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A B S T R A C T   

Double-stranded DNA dissolved in aqueous solutions of imidazolium-based Ionic Liquids (ILs) exhibits a char-
acteristic gel transition, leading to the formation of DNA ionogels. In this study, we utilize state-of-the-art 
operando UV Resonance Raman (UVRR) spectroscopy, along with UV and Circular Dichroism (CD) absorption 
experiments, to monitor the self-assembly of a class of DNA ionogels derived from low-concentration aqueous 
solutions of DNA in imidazolium-based ILs. Our experimental approach offers insights at the molecular level into 
the structural organization and interactions that stabilize the gel network. Furthermore, operando UVRR spec-
troscopy allows efficient monitoring of the different stages of the thermal pathway leading to the self-assembly of 
DNA/ILs solutions into ionogels. A key achievement of our study is demonstrating that the sol–gel transition in 
DNA ionogels in the presence of imidazolium-based ILs can be modulated by the length of the alkyl chain of the 
imidazolium cation to achieve desired premelting, melting, and gelation temperatures.   

1. Introduction 

DNA hydrogel assemblies exhibit fascinating properties for a wide 
variety of applications, especially in the biomedical field [1]. Biocom-
patibility, degradability, high versatility and capability of programma-
ble architecture have made nucleic acids, nucleobases, nucleosides, and 
nucleotides unique natural building blocks for the construction of 
functional gel materials. For instance, DNA hydrogels have been used as 
an ideal platform for the controlled delivery of antigens and drugs [2–4], 
for tissue engineering in regenerative medicine [5] and to manufacture 
biosensors [6,7]. Natural and derivatized nucleobases and nucleosides 
can be opportunely used as gelators able to self-assemble into ordered 
and stable supramolecular gel structures [8]. For instance, it has been 
demonstrated that many guanine nucleosides and nucleotides can 
aggregate in water leading to the formation of self-assembled hydrogel 
structures with tailored properties for specific applications [9–12]. 
These higher-order supramolecular architectures based on nucleobases 
find interesting applications in the fields of nanotechnology, biology and 
environmental science [13,14]. 

Among the DNA-based gels, an emerging class of materials is that of 
the ionogels which are prepared by self-assembly of DNA and Ionic 
Liquids (ILs) [15,16] to form a hybrid material with very peculiar 
characteristics. In recent years, ionogels have attracted much attention 
due to their unique properties including ionic conductivity, desirable 
mechanical properties, and high thermal and electrochemical stability 
[15–18]. Compared to simple hydrogels, ionogels show anti-freezing 
properties at sub-zero temperatures and the capability of maintaining 
hydration for a longer time even under dry conditions. Therefore, ion-
ogels offer an optimal alternative to hydrogels for specific applications 
in harsh conditions, such as at high and sub-zero temperatures [19]. 
Although various polymers can be employed with ILs to prepare ion-
ogels, short or long nucleotide sequences are a promising building block 
for the rational design of multifunctional materials. DNA ionogels pre-
pared using double-stranded DNA and imidazolium-based ILs by ther-
mal treatment have been previously proposed by other authors [20–22]. 
In particular, the self-assembly of DNA gels prepared at a DNA con-
centration below 5 % w/v in aqueous solution of 1-ethyl-3-methylimida-
zolium chloride has been reported [21]. For these ionogels, it has been 
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observed that the gelation temperature in the range of 60–67 ◦C can be 
controlled by the concentration of ionic liquid in the DNA solution. 
Additionally, rigid ionogels can be prepared at DNA concentration 
below 1 % w/v by using a longer alkyl chain imidazolium-based IL such 
as 1-octyl-3-methylimidazolium chloride [22]. A phenomenological 
explanation has been proposed for the gelation mechanism of 2000 base 
pairs DNA in an aqueous solution of methylimidazolium-based ILs 
[21,22]. As a first step, the establishment of hydrogen bonds between 
the nucleotides and the nitrogen groups on imidazolium cation likely 
prevents the re-formation of the helix structure of DNA after thermal 
denaturation. These H-bonds interactions contribute to keep separate 
the two strands of DNA. Subsequently, the self-assembly of the DNA 
strands occurs with the hydrophobic alkyl chains of IL cation which form 
the physical entanglements of the gel network [21,22]. The physical 
parameters of the resulting gels, such as gelation temperature and 
viscoelastic properties, are strongly dependent on the length of the alkyl 
chain on the imidazolium cation. 

The selection of DNA ionogel components and the preparation 
method need to meet some criteria which depend on the final charac-
teristics of the gels. In particular, the control of the key parameters 
during the gelation process of DNA is crucial to obtaining materials with 
specific properties for selected applications. To this aim, the detailed 
characterization of DNA ionogel structure, at a molecular level, is 
desirable and of great significance. However, this is challenging in some 
cases because of the structural complexity, the large size and the high 
water content of these materials. 

UV Resonance Raman (UVRR) spectroscopy is a powerful method for 

the sensitive and selective local probing of the structure and the envi-
ronment of DNA bases, even in the presence of aqueous solvents or ILs 
[23]. Thanks to the resonance effect, UVRR technique enables us to 
overcome some of the limitations of the standard visible Raman spec-
troscopy. By using an ultraviolet excitation wavelength where the DNA 
bases absorb [24,25], the Raman signals associated with the nucleobase 
rings are dramatically enhanced over those derived from the aqueous 
buffer and DNA backbone. This provides the opportunity for a selective 
label-free detection of vibrational markers of the hydrogen bond 
strength and stacking forces involving specific tracts of DNA [23,26,27]. 
UV Resonance Raman technique has been also successfully implemented 
to resolve various types of DNA structural motifs and to effectively 
monitor subtle changes in their local geometry and/or interactions 
[28–30]. 

Since UVRR method is not destructive and it does not require any 
pre-treatment or handling of the sample, this can be applied to the study 
of complex DNA assemblies in situ and operando conditions. The oper-
ando UVRR measurements possess inherent advantages for the charac-
terization of DNA ionogels because they combine molecular selectivity 
and sensitivity with the capability to monitor the self-assembly of the gel 
network directly during its formation and in the hydrated state. This 
provides direct insights into the gelation mechanism of DNA ionogels as 
a function of the key parameters which can be varied in the preparation. 

Here we exploit the state-of-the-art operando UVRR technique, in 
combination with conventional UV and Circular Dichroism (CD) ab-
sorption experiments, to provide a comprehensive description of the 
self-assembly mechanism of a class of thermo-reversible ionogels 

Fig. 1. Depicting of the preparation of DNA ionogels characterized in this study: the IL ([EMIM]Cl, [BMIM]Cl or [HMIM]Cl 0.5 % w/v) was added to double stranded 
salmon DNA dissolved in water (0.5 % w/v), the mixed solution was heated and then slowly cooled down to room temperature thus obtaining the transparent gels. 
The process thermo-reversibility was verified. 
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obtained by low-concentrated aqueous solutions of DNA (0.5 % w/v) in 
imidazolium-based ILs. In particular, we aim to explore the effect on the 
self-assembly and gelation behaviour of DNA as the length of the alkyl 
chain on the imidazolium cation varies. We expect that the lengthening 
of the hydrophobic tails on IL affects the clustering properties of DNA in 
the ionogels, in turn influencing their gelation behaviour. 

2. Experimental methods 

2.1. Preparation of DNA ionogels 

DNA sodium salt from salmon testes (CAS number 438545–06-3, 
≈2000 base-pairs, MW = 1.3 x 106 Da, G–C content: 41.2 %) was pur-
chased from Sigma-Aldrich and used without further purification. The 
ionic liquids 1-ethyl-3-methylimidazolium chloride [EMIM]Cl, 1-butyl- 
3-methylimidazolium chloride [BMIM]Cl and 1-hexyl-3-methylimidazo-
lium chloride [HMIM]Cl were acquired from IoLiTec with a purity of 99 
%. 

All DNA ionogel samples were prepared by adapting the protocol 
proposed by Pandey at al. [21,22]. The double-stranded salmon DNA 
and the ILs were mixed in deionized water at the same weight/volume 
(% w/v) concentration. The solutions were heated at 368 K for some 
minutes to denature DNA, followed by slow cooling to room tempera-
ture. After this treatment, the formation of strong, transparent gels is 
observed (see scheme of Fig. 1). A set of three different DNA ionogels 
was prepared by mixing DNA and [EMIM]Cl, [BMIM]Cl and [HMIM]Cl 
in water at the same final concentration of 0.5 % w/v. The thermo- 
reversible formation of the ionogels was eventually verified. 

All the DNA/IL solutions were freshly prepared and analysed by 
UVRR and CD/UV spectroscopies as a function of temperature both 
during the heating and the cooling cycle until the formation of the 
ionogels. 

2.2. UVRR measurements 

UV Resonance Raman spectra were collected by exploiting the multi- 
wavelengths UVRR set-up available at the BL10.2-IUVS beamline of 
Elettra Sincrotrone Trieste (Italy) [31]. The spectra were recorded using 
the excitation wavelength at 266 nm provided by a CryLas FQSS 266-Q2, 

Diode Pumped Passively Q196 Switched Solid State Laser. The vertical 
polarized VV Raman spectra were collected in back-scattered geometry, 
analysed by using a single pass of a Czerny-Turner spectrometer (Triv-
ista 557, Princeton Instruments, 750 mm of focal length) equipped with 
holographic grating at 1800 g/mm and detected with a UV-optimized 
CCD camera. The calibration of the spectrometer was standardized 
using cyclohexane (spectroscopic grade, Sigma Aldrich). The final ra-
diation power on the samples was kept at about 0.2 mW. Any possible 
photo-damage effect due to a prolonged exposure of the sample to UV 
radiation was avoided by continuously spinning the sample cell during 
the measurements. The comparison between the individual spectra ac-
quired repeatedly for each sample showed no gradual changes to the 
spectra with respect to accumulation number, ensuring that no sample 
photodegradation due to UV radiation was observed. The UVRR spectra 
of the DNA solutions were measured in the temperature range 296–368 
K both during heating and cooling using a sample holder equipped with 
a thermal bath coupled to a resistive heating system for controlling the 
temperature of the sample (stability of ± 0.1 K). Before starting with the 
acquisition of the UVRR spectrum, the samples were equilibrated at each 
temperature for 2 min. 

2.3. Off-resonance Raman measurements 

Out of Resonance Raman spectra were collected at room temperature 
by using an integrated micro-Raman setup (Horiba-JobinYvon, LabRam 
Aramis) with exciting radiation at 632.8 nm provided by a He-Ne laser. 
The resolution was set at about 0.7 cm− 1/pixel. 

2.4. Circular dichroism and UV absorption measurements 

Circular dichroism (CD) and UV absorption spectra of DNA ionogels 
were simultaneously recorded using a Jasco J-810 polarimeter equipped 
with a plug-n-play single-cell Peltier for temperature control. All the 
solutions of DNA and IL were freshly prepared in a demountable rect-
angular suprasil quartz cell of 0.1 mm path length (Hellma) and 
measured as a function of temperature in the range 298–368 K during 
the heating and the cooling cycle. A short optical path length of the cell 
has been opportunely selected to prevent UV absorption saturation in 
the 200–300 nm wavelength range due to the high concentration of DNA 

Fig. 2. Representative UV absorption and CD spectra of DNA 0.5 % w/v in water (a)-(b) and aqueous solution of DNA + [BMIM]Cl 0.5 % w/v (c)-(d) collected at 298 
and 368 K, before and after cooling. 

B. Rossi et al.                                                                                                                                                                                                                                    



Journal of Molecular Liquids 398 (2024) 124209

4

samples. Before starting with the acquisition of the spectra, the solutions 
were equilibrated at each temperature for 1 min. Each CD and UV 
spectrum was collected in the range from 205 to 320 nm with an 
increment of 1 nm, a 50 nm/min scan rate and a 1 nm bandpass. Mea-
surements were performed under a constant nitrogen flow. For each set 
of temperature-dependent measurements, the spectra of the pure buffer 
in water and in water/IL solution were subtracted from the corre-
sponding spectra of the samples. The exact values of the ellipticity θλ at 
245 and 270 nm were directly extracted by the CD spectra. A simple two- 
state law equation was used to fit the CD and UV absorption melting 
curves for estimating the transition temperatures. 

3. Results and discussion 

3.1. Melting and gelation temperature detected by UV and CD 
spectroscopies 

UV and CD absorption spectroscopies are the most widely used 
methods to monitor the conformational changes of nucleic acids in so-
lution, such as the DNA melting transition from double stranded (ds) to 
single stranded (ss), self-assembly or the formation of supramolecular 
complexes. In particular, UV and CD spectra of DNA are informative on 
both the stacking interactions and the relative orientation of the 
nucleobases [32–36]. UV absorption and CD spectra of DNA and DNA+
[BMIM]Cl aqueous solutions are reported in Fig. 2(a)-(d) at the tem-
perature of 298 K and 368 K, and collected during the heating and the 
subsequent cooling of the samples. All the spectra are shown in Fig. S1 
and Fig. S2 of the Supplementary Information (SI). 

The UV spectra of ds-DNA at 298 K in water and in water-IL solution 
show the maximum absorbance at around 260 nm (Fig. 2(a) and (c)). 
This absorption band is related to the π-π* electronic transition of py-
rimidine and purine bases [32,33]. The melting process from the ds-DNA 
to the ss-DNA affects the stacking and the base pairing leading to a 
change in the electronic configuration of the nucleobases. The DNA 
denaturation can be efficiently monitored by following the temperature 
dependence of the absorbance value at 260 nm [37]. 

The CD spectral features of the right-handed DNA (B-form) show the 
typical positive effect at about 270 nm and the negative effect at 245 nm 
(Fig. 2(b) and (d)) [38], whose intensity (i.e. the ellipticity θλ measured 
at the corresponding wavelengths) can be directly estimated by the 
measured CD spectra. The positive effect at 270 nm relates to the π-π 
base stacking, while the negative effect at 245 nm is associated with the 
ds-DNA helicity. 

Fig. 2(a) shows that the intensity of the UV absorption at 260 nm of 
pristine DNA increases with the temperature during the heating of the 
solution. This effect is ascribed to the progressive disordering of the 
bases and the base unstacking that accompanies the thermal denatur-
ation (melting) of double-stranded DNA in water [32,33]. In corre-
spondence, CD spectra of ds-DNA show a decrement of the ellipticity at 
270 nm and an increment at 245 nm as a consequence of the heating of 
the DNA water solution (Fig. 2(b)). This is consistent with a general 
weakening of the stacking interactions between neighbouring bases and 
a lessening in the helicity of ds-DNA occurring during the melting pro-
cess [35,38], in agreement with UV absorption data. The observed shift 
of the crossover from 257 to 260 nm is a further CD spectral feature 
indicative of the denaturation of DNA promoted by the temperature 
increment [39]. Interestingly, the UV absorbance of DNA slightly further 
increases as the temperature lowers during the cooling of the sample, as 
shown in Fig. 2(a). This provides evidence that the cooling of DNA is not 
accompanied by the re-coiling of the bases into the Watson-Crick helix 
but disordered domains of single-strand DNA persist even at low tem-
peratures. At the same time, we observe that the CD spectrum of DNA 
after cooling is significantly different compared with the spectrum of 
DNA collected at room temperature before the heating (Fig. 2(b)). This 
finding further confirms that the thermal denaturation of DNA is not 
reversible in these conditions and unusual secondary structures of ds- 
and ss-DNA are likely formed after thermal treatment [39]. 

Fig. 2(c) and (d) point out a clearly distinct behaviour of the UV 
absorption and CD spectral features of the aqueous solution of DNA +
[BMIM]Cl during the heating and cooling cycle. 

Indeed, the formation of a transparent hydrogel occurs exclusively in 
the solution containing [BMIM]Cl and DNA after the heating and 

Fig. 3. Temperature-dependence of UV absorbance at 260 nm and of ellipticity θλ at 245 and 270 nm for DNA in water 0.5 % w/v (a)-(b) and for aqueous solution of 
DNA + [BMIM]Cl 0.5 % w/v (c)-(d) during heating and cooling cycle. The values of absorbance and ellipticity were extracted by the UV and CD spectra. The full lines 
are fitting of the experimental data as described in the experimental method section. 
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subsequent cooling process. 
In correspondence with this, we observe a significant hypochromism 

and broadening of the UV absorption band of DNA (Fig. 2(c)). This 
phenomenon aligns with an increasing fraction of DNA bases stacking 
parallelly as the temperature decreases [32]. 

Similarly, both the shape and magnitude of both positive and nega-
tive effects in the CD profile of DNA above 230 nm undergo substantial 
changes after cooling in the presence of the ionic liquid (IL) (Fig. 2(d) 
and Fig S2 in SI). This behaviour indicates the distortion of the helical 
structure of double-stranded DNA (ds-DNA), likely attributed to the 
establishment of π–π stacking interactions between the DNA and the 
imidazolium cations of the IL. 

Fig. 3(a) clearly shows that the temperature-dependent UV absor-
bance of DNA in water during heating follows a well-defined two-state 
(cooperative) trend. 

The experimental points can be fitted using a sigmoidal law to esti-
mate the characteristic melting temperature Tm = 333 K at which the 
transition from ds-DNA to ss-DNA occurs. A summary of the fitting 
outputs is reported in Table 1. 

As expected, the DNA melting temperature is concentration- 
dependent. For the ds-DNA at 1 % w/v in water, Tm increases to 337 
K, whereas in the diluted solution of DNA (0.025 % w/v), the melting 
point decreases to 303 K (Table 1). The temperature dependence of the 
ellipticity θλ at 245 nm and 270 nm detected for DNA 0.5 % w/v in water 
(Fig. 3(b)) exhibits a similar two-state melting transition in correspon-
dence of 333 K, in line with the UV absorption data. This confirmation 
supports the notion that the transition from a double helix to a coil 
occurs without the involvement of intermediate structures. 

The addition of [BMIM]Cl to water solution causes a significant 
increment of the DNA melting temperature from 333 K to about 346 K, 
as evidenced by UV absorbance and ellipticity trends reported in Fig. 3 
(c)-(d). This aligns with our earlier studies, which demonstrated the 

ability of imidazolium-based ILs to elevate the temperature of the 
melting transition of ds-DNA for both short and long DNA sequences 
[26,27]. The reduction in both the UV absorbance and the Cotton effect 
during the cooling of the DNA + [BMIM]Cl solution (Fig. 3(c)-(d), blue 
hexagons and interpolation line) follows a cooperative law. We can 
associate these spectroscopic trends to the supramolecular aggregation 
process between DNA and the IL’s components leading to the transition 
from a solution to a gel phase. The estimated temperature at which this 
gelation occurs corresponds to Tgel = 330 K. This is consistent with the 
qualitative observation of the transition of DNA/IL solution to the gel- 
arrested phase occuring in correspondence of about this temperature 
during the cooling cycle. The transition detected around 330 K during 
the cooling of the solution suggests the establishment of cation-mediated 
cross-links among DNA domains [21,22] which likely perturb the to-
pology of the DNA structure. Based on these spectroscopic data, we can 
assert that the gel network of the DNA ionogel is probably stabilized by 
i) electrostatic forces and ii) π-π stacking interactions between single- 
stranded filaments of DNA, mediated by the [BMIM] cations of ILs [32]. 

The melting and gelation temperatures, detected by UV and CD 
spectroscopies, seem to be sensitive to two parameters: i) the length of 
the alkyl chain on the imidazolium cation of the IL, and ii) the DNA 
concentration (see values of Tm and Tgel reported in the Table 1). For 
instance, if the concentration of DNA is increased from 0.5 to 1 % w/v in 
the aqueous solution of DNA + [BMIM]Cl, Tm rises from 346 K to 355 K, 
whereas Tgel slightly decreases from 330 K to 327 K. The same behaviour 
(increment of Tm and decrement of Tgel as a function of DNA concen-
tration) is observed also in the case of gels prepared using ILs with 
[EMIM] and [HMIM] as cations. 

The length of the alkyl chain present in the imidazolium cation seems 
to affect significantly the gelation transition of the DNA ionogels. The 
DNA solutions prepared using [EMIM]Cl and [BMIM]Cl exhibit similar 
spectral modifications in both UV and CD spectra during heating and 
cooling (see spectra reported in Figures S1, S2 and S3). Consistently, also 
the corresponding melting and gelation temperatures are found to be 
practically the same for DNA + [BMIM]Cl and DNA + [EMIM]Cl both 
0.5 % and 1 % w/v (Table 1). In contrast, the UV and CD spectra of DNA 
+ [HMIM]Cl exhibit a behaviour more akin to those of DNA in pure 
water during the cooling step (see comparison between Fig. S1, S2 and 
S3). 

This can be explained by the increased capacity of the apolar hexyl 
chains in the [HMIM] cation to form hydrophobic domains compared to 
the shorter alkyl chains of the [EMIM] and [BMIM] cations. Such an 
aggregation process may hamper, to some extent, the establishment of 
interactions between the [HMIM] cation and DNA, resulting in a minor 
elevation of the melting temperature of DNA in the presence of [HMIM] 

Table 1 
Values of melting Tm and gelation Tgel temperatures estimated by UV and CD 
spectroscopies for different DNA and DNA/ILs aqueous solutions.  

sample Tm (K) Tgel (K) 

DNA 0.025 % w/v in water 303 ± 1 – 
DNA 0.5 % w/v in water 333 ± 1 – 
DNA 1 % w/v in water 337 ± 1 – 
DNA + [BMIM]Cl 0.5 % w/v 346 ± 1 330 ± 1 
DNA + [EMIM]Cl 0.5 % w/v 345 ± 1 328 ± 1 
DNA + [HMIM]Cl 0.5 % w/v 340 ± 1 345 ± 1 
DNA + [BMIM]Cl 1 % w/v 355 ± 1 327 ± 1 
DNA + [EMIM]Cl 1 % w/v 357 ± 1 324 ± 1 
DNA + [HMIM]Cl 1 % w/v 344 ± 1 338 ± 1  

Fig. 4. 266 nm-excited UVRR spectra of the aqueous solution of DNA+[BMIM]Cl 0.5 % w/v collected between 296 and 368 K during the heating (a) and the cooling 
(b) cycle. The main Raman bands attributed to the DNA nucleobases are labelled in the spectra of panel (a). The Raman bands assigned to [BMIM]Cl are shadowed by 
grey box in the panel (b). 
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with respect to the other two IL cations. Moreover, the heightened 
tendency for aggregation in [HMIM]Cl may interfere with the formation 
of cation-DNA interactions, consistent with the higher gelation tem-
perature (Tgel = 345 and 338 K for 0. 5 and 1 % w/v, respectively,) 
observed for DNA + [HMIM]Cl compared to the [EMIM]- and [BMIM]- 
based ILs (Table 1). This could be associated with the enhanced ability of 
the [HMIM] cation to form a network with single-stranded DNA in 
comparison to [EMIM] and [BMIM]. 

3.2. Self-organization in DNA ionogels revealed by UVRR 

Fig. 4(a)-(b) present the UVRR spectra of the aqueous solution of 
DNA + [BMIM]Cl during the heating and cooling cycles, respectively. 
Using λ = 266 nm as the excitation wavelength allows us to selectively 
enhance the Raman bands primarily attributable to the adenine dA, 
guanine dG, and thymine dT nucleobases of DNA [23–25]. This 
enhancement is clearly evident when comparing the off-resonance 
spectra collected on the aqueous solutions of DNA and [BMIM]Cl at a 
concentration of 0.5 % w/v, and on the gel obtained by the thermal 
treatment of the DNA + [BMIM]Cl 0.5 % w/v solution (see Fig. S4 in the 
Supplementary material section). As expected, the interfering signal of 
water (a large bump found at about 1645 cm− 1 and assigned to the HOH 
bending mode of water) dominates the visible Raman spectra of the 
solutions and gel in the spectral region between 1000 and 1800 cm− 1. 
Fig. S4 demonstrates that at this concentration, the characteristic spec-
tral features of DNA are practically undetectable using an excitation 
wavelength far from the nucleobase resonances. Moreover, in these 
conditions, only the Raman peaks arising from the [BMIM]Cl can be 
discerned in the spectrum of the DNA + [BMIM]Cl gel sample (see 
Fig. S4). Conversely, the analysis of the UV resonance Raman signals of 
DNA in Fig. 4 provides insights into the local structural changes spe-
cifically involving these nucleobases during the formation of the 
ionogels. 

Upon inspecting the spectra in Fig. 4(a), we can clearly identify the 
Raman signal dA at approximately 1336 cm− 1, attributed to the coupled 
stretching vibrations of N7 = C8 and C5-N7 bonds of the adenine ring 
[24,28,40–43]. This band is sensitive to any changes in stacking in-
teractions and H-bonds at the N7 acceptor site of the adenine nucleo-
base. The prominent signal labeled in Fig. 4(a) as dA + dG at 
approximately 1483 cm− 1 is attributed to the N7 = C8 and C8-N9 ring 
stretching vibrational modes coupled with C8-H in-plane deformation of 
purine groups in A and G bases [24,44–46]. In the 266 nm-excited 
spectra of DNA, this signal results from the overlapping contributions 
from both dA and dG residues [23]. Since both these Raman bands at 
approximately 1336 and 1483 cm− 1 exhibit marked Raman intensity 
hypochromism upon the formation of stacked nucleic base structures 
[45,46], they can serve as sensitive structural markers in the investi-
gation of DNA [23,26,27]. 

Finally, the band labeled as dT at approximately 1652 cm− 1 is 
assigned to the stretching of C4 = O and C5 = C6 bonds of the thymine 
dT residues. This band can be selectively enhanced at the 266 nm 
excitation wavelength, allowing both signal isolation and amplification 
[47,48]. The substantial localization of this vibration on the C = O group 
of thymine makes the dT signal a sensitive marker of any perturbations 
occurring at this site of the thymine residues [49]. 

Both the UVRR spectra reported in Fig. 4(a) and (b) show remarkable 
changes with temperature. The signals in the region 1350–1450 cm− 1 

are attributed to the Raman modes of the ionic liquid [BMIM]Cl. They 
are practically negligible in the spectra of DNA/IL solution collected 
during the heating ramp (Fig. 4(a)) but become more and more 
detectable during the cooling step (see grey box in Fig. 4(b)). This is 
accompanied by a considerable increment in the total intensity of the 
characteristic OH stretching band of water (signal between 2800 and 
3800 cm− 1 not shown here) as the temperature decreases. Both these 
effects can be explained by the decrease in the UV absorption at 
240–280 nm of the DNA/IL solution with respect to pristine DNA, as 

Fig. 5. Temperature dependence of the dA Raman intensity for the aqueous 
solutions of DNA + [BMIM]Cl 0.5 % w/v, DNA + [EMIM]Cl 0.5 % w/v and 
DNA + [HMIM]Cl 0.5 % w/v during heating (a) and cooling (b) cycle. The 
trend obtained for DNA in water at two different concentrations (0.5 % w/v and 
diluted solution 0.025 %w/v) during heating (c) and cooling (d) cycle is re-
ported for comparison (full line in panel (c) is the fitting of the experimental 
data using a sigmoidal law). All the trends have been normalized to [0,1] for a 
better comparison. 

Table 2 
Values of Tmax estimated from dA Raman intensity for different 
DNA and DNA/ILs aqueous solutions at the concentration of 0.5 
% w/v.  

sample Tmax (K) 

DNA 0.5 % w/v in water 332 ± 1 
DNA + [BMIM]Cl 0.5 % w/v 318 ± 1 
DNA + [EMIM]Cl 0.5 % w/v 333 ± 1 
DNA + [HMIM]Cl 0.5 % w/v 340 ± 1  

Fig. 6. Comparison between the melting Tm, gelation Tg and maximum Tmax 
temperatures measured for DNA/IL aqueous solutions at concentration of 0.5 % 
w/v as a function of the alkyl chain length of imidazolium cation (see also 
Fig. 1). The values of Tm and Tmax estimated for pristine DNA in water are 
also reported. 
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clearly detected in the UV absorption spectra of Fig. 2(c). Consequently, 
the resonant Raman cross section of the DNA peaks is reduced as well 
with respect to the intensity of the bands attributable to the solvent 
(water and IL), which become more detectable during the cooling step in 
Fig. 4(b). The evolution of the UVRR spectra in Fig. 4 confirms the non- 
reversibility of the thermal transitions of double-stranded DNA in the 
presence of IL. Moreover, the observed changes in the spectral param-
eters (intensity and frequency position) of the Raman bands of DNA can 
be correlated with the different solvent environment and with the DNA- 
IL interactions occurring during the gelation process. 

3.3. Aggregation and self-assembly in DNA ionogels 

Fig. 5(a)-(d) compare the temperature dependence of the intensity of 
the dA Raman signal at ∽1336 cm− 1 for the three different aqueous 
solutions of DNA and IL examined in this study. The thermal behaviour 
of pure DNA in water during the heating and cooling cycles is reported in 
the same figure. All the trends presented in Fig. 5 have been arbitrarily 
normalized to [0,1] for better comparison. 

As demonstrated in previous studies [23,26,27], the intensity of the 
Raman band dA at ∽1336 cm− 1 serves as a reliable marker of the 
adenine nucleoside conformation [41]. An increase in the intensity of 
the dA Raman band can be attributed to two possible local effects on the 
adenine nucleobases: i) the partial unstacking of dA bases preceding the 
separation of the DNA strands during the melting transition, and/or ii) 
structural changes such as the enhancement of base mobility and the 
reversible rupture or weakening of inter-base H-bonds, which perturb 
but do not destroy the adenine stacking interactions [50,51]. 

In Fig. 5(c), the behaviour of the diluted DNA water solution during 
the heating step (grey squares of panel c) is consistent with the sigmoidal 
pattern expected for a two-state process or cooperative transition. 
Conversely, the points in Fig. 5(a)-(b) and the filled black points in Fig. 5 
(c) do not adhere to the sigmoidal pattern of the cooperative transition. 
The presence of a maximum intensity vs. T recalls the localized, ther-
mally activated structural changes (non-cooperative) related to a change 

in the inter-base interactions [26,27]. These processes, sometimes 
referred to as pre-melting and occurring at T < melting temperature Tm, 
likely perturb the conformations of the duplex phosphodiester backbone 
of DNA, but with neither significant unstacking nor dissociation of the 
double helix. 

The fitting of the dA Raman intensity for the DNA diluted solution 
(full line among the empty squares in Fig. 5(c)) gives the characteristic 
transition temperature Tm ∽ 308 K, in good agreement with the melting 
temperature Tm = 303 K derived from CD and UV measurements (see 
Table 1). Moreover, the cooperative behaviour of dA Raman intensity 
for diluted DNA is consistent with our previous results obtained on 
similar concentrations of salmon DNA in aqueous Tris and PBS buffers at 
pH 7.4 [23,26]. 

As remarked above, the dA Raman intensity of the 0.5 % w/v DNA 
solution (black filled points) does not fit the two-state model but shows a 
well-defined maximum intensity at Tmax = 332 K. In this case, the dA 
Raman signal is informative on local structural fluctuations specifically 
ascribed to the opening and closing of the DNA structure at the level of 
the adenine–thymine pairs [52]. In particular, the remarkable decrease 
in the dA Raman intensity observed for T > Tmax can be related to the 
loss of structuration of the DNA strands as a consequence of the ther-
mally activated base-pairs disruption. In the concentrated DNA water 
solution in Fig. 5(c) (black filled points), the measured Tmax = 332 K is 
very close to the melting temperature Tm = 333 K (Table 1). This finding 
suggests that, at this DNA concentration, the thermally activated base- 
pair uncoupling requires the involvement of partially melted regions 
of DNA. 

Adding the ILs to the DNA solution affects the Tmax values, as 
depicted in Fig. 5(a). A summary of the observed threshold for thermal 
activation of the bases destructuration (Tmax) is shown in Table 2 for 
DNA and DNA/IL solutions at 0.5 % w/v concentration (the values ob-
tained for solutions at a concentration of 1 % w/v are reported in 
Table S1 in the SI). 

The Tmax values indicate clearly that the [BMIM] cation provides the 
lowest thermal threshold for base destructuration, followed by [EMIM] 

Fig. 7. Temperature dependence of the wavenumber position of dA (a)-(c) and dA + dG (b)-(d) Raman peaks for the aqueous solutions of DNA + [BMIM]Cl 0.5 % w/ 
v, DNA + [EMIM]Cl 0.5 % w/v and DNA + [HMIM]Cl 0.5 % w/v during heating and cooling cycle. The trend obtained for pure DNA in water (0.5 % w/v) is also 
reported in the same panels for comparison (full line). 
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and [HMIM], in that order. Although the [HMIM] doped DNA solution 
shows both the highest Tmax and Tgel (see comparison between Table 1 
and Table 2), a simple and clear-cut correlation between Tmax and the 
structure of the three cations is not obvious. 

Fig. 5(b) and (d) display the temperature evolution of dA Raman 
intensity for DNA with and without ILs during the cooling cycle. For 
pure DNA, both in concentrated and diluted conditions (Fig. 5(d)), we 
observe a slight increment in the dA Raman band intensity as the tem-
perature decreases. This confirms the persistence of disordered, partially 
melted domains of DNA, independent of the solution concentration. The 
re-folding of DNA into its double-stranded structure during the cooling 
of the sample is likely hampered by the absence of salts in the water 
solution, thus outlining a different environment from the case of diluted 
solutions of DNA in saline buffer solutions [23,26]. It is known that 
monovalent and divalent cations present in the buffer solution are able 
to stabilize the duplex formation by shielding the negatively charged 
DNA sequence backbone. 

Fig. 5(b) shows that, during the cooling of the DNA/IL solutions, the 
intensity of the dA Raman band exhibits a maximum corresponding to 
about 327 K for DNA + [BMIM]Cl and 315 K for DNA + [EMIM]Cl and 
[HMIM]Cl. When the temperature decreases below these values, the 
reduction of the UV Raman cross section of the dA Raman band is 
attributable to the reinforcement of the π-π stacking interactions and 
establishment of inter-bases cross-links among adenine residues. These 

interactions likely contribute to the formation and stabilization of the 
network structure of the DNA ionogels. The picture emerging from 
UVRR data fits quite well with the model proposed by Pandey et al. 
[21,22] for the self-assembly of the DNA ionogels. They suggest that the 
refolding of DNA strands after heating is prevented by the electrostatic 
and hydrophobic interactions between the imidazolium cation and the 
alkyl groups of ILs and the nucleobases of DNA. 

The analysis of the temperature dependence of the intensity for the 
Raman band dA + dG at ∽1483 cm− 1 reported in the Supplementary 
Information section (Fig. S5) shows the same trend already observed in 
Fig. 5 for the Raman band dA both for pure DNA and DNA/IL solutions. 
This confirms the sensitivity of both the two Raman bands dA and dA +
dG to the establishment of stacking and inter-bases interactions 
involving the adenine residues in DNA. 

The comparison between the melting Tm, gelation Tg, and maximum 
Tmax temperatures estimated for the different DNA/IL aqueous solutions, 
as a function of the alkyl chain length of the imidazolium cation, is 
summarized in Fig. 6. 

This corresponds to a possible role of dispersive force in the aggre-
gation of the alkyl chains to form non-polar domains that, in one case, 
interfere with the thermal activation of the bases unpairing, thus leading 
to high Tmax, and, in the other one, provide extra stabilization of the 
physical network of the gel, leading to higher Tgel. The data reported in 
Fig. 6 thus suggest that the alkyl chain length on the imidazolium cation 
is a possible trigger for the self-assembly of DNA filaments to form 
ionogels. The unique behaviour observed for [BMIM] cation – showing 
the lowest Tmax value with respect to the other cations – is confirmed 
also by the trend detected for the DNA/IL solutions at 1 % w/v of con-
centration (see Fig. S6 in SI). 

3.4. Preferential interactions of imidazolium cations with DNA 
nucleobases 

Insights into localized interactions occurring at specific sites of 
adenine and guanine nucleobases in the DNA structure can be provided 
by analyzing the temperature dependence of the wavenumber position 
of dA and dA + dG Raman bands. It has been observed that the fre-
quency of the oscillators associated with these Raman signals is sensitive 
to the different hydrogen bonding states on the proton-acceptor N7 site 
of guanine and adenine residues in DNA [41–43,45,46]. 

Fig. 7(a) illustrates the observed red-shift of the dA band of pure DNA 
in water with increasing temperature. This behaviour has been associ-
ated with the progressive weakening of H-bonds at the acceptor site N7 
of adenine as the temperature rises [41,43]. In the case of diluted so-
lutions of double-stranded DNA, the red-shift of the dA band has been 
explained by the replacement of inter-adenine H-bonds with weaker 
adenine–water interactions during ds-DNA unfolding (unwinding and 
separation). Indeed, this process is promoted by the progressive expo-
sure to the solvent of the dA residues of DNA during the melting [41]. 
Fig. 7(a) shows that the addition of IL to the DNA solution does not 
significantly affect the wavenumber position of the dA band in the 
explored temperature range. This is consistent with previous observa-
tions on large and small sequences of DNA in the presence of 
imidazolium-based ILs, especially in a more diluted regime [26,27]. 

The comparison of the top and bottom panels of Fig. 7(a) reveals that 
DNA and DNA/ILs solutions share a reversible response to temperature 
variations; they both undergo a reversible dependence on temperature 
during the heating and cooling cycles (Fig. 7(a), at the bottom). This 
finding suggests that the interaction between ILs cations and DNA likely 
induces reversible conformational changes of adenine residues such as 
base tilting rather than the rupture of hydrogen bonds. 

Conversely, Fig. 7(b) highlights that the frequency position of the 
Raman band dA + dG at ∽ 1483 cm− 1 clearly undergoes hysteresis 
during the cooling of DNA/IL solutions. This is consistent with the 
establishment of preferential cation-mediated interactions between the 
imidazolium-based ILs and the guanine residues of DNA backbone 

Fig. 8. Temperature dependence of the wavenumber position of dT Raman 
band for aqueous solutions of DNA+[BMIM]Cl 0.5 % w/v, DNA+[EMIM]Cl 0.5 
% w/v and DNA+[HMIM]Cl 0.5 % w/v during heating (a) and cooling (b) 
cycle. The trend obtained for DNA in water (0.5 % w/v) is also reported in the 
same panels for comparison (full line). 
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[26,27]. The observed red-shift of the dA + dG Raman band with 
increasing temperature, visualized in Fig. 7(b), can be explained by 
considering the conversion of base–base hydrogen bonds into base-
–solvent hydrogen bonds promoted by thermal motion during the 
heating ramp. During the subsequent cooling, the wavenumber position 
of the dA + dG Raman band does not show appreciable variations with 
temperature, especially in the case of the DNA + [BMIM]Cl solution. 
This may suggest that the network of interactions between the guanine 
nucleobases, mediated by the imidazolium cations, persists even during 
the cooling of the solution. 

Finally, Fig. 8(a)-(b) illustrate the temperature dependence of the dT 
Raman band wavenumber position for DNA and DNA/IL aqueous solu-
tions [24,43,49]. 

On heating, considering both solutions, the dT Raman band shows a 
very small blue-shift with increasing temperature (Fig. 8(a)). The extent 
of the blue-shift with increasing temperature is much less than expected 
based on previous results obtained on diluted solutions of DNA in buffer 
[23,26]. Considering the cooling step, Fig. 8(b) displays a marked red- 
shift of the dT Raman band position of the DNA/ILs solutions starting 
from about 340–330 K. This frequency shift can be correlated with the 
hardening of the H-bonding at the C = O site of thymine during the 
gelation of DNA. This interpretation is coherent with the establishment 
of inter-base cross-links and π-π stacking interactions as stabilizing fac-
tors of the ionogel structure during the cooling of the samples, as already 
detected by the trend of dA Raman intensity (Fig. 5). Finally, Fig. 8(b) 
shows the larger red-shift of the dT Raman band in the case of DNA +
[BMIM]Cl solution, thus confirming that the [BMIM] cation is the best 
performing gelation agent for DNA ionogel. Overall, the trends reported 
in Figs. 7 and 8 seem to suggest that the structure of DNA ionogels is 
mainly stabilized by inter-base cross-links preferably involving the H- 
bonds acceptor sites of the thymine and guanine bases. These in-
teractions are probably mediated by the imidazolium cation of ILs, in 
agreement with their preferential interaction with dG and dT bases in ds- 
DNA previously reported [26,27]. Fig. 9 summarizes the main steps of 

the thermal pathway leading to the formation of the DNA ionogels. 
The overall transition from ds-DNA to the ionogel passes through the 

conversion of ds-DNA into ss-DNA. In turn, the thermally activated base- 
pair uncoupling of the ds-DNA occurs in two steps. In the premelting 
stage, the local structural fluctuations, mainly involving A-T pairs, 
initiate the loss of structuration of the DNA strands. This process can be 
efficiently monitored at the molecular level by UVRR spectroscopy. It 
occurs above a characteristic thermal threshold – in the present work 
arbitrarily indicated as Tmax – which can be modulated by the length of 
the alkyl chain on the imidazolium cation. The subsequent second step is 
the melting of ds-DNA; it is accompanied by the base unstacking and 
dissociation of the double helix into ss-DNA. This phase follows a 
cooperative law (sigmoidal trend of the suitable physical descriptor vs T) 
with a characteristic transition temperature which can be precisely 
extracted by UV and CD absorption spectroscopy. Finally, during the 
cooling of the DNA/IL solutions, the self-assembly of the system and the 
gelation are driven by the formation of cation-mediated cross-links 
among DNA domains. We observe that gelation of DNA occurs through a 
cooperative transition at a characteristic temperature which is strongly 
dependent on the structure of the imidazolium cation and concentration 
of DNA.. 

4. Summary and conclusions 

In this work, we investigated the microscopic structure and physical 
interactions in DNA ionogels obtained by the thermal treatment of an 
aqueous solution of double-stranded DNA and imidazolium-based ILs as 
a function of the alkyl chain length of the imidazolium cation. 

To characterize the complex architecture of DNA ionogels and their 
self-organization at the molecular level, we propose a joint experimental 
approach combining conventional UV and CD spectroscopies with 
operando UV Resonance Raman scattering. Our experimental approach 
allows us to monitor the self-organization of DNA ionogels during the 
sol–gel transition, providing insights into the physical entanglements 

Fig. 9. Scheme of the assembly pathway leading to the formation of DNA ionogels by heating and cooling of aqueous solutions of ds-DNA and imidazolium-based ILs.  
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that lead to the stabilization of the gel network. This information, 
complementary to that obtained from the same systems by UV and CD 
spectroscopies, contributes to a detailed understanding of the self- 
organization of DNA ionogels. Additionally, the different stages of the 
thermal pathway leading to the formation of the DNA ionogels can be 
efficiently monitored using operando UV Resonance Raman 
spectroscopy. 

Our proposed model indicates that partially melted regions of DNA 
are physically cross-linked mainly through imidazolium-mediated π-π 
stacking interactions, which preferentially involve the guanine nucleo-
bases of the DNA strands. UVRR data also highlight the synergistic role 
of alkyl chain aggregation as a stabilization factor of the gel. We 
demonstrate that the sol–gel transition of DNA aqueous solutions in the 
presence of imidazolium-based ILs can be controlled by changing the 
length of the alkyl chain of the imidazolium cation to obtain desired 
premelting, melting, and gelation temperatures. These details can 
facilitate the design of new synthetic strategies for the formation of DNA 
ionogels with improved properties. 
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