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Experimental Section:

Materials:

Chemicals like Choline chloride, metal salts (FeCl3, MnCl2), DNA from calf thymus and the 

fluorescence probe - DAPI, are from Sigma and used without further purification. Phosphate 

buffer (1M, pH 7.4) and the fluorescence dye - Ethidium bromide (EB) is from G Bioscience. 

Synthesis of ionic liquids (ILs) are according to the previous report. The purity analysis of 

synthesized molecules was characterized using NMR (1H and 13C) (Figure S1-4) and EPR 

(Figure S5) spectroscopy. UV/Vis absorbance measurement at 260 and 280 nm gives a ratio of 

1.8, which confirms the purity of DNA. All the sample preparation and experimental 

measurements were done using deionized Milli Q water.

Instrumentation and Methods:

For steady-state absorption measurement, we use a UV/Vis spectrometer from Agilent Cary; 

for the fluorescence spectral measurement, a spectro-fluorimeter from PerkinElmer; and for 

circular dichroism (CD) measurements, a spectro-polarimeter from JASCO J-1500. Spectral 

accumulations are an average of three scans. Measurements of the time-resolved fluorescence 

properties use an Edinburgh.

All sample preparations for recording steady-state absorption, emission, time-resolved 

emission, and CD are in 20 mM aqueous phosphate buffer solution of pH 7.4. These 

measurements are in a quartz cuvette of 10 mm path length. The UV melting measurement uses 

a fixed wavelength of 260 nm with gradual recording from 40 to 95 oC. For the time-resolved 

measurements, 445 laser was used as the excitation source. The obtained IRF from the ludox 

solution is 120 ps. Isothermal titration calorimetry (ITC) measurement uses a MicroCal ITC-

200 calorimeter at 25 oC. The recordings are with a sample cell containing 200 µL of 50 µM 

DNA in phosphate buffer and titration against 50 mM injections of ChMILs. A total of 19 

injections are used from a 40 μL rotating syringe into the sample cell. In each titration, an 

injection volume of 2 µL at an interval of 120 s. The field emission scanning electron 

microscope (FE-SEM) images of DNA and DNA-Gua-IL systems were taken from a ZEISS, 

Ultra Plus, where all the samples were prepared by drop casting the solution in silicon wafers.

Fluorescence correlation spectral measurements use a time-resolved confocal microscope from 

PicoQuant Micro-time 200. The excitation source uses a pulsed diode laser with a wavelength 

of 403 nm. Laser focus on the sample uses a water immersion objective. The experimental 
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recordings use a laser power of 10 µW in 20 mM phosphate buffer solution containing 150 nM 

DAPI and 50 µM DNA. The observed correlation data was fitted using the equation for simple 

diffusion along with intersystem crossing is as follows: 
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Here, τD is the diffusion time, N represents the number of molecules in the observation volume, 

and κ is the structure parameter defined as κ = (ωz/ωxy) in which ωz and ωxy are the longitudinal 

and transverse radii of the observation volume, respectively.

Computational methods:

Methodology:

In this work, the AMBER99SB1 force field was used to mimic the interatomic interactions of 

[Chl]+ ions. For [MnCl4]2- and [FeCl4]-, the Panteva and York fine-tuned divalent cation 

parameters2 and the universal force field (UFF) described by Rappe et al.3 were used, 

respectively. By prior benchmark assessment investigations, the Amber99sb force field has 

demonstrated heightened accuracy and compatibility in the realm of biomolecular 

simulations.4-6 In ESI, Table S1 provides all force field parameters employed in this study. 

Simulations were performed for two systems, namely (i) DNA-[Ch][Fe] IL in water and (ii) 

DNA-[Ch]2[Mn] in water. 

Molecular docking:

The molecular docking calculations for the aforementioned complexes were conducted 

employing the AutoDock Vina package.7-10 The ct-DNA dodecamer, identified by the PDB 

accession 1BNA, was obtained from the RCSB Protein Data Bank11, with subsequent removal 

of extraneous water molecules and other entities. The ChMILs were subjected to docking 

within a predefined grid box (X = 15.2 Å, Y = 19.9 Å, Z = 8.9 Å) established around the DNA 

structure. Ten binding poses were generated for each complex, guided by the binding affinity 

of the complexes with the DNA dodecamer. Clusters featuring the most favorable binding 

poses were subsequently singled out for in-depth analysis. BIOVIA Discovery Studio 
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Visualizer 4.512 was utilized to comprehensively explore the dynamic interaction between the 

docked complexes and DNA. This facilitated a meticulous examination of binding modes and 

the discernment of pivotal interactions contributing to the binding affinity.

Simulations details:

For the molecular dynamic simulation of DNA in magnetic ionic liquids (ILs), we used the 

Gromacs 2021 package13. Once the topology was generated based on the above-mentioned 

force field parameters, the DNA molecule was kept in a cubic simulation box with a minimum 

of 10 nm distance from its surface and filled with the simple point charge (SPC) water 

molecules14. Specifically, the docked pose obtained serves as the basis for generating a system 

composition, 1:30. Around the docked complex, 29 more MIL molecules were inserted into 

the simulation box. Consistent with the experimental composition, the ratio of DNA to 

[Chl][FeCl4] or [Chl]2[MnCl4] in the box was set at 1:30. Requisite counterions were added to 

make every system electrically neutral. Having accomplished energy minimization with the 

steepest descent integrator for 5000 steps under a force convergence of < 1000 kcal. mol-1. nm-

1, we ran MD simulations. 

First, the canonical (NVT) and isothermal-isobaric (NPT) ensembles were used to equilibrate 

each system for 5 ns. We employed the Parrinello-Rahman pressure and Berendsen temperature 

controllers during equilibration to maintain 1 bar pressure and 300 K temperature, respectively. 

With a Fourier grid spacing of 0.12 nm, the long-range Coulomb interactions were treated using 

the particle mesh Ewald (PME) technique15. The short-range van der Waals interaction was 

modeled by the Lennard-Jones potential function with a cut-off distance of 1 nm. The linear 

constraint solver (LINCS)16 method was used to limit all bond vibrations. 

After equilibration, two systems were subjected to 1 µs production runs, with the system's 

coordinates being stored at an interval of 10 ps. As in previous studies17, 18, post-MD analyses, 

including root-mean-square-deviation (RMSD), solvent accessible surface area (SASA), 

principal component analysis (PCA), radial distribution function (RDF), and H-bonds, were 

performed using MD trajectories. Applying the MM-PBSA method19, binding free energies for 

the two systems were computed.

The MM-PBSA method20 was used to calculate the binding free energy of protein-ligand 

complexes. The studies suggest that the goodness of the agreement between experimentally 

determined binding affinities and those computed with MM-PBSA21. Although MM-PBSA 

proved its strengths in many drug designs and macromolecular analyses, the studies also 
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revealed weaknesses of the method. Sources of uncertainty in the MM-PBSA method 

encompass challenges in predicting solute entropies, estimating solvation free energies for 

charged groups situated in buried environments, addressing conformational sampling 

intricacies, and making precise parameter choices, including the determination of radii for 

solvation free energy calculation and the selection of the dielectric constant for the solute. The 

computation of the entropy term poses a formidable challenge, frequently necessitating 

approximation through a normal mode method employing a limited number of chosen 

snapshots. In such an approach, the configurational entropy derived from normal mode analysis 

is frequently excluded in the hierarchical ranking of relative binding affinities, as its 

incorporation often fails to yield substantial enhancement in concordance with experimental 

observations. The normal-mode entropy is beset by computational expense and a deficiency in 

providing insights into conformational entropy. Regrettably, alternative methodologies fail to 

yield converged results. Therefore, the term is often omitted.22-25

The MM-PBSA method is widely used for free energy calculation from the MD trajectory. A 

benchmarking study by Wang et al. in 2019 showed that MM-PBSA outperformed the Glide 

SP scoring function (success rate of 58.6%) and MMGBSA in most cases with an overall 

success rate of about 74%.26

The binding free energy (ΔGbind) in a solvent medium was calculated as follows:

ΔGbind = Gcomplex - (Gprotein + Gligand),

where Gcomplex is the total free energy of the protein-ligand complex; Gprotein and Gligand for 

the protein and ligand alone in a solvent, respectively. 

Each free energy term Gp (p = protein, ligand, or complex) is a combination of the average 

molecular mechanics potential energy in the vacuum (EMM) and solvation free energy (Gsolv):

Gp = EMM + Gsolv.

EMM was calculated in the vacuum as follows:

EMM = Ebonded + Enon-bonded = Ebonded (Eint) + Evdw + Eelec,

where Ebonded (or Eint) is the total bonded interaction, which includes bond, angle, dihedral, and 

improper interactions. Enon-bonded is the total non-bonded interaction consisting of both van 

der Waals (Evdw) and electrostatic (Eelec) interactions. Ebonded is always taken as zero. 
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The solvation free energy (Gsolv) was estimated as the sum of electrostatic solvation free energy 

(Gpolar) and nonpolar solvation free energy (Gnon-polar) as given below:

Gsolv = Gpolar + Gnon-polar,

where Gpolar, the polar solvation energy, was determined using the Poisson-Boltzmann (PB) 

linear equation, and the nonpolar contribution, Gnon-polar, was estimated from the solvent-

accessible surface area (SASA) as per the following equation:

Gnon-polar = γSASA + b,

where γ (a coefficient related to the surface tension of the solvent) = 0.02267 kJ/mol/Å2 and b 

= 3.849 kJ/mol.

To quantify the affinity and binding strength between DNA and ILs, we estimated binding free 

energy (ΔGbind) by taking the final 10 ns of MD trajectories.

Upon conducting post-molecular dynamics analyses, including root-mean-square deviation 

(RMSD), solvent accessible surface area (SASA), and others, it has been observed that all 

investigated systems exhibit convergence well before the designated simulation duration of 1 

µs. Notably, conformational stability persists beyond the 400 ns mark, suggesting 

comprehensive coverage of simulation windows within this temporal domain.

The visualization of all simulation structures was facilitated through the utilization of VMD 

(Visual Molecular Dynamics) software27, while the superimposition of structures was achieved 

employing UCSF Chimera28, a molecular visualization and analysis tool.

Table S1. Force field parameters for [Ch]+, [FeCl4]- and [MnCl4]2- ions used in this work. 

[Ch]+

Force field: AMBER99SB1

Atoms  (nm)  (kJ/mol)

N4 2.49951E-01 1.62122e+0

C3 3.39771E-01 4.51035E-01

OH 3.24287E-01 3.89112E-01

HO 5.37925E-02 1.96648E-02
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HX 1.88746E-01 8.70272E-02

H1 2.42200E-01 8.70272E-02

[FeCl4]-  

Force field: Universal Force Field (UFF)3

Fe 2.08000E-01 0.560656

Cl 3.47000E-01 1.10876

[MnCl4]2-

Force Field: Panteva and York’s fine-tuned divalent cation parameters2

Mn 3.01123E-01 0.058576

Cl 3.47000E-01 1.10876

Bond parameters

[Ch]+

Atom Atom req (nm) Kb 
(kJ/mol.nm2)

     1      2      1.5110E-01     1.8627E+05     

     1      3        1.5110E-01     1.8627E+05     

     1      4     1.5110E-01    1.8627E+05     

     1    5      1.5110E-01    1.8627E+05     

     2  16       1.0910E-01    3.2342E+05    

     2     17      1.0910E-01    3.2342E+05    

     2     18   1.0910E-01    3.2342E+05   

     3  13 1.0910E-01    3.2342E+05    

     3   14    1.0910E-01    3.2342E+05    

     3   15    1.0910E-01    3.2342E+05    

     4     19   1.0910E-01    3.2342E+05   
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     4     20   1.0910E-01    3.2342E+05   

     4    21 1.0910E-01    3.2342E+05   

     5    6     1.5380E-01    1.9456E+05     

     5      9    1.0910E-01    3.2342E+05    

    5    10    1.0910E-01    3.2342E+05    

    6 7 1.4230E-01    2.4552E+05     

     6     11  1.0970E-01    3.1455E+05  

     6    12 1.0970E-01    3.1455E+05    

     7    8    9.7300E-02    4.7154E+05    

    1      2     1.5110E-01    1.8627E+05     

     1    3     1.5110E-01    1.8627E+05     

     1    4     1.5110E-01    1.8627E+05     

     1      5 1.5110E-01    1.8627E+05     

     2     16 1.0910E-01    3.2342E+05    

     2     17    1.0910E-01    3.2342E+05    

     2     18 1.0910E-01    3.2342E+05   

[FeCl4]-

Fe Cl 0.22600 328.27664

[MnCl4]2-

Mn Cl 0.238974 328.27664

Angle parameters

[Ch]+

Atom Atom Atom  (deg) K (kJ.mol-1.rad-

2)
1 2 1 1.08E+02 5.03E+02
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1 2 1 1.08E+02 5.03E+02
1 2 1 1.08E+02 5.03E+02
1 3 1 1.08E+02 5.03E+02
1 3 1 1.08E+02 5.03E+02
1 3 1 1.08E+02 5.03E+02
1 4 1 1.08E+02 5.03E+02
1 4 1 1.08E+02 5.03E+02
1 4 1 1.08E+02 5.03E+02
1 5 1 1.14E+02 6.78E+02
1 5 1 1.08E+02 5.03E+02
1 5 1 1.08E+02 5.03E+02
2 1 1 1.10E+02 5.40E+02
2 1 1 1.10E+02 5.40E+02
2 1 1 1.10E+02 5.40E+02
3 1 1 1.10E+02 5.40E+02
3 1 1 1.10E+02 5.40E+02
4 1 1 1.10E+02 5.40E+02
5 6 1 1.10E+02 7.08E+02
5 6 1 1.10E+02 3.92E+02
5 6 1 1.10E+02 3.92E+02
6 5 1 1.11E+02 3.91E+02
6 5 1 1.11E+02 3.91E+02
6 7 1 1.07E+02 4.10E+02
7 6 1 1.10E+02 5.23E+02
7 6 1 1.10E+02 5.23E+02
9 5 1 1.10E+02 3.25E+02
11 6 1 1.08E+02 3.25E+02
13 3 1 1.10E+02 3.25E+02
13 3 1 1.10E+02 3.25E+02
14 3 1 1.10E+02 3.25E+02
16 2 1 1.10E+02 3.25E+02
16 2 1 1.10E+02 3.25E+02
17 2 1 1.10E+02 3.25E+02
19 4 1 1.10E+02 3.25E+02
19 4 1 1.10E+02 3.25E+02
20 4 1 1.10E+02 3.25E+02
22 23 1 1.08E+02 5.03E+02
22 23 1 1.08E+02 5.03E+02
22 23 1 1.08E+02 5.03E+02
22 24 1 1.08E+02 5.03E+02
22 24 1 1.08E+02 5.03E+02
22 24 1 1.08E+02 5.03E+02
22 25 1 1.08E+02 5.03E+02
22 25 1 1.08E+02 5.03E+02
22 25 1 1.08E+02 5.03E+02
22 26 1 1.14E+02 6.78E+02
22 26 1 1.08E+02 5.03E+02
22 26 1 1.08E+02 5.03E+02
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23 22 1 1.10E+02 5.40E+02
23 22 1 1.10E+02 5.40E+02
23 22 1 1.10E+02 5.40E+02
24 22 1 1.10E+02 5.40E+02
24 22 1 1.10E+02 5.40E+02
25 22 1 1.10E+02 5.40E+02
26 27 1 1.10E+02 7.08E+02
26 27 1 1.10E+02 3.92E+02
26 27 1 1.10E+02 3.92E+02
27 26 1 1.11E+02 3.91E+02
27 26 1 1.11E+02 3.91E+02
27 28 1 1.07E+02 4.10E+02
28 27 1 1.10E+02 5.23E+02
28 27 1 1.10E+02 5.23E+02
30 26 1 1.10E+02 3.25E+02
32 27 1 1.08E+02 3.25E+02
34 24 1 1.10E+02 3.25E+02
34 24 1 1.10E+02 3.25E+02
35 24 1 1.10E+02 3.25E+02
37 23 1 1.10E+02 3.25E+02
37 23 1 1.10E+02 3.25E+02
38 23 1 1.10E+02 3.25E+02
40 25 1 1.10E+02 3.25E+02
40 25 1 1.10E+02 3.25E+02
41 25 1 1.10E+02 3.25E+02
43 44 1 1.09E+02 9.74E+02
43 44 1 1.09E+02 9.74E+02
43 44 1 1.09E+02 9.74E+02
45 44 1 1.09E+02 9.74E+02
46 44 1 1.09E+02 9.74E+02
45 44 1 1.09E+02 9.74E+02
34 24 1 1.10E+02 3.25E+02
35 24 1 1.10E+02 3.25E+02
37 23 1 1.10E+02 3.25E+02
37 23 1 1.10E+02 3.25E+02

[FeCl4]-

22 24 23 1.09E+02 9.74E+02
22 24 25 1.09E+02 9.74E+02
22 24 26 1.09E+02 9.74E+02
23 24 25 1.09E+02 9.74E+02
25 24 26 1.09E+02 9.74E+02
23 24 26 1.09E+02 9.74E+02

[MnCl4]2-

43 44 45 1.09E+02 9.74E+02
43 44 46 1.09E+02 9.74E+02
43 44 47 1.09E+02 9.74E+02
45 44 46 1.09E+02 9.74E+02
46 44 47 1.09E+02 9.74E+02
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45 44 47 1.09E+02 9.74E+02
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Table S2: The length and diameter of DNA in the [Ch][Fe] ionic liquid at different instants: 
0, 200, 500, 700, and 1000 ns.

Time instant (ns) Length (Å) Diameter (Å)
0 43.6 27.2
200 41.9 34.2
500 40.5 38.7
700 45.9 30.8
1000 38.5 33.6

Table S3: The length and diameter of DNA in the [Ch]2[Mn] ionic liquid at different 
instants: 0, 200, 500, 700, and 1000 ns.  

Time instants (ns) Length (Å) Diameter (Å)
0 44.5 26.9
200 47.5 26.2
500 40.8 32.9
700 39.5 32.9
1000 39.6 35.3
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Figure S1. 1H NMR spectra of [Ch][Fe] IL
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Figure S2. 13C NMR spectra of [Ch][Fe] IL
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Figure S3. 1H NMR spectra of [Ch]2[Mn] IL
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Figure S4. 13C NMR spectra of [Ch]2[Mn] IL
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Figure S5. A) X-band EPR spectrum of [Ch][Fe] IL at room temperature in CH3OH, B) X-

band EPR spectrum of [Ch][Fe] IL at 100 K in CH3OH, C) X-band EPR spectrum of [Ch]2[Mn] 

IL at room temperature in CH3OH, D) X-band EPR spectrum of [Ch]2[Mn] IL at 100 K in 

CH3OH.
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Figure S6. A) Circular dichroism spectra of 50 mM DNA in phosphate buffer (10mM, pH 7.0) 
and with increasing concentration of [Ch]2[Mn] upto 5mM B) Zeta potential of DNA in 
absence and presence of varying amount of [Ch]2[Mn]  IL C) Absorption spectra of DNA in 
absence and presence of varying amount of [Ch]2[Mn] IL D) Emission spectra of free EB(10 
μM), DNA bound EB(10 μM, 50 μM DNA) and on varying the amount of [Ch]2[Mn] ILs,  E) 
Fluorescence decay profiles of EB-DNA in buffer and EB-DNA system in presence of 
Ch2[Mn] IL F) Melting curves of DNA in buffer, Ch[Fe] IL, and Ch2[Mn] IL.
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Figure S7. A) ITC isotherms of EB-DNA binding in buffer B) ITC isotherms of [Ch]2[Mn]-
DNA binding in buffer. Top part of both panels are obtained by converting the results into 
molar heats and plotted against the ligand to DNA molar ratio. Bottom part of both left and 
right panels are integrated data.
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Figure S8. A) Normalised FCS data of DNA-DAPI complex in absence and presence of 
varying amount of [Ch][Fe] IL B) FCS data of DNA-DAPI complex in absence and presence 
of varying amount of [Ch]2[Mn] IL C) Normalised FCS data of DNA-DAPI complex in 
absence and presence of varying amount of [Ch]2[Mn] IL
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Figure S9: The 3D docking poses and interaction images of ct-DNA with (A) Fe-ChMIL and  

(B) Mn-ChMIL (bond distances are provided in Å). 

Figure S10: RDF plots of H2O, [Ch]+, and [FeCl4]-/ [MnCl4]2- with respect to DNA in (A) 

DNA-[Ch][Fe] and (B) DNA-[Ch]2[Mn] systems. 
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Figure S11: DNA conformations at different time instants (0, 200, 500, 700, and 1000 ns) and 

superimposition of structures at 0 ns and 1000 ns in [Ch]2[Mn] IL.
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Figure S12: Illustrates the DNA volume as a 3D elliptical image for the DNA-[Ch]2[Mn] 
system at different time instants: 0 ns, 200 ns, 500 ns, 700 ns, and 1000 ns.
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Figure S13: Principal component analysis of the DNA-[Ch][Fe] (black) and DNA-[Ch]2[Mn] 

(red) simulation trajectories for the (A) first 10 ns (0-10 ns) and (B) last 10 ns (990-1000 ns). 
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