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ABSTRACT (max 200 words) 

The possibility of using deep eutectic solvents (DESs) as co-solvents for stabilizing and preserving 

the native structure of DNA provides an attractive opportunity in the field of DNA biotechnology. 

The rationale of this work is a systematic investigation of the effect of hydrated choline-based DES 

on the structural stability of a 30-base-pair double-stranded DNA model via a combination of 

spectroscopic experiments and MD simulations. UV absorption and CD experiments provide 

evidence of a significant contribution of DESs to the stabilization of the double-stranded canonical 

(B-form) DNA structure. Multi-wavelength synchrotron UV Resonance Raman (UVRR) 

measurements indicate that the hydration shell of adenine-thymine pairs is strongly perturbed in the 

presence of DESs and that the preferential interaction between H-bond sites of guanine residues and 

DESs is significantly involved in the stabilization of the dsDNA. Finally, MD calculations show that 

the minor groove of DNA is significantly selective for the choline part of the investigated DESs 

compared to the major groove. This finding is likely to have a significant impact not only in terms of 

thermal stability but also in the modulation of ligand-DNA interactions. 

Keywords: deep eutectic solvents, nucleic acids, synchrotron UV resonance Raman, circular 

dichroism, molecular dynamics simulation 

1. INTRODUCTION 

The solvent for the dissolution and storage of bio-macromolecules is a key factor in preventing their 

degradation and other adverse effects on their functionality. Specifically, the long-term stability of 

nucleic acids in aqueous media can be affected, inter alia, by temperature, pH, and ionic strength, 

leading to denaturation of the functional helix structure [1,2]. Common strategies used for the 

preservation of nucleic acid integrity include the storage of specimens below 0 °C, freeze-drying 

methods, or the use of reagents that deactivate nuclease. However, these storage and preservative 

approaches require the use of additives that can be cytotoxic or carcinogenic. The reliance on DNA 

in an aqueous medium as a conventional solvent is also one of the most critical bottlenecks in DNA 

technology and the development of new DNA-based devices.  

The addition of salts and/or organic co-solvents may be a possible strategy to enhance the 

conformational stability of nucleic acids in aqueous solution [3-6]. These molecules can directly bind 
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with DNA in place of water but the presence of a suitable concentration of so-solvents can also induce 

changes in the DNA hydration shell through the destruction of the H-bonds structure of water, thus 

affecting the stability of DNA. It has been demonstrated that aqueous solutions containing up to a 

few tens of wt/% of organic co-solvents do not significantly affect the DNA base pairing but tend to 

disrupt the weaker interactions of flexible residues [5]. However, higher concentrations (>40 %) of 

formamide, methanol, DMSO and diethylsulfoxide in water lead to a destabilization of double-

stranded DNA, due to the establishment of H-bonds and hydrophobic interactions of these co-solutes 

with the nucleotide bases [6-8]. Some experimental studies revealed that the thermal stability of DNA 

is remarkably enhanced by the presence of glycerol in water [3] and that the duplex structure of 

nucleic acids is maintained even in an aqueous solution of 99 % glycerol [6]. This effect has been 

mainly ascribed to the solvophobic interactions of glycerol with DNA which seem to be the dominant 

factor in maintaining the structure of nucleic acids [6]. The thermal stability of DNA in water/dioxane 

and water/ethylene glycol solutions has been investigated as a function of the different compositions 

of the mixtures [4]. The experimental results suggest that, at a relatively low content of co-solvents, 

the melting temperature of the DNA duplex is mainly determined by the screening of charges due to 

the electrical permittivity of the solution.  

For the past two decades, ionic liquids (ILs), both neat and hydrated, have received attention as valid 

alternatives to traditional solvents for DNA processing and preservation [9]. Although the impact of 

these compounds on the properties of DNA strongly depends on their composition, the general 

behaviour of IL towards nucleic acid duplexes is determined by specific interactions of the IL 

components with DNA grooves [9,10]. 

Deep eutectic solvents (DESs), first introduced by Abbot and co-workers [11], share many benign 

properties with ILs such as low (or negligible) vapour pressure, thermostability, and tunability of the 

chemical-physical properties, with the benefit of better degradability and lower toxicity than ILs [12]. 

Besides this, DESs are generally easy to prepare by simply mixing their constituents, which in turn 

can be chosen to be biodegradable and renewable. These properties have turned DESs into a rapidly 

emerging class of ‘green’ solvents or co-solvents for many biological applications, including the 

storage and manipulation of nucleic acids [13-20]. Indeed, the first and archetypal DES mixture, 

choline chloride-urea in a 1:2 molar ratio (often referred to as reline), was successfully used in both 

pure liquid form or in aqueous solution as a medium for G-quadruplex DNA sequences, which 

exhibited higher structural stability than in the usual water solutions [16,17,19]. Molecular dynamics 

(MD) simulations suggested that the hydrogen bonds (H-bonds) formed between reline and G-

quadruplex DNA are responsible for the persistence of the tetradic structures observed even at high 

temperatures [17]. The stability of DNA secondary structures in anhydrous choline chloride/urea DES 

was first explored by Mamajanov et al. [21] on a 32-base-pair DNA sequence. Circular dichroism 

experiments revealed that DNA can form a stable duplex in neat reline at room temperature, indicating 

reline to be a suitable alternative solvent for long-term nucleic acid storage [21,22]. This effect has 

been attributed to the specific interactions between choline chloride (ChCl)-based DES and DNA, 

with the establishment of long-lasting binding interactions of choline ions with DNA [23]. Since 

choline ions have a high affinity for A-T base pairs, the multiple hydrogen bonds formed between 

choline and the DNA structure seem to be responsible for the preservation of the conformation of A-

T-rich DNA duplexes dissolved in a choline-based DES [21,23]. Experimental evidence of the high 

solubility and long-term chemical integrity of DNA dissolved in other biocompatible choline 

chloride-based DESs has also been reported [24]. However, some of these studies provided evidence 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



3 

 

that the melting transition midpoint of DNA is lower in pure choline-based DES than in the aqueous 

solutions, suggesting a depletion of the duplex stability under fully dehydrated conditions at high 

temperatures [21,22]. This effect has been attributed both to the distinct solvent properties of the 

choline-based DES towards DNA and the elimination of bulk water [21]. On the other hand, it has 

been observed that the double helical structure of the DNA is maintained even in hydrated 

tetrabutylammonium bromide-based DES up to a concentration of 25% of DES in water [25]. In 

summary, these results suggest that the use of DES/water mixtures as alternative solvents for DNA 

can effectively stabilize nucleic acid structures thanks to the unique combination of interactions 

between water, DES, and the biomolecule [13]. Indeed, the controlled addition of water can 

drastically change the supramolecular organization of DESs and their properties, thus representing an 

efficient way to tune their solvation behaviour for specific applications [13,26]. 

In this work, we aim to explore the thermal stability of a 30-base pair double-stranded DNA structure 

in aqueous solutions of three different choline-based DESs. Our molecular approach, based on 

circular dichroism (CD), UV absorption, and synchrotron radiation-UV Resonance Raman 

spectroscopy (SR-UVRR) experiments together with molecular dynamics (MD) simulations, enables 

us to probe base stacking, hydrogen bonding, and electrostatic interactions that contribute to the 

complex melting pathway of DNA. The effects of hydrated DESs on the local and cooperative 

structural transitions of DNA during its thermal denaturation were detected and discussed in the light 

of i) the combination of different HBD and HBA components of DES and ii) the competition between 

water and DES in the spine of hydration of the DNA structure. The combined experimental and 

simulation analyses provide a deeper understanding, at a molecular level, of the thermal stability and 

conformational properties of nucleic acids in the presence of hydrated choline-based DESs that could 

be crucial for developing a new generation of unconventional solvents for biomolecules. 

 

2. MATERIALS AND METHODS 

2.1. Chemicals and sample preparation 

Fully complementary oligonucleotides (sequence of strand 1: AAC CCA GAT GTC CTA CAG GAT 

AGC TCG CAG; 53% of GC pairs, without 5-phosphate termination, 9184.94 Da) were synthesized 

by VBC Genomics (Vienna, Austria). The double-strand DNA (dsDNA) was prepared at a 100 μM 

duplex concentration in Tris buffer 10 mM at pH 7.4 by mixing the single strands in the same molar 

ratio, heating for 5 minutes at 90 °C and slowly cooling down to room temperature. 

Choline chloride (ChCl), glycerol (Gly) and urea (U) were purchased from Sigma Aldrich, whereas 

choline acetate (ChOAc) was from Iolitec. They were dried under vacuum with phosphorus pentoxide 

for 48 h to avoid water contamination before use. ChCl:U, ChCl:Gly and ChOAc:U DESs (see 

chemical structures reported in Fig. S1) were prepared by mixing the components in a molar ratio of 

1:2, respectively, and heating at ∼80 °C with stirring until homogeneous and viscous liquids were 

formed. For the samples of dsDNA dissolved in hydrated DES, each DES was added to a solution of 

dsDNA at 100 μM and diluted with 10 mM Tris buffer at pH 7.4 to reach a final concentration of 150 

mM of DES and 10 μM of dsDNA, corresponding to a molar ratio of DES:base pair (bp) of 500:1. 

For dsDNA dissolved in hydrated ChCl:U, three further concentrations of 53 mM, 80 mM, and 120 

mM were analyzed, corresponding to a ratio DES:bp of 177:1, 267:1 and 400:1, respectively. All the 

solutions were freshly prepared before measurements and appeared transparent before and after the 

thermal heating. 

2.2. SR-UVRR measurements and data analysis 
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Multi-wavelength UV resonance Raman spectra were collected by using the synchrotron-based 

UVRR set-up available at the BL10.2-IUVS beamline of Elettra Sincrotrone Trieste (Italy) [27]. A 

sample holder equipped with a thermal bath coupled to a resistive heating system was used to control 

the temperature of the samples during the collection of the Raman measurements (temperature 

stability of ± 0.1 K). The 250 nm excitation wavelength was set by regulating the undulator gap 

aperture and monochromatizing the incoming Synchrotron Radiation (SR) through a Czerny-Turner 

monochromator (750 nm focal length Acton SP2750, Princeton Instruments, Acton, MA, USA) 

equipped with holographic gratings with 1800 and 3600 grooves/mm. The excitation wavelength at 

266 nm was provided by a CryLas FQSS 266-Q2, Diode-Pumped Passively Q196 Switched Solid-

State Laser. The Raman signal of the DNA solutions was collected in back-scattered geometry, 

analyzed via a single-pass Czerny-Turner spectrometer (Trivista 557, Princeton Instruments, 750 mm 

of focal length) equipped with a holographic grating at 1800 g/mm and detected using a CCD camera. 

We collected UVRR spectra with a spectral resolution of 1.7 and 1.9 cm-1/pixel for excitation 

wavelengths of 266 nm and 250 nm, respectively. Cyclohexane (spectroscopic grade, Sigma Aldrich) 

was used for calibrating the spectrometer. The final radiation power on the samples was kept between 

40 and 200 μW, depending on the excitation wavelength. Continuous spinning of the sample cell 

during the measurements made it possible to prevent the photo-damage effect due to prolonged 

exposure of the sample to UV radiation. The intensity and the central wavenumber position of the 

Raman bands were assessed through an integration algorithm and by fitting the spectra to a suitable 

number of Gaussian functions after the subtraction of a flat baseline. The melting trends of the dGI 

and dAI Raman bands (see Results and Discussion for the definition of dGI and dAI) were fitted in 

the temperature range above 310-320 K using a similar two-state function [28,29] given by: 

𝐼(𝑇) =
𝐶 + 𝑚𝐶∙ 𝑇 + (𝐷+ 𝑚𝐷 ∙ 𝑇)∙𝑒

∆𝐻
𝑅

∙(
1

𝑇𝐺,𝐴
−

1
𝑇

)

1 + 𝑒

∆𝐻
𝑅

∙(
1

𝑇𝐺,𝐴
−

1
𝑇

)
                                                                                                         (1)                      

 

where 𝐶 and 𝐷 are the lower and upper limit of the ordinate (Raman spectral band intensity), R is the 

gas constant, ∆𝐻 and 𝑇𝐺,𝐴 are the enthalpy variation and temperature associated with the transition 

involving the guanine and adenine nucleobases and the parameters 𝑚𝐶  and 𝑚𝐷 describe the linear 

temperature-dependence of the intensity in the pre- and post-transition regions. 

2.3. Circular dichroism and UV absorption measurements 

Circular dichroism (CD) and UV absorption spectra were recorded using a Jasco J-810 polarimeter 

equipped with a plug-n-play single-cell Peltier with a stirrer for temperature control. We measured 

the samples of dsDNA in Tris buffer and Tris/DES solutions at the same concentrations used for 

UVRR experiments. All the solutions were freshly prepared in a rectangular quartz cell with a 1 mm 

path length. Each CD and UV spectrum was collected in the range from 200 to 320 nm with an 

increment of 1 nm, a 50 nm/min scan rate, and a 1 nm bandpass. Measurements were performed under 

a constant nitrogen flow, and the spectra were averaged from 4 scans. For each set of temperature-

dependent measurements, the spectra of the buffer alone (Tris and Tris/DES solution) were subtracted 

from the corresponding samples. The CD and UV absorption melting curves were fitted to a simple 

two-state transition equation to calculate the dsDNA transition temperatures. 

2.4. Molecular dynamics simulations 

For the DESs and DNA duplex, a General Amber Force Field (GAFF) [30,31] and AMBER99SB-

ILDN protein, nucleic AMBER94 [32] were used, respectively. In this work, HBD molecules, HBA 

molecules, and 58 sodium molecular anions to neutralize the DNA were added randomly to reach the 

desired DES concentration (0.154 M) in a cubic box (12.7 nm × 12.7 nm × 12.7 nm). In the second 

step, the simulation boxes were solvated with water molecules using the TIP3P water model [30]. 
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The package Packmol was used for the random distribution of the salts in the simulation boxes 

[30,31]. After randomly adding DES and water molecules to the systems, undesirable interactions 

could arise. To eliminate all unfavourable interactions, the steepest descent minimization approach 

was utilized. Next, all systems were equilibrated by performing 100 ps of NVT (canonical ensemble) 

restrained simulations followed by 100 ps of NPT (isothermal–isobaric ensemble). As part of the 

equilibration process, a linear constraint solver (LINCS) algorithm [30] was employed for all 

hydrogen atom bonds, and all short-range non-bonded interactions were cut off by 1.2 nm. It should 

be mentioned that the particle mesh Ewald method [30] was used to treat long-range electrostatic 

interactions and that a Maxwell–Boltzmann distribution was used for all the simulations to produce 

initial velocities. In addition, a velocity-rescaling coupling algorithm was used [30] with a coupling 

constant of 0.1 ps to ensure constant temperature and pressure during the simulations. MD production 

runs were performed in an NPT ensemble for 100 ns at 300 K in which a 2-fs time step was used. In 

this work, MD simulations were performed using the package Gromacs 2018 [30-34]. Visual 

Molecular Dynamics (VMD) was also used for visualization and snapshot preparation [30]. After the 

simulation, some strategies including a radial distribution function (RDF) and root mean square 

deviation (RMSD) were performed to extract relevant information about the system. In detail, the 

RDF is used to describe the distribution of solvent molecules around one specific molecule or atom. 

The RMSD is computed to show the deviations of the backbone atoms of dsDNA from its initial 

structure and to represent how structures and parts of structures alter over time as compared to the 

starting point. Furthermore, the number of hydrogen bonds over time was calculated based on two 

geometric criteria: the distance between the donor and acceptor (which in Gromacs is 3.5 Å), and the 

angle between the hydrogen donor and acceptor (which is 30°). 

 

3. RESULTS AND DISCUSSION 

3.1. Thermal stability of double-stranded DNA in hydrated DES. Fig. 1 shows the temperature 

evolution of the absorbance maximum at ∽260 nm for dsDNA dissolved in aqueous Tris buffer and 

different types of hydrated DES. The increase in the UV absorption of DNA marks a structural 

transition that significantly changes the extent of base stacking in the structure of dsDNA, in turn 

reflected by the increment of the extinction coefficient [35,36]. The variation in absorbance A260 

observed for dsDNA in Tris buffer (Fig. 1) indicates a single relatively sharp transition with a 

midpoint (melting temperature, Tm) corresponding to about 331 K. The effect of the addition of DES 

on the melting curves of dsDNA is clearly detectable as an increase in the melting temperature Tm up 

to about 345 K, which was observed at the highest concentration of DES (Fig. 1). 
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Figure 1: Temperature-dependent absorbance measured at 260 nm for dsDNA (10 M) dissolved in Tris buffer 

and in hydrated DESs, i.e. ChCl:U, ChOAc:U, and ChCl:Gly 500 molecules of DES for DNA bp; full lines 

are fitting of experimental data with two-state transition equation. The vertical lines indicate the melting 

temperatures observed for dsDNA in the Tris solution (ca. 331 K) and DES solutions (ca. 345 K). Inset: 

Melting temperature Tm estimated by UV absorption curves for dsDNA dissolved in DES/Tris solution as a 

function of the number of DES per one DNA base-pair (bp). 

This finding provides the first evidence that hydrated reline is able to protect the secondary structure 

of DNA by significantly increasing the temperature at which the dissociation of the two strands of 

DNA occurs [17,23,24,37]. The values of Tm reported in the inset of Fig. 1 demonstrate that the 

stabilization effect produced by ChCl:U DES seems to start even at a relatively low concentration of 

DES in water, i.e. 177 molecules of DES for each DNA base pair. We note that the increase in the Tm 

of DNA is substantially the same for all three of the DES considered in this study (see inset of Fig. 

1). 

Fig. 2(a) and (b) show the temperature-dependent CD spectra collected for dsDNA dissolved in Tris 

buffer and in hydrated reline, respectively. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



7 

 

 
Figure 2: (a)-(b) Temperature evolution of CD spectra for dsDNA in Tris (10 μM) and in ChCl:U/Tris (molar 

ratio DES:bp corresponding to 500:1). (c)-(d) CD melting curves monitored at 270 (curves on top) and 245 

(down) nm for dsDNA in Tris and in different DES/Tris solutions; full lines are fitting of experimental data to 

a two-state transition equation. 

By using circular dichroism, we can efficiently probe the topology changes of dsDNA as a function 

of temperature by following the spectral changes in the spectroscopic signatures of the double-strand 

structure of DNA [28]. The CD spectra confirmed that, even at a high DES concentration in solution 

(molar ratio DES:bp corresponding to 500:1), the double structure of DNA is preserved over the 

whole explored temperature range [21]. In all cases, the characteristic CD profile of double-stranded 

B-form DNA, consisting of a positive and a negative band at about 270 and 245 nm respectively, is 

clearly distinguishable. The positive feature relates to π-π base stacking, while the negative band is 

associated with the polynucleotide helicity of the double-strand structure of DNA. The CD profiles 

in Fig. 2(b) do not show the typical marks associated with intercalation phenomena [38]. This finding 

corroborates the experimental results of Wang et al. [39], according to which dsDNA retains its 

inherent B-conformation in DES solutions. 

The temperature evolution of the CD spectra of DNA can be quantitatively monitored by evaluating 

the ellipticity θλ at 245 and 270 nm in the explored temperature range. For dsDNA dissolved in pure 

Tris buffer, we note a depletion of the amplitude of the ellipticity at 270 nm and a corresponding 

increase in the negative band at 245 nm upon increasing the thermal motion (Fig. 2(c)). The melting 

curves reported in Fig. 2(c) are consistent with a general weakening of the stacking interactions 

between neighbouring bases and loss of the helicity in dsDNA upon the increase in temperature [28]. 

The change in ellipticity is monophasic and cooperative for both of the considered wavelengths, with 

the two transitions centered at about 329-330 K (see Table S1 in SI). When DES is added to a solution 

of dsDNA, a significant increase in the thermal stability of the double helix occurs, as shown by the 

ellipticity trends reported in Fig. 2(d). The increase of about 10 K detected for the transition 

temperature in the CD curves is consistent with the stabilizing effect produced by DES on the double-

stranded structure of DNA as discussed above. 

Noticeably, all DESs considered in this study lead to a comparable effect on the thermal stability of 

DNA. Both choline derivatives used in this study, i.e. ChCl and ChOAc, seem to act as the main 
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factor responsible for the higher Tm and TCD values observed for dsDNA (see Table S1 and S2 in SI). 

This finding is consistent with our recent results on large molecules of DNA dissolved in hydrated 

DES [37]. The capability of choline ions to stabilize dsDNA by reducing the repulsive forces between 

the phosphate groups of the DNA strands has already been reported [23,24]. In particular, it has been 

shown that choline ions bind to the DNA duplex more effectively than sodium ions [23]. As a double-

check, when dsDNA is dissolved in urea/Tris solution, the transition temperature only slightly 

increases compared to dsDNA in pure Tris buffer (see Table S1 and S2). Similar behaviour was also 

found for the other HBD considered in this study: Gly (see Table S1 and S2). It has been reported 

that low-molecular-weight co-solutes, such as glycerol, tend to destabilize dsDNA as their 

concentration in solution rises [40,41]. Our CD and UV absorption results may suggest that both urea 

and Gly are mainly excluded from the immediate vicinity of the DNA backbone, whose surface is 

preferentially hydrated by water molecules [41-42]. This may explain the predominant role played by 

the choline-based HBA species to drive the stabilization of dsDNA in hydrated DES. 

3.2 Temperature dependence of UV Resonance Raman spectra of dsDNA in hydrated DES. Compared 

to non-resonant Raman, UVRR spectroscopy provides simplified Raman spectra of DNA with 

selective enhancement of some of the vibrational bands assigned to the single nucleic bases. This is 

related to the resonance effect achievable thanks to the slightly different UV absorption patterns of 

the nucleobases [45,44]. In our previous works [28,29], we have already demonstrated that selective 

enhancement of the Raman signals attributed to adenine dA and guanine dG vibrations in the spectra 

of DNA by suitable tuning the excitation wavelength. 

Fig. 3(a)-(b) shows the temperature-dependent UVRR spectra of dsDNA dissolved in ChCl:U/Tris 

solution collected by using 250 nm and 266 nm as excitation wavelengths. Such wavelengths are very 

close to the absorption maximum of dG and dA nucleobases, respectively (see panel at the top in Fig. 

3). Both the 250 nm- and 266 nm-excited spectra reported in Fig. 3(a)-(b) provide evidence of the 

effects of DES on the thermally-induced structural transitions of dsDNA that are reflected by the 

spectral changes detected for specific Raman markers. 
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Figure 3: 250 nm- (a) and 266 nm-excited (b) Raman spectra of dsDNA 10 M in ChCl:U/Tris solution 

collected at 291 K (bottom trace) and 375 K (top trace); intermediate traces are the difference spectra after 

subtracting the spectrum measured at the lowest temperature from the spectrum at the indicated temperatures. 

The spectra of ChCl:U/Tris solution at the same excitation wavelengths are also reported (dashed lines). Top 

panel: UV absorbance spectra of 2′-deoxyguanosine 5′- triphosphate trisodium salt solution (dG) and 2'-

deoxyadenosine 5′- triphosphate sodium salt solution (dA) in Tris buffer measured at room temperature. 

In the UVRR spectra reported in Fig. 3(a), the main Raman bands assigned to dsDNA are easily 

detectable, while the vibrational contribution arising from the solvent – the hydrated DES –  is 

practically negligible. In the 250 nm-excited spectra of DNA, the resonance Raman profile is mostly 

dominated by the vibrational bands associated with guanine bases [43-45]. Specifically, we can 

distinguish the following bands: i) dGI ∼1483 cm-1 attributed to N7=C8 and C8-N9 ring stretching 

coupled with C8-H in-plane deformation of the dG purine group, ii) dGII ∼1582 cm-1 assigned to 

N3-C4, C4-C5 and C5-N7 stretching motions [43-48], and iii) the broad band at ∼1332 cm-1 deriving 

from the overlap of base-ring vibrations assigned to adenine dA and guanine dG residues (for the 

numbering of atoms of nucleobases, see Fig. S2 in SI). These vibrations are sensitive markers of the 

structural changes occurring in nucleic acids, such as base unstacking and alterations in the H-bonding 

at the ring sites of nucleobases [44,45]. As depicted by the difference spectra reported in Fig. 3(a), 

upon the increase in temperature, the UVRR spectra of DNA exhibit several intensity and frequency 

changes of the Raman bands at ∼1332, 1483, and 1582 cm-1. Similarly, the 266 nm-excited UVRR 

spectra of dsDNA reported in Fig. 3(b) provide specific information on the ring vibrational bands 

assigned to the adenine dA and thymine dT residues in dsDNA [28,43]. We observed temperature-

dependent changes in the intensity and frequency of some signals in the spectra of dsDNA collected 

using 266 nm as the excitation wavelength. In more detail, the Raman band at ∽1335 cm-1 (dAI) is 

sensitive to the changes in H-bonds at the N7 acceptor site of adenine being attributed to the coupled 

stretching vibrations of N7=C8 and C5-N7 bonds [43,48, 51-54] (for the numbering of atoms of 

nucleobases see Fig. S2 in SI). The signal at ∽1482 cm-1 is the overlapping of the contribution arising 

from both dA and dG residues [28]. Finally, the band labelled as dT ∼1644 cm-1 is attributed to the 

stretching of C4=O and C5=C6 bonds of the thymine residue [55-57], and it is a highly sensitive 

marker of perturbations at the C=O site. 

Figure 4(a)-(b) compares the temperature evolution of the intensity of dGI∽1483 cm-1 and dAI∽1335 

cm-1 bands of dsDNA dissolved in Tris and ChCl:U/Tris solution. 
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Figure 4: Melting profile for Raman bands dGI and dAI of dsDNA 10 M in Tris (a) and ChCl:U/Tris solution 

(b); the trends have been normalized to their minimum and maximum values for a better comparison. Panels 

(c)-(d) show the corresponding temperature first derivative of profiles (a) and (b) respectively. 

Fig. 4(a) shows the complex temperature dependence of the integrated intensity of both dGI and dAI 

for dsDNA in Tris buffer. Two main temperature regimes can be defined: i) a pre-melting region up 

to ca. 315 K. This region is characterized by temperature-dependent structural changes – observable 

from the Raman spectrum – occurring before the onset of the strand separation of DNA (i.e. below 

the melting temperature). ii) A melting range above 330 K in which a pronounced intensity increase 

in some of the Raman bands can be detected (Raman hyperchromicity). Thermally-induced changes 

in the intensity of Raman bands reflect structural modifications of the DNA subgroups to which these 

Raman signals are assigned [51]. In particular, the intensity variation of the Raman bands dGI and 

dAI has been related to the partial disruption of the vertical base-base stacking interactions 

(unstacking interactions) or to some reversible rearrangements such as the rupture or the weakening 

of H-bonds as well as bases tilting [50,58], specifically involving guanine and adenine residues. Fig. 

4(a) shows, in the pre-melting region, reversible intensity variations leading to local maxima at ∼299 

K for dGI and ∼311 K for dAI. There were no patterns in the temperature trend of UV absorbance of 

dsDNA at 260 nm in the pre-melting region that corresponded to these oscillations in the Raman cross 

section (Fig. 1). This suggests that the pre-melting features observed in Fig. 4(a) for both dGI and 

dAI bands can be related to a sequence of thermally-induced structural changes [28,29,59] which do 

not involve the complete unstacking of dG and dA bases that accompanies the dissociation of the 

DNA strands. The pre-melting transition monitored by the dGI band has been associated with a 

rearrangement of the backbone helical geometry and of the inter-guanine interactions that precede the 

melting of DNA [51,55,56,60,61]. Similarly, the peak in the Raman intensity of dAI band resembles 

pre-melting phenomena observed at room temperature for Poly (dA–dT) poly (dA–dT) double-helical 

B DNA [51,55,57] and in the chromosomal calf thymus DNA [62]. This local transformation can be 

connected to the establishment, even at low temperatures, of a third hydrogen bond cross-strand 

between consecutive dA - dT pairs that perturbs the conformations of the duplex phosphodiester 

backbone of DNA without significant unstacking or dissociation of the double helix. Fig. 4(b) 

provides evidence that the presence of DES in the DNA solution affects the pre-melting fluctuations 

involving guanine and adenine bases. 
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The trends of both dGI and dAI band intensity in the melting region of Fig. 4(a) reveal a monotonic 

increase above about 330 K. The observed Raman hyperchromicity finds a correspondence in the 

marked increase in the extinction coefficient of the UV absorption curves of DNA (Fig. 1). This 

finding suggests that the increase in the dGI and dAI bands can be directly related to the thermally-

induced disruption of stacking interactions specifically involving guanine and adenine bases. The 

temperature-dependent behavior of these Raman bands in the melting region is considered to be 

typical of the two-state cooperative structural changes associated with the melting of dsDNA as 

detected by UV absorption and CD measurements [28,29,47,49,51,55,60]. It is noteworthy that, in 

contrast to UV and CD absorbance, the UV Raman cross section is informative of the unstacking 

specifically localized to guanine-pairs for the dGI band, and adenine for the dAI band [28]. Also, the 

structural changes in dsDNA in the melting region seem to be affected by the addition of DES to the 

solution (Fig. 4(b)). The effect of the DES can be estimated by the temperatures of the pre-melting 

and melting transitions detected by the Raman data. Such transition temperatures can be quickly 

extracted from the first-order derivative of the temperature curves of Fig. 4(a) and (b) (Fig. 4(c) and 

(d)). In Fig. 4(c)-(d), the values of temperature at which the first derivative changes sign identify the 

pre-melting transitions temperature for dG and dA bases. The maxima found in the derivative curves 

correspond to the inflection points of the two-step trends of Fig. 4(a)-(b) and match the temperature 

values estimated using the fitting procedure described in the experimental methods section. The 

temperature values of TG and TA associated, respectively, with the structural transitions at the dG and 

dA nucleobases are parameters that are sensitive to the microscopic effect exerted by DES at different 

sites in the structure of dsDNA (see Table S3 in SI). 

3.3. DESs strongly perturb the hydration layer of AT pairs in dsDNA. Fig. 5 summarizes the values 

estimated for the pre-melting and melting transition temperatures TA associated with adenine 

structural transformation for dsDNA in the presence of an increasing concentration of DES. 

 

Figure 5: Effect of hydrated DES on pre-melting and melting transition temperatures localized to adenine 

nucleobases of dsDNA. The transition temperatures have been extracted by analysis of the band dAI∼1335 

cm-1 in the 266 nm-excited Raman spectra of dsDNA at 10 M. 

The increase in temperature is responsible for a cooperative transformation associated with a partial 

disruption of adenine stacking interactions that is detected for dsDNA in Tris buffer at TA≈333 K [29] 

(see Table S3 in SI). TA values in the melting region do not exhibit appreciable variations in the 
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presence of ChCl:U DES, even at the highest concentration explored in this study of 500 molecules 

of DES for each DNA base pair. The same behavior was observed for ChOAc-based DES. Similarly, 

the temperature dependence of the frequency position of the Raman band assigned to the dAI mode 

is not significantly affected by the presence of all types of DES considered in this study (see plots 

reported in Fig. S3 in the Supporting Information). Both these findings indicate that the presence of 

DES in the hydration shell of DNA mainly induces reversible base tilting rather than the rupture of 

hydrogen bonds or unstacking on adenine residues in dA-dT pairs [29,59]. Conversely, Fig. 5 points 

out that, even at the lowest concentration of ChCl:U (molar ratio DES:bp corresponding to 177:1), a 

depletion of at least 5 K is observed for the adenine pre-melting transition temperature compared to 

the case of a pristine buffer where a reversible transition is clearly detected at TA≈311 K. Moreover, 

this effect appears to be further enhanced by replacing ChCl:U with ChOAc:U and ChCl:Gly. The 

reversible pre-melting transition associated with dA base pairs has been related to the stabilization of 

the extra amount of propeller twist between the A–T base planes [55] or to the disruption of the bound 

water in the spine of hydration in the minor groove of the duplex [42]. As already suggested by 

Chandran et al. [63], cations can penetrate the DNA hydration layers and participate in the solvation 

mechanisms by establishing new hydrogen bonds and favouring dA base tilting and DNA 

deformation [64]. This effect could explain the observed depletion of the pre-melting transition 

temperature for dA in the presence of DES in water. Fig. 5 shows that ChCl:U seems to affect the 

pre-melting transition more efficiently at low DES concentration in water; the effect is partially 

attenuated as the number of ChCl:U involved increases. A possible explanation may depend upon 

DES-DES interactions predominating over DES-DNA interactions [37] in the more concentrated 

DES solutions, leading to minor participation of choline ions to the solvation shell around the dA 

residues. Fig. 5 provides evidence that acetate-containing DES (ChOAc:U) affects the adenine pre-

melting transformations more strongly than the two ChCl-based DESs. This effect is related to the 

fact that ChOAc:U in water undergoes breaking of DES-DES interactions more easily than ChCl:U, 

thus making the urea portion more prone to interact with water [65,66]. The strong solvation of urea 

is expected to perturb the structure of water molecules in close proximity to the DNA backbone, and 

this can be associated with a promotion of the local adenine pre-melting fluctuations. On the other 

hand, the diverse composition of DESs seems to be an important factor in modulating the effect of 

the solvent on DNA structure. Fig. 5 shows that replacing urea with glycerol in the ChCl-based DES 

leads to a lowering of the pre-melting temperature for dsDNA from about 311 to 294 K. This may 

suggest that Gly more strongly competes with water in the hydration spine of DNA [67] than urea, 

which is only able to marginally affect the orientation of water molecules in the hydration shell around 

the DNA backbone [41]. 

3.4. Preferential interaction between DES and H-bonds sites of guanine bases. Fig. 6 shows the 

transition temperatures TG corresponding to the pre-melting and melting transformations specifically 

involving guanine bases for dsDNA in Tris and DES/Tris solution. The trends observed in Fig. 6 are 

complementary to those in Fig. 5. The results indicate that ChCl:U does not induce any remarkable 

effect on the pre-melting of dG nucleobases over all the explored concentration ranges of DES in 

water, but very much affects TG. Indeed, we observe a characteristic reversible structural transition 

mainly localized to dG bases at a temperature of TG≈299 K (pre-melting region) for dsDNA both in 

the absence and presence of ChCl:U, ChOAc:U and ChCl:Gly. This finding was in part expected, 

considering that the pre-melting thermal fluctuations in DNA are connected to the formation of local 

interbase H-bonds disrupted states in A-T base pairs with much higher probability than in the G-C 

pair [68,69]. However, it can also be argued that the H-bond network of water molecules in the 

hydration shell around guanine nucleobases is less strongly perturbed by DES components than the 

layer of hydration around adenine bases. 
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The cooperative transition detected for dsDNA at TG≈329 K (melting region) comes from structural 

modifications to guanine bases associated with the helix-to-coil transition promoted by thermal 

motion. As clearly evident in Fig. 6, the increase in ChCl:U concentration in Tris causes a 

corresponding increase in the guanine melting temperature TG from about 329 to 342 K at the highest 

concentration of DES considered in this study. ChOAc:U and ChCl:Gly exhibit the same effect of 

ChCl:U on the guanine melting transition. 

   

Figure 6: Effect of hydrated DES on pre-melting and melting transition temperatures localized to guanine 

nucleobases of dsDNA. The transition temperatures were extracted by analysis of the band dGI∼1483 cm-1 in 

the 250 nm-excited Raman spectra of dsDNA at 10 M. 

The extent of TG increase is fully consistent with the enhancement of the melting temperature 

observed for dsDNA in hydrated DES and experimentally detected by UV and CD melting 

experiments (Fig. 1 and 2). Since the UV Raman intensity of the dGI band directly probes the partial 

disruption of guanine stacking interactions that precedes the separation of DNA strands during 

melting, the increase in TG can be explained by the formation of a preferential interaction between 

DES molecules and the guanine residues on DNA grooves [29,59]. The strong H-bond capability of 

acetate ions and urea probably contributes to the formation of a stable interaction with the N7 and 

C6=O sites of dG nucleobases with ChCl:U and ChOAc:U. Similarly, the hydroxyl groups of glycerol 

in ChCl:Gly provide further H-bond sites in which guanine bases can be involved [25]. Overall, these 

strong DES-DNA interactions lead to a more effective stacking between guanine bases even at high 

temperature values, contributing to stabilizing the double-helix structure of DNA [21,39]. 

In agreement with the findings of the CD experiments discussed above, we can suppose the 

predominance of a groove binding mechanism for the interaction between DES compounds and the 

DNA structure instead of intercalation phenomena. 

The preferential interaction between DES and guanine bases in the DNA groove seems to be also 

confirmed by the temperature dependence of the frequency position of the Raman band dGI shown 

in Fig. 7. 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



14 

 

  

Figure 7: Temperature evolution of central wavenumber position of dGI Raman band of 10 M dsDNA in the 

absence and in the presence of different types of DES (molar ratio DES:bp corresponding to 500:1). 

As expected, we observe a red shift of about 4 cm-1 for the wavenumber position of the dGI band 

with increasing temperature for dsDNA in Tris [28,29,37,59]. This reflects the strengthening of H-

bonds on the N7 site of guanine that has been attributed to the progressive replacement of base-base 

H-bonds with base-water interactions promoted by the increase in thermal motion [50]. Remarkably, 

Fig. 7 shows only a slight dependence on temperature of the dGI band in the presence of ChCl:U, 

ChOAc:U and ChCl:Gly compared to pure Tris buffer. This may confirm the preferential interactions 

of DES compounds toward guanine bases that, especially at high temperatures, tend to act as a 

competitor to water for establishing H-bonds with dG that do not significantly change the frequency 

of the dGI mode. 

3.5. Does the anion influence the DES-dsDNA interactions? The role of interactions of the 

components of DESs (choline cations, chloride and acetate anions, and urea and glycerol molecular 

species) with dsDNA was investigated by MD simulations. As a first step, the preferred localization 

of the choline-DNA interactions was extracted from the MD trajectories as shown in Fig. 8(a)-(c), 

where the Radial distribution function (RDF) of choline around the major groove and minor groove 

of DNA in the aqueous solution of ChOAc:U and ChCl:U are shown in order. 
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Figure 8: Radial distribution functions of choline around different parts of dsDNA, including major groove 

and minor groove in aqueous solution of ChOAc:U (a) and ChCl:U (b). Radial distribution functions of choline 

around minor groove in aqueous solution of ChOAc:U and ChCl:U (c). H site of OH group for choline, 

electronegative sites N3 and O2 for minor groove, and electronegative sites N7, N4, and O4 for major groove 

were considered for RDF calculations. 

Considering Fig. 8(a) and 8(b), the MD simulations indicate that, in both solutions, choline has a 

sharp and intense peak at ca. 1.75-1.80 Å from the DNA groove sites, irrespective of the groove type. 

This means that the Ch cations do contribute significantly to the first neighbours’ layer of dsDNA 

and are part of the first solvation shell. In the aqueous solution of ChCl:U, the minor and major 

grooves reach peaks at 14.45 and 9.92 at distances of 1.7 and 1.8 (Å) respectively. In the aqueous 

solution of ChOAc:U, the minor and major grooves reach peaks at 16.76 and 9.11 at distances of 1.7 

and 1.8 (Å) respectively. The intensity of the peaks corresponding to the minimum Ch-DNA distance 

is significantly different in the minor groove and major groove (dashed and continuous lines in Fig. 

8(a) and 8(b), respectively). This is a clear-cut indication that the population of choline cations in the 

first solvation shell of dsDNA is selectively imbalanced towards the minor groove. The interaction 

of choline ions in minor groove of DNA is evident also by inspection of Fig. S4 in the SI displaying 

some representative snapshots at regular intervals of MD simulation. Incidentally, docking 

simulations provide further support to the selective affinity of choline to the DNA minor groove (see 

Fig. S5 in the SI section). In a previous investigation on the same sample of dsDNA, we observed a 

preferential interaction of imidazolium-based ionic liquids with the major groove [29]. In this work, 

the cholinium cation seems to exhibit the opposite affinity, as the preferred interaction groove is the 

minor one. A possible rationale may rely upon the larger steric hindrance of alkylimidazolium ions 

compared to cholinium species, driving the coulombic and/or H-bond interactions of the cations 

towards the major groove with IL, or to the minor groove with DES. This finding may be consistent 

with the high affinity of choline ions for the A-T base pair minor groove, previously observed by 

Nakano et al. [23]. This effect has been explained based on the narrower width and the more 

electrostatically polar character of the DNA minor groove with respect to the major one [23]. The 

preferential binding of choline ions with the DNA minor grooves may be responsible for the observed 

stabilizing effect of DES, since the choline ions can form multiple hydrogen bonds with DNA that do 

not disrupt base pairing [23]. RDF of Fig. 8(a) and 8(b) also indicate marked differences in the choline 
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distribution in the second solvation shell. Indeed, the RDF curves related to the minor groove distance 

(dashed curves) show in both cases (Fig. 8(a) and 8(b)) a well-defined maximum at ca. 4.75 Å, 

obviously broader than the one related to the first shell. Conversely, the full stretch lines in Fig. 8(a) 

and 8(b) do not show any structuration, with a plateau at r > 3.5 Å. This finding provides 

computational evidence of a selective response of dsDNA to the perturbation introduced by the DES: 

the minor groove is more sensitive than the major grove to the presence of choline cations in the first 

and second solvation shells, both in terms of population and of structural organization of the choline 

units around dsDNA. Finally, and only considering the distribution of choline around the minor grove 

(Fig. 8(c)), the distribution of choline around dsDNA is influenced by the counterion, keeping the 

HBD component constant (urea in the examined cases): the presence of acetate instead of chloride 

seems to noticeably increase the population of the choline in the first solvation shell of dsDNA.  

Another important descriptor of the DES-DNA interaction can be calculated from the root-mean-

square deviation (RMSD) of dsDNA atomic coordinates considering the four hydrated DESs (molar 

ratio DES:bp equal to 500:1) and the control case in water. The comparison of such data with the 

reference in pure water is shown in Table 1. The physical meaning of the curves is to quantify the 

effect of the DES component on the fluctuations in atomic coordinates of DNA as a function of the 

simulation time, keeping the temperature constant, i.e. the background of the thermal fluctuations 

(Fig. 9). Table 1 shows the average RMSD value in the aqueous solutions of ChOAc:U, ChCl:U, 

ChCl:Gly, and in pure water. The data on RMSD are consistent with the stabilizing effects of DES 

on the structure of DNA in comparison to a pure water environment. 

  

Figure 9: Root-mean-square deviation (RMSD) of dsDNA solvated in four hydrated DESs (molar ratio 

DES:bp corresponding to 500:1) and in pure water at 300 K as a function of time used for the simulation. 

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



17 

 

Table 1: Average RMSD value in aqueous solution of ChOAc:U, ChCl:U, ChCl:Gly, and pure water. 

Solvent  Concentration 

(M) 

Average RMSD value (nm) 

Water - 0.721 

ChCl:U 0.154 0.588 

ChOAc:U 0.154 0.600 

ChCl:Gly 0.154 0.589 

ChCl:U 0.115 0.602 

ChCl:U 0.07 0.632 

3.6. The effect of HBD on DES-dsDNA interactions. Fig. 10(a)-(d) show the RDFs of glycerol and 

urea molecules around the major groove and minor groove of DNA in the aqueous solutions of 

ChCl:Gly and ChCl:U. For the sake of comparison, the same calculations are also reported for 0.3 M 

solutions of U and Gly, corresponding to a molar ratio DES:bp of 500:1. The figures point out a 

preferential interaction of U and Gly with the minor groove in both cases. However, the behavior of 

Gly and U are different in the presence or absence of ChCl, probably as a consequence of the complex 

competition of HBD and HBA with water molecules. The sharp peak of Fig. 10(a) with the ordinate 

value largely above 1.7 Å indicates a statistically significant population of Gly undergoing a short-

range interaction with the minor groove only in the absence of ChCl. Conversely, the plots of RDF 

of U (Fig. 10(c)) in the aqueous solutions of DES or as 0.3 M urea solution show two overlapped 

sharp maxima at ca. 1.95 Å. This result indicates that the first-neighbor distance statistics of U-

dsDNA interactions are not influenced by the presence of ChCl. Additionally, well-defined peaks for 

the second, third and fourth solvation shells can be seen in Fig. 10 for both 0.3 M urea and 0.154 M 

ChCl:U solutions. Noticeably, no structured solvation shells beyond the first one can be observed in 

Fig. 10(a), with the only exception of the second maximum of 0.3 M Gly. Furthermore, the hydrogen-

bond lifetime of the water molecules was calculated based on cutoffs for the angle Hydrogen - Donor 

- Acceptor and the distance Donor – Acceptor, which in Gromacs is 30° and 3.5 Å, respectively. 

According to Table 2, the hydrogen-bond lifetime of water molecules in the minor groove of DNA 

in the aqueous solution of ChCl:Gly, Glycerol, ChCl:U and Urea are 90.13 ps, 68.68 ps and 86.07 ps, 

62.18 ps, respectively. Moreover, the energy of hydrogen bonds in the above-mentioned solutions 

has a similar trend as the lifetime of hydrogen bonds. The H-bond lifetime of water molecules is 

systematically longer in the presence of Gly compared to U. This observation confirms that glycerol 

and U affect the distribution of water molecules around DNA differently, potentially modulating the 

stability of DNA. Consistent with the variation in the pre-melting temperatures experimentally 

detected for adenine nucleobase (see Fig. 5 and Table S3), we can state that Gly tends to more strongly 

compete with water in the solvation layer of dA than urea. 
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Figure 10: Radial distribution of glycerol around minor (a) and major (b) groove of dsDNA in aqueous solution 

of ChCl:Gly (DES:bp equal to 500:1) and in aqueous solution of Gly (DES:bp equal to 500:1). Radial 

distribution of urea around minor (c) and major (d) groove of dsDNA in aqueous solution of ChCl:U (DES:bp 

equal to 500:1) and aqueous solution of U (DES:bp equal to 500:1). The center of mass of glycerol and urea 

were considered for calculations of RDF. 

 
Table 2: Hydrogen-bond lifetime of water molecules in minor and major grooves of DNA. 

Solvent  Concentration 

(M) 

Major groove 

(ps) 

Minor groove 

(ps) 

HB energy-major 

groove (KJ/mol)  

HB energy-

minor groove 

(KJ/mol) 

Urea 0.300 32.41 62.18 10.717 15.243 

Gly 0.300 34.31 68.68 11.234 15.287 

ChCl:U 0.154 40.62 86.07 13.204 16.060 

ChCl:Gly 0.154 41.26 90.13 12.353 16.359 
 

 

3.7. The effect of concentration of DESs on the stability of DNA. Fig. 11 shows the RMSD of DNA 

solvated in pure water and the three different concentrations of hydrated ChCl:U. According to the 

RMSD graphs and the average RMSD values (Table 1) of ChCl:U at different concentrations, the 

amplitude of the dsDNA coordinates fluctuations decreases with increasing concentration of DES in 

solutions. 

 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



19 

 

      

Figure 11: Root-mean-square deviation (RMSD) of dsDNA solvated in pure water and the three different 

concentrations of hydrated ChCl:U at 300 K as a function of time used for the simulation. 

Fig. S6 (in SI) shows the concentration dependence of choline molecules around the minor groove of 

DNA in different aqueous solutions of ChCl:U (0.154 M, 0.115 M and 0.07 M). By increasing the 

concentration of DES, the probability of finding choline around the DNA minor groove decreases. 

This might be because of the priority of the DES-DES interactions over the involvement of choline 

ions in the solvation shell of DNA. 

4. SUMMARY AND CONCLUSIONS 

The option of using DESs is attractive in the field of DNA technology due to the low cost of their 

constituent compounds, their simple preparation and the eco-friendly character of these neoteric 

solvents. In this work, we have implemented a systematic investigation of the effect of hydrated 

choline-based DES on the structural stability of a 30-base pair double-stranded model DNA. 

Based on absorbance measurements at 260 nm, a melting temperature of about 331 K was determined 

for the studied perfect DNA duplex in a purely aqueous environment. In the hydrated DES, the Tm 

shifted to a value of about 345 K. Identical experiments were performed using CD spectroscopy to 

elucidate the structural details of dsDNA, especially the π-π stacking interaction and the helicity 

evaluation at 245 and 270 nm. Structural transitions for both wavelengths were observed at 330 K for 

dsDNA in the pure aqueous environment and at 343 K after its dissolution in DES. Overall, these 

temperature experiments indicate a significant contribution of DES to the stabilization of the double-

stranded canonical (B-form) DNA structure, even at a relatively low concentration of DES in water. 

Structural dynamics insights were further evaluated using SR-UVRR measurements as a function of 

temperature changes. Some Raman bands associated with vibrations localized on guanine and adenine 

residues are selectively enhanced in the Raman spectra collected at the excitation wavelengths in 

resonance with the absorption maxima of these nucleobases. The spectral parameters of these 

vibrational bands reflect structural (intramolecular) changes and also extra-molecular DNA solvent 

interactions. In addition, SR-UVRR is used to monitor not only purely thermal denaturation (melting) 

but also pre-melting structural transitions occurring in the DNA duplex. Using different DES/DNA 

bp ratios, it was shown that the dA vibrational band marks a change in the pre-melting transformation 
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involving adenine (TA∼300 K), and not in the melting one for all studied DES. The results indicate 

that the hydration of AT pairs is perturbed in the presence of DES. The opposite trend was observed 

for the dG vibrational band, which probes a structural transition at TG = 345 K, fully corresponding 

with the Tm determined by absorption and CD measurements. These results show that the interactions 

of guanine residues are significantly involved in the stabilization of the dsDNA structure in the 

presence of DES. This is mainly ascribed to the establishment of an interaction between N7=C8 and 

C8-N9 H-bond sites of guanine residues and DES. In addition to experimental results, MD 

calculations confirmed the preferential binding of DES compounds to the minor groove of dsDNA. 

Specifically, the RDF (used to describe the distribution of the solvent in proximity of the DNA 

molecule) showed, for the first and subsequent solvation layers, that the minor groove is significantly 

selective for the choline part of the investigated DESs compared to the major groove. A higher affinity 

for the minor groove than for the major groove was also confirmed for HBD components, specifically 

for Gly and U. This finding is likely to have a significant impact not only in terms of thermal stability, 

but also in the modulation of ligand-DNA interactions. 
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Highlights 

- the effect of choline-based DES on stability of double-stranded DNA is investigated 

- DES improve the thermal stabilization of double-stranded canonical DNA structure 

- hydration shell of AT pairs is strongly perturbed in the presence of DES 

- preferential interaction between HB sites of guanine residues and DES is detected 

- minor groove of DNA is significantly selective for the choline part of DES 

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



26 

 

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. 

 

  
Jo

ur
na

l P
re

-p
ro

of

Journal Pre-proof



27 

 

Author Statement 

 

B.R. Conceptualization; B.R., M.T.,F.F.,J.V.,I.M. Data curation; B.R.,F.F. Formal analysis; C.M. 

Funding acquisition; B.R., J.V., M.T., A.G. Investigation; Methodology; Project administration; 

Resources; A.G. Software; B.R., B.M., A.M. Supervision; A.M., I.M.,J.V, B.M. Validation; 

Visualization; B.R., A.M.,B.B, J.V., I.M. Roles/Writing – original draft; B.R., A.M.,B.B, J.V., I.M. 

Writing – review & editing 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof


