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ABSTRACT

The study on aggregation capacity of novel imidazolium-containing amphiphiles of 1-(2-hydroxyethyl)alkyli-
midazolium bromide series and their interaction with bio-objects (DNA decamer, bovine serum albumin,
phospholipid) was performed. It was revealed that introduction of hydroxyethyl moiety into the surfactant
molecule resulted in 1.5-2-fold decrease of critical micelle concentration. These modified amphiphiles quanti-
tatively bind DNA decamer due to intercalation and hydrophobic interactions with lipoplex formation. The
evaluation of membranotropic properties of these surfactants exhibited that initiation of disordering and com-
pression of the model cell wall consisting of dipalmitoyl phosphocholine (regulation of permeability for various
compounds) could be achieved by variation of the length of hydrophobic tail of imidazolium-containing am-
phiphiles. Transition from individual surfactants solutions to their mixtures with protein (bovine serum albumin)
is accompanied by 8-fold decrease of aggregation thresholds and characterized by the presence of two critical
points. The binding of components of surfactant/BSA binary systems took place through tryptophan amino acid

residue of peptide macromolecule.

1. Introduction

Nowadays, the application of cationic surfactants concerns bio-
technologies in virtually all branches of industry. For example, it is
well-known that amphiphiles bearing positive charge are essential
components of detergents (Baker et al., 2004), capable to act as micellar
catalysts (Gabdrakhmanov et al., 2015b; 2016a, 2016b; Samarkina
et al., 2016, 2017c), nanocontainers for molecules of interest
(Gabdrakhmanov et al., 2016¢; Mandal et al., 2014; Samarkina et al.,
2017a; Yan et al., 2015), microemulsions for drug delivery (Kaur et al.,
2018; Mirgorodskaya et al., 2017, 2018), and nonviral vectors
(Gabdrakhmanov et al., 2015a; Kumar et al., 2004; Zhou et al., 2013).
They also exhibit antimicrobial activities (Kashapov et al., 2019) and
could be used to fabricate complexes with proteins (Gabdrakhmanov
et al., 2018; Misra et al., 2015; Samarkina et al., 2017b, 2019; Vasilieva
et al., 2018b; Zheng et al, 2017) and form modified liposomes
(Bombelli et al., 2010; Koirala et al., 2016; Kuznetsova et al., 2019a,
2019b; Pashirova et al., 2018).

From this viewpoint the amphiphiles bearing imidazolium head
group are attractive candidates for abovementioned applications. These
compounds are often considered as room temperature ionic liquids and
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were thoroughly investigated (Benedetto and Ballone, 2016; Benedetto,
2017; Wang et al., 2018; Benedetto and Ballone, 2018), in particular, in
terms of their capability to interact with important biomolecules: i)
they are able to form complex with nucleic acids through their back-
bone and groove binding; therefore could act as a chemical DNA sta-
bilizer and nuclease inhibitor (Tateishi-Karimata and Sugimoto, 2018);
ii) their influence on protein structure is double-natured and may in-
duce both unfolding and folding of polypeptide macromolecule, e.g.
human serum albumin under various external conditions (Nandi and
Bhattacharyya, 2018); iii) the imidazolium-based compounds tend to
change physico-chemical parameters of lipid bilayers. The latter is of
great importance and should be considered separately, since regulation
of these properties is a key factor for delivery of desired compounds
into the cell through its membrane. Depending on the nature of lipid
bilayer, these compounds could exhibit stabilization or destructing ef-
fect on model cell membrane (Kumar et al., 2018). It was shown, that
the length of hydrophobic tail of imidazolium-based amphiphile have
dramatic effect on fluidity, which increases significantly with tail
elongation due to the higher disordering effect (Benedetto and Ballone,
2016; Benedetto, 2017; Benedetto and Ballone, 2018). This phenom-
enon is responsible for the increase in permeability of lipid bilayer (Lim
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et al., 2015; Kumar et al., 2018) and can be used as a perspective tool to
improve the cellular uptake of active compounds, e.g. drug. Never-
theless, it should be noted that the majority of investigations focus on
the imidazolium derivatives with alkyl tails up to tetradecyl derivatives,
and do not consider the higher homologues.

Along with the substitution of ammonium head group by imidazo-
lium one, there are other attractive techniques for modification of
amphiphile molecules directed at the improvement of its practically
useful properties. One of them is the introduction of hydroxyalkyl
groups in the surfactant structure. This modification is responsible for
the improvement of surfactant aggregation characteristics and func-
tional activity (Asadov et al., 2019; Chauhan et al., 2014; Liu et al.,
2015; Vasilieva et al., 2018a; Yackevich et al., 2014). In particular, the
amphiphilic compounds bearing hexadecyl hydrophobic tail demon-
strate superior bactericide and bacteriostatic activity against gram-po-
sitive bacteria as compared to those without hydroxyl group and con-
ventional cationic amphiphile cetyltrimethylammonium bromide
(Vasilieva et al., 2018a). Similar increase of antimicrobial activity also
occurs in the case of amphiphile of ammonium series modified with the
hydroxyethyl moiety: this amphiphilic compound stopped the growth
of Staphylococcus aureus and Candida albicans bacteria even at low
concentrations (Asadov et al., 2019). Transition from hydroxyalkylated
ammonium surfactants to imidazolium ones may be considered as
perspective way to obtain low-cytotoxic (Aggarwal and Singh, 2018)
and effective antimicrobial agents against several strains (Kuznetsova
et al, 2019b). For example, functionalized hexyl derivatives are
equivalent to unfunctionalized dodecyl ones in terms of their activity
toward Staphylococcus aureus (Albalawi et al., 2018; Demberelnyamba
et al., 2004). It could be noted that for both types of amphiphiles an
increase of antibacterial effect with elongation of hydrophobic tail is
observed; however, this effect reaches its maximum in the case of do-
decyl- or tetradecyl derivative and further don’t increase
(Demberelnyamba et al., 2004; Zheng et al., 2016). The presence of
hydroxyethyl fragments in the surfactant molecule may affect sig-
nificantly the complexation with biomolecules like bovine serum al-
bumin (BSA) and human serum albumin. The conventional mechanism
of component interaction in these systems regards electrostatic attrac-
tion and hydrophobic interactions (Parray et al., 2018; Xie et al., 2016).
Introduction of OH-group to the amphiphile structure strengthens the
additional hydrogen bonding interactions (Sinha et al., 2016; Qin et al.,
2015). For example, the presence of OH-group significantly increases
electrostatic interactions with BSA in the case of conventional cationic
amphiphiles of trimethylammonium series with alkyl chains from tet-
radecyl to octadecyl derivative (Xie et al., 2016), while for amphiphile
with dodecyl tail the hydrogen bonding takes place (Qin et al., 2015).

In the framework of this report we suggest to combine two above-
mentioned well-proven approaches for construction of novel multi-
functional amphiphilic building blocks and fill the gap of undescribed
high homologues. Therefore, this study was dedicated to the estimation
of aggregation characteristics and functional activity of imidazolium-
containing amphiphiles bearing various hydrophobic tails (14, 16 and
18 carbon atoms) and hydroxyethyl moieties (Fig. 1, IA-n(OH)). In
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Fig. 1. Chemical structure of IA-n(OH) (n = 14,16,18).
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particular, biotechnological potential of these amphiphiles were tested
in interaction with DNA decamer, protein (bovine serum albumin) and
model lipid bilayer composed of 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC).

2. Experimental section
2.1. Materials, preparation of solutions and dispersions

2.1.1. Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Sigma-
Aldrich, 99%), bovine serum albumin (Sigma-Aldrich, 99%), ethidium
bromide (EB) (Sigma-Aldrich, 95%), Orange OT (Sigma-Aldrich; 95%),
metronidazole (Sigma-Aldrich, 99%) were used as received. DNA dec-
amer (oligonucleotide, ONu) consisting of ten base pairs, strand 2 (
GCGTTAACGC, molecular weight 3028) was purchased from Joint
Stock Company Syntol (Moscow, Russia).

2.1.2. Preparation of samples

Sample solutions were prepared in deionized water (18.2 M(2) ob-
tained from a Millipore Direct-Q 5 UV water purification system.

Liposomes preparation was carried out by thin lipid hydration
technique as follows: 5.4 mg of DPPC powder was dissolved in 100 pL of
chloroform. The solvent was evaporated overnight at the room tem-
perature. The resulting lipid film was suspended by 1 mL of water and
thermostated at 55-60 °C on water bath during 30 min. The rude sus-
pension obtained was frozen and thawed 5 times using liquid nitrogen
and water bath (60 °C), respectively. After that dispersion was extruded
at least 20 times by using a syringe extruder (LiposoFast Basic, Avestin,
Ottawa) through a polycarbonate filter with 100-nm pores. Preparation
of liposome for metronidazole entrapment was performed in similar
way by dissolving required amount of drug (20 mM) in the mixture with
lipid and amphiphile in chloroform.

The phosphate buffer (pH 6.9) was used for preparation of solutions
containing BSA.

The DNA decamer stock solution was prepared in 4 mM tris-HCl
buffer (pH 8.0) and diluted to 10 mM (concentration per nucleotide
unit). The mixture was heated at 95°C for 5min and immediately
chilled down in the ice bath.

2.1.3. Synthesis
amphiphiles
1-(2-hydroxyethylDtetradecylimidazolium bromide. The mixture con-
taining 1.0g (8.9 mmol) of 1-(2-hydroxyethyl)imidazole and 2.72 g
(9.8 mmol) of 1-tetradecylbromide dissolved in 10 mL of acetonitrile
was boiled with reflux condenser for 24h. The precipitate formed
during cooling was filtered, purified by recrystallization from ethyl
acetate and dried under vacuum. Yield: 2.70 g (73%). Mp = 40-42°C.
IR-spectrum (KBr), em™1: 3532, 3330, 3134, 3069, 2917, 2850, 1564,
1472, 1379, 1165,1071, 873, 792, 720. 'H NMR spectrum, 400 MHz
(CDCl3), 8, ppm, J/Hz: 0.87t (3H, J=6.8), 1.25-1.33m (22H),
1.87-1.91m (2H), 3.98t (2H, J=4.9), 4.26 t (2H, J=7.5), 4.53t (2H,
J=4.9), 7.31s (1H), 7.63s (1 H), 9.73 s (1 H). ESI MS, m/z: 309.5 [M-
Br]*. Calculated, %: C19H3; N, OBr: C 58.60; H 9.57; N 7.19; Br 20.52;
found, %: C 58.02; H 10.05; N 7.21; Br 19.99.
1-(2-hydroxyethyl)hexadecylimidazolium bromide. The mixture con-
taining 1.0g (8.9mmol) of 1-(2-hydroxyethyl)imidazole and 2.99g
(9.8 mmol) of 1-hexadecylbromide dissolved in 10 mL of acetonitrile
was boiled with reflux condenser for 24h. The precipitate formed
during cooling was filtered, purified by recrystallization from ethyl
acetate and dried under vacuum. Yield: 2.25 g (58%). Mp = 52-54 °C.
IR-spectrum (KBr), cm~': 3532, 3330, 3134, 3069, 2917, 2850, 1564,
1472, 1379, 1165,1071, 873, 792, 720. 'H NMR spectrum, 400 MHz
(CDCly), 8, ppm, J/Hz: 0.88t (3H, J=6.8), 1.25-1.33m (26 H), 1.91 m
(2H), 3.98t (2H, J=4.91), 4.26t (2H, J=7.64), 4.53t (2H, J=7.90),
7.31 d (1 H), 7.63 d (1 H), 9.73s (1 H). ESI MS, m/z: 337.6[M-Br] .

of homologous series of imidazolium-containing
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Calculated, %: C5;H41N5OBr: C 60.42; H 9.89; N 6.71; Br 19.14; found,
%: C 60.23; H 10.12; N 6.45; Br 19.07.

1-(2-hydroxyethyl)octadecylimidazolium bromide. The mixture con-
taining 1.0g (8.9 mmol) of 1-(2-hydroxyethyl)imidazole and 3.59 g
(9.8 mmol) of 1-octadecylbromide dissolved in 10 mL of acetonitrile
was boiled with reflux condenser for 24 h. The precipitate formed
during cooling was filtered, purified by recrystallization from ethyl
acetate and dried under vacuum. Yield: 3.00 g (69%). Mp = 56-58 °C.
IR-spectrum (KBr), cm™': 3325, 3140, 3080, 2915, 2850, 1565, 1472,
1378, 1165,1071, 871, 721. 'H NMR spectrum, 400 MHz (CDCly), 8,
ppm, J/Hz: 0.87 t (3H, J=7.0), 1.24-1.32m (30 H), 1.89-1.92m (2 H),
3.98t (2H, J=4.27), 4.26t (2H, J=7.6), 4.53t (2H, J=4.90), 7.31s
(1H), 7.63s (1H), 9.73s (1H). ESI MS, m/z: 365.5 [M-Br]*.
Calculated, %: Cy3Hss N, OBr: C 62.00; H 10.18; N 6.29; Br 17.93;
found, %: C 61.75; H 10.43; N 6.22; Br 17.58.

2.2. Methods

2.2.1. Tensiometry

A Kriiss K06 tensiometer (Du Nouy ring detachment method) was
used for measurements of surface tension (Samarkina et al., 2017a).
The volume of amphiphiles solutions was 10 mL. Each measurement
was repeated at least 3 times, and the measurements with deviation
between them < 1 mN/m were taken in account. The ring was soaked
in ethanol and dried between measurements. In the case of amphiphile/
BSA binary systems the samples were equilibrated for 3 min at room
temperature before each measurement.

2.2.2. Fluorescence spectroscopy

Emission spectra were measured using a Cary Eclipse G9800A
fluorescence spectrophotometer. Fluorescence spectra of oligonucleo-
tide-EB complexes were recorded in the range of 500-700 nm (excita-
tion wavelength was 480 nm). A 0.8 mL sample containing 0.5 uM of EB
and 10 mM concentration of oligonucleotide (counting on 1 base pair)
in 4mM tris-HCI buffer (pH 8.0) was equilibrated for 10 min at 25 °C.
After that, a certain amount of the amphiphile solution was added into
the mixture and the fluorescence emission spectrum was recorded
(Mirgorodskaya et al., 2016; Zakharova et al., 2012). Analogous ex-
perimental procedures were carried out for various aliquots of con-
centrated surfactant solution. A series of surfactant stock solutions with
different concentrations were prepared in such a way that the max-
imum dilution of oligonucleotide-EB complex didn’t exceed 10% upon
surfactant solution addition. Each of concentration dependences was
performed twice, and the standard deviation of results was less than
2%. The following equation was used for the quantitative estimation of
the binding degree of ONu to amphiphile:

5 - (Ibound — Iobs)
Ibound - Ifree (1)

where If.ee and Ipoung are the intensities of fluorescence of free EB and
probe bound to ONu, I, is the intensity observed in the titration
measurements at certain amount of amphiphile added.

Registration of fluorescence spectra of amphiphile/BSA binary sys-
tems was carried out at 25°C and excitation wavelength of 280 nm.
Emission spectra were registered in the range of 290-450 nm and with
scanning speed of 120 nm/min. Quartz cuvettes with 1 cm width were
used for fluorescence measurements. Synchronous fluorescence spectra
were registered in the range of 200-400 nm at certain difference be-
tween excitation and emission wavelength (AX): AA = 20nm and A\
=60 nm.

2.2.3. Dynamic and electrophoretic light scattering

Measurements of size and charge characteristics of samples were
carried out using dynamic and electrophoretic light scattering techni-
ques on a Malvern ZetaSizer Nano (Malvern Instruments Ltd., UK).
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Radiation source was He-Ne gas laser with 4 MW power and operating
wavelength of 632.8 nm. Signals collected were treated in terms of
frequency and phase analysis of scattered light using software attached
to the device. All measurements were performed at scattering angle of
173°. Particle size calculation was performed in accordance with
Stokes-Einstein equation (Eq. (2)).

kT
67mR 2)

where k is Boltzmann's constant, T is absolute temperature, 7 is the
solvent's viscosity, R is hydrodynamic radius.

2.2.4. Turbidimetry

Phase transitions in amphiphile/DPPC mixtures were investigated
by a Specord 250 PLUS spectrophotometer (Analytik Jena). Optical
density versus temperature plot at 350 nm wavelength was registered
for establishment of lipid main phase transition in surfactant/DPPC
binary system. The temperature was varied in the range of 35-45 °C.
Primarily turbidimetric plot for individual DPPC liposomes (0.7 mM)
was obtained. Further amphiphile solutions were added to liposomes
dispersions and analogous turbidimetric plot was registered. These
operations were repeated for all surfactant/DPPC molar ratios. The
turbidimetric plots were fitted to Van't Hoff two state models, which
assumes that the inflection point in the turbidimetric plot obtained
corresponds to the main phase transition of DPPC (Brand and Eglinton,
1965).

2.2.5. Release of metronidazole in vitro

Screening of metronidazole release from DPPC liposomes was per-
formed using a Specord PLUS 250 (Analytik Jena) spectrophotometer.
Dispersion of liposomes after preparation was purified from un-
encapsulated cargo using Amicon Ultra-0.5mL centrifugal filters
(MWCO 100kDa) and centrifugation at 13 000 rpm during 10 min.
Liposomes were diluted to 0.7 mM concentration of lipid and loaded to
dialysis bag with 2-4 kDa pores. Dialysis was carried out in 100 mL of
water. Aliquots of external water (1 mL) were withdrawn after equal
time intervals and analyzed using spectrophotometer. Quantitative es-
timation of metronidazole amount in collected aliquot was carried out
using absorbance at 319 nm (absorption maximum of metronidazole)
and well-known extinction coefficient of metronidazole (11,000
M~ tem™Y).

2.2.6. Fluorescence microscopy

To localize the oligonucleotide, the Hoechst 33342 dye (0.1 mg /
ml) was added to samples of M-Hela cancer cell lines without and with
IA-16(OH)/ONu lipoplexes (in the second case concentration of ONu
was 1 mM, concentration of IA-16(OH) was 0.09 mM). The survey was
carried out using a Nikon Eclipse Ci-S fluorescence microscope (Nikon,
Japan) at a magnification of 1000x and by means of the multi-
functional Cytell Cell Imaging system (GE Health Care Life Science,
Sweden) using the Automated Imaging BioApp at a magnification of
100 x.

3. Results and discussion
3.1. Aggregation behavior

Since functional activity of surfactants depends on their aggregation
characteristics, at the first step of work the critical micelle concentra-
tion (cmc) values were determined for three amphiphiles studied by
tensiometry technique. The surfactant concentration, at which the in-
flection is observed in surface tension—amphiphile molar concentration
plot, was taken as cmc (Fig. 2). It could be seen that like in the case of
conventional analogues of ammonium series, the trend of cmc decrease
with increase of the length of hydrophobic tail is observed. It should be
noted that elongation of alkyl tail by 2 carbon atoms leads to
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Fig. 2. Surface tension isotherms for IA-n(OH) solutions

(n = 14,16,18); 25 °C.

aqueous

approximate 3-fold decrease of cmc value. The cmc values found are
2mM for IA-14(OH), 0.6 mM for IA-16(OH) and 0.2 mM in the case of
IA-18(OH). Noteworthy, the aggregation thresholds of amphiphiles
bearing hydroxyethyl fragment are slightly lower than imidazolium-
containing surfactants without hydroxyl groups (Samarkina et al.,
2017a) that is due to the contribution of H-bonds of hydroxyl groups to
aggregate formation.

3.2. Interaction with DNA decamer

One of the most important directions of surfactant application, in-
cluding amphiphiles bearing natural fragment, is fabrication of pro-
mising systems for gene delivery purposes (so-called nonviral vectors).
Principal disadvantage of this type of carriers is low gene expression
efficiency in comparison with viral counterparts (Zabner et al., 1995).
This fact stimulates the search of novel nonviral vectors and the esti-
mation of role of different factors (hydrophobic, electrostatic and st-7t-
stacking interactions, hydrogen bonding, etc.) in variation of com-
plexation ability of surfactant/DNA binary systems.

From physico-chemical point of view, the main characteristics of
potential carriers of nucleic acids are the size of surfactant/DNA com-
plex, its charge, as well as binding degree of components. Therefore,
dynamic and electrophoretic light scattering and fluorescence spectro-
scopy techniques were applied for evaluation of potential capability of
the series of hydroxyethylated imidazolium-containing amphiphiles to
act as nonviral vectors for model oligonucleotide (ONu).

Using dynamic light scattering the aggregate size fabricated in IA-n
(OH)/ONu binary systems were determined (Fig. 3 and S1). In all three
cases the binding between components is implemented beginning with

(=]

S~ 40
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Q 20 You

£ o

z 0.‘ T T T T 1
0.5 2 10 50 250 1300

DH, nm

Fig. 3. Number-averaged size distribution for IA-14(OH)/ONu binary systems
at surfactant/ONu various molar ratios: 1 — individual ONu, 2 - 0.006, 3 — 0.02,
4 -0.044, 5 - 0.094, 6 — 0.194, 7 - 0.394, 8 - 0.79; 9 - 1.2; 25 °C.

Chemistry and Physics of Lipids 223 (2019) 104791

>
£
G 0
-e-1A-14(OH)/ONu
-m-IA-16(OH)/ONu
A-18(OH)/ON
S0 -A-IA-18(OH)/ONu
-40
-60 - T

0.01 0.1 1
Cia-n(oH) / Conu

Fig. 4. Electrokinetic potential versus surfactant/ONu molar ratio for IA-n
(OH)/ONu binary systems; 25 °C.

minimal surfactant/DNA molar ratios that is evidenced by the increase
of aggregates size from 2nm to 50 nm and higher upon increasing of
surfactant concentration. Remarkably enough, the hydrodynamic dia-
meter of lipoplexes formed is less or equal to 250 nm. In accordance
with long-held belief, this provides the prolonged circulation of lipoplex
in blood stream (Hunt et al., 2007). It is noteworthy, that fabricated
lipoplexes have suitable sustainability and their size characteristics
could be reproduced after 5 days of storage, which was depicted in Fig.
S2 in terms of examination of hydrodynamic diameter of IA-14(OH)/
ONu binary system. The observed bimodal size distribution at the fifth
day testifies the initiation of destruction of lipoplexes agglomeration of
particles.

The next valuable requirement for potential nonviral vector is
capability to electrostatic binding with nucleotide units, which results
in compaction of DNA macromolecule and facilitates lipoplex permea-
tion through cell membrane. To evaluate the role of electrostatic
binding with IA-n(OH), an electrophoretic titration of ONu solution by
surfactant solutions were performed (Fig. 4). It could be seen that in all
cases an addition of surfactant is unable to compensate negative charge
of phosphate groups of DNA decamer: corresponding zeta potential
values for three IA-n(OH)/ONu binary systems studied are less or equal
to —20mV regardless of the amount of surfactant added. This phe-
nomenon observed could be due to several reasons. Firstly, a positive
charge of surfactant head group is delocalized by imidazolium ring and
the absence of point charge focused on one atom doesn’t allow to
neutralize ONu charge. Secondly, a bulky head group is capable to in-
terrupt the binding of imidazolium-containing amphiphiles with ONu,
complicating localization of head groups in the area of DNA decamer
phosphate groups. The behavior found is unconventional for cationic
surfactants, since the main mechanism of interaction between cationic
amphiphiles and nucleic acids is electrostatic attraction, as it was de-
scribed earlier (Gabdrakhmanov et al., 2015b; Zakharova et al., 2012).
However, analogous effect was previously observed in our works for
imidazolium-containing amphiphiles without OH-groups (Samarkina
et al., 2017a), which attests to the key role of the nature of surfactant
head group in formation of complexes with nucleotides.

Quantitative estimation of IA-n(OH) binding ability toward ONu
was performed using fluorescent assay of ethidium bromide (EB) ex-
clusion. This technique is based on the capability of foreign additives, in
particular cationic amphiphiles IA-n(OH), to exclude this fluorescent
probe from EB/ONu complexes accompanying by the quenching of
fluorescence intensity (Fig. S3). The fluorescence spectra registered for
EB/ONu in the presence of various amounts of IA-n(OH) amphiphile
series were used for further evaluation of the degree of binding between
ONu and imidazolium-containing amphiphiles bearing hydroxyethyl
groups in accordance with Eq. (1) (Fig. 5).  values calculated for all
homologues studied reach 95% that is close to value for imidazolium-
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Fig. 5. Degree binding of IA-n(OH) with ONu versus surfactant/ONu molar
ratio plot for IA-n(OH)/ONu binary systems.

containing amphiphiles without OH-groups (Samarkina et al., 2017a).
An elongation of amphiphile hydrophobic tail reduces surfactant con-
centration corresponding to achievement of maximal binding degree.
Therefore, high contribution of hydrophobic interactions to complexa-
tion of imidazolium-containing amphiphiles bearing OH-groups with
ONu becomes obvious. Besides, the realization of unconventional in-
tercalation mechanism of binding could be proposed. This mechanism
of binding corresponds to integration of plain imidazolium head groups
between nucleotide nitrogenous bases. However, the presence of hy-
droxyethyl fragment in amphiphile molecule slightly decreases this
capability of binding, because the f values achieve 100% in the case of
imidazolium-containing amphiphiles without OH-groups (Samarkina
et al., 2017a). Interestingly, in earlier reported investigations of ionic
liquids, the derivatives of imidazolium showed inability to interact
between nitrogenous bases in the absence of long-chained alkyl tail in
the structure (Jumbri et al., 2016). This means that in our case an in-
volvement of two contributions to binding takes place: hydrophobic
interactions and intercalation integration lead to the almost quantita-
tive binding between amphiphile and DNA decamer even in conditions
of low contribution of conventional electrostatic binding of compo-
nents.

3.3. Membranotropic properties

The next important characteristics of amphiphiles as agents for gene
delivery is their capability to penetrate through cell wall barrier, mainly
consisting of lipid bilayer. In vitro these processes could be simulated
using model liposomes constructed from DPPC molecules and in-
vestigated through turbidimetry. This technique is based on the eva-
luation of DPPC main phase transition temperature in the presence of
varied amount of surfactant. Usually the main gel-liquid-crystal phase
transition temperature (Tpt) in DPPC equals to 41 * 0.5°C (Fig. S4),
corresponding to the inflection point in turbidimetric plot, and the
modified additives like surfactants are capable to change this tem-
perature.

The results obtained for various surfactant/lipid molar ratio in the
case of IA-n(OH) homologous series are present in Fig. 6 as Tpr = f[Cia.
ncomy/Cpppc)] and provided sufficient evidence to establish that the ef-
fects observed strongly depends on the length of hydrophobic tail. In
the cases of IA-14(OH) and IA-16(OH) a decrease of Tpr value with
increase of surfactant/lipid molar ratio indicates an integration of
molecules of these amphiphiles into lipid bilayer. It leads to the loos-
ening of lipid molecule packing facilitating their transition to liquid
crystalline form. This phenomenon may provide the increase of lipid
bilayer permeability that could be used in biotechnologies for transport
of drugs and genetic material through the cell wall. Oppositely, in the
case of the higher homologue IA-18(OH) ATpy > O that is unconven-
tional result and could be the evidence of stabilization of DPPC lipid

Chemistry and Physics of Lipids 223 (2019) 104791

O ~8-IA-14(OHYDPPC
©  44] -m-1n-16(0H)DPPC
- —4&~A-18(OH)/DPPC
42
40
38 . .

0.01 0.1 1
Cia-n(oH)/Cpppc, M

Fig. 6. Temperature of DPPC main phase transition versus surfactant/lipid
molar ratio for IA-n(OH)/DPPC binary systems.

bilayer. This result could be due to several reasons: (i) increase of
partition coefficient of surfactant in gel phase in comparison with bulk
phase; (ii) approximation and coincidence of the length of hydrophobic
tail of surfactant molecule to DPPC molecule, leading to increase of
packing density of hydrophobic tails in lipid bilayer.

It could be speculated that the difference in the influence of lower
and highest homologues on Tpr value is due to the fact that only in the
case of IA-18(OH) alkyl tails are longer compared to DPPC tails. This
makes it possible to rich them for the inner layer and bridging both
layers, which would limit mobility of surfactant molecules and increase
the ordering of the whole system. It is most likely, that this effect is
cumulative and appears only at Cia.1gcomy/Cpppc = 0.1, when the
contribution of additional interactions becomes sufficient to decrease
the fluidity of DPPC liposomes.

It should be noted, that in the case of reported earlier non-hydro-
xyethylated amphiphiles with the same length of hydrophobic tail
(Samarkina et al., 2017a) a similar trend was observed. This supports
the validity of the mentioned hypothesis. Interestingly, disordering ef-
fect of tetradecyl and hexadecyl derivatives of two types of amphiphiles
in terms of ATpy values are close, while stabilization effect for octadecyl
derivatives is significantly higher for non-functionalized analog. This
effect could be explained in terms of the fact that IA-18(OH) has more
bulky head group, which interrupts the tighter packing of molecules in
lipid bilayer and competes with abovementioned stabilizing effect of
interactions with the inner layer of lipid.

The observed significant differences in membranotropic properties
of IA-n(OH) amphiphiles require more detailed investigation, especially
at equimolar ratios of components demonstrating maximal divergence
for various homologues. In particular, the structure of particles formed
in these three cases is of interest, which was examined using dynamic
light scattering technique above the Tpr value. As could be seen from
Fig. 7, the length of hydrophobic tail of IA-n(OH) has no effect on the
structure of DPPC particles, i.e. Dy value is constant in all cases (~
100 nm) and polydispersity index of the systems is less or equal to 0.1.
This testifies to the maintenance of closed bilayer structure of liposomes
in IA-n(OH)/DPPC binary systems.

Therefore, a variation in the length of hydrophobic tail in the series
of imidazolium-containing amphiphiles allows to initiate disordering
and the compression of lipid bilayer, thereby changing the membrane
permeability while leaving undestroyed the structure of lipid bilayer.

This conclusion about correlation between disordering effect of
amphiphiles and increase in permeability may be discussed in terms of
release of hydrophilic drug metronidazole from DPPC based liposomes.
As documented earlier (Kuznetsova et al., 2019a) the liposomal for-
mulation modified with unsubstituted imidazolium surfactants bearing
tetradecyl tail (IA-14) exhibiting same disordering effect on lipid bi-
layer provide prolong release of cargo molecules compared to free drug.
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at equimolar ratios of components: 1) individual DPPC liposomes, 2) IA-
14(0OH)/DPPC; 3) IA-16(0OH)/DPPC; 4) IA-18(0OH)/DPPC; 45 °C.

Meanwhile, the comparison of metronidazole release from individual
DPPC liposomes and liposomes modified with IA-14 (Fig. S5) testified
that a greater amount of cargo is released at the same time. Conse-
quently, it could be concluded, that the leakage of entrapped compound
from liposomes containing amphiphile capable to disorder lipid bilayer
is higher, than individual liposomes. It is equivalent to the increased
permeability of the former liposome and confirm abovementioned hy-
pothesis.

Taking into account membranotropic activity of imidazolium sur-
factants revealed, an ability of lipoplexes to cross cell membrane was
tested by fluorescent microscopy. Corresponding experiments were
carried out on the example of hexadecyl derivative of IA-n(OH) and M-
Hela cancel cells. Localization of lipoplex in the cell was visualized
using Hoechst 33342 dye capable to bind with nucleotides containing
adenine and thymine nitrogen bases. Therefore, it could color both DNA
of tumorous cells located in the nucleus and oligonucleotide as a part of
IA-16(OH)/ONu lipoplexes. Collected data for M-Hela cells in the ab-
sence and in the presence of lipoplex (Fig. 8) allows to clearly reveal a
localization of ONu bound to IA-16(OH) within M-Hela cells cytoplasm.
This fact is the evidence of lipoplex penetration through the cell
membrane.

3.4. Interaction with bovine serum albumin

Currently, the change of protein conformation is one of the most
important problems, since the onset and progression of many human
diseases may be involved on this process [43]. Therefore, the problem
of peptide structure stabilization is challenging task. Promising way is
the application of amphiphilic compounds for this purpose; however in

50 pm

e

a) b)

Fig. 8. Fluorescent micrographs of M-Hela cells in the absence (a) and in the
presence of IA-16(OH)/ONu lipoplex (b, Cony =1 mM, Cia-160m =0.09 mM).
Arrows indicate the presence of oligonucleotide in the cytoplasm of cells.
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Fig. 9. Surface tension isotherms for IA-n(OH)/BSA binary systems at the fixed
surfactant concentration (0.05% w/w); 25 °C.

some cases protein denaturation processes is possible [17]. For this
reason, an establishment of the dependence of surfactant chemical
structure on conformational behavior of protein macromolecules re-
quires additional investigations. An often-used macromolecule is the
bovine serum albumin (BSA) consisting of 583 amino acid residues
(molecular weight is 66.5kDa) and that follows the structure of the
main transport protein of blood, human serum albumin. In the frame-
work of this investigation the protein/surfactant interactions were ex-
amined through complexation of BSA with the series of IA-n(OH) am-
phiphiles. To evaluate surfactant structure effect all experiments were
carried out at fixed BSA concentration (0.05 mass. %) and varied
concentration of amphiphile.

the aggregation characteristics of surfactant/BSA system were
evaluated (Fig. 9, S6) using tensiometry technique. There are two in-
flection points in the corresponding isotherms of surface tension for IA-
n(OH)/BSA binary systems. The first one in the region of low surfactant
concentrations reflects critical aggregation concentration (cac) in-
dicating initiation of surfactant/BSA complexation. The second point in
the region of high amphiphile concentrations is related to surfactant
cmc value that denotes the BSA saturation by amphiphile molecules and
the formation of free surfactant aggregates. The aggregation data ob-
tained for all amphiphiles studied are given in Table 1.

Analysis of the values showed that in all three cases 10-25-fold
decrease of aggregation threshold of two-component system in com-
parison with individual solutions was reached and transition from low
to high homologue could additionally increase aggregation capability
of the system by 5 times. It is the evidence of the crucial role of hy-
drophobic interactions between lipophilic tails of surfactants and hy-
drophobic pockets of peptide macromolecule.

The particle size distribution of the aggregates formed in IA-n(OH)/
BSA solutions were analyzed by the dynamic light scattering (Figs. 10,
S7). In all three cases within whole concentration range studied the
hydrodynamic diameter values were constant (10-12nm) and coin-
cided with the size of individual BSA. This indicates that surfactant/
BSA complexes are sustainable and amphiphile additives do not con-
tribute significantly to polypeptide size. More detailed information

Table 1
Aggregation threshold values for IA-n(OH)/BSA binary systems and IA-n(OH)
individual solutions determined by tensiometry technique.

n IA-n(OH) / BSA IA-n(OH)
cac, mM cme, mM cme, mM

14 0.3 3 2

16 0.1 2.5 0.6

18 0.07 1.5 0.2
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Fig. 10. Number-averaged size distribution for IA-14(OH)/BSA binary system
for various surfactant concentrations: 1 — individual BSA, 0.05% mass., 2 —
0.001 mM, 3 - 0.01 mM, 4 - 0.1 mM, 5 - 1 mM, 6 - 5mM, 7-10 mM); 25 °C.

could be obtained by the analysis of intensity-averaged size distribu-
tion. Fig. S8 shows the size characteristics for IA-14(OH)/BSA and IA-
18(0OH)/BSA samples. Noteworthy, there is the presence of large ag-
gregates with Dy = 600-900 nm, indicating the slight partial dena-
turation of protein macromolecules with amphiphile addition. How-
ever, the capability to protein molecule unfolding was more
pronounced (Gabdrakhmanov et al., 2018; Misra et al., 2015) up to
coagulation processes occurring in the case of earlier studied amphi-
philes bearing other head groups (Vasilieva et al., 2018a).

For estimation of charge characteristics in IA-n(OH)/BSA binary
systems the electrophoretic light scattering technique was involved.
Because BSA macromolecule has a negative charge, an addition of ca-
tionic surfactant makes it possible to expect component binding by
electrostatic mechanism. The experimental data confirm this hypoth-
esis, according which transition of zeta potential values from negative
to positive region crossing the zero was observed with increase of
surfactant concentration (Fig. 11). It should be noted that elongation of
hydrophobic tail of imidazolium-containing amphiphiles has no effect
on the reaching of isoelectric point: zero zeta potential values are ob-
served at equal concentrations for all amphiphiles studied.

The next step of investigation includes evaluation of the interaction
effectiveness of imidazolium-containing amphiphiles bearing OH-
groups with BSA using various fluorescent techniques. Registration of
intrinsic fluorescence emission spectra for IA-n(OH)/BSA binary sys-
tems allows to show that in all cases an addition of surfactant results
not only in the quenching of fluorescence, but in hypsochromic shift
(Figs. 12, S9). Phenomenon of BSA fluorescence decrease with

> 20,
[ -9-IA-14(OH)/BSA
—-0-1A-16(OH)/BSA
\7'10_ —A-IA-18(OH)/BSA
0
=10
A
'20 T T T T T T
1E-7 1E6 1E5 1E-4 1E-3 0.01
CIA-n(OH)’ M

Fig. 11. Electrokinetic potential of IA-n(OH)/BSA binary systems versus am-
phiphile concentration plot (0.05 % w/w); 25 °C.
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Fig. 12. Emission fluorescence spectra of IA-14(OH)/BSA binary systems for
various surfactant concentration (BSA amount is constant and equals to 0.05%
w/w); 25 °C.

concentration of foreign additive is often observed for interactions of
cationic surfactants and is the evidence of formation of the complex
between polypeptide and IA-n(OH) amphiphiles. The binding between
components changes polarity of microenvironment around binding sites
of peptide macromolecule: a more hydrophobic microenvironment
causes a blue shift of the emission maximum position.

There are three types of amino acid substitutions composing BSA:
tyrosine (Tyr), tryptophan (Trp) and phenylalanine (Phe) (Janeka et al.,
2017; Khan et al., 2018; Misra et al., 2015), among them a significant
fluorescence contribution is made by only first two of them. The syn-
chronous fluorescence technique was used seeking information on what
amino acid residue (Tyr or Trp) participates in interaction with sur-
factant molecules. This method is based on measurements with fixed
difference of excitation and emission wavelengths AA: AA = 20 nm
reflecting binding by tyrosine residue and AA = 60 nm characterizing
binding by tryptophan fragment. Figs. 13 and S10 show the synchro-
nous fluorescence spectra for IA-14(OH)/BSA and IA-18(OH)/BSA
binary systems. An evaluation of the contribution of each amino acid
residue could be performed through the comparison of the influence of
equal surfactant additives on capability to fluorescence quenching for
synchronous spectra with AA = 20nm and A\ = 60 nm (as a percen-
tage by initial maximal intensity value). Analysis of presented data for
both homologues showed that the intensity of fluorescent band re-
sponsible for contribution of tryptophan fragment begin to reduce even
at low amounts of surfactants added and its further reaches almost zero
intensity. At the same time, an analogous fluorescent band for tyrosine
for both surfactants examined varied in different ways. An increase of
fluorescence occurs for IA-14(OH)/BSA binary system at low surfactant
additives, which is the evidence of unfolding of protein macromolecule
and the localization of tyrosine fragment at the interface with bulk. A
fluorescence quenching was observed for IA-18(OH)/BSA binary
system, but it took place after cac value reaching. Comparative eva-
luation of abovementioned results allows us to note that Trp fluorescent
band quenching is more pronounced. Therefore, the binding between
surfactant and BSA favorably occurs through Trp amino acid residue,
and the interaction with Tyr moiety is less pronounced.

4. Conclusions

In summary the investigation of interaction of imidazolium-con-
taining amphiphiles bearing hydroxyethyl fragment with various bio-
molecules (DNA decamer, model lipid bilayer and bovine serum al-
bumin) was carried out using various physico-chemical methods. The
transition from unsubstituted analogues to ones bearing hydroxyethyl
fragment reduces aggregation thresholds by 1.5-2 times. Binding with
DNA decamer proceeds almost quantitatively and lipoplexes obtained



D.A. Kuznetsova, et al.

-] 200, ——BSA 0.05% wiw
] A=20 nm ——0.001 mM
~ ——0.01mM
- 0.05mM

150+ ——0.1mM
——0.2mM
——0.5mM
—0.8mM
100+ o
—2mm
50
0 T
250 300

l, a.u

Chemistry and Physics of Lipids 223 (2019) 104791

- 800
——BSA 0.05% wilw

~——0.01 mM
—0.05 mM
0.1mM
——0.2mM
—0.5mM
—0.8 mM
—1 mM
—2 mM
—3 mM
—5mM
—8 mM
—10 mM

A=60 nm

600 -

400 -

200

250 300

A, nm

b)

Fig. 13. BSA synchronous fluorescence spectra in the presence of different amounts of surfactant for IA-14(OH)/BSA binary system, AA = 20 nm (a), A\ =60 nm (b),

25 °C.

could be recommended for further biological examination as candidates
for perspective nonviral vectors. Unconventional mechanism of com-
ponent binding was revealed involving intercalation and hydrophobic
interactions. Variation of the length of hydrophobic tail of hydro-
xyethylated imidazolium-containing amphiphiles could be used as a
tool for regulation of the permeability of model lipid bilayer. Transition
of individual surfactant solutions to their mixtures with BSA is ac-
companied by 8-fold decrease of aggregation thresholds and char-
acterized by the presence of two critical points. The favorable binding
site of surfactant and BSA is tryptophan amino acid residue.
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