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Abstract

Choline carboxylates, ChC,,, with m=2-10 and choline oleate are known as biocompatible
substances, yet their influence on biological membranes is not well-known, and the effect on
human skin has not previously been investigated. The short chain choline carboxylates ChCy, with
m= 2, 4, 6 act as hydrotropes, solubilizing hydrophobic compounds in aqueous solution, while the
longer chain choline carboxylates ChC,, with m= 8,10 and oleate are able to form micelles.

In the present study, the cytotoxicity of choline carboxylates was tested using HeLa and SK-
MEL-28 cells. The influence of these substances on liposomes prepared from
dipalmitoylphosphatidylcholine (DPPC) was also evaluated to provide insights on membrane
interactions. It was observed that the choline carboxylates with a chain length of m> 8 distinctly
influence the bilayer, while the shorter ones had minimal interaction with the liposomes.
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1. Introduction

The investigation of the toxicity of ionic liquids and surfactants is a very important field,
since it was found that commonly used cations in ionic liquids like imidazolium or
pyridinium are toxic in nature [1]. Further, choline compounds are forbidden in cosmetical
products according to the European Cosmetic Directive 76/768/EEC, because they are
assigned as quaternary ammonium compounds, which are known as phase transfer catalysts
with intrinsic irritation potential [2]. In order to boost the utilization of choline compounds
in future applications, cytotoxicity tests were performed to evaluate the actual skin irritation
potential. Previous toxicity experiments considered the charge, the number of ethoxy groups
[3] and the hydrophilicity, but in the case of surfactants it is also very important to consider
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the critical micelle concentration (cmc) [1,3-5]. The cytotoxicity of ionic surfactants is
mainly caused by the monomers [3,6] and consequently, the IC5q values — concentrations
required to cause death in 50% of the cell population — are usually found to be below the
cme. To check this for our systems, we also measured the cmc. In a previous study Petkovic
et al. [7] investigated the toxicity of choline carboxylates ChC,,, with m = 2-10 by carrying
out tests with filamentous fungi as a model for eukaryotic organisms. Choline carboxylates
were found to exert only minor toxic activity on these organisms. Also Muhammad et al.
found just slight cytotoxic effects on the human breast cancer cell line MCF-7 for choline
carboxylates ChC, with m=2,3,4, 6 [8].

The present study is focused on the influence of choline carboxylates on biological cell
membranes. The aim of the paper is to determine if there is a correlation between ICsg
values and the substrate concentration at which an interaction of the substance with the
liposomes is found. Although the culture and buffer media are different, the primary
interaction of interest is membrane disruption caused by choline carboxylate penetration,
which should be possible to discern in both environments.

The 1C5 values were determined for two human cell lines, namely cervix carcinoma cells
(HeLa) and keratinocytes (SK-MEL-28). [9-13]. Cytotoxicity was analysed for short chain
choline carboxylates ChC, with a chain length of m=2-10 and their respective sodium
equivalents. To further investigate the influence of the double bond in an alkyl chain on the
cytotoxicity, ICsq values of choline oleate and choline octadecanoate were determined.
Further, the impact of an additional carboxylate group was examined by analyzing the
cytotoxicity of choline bicarboxylates, like choline succinate (ChbiCy), choline glutarate
(ChbiCs) and choline adipate (ChbiCg) and their sodium equivalents (Fig. 1).

To better understand interfacial interactions with membranes, the influence of the choline
carboxylates ChC, with m=2-10 and choline oleate on the gel to liquid crystalline
transition of cooperativity behavior of DPPC liposomes, a basic biological membrane
analog, was investigated at the biological pH of 7.4.

To ensure that the toxicity results only from the surfactant monomer, and is not influenced
by the formation of micelles, the critical micelle concentration of choline octanoate, choline
decanoate and choline oleate was determined by conductivity and surface tension
measurements. The hydrotrope behavior of the short chain choline carboxylates like choline
acetate, choline butanoate and choline hexanoate was investigated. Sodium alkyl-benzene
sulfonates and sodium butyl monoglycolsulfate (NaBMGS) are used to extract non-polar,
water insoluble phyto-constituents selectively due to permeabilization of the cell. Also
choline hexanoate is able to dissolve suberin out of cork by cleavage of the ester bonds in
suberin [14].

2. Materials and methods

2.1. Synthesis

The synthesis of choline acetate was done by neutralization of acetic acid (Merck, purity
100%) with 45% methanolic choline hydroxide solution (Sigma—Aldrich). The obtained salt
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was recrystallized twice in diethylether. A white salt was obtained after lyophilization and
drying under vacuum atmosphere.

Choline carboxylates (ChC,) withm=4,5, 6, 7, 8, 9,10, choline oleate and choline
bicarboxylates (ChbiC,,) with m= 4, 5, 6 were synthesized according to the synthesis route
of Petkovic et al. but with minor modifications [7]. In contrast to the synthesis of Petkovic et
al. [7] the choline carboxylate ionic liquid was lyophilized and then dried for more than two
weeks on a high vacuum pump. Heating during this procedure was skipped to avoid
decomposition of the choline cation.

The following chemicals were used: Oleic acid (Sigma—Aldrich, purity = 99%), propionic
acid (Sigma—Aldrich, purity = 99.5%), butyric acid (Sigma—Aldrich, purity = 99%), valeric
acid (Sigma—Aldrich, purity = 99%), hexanoic acid (Sigma—-Aldrich, purity = 99%),
heptanoic acid (Merck, purity = 99%), octanoic acid (Sigma—Aldrich, purity = 99%),
nonanoic acid (Sigma-Aldrich, purity = 97%), decanoic acid (Alfa Aesar, purity = 99%),
adipic acid (Alfa Aesar, purity = 99%), glutaric acid (Alfa Aesar, purity =99%), succinic
acid (Alfa Aesar, purity = 99%) and 80 wt% aqueous choline bicarbonate solution (Sigma—
Aldrich, stored at 2°C to avoid decomposition and without stabilizer).

The purity of the choline carboxylates was evaluated with electro-spray mass spectroscopy
(ThermoQuest Finnigan TSQ 7000 instrument) (ES-MS) and 1H and 13C NMR
measurements (Bruker Avance 300 spectrometer at 300 MHz using tetramethylsilane (TMS)
as internal standard) were performed. Coulometric Karl-Fischer titration was performed on
an Abimed MCI analyzer (Model CA-02) to determine the water content.

The sodium salts were prepared by adding an equimolar amount of 1 M sodium hydroxide
solution (Merck) to the corresponding carboxylic acid. The sodium salts were lyophilized
(>24h) and dried under vacuum atmosphere. For the synthesis the above mentioned
carboxylic acids were used. Sodium octanoate (Sigma—Aldrich, purity = 99%), sodium
decanoate (Sigma—Aldrich, purity = 98%) and sodium oleate (Sigma—Aldrich, purity = 99%)
were bought. The melting temperatures of the choline based ionic liquids are given in the SI.

2.2. UV-Vis measurements

To determine the concentration of hydrotrope in water at which the solubilization of
hydrophobic dye in the aqueous hydrotrope solution of choline acetate, choline butanoate or
choline hexanaote increase, Disperse Red 13 was solubilized as hydrophobic dye. All the
solubilization experiments and the UV-Vis measurements were performed in a thermostated
room at 25 + 0.2 °C. Different concentrated aqueous hydrotrope solutions were prepared and
saturated with Disperse Red 13. After stirring for 24 h the excess of dye was removed. The
amount of the dissolved Disperse Red 13 was determined with UV-Vis measurements on a
Varian Cary 3E spectrophotometer. The absorption was measured at the wavelength of 503
nm [15]. The calibration curve with defined amounts of Disperse Red 13 was prepared by
dissolving Disperse Red 13 in absolute ethanol (Baker, purity = 99.9%).
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2.3. Conductivity

2.4. Surface

A valuable method to determine the critical micelle concentration cmc and also to determine
the micelle ionization degree « at the cmc is to measure the concentration dependent specific
conductivity x of an aqueous choline carboxylate solution ChC,,, with m= 8, 10 and oleate.
An autobalance conductivity bridge (Konduktometer 702, Knick), arranged with a Consort
SK41 T electrode cell was used to measure the specific conductivity. For the calibration
0.01 M, 0.1 M and 1 M potassium chloride solutions were needed to determine the cell
constant at 25 °C and 40 °C [16]. The concentration dependent conductivity was evaluated
at 25 °C and 40 °C. A break in the slope of the plot of concentration versus the specific
conductivity xmarks the cmc of the respective choline carboxylates (see Supplementary
Information (SI)). The accuracy of the cmc values is +4%. We are aware that the culture
medium would cause a minor decrease in the cmc because of the high ionic strength.
However, this slight shift would not change our qualitative conclusions.

For the calculation of the micelle ionization degree « at the cmc Eq. (8) presented by Evans
[17] was used:

0= N5(1000 - $1 = A,..)| +o— @

Achs is the counterion conductivity given by Fleming as 42.0 S cm? [18]. N represents the
amount of surfactant molecules in the micelle and S; the slope before the cmc and S, the
slope above the cmc. The micelle ionization degree «a could only be calculated for choline
oleate. Choline octanoate and choline decanoate are at the limits of Eq. (8) and present too
small slopes.

tension

To determine the critical micelle concentration of choline octanoate, choline decanoate and
choline oleate at 25 °C and 40 °C the concentration dependent surface tension o was
measured. The temperature accuracy was 25 °C+ 0.1 °C and 40°C+0.1 °C. The
measurements were performed with a Kriss tensiometer (model K100 MK2) using a
platinum-iridium ring. The data acquisition works automatically and records the surface
tension as a function of the concentration. The surface tension was measured during dilution
of the soap solution with degassed, bidistilled water. The data correction was done according
to the procedure performed by Harkins and Jordan [19].

2.5. Cytotoxicity on HeLa and SK-MEL-28 cells

Cytotoxicity of the compounds was determined on SK-MEL-28 (keratinocytes, CLS
300337) and HelLa (cervix carcinoma, ATCC CCL17) cells using MTT assay introduced by
Mosmann et al. [19] and modified by Vlachy et al. [21] with the only exception that in this
study culture media did not contain Amphotericin B and Penicillin G/Streptomycinsulfate
[20]. For the stock solutions, the substances were directly dissolved in the corresponding
culture media. The cells were exposed for 68 h to the test compounds followed by
incubation with MTT for four hours. For each ionic liquid in solution the 1Csq value (in
molL"1) was determined. This value represents the concentration of tested substance that
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lowers MTT reduction by 50% relative to the untreated control. The ICsg value was
calculated for each substance from a concentration-response curve, which was based on
eight different concentrations. The assay was performed in triplicate and repeated
independently three to five times. The results are expressed as the averaged I1Csq values
+standard deviation (SD) (see Fig. 4 and Table 3). The dose-response curves of the
substances are shown in SI. We are aware that ICgq values are inhibitory concentrations and
therefore their interpretation as a measure of cytotoxicity must be taken with caution.
However, ICsq values of HelLa and SK-Mel Cells are frequently used to estimate skin
irritation power and cytotoxicity, in the manner that we have used here.

2.6. Calorimetry of model membranes

Large, unilamellar vesicles of DPPC were prepared by extrusion as described by Weaver et
al. [22], using membranes with a pore size of <0.2 um. Briefly, lyophilized DPPC powder
was hydrated with 20 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
buffer at pH 7.40, and 70°C, then incubated for 30 min. Solutions were extruded through
100nm Nucleopore® track-etched polycarbonate filters (Whatman, Pleasanton, CA) that had
been mounted in a mini-extruder (Avanti Polar Lipids, Alabaster, AL). Liposomes were then
refrigerated at 4°C for a minimum of 16 h before use.

A MicroCal VP-DSC microcalorimeter (MicroCal, Northhampton, MA) was used for
thermal analysis. An aliquot of the stock lipid vesicle solution was combined with
experimental compounds in 20 mM HEPES buffer at pH 7.40 in a 1:1 ratio by volume. A
control (lipid only) thermal scan was acquired for each tested compound. After a 15 min
equilibration period at 10°C, samples were scanned from 20°C to 50°C at 60°C/hour.
Reversibility was determined by rescanning after cooling to the initial temperature. Tests
were prepared with choline carboxylates ChC,, with chain lengthm=2, 3, 4,5,6,7, 8,9, 10
and choline oleate.

3. Results and discussion

3.1. Hydrotrope behavior

There are two opposing forces, which are the decisive factors in determining whether a
substance belongs to the group of hydrotropes, which show little self-aggregation, or to
surfactants, which aggregate at the critical micelle concentration (cmc) to micelles [23]. This
is on the one hand the energy which is needed to transfer the hydrophobic tails of the
amphiphil into the interior of the micelle and on the other hand the repulsion force of the
head-groups [24]. In this study, the hydrophobicity varies with the chain length. It was found
that choline carboxylates with chain length of m > 8 behave as surfactants, whereas with m <
8 they behave like hydrotropes [25].

Above a certain threshold concentration of hydrotrope in water, often called minimal
hydrotrope concentration MHC (/1 M)[26], solubilization of a hydrophobic, hardly water
soluble compound in the aqueous hydrotrope solution increases exponentially. To evaluate
this MHC, the departure from linearity of the solubilization curve has to be determined [15].
For many amphiphilic molecules this concentration is hard to determine because the
increase of solubilized hydrophobic molecules, here hydrophobic dye Disperse Red 13,
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occurs exponentially even at low concentration. Thus, the term minimal hydrotrope
concentration is controversial.[26] The MHC of sodium xylenesulfonate (SXS), sodium p-
toluenesulfonate and sodium butylmonoglycolsulfate (NaBMGS) is 0.4 M, 0.35 M, and 0.8
M, respectively. To compare the solubilizing value of choline carboxylates ChC,,, with m=
2,4,6 with commonly used hydrotropes, the concentration dependent optical densities
obtained from UV-Vis measurements, resulting from the dissolved amount of Disperse Red
13 in the aqueous hydrotrope solutions, were determined. The optical density increases
exponentially above a certain threshold concentration (Fig. 2(A)), namely 1.75 M for
choline hexanoate, 3.5 M for choline butanoate and 5.4 M for choline acetate. These values
are much higher than the MHCs found for the common hydrotropes. Also comparing the
optical densities of Disperse Red 13 solutions at the aqueous hydrotrope concentration of
2.248 M, it is observed that Disperse Red 13 is sparingly soluble in the choline carboxylates
ChC,with m= 2, 4, 6 compared to the very efficient hydrotrope SXS (Table 1) [26].

Compared to choline hexanoate and choline butanoate, sodium hexanoate and sodium
butanoate are able to self-aggregate in aqueous solution and show a cmc of 1.57 M (20°C)
and 3.5 M (25°C), respectively [27,28]. These values are in the same concentration range as
found for the MHC:s of the choline ones.

3.2. Critical micelle concentration (cmc)

The cmc is further influenced by several factors e.g. by the presence of salts or organic
compounds in the solution, the structure of the surfactant, the existence of a second liquid
phase, the chain length and temperature. In this study, the influence of the temperature
(25°C and 40°C), structure (choline stearate vs. choline oleate) and chain length (m =8, 10)
of choline carboxylates on the cmc was investigated. It is known that the free energy of
micellization, which reflects the chain length of a surfactant, is proportional to the logarithm
of the activities in dilute solutions. In dilute solutions the activity can be approximated by
the concentration [23,29]. Therefore the logarithm of the cmc shows a linear relation to the
surfactant chain length m (Eq. (1)).

log(cme)=A — Bm (1)

A is a characteristic value at a distinct temperature for the head-group. B is a constant at the
respective temperature. [23,29] Klein et al. [25] found for long chain choline carboxylates
ChCpwith m=12, 14, 16 at 25°C a value of 1.9 for A and 0.29 for B as it is typical for
monoionic headgroups. This equation fits also very well with the cmcs found for choline
octanoate and choline decanoate at 25°C (Fig. 3). Potassium carboxylates possess the same
values for A and B at 25°C [29].

As shown in Fig. 3, the cmc of choline carboxylate surfactants is not significantly affected
by exchanging the choline cation for sodium or potassium nor by changing the temperature.
Normally, the cmc of alkali carboxylates decreases with increasing size of the alkali
counterion [29] and also with decreasing counterion-headgroup binding. Taking into account
Collins€oncept [30,31] the counterion-headgroup interaction should increase in the order
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Ch* < K* < Na*, and the cmc should also increase. As seen in Fig. 3, the influence of the
counterion is negligible in dilute solutions [29].

It is known from the literature that the cmc should increase with a double bond in the alkyl
chain [29]. This could be also confirmed in the case of choline oleate. The cmc of choline
octadecanoate could not be measured at 25°C due to the high Krafft temperature of 40°C
[25]. The above stated Eq. (1) predicts a value of 0.45 mM for the cmc of choline
octadecanoate at 25°C. The cmc increases for choline oleate (Table 2), which contains a
double bond in the alkyl chain compared to choline octadecanoate. Comparing the cmc of
sodium oleate (cmc = 2.64 mM [32]) and potassium oleate (cmc = 0.80 mM [32]) at 25°C
with the one of choline oleate no systematic influence of the counterion could be found. For
choline oleate, the micelle ionization degree a at the cmc could be calculated (see Table 2).
The value is in the same range as found for the long chain choline carboxylates [25].

3.3. Cytotoxicity

The application of choline carboxylates in cosmetical formulation is currently forbidden due
to the European Cosmetic Directive 76/768/EEC (Annex 11/168) [33].

In order to check the usability of the choline carboxylates and choline bicarboxylates in
pharmaceutical formulations or other applications and to obtain the 1Csq value of the
different choline carboxylates and choline bicarboxylates, the substances were tested for
their cytotoxic effects. Cytotoxicity was determined performing MTT assays on HeLa and
SK-MEL-28 keratinocyte cells according to the procedure described by Mosmann et al. [20]
and modified by Vlachy et al. [21].

In general, cell tests with keratinocytes are a good in vitro method to obtain a reliable
forecast of skin irritation potential [34,35]. To get reliable cytotoxicity results with in vitro
tests, it is necessary that the substance is completely soluble in the culture media [3]. The
choline carboxylates ChCy, with m= 8, 10 and oleate show Krafft temperatures lower than
0°C [36]. The Krafft temperature of choline nonanoate and the shorter chain carboxylates
should be in the same range, because the Krafft temperature decreases with decreasing chain
length [23]. The sodium salts also show Krafft temperatures below room temperature [37—
39]. Choline octadecanoate possesses a Krafft temperature of Ty asft ~40°C [25]. However,
it could be dissolved directly in the culture media. In contrast, the corresponding sodium salt
was not soluble in the media and could not be tested [3].

The determined 1Cgq values of the choline carboxylates and choline bicarboxylates, obtained
from SK-MEL-28 and HeLa cells, show a cytotoxicity comparable to that one of the sodium
analogs. Accordingly, the impact of the cation on the cytotoxicity is very low (Fig. 4). No
correlation was found for cytotoxicity and counterion. Petkovic et al. [7] and Klein et al. [2]
obtained comparable cytotoxicity data for the choline carboxylates and their respective
sodium soaps. On the contrary, they got a slightly higher cytotoxicity for the sodium
carboxylates [2,7]. This shows that cytotoxicity is mediated to a greater extend by the anion
than by choline. It has also been reported that in tests with alkali salts the alkali cation shows
no intrinsic toxicity [40]. In contrast to prior studies, the toxicity of carboxylates increases
with decreasing size of the cation. This was found for alkali cations as well as for quaternary
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ammonium ions [35,41]. The toxicity was explained by the stronger binding of a small
cation on the carboxylate headgroup compared to a larger and higher charge diffused cation,
like a quaternary ammonium ion. This stronger binding resulted in ion pairs [40,42].
However, as already seen for the cmc, the difference in counterion binding is negligible in
dilute solutions and so the toxicity of these carboxylate soaps is not cation specific. The
overall cytotoxicity of these substances is very low. According to the T-SAR (Thinking in
Structure-sActivity Relationship) concept [40, 43, 44] the cytotoxicity should increase with
increasing hydrophobicity and thus with increasing chain length [42, 45, 46].

To verify this, the cytotoxicity of the even and also of the odd chain length carboxylates,
which are not naturally occuring, was analysed. This should reveal if the toxicity increases
monotonously with increasing chain length or if a non-monotonous behavior exists, as for
physico-chemical properties (e.g. Krafft point [47]).

In both cell lines, cytotoxicity increased with increasing alkyl chain length, but not in a
linear way. An exception was found for the choline carboxylates ChC,,, and for the sodium
carboxylates NaC, with m= 4-6. In these cases, the cytotoxicity decreased with increasing
chain length. This is in contrast to the results of Petkovic et al. [7] (where cytotoxic effects
follow as be explained according to the stated in T-SAR concept [40,42]. Also the results are
not in line with those of Muhammad et al., who reported that cytotoxicity of ChC,, with m=
2, 3, 4, 6 on the human breast cancer cell line MCF-7 decreases with increasing chain length
[8]. This study agrees partly with the results found by Petkovic et al. [7] where the
cytotoxicity increases with increasing chain length (see m= 2-4 and 6-10) and partly with
the one of Muhammad et al. [8], where the cytotoxicity decreases with increasing chain
length (see m = 4-6). However, cytotoxicity often depends on the considered system and on
the cell line that is used for toxicity analysis [1].

In literature, such breaks in linearity of cytotoxicity are often found for chain length m= 10-
142, 6, 48]. To the best of our knowledge it was not yet reported for chain lengths of m=
4-6. To check if this discontinuity in cytotoxicity in the line of choline butanoate, choline
pentanoate and choline hexanoate could result from the amount of — CH,— or —CHs
groups in the alkyl chain, the cytotoxicity of choline succinate, choline glutarate and choline
adipate on HeLa and SK-MEL-28 cells was investigated. Again, a break in the linear course
of cytotoxicity was found for choline glutarate. This suggests a correlation to the amount of
available — CHy,— groups in the alkyl chain.

Furthermore, the cytotoxicity of choline oleate, sodium oleate and choline octadecanoate
was analysed to investigate the influence of the double bond in an alkyl chain. Compared to
the long chain choline carboxylates (ChC,, with m= 11-16) the 1Csq value of choline
octadecanoate is in the same range for the HeLa and the SK-MEL-28 cells [49]. Also, the
toxicity of choline oleate is in the range of choline octadecanoate. A specific influence of the
double bond could not be found. The counterion shows also no impact on the cytotoxicity of
oleate soaps, as already seen for the other carboxylates (Tables 3 and 4).
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3.4. Lipid bilayer interactions

DPPC membranes were exposed to choline carboxylate compounds with m=2-10 and
oleate in order to identify trends in lipid bilayer interactions [22]. As shown in Fig. 5, the
temperature (T,) and enthalpy of the melting transition (AH), as well as the cooperativity,
were not significantly different from control up to an alkyl chain length of m = 8. Choline
carboxylates with m =9 and greater displayed significant interactions with the lipid bilayer.
Choline nonanoate (m = 9) and choline decanoate (m= 10) both significantly decreased the
Tmand the cooperativity of the transition, as measured by the width of the peak at the
midpoint of the transition. The AH was not significantly altered. In the case of choline
nonanoate, significant shouldering was also observed (Fig. 6). This is typically observed
when the inner and outer headgroups are hydrated differentially. For choline decanoate and
choline nonanoate at a concentration of 10 mM, there is significant interaction of the ionic
liquid and the lipid bilayer, consistent with penetration of the compounds into the acyl chain
region. At a concentration of 10 mM choline oleate significantly disrupts the liposome,
evidenced by loss of the DPPC peak. The determined cmc (1.6 mM) is less than the test
concentration of 10 mM, suggesting that micelles may have formed under these processing
conditions. In the case of choline nonanoate the concentration dependence of the membrane
interactions was also investigated. At the 1Cgy concentration there is only a modest
depression in the Ty, but as the concentration increased, the Ty, and cooperativity decreased
considerably, consistent with growing membrane disruption. This would indicate a likely
accumulation of choline nonanoate in the lipid bilayer.

4. Conclusion

Choline carboxylates ChC, with m=2, 4, 6 behave like hydrotropes and dissolve Disperse
Red 13 exponentially with increasing hydrotrope concentration above a certain threshold
concentration. However, compared to the common hydrotropes they are not very efficient at
dissolving sparingly water-soluble compounds. In contrast to the sodium analogs, choline as
a counterion inhibited the self-aggregation of choline hexanoate and choline butanoate [27,
32]. Choline octanoate and choline decanoate behave as their sodium and potassium
analogs, exhibiting similar cmc values. It was found that the size of the cation and the cation
to carboxylate interaction in very diluted aqueous solutions show no influence on the cmc.
The logarithm of the cmc decreases linearly with the chain length. With increasing
temperature, the cmc values increase only slightly. Choline oleate shows an increased cmc
compared to choline octadecanoate, due to its double bond. However, the cmc is not in line
with the results found for alkali oleate soaps, where the cmc decreases with increasing size
of the counterion [32].

Cytotoxicity on HeLa and SK-MEL-28 cells is not influenced by the cation, but is very
dependent on the anion. A double bond, as seen for choline oleate, has no influence on
toxicity. Cytotoxicity of the choline carboxylates ChC,, and sodium carboxylates NaC, with
m=2,3,4,5,6,7,8,9, 10 increased with increasing chain length, but in a non-linear way.
The discontinuity in cytotoxicity could result from the amount of —CH,— groups in the
alkyl chain, because it was also observed in the row of choline bicarboxylates ChbiC,,, with
m= 4, 5, 6 for choline glutarate (ChbiCs), which possesses also three — CH,— groups like
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choline butanoate (two — CH,— and one —CHsz—). Although the lack of a consistent
trend is interesting, the most important point is that the choline carboxylates ChC,, with m=
2,3,4,5,6,7, 8are only slightly toxic, and they do not penetrate the bilayer or only slightly
interact with the bilayer of DPPC liposomes. The longer chain choline carboxylates ChCy,
with m=9 and 10 and choline oleate penetrate into the liposome bilayer. At choline
nonanoate concentrations above the 1Csq value DSC scans suggested accumulation of
nonanoate in the bilayer. However, according to the cytotoxicity tests with the HeLa and
SK-MEL-28 cell line, all the choline carboxylates and bicarboxylates can be considered as
harmless. Finally, the liposomes were exposed to choline carboxylate concentrations of 10
mM or higher. The discontinuity in cytotoxicity found for the cell lines was not elucidated
with DPPC membrane interaction studies but subtle trends were observed that suggest that
choline carboxylates with different chain lengths interact with biological membranes to
different extents when used in concentrations around or higher than the 1Cgq value (Fig.
4(A)).
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Fig. 1.
Cytotoxicity was measured of choline carboxylates ChCy, with m=2-10 and 18 (A), of

choline oleate (B) and of choline bicarboxylate ChbiC,, with m=4-6 (C) and in addition of
their respective sodium equivalents.
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Fig. 2.

Agueous hydrotrope concentration of ChC, with m= 2, 4, 6 versus the optical density (O.
D.503nm) Value of the dissolved amount of Disperse Red 13 in the solution taken at a
wavelength of 503 nm.
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Fig. 3.
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Linear dependence of the logarithm of the cmc of potassium, sodium and choline
carboxylates of the alkyl chain length m. (25°C: KCg [31], KC1q [31], NaCg [31], NaCqg
[31], ChC12 [24], ChCl4 [24], Chclg [24]; 40°C: KC8 [31], NaC]_o [31])
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ICsq values of choline (A) and sodium (A) carboxylates and choline (O) and sodium ()
bicarboxylates obtained on (A) SK-MEL-28 and (B) HeLa cells as a function of alkyl chain

length m.
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Fig. 5.

DSC thermal traces illustrating the melting point of DPPC liposomes with and without
(control) a 10 mM choline carboxylate solution ChCy, with n = 2-10 at pH 7.40.
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DSC thermal traces demonstrating the influence of different concentrations of choline

nonanoate on the melti
crystalline phase at pH

ng temperature of the DPPC liposomes from a gel phase to a liquid
7.40: 0 mM ChCg,1.2 mM ChCg,10 mM ChCg, 50 mM ChC,,.
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Optical density O. D. values of Disperse Red 13 saturated aqueous hydrotrope solutions at 25 °C and a

Table 1

hydrotrope concentration of 2.248 mol/L. The values were measured at 503 nm.

Hydrotrope

Optical Density O.D.503nm

CHCg
che,
che,
SXS

54.0

0.2

<0.2

347.0 (Bauduin et al., 2005)
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Table 2

Critical micelle concentration cmc of choline octanoate, choline decanoate and choline oleate (Choleate)
obtained from conductivity and surface tension measurements at 25°C and 40°C. The micelle ionization
degree « at the cmc was calculated from the conductivity measurements.

cmc¥mM  cmcPimMm - @
ChCg 25°C 383.0 324.9 -
ChCg 40°C 393.8 360.0 -
ChCy 25°C 103.3 75.0 -
ChCyg 40°C 106.8 87.2 -
Choleate 25°C 1.6 13 0.30
Choleate 40°C 17 1.6 0.24

a. .. . . . . . . -
Critical micelle concentration cmc of choline octanoate, choline decanoate and choline oleate (Choleate) obtained from conductivity

measurements.

Critical micelle concentration cmc of choline octanoate, choline decanoate and choline oleate (Choleate) obtained from surface tension

measurements.
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Table 3

ICsq values of choline oleate, sodium oleate and choline octadecanoate (ChC,g) determined for HeLa and SK-
MEL-28 cells.

lonic liquid HeLa ICso [mmol L™]  SK-MEL-28 1Csy [mmolL™]

Choline oleate  0.467 + 0.034 0.521 +0.051
Sodium oleate  0.263 + 0.027 0.813 +0.198
ChCqg 0.832 £0.143 0.116 £ 0.015
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Table 4

Slope S1 and S, obtained from the plot of the concentration versus the specific conductivity. The accuracy of
the slope is 5%. The one of the calculated ionization degree a is 7%.

1000S; [Scm? mol™1]  1000S, [Scm? mol™Y] A

Choline oleate 25°C  56.6 37.3 0.30
Choline oleate 40°C  77.1 44.8 0.24
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