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Abstract

This work is focused on the study of properties associated with the effect of cholesterol levels on the
stability of vesicular systems based on the ion pair amphiphile hexadecyltrimethylammonium-
dodecylsulphate (HTMA-DS) at laboratory temperature. The HTMA-DS catanionic system was doped
with dioctadecyldimethylammonium chloride in a 9:1 molar ratio and cholesterol in the amount of 0, 3,
13, 23, 33, 43, 53, 63, and 73 mol.% was added. In this system, the size distributions were studied using
the dynamic light-scattering technique and the zeta potential was determined. These standard techniques
were supplemented by ultrasonic and fluorescence spectroscopy techniques. Due to low stability and
high opalescence of samples, spectral techniques were used only for the samples with cholesterol content
above 23 mol.%. The results from High-Resolution Ultrasonic Spectroscopy and from Fluorescence
Spectroscopy are in agreement. They equally point to a change in the amount of hydration water in the
membrane, the largest amount of which is present in the samples with 43 and 53 mol.% cholesterol.
Using the light-scattering technique, the short-term stability of prepared vesicular systems was also
observed over the first 36 days. Obtained results confirmed that the most stable systems are those
containing 43 or 53 mol.% of cholesterol.

Keywords:

lon pair amphiphile; Catanionic vesicles; Cholesterol; High-resolution ultrasonic spectroscopy;
hydration water; Fluorescence spectroscopy.
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1 Introduction

Catanionic vesicles have a spherical structure with, hydrophilic and hydrophobic domains. Due to this
structure, some hydrophilic, as well as hydrophobic substances, can be encapsulated into these domains
[1-6]. The formation of catanionic vesicles is a spontaneous process, but they can be formed also by
using semi-spontaneous or mechanical disruption methods [1-5,7,8]. Their structure is very similar to
the structure of a liposome, but catanionic vesicles are formed from oppositely charged single chain
surfactants or ion pair amphiphile (IPA) [1,3,9,10]. The surfactants usually precipitate in IPA when the
oppositely-charged surfactants are mixed in an equimolar ratio [1,6,8]. The vesicles are formed through
the interactions between polar headgroups of cationic and anionic surfactants in the aqueous phase and
when the counterions are removed from this mixture; the residue is called ion pair amphiphile [1,3,9,10].
Catanionic vesicles may be used as an alternative to liposomes, e.g. such as drug delivery carriers [1-
6]. Their advantage is lower price and possibility of preparations from a wide variety of surfactant
combinations. However, their size, polydispersity and lamellarity are determined by the choice of
surfactants [6]. There also exist so-called catanionic drug-surfactant complexes, which are formed from
a surface-active drug and an oppositely charged surfactant, when the drug is a part of a membrane. These
vesicles can be an alternative to the encapsulation of drugs into catanionic vesicles [4]. The catanionic
drug-surfactant complexes have been intensively studied. For example, among the drug compounds,
which have been investigated, there are lidocaine, ibuprofen and naproxen [11] or a combination of
diphenhydramine and tetracaine with sodium dodecylsulphate (SDS) as an oppositely charged surfactant
[12] for drug release from a gel. The study [13] describes the combination of double-chained surfactants
with oppositely charged drug tetracaine hydrochloride. Anionic or cationic surfactants can be combined
also with phospholipids, e.g. a combination with dipalmitoylphosphatidylcholine (DPPC) [14],
a combination of natural phospholipid soylecithin with IPA which was prepared by mixing SDS and
HTMAB [15,16]. Some hybrid vesicles were also prepared from soy phosphatidylcholine and IPA from
HTMAB and SDS [15].

However, catanionic vesicles prepared only from IPAs usually have very poor physical stability and
they can easily fuse or aggregate together [1,7,9,10] The adjustment of intra/inter-vesicle interactions
can help increase vesicles stability. One of the strategies for improving physical stability is the addition
of some charged double-chained surfactants. Then, catanionic vesicles are same-charged and the
repulsive interactions between them prevail, therefore the aggregation and fusion are inhibited.
A different double-chained surfactant then indicates different long-term stability of vesicles [7,9,17,18].
Charged catanionic vesicles can also bring another benefit in enabling the interaction with oppositely
charged (bio)polymers through hydrophobic and/or electrostatic interactions. It can also improve higher
stability and biocompatibility of them [4,19]. Another step to improve stability is the addition of
cholesterol [1,8,9]. Cholesterol is known as a regulator of membrane permeability, elasticity and
stiffness and it is able to prevent the aggregation and enhance the stability of bilayers. Cholesterol is the
most often-used in liposome as a stabilizing agent. Thanks to the hydroxyl group, it is able to form
hydrogen bonds and then it is incorporated into the bilayer of vesicles and increases their stability and
fluidity [20,21]. Also the presence of cholesterol can cause the increase in size of particles due to the
incorporation to the bilayers and their expansion. However, larger amount of cholesterol may cause the
crystallization of carbohydrate chains and the destabilization effect on vesicles [20]. Cholesterol can
influence the charge character, the physical stability and the molecular packing of vesicles bilayers
[1,8,9,22]. Its inclusion would increase the van der Waals attraction and the average area per IPA’s
molecule, and thus reduce the electrostatic repulsion (decrease of zeta potential) [23,24]. The counterion
could be gained by the addition of charged double chain surfactants to improve the stability of IPA
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system. Overall reduction of vesicles zeta potential due to the incorporation of cholesterol leads to the
decrease of counterion binding tendency [1,9].

This work discusses the influence of varying cholesterol content on the physical stability and properties
of catanionic vesicles. They were composed of IPA and positively charged double chained surfactant
dioctadecyldimethylammonium  chloride = (DODAC). IPA was prepared by mixing
hexadecyltrimethylammonium bromide (HTMAB) with oppositely charged sodium dodecylsulphate
(SDS). A schematic diagram of the molecular packing of HTMA-DS/DODAC with cholesterol is shown
on Figure 1. The average size of vesicles was measured by dynamic light-scattering (DLS) and the zeta
potential was measured by electrophoretic light scattering (ELS). These are standard methods that are
very often used to describe catanionic vesicles [1,9]. The membrane properties have been studied as
well by two methods. One is based on solvent relaxation and the effect on a Laurdan fluorescence probe.
Laurdan has been reported many times to be the probe suitable for determining the phase transition of
membranes via the interaction of its excited state with polar mobile molecules that penetrate to the
vicinity of fluorophore [25]. Due to its hydrophobic tail, the probe is near the polar heads of membrane
constituents [26]. The solvent relaxation leads to a bathochromic shift in the fluorescence emission
spectra, where the emission maximum in rigid membranes is localized around 440 nm and moves to
490 nm when the system becomes fluid [27-29]. The shifts in the Laurdan emission spectrum are
guantified by calculating the generalized polarization (GP) value. This value is highest in the case of
a rigid system and lowest and also negative in the case of a fluid system [30]. The second method for
describing the membrane properties is high-resolution ultrasonic spectroscopy (HRUS). HRUS is an
efficient technique suitable for the analysis of colloidal systems [31-34]. It is based on precision
measurements of the velocity and the attenuation of high-frequency (ultrasound) sound waves
propagating through analysed samples. This technique allows direct non-destructive investigation of the
organization of molecules and intermolecular forces in the sample [35]. Also, many properties of
surfactants’ activity have been examined using ultrasonic spectroscopy, mainly their interaction with
oppositely charged polymers [36-39].

2  Experimental methods
2.1 Materials

Hexadecyltrimethylammonium bromide (HTMAB) (purity > 98.0%), sodium dodecylsulphate (SDS)
(purity >98.5%) and cholesterol (purity >99.0%) were purchased from Sigma, USA.
Dioctadecyldimethylammonium chloride (DODAC) (purity ~ 97%) was supplied by Alfa Aesar, USA.
Chloroform was obtained from Penta s.r.0. A Laurdan fluorescence probe (6-dodecanoyl-N,N-dimethyl-
2-naphthyalamine,  purity =~ >97.0%) was  obtained from  Sigma, USA and
5-Hexadecanoylaminofluorescein (purity > 95.0%) was supplied from ThermoFisher, USA. Pure water
was purchased from ELGA LabWater.

2.2 Preparation of catanionic vesicles with double-chained surfactant

The preparation of IPA has been described in detail in previous literature, e.g. in [1]. Briefly, IPA was
prepared by mixing equivalent volumes, 500 mL, of 20 mM aqueous solution of HTMAB and SDS.
This mixture was allowed 1day for complete precipitation. The precipitate was obtained by
centrifugation and filtration. The precipitate was further washed on the filter to remove the counterions.
After the counterions were removed from this mixture, the residue was denoted as HTMA*DS
(hexadecytrimethylammonium-dodecylsulphate). The composition was checked and confirmed by the
balance of nitrogen and sulphur from Elemental Analysis.
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To this IPA powder the double-chained cationic surfactant DODAC was added and both were dissolved
in chloroform. These components were mixed in the molar ratio of 9:1 and then varying amounts of
cholesterol were added. The total amount of cholesterol was set to 0, 3, 13, 23, 33, 43, 53, 63 and
73 mol.%. Chloroform was evaporated to form thin films on glass beads. The thin film was then hydrated
with 60 mL pure water and this sample was dispersed through the sonification process using an
ultrasonic dispersion device (model HD 3 200, Bandelin Electronic GmbH & Co. KG) with an amplitude
of 50% and sonification energy of 25 kJ.

2.3  Methods

Size and zeta-potential. Samples were measured one hour after the preparation without dilution or any
other modification. For each of them, the average size of particles and the zeta potential were measured
using a ZetaSizer Nano ZS (Malvern Instruments Ltd.) with a 10 mW He-Ne laser source (A = 633 nm).
The measurement was carried out at a constant temperature of 25 °C. The zeta potential was measured
by electrophoretic light-scattering (ELS) using a dip cell electrode and calculated by Smoluchowski’s
model for the agueous environment. Each zeta potential measurement was repeated five times. The
average size was measured by dynamic light-scattering (DLS) in a glass cuvette. Each average size
measurement was performed in triplicate. The value of average size is obtained from the diffusion
coefficient D in the Stokes-Einstein equation:

D = kT/f = kT/6mna. 1)

Generalized Polarization. For the measurement of generalized polarization it is necessary to add
Laurdan such as fluorescence probe and let it solubilize with gentle stirring overnight. The final
concentration of Laurdan in samples was kept at 5 x 10~ M. The samples with high turbidity had to be
sonicated in an ultrasonic bath to eliminate the influence of scattering on larger particles. The Laurdan
fluorescence emission was monitored with a photon-counting fluorometer FS 5 (Edinburgh Instruments,
GB) with temperature controlled by a Peltier module, and the sample homogeneity was maintained by
continuous magnetic stirring. A generalized polarization value was calculated from the emission
intensities ls40 and lsg0, as follows:

GP = (1440 — 1490)/ (440 + L490)- 2)

High-Resolution Ultrasonic Spectroscopy. Samples were measured one hour after the preparation
without dilution or any other modification. The ultrasonic velocity and attenuation for each sample were
measured at six selected frequencies in the range from 2.5 to 14.9 MHz using an HR-US 102T ultrasonic
spectrometer (Ultrasonic Scientific, Ireland). This device is equipped with two cells enabling single-cell
or differential measurements. The differential mode was used in this work. The temperature was
controlled with a Haake PC300 heating bath, which provided a temperature stability of £0.01 °C. The
temperature was recorded by a sensor inserted in the ultrasonic spectrometer by the manufacturer. The
measuring and the reference cells were filled with deeply degassed sample and water, respectively.
Ultrasonic measurements were accompanied by the measurements of density in order to calculate the
compressibility from ultrasonic velocity and density. Each value is the average of three replicate
measurements and the standard deviation is expressed by error bars. A DSA 5000 M densitometer
(Anton Paar, Austria) was used in this work. When combining the ultrasonic velocity (u) with the density
measurement (p), it is possible to calculate the adiabatic compressibility (5) of the sample using known
Laplace equation (3) [36].
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B =1/pu’. 3)

Turbidimetry. The turbidity of opalescent samples was taken as the apparent absorbance at wavelength
630 nm. It was measured with UV-vis spectrophotometer CARY50 (Varian Inc., USA) and it was
calculated similarly as absorbance with the intensity of incident beam lo, and intensity of that light after
it passed through the sample I:

T = log(lo/D). (4)

pH measurement. The pH of the samples was measured with SevenEasy pH-meter (Mettler Toledo).

3 Results and Discussion
3.1 Characterization of catanionic vesicles
3.1.1 Initial average size and zeta potential

Most of the samples exhibited significant opalescence, which was problematic for the DLS
measurement. Therefore, the turbidimetry was performed using UV-VIS spectroscopy at the wavelength
of 630 nm. The turbidity was higher in the sample containing cholesterol from 0 to 23 mol.% and
73 mol.% while the lowest value was reported for the samples with 33, 43 and 53 mol. % of cholesterol
as shown in Figure 2 and Figure 3. To obtain comparable results, the samples were diluted to the
turbidity value between 0.1 and 0.3. The size and the zeta potential were measured by dynamic and
electrophoretic light-scattering. The results are listed in Table 1.

The samples with 0-23 mol.% of cholesterol showed high instability. This resulted in high standard
deviation value so repeated measurements did not lead to comparable results. Only the vesicles with
23 mol.% lead to reasonable size results. The aggregation occurs due to system instability, which is in
agreement with the turbidimetry measurement. This leads to the formation of polydisperse system, as
approved by the polydispersity index value (see Table 1). The generally accepted PDI value for a
monodisperse samples is below 0.3 [40]. The instability was confirmed by the measurement of the zeta
potential, which is close to instability area. The samples with the cholesterol content of 33 to 53 mol.%
had the smallest average size and high zeta potential (see Table 1). With higher cholesterol content (63
and 73 mol.%), the stability decreased, probably due to larger amounts of cholesterol which may cause
the crystallization of carbohydrate chains and destabilization of vesicles [20]. All samples showed
positive zeta potential due to the addition of positively charged double-chained surfactant (DODAC).
These results are in good agreement with other published results [1,9,20].

Table 1: Initial average size, polydispersity index, zeta potential and pH of catanionic vesicles HTMA-DS/DODAC
with varying molar concentration of cholesterol.

Content of Initial average size | Polydispersity index | Zeta potential oH ()
cholesterol (mol.%) (nm) () (mV)
0 572 £ 432 0.474 + 0.351 44 +3 6.3+0.1
3 713 + 817 0.581 + 0.195 37+4 6.5+0.1
13 927 + 473 0.809 + 0.061 35+2 6.5+0.1
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23 272+ 49 0.496 + 0.055 385 6.5+0.2
33 9% +1 0.292 +0.049 58 £ 6 6.6+0.2
43 91+1 0.265 + 0.014 577 6.5+0.1
53 98+1 0.265 + 0.008 56+7 6.6+0.1
63 140+ 2 0.452 + 0.080 60 £2 6.5+0.1
73 196 £ 12 0.736 + 0.060 30£2 6.5+0.0

The zeta potential depends on the surrounding conditions such as ionic strength, pH, concentration of
additives and temperature [41]. For this reason, the pH of all samples was measured, it was relatively
the same in all solutions, there were no significant changes (Table 1). This means that increasing the
amount of cholesterol did not affect the pH. Another possibility of influencing the zeta potential is the
presence of counterions in the solution [42]. Our vesicles were prepared in pure water so no counterions
were present. The only ions in our solutions were chloride anions, they were gained from the dissociation
of DODAC. This means that positive charge of vesicles could be influenced (decreased) only by anionic
counterions. On charged surface the water molecules are predominantly oriented with respect to the
charged surface. This results in a strong local decrease of membrane permittivity [43].

3.1.2 Membrane properties

The membrane properties were studied with two approaches. The first one is based on the propagation
of ultrasound through a sample and the second one is based on solvent relaxation and the effect on the
Laurdan fluorescence probe.

The values determined from an ultrasonic spectroscopy are ultrasonic velocity, adiabatic compressibility
and attenuation in cell. In a denser (tougher) medium the ultrasound velocity is higher than in less dense
medium. In aqueous solutions, the ultrasound velocity reflects mainly the hydration state of solutes —
water in hydration shells is less compressible (denser) than bulk water. The reduction in the relative
velocity means decreasing difference between the velocity of the solution and solvent. This may mean
either higher mobility of hydration water, decrease in rigidity, or increased elasticity of the vesicles
membranes. Water has significantly higher compressibility near hydrophobic groups, on the other hand,
if it interacts with charged molecules, it has the lowest compressibility [33]. The measured data in
Figure 4 show the relative velocity of ultrasonic waves passing through the sample as a function of the
cholesterol concentration. As can be seen, the concentration series show a break in the trend of relative
velocity around 43 mol.% of cholesterol, where a shallow minimum is formed, indicating the occurrence
of the least rigid structures. The density values at 25 °C were also measured for the samples of the second
concentration series so that the compressibility can be calculated according to equation (3).

The graph in Figure 5 shows that the compressibility values of the system increased with increasing
cholesterol content which is interesting because cholesterol should stiffen the membranes. The increase
is remarkable particularly in the region where the velocity minimum was observed and up to 63 mol.%
where it decreased due to the phase separation in the system. In addition to the values of relative velocity
and compressibility, the attenuation parameter of ultrasonic waves (Figure 5) was investigated. The
attenuation in the presence of cholesterol is almost constant from 3 up to about 60 mol.% of cholesterol
with the value of about 0.5 m™. At the lowest and highest cholesterol concentration there is a significant
increase in attenuation values pointing to increased heterogeneity of samples, which is consistent with
their observed opacity or even phase separation.

Due to its structure, Laurdan is incorporated into membranes, its fluorophore being located near the
polar heads of the membrane components. Its emission spectrum reacts to the presence of hydration
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water in its surroundings, which is expressed by the quantity of generalized polarization. The lower the
GP value, the more hydration water is in the vicinity of the probe [25].

The addition of cholesterol to the vesicles causes an increase in the surface and a decrease in charge
density, which will reduce the willingness to interact with countercharged molecules (see Figure 4) [9].
This could mean that there is a decrease in the number of interactions with water (charge-dipole of
water), and also the ordered arrangement of water molecules is likely to decrease, due to lower charge
density of vesicles [44]. This leads to a decrease in the amount of rigid water, which causes the reduction
in the relative velocity. After exceeding a certain concentration of cholesterol in the sample (43 mol.%),
this effect is outweighed by the effect of cholesterol on the organization of hydrocarbon chains inside
the membrane [9,45]. Due to high opacity of samples with 0, 3, and 13 mol.% of cholesterol, which was
also reflected in the measurement of ultrasonic attenuation, because especially in the case of the lowest
and the highest cholesterol content in the sample, there was a significant increase in ultrasonic
attenuation, indicating increased heterogeneity of the sample. Therefore, the GP values were determined
only for the samples with 23-73 mol.% of cholesterol. These values also exhibited a minimum plateau
with the cholesterol content of 33 and 43 mol.% related to higher amount of water in the membrane.
This plateau is followed by increasing values of GP and decreasing amount of water, which correlates
with the results from HRUS. The vesicles with the lowest cholesterol content have the lowest
compressibility values, and the membrane compressibility increases with increasing cholesterol content,
which is in accordance with the findings of Sarvazyan et al. [33] on charged molecules and their
interactions with water dipoles.

3.2 Short-term stability of catanionic vesicles

The stability of the systems was studied during the first 36 days after the preparation. During this time,
the size distribution and the zeta potential were monitored by DLS and ELS measurements. The system
instability is manifested by increasing size and polydispersity index values [1,9]. The increase in
aggregate size can also be easily monitored using the turbidity measurements.

The stability of samples with cholesterol content from 0 to 23 mol.% and 73 mol.% was very poor as
was mentioned above. For the sample with 33 mol.%, higher stability was predicted due to high value
of the zeta potential, but unfortunately this sample was stable only for one day. On the second day the
turbidity and average size increased (see the Supplementary Information), the sample was very
polydisperse and the zeta potential decreased. The sample with 63 mol.% of cholesterol was stable for
5 days, despite high value of the zeta potential, and after those 5 days the average size of particles was
increased by about 30 nm.

The samples containing cholesterol with molar concentration of 43 and 53 mol.% were stable over
36 days (Figure 6). The average size of particles of those samples was between 80 and 100 nm. The
value of zeta potential was between 40 and 60 mV. Some small changes in the average size of particles
and zeta potential may have been due to the deviation of measurement. The turbidity of the samples over
36 days was checked by UV-VIS spectroscopy (see the Supp. Inf.). The turbidity slightly increased
through the time in the case 43 mol. % (Figure S7) sample, but there are no significant changes in
53 mol. % sample (Figure S9).

4  Conclusions

The obtained results show an interesting comparison of methods monitoring the overall parameters of
the vesicular system, such as size, zeta potential and methods monitoring outer membrane properties,
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such as compressibility and the presence of water. One way to influence the overall system stability is
the addition of cholesterol. The system with the cholesterol content from 33 to 53 mol.% showed the
highest stability. Within short-term stability the most suitable samples appeared to be those with
additions of 43 and 53 mol.% In these cases, there were no significant changes in vesicle size, no
precipitation was observed and the vesicle system was stable. This was also confirmed by the
measurement of zeta potential, which was in stable positive area. The results from high-resolution
ultrasonic and fluorescence spectroscopy measurements show that increasing amounts of cholesterol at
room temperature do not have a monotonous trend in observed specific quantities. The most stable
systems are those where in the outer part of membrane, the highest amount of water is present and
exhibits the lowest value of generalized polarization (33, 43 and 53 mol.%). These vesicles membranes
are also the most elastic compared to lower or higher contents of cholesterol.

As can be seen, this is in a good agreement with short-term stability and confirms the findings from
previous work [1,9]. The membrane elasticity, the configuration of water molecules in the solvated part
of membrane, and the quantities monitored successfully by high-resolution ultrasonic spectroscopy and
fluorescence spectroscopy directly correspond to the expectations about the stability of these vesicles.

It is well-known that different amount of cholesterol could influence the phase transition temperature of
vesicles and alter their properties e. g. fluidity, stability and leakage of encapsulated compounds
[20,46,47]. Below the phase transition temperature, the membrane is in the solid ordered phase and
above this temperature, the membrane is in the liquid disordered phase [48]. Thanks to the inclusion of
cholesterol, new phase is formed — liquid ordered [49]. Better understanding of this phase behaviour
could help design the most suitable composition of IPA’s vesicles. These are the reasons why we plan
to extend these experiments with more detailed description of behaviour at different temperatures.

Acknowledgement

This work was supported by the Czech Science Foundation, project No. 19-14024) (GACR), and
Ministry of Science and Technology, Taiwan, project No. MOST108-2923-E-006-006-MY 3.



292

293
294
295

296
297
298

299
300

301
302

303
304
305

306
307
308

309
310
311

312
313
314

315
316
317

318
319
320

321
322
323

324
325
326

327
328
329

330
331

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

A.-T. Kuo, C.-L. Tu, Y.-M. Yang, C.-H. Chang, Enhanced Physical Stability of Mixed
lon Pair Amphiphile/Double-chained Cationic Surfactant Vesicles in the Presence of
Cholesterol, J. Oleo Sci. 67 (2018) 727—735. https://doi.org/10.5650/j0s.ess18008.

G. Verma, P.A. Hassan, Self assembled materials: design strategies and drug delivery
perspectives, Phys. Chem. Chem. Phys. 15 (2013) 17016.
https://doi.org/10.1039/c3cp51207j.

A.-T. Kuo, C.-H. Chang, Recent Strategies in the Development of Catanionic Vesicles,
J. Oleo Sci. 65 (2016) 377-384. https://doi.org/10.5650/jos.ess15249.

T. Bramer, N. Dew, K. Edsman, Pharmaceutical applications for catanionic mixtures, J.
Pharm. Pharmacol. 59 (2007) 1319-1334. https://doi.org/10.1211/jpp.59.10.0001.

C. Tondre, C. Caillet, Properties of the amphiphilic films in mixed cationic/anionic
vesicles: a comprehensive view from a literature analysis, Adv. Colloid Interface Sci. 93
(2001) 115-134. https://doi.org/10.1016/S0001-8686(00)00081-6.

V. V. Dhawan, M.S. Nagarsenker, Catanionic systems in nanotherapeutics — Biophysical
aspects and novel trends in drug delivery applications, J. Control. Release. 266 (2017)
331-345. https://doi.org/10.1016/j.jconrel.2017.09.040.

E. Kaler, A. Murthy, B. Rodriguez, J. Zasadzinski, Spontaneous vesicle formation in
aqueous mixtures of single-tailed surfactants, Science (80-. ). 245 (1989) 1371-1374.
https://doi.org/10.1126/science.2781283.

C.-F. Wen, Y .-L. Hsieh, C.-W. Wang, T.-Y. Yang, C.-H. Chang, Y.-M. Yang, Effects of
Ethanol and Cholesterol on Thermotropic Phase Behavior of lon-Pair Amphiphile
Bilayers, J. Oleo Sci. 67 (2017) 295-302. https://doi.org/10.5650/jos.ess17170.

A.-T.Kuo, C.-L. Tu, Y.-M. Yang, C.-H. Chang, Enhanced physical stability of positively
charged catanionic vesicles: Role of cholesterol-adjusted molecular packing, J. Taiwan
Inst. Chem. Eng. 92 (2018) 29-35. https://doi.org/10.1016/j.jtice.2018.02.013.

S.-J. Yeh, Y.-M. Yang, C.-H. Chang, Cosolvent Effects on the Stability of Catanionic
Vesicles Formed from lon-Pair Amphiphiles, Langmuir. 21 (2005) 6179-6184.
https://doi.org/10.1021/1a047207g.

T. Bramer, N. Dew, K. Edsman, Catanionic mixtures involving a drug: A rather general
concept that can be utilized for prolonged drug release from gels, J. Pharm. Sci. 95 (2006)
769-780. https://doi.org/10.1002/jps.20582.

T. Bramer, M. Paulsson, K. Edwards, K. Edsman, Catanionic Drug-Surfactant Mixtures:
Phase Behavior and Sustained Release from Gels, Pharm. Res. 20 (2003) 1661-1667.
https://doi.org/10.1023/A:1026103805283.

Y. Jiang, F. Li, Y. Luan, W. Cao, X. Ji, L. Zhao, L. Zhang, Z. Li, Formation of
drug/surfactant catanionic vesicles and their application in sustained drug release, Int. J.
Pharm. 436 (2012) 806-814. https://doi.org/10.1016/j.ijpharm.2012.07.053.

C.N.C. Sobral, M.A. Soto, A.M. Carmona-Ribeiro, Characterization of DODAB/DPPC
vesicles, Chem. Phys. Lipids. 152 (2008) 38-45.



332

333
334
335
336
337

338
339
340
341
342
343

344
345
346
347

348
349
350

351
352
353
354

355
356
357
358

359
360
361

362
363

364
365
366
367

368
369
370

371
372
373

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

https://doi.org/10.1016/j.chemphyslip.2007.12.004.

G. Karmakar, P. Nahak, B. Roy, P. Guha, K. Tsuchiya, K. Torigoe, R.K. Nath, A.K.
Panda, Use of ion pair amphiphile as an alternative of natural phospholipids in enhancing
the stability and anticancer activity of oleanolic acid loaded nanostructured lipid carriers,
Colloids  Surfaces A  Physicochem. Eng. Asp. 545 (2018) 147-156.
https://doi.org/10.1016/j.colsurfa.2018.02.039.

P. Guha, B. Roy, P. Nahak, G. Karmakar, C.H. Chang, A.G. Bikov, A.B. Akentiev, B.A.
Noskov, A.K. Mandal, A. Kumar, P.A. Hassan, V.K. Aswal, T. Misono, K. Torigoe,
A.K. Panda, Exploring the dual impact of hydrocarbon chainlength and the role of
piroxicam a conventional NSAID on soylecithin/ion pair amphiphiles mediated hybrid
vesicles for brain —tumor targeted drug delivery, Colloids Surfaces A Physicochem. Eng.
Asp. 546 (2018) 334-345. https://doi.org/10.1016/j.colsurfa.2018.03.025.

S. Koirala, B. Roy, P. Guha, R. Bhattarai, M. Sapkota, P. Nahak, G. Karmakar, A.K.
Mandal, A. Kumar, A.K. Panda, Effect of double tailed cationic surfactants on the
physicochemical behavior of hybrid vesicles, RSC Adv. 6 (2016) 13786-13796.
https://doi.org/10.1039/C5RA17774J.

E.. Marques, O. Regev, A. Khan, B. Lindman, Self-organization of double-chained and
pseudodouble-chained surfactants: counterion and geometry effects, Adv. Colloid
Interface Sci. 100-102 (2003) 83-104. https://doi.org/10.1016/S0001-8686(02)00068-4.

F.E. Antunes, E.F. Marques, R. Gomes, K. Thuresson, B. Lindman, M.G. Miguel,
Network Formation of Catanionic Vesicles and Oppositely Charged Polyelectrolytes.
Effect of Polymer Charge Density and Hydrophobic Modification, Langmuir. 20 (2004)
4647-4656. https://doi.org/10.1021/1a049783i.

A.A. Jovanovi¢, B.D. Balan¢, A. Ota, P. Ahlin Grabnar, V.B. Djordjevi¢, K.P. Savikin,
B.M. Bugarski, V.A. Nedovi¢, N. Poklar Ulrih, Comparative Effects of Cholesterol and
B-Sitosterol on the Liposome Membrane Characteristics, Eur. J. Lipid Sci. Technol. 120
(2018) 1800039. https://doi.org/10.1002/ejlt.201800039.

T. ROg, M. Pasenkiewicz-Gierula, I. Vattulainen, M. Karttunen, Ordering effects of
cholesterol and its analogues, Biochim. Biophys. Acta - Biomembr. 1788 (2009) 97-121.
https://doi.org/10.1016/j.bbamem.2008.08.022.

P.L. Yeagle, Cholesterol and the cell membrane, Biochim. Biophys. Acta - Rev.
Biomembr. 822 (1985) 267-287. https://doi.org/10.1016/0304-4157(85)90011-5.

JW. Virden, J.C. Berg, Sodium chloride-induced aggregation of
dipalmitoylphoshpatidylglycerol small unilamellar vesicles with varying amounts of
incorporated cholesterol, Langmuir. 8 (1992) 1532-1537.
https://doi.org/10.1021/1a00042a007.

C. Chen, C.P. Tripp, A comparison of the behavior of cholesterol, 7-dehydrocholesterol
and ergosterol in phospholipid membranes, Biochim. Biophys. Acta - Biomembr. 1818
(2012) 1673-1681. https://doi.org/10.1016/j.bbamem.2012.03.0009.

F.M. Harris, K.B. Best, J.D. Bell, Use of laurdan fluorescence intensity and polarization
to distinguish between changes in membrane fluidity and phospholipid order, Biochim.
Biophys. Acta - Biomembr. 1565 (2002) 123-128. https://doi.org/10.1016/S0005-



374

375
376
377

378
379
380

381
382
383
384

385
386
387

388
389
390

391
392
393
394

395
396
397

398
399
400

401
402
403

404
405

406
407
408

409
410
411

412
413
414

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

2736(02)00514-X.

T. Parasassi, G. De Stasio, G. Ravagnan, R.M. Rusch, E. Gratton, Quantitation of lipid
phases in phospholipid vesicles by the generalized polarization of Laurdan fluorescence,
Biophys. J. 60 (1991) 179-189. https://doi.org/10.1016/S0006-3495(91)82041-0.

P.L.-G. Chong, P.T.T. Wong, Interactions of Laurdan with phosphatidylcholine
liposomes: a high pressure FTIR study, Biochim. Biophys. Acta - Biomembr. 1149
(1993) 260-266. https://doi.org/10.1016/0005-2736(93)90209-I.

S.A. Sanchez, M.A. Tricerri, G. Gunther, E. Gratton, Laurdan Generalized Polarization:
from cuvette to microscope, Mod. Res. Educ. Top. Microsc. (2007) 1007-1014.
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.585.8626&rep=repl&type=p
df.

O.P. Bondar, E.S. Rowe, Preferential Interactions of Fluorescent Probe Prodan with
Cholesterol, Biophys. J. 76 (1999) 956-962. https://doi.org/10.1016/S0006-
3495(99)77259-0.

T. Parasassi, E. k. Krasnowska, L. Bagatolli, E. Gratton, Laurdan and Prodan as Polarity-
Sensitive Fluorescent Membrane Probes, J. Fluoresc. 8 (1998) 365-373.
https://doi.org/10.1023/A:1020528716621.

V.A. Buckin, B.l. Kankiya, A.P. Sarvazyan, H. Uedaira, Acoustical investigation of
poly(dA).poly(dT), poly[d(A-T)].poly[d(A-T)], poly(A) . poly(U) and DNA hydration
in dilute aqueous solutions, Nucleic Acids Res. 17 (1989) 4189-4203.
https://doi.org/10.1093/nar/17.11.4189.

V.A. Buckin, B.l. Kankiya, R.L. Kazaryan, Hydration of nucleosides in dilute aqueous
solutions, Biophys. Chem. 34 (1989) 211-223. https://doi.org/10.1016/0301-
4622(89)80060-2.

A.P. Sarvazyan, Ultrasonic Velocimetry of Biological Compounds, Annu. Rev. Biophys.
Biophys. Chem. 20 (1991) 321-342.
https://doi.org/10.1146/annurev.bb.20.060191.001541.

A.P. Sarvazyan, Development of methods of precise ultrasonic measurements in small
volumes of liquids, Ultrasonics. 20 (1982) 151-154. https://doi.org/10.1016/0041-
624X(82)90032-4.

V. Buckin, High-resolution ultrasonic spectroscopy, J. Sensors Sens. Syst. 7 (2018) 207—
217. https://doi.org/10.5194/jsss-7-207-2018.

A. Kargerova, M. Pekaft, Ultrasonic study of hyaluronan interactions with Septonex—A
pharmaceutical cationic surfactant, Carbohydr. Polym. 204 (2019) 17-23.
https://doi.org/10.1016/j.carbpol.2018.09.077.

A. Kargerova, M. Pekaf, High-Resolution Ultrasonic Spectroscopy Study of Interactions
between Hyaluronan and Cationic Surfactants, Langmuir. 30 (2014) 11866-11872.
https://doi.org/10.1021/1a501852a.

V. Buckin, E. Kudryashow, S. Morrissey, K. Dawson, T. Kapustina, Do surfactants form
micelles on the surface of DNA?, in: Trends Colloid Interface Sci. XII, Steinkopff,
Darmstadt, n.d.: pp. 214-219. https://doi.org/10.1007/BFb0118079.



415
416
417

418
419
420
421

422
423
424

425
426
427
428

429
430
431
432

433
434
435

436
437
438

439
440
441
442

443
444
445

446
447
448

449
450
451

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

C. La Mesa, L. Persi, A. D’Aprano, Polymer-Surfactant Interactions: Non lonic
Polymers with SDS and DTABr, Berichte Der Bunsengesellschaft Fir Phys. Chemie.
102 (1998) 1459-1466. https://doi.org/10.1002/bbpc.199800014.

M. Danaei, M. Dehghankhold, S. Ataei, F. Hasanzadeh Davarani, R. Javanmard, A.
Dokhani, S. Khorasani, M. Mozafari, Impact of Particle Size and Polydispersity Index
on the Clinical Applications of Lipidic Nanocarrier Systems, Pharmaceutics. 10 (2018)
57. https://doi.org/10.3390/pharmaceutics10020057.

G.W. Lu, P. Gao, Emulsions and Microemulsions for Topical and Transdermal Drug
Delivery, in: Handb. Non-Invasive Drug Deliv. Syst., Elsevier, 2010: pp. 59-94.
https://doi.org/10.1016/B978-0-8155-2025-2.10003-4.

J.M. Berg, A. Romoser, N. Banerjee, R. Zebda, C.M. Sayes, The relationship between
pH and zeta potential of ~ 30 nm metal oxide nanoparticle suspensions relevant to in
vitro  toxicological  evaluations, = Nanotoxicology. 3 (2009) 276-283.
https://doi.org/10.3109/17435390903276941.

E. Gongadze, A. Velikonja, S. Perutkova, P. Kramar, A. Ma&ek-Lebar, V. Kralj-Iglic,
A. Igli¢, Tons and water molecules in an electrolyte solution in contact with charged and
dipolar surfaces, Electrochim. Acta. 126 (2014) 42-60.
https://doi.org/10.1016/j.electacta.2013.07.147.

A. Marcovitz, A. Naftaly, Y. Levy, Water organization between oppositely charged
surfaces: Implications for protein sliding along DNA, J. Chem. Phys. 142 (2015) 085102.
https://doi.org/10.1063/1.4913370.

A.-T. Kuo, C.-H. Chang, Cholesterol-Induced Condensing and Disordering Effects on a
Rigid Catanionic Bilayer: A Molecular Dynamics Study, Langmuir. 30 (2014) 55-62.
https://doi.org/10.1021/1a403676w.

M.A. Soto-Arriaza, C. Olivares-Ortega, F.H. Quina, L.F. Aguilar, C.P. Sotomayor,
Effect of cholesterol content on the structural and dynamic membrane properties of
DMPC/DSPC large unilamellar bilayers, Biochim. Biophys. Acta - Biomembr. 1828
(2013) 2763-2769. https://doi.org/10.1016/j.bbamem.2013.07.031.

A. Magarkar, V. Dhawan, P. Kallinteri, T. Viitala, M. EImowafy, T. Rog, A. Bunker,
Cholesterol level affects surface charge of lipid membranes in saline solution, Sci. Rep.
4 (2015) 5005. https://doi.org/10.1038/srep05005.

A.S. Klymchenko, R. Kreder, Fluorescent Probes for Lipid Rafts: From Model
Membranes to  Living Cells, Chem. Biol. 21 (2014) 97-113.
https://doi.org/10.1016/j.chembiol.2013.11.009.

M. Nielsen, L. Miao, J.H. Ipsen, M.J. Zuckermann, O.G. Mouritsen, Off-lattice model
for the phase behavior of lipid-cholesterol bilayers, Phys. Rev. E. 59 (1999) 5790-5803.
https://doi.org/10.1103/PhysReVvE.59.5790.



Figure 1

HTMA-DS DODAC
CH3 o
Hsc"}";/\/\/\/\/\/\/\/c”" o e
H3S H3ac—N*-cH3
TR e e P P Vil
O"svo CH3
lcounterion binding
Cholesterol o
o OH
:i : =) o T dlstance, | zeta potentlal
f ‘
H3C
o CHa



Figure 2

25
20 4
15 1

10 1

05 4 i .

\.\i."".‘;.‘“."‘.".’i."_."’.,

Turbidity (-)
L 4

0.0 +

E S

10 20 30 40 50 60

F——-©

-0.5

Cholesterol content (mol.%6)



Figure 3

i , i ‘Ji?&’:
L] Increasing amount of cholesterol (0—73 mol.%)




Figure 4

Generalized polarization (-)

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

- -O- - Generalized polarization

- -@ - Relative velocity

20 40
Cholesterol content (mol.%)

Relative velocity (m/s)



Figure 5

4.483E-10

4.482E-10
4.481E-10
4.480E-10

S 4.479E-10

P

a

= 4.478E-10
4.477E-10
4.476E-10

4.475E-10

- -O- - Compressibility

- -@ - Attenuation in cell

\ /

\ ’

\ _o/
\ -
b——"ij:xﬁi

O----

4.474E-10 ~
0

Cholesterol content (mol.%)

o]
o

= = N N
o ul o w1
Attenuation in cell (1/m)

o
ur

o
o



Figure 6

Average size (nm)

160

120

80

40

- -@ - 43 mol.% Average size

----- - 43 mol.% Zeta potential

- -O- - 53 mol.% Average size

----- A+ 53 mol.% Zeta potential

16 18 20 22
Time (days)

24

26

28

30

32

34

36

38

~ (0] ©
()] ()] (S}
Zeta potential (mV)

(o)
(3]

(8}
(82}

45

1 35



Figure Titles

Figure 1: A schematic diagram showing the influence of cholesterol on the molecular packing of
HTMA-DS/DODAC. Adapted from [9].

Figure 2: The dependence of turbidity of vesicular system on the cholesterol content 1 hour after the
sample preparation.

Figure 3: The picture of samples with different amount of cholesterol (from 0 to 73 mol. %). The lowest
turbidity was observed for the sample with 33, 43 and 53 mol.% of cholesterol.

Figure 4: The dependence of generalized polarization and ultrasound relative velocity on the cholesterol
content.

Figure 5: The dependence of compressibility and attenuation in cell on the content of cholesterol.

Figure 6: The dependence of average size and zeta potential of particles on the time of measurement for
the sample containing 43 and 53 mol. % mol. of cholesterol.
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