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Abstract: DNA’s structure stability in hydrated deep eutectic solvents (DESs) is getting growing
attention for emerging bio-applications. The employment of DESs as novel co-solvents in water media
could favor eco-friendly and biodegradable materials for DNA storage and handling. Understanding
the molecular interactions between nucleic acids and aqueous DES is crucial for developing new-
generation solvents for biomolecules. In this work, we exploit the molecular sensitivity and selectivity
of synchrotron radiation UV resonance raman (SR-UVRR) spectroscopy to explore the interplay
between a choline chloride:urea (ChCl:U) DES and double-stranded DNA. Our study analyzes the
impact of ChCl:U on the DNA’s thermal unfolding pathway by focusing on the guanine nucleobases
whose Raman signal could be strongly enhanced through careful tuning of the excitation wavelength.

Keywords: DNA; deep eutectic solvents; UV resonance raman; structural transitions

1. Introduction

A common feature of recent research in green chemistry is the investigation of new
eco-sustainable solvents. Deep eutectic solvents (DESs) have recently been proposed as
an environmentally friendly alternative to organic solvents and ionic liquids (ILs) [1–3].
Compared to ILs in particular, DESs are cheap, easy to prepare from many and widely
available starting materials, non-toxic, and biodegradable. Among the DESs, natural
deep eutectic solvents (NaDESs) are getting growing attention for their improved bio-
compatibility, being prepared from natural compounds such as amino acids, sugars, and
choline. Because of their tailorable physicochemical properties, NaDESs are increasingly
used in many processes, such as pharmaceuticals, therapeutics, biotransformation, nucleic
acid manipulation, and biocatalysis [4–7]. DNA solutions may experience denaturation
because of oxidative and hydrolytic phenomena. In addition, the variation of medium
conditions (temperature, pH, and ionic strength) can damage the DNA helix structure [8,9].
From this point of view, the search for new solvents that ensure a greater stability and
more efficient extraction and handling processes is becoming increasingly relevant. The
stability and solubility of duplex DNA in DES have been examined by several previous
studies [10–15]. They have shown that the use of DESs as solvents, anhydrous or in water,
guarantees the stability of DNA duplexes for long periods and at high temperatures [12,16].
Many researchers suggest DESs can establish multi levels and specific interactions, such as
electrostatic attraction, hydrophobic and polar interactions with DNA major and minor
grooves, and multiple hydrogen bonding [12,14,15]. Depending on the systems investi-
gated, the DESs’ cations binding on DNA major or minor grooves and specific interplays
with DNA bases have been proposed.
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This work aims to explore the effectiveness of the choline chloride:urea (ChCl:U) DES
as co-solvent of water in improving the thermal–structural stability of double-stranded
DNA. The mixture choline chloride:urea 1:2, sometimes referred to as reline [17], is the most
popular DES of type III (i.e., a mixture of a quaternary ammonium salt with a molecular
H-bond donor, according to the DES classification summarized in Table 1 of the paper by
Smith, Abbot, and Ryder [3]). Such a popularity made reline a kind of benchmark for DESs,
especially given the thorough physico-chemical characterization present in the literature.
These facts thus prompted us to use reline as a natural “first choice” for this brand-new
investigation on DES–DNA interaction. As recently reported [18–21], the synchrotron radi-
ation UV resonance raman (SR-UVRR) spectroscopy gives promising results in the selective
probing of the local order–disorder or conformational transitions in large nucleic acid
molecules. We have shown the technique to provide the molecular sensitivity needed to
monitor subtle changes in base geometry and local intra- and intermolecular interactions of
DNA dissolved in aqueous solutions of ionic liquids [18,19,21]. These studies revealed the
important role played by guanine bases in the DNA groove that are preferentially involved
in interactions with the imidazolium cations of ILs [19,21]. Such strong cation-mediated
forces seem to be responsible for a more effective stacking between guanine residues, even
at higher temperature values, which is consistent with the improved thermal stability of
the double-helix structure of DNA [21]. Interestingly, the stabilization effect operated by
imidazolium-based ILs on large molecules of DNA is found to be further enhanced as the
alkyl chain on the imidazolium cation gets shorter [21]. By exploiting the same experimen-
tal approach, UVRR experiments have been implemented here to provide insights into the
base stacking, hydrogen-bond breaking, and backbone conformation of DNA dissolved in
aqueous solutions of a DES. The choice of the excitation wavelength allows to selectively
focus, during the thermal unfolding pathway of DNA, on the interactions between the
DES molecules and specific guanine and thymine tracts in the sequence of nucleic acids.
The comparison of Raman results with those obtained from Circular Dichroism (CD) ab-
sorbance measurements leads to a comprehensive characterization of the structural motifs
and of the intermolecular interactions of DNA in hydrated DES, possibly affecting the
thermal stability of the DNA structure.

2. Materials and Methods

UVRR spectra were collected by means of the synchrotron-based UVRR setup avail-
able at the BL10.2-IUVS beamline of Elettra Sincrotrone Trieste (Italy) [20]. The exciting
wavelength was set at 250 nm by regulating the undulator gap and using a Czerny-Turner
monochromator (Acton SP2750, Princeton Instruments, Acton, MA, USA) equipped with
an 1800 groves/mm holographic grating for monochromatizing the incoming synchrotron
radiation. Raman spectra were recorded in back-scattered geometry using a single pass of
a Czerny-Turner spectrometer (Trivista 557, Princeton Instruments, MA, USA, 750 mm of
focal length) and a holographic grating at 1800 g/mm. The spectral resolution was set at
1.9 cm−1/pixel. The calibration of the spectrometer was standardized using cyclohexane
(spectroscopic grade, Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany). The final radi-
ation power measured on the samples was about 40 µW. Any possible photo-damage effect
due to prolonged exposure of the sample to UV radiation was avoided by continuously
spinning the sample cell during the measurements.

Circular Dichroism analyses were performed at room temperature using a Jasco J-710
polarimeter (Jasco Europe S.R.L., Cremella (LC) Italy). Each CD spectrum was averaged
over 10 scans recorded in the range from 220 to 400 nm, at a scanning speed of 500 nm/min
and 1 nm of bandwidth. Measurements were performed under a constant nitrogen flow, to
purge the ozone generated by the light source of the instrument.

DNA sodium salt from salmon testes (sDNA) (CAS number 438545-06-3, ~2000 base-
pairs, MW = 1.3 × 106 Da, % G-C content: 41.2%), choline chloride (ChCl), and urea (U)
were purchased from Sigma-Aldrich and used without further purification. Before use,
ChCl and U have been dried under vacuum with phosphorus pentoxide for 48 h to remove
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any water contamination. For UVRR experiments, sDNA solutions at a concentration of
0.2 mM (0.25 mg/mL) were obtained by dissolving lyophilized powder of DNA in Tris
buffer (10 mM at pH 7.4) and gently stirring for 24 h to achieve a limpid solution. The
ChCl:U DES was prepared by mixing ChCl and U at a molar ratio of 1:2 and heating at
80 ◦C under stirring for some minutes to obtain a limpid viscous liquid. The preparation
of the hydrated DES was done by simply mixing the pure DES with a known amount of
Tris and then allowing the system to reach equilibrium. For the sDNA/ChCl:U samples,
the hydrated DES was mixed with sDNA in a Tris solution to reach the final molar ratios
of 158 and 474 DES molecules for each DNA base pair. All the solutions were freshly
prepared for UVRR measurements and they appeared limpid before the running of experi-
ments and after the thermal heating. For CD experiments, the sDNA and sDNA/ChCl:U
samples were diluted 12 and 10 times in Tris with respect to the samples prepared for
UVRR measurements.

3. Results

Figure 1a displays the UVRR spectra recorded at 300 K of sDNA in an aqueous
buffer solution and sDNA dissolved in ChCl:U/Tris at two different molar concentrations,
i.e., 158 and 474 DES molecules for each base pair. We have focused on the wavenumber
region 1250–1850 cm−1, where the main Raman signals associated with DNA nucleobases
are found. As a first remark, it has to be noted that the spectra of sDNA in hydrated
ChCl:U mainly resemble the vibrational profile of DNA in water, without any significant
interfering signal arising from the DES (trace at the top in Figure 1a). This reliably allows
us to analyze in detail the spectral modifications of the Raman bands associated with sDNA
in the presence of DES.

The UVRR spectra reported in Figure 1 were collected using a 250 nm excitation
wavelength. This choice is justified by the overlap of this excitation energy with the
electronic transition localized on the double bond N7 = C8 of the imidazole ring of the
purine bases, which satisfies the resonance condition for guanine dG and adenine dA
residues [20–24]. The comparison between the UVRR profile of sDNA (Figure 1a) and
the spectra of the deoxynucleotides 2′-deoxyadenosine 5′-triphosphate sodium salt so-
lution (dA), 2′-deoxycytidine 5′-triphosphate disodium salt (dC), 2′-Deoxyguanosine 5′-
triphosphate trisodium salt solution (dG), and thymidine 5′-triphosphate sodium salt
solution (dT) reported in Figure 1b helps to identify the contribution of each nitrogenous
base in the vibrational profile of the sDNA. The prominent signal dGI~1485 cm−1 in the
spectrum of the sDNA is mainly attributed to the combination of the N7 = C8 and C8-N9
ring stretching and C8-H in-plane deformation of the dG purine group [22,25–27] as well
as to the C6 = O stretching [28]. The contribution to the band at ~1485 cm−1 from the
Raman signal of adenine can be considered negligible at the excitation wavelength of
250 nm due to the proximity of the 255 nm electronic transition of guanine [18,19,25]. The
intensity and the frequency position of the dGI band in DNA are very sensitive markers
of the base-stacking interactions and hydrogen bonds (H-bonds) involving the guanine
residues [29–31]. The Raman signals from purine residues also include the broad band
at ~1336 cm−1 in the spectrum of sDNA (labeled as dA + dG in Figure 1a) that results
from the overlap between the base ring vibrations assigned to adenine dA and guanine
dG residues [26,27]. This Raman signal is also diagnostic of the nucleoside conformations
in DNA, thanks to the predominant imidazole ring character of the associated vibrational
modes [22,26]. Finally, the large bump center at ~1637 cm−1 in the spectrum of sDNA
(band labeled as dT in Figure 1a) is mainly related to the coupled stretching vibrations of
C4 = O and C5 = C6 bonds of the dT residue [31,32]. Despite the relative complexity of
this vibration, the large localization of the mode on the C4 = O group makes the signal
dT~1637 cm−1 sensitive to any perturbation occurring at that site of the thymine base [33].
Figure 1a points out some alteration in the UVRR spectra of sDNA in the presence of
ChCl:U. Hence, the downshifts of ~5 cm−1 of dGI, ~6 cm−1 of dA + dG, and ~10 cm−1

of dT bands exhibited by sDNA in the aqueous ChCl:U 1:158 sample reflect changes in
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the hydrogen-bonding state on the proton-acceptor sites, mainly of guanine, adenine, and
thymine residues [28,34]. The effects of choline-based DES on the thermal behavior of
sDNA are reported in Figure 2. The graph shows the UVRR difference spectra for the
sample of sDNA/ChCl:U, obtained by subtracting the spectrum at the lowest temperature,
300 K, from the Raman profiles measured at the indicated temperatures (intermediate
traces in Figure 2). UVRR spectra of sDNA in hydrated ChCl:U at 300 and 375 K are also
displayed at the bottom and at the top of Figure 2, respectively.
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Figure 1. (a) 250 nm-excited Raman spectra of sDNA and sDNA/ChCl:U (1:158 and 1:474, respec-
tively) collected at 300 K; the profile of the hydrated ChCl:U is reported for comparison in the same
graph. (b) UVRR spectra of deoxynucleotides dA, dG, dC, and dT in a Tris buffer recorded using
250 nm as the excitation wavelength.
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The different spectra in Figure 2 show that the Raman features of the sDNA at ~1336,
1485, and 1637 cm−1 are sensitive to temperature throughout the range 300–375 K, with
the most pronounced spectral changes above 350 K. These heat-induced intensity and
frequency modifications of the Raman bands of sDNA indicate that such vibrations can
be adopted as markers of structural perturbations in sDNA, such as H-bond breaking,
base unstacking, and the bases’ conformational changes occurring in the double-stranded
structure of DNA following an increment in temperature [8,18,19,30,33].

4. Discussion

As mentioned above, since the Raman band dGI of sDNA is mainly attributable to
normal in-plane modes of the purine ring of guanine, the intensity of this signal is very
sensitive to base-stacking interactions involving the guanine residues [18,24,27–30,34,35].
Figure 3a–c display the temperature-dependent intensity of the dGI Raman band of sDNA
measured in an aqueous buffer solution and in hydrated ChCl:U. In each plot, the intensities
have been normalized to their minimum and maximum values for a better comparison.

Crystals 2021, 11, x FOR PEER REVIEW 6 of 13 
 

 

 
Figure 3. (a–c) Temperature dependence of the Raman intensity of the dGI band for sDNA and 
sDNA/ChCl:U (1:158 and 1:474); panel (b) shows also the temperature profiles of the dGI band ob-
tained for sDNA in hydrated ChCl (63 mM in Tris) and in hydrated urea (126 mM in Tris). (d–f) 
First-derivative curves of the temperature profiles (a–c); the transition temperatures 𝑇𝑡 obtained for 
sDNA without and with DES are marked in the corresponding panels. 

The sigmoidal profile reported in Figure 3a shows a sudden increase in the dGI 
band’s intensity (Raman hyperchromicity) for sDNA at about 340 K, suggesting the oc-
currence of a cooperative structural transformation of the double-helix sDNA structure. 
The intensity recovery of the dGI band relates to two possible effects: (i) H-bond breaking 
and base unstacking; and (ii) local structural changes, such as enhanced base mobility and 
base tilting specifically involving guanine residues in the structure of DNA 
[18,25,27,30,33,35]. The first-order derivative of the dGI band temperature profile (Figure 
3d) exhibits almost a mono-phasic behavior, pointing out the occurrence of a unique co-
operative structural transition in the explored temperature range for sDNA. The deriva-
tive maximum of the curve in Figure 3d provides a quantitative estimation of the transi-
tion temperature 𝑇  ≃ 338 K between the initial and the final thermal stage for sDNA. 
Interestingly, comparing the traces in Figure 3, the effect exerted by the ChCl:U DES on 
the local structural modifications of the G-tracts during the thermal pathway of sDNA 
comes out. The first-derivative curves in Figure 3e,f, in fact, indicate a significant incre-
ment in 𝑇  from 338 K for sDNA in Tris up to 350 and 352 K for sDNA dissolved in aque-
ous ChCl:U at a concentration of 158 and 474 of DES molecules for each sDNA base pair, 
respectively. This issue seems to contradict previous studies [14,36] about the relative sta-
bility of DNA sequences in anhydrous and hydrated DESs. In these works, the authors 
attributed the observed change in the secondary structure and the reduction of the melting 
temperatures of sDNA to the dehydration effect caused by ChCl:U DES. Differently from 
the average melting process probed by UV absorption of sDNA discussed in the men-
tioned investigations, the UVRR guanine transition temperature should be interpreted as 
a process involving local events and cooperative conformational changes specifically af-
fecting DNA dGI base tracts. In this view, the establishment of strong H-bonds between 
the DESs’ components and dG tracts and the consequent partial dehydration of sDNA can 
be described as the key factors that cause the increasing in 𝑇  and that stabilize sDNA in 
hydrated ChCl:U. In Figure 3b, we have included the dGI band intensity curves acquired 
for the urea and sDNA/ChCl solutions in the same relative concentrations of sample 
sDNA/ChCl:U 1:158, to gain further insight into the role played by the individual DES 

300 312 324 336 348 360 372 300 312 324 336 348 360 372

 sDNA

 

I dG
I(T

) (
ar

b.
 u

ni
ts)

Temperature (K)

(a)

(b) (e)

(f)

(d)

 sDNA/ChCl:U 1:158
 sDNA/ChCl 63 mM
 sDNA/Urea 126 mM

 

 sDNA/ChCl:U 1:474

 

 
(c)

 

Tt = 338 K

Tt = 350 K

Tt = 352 K

dI
dG

I(T
)/d

T 
(a

rb
. u

ni
ts)

 

 

Figure 3. (a–c) Temperature dependence of the Raman intensity of the dGI band for sDNA and
sDNA/ChCl:U (1:158 and 1:474); panel (b) shows also the temperature profiles of the dGI band
obtained for sDNA in hydrated ChCl (63 mM in Tris) and in hydrated urea (126 mM in Tris). (d–f)
First-derivative curves of the temperature profiles (a–c); the transition temperatures Tt obtained for
sDNA without and with DES are marked in the corresponding panels.

The sigmoidal profile reported in Figure 3a shows a sudden increase in the dGI band’s
intensity (Raman hyperchromicity) for sDNA at about 340 K, suggesting the occurrence of
a cooperative structural transformation of the double-helix sDNA structure. The intensity
recovery of the dGI band relates to two possible effects: (i) H-bond breaking and base
unstacking; and (ii) local structural changes, such as enhanced base mobility and base tilting
specifically involving guanine residues in the structure of DNA [18,25,27,30,33,35]. The first-
order derivative of the dGI band temperature profile (Figure 3d) exhibits almost a mono-
phasic behavior, pointing out the occurrence of a unique cooperative structural transition
in the explored temperature range for sDNA. The derivative maximum of the curve
in Figure 3d provides a quantitative estimation of the transition temperature Tt ' 338 K
between the initial and the final thermal stage for sDNA. Interestingly, comparing the
traces in Figure 3, the effect exerted by the ChCl:U DES on the local structural modifications
of the G-tracts during the thermal pathway of sDNA comes out. The first-derivative
curves in Figure 3e,f, in fact, indicate a significant increment in Tt from 338 K for sDNA
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in Tris up to 350 and 352 K for sDNA dissolved in aqueous ChCl:U at a concentration of
158 and 474 of DES molecules for each sDNA base pair, respectively. This issue seems
to contradict previous studies [14,36] about the relative stability of DNA sequences in
anhydrous and hydrated DESs. In these works, the authors attributed the observed change
in the secondary structure and the reduction of the melting temperatures of sDNA to the
dehydration effect caused by ChCl:U DES. Differently from the average melting process
probed by UV absorption of sDNA discussed in the mentioned investigations, the UVRR
guanine transition temperature should be interpreted as a process involving local events
and cooperative conformational changes specifically affecting DNA dGI base tracts. In
this view, the establishment of strong H-bonds between the DESs’ components and dG
tracts and the consequent partial dehydration of sDNA can be described as the key factors
that cause the increasing in Tt and that stabilize sDNA in hydrated ChCl:U. In Figure 3b,
we have included the dGI band intensity curves acquired for the urea and sDNA/ChCl
solutions in the same relative concentrations of sample sDNA/ChCl:U 1:158, to gain
further insight into the role played by the individual DES components in interacting with
sDNA. The ChCl moiety seems to be involved in stronger interplays with guanine residues
compared to urea and to be the first responsible for the increment in Tt, as also evidenced
by its first-derivative in Figure 3e. It has been reported the ability of choline ions to stabilize
sDNA [12] and the predominant activity of cations in reducing the repulsive forces between
the phosphate groups of the DNA strands. In particular, Nakano et al. [15] have shown that
choline ions linger around DNA even though the strength of the hydrogen bond is weak
and stabilize a DNA duplex more effectively than sodium ions. In the same graphs, we can
notice how urea slightly influences the dGI traces thermal pathway and that its profiles
almost resemble those of sDNA in Tris. When urea is in solution with DNA, it is randomly
distributed between the DNA’s domain and it tends to replace water molecules in the first
hydration shell around the DNA at increasing concentrations, thanks to its great hydrogen-
bonding capacity [11,37]. Nonetheless, only when DNA double strands are in the unfolding
state urea reveals its preferential interactions with the polar amide surfaces of the guanine
dG and cytosine dC bases and, consequently, its denaturant behavior [11,38,39]. According
to data reported in Figure 3, we can conclude that, although urea at these concentrations
does not denature sDNA, it plays a minor role in its stabilization driven by the DES. The
higher thermal energy required for the unstacking of guanine pairs in hydrated ChCl:U
with respect to sDNA in buffer suggests a significant effect of DES on the double helix
structure stability. Several simulation studies [15,40–42] report on the ability of choline
ions to bind DNA around dG-dC base pairs in the major groove. Indeed, choline competes
with those atoms that form dG-dC base pairs because of the attraction between its strongly
polarized hydroxyl group and the negatively charged oxygen atoms of the bases. Although
this behavior has been always connected to a destabilization effect, especially for dG-dC-
rich duplex and single strand, little experimental data support this hypothesis. On the other
hand, the melting temperatures (Tm) reported in [15] for ChCl/DNA solutions show that
the Tm values increase at increasing the dG-dC base pair content and Pal et al. [10] have
recently described the enhanced stability of the G-quadruplex in ChCl:U. Furthermore,
the data in Figure 3c–f reveal that a greater concentration of ChCl:U in water does not
produce a marked improvement in the transition temperature of sDNA. As a matter of
fact, a threefold increase in ChCl:U in water coincides with an upturn of Tt for sDNA of
only 2 K. This finding could be related to the specific characteristics of DES in solution
and the prevalence of DES–DES over DES–sDNA interactions as the ChCl:U concentration
increases. It is widely reported in the literature that the presence of water weakens the
strong interactions among ChCl:U components and contributes to different solvation
features of the individual DES components [43–45]. In this regard, we can consider the
lowest concentration sample as a highly diluted solution of ChCl:U (i.e., 15 mol DES:1 mol
H2O), in which the DES individual components may exchange the ligands of their solvation
shell by binding to DNA guanine moieties, i.e., by establishing hydrogen bonding, and thus
exert their thermal stabilizing effect. This effect is offset by increasing the DES concentration
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due to the re-establishment of interactions among each DES component to the detriment of
the DES–sDNA H-bonds, thus reducing further structural modifications on sDNA. The
thermal pathway of the dGI band for sDNA in the more concentrated solution of ChCl:U
(Figure 3c) also shows a reversible increase in the Raman intensity between about 300 and
335 K. This suggests the occurrence of local structural changes in the geometry of the
guanine bases relative to each other prior to the main structural transition of sDNA at
352 K. A temperature behavior similar to that described for the dGI band of sDNA is found
also for the intensity of the signal dA + dG at ~1336 cm−1. Figure S1a–c in the SI section
shows the temperature-dependent trend exhibited by the intensity of this Raman band with
the characteristic sharp increment in correspondence of the same transition temperatures Tt
found for sDNA and sDNA in DES by the analysis of the dGI band (see also first derivative
curves reported in Figure S1d–f). This outcome suggests that in the 250 nm-excited UVRR
spectra of DNA both the two Raman signals identified as dGI and dA + dG are sensitive
descriptors of the cooperative base-stacking interactions of the guanine bases during the
thermal pathway of sDNA dissolved in different aqueous environments. Figure 4a–c
display the temperature-dependence of the wavenumber position for the Raman signals
dGI, dA + dG and dT for the sDNA duplex in Tris and hydrated ChCl:U, respectively.
The observed downshift in the dGI band of sDNA upon the increment in temperature
(Figure 4a) has been attributed to the formation of stronger H-bonds between the solvent
and the guanine N7, occurring in the melted structure of DNA [18,19,24,26]. As mentioned
above, DES induces a further red-shift of the position of the dGI band that persists over
all the explored temperature ranges. We can ascribe this issue to the lessening of the
H-bond attraction between the water molecules and the N7 site of guanine because of the
competition with the greater interactions towards the DES [46]. This strong affinity helps
the DES molecules to disrupt the well-coordinated hydration layer of water around the
DNA structure and takes part in the solvation process. This outcome recalls the so-called
“dehydration” phenomenon operated by some types of ionic liquids on the structure of
the DNA duplex and predicted by simulation results [47,48]. We can argue that guanine
bases experience stronger H-bonds with choline at the acceptor sites compared to water
and that these interactions are also supposed to improve the stability of the B-form of
DNA in the aqueous environment [15]. Interestingly, Figure 4a points out that the effect
of a downshift on the dGI band is more evident for the lowest concentration of ChCl:U,
consistent with the solvation picture suggested above. Similar to the dGI intensity profiles,
we compared the behavior of sDNA in hydrated DES with that of its components in the
same concentrations of the sDNA/ChCl:U 1:158 sample. As shown in Figure 4a, the dGI
band’s frequencies for ChCl and urea are blue-shifted compared to both sDNA in Tris and
the sDNA/ChCl:U samples at both concentrations. For urea, the dGI frequencies confirm
its role as a water molecules’ competitor for establishing H-bonds with the guanine residues
already reported. The different trends in sDNA/ChCl and the sDNA/ChCl:U 1:158 deserve
further explanation. We can hypothesize that when ChCl is in solution with sDNA, it
preferably acts as a hydrogen-bonding enhancer on the N7 sites, besides water. This result
relates to [6], for example, who tested the improved solubility of biomolecules with the use
of an individual DESs’ components because of the contrasting DES–water and DES–solutes
interactions. In the case of DES, the predominant effect of choline ion is that of breaking the
pre-existing bonds (i.e., red-shift) and the establishment of preferential interactions between
choline and guanine. This may indicate that, despite the similar stabilizing action towards
temperature, the choline cation’s dehydration of sDNA occurs only when it exists as a DES
component or with a cooperative influence of urea. Moreover, it has been reported [15]
that when choline ions locate around dG-dC base pairs, they preferably bind to dC(O2),
dG(O6), and dC(N3). As the wavenumber of the dGI band can also be interpreted as an
indicator of the hydrogen bonding at the C6 = O site [34], the notable red-shift could be
additionally assigned to the competing activity of the choline ions to access the hydrogen
bonding acceptor sites within the dG-dC base pairs once in ChCl:U. This effect seems to be
confirmed also by the temperature behavior observed for the dA + dG signal in Figure 4b
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that shifts to a lower frequency during thermal denaturation of sDNA. This red-shift can
be ascribed to the sensitivity of the Raman band at ~1336 cm−1 to the local conformational
changes involving both the dG and dA residues [22,27]. For sDNA/ChCl:U 1:158, the
marked red-shift of this mode could be caused by the weakening of the H bonding at the
acceptor sites (N1 and N6). Notably, choline is supposed to bind to the amino group in the
dA-dT major grooves within sites dA(N6) and dA(N1) [15].
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Figure 4. Temperature evolution of the central wavenumber position of the Raman bands (a) dGI,
(b) dA + dG, and (c) dT for sDNA in the absence and presence of ChCl:U (1:158 and 1:474 ratio of molar
concentrations) and sDNA in hydrated in ChCl (63 mM in Tris) and in hydrated urea (126 mM in Tris).

Figure 4c displays the temperature dependence wavenumber position of the dT band
whose strength of oscillation accounts for any perturbations occurring at the C4 = O
site of the thymine residue [22,33,34]. The upshift of this mode observed at ~335–345 K
for sDNA can be correlated with a decrease in the hydrogen-bonding strength on the
C=O site of thymine during the structural transition of sDNA occurring at the transition
temperature [22,33]. The overall red-shift observed for the dT band for sDNA/ChCl:U
1:158 could be consistent with the establishment of strong interactions between the DES
molecules and thymine C=O site at this specific concentration of ChCl:U.

Figure 5 displays the CD spectra collected at room temperature for sDNA dissolved
in Tris buffer and in the ChCl:U/Tris solutions at the two concentration of DES in water.
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Figure 5. Comparison among the Circular Dichroism (CD) spectra collected at room temperature for
sDNA and sDNA/ChCl:U (1:158 and 1:474).

The CD signal of sDNA exhibits the classical features of double-stranded B-form
DNA, consisting of a positive band around 274 nm and a negative band at 245 nm with a
crossover at the absorption maximum. The positive feature is due to base stacking, while
the negative band is related to the polynucleotide helicity.

As a first remark, the comparison between the traces in Figure 5 shows that the CD
spectra of sDNA with and without the DES have similar shapes, thus suggesting that
the native B-conformation of DNA is preserved also after the addition of ChCl:U. This
finding supports the predicted capability of a choline-based DES to preserve the native
structure of DNA [49]. By looking at the curves in Figure 5, it appears that the presence
of ChCl:U does not induce any significant change in the positive band at about 274 nm
of sDNA. This is observed for both the two concentrations of DES in Tris considered in
this work, namely, 63 and 189 mM. According to these data, the addition of DES to the
solution of sDNA does not significantly affect the stacking interactions of base pairs in the
structure of DNA at room temperature. This conclusion also confirms the UVRR results
discussed above. Hence, the spectra in Figure 5 shows a slight increase in the negative
molar ellipticity from−22 to−19 mdeg for the sDNA/ChCl:U 1:158 sample. Such behavior
suggests a certain distortion in the helical structure of DNA in the hydrated DES. This
could be consistent with the formation of stronger H-bonds between the guanine bases
and DES choline, signified by the down shift of the wavenumber position for the dGI band.
Interestingly, CD measurements seem to confirm the picture in which, at a concentration of
DES above a certain critical value, the interactions among the ChCl:U components and/or
the DES–water interactions tend to prevail against the formation of guanine–urea H-bonds.

5. Conclusions

The present study outlines the interplays between a hydrated ChCl:U DES and double-
strand sDNA using a combined UVRR and CD approach. We investigated the guanine
moieties’ thermal pathways to define the stabilization exerted by the choline ions against
sDNA’s H-bond breaking and base unstacking. In this sense, both the sDNA samples
in the DES show higher transition temperatures than in the buffer solution. According
to the UVRR results, the increased interaction between ChCl:U and sDNA is due to the
preferential binding between the choline ion and guanine, adenine, and thymine residues.
In particular, the Raman band shifts reflect the changes in the hydrogen-bonding state on
the bases’ proton-acceptor sites. Urea seems to play a minor role in the solvation of double
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strands, taking part as an enhancer of hydrogen bonding. Interesting information comes
from the DESs’ concentration dependence on the sDNA’s thermal stability. Our preliminary
results show that as the ChCl:U concentration increases, DES–DES interactions prevail on
DES–sDNA ones, minimizing DES-induced structural stabilization effects. Overall, our
study confirms the excellent physical–chemical properties of ChCl:U DES as a co-solvent
for biomolecules, able to not only ensure sDNA solubility but also providing increased
stability to temperature-induced conformational alterations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst11091057/s1, Figure S1. (a)–(c) Temperature dependence of the Raman intensity of
dA + dG band for sDNA and sDNA/ChCl:U (1:158 and 1:474); panel (b) shows also the temperature
profiles of dA + dG band obtained for sDNA in hydrated choline chloride (63 mM in Tris) and in
hydrated urea (126 mM in Tris). (d)–(f) First derivative curves of the temperature profiles (a)–(c),
respectively; the transition temperatures Tt obtained for sDNA without and with DES are marked in
the corresponding panels.
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