than A-T base pairs.  

      

Figure 8. The calculated plots of 2D (a) and 3D (b) NCI for the C-G and A-T base pairs and their 

complexes with the [BMIM]+ cation at the BP86-D3/6-31G(d) level of theory.  
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   To have a better insight into the [BMIM]+ cation interactions with the DNA 

surface, a 3D NCI plot is also represented in Figure 8-b. This figure shows the 

bonding, vdW and non-bonding interactions by blue, green and red color-filled 

isosurfaces, respectively. According to Figure 8-b, the dark blue isosurfaces 

between CO and NH groups of the base pairs confirm strong internal H-bonds. 

Moreover, the green isosurfaces between the base pairs clearly show the π-

stacking inside the DNA structure. 3D NCI analysis indicates that [BMIM]+ 

cation has both vdW and H-bond interactions with the DNA surface. The dark 

blue and green isosurfaces confirm H-bond and vdW interactions between C-H 

(ring of the cation) and oxygen atoms of the base pairs and ring and chain of the 

cation with the surface of the DNA, respectively. Moreover, Figure 8-b shows 

that the cation ring has more vdW interactions with the C-G base pairs compared 

to A-T. This result is in agreement with the calculated thermodynamic 

parameters. In other words, [BMIM]+ cation makes the most stable complex with 

the C-G region of the DNA through strong vdW interactions. NCI analysis 

confirmed that IL can increase the stability of the DNA through electrostatic (H-

bond) and vdW interactions with the surface of the double-helical structure, 

which is in agreement with the MD simulation results. The obtained results are 

in good agreement with the previously reported studies. Rezki and coworkers 

reported that hydrogen bond formation and hydrophobic interactions between 

DNA and IL are responsible for IL-DNA complexation process (Rezki et al., 

2020; Al-Sodies et al., 2020). On the other hand, the reported results by Celik et 
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al. confirmed that there are considerable H-bond interactions between the DA5 

and DA6 residues of DNA and the ionic liquid (Celik et al., 2018; Celik et al., 

2019). Moreover, based on the quantum chemistry calculations the cation of the 

IL forms a more stable complex with the C-G base pairs than the A-T base pairs, 

which is in good agreement with the reported results by Hodyna and coworkers 

(Hodyna et al., 2022).  

   To study the charge transfer, donor-acceptor and molecular orbital interactions 

between the [BMIM]+ cation and the DNA structure stabilization energy, E(2), 

was calculated by employing NBO analysis at BP86-D3/6-31G(d) level of theory. 

According to the obtained results, the main interactions are related to the lone 

pair electrons of nitrogen and oxygen atoms of the base pairs as donors and 

antibonding orbital of C-H (σ*
CH), C=C (π*

CC) and C=N (π*
CC) bonds as acceptors. 

According to the calculated ∑E(2) values for the [BMIM]+ cation interactions 

with the DNA ([BMIM]+→DNA, cation as the donor and the DNA as acceptor) 

the cation has more interactions with A-T in comparison with the C-G base pairs. 

This result reveals that in the presence of the cation the A-T base pairs are better 

acceptors than C-G. On the other hand, the calculated ∑E(2) for the 

DNA→[BMIM]+ interaction (DNA as donor and cation as acceptor) indicates 

that there is a greater charge transfer from the C-G to the cation than A-T base 

pairs. Overall, based on the calculated electronic interaction energies it can be 

concluded that [BMIM]+ cation prefers to form a complex with the DNA from 



33 
 

the C-G region due to greater molecular orbital interactions, which is according 

to the previous results. Moreover, molecular orbital and donor-acceptor 

interactions may be considered the driving force for the IL-DNA complex 

formation.      

Conclusion  

   Molecular dynamics simulations and quantum chemistry calculations were 

applied to investigate the effect of amino acid ionic liquids on the stability and 

dynamical behavior of DNA structure. Based on the obtained results, DNA 

structure has more stability in the presence of ionic liquids in comparison with 

pure water. The structural analysis confirmed that [BMIM]+ cation lies in the 

minor and major grooves of the DNA and anions of the ILs distribute around the 

backbone of the dodecamer structure. Moreover, the DNA structure in the 

presence of [BMIM][Gly] (50 wt%) has the maximum structural stability in 

comparison with other ionic liquids and pure water. The cation and anions of the 

studied ILs are able to form H-bonds with the backbone and grooves of the DNA. 

According to the obtained results, the [BMIM][Gly] has greater H-bond 

interactions with the DNA than other ILs, irrespective of the IL concentration. 

Because a certain amount of the ILs enter into the grooves and solvation shell of 

the DNA, therefore this IL has the maximum electrostatic interactions with the 

DNA. On the other hand, the distribution of ILs in the hydration shell of the DNA 

reveals that there are more [BMIM][Gly], which confirms that this IL has greater 
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interactions with the DNA structure in comparison with the other ILs. ILs due to 

strong electrostatic and vdW interactions with the DNA structure contribute to 

the stability of the double-helical structure. It is well worth mentioning that the 

type of anions of ILs can be important in the stability of the DNA structure. 

However, the cation of ILs plays a more crucial role because the cation has 

stronger interactions than the anion with the dodecamer structure. The DFT-D3 

calculations indicated that the ring of the cation has more vdW interactions with 

the C-G base pairs in comparison with A-T. In other words, the [BMIM]+ cation 

makes a more stable complex with DNA from the CGCG region than AATT base 

pairs. Moreover, donor-acceptor interaction analysis confirmed that molecular 

orbital interactions may be considered the driving force for the IL-DNA complex 

formation. The results of this study can provide new insight into the ILs 

interactions with DNA from the molecular viewpoint.  

Declaration of Competing Interest 

   The authors declare that they have no known competing financial interests or 

personal relationships that could have appeared to influence the work reported in 

this paper.   

Acknowledgments 

   We hereby acknowledge Aalto University for providing computational 

facilities.  



35 
 

References  

Al-Sodies, S. A., Aouad, M. R., Ihmaid, S., Aljuhani, A., Messali, M., Ali, I., & Rezki, N. 
(2020). Microwave and conventional synthesis of ester based dicationic pyridinium ionic 
liquids carrying hydrazone linkage: DNA binding, anticancer and docking studies. Journal 
of Molecular Structure, 1207, 127756. https://doi.org/10.1016/j.molstruc.2020.127756 

Anderson, J. L., Ding, J., Welton, T., & Armstrong, D. W. (2002). Characterizing ionic 
liquids on the basis of multiple solvation interactions. Journal of the American Chemical 
Society, 124(47), 14247-14254. https://doi.org/10.1021/ja028156h 

Austin, A., Petersson, G. A., Frisch, M. J., Dobek, F. J., Scalmani, G., & Throssell, K. 
(2012). A density functional with spherical atom dispersion terms. Journal of chemical 
theory and computation, 8(12), 4989-5007. https://doi.org/10.1021/ct300778e 

beruaga, B. P., Anghel, M., & Voter, A. F. (2004). Synchronization of trajectories in 
canonical molecular-dynamics simulations: Observation, explanation, and exploitation. The 
Journal of chemical physics, 120(14), 6363-6374. https://doi.org/10.1063/1.1667473 

Blanchard, L. A., & Brennecke, J. F. (2001). Recovery of organic products from ionic 
liquids using supercritical carbon dioxide. Industrial & engineering chemistry research, 
40(1), 287-292. https://doi.org/10.1021/ie000710d 

Case, D. A., Babin, V., Berryman, J., Betz, R. M., Cai, Q., Cerutti, D. S., ... & Kollman, P. 
A. (2014). Amber 14. http://hdl.handle.net/10993/16614 

Celik, S., Albayrak, A. T., Akyuz, S., & E. Ozel, A. (2019). Molecular modelling and 
vibrational investigations of ammonium-based ionic liquid (CLTOAB). Journal of 
Biomolecular Structure and Dynamics, 37(10), 2515-2526. 
https://doi.org/10.1080/07391102.2018.1495578 

Celik, S., Albayrak, A. T., Akyuz, S., & Ozel, A. E. (2020). Synthesis, molecular docking 
and ADMET study of ionic liquid as anticancer inhibitors of DNA and COX-2, TOPII 
enzymes. Journal of Biomolecular Structure and Dynamics, 38(5), 1354-1364. 
https://doi.org/10.1080/07391102.2019.1604263 

Chandran, A., Ghoshdastidar, D., & Senapati, S. (2012). Groove binding mechanism of 
ionic liquids: a key factor in long-term stability of DNA in hydrated ionic liquids?. Journal 
of the American Chemical Society, 134(50), 20330-20339. 
https://doi.org/10.1021/ja304519d 

Chandran, A., Ghoshdastidar, D., & Senapati, S. (2012). Groove binding mechanism of 
ionic liquids: a key factor in long-term stability of DNA in hydrated ionic liquids?. Journal 
of the American Chemical Society, 134(50), 20330-20339. 
https://doi.org/10.1021/ja304519d 

Cheng, D. H., Chen, X. W., Wang, J. H., & Fang, Z. L. (2007). An Abnormal Resonance 
Light Scattering Arising from Ionic‐Liquid/DNA/Ethidium Interactions. Chemistry–A 
European Journal, 13(17), 4833-4839. https://doi.org/10.1002/chem.200601544 

Choi, Y., Kotthoff, L., Olejko, L., Resch-Genger, U., & Bald, I. (2018). DNA origami-based 
forster resonance energy-transfer nanoarrays and their application as ratiometric sensors. 
ACS applied materials & interfaces, 10(27), 23295-23302. 
https://doi.org/10.1021/acsami.8b03585 

https://doi.org/10.1016/j.molstruc.2020.127756
https://doi.org/10.1021/ja028156h
https://doi.org/10.1021/ct300778e
https://doi.org/10.1063/1.1667473
https://doi.org/10.1021/ie000710d
http://hdl.handle.net/10993/16614
https://doi.org/10.1080/07391102.2018.1495578
https://doi.org/10.1080/07391102.2019.1604263
https://doi.org/10.1021/ja304519d
https://doi.org/10.1021/ja304519d
https://doi.org/10.1002/chem.200601544
https://doi.org/10.1021/acsami.8b03585


36 
 

Ding, Y., Zhang, L., Xie, J., & Guo, R. (2010). Binding characteristics and molecular 
mechanism of interaction between ionic liquid and DNA. The Journal of Physical Chemistry 
B, 114(5), 2033-2043. https://doi.org/10.1021/jp9104757 

Frisch, M. J. E. A., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman, 
J. R., ... & Fox, D. J. (2009). gaussian 09, Revision d. 01, Gaussian. Inc., Wallingford CT, 
201.  

Fukumoto, K., Yoshizawa, M., & Ohno, H. (2005). Room temperature ionic liquids from 
20 natural amino acids. Journal of the American Chemical Society, 127(8), 2398-2399. 
https://doi.org/10.1021/ja043451i 

Girard, M., Millan, J. A., & Olvera de la Cruz, M. (2017). DNA-driven assembly: From 
polyhedral nanoparticles to proteins. Annual review of materials research, 47, 33-49. 
https://doi.org/10.1146/annurev-matsci-070616-124201 

Gohlke, H., Kiel, C., & Case, D. A. (2003). Insights into protein–protein binding by binding 
free energy calculation and free energy decomposition for the Ras–Raf and Ras–RalGDS 
complexes. Journal of molecular biology, 330(4), 891-913. https://doi.org/10.1016/S0022-
2836(03)00610-7 

Haque, A., Khan, I., Hassan, S. I., & Khan, M. S. (2017). Interaction studies of cholinium-
based ionic liquids with calf thymus DNA: spectrophotometric and computational methods. 
Journal of Molecular Liquids, 237, 201-207. https://doi.org/10.1016/j.molliq.2017.04.068 

He, Y., Li, Z., Simone, P., & Lodge, T. P. (2006). Self-assembly of block copolymer 
micelles in an ionic liquid. Journal of the American Chemical Society, 128(8), 2745-2750. 
https://doi.org/10.1021/ja058091t 

Hodyna, D., Kovalishyn, V., Semenyuta, I., Rogalsky, S., Trokhimenko, O., Gryniukova, 
A., & Metelytsia, L. (2021). Ester-Functionalized Imidazolium-and Pyridinium-Based Ionic 
Liquids: Design, Synthesis and Cytotoxicity Evaluation, 12(3), 2905 – 2957.  
https://doi.org/10.33263/BRIAC123.29052957 

Hornak, V., Abel, R., Okur, A., Strockbine, B., Roitberg, A., & Simmerling, C. (2006). 
Comparison of multiple Amber force fields and development of improved protein backbone 
parameters. Proteins: Structure, Function, and Bioinformatics, 65(3), 712-725. 
https://doi.org/10.1002/prot.21123 

Huddleston, J. G., Visser, A. E., Reichert, W. M., Willauer, H. D., Broker, G. A., & Rogers, 
R. D. (2001). Characterization and comparison of hydrophilic and hydrophobic room 
temperature ionic liquids incorporating the imidazolium cation. Green chemistry, 3(4), 156-
164. https://doi.org/10.1039/B103275P 

Izadyar, M., Khavani, M., & Housaindokht, M. R. (2015). A combined molecular dynamic 
and quantum mechanic study of the solvent and guest molecule effect on the stability and 
length of heterocyclic peptide nanotubes. Physical Chemistry Chemical Physics, 17(17), 
11382-11391. https://doi.org/10.1039/C5CP00973A 

Izadyar, M., Khavani, M., & Housaindokht, M. R. (2017). Sensing ability of hybrid cyclic 
nanopeptides based on thiourea cryptands for different ions, A Joint DFT-D3/MD Study. 
The Journal of Physical Chemistry A, 121(1), 244-255. 
https://doi.org/10.1021/acs.jpca.6b09738 

https://doi.org/10.1021/jp9104757
https://doi.org/10.1021/ja043451i
https://doi.org/10.1146/annurev-matsci-070616-124201
https://doi.org/10.1016/S0022-2836(03)00610-7
https://doi.org/10.1016/S0022-2836(03)00610-7
https://doi.org/10.1016/j.molliq.2017.04.068
https://doi.org/10.1021/ja058091t
https://doi.org/10.33263/BRIAC123.29052957
https://doi.org/10.1002/prot.21123
https://doi.org/10.1039/B103275P
https://doi.org/10.1039/C5CP00973A
https://doi.org/10.1021/acs.jpca.6b09738


37 
 

Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W., & Klein, M. L. (1983). 
Comparison of simple potential functions for simulating liquid water. The Journal of 
chemical physics, 79(2), 926-935. https://doi.org/10.1063/1.445869 

Joung, I. S., & Cheatham III, T. E. (2008). Determination of alkali and halide monovalent 
ion parameters for use in explicitly solvated biomolecular simulations. The journal of 
physical chemistry B, 112(30), 9020-9041. https://doi.org/10.1021/jp8001614 

Kaar, J. L., Jesionowski, A. M., Berberich, J. A., Moulton, R., & Russell, A. J. (2003). 
Impact of ionic liquid physical properties on lipase activity and stability. Journal of the 
American Chemical Society, 125(14), 4125-4131. https://doi.org/10.1021/ja028557x 

Khavani, M., & Izadyar, M. (2015). A comprehensive study of the solvent effects on the 
cycloaddition reaction of diethyl azodicarboxylate and ethyl vinyl ether: Efficient 
implementation of QM and TD‐DFT study. International Journal of Quantum Chemistry, 
115(6), 381-388. https://doi.org/10.1002/qua.24853 

Khavani, M., Izadyar, M., & Housaindokht, M. R. (2015). Theoretical design of the cyclic 
lipopeptide nanotube as a molecular channel in the lipid bilayer, molecular dynamics and 
quantum mechanics approach. Physical Chemistry Chemical Physics, 17(38), 25536-25549.  
https://doi.org/10.1039/C5CP03136B 

Khavani, M., Izadyar, M., & Housaindokht, M. R. (2017). Glucose derivatives substitution 
and cyclic peptide diameter effects on the stability of the self-assembled cyclic peptide 
nanotubes; a joint QM/MD study. Journal of Molecular Graphics and Modelling, 71, 28-
39. https://doi.org/10.1016/j.jmgm.2016.10.019 

Khavani, M., Izadyar, M., & Housaindokht, M. R. (2018). DFT study on the selective 
complexation of B12N12 nanocage with alkali metal ions. Phosphorus, Sulfur, and Silicon 
and the Related Elements, 193(3), 178-184. 
https://doi.org/10.1080/10426507.2017.1394301 

Khavani, M., Izadyar, M., & Housaindokht, M. R. (2018). Modeling of the functionalized 
gold nanoparticle aggregation in the presence of dopamine: a joint MD/QM study. The 
Journal of Physical Chemistry C, 122(45), 26130-26141. 
https://doi.org/10.1021/acs.jpcc.8b06600           

Khavani, M., Izadyar, M., & Housaindokht, M. R. (2019). RNA aptasensor based on gold 
nanoparticles for selective detection of neomycin B, molecular approach. Journal of the 
Iranian Chemical Society, 16(11), 2389-2400. https://doi.org/10.1007/s13738-019-01708-0 

Khavani, M., Izadyar, M., & Housaindokht, M. R. (2019). Theoretical design and 
experimental study on the gold nanoparticles based colorimetric aptasensors for detection 
of neomycin B. Sensors and Actuators B: Chemical, 300, 126947. 
https://doi.org/10.1016/j.snb.2019.126947 

Khavani, M., Izadyar, M., & Housaindokht, M. R. (2020). The effects of amino acid 
sequence and solvent polarity on the self-assembling of cyclic peptide nanotubes and 
molecular channel formation inside the lipid bilayer. Journal of Molecular Liquids, 314, 
113660. https://doi.org/10.1016/j.molliq.2020.113660 

Khavani, M., Kalantarinezhad, R., & Izadyar, M. (2018). A joint QM/MD study on α-, β-
and γ-cyclodextrins in selective complexation with cathinone. Supramolecular Chemistry, 
30(8), 687-696. https://doi.org/10.1080/10610278.2018.1444764 

https://doi.org/10.1063/1.445869
https://doi.org/10.1021/jp8001614
https://doi.org/10.1021/ja028557x
https://doi.org/10.1002/qua.24853
https://doi.org/10.1039/C5CP03136B
https://doi.org/10.1016/j.jmgm.2016.10.019
https://doi.org/10.1080/10426507.2017.1394301
https://doi.org/10.1021/acs.jpcc.8b06600
https://doi.org/10.1007/s13738-019-01708-0
https://doi.org/10.1016/j.snb.2019.126947
https://doi.org/10.1016/j.molliq.2020.113660
https://doi.org/10.1080/10610278.2018.1444764


38 
 

Koch, A., Joosten, S. C., Feng, Z., de Ruijter, T. C., Draht, M. X., Melotte, V., ... & van 
Engeland, M. (2018). Analysis of DNA methylation in cancer: location revisited. Nature 
reviews Clinical oncology, 15(7), 459-466. https://doi.org/10.1038/s41571-018-0004-4 

Leone, A. M., Weatherly, S. C., Williams, M. E., Thorp, H. H., & Murray, R. W. (2001). 
An ionic liquid form of DNA: redox-active molten salts of nucleic acids. Journal of the 
American Chemical Society, 123(2), 218-222. https://doi.org/10.1021/ja003332c 

Li, J., Fan, C., Pei, H., Shi, J., & Huang, Q. (2013). Smart drug delivery nanocarriers with 
self‐assembled DNA nanostructures. Advanced materials, 25(32), 4386-4396. 
https://doi.org/10.1002/adma.201300875 

Li, T. I., Sknepnek, R., & Olvera de la Cruz, M. (2013). Thermally active hybridization 
drives the crystallization of DNA-functionalized nanoparticles. Journal of the American 
Chemical Society, 135(23), 8535-8541. https://doi.org/10.1021/ja312644h 

Lopez, A., & Liu, J. (2018). DNA oligonucleotide-functionalized liposomes: bioconjugate 
chemistry, biointerfaces, and applications. Langmuir, 34(49), 15000-15013. 
https://doi.org/10.1021/acs.langmuir.8b01368 

Lu, T., & Chen, F. (2012). Multiwfn: a multifunctional wavefunction analyzer. Journal of 
computational chemistry, 33(5), 580-592. https://doi.org/10.1002/jcc.22885 

Lukin, M., & de Los Santos, C. (2006). NMR structures of damaged DNA. Chemical 
reviews, 106(2), 607-686. https://doi.org/10.1021/cr0404646 

Marchand, A., Rosu, F., Zenobi, R., & Gabelica, V. (2018). Thermal denaturation of DNA 
G-quadruplexes and their complexes with ligands: thermodynamic analysis of the multiple 
states revealed by mass spectrometry. Journal of the American Chemical Society, 140(39), 
12553-12565. https://doi.org/10.1021/jacs.8b07302 

Micaêlo, N. M., & Soares, C. M. (2008). Protein structure and dynamics in ionic liquids. 
Insights from molecular dynamics simulation studies. The Journal of Physical Chemistry B, 
112(9), 2566-2572. https://doi.org/10.1021/jp0766050 

Miller III, B. R., McGee Jr, T. D., Swails, J. M., Homeyer, N., Gohlke, H., & Roitberg, A. 
E. (2012). MMPBSA. py: an efficient program for end-state free energy calculations. 
Journal of chemical theory and computation, 8(9), 3314-3321. 
https://doi.org/10.1021/ct300418h 

Olivier-Bourbigou, H., Magna, L., & Morvan, D. (2010). Ionic liquids and catalysis: Recent 
progress from knowledge to applications. Applied Catalysis A: General, 373(1-2), 1-56. 
https://doi.org/10.1016/j.apcata.2009.10.008 

Oprzeska-Zingrebe, E. A., Meyer, S., Roloff, A., Kunte, H. J., & Smiatek, J. (2018). 
Influence of compatible solute ectoine on distinct DNA structures: thermodynamic insights 
into molecular binding mechanisms and destabilization effects. Physical Chemistry 
Chemical Physics, 20(40), 25861-25874. https://doi.org/10.1039/C8CP03543A 

Ott, J., & Hoh, J. (2003). Set association analysis of SNP case-control and microarray data. 
Journal of Computational Biology, 10(3-4), 569-574. 
https://doi.org/10.1089/10665270360688192 

Perdew, J. P. (1986). Density-functional approximation for the correlation energy of the 
inhomogeneous electron gas. Physical Review B, 33(12), 8822. 
https://doi.org/10.1103/PhysRevB.33.8822 

https://doi.org/10.1038/s41571-018-0004-4
https://doi.org/10.1021/ja003332c
https://doi.org/10.1002/adma.201300875
https://doi.org/10.1021/ja312644h
https://doi.org/10.1021/acs.langmuir.8b01368
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1021/cr0404646
https://doi.org/10.1021/jacs.8b07302
https://doi.org/10.1021/jp0766050
https://doi.org/10.1021/ct300418h
https://doi.org/10.1016/j.apcata.2009.10.008
https://doi.org/10.1039/C8CP03543A
https://doi.org/10.1089/10665270360688192
https://doi.org/10.1103/PhysRevB.33.8822


39 
 

Petersson, G. A., & Al‐Laham, M. A. (1991). A complete basis set model chemistry. II. 
Open‐shell systems and the total energies of the first‐row atoms. The Journal of chemical 
physics, 94(9), 6081-6090. https://doi.org/10.1063/1.460447 

Phadke, R. S. (2001). Biomolecular electronics in the twenty-first century. Applied 
Biochemistry and biotechnology, 96(1), 279-286. https://doi.org/10.1385/ABAB:96:1-
3:279 

Pillai, V. V., & Benedetto, A. (2018). Ionic liquids in protein amyloidogenesis: a brief 
screenshot of the state-of-the-art. Biophysical reviews, 10(3), 847-852. 
https://doi.org/10.1007/s12551-018-0425-4 

Reed, A. E., Curtiss, L. A., & Weinhold, F. (1988). Intermolecular interactions from a 
natural bond orbital, donor-acceptor viewpoint. Chemical Reviews, 88(6), 899-926. 
ttps://doi.org/10.1021/cr00088a005 

Reslan, M., & Kayser, V. (2018). Ionic liquids as biocompatible stabilizers of proteins. 
Biophysical reviews, 10(3), 781-793. https://doi.org/10.1007/s12551-018-0407-6 

Rezki, N., Al-Blewi, F. F., Al-Sodies, S. A., Alnuzha, A. K., Messali, M., Ali, I., & Aouad, 
M. R. (2020). Synthesis, characterization, DNA binding, anticancer, and molecular docking 
studies of novel imidazolium-based ionic liquids with fluorinated phenylacetamide tethers. 
ACS omega, 5(10), 4807-4815. https://doi.org/10.1021/acsomega.9b03468 

Ryckaert, J. P., Ciccotti, G., & Berendsen, H. J. (1977). Numerical integration of the 
cartesian equations of motion of a system with constraints: molecular dynamics of n-
alkanes. Journal of computational physics, 23(3), 327-341. https://doi.org/10.1016/0021-
9991(77)90098-5 

Sahoo, D. K., Jena, S., Dutta, J., Chakrabarty, S., & Biswal, H. S. (2018). Critical assessment 
of the interaction between DNA and choline amino acid ionic liquids: evidences of 
multimodal binding and stability enhancement. ACS central science, 4(12), 1642-1651. 
https://doi.org/10.1021/acscentsci.8b00601 

Sharma, M., Mondal, D., Singh, N., Trivedi, N., Bhatt, J., & Prasad, K. (2015). High 
concentration DNA solubility in bio-ionic liquids with long-lasting chemical and structural 
stability at room temperature. RSC Advances, 5(51), 40546-40551. 
https://doi.org/10.1039/C5RA03512K 

Silva, S. M., Tavallaie, R., Gonca̧les, V. R., Utama, R. H., Kashi, M. B., Hibbert, D. B., ... 
& Gooding, J. J. (2018). Dual Signaling DNA Electrochemistry: An Approach To 
Understand DNA Interfaces. Langmuir, 34(4), 1249-1255.  
https://doi.org/10.1021/acs.langmuir.7b02787 

Simon, S., Duran, M., & Dannenberg, J. J. (1996). How does basis set superposition error 
change the potential surfaces for hydrogen‐bonded dimers?. The Journal of chemical 
physics, 105(24), 11024-11031. https://doi.org/10.1063/1.472902 

Sindhikara, D. J., Kim, S., Voter, A. F., & Roitberg, A. E. (2009). Bad seeds sprout perilous 
dynamics: stochastic thermostat induced trajectory synchronization in biomolecules. 
Journal of Chemical Theory and Computation, 5(6), 1624-1631. 
https://doi.org/10.1021/ct800573m 

https://doi.org/10.1063/1.460447
https://doi.org/10.1385/ABAB:96:1-3:279
https://doi.org/10.1385/ABAB:96:1-3:279
https://doi.org/10.1007/s12551-018-0425-4
https://doi.org/10.1021/cr00088a005
https://doi.org/10.1007/s12551-018-0407-6
https://doi.org/10.1021/acsomega.9b03468
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1021/acscentsci.8b00601
https://doi.org/10.1039/C5RA03512K
https://doi.org/10.1021/acs.langmuir.7b02787
https://doi.org/10.1063/1.472902
https://doi.org/10.1021/ct800573m


40 
 

Sistla, Y. S., & Khanna, A. (2015). CO2 absorption studies in amino acid-anion based ionic 
liquids. Chemical Engineering Journal, 273, 268-276. 
https://doi.org/10.1016/j.cej.2014.09.043 

Stellwagen, N. C., & Stellwagen, E. (2019). DNA thermal stability depends on solvent 
viscosity. The Journal of Physical Chemistry B, 123(17), 3649-3657. 
https://doi.org/10.1021/acs.jpcb.9b01217 

Tateishi-Karimata, H., & Sugimoto, N. (2014). Structure, stability and behaviour of nucleic 
acids in ionic liquids. Nucleic acids research, 42(14), 8831-8844. 
https://doi.org/10.1093/nar/gku499 

Tobias, D. J., Tu, K., & Klein, M. L. (1997). Atomic-scale molecular dynamics simulations 
of lipid membranes. Current opinion in colloid & interface science, 2(1), 15-26. 
https://doi.org/10.1016/S1359-0294(97)80004-0 

Vijayaraghavan, R., Izgorodin, A., Ganesh, V., Surianarayanan, M., & MacFarlane, D. R. 
(2010). Long‐term structural and chemical stability of DNA in hydrated ionic liquids. 
Angewandte Chemie International Edition, 49(9), 1631-1633. 
https://doi.org/10.1002/anie.200906610 

Wang, M. X., Brodin, J. D., Millan, J. A., Seo, S. E., Girard, M., Olvera de la Cruz, M., ... 
& Mirkin, C. A. (2017). Altering DNA-programmable colloidal crystallization paths by 
modulating particle repulsion. Nano letters, 17(8), 5126-5132. 
https://doi.org/10.1021/acs.nanolett.7b02502 

Wasserscheid, P., & Keim, W. (2000). Ionic liquids—new “solutions” for transition metal 
catalysis. Angewandte Chemie International Edition, 39(21), 3772-3789. 
https://doi.org/10.1002/1521-3773(20001103)39:21<3772::AID-ANIE3772>3.0.CO;2-5 

Welton, T. (1999). Room-temperature ionic liquids. Solvents for synthesis and catalysis. 
Chemical reviews, 99(8), 2071-2084.  

Yurke, B., Turberfield, A. J., Mills, A. P., Simmel, F. C., & Neumann, J. L. (2000). A DNA-
fuelled molecular machine made of DNA. Nature, 406(6796), 605-608. 
https://doi.org/10.1038/35020524 

Zgarbová, M., Luque, F. J., Sponer, J., Cheatham III, T. E., Otyepka, M., & Jurecka, P. 
(2013). Toward improved description of DNA backbone: revisiting epsilon and zeta torsion 
force field parameters. Journal of chemical theory and computation, 9(5), 2339-2354. 
https://doi.org/10.1021/ct400154j 

Zhao, Y., & Truhlar, D. G. (2006). A new local density functional for main-group 
thermochemistry, transition metal bonding, thermochemical kinetics, and noncovalent 
interactions. The Journal of chemical physics, 125(19), 194101. 
https://doi.org/10.1063/1.2370993 

Zhao, Y., & Truhlar, D. G. (2006). Comparative DFT study of van der Waals complexes: 
rare-gas dimers, alkaline-earth dimers, zinc dimer, and zinc-rare-gas dimers. The Journal of 
Physical Chemistry A, 110(15), 5121-5129. https://doi.org/10.1021/jp060231d 

Zhou, Y., & Antonietti, M. (2003). Synthesis of very small TiO2 nanocrystals in a room-
temperature ionic liquid and their self-assembly toward mesoporous spherical aggregates. 
Journal of the American Chemical Society, 125(49), 14960-14961. 
https://doi.org/10.1021/ja0380998 

https://doi.org/10.1016/j.cej.2014.09.043
https://doi.org/10.1021/acs.jpcb.9b01217
https://doi.org/10.1093/nar/gku499
https://doi.org/10.1016/S1359-0294(97)80004-0
https://doi.org/10.1002/anie.200906610
https://doi.org/10.1021/acs.nanolett.7b02502
https://doi.org/10.1002/1521-3773(20001103)39:21%3c3772::AID-ANIE3772%3e3.0.CO;2-5
https://doi.org/10.1038/35020524
https://doi.org/10.1021/ct400154j
https://doi.org/10.1063/1.2370993
https://doi.org/10.1021/jp060231d
https://doi.org/10.1021/ja0380998


41 
 

 

 

 

 

 

 

           

     

    

 

     

 

 

               

 

          

 


