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Abstract
Although much research has been performed on DNA complexes carrying long alkyl chains (C10, C16, and C18), there is 
no information about physicochemical characterization of synthesized composites with allyl imidazole-based ionic liquids 
and quaternary ammonium salts with n-butyl chains. Here, complexes were synthesized by ion-exchange reactions between 
sonicated DNA and three ionic liquids (ILs) formed from two imidazole-based compounds, 1-allyl-3-methylimidazolium 
bromide (Amim) or 1-butyl-3-methylimidazolium bromide (Bmim), and from the quaternary ammonium salt tetra-n-bu-
tylammonium bromide (TBAB). Signals in UV–Vis, IR, and CD spectra indicating inclusion of small molecules into the 
DNA structure confirmed the formation of DNA complexes. Both IR and CD spectra indicated that the B-form conforma-
tion of the DNA did not change after the formation of the complexes. Similarly, X-ray diffraction patterns revealed that the 
formation of IL–DNA complexes did not change the structure of native B-form DNA. Molecular weight (Mw) and radii of 
gyration (Rg) values of IL–DNA complex chains, established by high-performance size exclusion chromatography coupled 
with multiangle-laser light-scattering with a differential refractive index detector, were significantly lower than those values 
found for native DNA molecules due to DNA fragmentation by sonication during complex formation and the direct effects 
of the IL on the DNA. Scanning electron microscopy images indicate the formation of nanofibres in DNA-Amim and DNA-
Bmim complexes, whereas the formation of nanowires was found in samples of DNA-TBAB complexes. Changes in optical 
properties confirmed by UV and photoluminescence make DNA–IL complexes potential candidates for biosensor application.
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Abbreviations
DNA’  Before sonication
DNA  After sonication
DNA-Amim means  DNA modified with Amim
DNA-Bmim means  DNA modified with Bmim
DNA-TBAB means  DNA modified with TBAB

Introduction

In recent years, great interest has been attracted by studies of 
deoxyribonucleic acid (DNA) molecules as an inexpensive, 
renewable material for numerous applications in organic 
LEDs and laser structures. DNA is of interest for its unique 
charge migration and other physical properties and for poten-
tial application in optoelectronic devices (Grote et al. 2005; 
Wang et al. 2001; Hagen et al. 2006; Steckl 2007; Yu et al. 
2007; Krupka et al. 2008; Kitazawa et al. 2009; Steckl et al. 
2011; Sahraoui et al. 2011), mostly via DNA-based biopoly-
mers possessing low electromagnetic and tunable electrical 

resistivity, and ultralow optical microwave loss (Rau et al. 
2011; Subramanyam et al. 2003; Hagen et al. 2007).

Over the last few years, a number of optoelectronic 
devices have been fabricated using DNA. These DNA com-
plexes normally possess high resistivity and efficiency, mak-
ing them useful in organic field-effect transistors (OFETs), 
organic light-emitting diodes (OLEDs), organic lasers, non-
linear optical (NLO) polymer electro-optic modulators and 
nanofibers (Sun et al. 2009; Zalar et al. 2011; Hung et al. 
2012). A considerable number of publications have focused 
on the fabrication of photonic devices based on DNA-CTMA 
(cetyltrimethylammonium chloride) complexes. This is due 
to the fact that such structures have self-assembly properties 
and could produce nanometer-scale supramolecular assem-
blies (Aga et al. 2013; Pratap Reddy et al. 2017; Gajria et al. 
2011).

Natural DNAs are water soluble and hygroscopic biopoly-
mers. To use DNA for device fabrication, we have to modify 
the molecules and make DNA soluble in organic solvents. 
Usually, we replace sodium  (Na+) or hydrogen  (H+) ions of 
DNA with long alkyl quaternary ammonium  (Q+) ions. This 



373European Biophysics Journal (2019) 48:371–381 

1 3

modification leads to the formation of  Q+DNA− complexes 
which are soluble in organic solvents. Recently, much atten-
tion has been given to the interaction between DNA and cati-
onic surfactants, to develop unique compounds (Smirnova 
and Safonova 2012; Lindman et al. 2014). According to 
literature reports (Jumbri et al. 2014, 2016; Zhao 2015), 
an essential role in complex stabilization is played by the 
electrostatic attraction between the surfactant cation’s head-
groups and DNA phosphate groups. Despite this fact, the 
hydrophobic interactions of DNA-cation alkyl chains are 
very important (Zhao 2015).

In this research, we investigated interactions between neg-
atively charged DNA and three different cationic surfactants 
with short chains (allyl, n-butyl, and methyl). Complexes of 
two imidazole-based ionic liquids and a quaternary ammo-
nium salt with pure salmon DNA were synthesized by ion-
exchange reactions. Although much research has been per-
formed on DNA complexes carrying long alkyl chains  (C10, 
 C16,  C18) (Kwon et al. 2012; Sivapragasam et al. 2016), there 
is no information about physicochemical characterization 
of synthesized composites with allyl imidazole-based ionic 
liquids and quaternary ammonium salts with n-butyl chains.

Our paper describes synthesis and physicochemical prop-
erties of novel DNA-based materials, including gels and gel 
particles, taking into account the general understanding 
of the interactions between DNA and oppositely charged 
agents, and in particular their phase behavior. It is note-
worthy that cationic surfactants have enabled particularly 
efficient control over the properties of DNA-based particles 
(Costa et al. 2008).

Ionic liquid (IL)–DNA complexes were characterized 
with UV–Vis, photoluminescence and IR spectrometric 
techniques, and Scanning Electron Microscopy (SEM). The 
absolute molecular weights (Mw), radii of gyration (Rg), 
and data from circular dichroism spectra and X-ray diffrac-
tion (XRD) experiments of the obtained complexes are also 
given. Our work shows the differences in physicochemical 
properties of our IL–DNA complexes compared to pure 
DNA and other conjugates which determine their potential 
applications in optoelectronics and biosensors.

Materials and methods

Materials

DNA from Salmon testes (purity = 96%) comprising ori-
ented fibers was purchased from Ogata Research Labora-
tory (Aoba Chitose, Hokkaido, Japan). The absorbance 
ratio  (A260/A280) was around 1.8 to ensure that DNA is 
sufficiently free of protein (Guo et al. 2015). Ionic liquids 
(surfactants): 1-allyl-3-methylimidazolium bromide ( ≥ 97, 
0%) (Amim), 1-butyl-3-methylimidazolium bromide 

( ≥ 97, 0%) (Bmim), and tetra- n-butylammonium bromide 
( ≥ 98, 0%) (TBAB), which in the molten state behaves 
like an ionic liquid, were purchased from Sigma-Aldrich 
(Sigma-Aldrich Sp. z.o.o, Poland).

The deionized water (Resistivity18.2 MΩ × -cm) used 
in the experiments was obtained from a Millipore water 
purification system. All the other chemical reagents were 
of analytical grade and were used without any further 
purification.

Methods

Synthesis of IL—DNA complexes

At room temperature, DNA was completely dissolved in 
deionized water under constant stirring for 24 h to obtain 
the final DNA concentration of 2% (w/w). Then, DNA 
was sonicated for 100 min in ultrasonic cleaner (Sonic-14, 
2 × 400 W, Poland) in an ice bath to avoid the degradation 
of pure DNA. Sonication was necessary to obtain a lower 
viscosity of the solutions and to expose reactive centers 
of DNA which could improve the contact between DNA 
and ILs. Ionic liquids were dissolved in deionized water 
to obtain a concentration 0.0008 M/mL. The 5% (w/w) 
solution of ionic liquid was added dropwise to an aqueous 
DNA solution. In such conditions, the DNA formed a pre-
gel (Lee et al. 2008, 2009). After 24 h stirring of pre-gel 
DNA solution, coagulation mixture containing ionic liquid 
and ethanol (weight ratio 9:1) was added. The coagula-
tion time was about 30 min, and coagulated microfibers 
formed were then washed several times with ethanol and 
deionized water.

The procedure of obtaining each DNA complex 
 (Q+DNA−) with imidazole-based ionic liquids (Amim, 
Bmim) and quaternary ammonium salt (TBAB) is presented 
in Fig. S1.

According to the literature (Cui and Zhu 2006; Cui et al. 
2006, 2008), schematic reactions of synthesis and formation 
of complexes of DNA with imidazole-based ionic liquids 
(Amim, Bmim) and quaternary ammonium salt (TBAB) are 
presented in Figs. 1 and S2, respectively.

FTIR–ATR spectrophotometry

The FTIR–ATR spectra of the DNA complexes were 
recorded in the range of 4000–700 cm−1 at a resolution of 
4 cm−1 using a MATTSON 3000 FT-IR (Madison, Wiscon-
sin, USA) spectrophotometer. The instrument was equipped 
with a 30SPEC 30° Reflectance adapter fitted with the MIR-
acle ATR accessory from PIKE Technologies Inc., Madison, 
Wisconsin, USA.
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High‑performance size exclusion chromatography (HPSEC–
MALLS–RI)

Determination of molecular weight and radii of gyration 
of DNA and their derivatives were measured by means 
of high-performance size exclusion chromatography 
(HPSEC) coupled with multiangle laser light-scattering 
(MALLS) detector and differential refractive index (RI) 
detector. The high-performance size exclusion chromatog-
raphy system and methods of measurement are described 
in our previous publication (Nowak et al. 2012).

Calculation of the weight-average molecular weight 
(Mw) and radius of gyration (Rg) used Astra 4.70 software 
(Wyatt Technology, Santa Barbara, California, USA). A 
Berry plot with third-order polynomial fit was applied for 
the calculation of Mw and Rg values (Hanselmann et al. 
1996; Bello-Perez et al. 1996).

Scanning electron microscopy (SEM)

A scanning electron microscope (JEOL 7550) equipped 
with a TED (Transmission Electron Diffraction) and LEI 
(Lower Secondary Electron) detectors was used to analyze 
the morphology of synthesized DNA-surfactant structures. 
DNA-ionic liquid solutions were dispersed in deionized 
water to obtain 0.5 mg/mL concentration and stirred for 
12 h. Samples for SEM microscopy were prepared after 
drop-coating 10 μL of the sample on a carbon coated grids 
200 mesh Cu (100) (TAAB Laboratories, England, United 
Kingdom).

UV–Vis absorption spectrophotometry

The UV–Vis absorption spectra of the DNA samples were 
recorded using a Shimadzu 2101 scanning spectropho-
tometer in the range of 190–900 nm using 1 mL cells. 
Transmission spectra were measured in the same range 
as absorption. Concentration of solution was 100 μg/ml.

Photoluminescent spectroscopy

Photoluminescence measurements of DNA and DNA com-
plexes were performed at room temperature (25 °C) using 
an F-7000 FL HITACHI spectrophotometer operating with 
1200 nm/min scan rate. Fluorescence intensity was recorded 
upon excitation at wavelength 310 nm, using excitation and 
emission slits at 10 nm. Concentration of solutions DNA and 
IL–DNA complexes was 100 mg/ml.

Circular dichroism spectra

Near-UV circular dichroism measurements were performed 
to assess changes in structure between native DNA and 
DNA complexes. Circular dichroism spectra of DNA and 
DNA–ionic liquid surfactants were recorded using a JASCO 
J-710 (Jasco, Japan) spectrophotometer (upgraded to a J-715). 
Each of the samples (except DNA) were dissolved in DMSO to 
obtain 100 µg/ml concentration. Spectra were recorded from 
250 to 350 nm at a scanning rate of 50 nm/min in a Hellma 
quartz cuvette with 1 mm path length, with a sample concen-
tration of 100 µg/ml.

X‑ray diffraction (XRD)

X-ray powder diffractometry was used to determine the 
crystalline or amorphous structure of all samples. Samples 
of DNA and DNA–surfactant complexes were prepared as 
coagulated microfibers (gel state). Equilibrated samples 
were sealed between two tape foils to maintain stable water 
content throughout the measurement. Diffraction diagrams 
were recorded using X’pert-type Phillips diffractometer 
(Phillips, Groeningen, The Netherlands) with a cobalt lamp 
of  λ = 1.78896°A (30 mA and 40 kV) and in a scanning region 
of 2θ from 5° to 60° in 0.02° intervals.

Fig. 1  Scheme of ion-exchange 
reactions of imidazole-based 
ionic liquids (Amim, Bmim) 
with  H+ ions from salmon DNA
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Results and discussion

FTIR spectra

The FTIR spectrum of pure DNA (DNA’) is presented in 
Fig. 2. In the spectrum, several strong vibrational bands 
centered at 1057, 1221, 1456, and 1643 cm−1 are observed. 
According to the literature (Taillandier et al. 1985; Tail-
landier 1990; Taillandier and Liquier 1992), the appear-
ance of such bands is specific for the IR spectra of pure 
DNA. In this figure, the pure DNA spectrum reveals a 
broad absorption band around 3000–3400 cm−1 that could 
be assigned to several components of molecular vibra-
tions, such as N–H-stretching modes, C=N vibrations, 
OH symmetric, and antisymmetric stretching modes. The 
bands in the range of 1400–1800 cm−1 come from nucle-
obase vibrations and are extremely sensitive to base sets 
and base-pairing interactions. Broad bands in the range 
of 1600–1750 cm−1 include several stretching and bend-
ing mode (C=C, C–N, C=O, and  NH2) vibrations origi-
nating from base molecules. The main absorption bands 
observed are: 1603 cm−1—the vibrations of C=N7 of gua-
nine, 1643 cm−1—the vibration of C2=O of cytosine, and 
1683 cm−1—the vibrations of C6=O of guanine and C4=O 
of thymine (Taillandier et al. 1985; Taillandier 1990; Tail-
landier and Liquier 1992). The band at 1456 cm−1 usu-
ally is assigned to C=C-stretching vibration attributed to 
purine imidazole ring vibration.

The N–O-stretching vibration of secondary amine groups 
could be illustrated in the band at 1530 cm−1 (Silverstein 
et al. 2014). The region between 1500 and 1250 cm−1 could 
be used to obtain information about nucleoside-specific 
interaction and conformation. In this region, vibrations con-
nected with base and base-sugar units give rise to marker 
bands. These markers are susceptible to glycosidic bond 
rotation, backbone conformation, and sugar-puckering 
modes.

The main absorption band at 1057 cm−1 could be attrib-
uted to vibrations of the –C–O–P sugar–phosphate chains. 
The 1250–1000 cm−1 region gives rise to reliable markers of 
backbone conformation (A-, B-, or Z-form) due to vibrations 
along the sugar–phosphate bone. In our experiments, DNA 
reveals a B-conformation as determined by the presence of 
the B-form marker band at 1221 cm−1 and the absence of 
either A-form or Z-form marker bands at 1240 cm−1 and at 
1215 cm−1, respectively (Hackl et al. 2005). In addition, in 
the 800–900 cm−1 region, there are absorptions which can be 
assigned to vibrations of the sugar–phosphate groups (Hebda 
et al. 2011; Pawlicka et al. 2015; Lindqvist and Gräslund 
2001; Banyay et al. 2003; Ting-Yu et al. 2011; Steckl et al. 
2011) and are intense markers for the various sugar-puck-
ering modes (N- and S types). To assess the nature of the 
DNA–surfactant interactions, the conjugated samples were 
also characterized by FTIR spectroscopy. IR spectra for each 
IL–DNA complex are also shown in Fig. 2.

In all IL–DNA FTIR spectra, the following absorption 
bands appear: 3390 cm−1—N–H-stretching vibrations of 

Fig. 2  FTIR spectra of DNA (–), DNA–Amim (blue line), DNA–Bmim (green line), and DNA–TBAB (red line) complexes
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imidazole ring, 3141 cm−1 and 3077 cm−1—C = C the vibra-
tions of imidazole ring, 2956 cm−1 and 2872 cm−1 symmet-
ric and asymmetric stretching C–H vibrations of the − CH2 
and − CH3 groups, 1570 cm−1—N–H-deforming vibrations 
of imidazole ring, 1453 cm−1—bending vibrations of –CH2 
group of aliphatic chains, and 1165 cm−1—C–N-stretching 
vibrations of ILs. The FTIR spectra clearly confirm the for-
mation of DNA–ILs’ complexes. The presence of the sugar 
absorption band at 1056 cm−1 and the lower signal in the 
carbonyl region of the bases also support the conclusion that 
the ILs are built into the helical DNA structure.

High‑performance size exclusion chromatography 
(HPSEC–MALLS–RI)

The Mw and Rg values for the DNA and DNA–ILs’ sam-
ples are collated in Table S1. It is clearly seen that pure 
DNA exhibits higher values of Mw and Rg than sonicated 
DNA. The average molecular mass for pure DNA (DNA’) 
was 2.75 × 106 Da and radii of gyration were measured as 
80.0 nm. Sonicated DNA chains (DNA) exhibited signifi-
cantly lower values of Mw (1.63 × 106) and Rg (76.5 nm) as 
compared to native DNA. According to the literature, data 
(Heckman et al. 2005) using of ultrasound reduce the molec-
ular weight of DNA by fragmentation to give a Gaussian-
type distribution of molecular weights.

Modification of DNA with ILs led to a further drop in Mw 
and Rg values depending on the chemical composition of IL 
used for complexation. The lowest drop in Mw (1.55 × 106) 
and Rg (70.6 nm) values was observed for DNA–TBAB com-
plexes. Complexes of DNA with imidazole-based surfactants 
exhibited much lower molecular moments than DNA–TBAB 
complexes, indicating that interactions between DNA and 
surfactants mainly depend on the type of ionic liquid used 
for complexation. However, significant differences in Mw 
and Rg values found for DNA–Bmim (Mw = 1.06 × 106, 
Rg = 61.7  nm) and DNA–Amim (Mw = 0.81 × 106, 
Rg = 53.8 nm) complexes, i.e., compounds containing the 
same type ionic liquid indicate that the side chain structure 
attached to the imidazole ring has an impact on the molecu-
lar structure of the complexes formed. Data from both RI 
and LS detectors provided calculations of differential molar 
mass distribution with the Astra 4.73.04 software. The dif-
ferential molar mass distribution provides the amount of 
polymer (differential weight fraction) in a given molar mass 
interval.

Plots of differential weight fraction vs molar mass for 
DNA, sonicated DNA and DNA complexes studied are 
shown in Fig. 3. Clearly, the modification of DNA with ILs 
changed the distribution of molecular weight of the DNA 
chains.

Pure DNA sample exhibited much broader molecular 
weight distribution than sonicated DNA and each IL–DNA 

complex. This means that the polydispersity of DNA is 
larger than that of all of the modified samples and sonication 
causes reduction in the molar mass dispersion. Modifica-
tion of DNA with ILs, especially imidazole ring-containing 
ILs, gives more uniform material and leads to elimination 
of high-molecular weight chains. In addition, one could 
observe that the incorporation ILs into DNA lead to changes 
in DNA double-helical structure and makes DNA micro-
fibers with a more compact structure. Complexes of DNA 
with ILs with an imidazole headgroup exhibited not only 
lower Mw values as compared to the DNA-TBAB complex, 
but exhibited also significantly lower polydispersity. In the 
work of Dias et al (2004) and Dasgupta et al. (2007), it was 
suggested that DNA exhibits a discrete phase transition from 
coils to globules in the presence of cationic surfactant, with 
the structure and shape of aggregates depending on sur-
factant concentration. They concluded that the compaction 
of DNA depends on the variation of the chain length rather 
than on the headgroup structure. Longer chained surfactants 
(e.g., CTAB) are more efficient in compacting DNA than 
shorter chained surfactants.

Scanning electron microscopy (SEM)

Analyses of morphology of the prepared DNA–surfactant 
complexes was performed using a high-resolution JEOL 
7550 equipped with TED (Transmission Electron Diffrac-
tion) and LEI (Lower Secondary Electron) detectors. The 
SEM images of DNA–surfactant films are presented in 
Fig. 4. The results obtained for DNA–TBAB complex are 
shown in Fig. 4b and images of DNA–Bmim complex and 
DNA–Amim structure in Fig. 4c, d, respectively. The DNA 
alone is shown in Fig. 4a.

Images collected for DNA–Amim and DNA–Bmim 
complexes show the formation of microfiber-type struc-
tures. According to results obtained by Lee et al. (2008), 

Fig. 3  Plots of differential weight fraction vs elution volume for 
DNA, sonicated DNA, and DNA complexes
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native DNA hydrogels could form random entanglements 
to provide physically crosslinked networks. SEM pictures 
of DNA-TBAB composite show that DNA–TBAB chains 
create nanowires with different sizes. Such a phenomenon 
could be explained by the assumption that IL (TBAB) can 
bind to DNA backbone differently from Amim and Bmim 
to form a stable complex, intercalated within the DNA heli-
cal structure. This conclusion is supported by data obtained 
from chromatography experiments especially by Rg values 
of the DNA–TBAB complex, as shown in the Supporting 
information. The same type of nanowires could be produced 
for DNA modified with many agents in self-assembly meth-
ods (Choi et al. 2011).

UV–Vis spectra

Noting that DNA modified with quaternary surfactants, 
particularly CTMA (Cetyltrimethylammonium chloride), 

produces a transparent film with outstanding optical prop-
erties, e.g., high transmission in the full visible regime and 
NIR spectrum region (Pawlicka et al. 2015; Lin et al. 2011), 
we decided to use as DNA modifier another quaternary sur-
factant (TBAB) with shorter chain length (C4) and ionic liq-
uids based on the imidazole ring. Figure 5 shows the optical 
properties of the DNA and synthesized DNA complexes in 
aqueous solution. The UV spectrum of the DNA used in this 
study on its own is identical with spectra reported for DNA 
double-helical structures in the literature. The first strong 
absorption peak of pure DNA below 230 nm originates 
from the overlapping electronic absorptions of phosphate 
groups and sugar moieties. The second absorption band at 
λmax ~ 260 nm is attributed to the π–π* electronic transitions 
of the four heterocyclic bases in the nucleic acid (Kwon 
et al. 2012).

The UV–Vis absorption spectra in the 190–230 nm range 
of DNA imidazole-based ionic liquid complexes differ 

Fig. 4  SEM images of various DNA and DNA–surfactant films: DNA (a), DNA–TBAB (b), DNA–Bmim (c), and DNA–Amim (d). White bar 
in all cases = 100 nm
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slightly from the spectrum of the DNA complex with qua-
ternary ammonium salt IL; however, the maximum for all 
DNA–IL complexes is near 200 nm. The second absorp-
tion band of synthesized DNA–IL complexes centered at 
260 nm had significantly lower absorption than the same 
band registered for pure DNA. We suspect that this decrease 
in intensity peak absorption is a consequence of a reduction 
in the spatial order of polynucleotide strands, providing for 
a different π–π stacking structure. Comparison of absorption 
spectra of pure DNA and  DNA+  Q− complexes in the short-
wavelength region suggests that the absorption bands are 
more or less similar. These results indicate that the addition 
of ILs to DNA strands does not cause fundamental changes 
in the electronic structure of the original DNA backbone. 
The addition of ionic liquids into DNA solution caused a 
hypochromic effect on the absorption spectra at 260 nm, 
without peak shift. These data correspond with observa-
tions by Guo et al. (2015) who observed gradually declined 
absorbance along with increasing surfactant concentration. 
It is known that hypochromic or hyperchromic effects are a 
peculiarity of DNA solutions when interaction with small 
molecules occurs. Hypochromic effects of DNA solutions 
could be the result of axial compression of DNA double heli-
ces caused by electrostatic binding and hydrophobic inter-
actions. According to Sohrabi et al. (2013) a hypochromic 
effect without shift in UV–Vis spectra is assigned to external 
electrostatic and hydrophobic binding.

Photoluminescent spectroscopy

Fluorescence depends strongly on the environment in which 
chromophores are inserted and simultaneously on the 

molecular interactions with the polymer matrix (Pawlicka 
et al. 2015). DNA-related emission was previously attributed 
to the major contribution of the heterocyclic bases in the 
nucleic acids (Leones et al. 2013).

When excited with 310 nm wavelength radiation, all sam-
ples emitted light around 410 nm.

As shown in Fig. S3, we collected fluorescence spectra 
for all DNA–IL complexes. Native DNA hardly displays any 
fluorescence. Moreover, incorporation of ionic liquids to 
DNA strands changes the intensity and shifts the maximum 
of the fluorescence peak. We observed a decrease in the 
emission maximum of the spectra of DNA and DNA com-
plexes in the following order: DNA–Amim, DNA–Bmim, 
DNA–TBAB, and DNA, with the peak positioned at 416 nm, 
402 nm, 409 nm, and 411 nm, respectively. The greatest 
emission was observed for DNA–Amim and DNA–Bmim 
complexes.

Circular dichroism spectra

The circular dichroism spectra (CD) of pure DNA and DNA 
complexes are shown in Fig. 6.

The DNA spectrum shown in Fig. S4 clearly indicates 
that the native DNA sample exhibits a B-form conforma-
tion, confirming the results obtained by FTIR spectroscopy. 
Modification of DNA with ILs provided some bathochro-
mic shifts in the conformation spectrum of DNA com-
plexes. Equally cationic surfactants did not change the 
DNA backbone (B-form), maintaining this conformation. 
The bathochromic shifts in DNA–surfactant samples could 
be explained by the addition of compounds which are rich in 
double bonds or atoms with free electronic pairs.

Fig. 5  UV–Vis absorbance of DNA and DNA–ILs’ complexes
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It is known that the binding of cations to DNA leads to 
condensed structure and changes in the amplitudes of CD 
bands (Lee et al. 2009). In agreement, Wang et al. (2001) 
suggest that a few water molecules bound during synthesis 
of DNA complexes are needed to retain the B-form confor-
mation of DNA. We conclude that water molecules are one 
of the significant factors in stabilizing the DNA conforma-
tion (Privalov and Crane-Robinson 2017).

X‑ray diffraction (XRD)

X-ray diffraction patterns of DNA, DNA–Amim, 
DNA–Bmim, and DNA-TBAB are presented in Fig. S5.

The DNA diffractogram shown in Fig. S5 reveals the 
presence of two very large bands attributed to the amorphous 
phase. The larger band is centered at Θ = 27º and smaller 
intensity broad band is centered at Θ = 43º. XRD spectra of 
native DNA and DNA–surfactant complexes are identical 
and indicate that the inclusion of ILs does not change sig-
nificantly the amorphous morphology of DNA. According 
to Leones et al. (Leones et al. 2013), ionic movements arise 
preferentially in amorphous structures rather than semi-
crystalline systems. The absence of a crystalline phase in 
DNA-IL complexes is advantageous due to its better optical, 
electrochemical and mechanical properties.

Conclusions

DNA is an important biological polymer and the basis of 
genetic information. It is highly interesting as a functional 
nanosize material due to its unique features that cannot be 

found in other polymers. DNA–IL complexes have been suc-
cessfully prepared as stable, homogeneous gels. The onset 
of surfactant binding to DNA does not vary significantly 
with the architecture of the headgroup. DNA–IL complexes, 
especially those with imidazole ring-containing ILs, exhibit 
lower Mw and Rg values than native DNA. Due to elimina-
tion of longer DNA chains during complexation, the result-
ing DNA–IL molecules show lower polydispersity and more 
compact structures than native DNA chains with a change in 
the DNA double-helical structure. UV and photoluminescent 
experiments show that the resulting complexes have different 
optical properties compared to pure DNA. An increase in 
photoluminescent properties could provide DNA–surfactant 
complexes with the potential to be used in sensing applica-
tions. Taking into account the results presented in this paper, 
we conclude that the obtained complexes may be applied 
in nonlinear optics. Optical methods, e.g., light absorption, 
fluorescence, luminescence, and reflectance, applicable 
in optical biosensors (Long et al. 2013), are the most fre-
quently used in detection as an alternative to conventional 
analytical techniques. Due to their advantages, DNA biosen-
sor technologies are rapidly developing as an alternative to 
the classical gene assays (Siddiquee et al. 2014), selective 
detection of DNA hybridization (Sassolas et al. 2008), and 
monitoring of pollutants without extensive sample prepara-
tion (Long et al. 2013). Potential applications of DNA bio-
sensors include molecular diagnostics, pharmacogenomics, 
drug development, medical diagnosis, food analysis, pollu-
tion (Cagnin et al. 2009), biomedical research, and environ-
mental monitoring (Long et al. 2013). Ionic liquids could 
be used as a part of electrochemical DNA biosensor. ILs 
are widely used as modifiers on electrode surfaces in the 

Fig. 6  Circular dichroism 
spectra of DNA and DNA 
complexes



380 European Biophysics Journal (2019) 48:371–381

1 3

fabrication of electrochemical properties (Siddiquee et al. 
2014). Siddiquee et al. (2014) explored the selectivity of an 
IL modified DNA electrochemical biosensor by measuring 
its responses towards different gene sequences related to the 
Trichoderma genus. The electrochemical DNA biosensors 
were also used to for the detection of Mycobacterium tuber-
culosis (Mohamad et al. 2017). The integration of nanomate-
rials and functional biological molecules as in nucleic acids 
is a relatively new field for optical biosensors and we have 
shown that novel complexes formed by DNA with the ionic 
liquids Amim, Bmim, and TBAB are promising materials 
for such applications (Long et al. 2013).
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