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Abstract: Ionic liquids (ILs) have become nearly ubiquitous solvents and their interactions with
biomolecules has been a focus of study. Here, we used the fluorescence emission of DAPI, a groove
binding fluorophore, coupled with molecular dynamics (MD) simulations to report on interactions
between imidazolium chloride ([Imy, 1]*) ionic liquids and a synthetic DNA oligonucleotide com-
posed entirely of T/ A bases (7(TA)) to elucidate the effects ILs on a model DNA duplex. Spectral
shifts on the order of 500-1000 cm 1, spectral broadening (~1000 cm 1), and excitation and emission
intensity ratio changes combine to give evidence of an increased DAPI environment heterogeneity on
added IL. Fluorescence lifetimes for DAPI/IL solutions yielded two time constants 0.15 ns (~80%
to 60% contribution) and 2.36-2.71 ns for IL up to 250 mM. With DNA, three time constants were
required that varied with added IL (0.33-0.15 ns (1-58% contribution), ~1.7-1.0 ns (~5% contribution),
and 3.8-3.6 ns (94-39% contribution)). MD radial distribution functions revealed that 7-7t stacking
interactions between the imidazolium ring were dominant at lower IL concentration and that electro-
static and hydrophobic interactions become more prominent as IL concentration increased. Alkyl
chain alignment with DNA and IL-IL interactions also varied with IL. Collectively, our data showed
that, at low IL concentration, IL was primarily bound to the DNA minor groove and with increased IL
concentration the phosphate regions and major groove binding sites were also important contributors
to the complete set of IL-DNA duplex interactions.

Keywords: DAPI; DNA duplex; DNA oligonucleotide; imidazolium ionic liquids; fluorescence;
fluorescence lifetime; molecular dynamics; radial distribution function

1. Introduction

Deoxyribonucleic acid (DNA), the most important of biomolecules, plays pivotal bio-
logical roles in the storing and carrying of genetic information for the growth, functioning,
and reproduction of all known organisms. Due to its tiny size, geometric properties, and
atom recognition capabilities, DNA has been recognized as an interesting candidate for the
development of new nanomaterial and advanced molecular devices [1,2]. For example,
DNA probes, including synthetic oligonucleotides and amplicons, are used in a variety
of DNA microarray and DNA chip devices for gene expression, point mutations, and
pharmacogenomic and diagnostic applications [3]. Hence, due to the development of DNA
molecular probes, the studies on the interaction between synthetic oligonucleotides and
other molecules are very important. Recently, multiple works have investigated the interac-
tion of novel molecules with DNA. For instance, Rezki’s group designed and synthesized
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the imidazolium ionic liquid halides carrying different fluorinated phenylacetamide side
chains [4]. In other work, the same group studied pyridinium ionic liquids for their DNA
binding properties [5]. In these examples, they investigated the interaction the synthesized
ILs with DNA to determine the anticancer mechanism. According to their results, there
was a reasonably good binding affinity between the DNA and the designed ionic liquids.
In addition, Revathi et al. [6] synthesized a new series of bio active Cu(Il) and Zn(II) com-
plexes. They performed both experimental and theoretical study to investigate the possible
interaction of them with DNA. They revealed that the mixed ligand complexes interact
with CT DNA by intercalation mode. Besides, Alraqa and coworkers [7] designed and
synthesized the hybridization of benzotriazole and 1,2,3-triazoles with several function-
alities, including amide, ketone, ester, and/or carboxylic acid. According to their results,
the compounds have good interaction with the minor grooves of DNA through hydrogen
bonding and hydrophobic interactions. They also suggest the reported molecules may be
future anticancer agents.

Ionic liquids (ILs) are made of organic cations and usually an inorganic anion, the
combination of which results in a water-free salt with a melting point below 100 °C, as
first defined by Walden in 1914 [8]. In consideration of using ILs as solvents, they offer
attractive physicochemical properties, including low vapor pressure, high thermal stability,
nonflammability, and good conductivity. As such, ILs have become viable alternative
solvents or co-solvent to conventional organic solvents in different fields of life sciences.
In addition, it is interesting to note that a wide variety of cations and anions can be used
to form ILs and that each one has unique properties that can meet specific requirements
for use in biochemistry, biotechnology, medicine, pharmacology, and bio-nanotechnology,
etc., applications [9-16]. The applications and relevant functions of ILs in biomolecular
systems are based on the nature of the specific interaction that occur between ILs and
biomacromolecules. In recent years, researchers have started investigating interactions
between ILs and biomolecules. For example, He et al. [17] used various experimental meth-
ods and molecular dynamics (MD) simulation to investigate the interactions between the
imidazolium-based IL surfactant 1-dodecyl-3-methylimidazolium bromide [Im ; ]Br and
DNA in dilute brine. According to their results, there are electrostatic attractions between
DNA phosphate groups and [Im; 1 ]Br headgroups and hydrophobic interactions among
the alkyl chains. Jumbri et al. [18] used both computational and experimental evidence to
analyze the characteristics and the influence of ILs on the structural properties of DNA. The
main criterion for DNA stabilization was the hydration shells around the DNA phosphate
group where DNA maintains its duplex conformation in ILs. Wang and Cui [19] worked
on the interaction of 1-butyl-3-methylimidazolium methanesulfonate ([Imy][MS]) and
1-hexyl-3-methylimidazolium methanesulfonate ([Img ; ][MS]) with calf thymus deoxyri-
bonucleic acid (ctDNA) by fluorescence and ultraviolet—visible (UV) absorption spectra.
According to their results, the binding force increased with increasing IL alkyl chain length.
They also suggested that both electrostatic and hydrophobic interactions were present
between the ctDNA with [Im,, 1][MS], and hydrophobic interactions played a key role in
the interaction process of ctDNA with IL.

Since ILs play a major role in the search for potential candidates as replacements for
organic solvents, which can have a deleterious impact on the environment and health,
the assessment of ILs as potential green solvent candidates requires that a wide range
of applications be examined and as mentioned these contexts must include a thorough
examination of IL interactions with varieties of biomolecules. In this regard, it has been
shown that ILs have the capability to stabilize DNA for periods of time up to a year, which
makes them very attractive as potential solvents for DNA storage [2,20]. Spectroscopy offers
a convenient and simple means by which DNA /IL interactions may be studied. Recently,
methylene blue analogs have been studied with respect to aggregation and binding to
salmon sperm DNA [21]. It was determined that arylamine fragments play a crucial
role in DNA interactions, and judicious choice leads to control over binding. Additional
work from the same group reported the interactions of PMAM-calix-dendrimers on DNA
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binding with no apparent effect on DNA structure that resulted in stabilized DNA [22].
A popular fluorescent probe is 4, 6-Diamidin-2-phenylindol (DAPI, Scheme 1), which is
an A/T-nucleic acid specific fluorophore that has been shown to intercalate within the
minor groove of B-form DNA [23-28]. Kapuscinskis’ research showed that the maximum
amount of dye bound to synthetic DNA is one molecule of DAPI per three base pairs [23].
When DAPI binds to DNA, its fluorescence intensity increases and the absorbance shows
a significant spectral red shift [29]. Thus, changes in the DAPI microenvironment can
be readily detected by measuring spectral changes upon varying parameters that affect
the DAPI-DNA interactions. In addition, time-resolved fluorescence has been used to
examine DAPI interactions with solvents, polydeoxynucleotides, and linear and closed
DNA [30-32]. Gratton and co-workers have reported on the lifetime response of DAPI
in ctDNA, and several polydeoxynucleotides that included all A/T sequences polyd(AT),
and poly(dA)poly(dT) [30-32]. They found that the decay kinetics in aqueous solution
and alcohol solvents were best described by two time constants that were on the order
of 0.2 ns and 2.5 ns, but, when in an A/T environment, the time constants lengthened to
~0.4 ns and ~3.8 ns. The fluorescence indicated a lifetime heterogeneity that had its origin
from a distribution of ground state molecular conformers. Another conclusion drawn
from this work is that the DAPI non-exponentiality is reflective of the DNA binding site
heterogeneity [30,31]. They further discussed the idea of preferential solvation of the upon
DAPI binding to DNA, where the degree of indole ring solvation is responsible for the
relative contributions of the two observed time constants [30].

Cr
®/\ CnHan+1
Imn,1+ Cr
NH
cr 2
®

HzN N NH,

H

NH,
DAPI

Thymine Adenine

Scheme 1. Structures of the 1- hexadecyl-3-methylimidazolium chloride ([Imy4 1]Cl), 4, 6-Diamidin-2-
phenylindol (DAPI), thymine, and adenine.

In the context of IL research, it is worth noting here that there is still little attention
that has been given to the study of interactions between DNA and ILs. To that end, we
studied IL effects on a model DNA oligomer system wherein we have examined the effect
of IL concentration. The DNA oligonucleotide chosen has the single strand sequence
5'-TATATATATATATA-3/, (7(TA)). We have used steady-state and time-resolved fluores-
cence coupled with MD simulation to elucidate the interactions that occur between the
7(TA) and 1-hexadecyl-3-methylimidazolium chloride [Im1¢1]CL In part, our goal is to
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provide data that can be used to aid in the selection of ILs to be used as solvent systems
in a biomolecular context. While we report here in detail on a [Im1¢1]Cl + 7(TA) system,
we have also included in supporting information some preliminary results from MD sim-
ulations that compare [Imjg1]* to [Imjg1]* and [Imy;]* (Figure S1). We are at present in
the process of submitting a second communication to report the experimental results using
these shorter chain cations with the goal of providing an assessment of hydrophobicity (via
carbon chain lengths variation) on the binding characteristics of ILs to DNA duplex.

2. Results
2.1. Fluorescence Measurements
2.1.1. DAPI Binding Assay

Initial measurements were performed to assess the binding of DAPI to a synthetic
double stranded 7(TA) repeat sequence (14 base pairs per strand), B-DNA oligonucleotide
to determine the optimal DAPI:DNA ratio be used in our experiments. Experiments
with calf thymus DNA (ctDNA) suggested a binding ratio of between 0.04-0.06 dye:DNA
base pair [20]. Other work suggested that the DAPI binding site size was 0.33 dye per
base pair [23]. The latter work was based on 18 different polynucleotides rather than
ctDNA. In this work, aliquots of a DAPI stock solution were titrated into a 1.25 uM DNA
duplex/tris buffer solution. Excitation spectra from our titration are presented in Figure 1
for a representative series of DAPI concentrations. The upper panel illustrates the relative
spectral intensities for the dye titration, where the spectra were normalized to the peak
intensity of the 0.18 uM spectrum. It is well known that the DAPI fluorescence intensity
increases when bound to DNA [23,26,27,29,30]. We observed that the fluorescence intensity
of DAPI increases upon binding to our 7(TA) DNA duplex and reached a maximum and
decreased when the oligonucleotide had accommodated the maximum number DAPI
molecules. We observed a maximum increase of ~17-fold. Solid lines in these spectra are
for data below the determined optimal binding concentration and dash-dot-dot lines are
those above the threshold. In addition to these spectra, we also include normalized spectra
in the lower panel of Figure 1 to highlight the spectral shift and shape change as DAPI
was added. The normalized spectra show a red shift at the excitation maximum (~365 nm)
and a systematic intensity increase, as indicated by the arrows. For completeness, we have
also included a set of emission spectra at these same DAPI concentrations in Supporting
Information Figure S2, which illustrate similar behavior to the excitation spectra, though
the spectral red shift was more substantial.

Excitation and emission peak intensities were normalized to the maximum value in the
0.18 uM spectrum and are shown in Figure 2. Intensity change is linear below ~3 pM DAPI
and indicates that DAPI is continuing to bind to the DNA duplex up to this concentration.
In either excitation or emission, the maximum intensity was located at ~3.5 uM DAPI,
after which intensity systematically decreases. Figure 3 summarizes the energetics of the
complete spectral results from the DAPI titration. The peak excitation (upper panel, red
symbols) shifts only about 33 cm ! up to a DAPI concentration of 2.1 uM, which is well
under our experimental uncertainty of ~100 cm ™!, whereas we observe a >300 cm ! red
shift for DAPI at 2.9-17.2 uM. In contrast, the emission (blue symbols) is more responsive
to the DAPI changes, with peak shifts of 73 cm ! and 2070 cm ™!, respectively. In addition,
included in Figure 3 are the excitation and emission spectra full width at half maximum
values (FWHM, lower panel). The FWHM show nominal change up to ~3 uM DAP]I, and the
spectra broaden significantly over the remainder of the titration. Here, DAPI is experiencing
much broader range of interactions that include at least DAPI-DNA and DAPI-solvent
varieties. From these spectroscopic measures, we estimate that the DNA duplex reaches
maximum binding at ~ 3.5 pM, most clearly seen in Figure 2. To facilitate comparison of
our data with Kapuscinski [23], we assumed that our binding concentration estimate could
be a representative average over the 14-base pair DNA, but we also exclude the two end
TA pairs as less probable binding locations because of extra degrees of motional freedom.
To this end, we compute a crudely estimated binding ratio of 0.29 DAPI per base pair and
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find that this value is in reasonable agreement with Kapuéciriski’s ratio of 0.33 DAPI per
DNA base pair. We also estimated the association constant from the fluorescence data
using the method described by Boger and co-workers [33] and determined a value for K of
2.8 x10° M~! in general agreement with DAPI literature reports that studied synthetic

DNA oligomers [23,26,27,33].
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Figure 1. Excitation spectra for DAPI/DNA titration in 10 mM tris buffer at pH = 7.0. DNA
concentration was 1.25 uM. Upper panel: Relative intensities of example spectra for varied ratios
that are all scaled relative to DAPI/tris buffer. The DAPI/buffer was normalized to 1. Lower panel:
normalized spectra for all ratios to help visualize the relative spectral changes. Arrows indicate the

direction of spectral change with increasing ratio.
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Figure 2. Normalized fluorescence intensities of DAPI in solution with 2.5 uM DNA /10 mM tris buffer at
pH =7.0. Data were normalized to the peak intensity for excitation (red) and emission (blue).
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Figure 3. Steady-state spectral parameters for DAPI/DNA duplex in 10 mM tris buffer at pH = 7.0.
Upper panel: excitation (red) and emission (blue) peak maxima. Lower panel: excitation and emission
full width at half maximum values.

2.1.2. Steady-State Spectroscopy and [Imj¢1]Cl Titration

Excitation and emission spectral features upon addition of IL are similar to those
observed in the DAPI + DNA duplex binding measurements. Spectral examples are shown
in supporting information; see Figures S3 and S4. The effects of IL addition on steady-
state spectroscopy are also summarized in Figure 4, where we show the first and second
moments (intensity weighted average frequency and width, respectively) of the excitation
and emission spectra. The spectral first moment is selected as our metric because it also
captures the variability in spectra shape in addition to the simple peak position. Thus, the
trends in these data are more representative of the average environment probed by DAPI
as IL is added to solution. Data are shown for DAPI in the absence (A,A) and presence
of DNA duplex (e, 0). For excitation, we observe a small red shift in the first moment
of approximately 300 cm ™!, compared to the more substantial shift of 1000 cm~! for the
unweighted peak maximum. The moderation of the first moment shift is explained by
the increased intensity of the 265 nm peak. In the presence of DNA duplex, we also
observed red shifts of similar magnitude, 400 cm~1 in the first moment, and 950 cm~! for
the ‘360 nm” peak maximum. What is of particular interest here is that the shift with DNA
results from an initially lower energy in the absence of IL (o) and immediately blue shifts
on the first IL addition, followed by a gradual red shift to a constant position. It appears
from the excitation data that, while DAPI is bound to DNA duplex, it immediately senses
the presence of IL and shifts its energy to nearly the value of DAPI + buffer + IL. A similar
pattern is observed for the emission data, where a strong initial red shift in the DAPI + DNA
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duplex emission occurs with added IL, followed by a smoothly increasing blue shift. The
widths in both excitation and emission for both DAPI and DAPI + DNA duplex consistently
increased, indicating an increased solution heterogeneity in the presence of IL.
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Figure 4. Steady-state excitation (filled symbols) and emission (open symbols) for DAPI + DNA
duplex (circles) and DAPI (triangles) in 10 mM tris buffer at pH = 7.0 as a function of added IL. Upper
panel: peak positions calculated from spectral first moments (intensity weighted average frequencies).
Lower panel: full width at half maximum values of the intensity weighted spectra.

As a further metric for the behavior of spectral peak positions, we computed two sets
of peak ratios as a simple means by which we tracked changes on IL addition. The excitation
peak ratio (Isg0/I2¢5) within a single spectrum at each IL concentration (see Figure S5) gives
a sense of whether there is any band sensitivity to changes in IL concentration. Initial
ratio values are 1.6 and 1.0 for DAPI in tris buffer and DAPI + DNA duplex in tris buffer,
respectively. In brief, these ratios both steadily decrease over an IL range of 0-75 mM
and then remain essentially constant to beyond 200 mM. Using this measure, other than a
nearly uniform intensity difference over the entire IL concentration range, there appears
to be nothing special about this ratio. The second ratio uses the spectral maximum at
approximately 360 nm for excitation and 460 nm for emission, and computes values for
Ijiy/1i=0 as IL concentration is varied. These ratios are illustrated in Figure 5 and show
rather different behaviors. In DAPI/buffer solutions, the minimum ratio is 1 and rises
nearly linearly by more than a factor of 3, independent of excitation or emission. In stark
contrast, the DAPI + DNA duplex ratios are all less than ~0.15 with a constant value up
to ~50 mM, followed by a steep increase between 50-150 mM and then remain constant.
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There is a small difference between excitation and emission values, but the series clearly

parallel one another.
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Figure 5. Spectral intensity ratios in 10 mM tris buffer at pH = 7.0 as a function of added IL determined
by ratioing intensity in the presence of IL to that in the absence of IL. Upper panel: DAPI excitation
(A) and emission (A) ratios. Lower panel: DAPI + DNA duplex excitation () and emission (e) ratios.

2.1.3. Time—-Resolved Spectroscopy and [Im;¢ 1]CI Titration

While the steady-state spectroscopy provides a general characterization of the DAPI
fluorescence characteristics, time-resolved fluorescence reveals further details of the emis-
sive properties and compiles the details of magic-angle intensity decay measurements for
DAPI and DAPI + DNA duplex solutions in the presence of IL; Figure 6 illustrates the varia-
tions as IL is added to solution. These data are presented using a logarithmic scale to show
the parameter variation more clearly, particularly at low IL concentration. Filled symbols
show the data for time constants and associated fractional contributions to the intensity
decay for solutions that include IL, and open pink symbols show the corresponding data in
the absence of IL for comparison. Fractions were calculated from the raw data as

fi= a; T

Y a4

where g; is the normalized un-weighted pre-exponential factors determined from the DAS-
6 fitting parameters, and 7; is the i" component lifetime. Star symbols represent the
fractionally weighted lifetimes, which are computed as follows:

M

Y at?

(0 = Y a4

()
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with parameters defined as in Equation (1). We see from the DAPI data (left panels) that the
decays in all solutions are well described by two time constants with the larger contribution
from the faster time constant (~140 & 15 ps). The slower time constant varies between
2.36-2.71 ns. Neat buffer gives a reference point for the emission, and we see that the
relative contributions are 77% and 23% for the faster and slower times, respectively. Upon
addition of IL, the data shows an increase in the slower lifetime of ~13%, most evident
beyond ~3 mM (~log (0.5)), while the faster lifetime remains essentially constant. The
slower time contribution drops to 63%. Here, the trend in average lifetime tracks well with
the slower time constant.
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Figure 6. Lifetimes and fractional contributions for DAPI and DAPI + DNA duplex in 10 mM tris
buffer at pH = 7.0 as a function of added IL. Left panels: DAPI time constants and associated fractions
for a two component fit to the data (e,A). Right panels: Data for DAPI + DNA duplex for a three
component fit to the data (e,A, H).

When DNA duplex is included in solution, three time constants are needed to char-
acterize the intensity decay (Figure 6, right panels, note the lifetime scale change denoted
on the right axis of the lower panel). In buffer solution, the faster (o) and middle (A) time
constants are similar to the DAPI/buffer values but show a modest change, where the
fastest time constant increases 260 ps, and the second time decreases to ~1.7 ns. The slowest
time constant (M) is 3.8 ns. DNA duplex in solution re-balances the relative contributions,
and the two faster times contribute a combined 6% to the total decay. DNA-bound DAPI
is dominated by the 3.8 ns lifetime. Since the DAPI/buffer solution requires two time
constants, the inclusion of a third time constant with DNA duplex in solution suggests that
the three time constants collectively describe two DAPI microenvironments. Moreover, the
94% contribution for the 3.8 ns indicates that DAPI is not 100% bound to DNA duplex, and
some free DAPI is in solution. On addition of IL to 10 uM, only the fastest time constant
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changes and increases to 330 ps with the same relative contribution. By 400 uM IL, the
fastest time constant has decreased to the level of DAPI/buffer at ~150 ps and remains
at that value. The middle time constant generally decreased over the IL range measured,
as did the slowest time constant. The fractional contribution changes are also important,
and both the fastest and slowest values showed steady change with IL such that, in the
5 mM IL solution, 58% of the intensity decay was from the 145 ps component, and 38%
was from the 3.31 ns. These changes signal that the IL is effectively manipulating the DAPI
microenvironment. The average lifetime values also indicate these changes and show that
the most precipitous decrease begins at about 400 pM.

2.2. MD Simulations
2.2.1. The Effect of Concentration on Binding Characteristics of ILs-DNA Duplex

IL cation radial distribution functions (RDFs) have been calculated in three different
regions of DNA duplex, which include the phosphate backbone, major groove, and minor
groove, to investigate the binding pattern(s) of ILs to DNA duplex. Figure 7 shows the
distribution of the imidazolium ring center-of-mass (COM) around the phosphate backbone,
major groove, and minor groove of DNA duplex, at different IL concentrations.

M ST T T T T —————

— minor £roove = minor groove b

— major groove | 7| 4 = major groove | — — major groove
P B P 3 P -

— minor groove

g(r)
T
g(r)
o

L
o
|
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r (A)

0 5 0 15 20 25 30 0 5 01520 2 30
r(A) r(A)

Figure 7. Center—of-mass (COM) radial distribution functions (RDF) for the [Im1¢]* imidazolium
ring around phosphate groups, minor, and major grooves of DNA duplex in different IL concentration
solutions. RDFs calculations are performed using the N7 and O4 atoms for the electronegative sites
in the major groove. Electronegative sites for the minor groove use N3 and O2 atoms. P atoms were
used for the phosphate groups. IL concentrations are 20 mM (left panel), 250 mM (middle panel),
and 500 mM (right panel).

For the RDF calculations, we used the phosphate group P atom, electronegative sites
N3 and O2 for the minor groove, and electronegative sites N7, O6, and O4 for the major
groove (see Scheme 1 for atom labeling). RDFs provide evidence that demonstrates IL
cations occupy space within the DNA backbone and groove regions. There is preferential
accumulation of the imidazolium ring COM in the minor groove (black lines) at low IL
concentration (20 mM, left panel) by a factor of two compared to the major groove (red
lines) and P regions (green lines), implying the intrusion of IL cation into the DNA duplex
groove. The large peaks for the minor groove—COM of the [Imj41]* imidazolium ring
locates the COM at 3.4 A. The position of the peak also gives the nature of the interactions,
and the DNA duplex-IL interaction here is primarily a 7-7t stacking interaction. Simulated
data for the other ILs yield similar results in dilute solution (see Figure S6). Furthermore,
the shift to longer distance of the phosphate — IL and major groove — IL peaks from 3.4 A
is due to the unavailability of space filled by ILs cations. The same behavior has been
repeated in dilute solution by computing the RDFs of IL cation alkyl chain in the three
regions of the DNA duplex. By increasing the [Imj¢1]" concentration, the IL cations also
established a significant interaction with the DNA phosphate groups (Figure 7, middle
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and right panels), the interaction of which is primarily electrostatic between the positively
charged imidazolium ring and the negatively charged phosphate.

Figure 8 provides a view of the cation alignment in the DNA duplex minor groove in
the 20 mM IL solution (left panel) and a representative snapshot of these cations that align
perpendicular to the DNA duplex surface in 500 mM concentrated IL solution (right panel).

Figure 8. (Left image): The distribution of [Imy¢]" cations (blue color) that shows the association
with DNA duplex (gray) minor grooves in the aqueous solution. IL concentration is 20 mM. (Right
image): The distribution of [Im141]* cations for the association with the DNA duplex surface in the
aqueous solution at 500 mM.

These findings are corroborated by a report from Ding et al. [34], who investigated
the binding characteristics and molecular interaction mechanism between [Imy;]Cl and
DNA in aqueous solution medium used a wide variety of measurement techniques that
included conductivity measurements, fluorescence spectroscopy, dynamic light scattering
(DLS), cryogenic transmission electron microscopy (cryo-TEM), circular dichroism spec-
troscopy, 3! P nuclear magnetic resonance (NMR) spectroscopy, Fourier transform infrared
spectroscopy, isothermal titration calorimetry (ITC), and quantum chemical calculations.
Based on their reported quantum chemical calculations, at a low IL concentration, the
cationic headgroups of [Imy]Cl localized within several angstroms of the DNA phos-
phates, whereas the hydrophobic chains arranged parallel to the DNA surface. When the
IL concentration is above 0.06 M, the cationic headgroups are near DNA phosphates, and
the hydrocarbon chains are perpendicularly attached to the DNA surface.

Owing to the perpendicular orientation of [Imj1]* to the DNA duplex groove bases,
the IL alkyl chains on the opposite face of the imidazolium are exposed to the bulk solution
and parallel alkyl group alignment of the cations to each other implies the existence of
alkyl-alkyl chain interactions. The imidazolium ring COM RDFs around the DNA duplex
were modified by multiplying the RDF at each concentration by the average number density
of particles in the system, with the goal of determining the effect of concentration on the
binding characteristics of IL-DNA duplex. Figure 9 shows the concentration dependent
results for the imidazolium ring COM distribution around the DNA duplex phosphate
backbone (left panel), major groove (middle panel), and minor groove (right panel) for
20 mM, 250 mM, and 500 mM solutions.



Molecules 2022, 27,116

12 of 20

500 T

400 —

300 —

&)

200 —

100 —

20

— 300 — . — 300 ; . —
R — 0.02M 1
— 0.02M 250 — 025M 250
- 8'%15\4“’[* 0.5M ||
200 200
150 Z 150
100 100
= 50 50
ol Ll L T o
2 30 5 10 15 20 25 10 15 20 25 30
r(A) r(A)

Figure 9. Concentration dependence of the [Imj¢1]" imidazolium ring center-of-mass distribution
functions around the phosphate backbone (left panel), major groove (middle panel), and minor
groove (right panel) of DNA duplex in aqueous solutions. IL concentrations are 20 mM (black line),
250 mM (red line), and 500 mM (green line) in each panel.

The distribution of IL cations around the various DNA duplex regions increases
significantly with increasing IL concentration in all cases. In the P region, there is an 8-fold
increase in g(r) from 20 to 500 mM, and a ~4.5-fold increase and ~2.5-fold increase for the
major and minor groove populations, respectively. Further, for P, the IL remains localized at
~5 A as concentration is increased, but, for the DNA duplex groove regions, the dominant
contribution shifts consistently from ~5 A to 15 A, where the g(r) values are approximately
equal. In addition, we note further that IL aggregation also occurs at high IL concentration,
and this is pictured in Figure 10.

Figure 10. Aggregation of [Imy1]Cl at 500 mM.
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2.2.2. The Effect of Alkyl Chain Length on the Binding Characteristics of ILs-DNA Duplex

The COM RDF of the cation ring and cation alkyl chain around the DNA duplex
surface were calculated to characterize more completely the binding characteristics of ILs
to DNA duplex. According to Figure 7, in dilute solution (IL = 20 mM), the COM of the
imidazolium ring in hydrated ILs interacts most frequently with the DNA duplex minor
groove. Figure 11, left panel, shows the COM RDFs of the imidazolium ring around DNA
duplex minor grooves in 20 mM IL solutions.

50 — — T T T 1 T T T
i — C4MIM 7 i — C4MIM T
— C10MIM L — CI10MIM |
o ClIMIM| | 40 C16MIM
30 - _ 30 _
% [ 1 0% 1
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Figure 11. RDFs of the center-of-mass around minor grooves of DNA duplex in 20 mM IL solutions.
The electronegative sites N3 and O2 atoms for the minor groove were used for these RDF calcu-
lations. (Left panel): Data for the imidazolium ring—groove interactions. (Right panel): Data for
tail-groove interactions.

Here, we see that, by increasing the length of cation alkyl chains from C4 to C16, the
COM distribution of the imidazolium ring around minor grooves of DNA decreases (left
panel). We also illustrate the cation alkyl chain RDFs around the DNA minor grooves in
20 mM IL (Figure 11, right panel), and they, too, also decrease with chain length. According
to these data, there is less interaction probability between the longer alkyl chain IL and the
DNA minor groove.

3. Discussion

Two different binding modes have been reported from force spectroscopy measure-
ments of DAPI binding to DNA duplex under varying ionic strength [35]. The authors
report that DAPI minor groove binding occurs first and is the dominant mode until DNA
duplex saturation is achieved, with a reported binding constant about 107 M~!. The second
binding mode is reported as intercalation, which is only observed after DNA saturation
and with a decreased binding constant of 10> M~!. Our spectroscopic results are consistent
with these modes of association, as evidenced by the contrast in IL solution intensity ratios
between DAPI and DAPI + DNA duplex (see Figure 5). For DAPI/IL solutions, there is no
specific binding mechanism, and the ratio increases linearly with IL concentration, whereas,
when DNA is present, the intensity ratio is suggestive of an IL concentration induction at
low IL and presents a sigmoid shape as IL concentration increases. At least two possibilities
explain this observation, where, in the first case, the IL can displace the bound DAPI but
only after a threshold concentration reaches, seemingly, ~30-40 mM IL. At high IL con-
centration, the IL-IL associations offers an additional milieu (see MD results) with which
DAPI is likely interacting, in addition to a combined DNA duplex-IL environment. For
example, [Imy¢ 1]CI has been shown to undergo aggregation in aqueous solution. El Seoud
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and co-workers determined the critical micelle concentration (cmc) for [Imy41]Cl from
conductivity, surface tension, and fluorescence measurements and reported a cmc value of
~0.9 mM [36,37]. Therefore, [Imjq 1]Cl in our solutions has clearly aggregated. However,
the consistent response of DAPI over the entire titration range reported here indicated
that, while IL aggregation occurs, it does not appear to affect the DAPI spectroscopy in
any obvious manner. In addition, since DAPI is a dicationic dye, it must localize near to
the IL ion region and, as such, resides in the aqueous-IL interfacial region. More impor-
tantly, when in the presence of DNA, DAPI is strongly associated with the duplex minor
groove, and IL aggregation that occurs in the bulk does not appear to interfere with this
spectroscopic signature. In fact, except for the difference in absolute value of the intensity
ratios (see Figure 5), we calculate the same values for slope (i.e., same degree of linearity)
when normalizing the intensity ratios in the lower IL concentration range of 0-30 mM for
DAP], in either the absence or presence of DNA. Thus, it is the DAPI-DNA interaction
that is the primary driver of the observed intensity ratio difference and the presence of
DNA effectively mitigates the impact of IL on the DAPI spectroscopy. The intensity ratio
for DAPI/IL is between 1 and 4, whereas, in the presence of DNA, duplex is not more than
0.15, even at 200 mM IL. The intensity ratio increases and signals that DNA duplex bound
DAPI does sense IL but, apparently, does not see a neat IL environment.

In consideration of the lifetime data, the fastest (e, Figure 6) time constant change
on first addition of IL (=10 uM) gives evidence that the IL interacts with DAPI. However,
more importantly, since the time constant value increased, we interpret this as the IL
interacting with DNA duplex-bound DAPI because the fastest time constant for the free
DAPI-IL interaction was 145 ps and remained constant independent of IL. With successive
additions of IL to the DNA duplex solution, we noted a steady decrease in the fastest time
constant (e) with a concomitant increase in its fractional contribution, with a simultaneous
reduction in the contribution of the slowest time constant (M), which suggests a free DAPI
environment is increasingly observed with added IL. It may be that IL has saturated the
DNA duplex bound DAPI population and quenched the fluorescence, thereby shortening
the DAPI lifetime, or that IL is displacing DAPI from the DNA duplex minor groove
binding site, and the proportion of free DAPI fluorescence has increased. In either case,
the fractional contribution () changes buttress the free DAPI perspective since the value
increases dramatically from 1% in DAPI-DNA /buffer to 58% in 5 mM IL solution.

The data obtained from steady-state spectroscopy for [Im;¢ 1 ]Cl titration indicated a
small red shift in the first moment of approximately 300 cm~! and also revealed that DAPI
bound to the DNA duplex immediately sensed the presence of IL. The energy shifted to
nearly the value of DAPI + IL+ buffer. This observation is consistent with the interactions
revealed from MD simulations and corroborates the MD results. Of course, the MD data
cannot be quantitatively compared with the spectroscopic data, but the RDF analysis
revealed that such interactions are indeed present in the DNA + IL solutions. From MD
simulations, we noted that, in the most dilute solution (20 mM), the hydrophobic alkyl
chain is arranged parallel to the DNA duplex surface, where the imidazolium ring interacts
via 7-7t stacking interaction with grooves. Thus, the interactions between DAPI and IL are
projected to be the greatest. In the concentrated solution (500 mM), the cationic headgroups
are near the DNA duplex phosphates, and the hydrocarbon chains are perpendicularly
attached to the DNA duplex surface, especially in hydrated [Im;¢1]*. We have concluded
that the hydrophobic interaction between the IL hydrocarbon chain and the bases of DNA
duplex plays a dominant role at lower IL concentrations, and the electrostatic interaction is
essential in the IL binding to DNA duplex at higher IL concentrations. In the most dilute
solution (20 mM), the hydrophobic alkyl chain is arranged parallel to the DNA duplex
surface where the imidazolium ring interacts via -7t stacking interaction with grooves.
The RDF data suggest that shorter chain cations readily populate the DNA duplex minor
groove compared to longer chain analogs.
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4. Materials and Methods

Chemicals were purchased and prepared as follows. The DAPI dye was purchased
from Invitrogen ThermoFisher Scientific, Life Technologies Corporation, Carlsbad, CA, USA,
and prepared at a stock concentration of 1 mM. The DNA oligonucleotides were from
Integrated DNA Technologies, Inc. (IDT), Coralville, IA, USA. A 0.5 mM stock solution
of dsDNA (1 mM single strand) was prepared and used in dilution to make all required
oligonucleotides solutions. Tris-HCl buffer (10 mM, pH 7) was used as a solvent. ILs were
purchased from lonic Liquids Technologies (IoLiTec), Heilbronn, Germany at >98%, stored
in a nitrogen glove box and used as received.

The UV-visible (UV-vis) absorption spectrum was measured using a Perkin-Elmer
double beam Lambda 800 UV-vis spectrophotometer, Waltham, MA, USA. Absorption
measurements were made by scanning between 220 to 450 nm, with a slit width of 2.0 nm.
Steady-state excitation and emission spectra were measured using a HORIBA Fluorolog
3 fluorimeter, Horiba Scientific, Piscataway, NJ, USA. The fluorimeter is equipped with a
single grating excitation monochromator and a double grating emission monochromator
for enhanced stray light rejection. All spectra were subtracted and corrected for instrument
responses. Excitation spectra were measured over a wavelength range of 250450 nm
with emission detected at 470 nm, whereas emission spectra were measured by scanning
over a wavelength range of 350-650 nm with excitation at 330 nm. For both spectral
acquisitions, excitation and emission slits were fixed at a 2 nm band pass. When the
signal was too high for the detector to respond linearly (>2 x 10° cps), the signal was
reduced using a spectrally flat neutral density filter that applied a 2.93 factor reduction in
intensity. Spectra were corrected when needed and the re-scaled data were used in the data
set. We have described our time-correlated single photon counting (TCSPC) instrument
previously [38,39]. Briefly, photons from a 405 nm NanoLED (405-L) high output diode
laser (Horiba Scientific, Piscataway, NJ, USA) were passed through a polarizer prior to
entering the sample. Emission photons were passed through an automated Glan-Thompson
polarizer set at “magic” angle (54.7°) for lifetime measurements and spectrally resolved
with the double grating monochromator, as well as detected with an air-cooled IBH TBX
850 detector. The instrument response function was measured using a scattering solution
and was on the order of 170 ps. Time calibration of the counting electronics was 7.16 ps
per channel. All decay data was measured at the peak of the steady-state emission with
emission slits between 4-6 nm. Intensity decays were fit using a sum of exponentials
models with an iterative reconvolution algorithm that was part of the IBH DAS6 decay
analysis software (Horiba Scientific, Piscataway, NJ, USA). Following the deconvolution
fitting process, the estimated effective time resolution was ~50 ps, which we have also
confirmed from replicate measurements. Reduced chi-squared values (x+2) for a fit was
judged to be acceptable if x,> < 1.2.

For DAPI-DNA duplex binding experiments, we used we used a 1.25 uM dsDNA
sample with a constant volume addition of DAPI titrated into solution that resulted in
a concentration that ranged from 0.175 to 17.2 uM DAPI in tris-HCl buffer. A solution
of 1.25 uM dsDNA in tris-HCI buffer was used as the blank. For IL experiments, three
solutions were prepared and run in parallel. The first set of solutions was used to measure
the response of DAPI to the presence of ILs. A second set of solutions were made that
included 1.25 uM of the DNA oligonucleotide. Finally, tris-HCI buffer containing the
corresponding amount of IL was used as a blank. The IL concentrations added to each
sample ranged from 0-250 mM. All optical measurements were made in 1 cm quartz
cuvettes (23-Q-10, Starna Inc, Atascadero, CA, USA).

MD simulations were performed using the General Amber Force Field (GAFF) [40]
and AMBER99SB-ILDN protein, nucleic AMBER94 [41] were used for the imidazolium-
based ILs and DNA duplex, respectively. To build the initial structure of the systems,
the DNA duplex molecule was placed in the center of the cubic box with the size of
71 x 7.1 x 7.1 nm. A total number of 5, 56, and 112 pair of cations and anions were
added randomly by Packmol package in the simulation boxes [42,43] to reach the desired
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IL concentrations from the experiment that were 0.02 M, 0.25 M, and 0.5 M. Then, the
simulation boxes were solvated by water molecules, using the TIP3P model of water [44].
As certain undesirable interactions might arise in the systems due to randomly added
molecules to the simulation boxes, the steepest descent minimization approach was utilized
to eliminate all unfavorable interactions. After that, all systems were equilibrated by
performing 100 ps NVT (Canonical ensemble) restrained simulations followed by 100 ps
NPT (isothermal-isobaric ensemble). Equilibration proceeded with the production runs
where the linear constraint solver (LINCS) algorithm [45] was employed for all bonds
involving hydrogen atoms and short-range non-bonded interactions were cut off by 1.2 nm.
Long-range electrostatic interactions were treated by the particle mesh Ewald method [46]
procedure. To produce initial velocities, Maxwell-Boltzmann distribution was used for
all simulations. V-rescale coupling algorithm was used [47] with the coupling constant of
0.1 ps to ensure constant temperature and pressure during the simulations. MD production
runs were performed for 200 ns at 300 K, where 2 fs time step was used. Data for further
analysis were stored in every 5 ps for all simulations. The GROMACS 2018 program
package was used for performing MD simulations [48-52]. In addition, Visual Molecular
Dynamics (VMD) was applied for visualizations and preparation of snapshots [53]. After
the simulation, the radial distribution function (RDF) was used to describe the distribution
of solvent molecules around the specific molecule or atoms of DNA or ILs.

We note here that using only picoseconds of equilibration time may be insufficient for
the complex solutions studied here; therefore, we analyzed the data using the last 150 ns
of the 200 ns simulation, which means we used the first 50 ns as an equilibration phase.
The equilibration process described above was also checked by running an initial 10 ns
NPT equilibration, followed by a 10 ns NVT equilibration, before starting the production
run. A comparison between using the standard GROMACS procedure and using this
longer equilibration process and running an initial 10 ns NPT equilibration, followed by
a 10 ns NVT, both led to equilibrated systems which could be used for further analysis.
Moreover, using either equilibration procedure did not change the final conclusions reached
from the MD calculations. With regard to simulation equilibration, achievement of equi-
librium/structural stability was checked by evaluating the root-mean-square deviation
(RMSD), and Figure S7 shows examples of RMSD values for aqueous and IL solutions.

Additionally, Figure S8 shows unsmoothed RDFs for IL tail-DNA groove interaction
in 20 mM IL to provide a sense of the actual fluctuations in the RDF data. Otherwise, all
other RDF plots here are presented as smoothed functions.

5. Conclusions

Millions of biological samples, including cells, and DNA /RNA, are stored every year
for diagnostics, research, and forensic science. Solvents play a critically important role
in various ways from stabilizing and preserving the conformation of DNA to storage
and handling of DNA, with application to different fields, including biology, medical
diagnostics, and biotechnology. DNA samples in aqueous solution cannot preserve their
structures for long periods of time and degradation of the DNA structure after prolonged
storage is observed. In addition, there is the risk of hydrolytic and oxidative damage for
DNA in water solutions. Moreover, using pure water as a solvent for DNA creates some
difficulties in nanotechnology due to water vaporization for samples in small volumes and
when under open-air conditions. Hence, to increase the use of DNA in industry, searching
and finding an appropriate medium to increase the stability of DNA and overcome the
limitations of aqueous buffers is necessary. Aqueous imidazolium based ionic liquids are
suggested as medium to enhance the structural stability of DNA. However, the interaction
mechanism between this IL class and DNA has been not completely assessed.

We have reported on the interactions between a self-complimentary 7(TA) DNA
oligonucleotide and imidazolium chloride ionic liquids using steady-state and time-resolved
fluorescence spectroscopy and complimented the experimental data with molecular dy-
namics simulations. We first determined the binding ratio between the fluorescent dye,
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DAPI, and the DNA duplex and found that there were approximately 3 DAPIs per DNA
(here, DAPI ~3 pM), in good agreement with literature reports. Steady-state spectroscopy
showed that, beyond 3 uM DAPI, the excitation and emission spectra blue shifted and
broadened significantly, indicating that DAPI was both bound to DNA but also interacted
with bulk solvent. In the presence of DNA + IL, the excitation and emission spectra showed
an immediate shift, which then moderated back toward the initial value observed in the
absence of IL. Spectra remained broadened over the range of IL concentration, confirming
that DAPI was residing in multiple environments. Computed intensity ratios (I} /Iji = o)
as a function of IL showed clearly different values for DAPI + IL solutions (~1-4) and
DAPI + DNA + IL (<0.15), which differentiated DAPI interactions with bulk IL from the
DNA-IL interactions. While the ratio values suggest that IL likely displaces some DAPI
from its minor groove binding location (e.g., increased ratio), the DAPI appears to largely
remain in the DNA groove.

Fluorescence lifetimes showed that, for DAPI in IL solutions, two time constants were
required, with about 78% of the intensity decay associated with a 150 ps lifetime, and
the contribution moderated to about 60% in 30 mM IL. The longer lifetime varied from
2.4 ns to 2.7 ns over the same range. The average lifetime varied from 0.7 ns to 1.1 ns. For
DNA-based solutions, three time constants were needed, two of which were similar to
DAPI/IL, with the addition of third time of ~3.8 ns. The contribution of the fastest time
decreased from 330 ps to 150 ps, with a contribution that rose from an initial value of 1% to
58% in 5 mM IL. Moreover, the longest lifetime, associated with the DAPI-DNA duplex
interaction, remained similar in time but decreased in contribution from 94% to 39%. We
take this to indicate that DAPI senses an increasingly bulk-like IL environment while still
associating with DNA. At least two populations of DAPI are represented, one bound to the
DNA duplex, and one representing free DAPL

MD simulations were used to investigate the interactions between alkyl imidazolium
based ILs with. The results from MD simulations indicated that a fraction of IL cations
always enter the DNA minor groove in a dilute solution of ILs. With increased IL concen-
tration, the cationic headgroups lie near the DNA phosphates groups. Tail interactions
are also observed where, at low IL concentration, the alkyl chains are arranged parallel
to the DNA surface, and, with increased IL concentration, the alkyl chains are arranged
perpendicular to the surface of DNA. Furthermore, with shorter alkyl chains, DNA-IL
complexes form that show electrostatic attraction between the cation and DNA phosphates,
77t stacking interaction, and hydrophobic interaction between the alkyl chains and the
DNA bases. The electrostatic, — stacking, and hydrophobic interactions are essential in
the binding ILs to DNA.

Supplementary Materials: The following supporting information can be downloaded, Figure S1: Struc-
tures of the imidazolium chloride ionic liquids, Figure S2: Steady-state emission spectra at various
DAPIL:DNA ratios, Figure S3: DAPI + [Im1¢1]Cl in 10 mM tris buffer at pH = 7.0. Figure S4: DAPI +
DNA + [Im14,1]Cl in 10 mM tris buffer at pH = 7.0., Figure S5: Excitation intensity ratios for DAPI and
DAPI + DNA in 10 mM tris buffer at pH = 7.0 as a function of IL concentration, Figure S6: Center-
of-mass (COM) radial distribution functions (RDF) for the [Imy 1]+ and [Imyq 1]+ imidazolium rings
around phosphate groups, minor, and major grooves of DNA duplex, Figure S7: Root-mean-square
deviations from equilibration runs, Figure S8: Unsmoothed RDFs for tail-groove interactions in
20 mM [Imy¢1]Cl, Table S1: Intensity decay fits for solutions of DAPI + [Imyg 1 ]Cl, Table S2: Intensity
decay fits for solutions of DAPI + DNA + [Imj4]CL

Author Contributions: Conceptualization, M.P.H., B.M; methodology, M.P.H., B.M; validation,
M.PH., B.M; formal analysis, M.P.H., M.S., ] R.R., EE, DR; investigation, M.P.H., M.S,, ].R.R,,
EF., N.K,; resources, M.P.H., B.M.; data curation, M.S., ].R.R., EF,, DR, NK; writing—original draft
preparation, M.PH., M.S.; writing—review and editing, M.P.H.; supervision, M.P.H., B.M.; project
administration, M.P.H., B.M.; funding acquisition, M.P.H., B.M. All authors have read and agreed to
the published version of the manuscript.



Molecules 2022, 27,116 18 of 20

Funding: This research was funded by the Scholarly Incentive Grant Program and the Institute for
Engaged Learning at SUNY Brockport. This research work was supported by the grant Agency
of University of South Bohemia (GAJU 017/2019/P) and the Grant Agency of the Czech Republic
(project no GA21-15936S). The computational resources were supplied by the project “e-Infrastruktura
CZ” (e-INFRA LM2018140) provided within the program Projects of Large Research, Development
and Innovations Infrastructures.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author and are not publicly available.

Acknowledgments: M.P.H. thanks Joshua Blose, SUNY Brockport for many helpful discussions and
advice on choosing the 7(TA) system.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Sample Availability: Samples of the compounds are not available from the authors.

References

1.  LaBean, T.H.; Li, H. Constructing novel materials with DNA. Nano Today 2007, 2, 26-35. [CrossRef]

2. Vijayaraghavan, R.; Izgorodin, A.; Ganesh, V.; Surianarayanan, M.; MacFarlane, D.R. Long-Term Structural and Chemical Stability
of DNA in Hydrated Ionic Liquids. Angew. Chemie Int. Ed. 2010, 49, 1631-1633. [CrossRef]

3. Heller, M.J. DNA Microarray Technology: Devices, Systems, and Applications. Ann. Rev. Biomed. Engineer. 2002, 4, 129-153.
[CrossRef] [PubMed]

4. Rezki, N.; Al-blewi, EF.; Al-Sodies, S.A.; Alnuzha, A K.; Messali, M.; Ali, I.; Aouad, M.R. Synthesis, Characterization, DNA Bind-
ing, Anticancer, and Molecular Docking Studies of Novel Imidazolium-Based Ionic Liquids with Fluorinated Phenylacetamide
Tethers. ACS Omega 2020, 5, 4807-4815. [CrossRef]

5. Al-Sodies, S.A.; Aouad, M.R,; Ihmaid, S.; Aljuhani, A.; Messali, M.; Ali, I.; Rezki, N. Microwave and conventional synthesis
of ester based dicationic pyridinium ionic liquids carrying hydrazone linkage: DNA binding, anticancer and docking studies.
J. Mol. Struct. 2020, 1207, 127756. [CrossRef]

6.  Revathi, N.; Sankarganesh, M.; Dhaveethu Raja, J.; Vinoth Kumar, G.G.; Sakthivel, A.; Rajasekaran, R. Bio-active mixed ligand
Cu(II) and Zn(II) complexes of pyrimidine derivative Schiff base: DFT calculation, antimicrobial, antioxidant, DNA binding,
anticancer and molecular docking studies. J. Biomolec. Struct. Dyn. 2021, 39, 3012-3024. [CrossRef] [PubMed]

7. Alraqa, S.Y,; Alharbi, K.; Aljuhani, A.; Rezki, N.; Aouad, M.R.; Alj, I. Design, click conventional and microwave syntheses,
DNA binding, docking and anticancer studies of benzotriazole-1,2,3-triazole molecular hybrids with different pharmacophores.
J. Mol. Struct. 2021, 1225, 129192. [CrossRef]

8. Walden, P. Ueber die Molekulargrosse und elektrieshe Leitfahigkeit einiger gazehmolzenen Salze. Bull. Acad. Imper. Sci.
St. Petersbg. 1914, 8, 405-422.

9. Benedetto, A.; Ballone, P. Room-Temperature Ionic Liquids and Biomembranes: Setting the Stage for Applications in Pharmacol-
ogy, Biomedicine, and Bionanotechnology. Langmuir 2018, 34, 9579-9597. [CrossRef]

10. Somers, A.E.; Howlett, PC.; MacFarlane, D.R.; Forsyth, M. A Review of lonic Liquid Lubricants. Lubricants 2013, 1, 3-21. [CrossRef]

11. Lei, Z.; Chen, B.; Koo, Y.-M.; MacFarlane, D.R. Introduction: Ionic Liquids. Chem. Rev. 2017, 117, 6633-6635. [CrossRef]

12.  Weingértner, H. Understanding Ionic Liquids at the Molecular Level: Facts, Problems, and Controversies. Angew. Chem. Int. Ed.
2008, 47, 654-670. [CrossRef] [PubMed]

13.  Rogers, R.D.; Seddon, K.R. Ionic Liquids-Solvents of the Future? Science 2003, 302, 792-793. [CrossRef] [PubMed]

14.  Xu, W.; Angell, C.A. Solvent-Free Electrolytes with Aqueous Solution-Like Conductivities. Science 2003, 302, 422-425. [CrossRef]

15. Seddon, K.R. A taste of the future. Nat. Mater. 2003, 2, 363-365. [CrossRef] [PubMed]

16. Uddin, M.N.; Basak, D.; Hopefl, R.; Minofar, B. Potential Application of Ionic Liquids in Pharmaceutical Dosage Forms for Small
Molecule Drug and Vaccine Delivery System. |. Pharm. Pharm. Sci. 2020, 23, 158-176. [CrossRef] [PubMed]

17.  He, Y,; Shang, Y.; Liu, Z.; Shao, S.; Liu, H.; Hu, Y. Interactions between ionic liquid surfactant [C12mim]Br and DNA in dilute
brine. Colloid Surf. B Biointerfaces 2013, 101, 398—404. [CrossRef]

18.  Jumbri, K,; Abdul Rahman, M.B.; Abdulmalek, E.; Ahmad, H.; Micaelo, N.M. An insight into structure and stability of DNA in ionic liquids
from molecular dynamics simulation and experimental studies. Phys. Chem. Chem. Phys. 2014, 16, 14036-14046. [CrossRef]

19. Wang, X.; Cui, F. Binding characteristics of imidazolium-based ionic liquids with calf thymus DNA: Spectroscopy studies.

J. Fluorine Chem. 2018, 213, 68-73. [CrossRef]


http://doi.org/10.1016/S1748-0132(07)70056-7
http://doi.org/10.1002/anie.200906610
http://doi.org/10.1146/annurev.bioeng.4.020702.153438
http://www.ncbi.nlm.nih.gov/pubmed/12117754
http://doi.org/10.1021/acsomega.9b03468
http://doi.org/10.1016/j.molstruc.2020.127756
http://doi.org/10.1080/07391102.2020.1759454
http://www.ncbi.nlm.nih.gov/pubmed/32329409
http://doi.org/10.1016/j.molstruc.2020.129192
http://doi.org/10.1021/acs.langmuir.7b04361
http://doi.org/10.3390/lubricants1010003
http://doi.org/10.1021/acs.chemrev.7b00246
http://doi.org/10.1002/anie.200604951
http://www.ncbi.nlm.nih.gov/pubmed/17994652
http://doi.org/10.1126/science.1090313
http://www.ncbi.nlm.nih.gov/pubmed/14593156
http://doi.org/10.1126/science.1090287
http://doi.org/10.1038/nmat907
http://www.ncbi.nlm.nih.gov/pubmed/12776100
http://doi.org/10.18433/jpps30965
http://www.ncbi.nlm.nih.gov/pubmed/32407287
http://doi.org/10.1016/j.colsurfb.2012.07.027
http://doi.org/10.1039/C4CP01159G
http://doi.org/10.1016/j.jfluchem.2018.07.005

Molecules 2022, 27,116 19 of 20

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

Chandran, A.; Ghoshdastidar, D.; Senapati, S. Groove Binding Mechanism of Ionic Liquids: A Key Factor in Long-Term Stability
of DNA in Hydrated Ionic Liquids? J. Am. Chem. Soc. 2012, 134, 20330-20339. [CrossRef]

Khadieva, A.; Mostovaya, O.; Padnya, P,; Kalinin, V.; Grishaev, D.; Tumakov, D.; Stoikov, I. Arylamine Analogs of Methylene Blue:
Substituent Effect on Aggregation Behavior and DNA Binding. Int. J. Molec. Sci. 2021, 22, 5847. [CrossRef]

Mostovaya, O.; Padnya, P; Shiabiev, I.; Mukhametzyanov, T.; Stoikov, . PAMAM-calix-dendrimers: Synthesis and Thiacalixarene
Conformation Effect on DNA Binding. Int. J. Molec. Sci. 2021, 22, 11901. [CrossRef] [PubMed]

Kapuscinski, J.; Szer, W. Interactions of 4/, 6-diamidine-2-phenylindole with synthetic polynucleotides. Nucleic Acids Res. 1979, 6,
3519-3534. [CrossRef] [PubMed]

Eriksson, S.; Kim, S.K.; Kubista, M.; Norden, B. Binding of 4’,6-diamidino-2-phenylindole (DAPI) to AT regions of DNA: Evidence
for an allosteric conformational change. Biochemistry 1993, 32, 2987-2998. [CrossRef]

Barcellona, M.L.; Favilla, R.; Von Berger, J.; Avitabile, M.; Ragusa, N.; Masotti, L. DNA-4'-6-diamidine-2-phenylindole interactions:
A comparative study employing fluorescence and ultraviolet spectroscopy. Arch. Biochem. Biophys. 1986, 250, 48-53. [CrossRef]
Kapuscinski, J. DAPI: A DNA-Specific Fluorescent Probe. Biotechnic Histochem. 1995, 70, 220-233. [CrossRef] [PubMed]

Larsen, T.A.; Goodsell, D.S.; Cascio, D.; Grzeskowiak, K.; Dickerson, R.E. The Structure of DAPI Bound to DNA. |. Biomolec.
Struct. Dyn. 1989, 7, 477-491. [CrossRef]

Kapusciniski, J.; Skoczylas, B. Fluorescent complexes of DNA with DAPI 4 ,6-diamidine-2-phenyl indole 2HCI or DCI 4 6-
dicarboxyamide-2-pnenyl indole. Nucleic Acids Res. 1978, 5, 3775-3800. [CrossRef] [PubMed]

Lin, M.S.; Comings, D.E.; Alfi, O.S. Optical studies of the interaction of 4/ -6-diamidino-2-phenylindole with DNA and metaphase
chromosomes. Chromsoma 1977, 60, 15-25. [CrossRef]

Barcellona, M.L.; Gratton, E. The fluorescence properties of a DNA probe. Euro. Biophys. ]. 1990, 17, 315-323. [CrossRef]
Barcellona, M.L.; Cardiel, G.; Gratton, E. Time-resolved fluorescence of DAPI in solution and bound to polydeoxynucleotides.
Biochem. Biophys. Res. Commun. 1990, 170, 270-280. [CrossRef]

Barcellona, M.L.; Gratton, E. Fluorescence lifetime distributions of DNA-4’ 6-diamidino-2-phenylindole complex. Biochim. Biophys Acta
1989, 993, 174-178. [CrossRef]

Boger, D.L.; Fink, B.E.; Brunette, S.R; Tse, W.C.; Hedrick, M.P. A Simple, High-Resolution Method for Establishing DNA Binding
Affinity and Sequence Selectivity. . Am. Chem. Soc. 2001, 123, 5878-5891. [CrossRef] [PubMed]

Ding, Y.; Zhang, L.; Xie, ].; Guo, R. Binding Characteristics and Molecular Mechanism of Interaction between Ionic Liquid and
DNA. J. Phys. Chem. B 2010, 114, 2033-2043. [CrossRef]

Reis, L.A.; Rocha, M.S. DNA interaction with DAPI fluorescent dye: Force spectroscopy decouples two different binding modes.
Biopolymers 2017, 107, €23015. [CrossRef] [PubMed]

Keppeler, N.; Galgano, P.D.; da Silva Santos, S.; Malek, N.L; El Seoud, O.A. On the effects of head-group volume on the adsorption
and aggregation of 1-(n-hexadecyl)-3-Cm-imidazolium bromide and chloride surfactants in aqueous solutions. J. Mol. Lig. 2021,
328, 115478. [CrossRef]

El Seoud, O.A; Pires, P.A.R.; Abdel-Moghny, T.; Bastos, E.L. Synthesis and micellar properties of surface-active ionic liquids:
1-Alkyl-3-methylimidazolium chlorides. J. Colloid. Int. Sci. 2007, 313, 296-304. [CrossRef] [PubMed]

LaRocca, M.M.; Baker, G.A.; Heitz, M.P. Assessing rotation and solvation dynamics in ethaline deep eutectic solvent and its
solutions with methanol. J. Chem. Phys. 2021, 155, 034505. [CrossRef]

Barra, K.M.; Sabatini, R.P.; McAtee, Z.P.; Heitz, M.P. Solvation and Rotation Dynamics in the Trihexyl(tetradecyl)phosphonium
Chloride Ionic Liquid /Methanol Cosolvent System. |. Phys. Chem. B 2014, 118, 12979-12992. [CrossRef]

Case, D.A.; Darden, T.A.; Cheatham, T.E.; Simmerling, C.L.; Wang, J.; Duke, R.E.; Luo, R.; Crowley, M.R.; Walker, R.C,;
Zhang, W.; et al. Amber 10; University of California: San Francisco, CA, USA, 2008.

Lindorff-Larsen, K.; Piana, S.; Palmo, K.; Maragakis, P.; Klepeis, ].L.; Dror, R.O.; Shaw, D.E. Improved side-chain torsion potentials
for the Amber ff99SB protein force field. Proteins 2010, 78, 1950-1958. [CrossRef]

Martinez, J.M.; Martinez, L. Packing optimization for automated generation of complex system’s initial configurations for
molecular dynamics and docking. J. Comput. Chem. 2003, 24, 819-825. [CrossRef]

Martinez, L.; Andrade, R.; Birgin, E.G.; Martinez, ]. M. PACKMOL: A package for building initial configurations for molecular
dynamics simulations. J. Comput. Chem. 2009, 30, 2157-2164. [CrossRef]

Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, RW.; Klein, M.L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 1983, 79, 926-935. [CrossRef]

Hess, B.; Bekker, H.; Berendsen, H.J.C.; Fraaije, ].G.E.M. LINCS: A linear constraint solver for molecular simulations.
J. Comput. Chem. 1997, 18, 1463-1472. [CrossRef]

Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N-log(N) method for Ewald sums in large systems. J. Chem. Phys.
1993, 98, 10089-10092. [CrossRef]

Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling through velocity rescaling. J. Chem. Phys. 2007, 126, 014101. [CrossRef] [PubMed]
Abraham, M.J.; Murtola, T.; Schulz, R,; Pall, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to supercomputers. SoftwareX 2015, 1-2, 19-25. [CrossRef]

Pall, S.; Abraham, M.J.; Kutzner, C.; Hess, B.; Lindahl, E. Solving Software Challenges for Exascale, 1st ed.; Markidis, S., Laure, E., Eds;
Springer International Publishing: Cham, Switzerland, 2015.


http://doi.org/10.1021/ja304519d
http://doi.org/10.3390/ijms22115847
http://doi.org/10.3390/ijms222111901
http://www.ncbi.nlm.nih.gov/pubmed/34769329
http://doi.org/10.1093/nar/6.11.3519
http://www.ncbi.nlm.nih.gov/pubmed/493113
http://doi.org/10.1021/bi00063a009
http://doi.org/10.1016/0003-9861(86)90700-9
http://doi.org/10.3109/10520299509108199
http://www.ncbi.nlm.nih.gov/pubmed/8580206
http://doi.org/10.1080/07391102.1989.10508505
http://doi.org/10.1093/nar/5.10.3775
http://www.ncbi.nlm.nih.gov/pubmed/31603
http://doi.org/10.1007/BF00330407
http://doi.org/10.1007/BF00258380
http://doi.org/10.1016/0006-291X(90)91270-3
http://doi.org/10.1016/0304-4165(89)90160-8
http://doi.org/10.1021/ja010041a
http://www.ncbi.nlm.nih.gov/pubmed/11414820
http://doi.org/10.1021/jp9104757
http://doi.org/10.1002/bip.23015
http://www.ncbi.nlm.nih.gov/pubmed/28124375
http://doi.org/10.1016/j.molliq.2021.115478
http://doi.org/10.1016/j.jcis.2007.04.028
http://www.ncbi.nlm.nih.gov/pubmed/17509607
http://doi.org/10.1063/5.0056653
http://doi.org/10.1021/jp5092784
http://doi.org/10.1002/prot.22711
http://doi.org/10.1002/jcc.10216
http://doi.org/10.1002/jcc.21224
http://doi.org/10.1063/1.445869
http://doi.org/10.1002/(SICI)1096-987X(199709)18:12&lt;1463::AID-JCC4&gt;3.0.CO;2-H
http://doi.org/10.1063/1.464397
http://doi.org/10.1063/1.2408420
http://www.ncbi.nlm.nih.gov/pubmed/17212484
http://doi.org/10.1016/j.softx.2015.06.001

Molecules 2022, 27,116 20 of 20

50. Pronk,S,; Pall, S.; Schulz, R; Larsson, P; Bjelkmar, P; Apostolov, R.; Shirts, M.R.; Smith, J.C.; Kasson, PM.; van der Spoel, D.; et al. GROMACS
4.5: A high-throughput and highly parallel open-source molecular simulation toolkit. Bioinfomatics 2013, 29, 845-854. [CrossRef] [PubMed]

51. Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E. GROMACS 4: Algorithms for Highly Efficient, Load-Balanced, and Scalable
Molecular Simulation. J. Chem. Theory Comput. 2008, 4, 435-447. [CrossRef]

52.  Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.E.; Berendsen, H.].C. GROMACS: Fast, flexible, and free.
J. Comput. Chem. 2005, 26, 1701-1718. [CrossRef]

53. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graphics 1996, 14, 33-38. [CrossRef]


http://doi.org/10.1093/bioinformatics/btt055
http://www.ncbi.nlm.nih.gov/pubmed/23407358
http://doi.org/10.1021/ct700301q
http://doi.org/10.1002/jcc.20291
http://doi.org/10.1016/0263-7855(96)00018-5

	Introduction 
	Results 
	Fluorescence Measurements 
	DAPI Binding Assay 
	Steady-State Spectroscopy and [Im16,1]Cl Titration 
	Time–Resolved Spectroscopy and [Im16,1]Cl Titration 

	MD Simulations 
	The Effect of Concentration on Binding Characteristics of ILs–DNA Duplex 
	The Effect of Alkyl Chain Length on the Binding Characteristics of ILs–DNA Duplex 


	Discussion 
	Materials and Methods 
	Conclusions 
	References

