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Abstract In this paper, we report on a catanionic
vesicles-based strategy to reduce the cytotoxicity of the
diacyl glycerol arginine-based synthetic surfactants
1,2-dimyristoyl-rac-glycero-3-0-(N*-acetyl-L-arginine)
hydrochloride (1414RAc) and 1,2-dilauroyl-rac-glycero-3-
O-(N*-acetyl-L-arginine) hydrochloride (1212RAc). The
behavior of these surfactants was studied either as pure
components or after their formulation as pseudo-tetra-
chain catanionic mixtures with phosphatidylglycerol (PG)
and as cationic mixtures with 1,2-dipalmitoyl-sn-glycero-
3-phosphatidylcholine (DPPC) used as control. The anti-
microbial activity of the negatively charged formulations
against Acinetobacter baumannii was maintained with
respect to the surfactant alone, while a significant
improvement of the antimicrobial activity against Staphy-
lococcus aureus was observed, together with a strong
decrease of hemolytic activity. The influence of the net
charge of the catanionic vesicles on membrane selectivity
was studied using model membranes. The dynamics of
surface tension changes induced by the addition of
1414RAc/PG aqueous dispersions into phospholipid mon-
olayers composed of zwitterionic DPPC as model system
for mammalian membranes and of negatively charged PG
mimicking cytoplasmic membrane of Gram-positive bac-
teria was followed by tensiometry. Our results constitute a
proof of principle that tuning formulation can reduce the
cytotoxicity of many surfactants, opening their possible
biological applications.
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Abbreviations
1212R 1,2-Dilauroyl-glycero-3-O-L-arginine
dihydrochloride

1212RAc  1,2-Dilauroyl-rac-glycero-3-O-
(N*-acetyl-L-arginine) hydrochloride

1414R 1,2-Dimyristoyl-glycero-3-O-L-arginine
dihydrochloride

1414RAc  1,2-Dimyristoyl-rac-glycero-3-O-
(N*-acetyl-L-arginine) hydrochloride

DPPC 1,2-Dipalmitoyl-sn-glycero-3-
phosphatidylcholine

HCs Surfactant concentration inducing 50% of
hemolysis

HPLC High-performance liquid chromatography

MIC Minimum inhibitory concentration

PG Phosphatidylglycerol

SD Standard deviation

OD Optical density

Introduction

The interfacial and self-assembly properties of surfactants in
aqueous environments have been investigated for many
decades because of their basic interest in physical chemistry,
biophysics and material science, as well as due to their
enormous practical relevance. Surfactants are used as addi-
tives in pharmaceutical and dermatological formulations.
Thus, the concentration used in commercial formulations
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requires avoidance of adverse side effects such as irritation
and/or damage to skin, eyes and mucous membrane.
Therefore, developing new non-irritant biocompatible sur-
factants is of great interest.

Amino acids are not only essential components of living
organisms, but are also appealing raw materials for bio-
compatible surfactants. Cationic acyl amino acids are
particularly attractive because of their antibacterial activity
(Infante et al. 1985; Xia et al. 1995). To modulate their
properties, a large number of N-acyl amino acids have been
synthesized and tested for their surfactant properties and
interactions with artificial membranes (Miyagishi et al.
1989; Sanson et al. 1987; Epand et al. 1998; Peypoux et al.
2004). According to the information gathered through these
experiments, N-fatty acid acylated amino acids deserve
their classification into a separate class of lipids worthy of
in-depth studies.

In the last two decades, a number of papers addressing
the synthesis and the study of properties of biocompatible
cationic amino acid-based surfactants of different struc-
tures have been published (Infante et al. 1985; Perez et al.
1996; Pinazo et al. 2009). Acyl-glycerol amino acid con-
jugates constitute a class of specific lipoamino acid sur-
factants that share properties with glycerides and
phospholipids. They consist of one or two aliphatic chains
and one amino acid headgroup, linked together through
ester bonds to the glycerol backbone (Moran et al. 2001,
2002). The arginine glyceride conjugates were obtained in
the quest to find improved and cheaper soft antimicrobial
surfactants (Fig. 1) (Perez et al. 2004a, b). Their use in
food and cosmetic applications as well as topical disin-
fectants has been studied by Benavides et al. (2004) and
Vinardell et al. (2008). These compounds consist of a
glycerol backbone esterified at positions 1 and 2 with ali-
phatic acid chains and with the carboxylic group of an
arginine residue at position 3 (Fig. 1) (Perez et al. 2004a,
b). The modulation of their physicochemical properties,
and hence of their associated biological activities (Pinazo
et al. 2004; Lozano et al. 2008), is achieved by tuning their
charge—hydrophobicity balance, either by acetylation of the
o-amino group or by variation of the length of the hydro-
phobic chains, giving rise to a wide collection of analogs
with diverse behavior in biological systems.

In an attempt to explore the potential applications of
these arginine-based surfactants into applications close to
clinical settings, a set of four monocationic arginine-based
surfactants, 1,2-dimyristoyl-rac-glycero-3-O-(N*-acetyl-L-
arginine) hydrochloride (1414RAc), 1,2-dilauroyl-rac-gly-
cero-3-O-(N*-acetyl-L-arginine) hydrochloride (1212RAc),
as well as the non-N*-acetylated versions (1414R and
1212R, respectively) were synthesized, with a purity higher
than 99%. Their antimicrobial and hemolytic activities
were examined.
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Fig. 1 Chemical structures of the cationic diacyl glycerol arginine-
based surfactants tested in this study

Catanionic vesicles have been extensively used as pro-
moters for chemical and enzymatic reactions and, more
recently, as a way to improve the delivery of either DNA or
other small size drugs into eukaryotic cells (Bramer et al.
2007). The surfactant ions used in the preparation of
catanionic mixtures can be of single or multiple chain.
Mixing oppositely charged single chain surfactant ions gives
pseudo-double-chain catanionic surfactants (Kamenka et al.
1992; Bonincontro et al. 2006). However, a large amount of
literature deals with single-double chain surfactants, form-
ing pseudo-triple-chain catanionic mixtures (Marques et al.
2006, 2008; Burgo et al. 2007; Bonincontro et al. 2008).
Recently, Brito et al. (2009) has firstly reported on the rela-
tion between the acute toxicity and hemolytic activity/
potential ocular irritancy of two types of pseudo-triple-chain
catanionic vesicles using lysine- and serine-based surfac-
tants. In that study, the micellization behavior of the pure
surfactants was related with the spontaneous vesicle
formation of the mixtures that occurs only for excess cationic
surfactants.

Biological membranes contain a variety of phospholipid
classes and their composition depends on the species and on
their functionality (Lohner et al. 2008). Gram-negative
bacteria are a complex structure consisting of two bilayers,
the outer membrane and the inner or cytoplasmic membrane.
The outer membrane has a highly asymmetric composition,
formed by a polysaccharide layer located in the outer leaflet
and, to a large extent, by the zwitterionic phosphatidyleth-
anolamine (PE) in the inner one. The cytoplasmic membrane
consists to a large extent of PE and to negatively charged
phosphatidylglycerol (PG). In contrast, Gram-positive bac-
teria only have a cytoplasmic membrane that consists to a
large extent of PG. Accordingly, we selected negatively
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charged PG as a model membrane system for Gram-positive
bacteria. The membrane of erythrocytes, used as archetype
of mammalian cytoplasmic membranes, consists mainly of
1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC),
as well as sphingomyelin and cholesterol. Thus, a model
membrane consisting of DPPC has been used mimicking
mammalian membranes. Therefore, this model membrane
can provide information related to cell toxicity.

The present study reports on the biological activity of
the monocationic N*-acetylated arginine-based surfactants,
which fall into the category of double-chain surfactants and
their mixtures with phosphatidylglycerol (PG) forming
pseudo-tetra-chain catanionic vesicles (Caria and Khan
1996; Lozano et al. 2009). Vesicles can be prepared both
with cationic or anionic net charge. Increased selectivity of
the biological selectivity against Gram-positive bacteria
was observed for the PG formulations, mostly due to the
strong decrease of hemolytic activity compared to the
individual arginine-based surfactant. Therefore, this model
membrane can provide information related to antibacterial
activity.

Materials and methods

The N*-acetylated (1414RAc, 747.5 g/mol; 1212RAc,
691.4 g/mol) and the non-N*-acetylated (1414R, 741.9 g/
mol; 1212R, 685.8 g/mol) diacyl glycerol arginine-based
surfactants were synthesized according to Perez et al.
(2004a, b). Their purity, higher than 99%, was checked
by elemental analysis and high-performance liquid
chromatography (HPLC); see Table 1 for the analytical
data. PG and DPPC were purchased from Sigma with a
purity of 99% and used as received. Sodium chloride
(>99.5% by weight) was purchased from Fluka. Water
was obtained using a Synergy Ultrapure water system
from Millipore (resistivity of 18.2 MQ cm). HPLC-grade
ethanol was supplied by Panreac (water <0.2%). The
non-ionic surfactant Triton X-100 was purchased from
Calbiochem.

Preparation of vesicles for biological activity

Previous to any manipulation, the surfactants and the
phospholipids were sterilized by solubilization in ethanol
and further evaporation in a cell culture flood hood under
sterile conditions. Stock dispersions at a total concentration
of 10 mM, of pure surfactant, phospholipids or surfactant/
phospholipid formulations at surfactant mole fractions of
0.2 and 0.8 were prepared by weight, with further hydration
in water. All dispersions were shaken vigorously at room
temperature for 5 min and then sonicated at 50°C for
15 min to promote the formation of uniform vesicles.
Lower concentrations were obtained by dilution from stock
dispersions.

Preparation of erythrocyte suspensions

To assess cytotoxicity, the hemolytic activity of the surfac-
tants was tested as described below. Sheep erythrocytes from
defibrinated blood from Biomedix (Madrid, Spain) were
washed twice with Hanks medium (136 mM NaCl; 4.2 mM
Na,HPO,; 44 mM KH,PO4,; 54 mM KCI; 4.1 mM
NaHCOs, pH 7.2). Erythrocytes were resuspended in the
same buffer at 2 x 107 erythrocytes/ml. Different volumes
of stock solution of surfactants were mixed with Hanks
medium in Eppendorf tubes to a final volume of 1 mL; the
final concentration of products ranged from 0 to 150 pM.
Aliquots of erythrocyte suspension (25 pL) were added to
these solutions, and the mixtures were incubated for 4 h at
37°C. Afterward, tubes were centrifuged at 130,000 rpm
over 5 min in an Eppendorf Hettich mikro 200 centrifuge.
The supernatant was collected, transferred into polypropyl-
ene 96-well microplates and measured by turbidimetry at
540 nm in a Bio-Rad 680 Microplate reader. The percent
hemolysis was then determined by comparing the absor-
bance of the supernatant with that of control samples totally
hemolyzed. Full hemolysis was considered as that obtained
with 0.1% Triton X-100. HCs is defined as the concentra-
tion of surfactant that induces 50% of hemolysis. Data were
expressed as the mean &+ SD from triplicate samples.

Table 1 Analytical data for the

Lo Surfactant Molecular formula HPLC retention Elemental analysis
cationic diacyl glycerol . . .
.. (molecular weight, time (min)
arginine-based surfactants g/mol) C (%) H (%) N (%)
1414RAc C39H75N40,Cl (747.5) 24.0 61.19* 10.14* 7.32%
1212RAc C35Hg7N404Cl (691.4) 20.6 59.24* 9.73* 7.9*
1414R C37H74N406Cl, (741.9) 19.3 57.71° 10.03° 7.20°
# Calculated with 1 mol of H,O 1212R C33HgsN4O6Cl, (685.8) 18.0 56.33% 9.67* 7.96"

® Calculated with 2 mol of H,O
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Antimicrobial activity

The microorganisms used in this study were Acinetobacter
baumannii ATCC 19606, Staphylococcus aureus CECT
240, Bacillus Cereus LWLI and Brochothrix thermosphata
CECT 847. The inoculums were from bacterial growth in
Miieller-Hinton Broth (Oxoid) at 37°C for 18 h (Saugar
et al. 2006). Aliquots of cell suspension were added to the
wells of a microliter plate containing surfactant solutions of
different concentration (0-250 pM), and the final density
of bacteria in the wells was 1.25 x 10° CFU/ml. After
18 h of incubation, the absorbance was read at 600 nm
(Bio-Rad 680 Microplate reader). We constructed the
inhibition—concentration curves. The minimum inhibitory
concentration (MIC) is defined as the lowest concentration
of surfactant at which there is no change in optical density
(OD). MICs, is defined as the lowest concentration of
surfactant at which there is a decrease of 50% in OD. Data
were expressed as the mean + SD from triplicate samples.

Dynamic surface tension measurements

Surface tension (y) measurements as a function of time
were carried out at 25°C using a KSV Sigma 700 tensi-
ometer equipped with a Wilhelmy plate, made of filter
paper (Whatman ashless, 10 mm width and negligible
thickness) as the surface tension sensor. Samples were
placed in a cylindrical Teflon trough (4.95 cm diameter,
1 cm depth) with a lateral orifice to inject the dispersions
in the subphase. Samples were prepared in plastic tube
containers from Falcon to avoid possible ionic contami-
nation from glass. The solutions were shaken vigorously
at room temperature for 5 min and then sonicated at 50°C
for 15 min to promote the formation of uniform vesicles.
The chemical stability of the surfactant in harsher con-
dition had been checked previously (Lozano et al. 2009).
The 1414RAc/PG mixtures were prepared by weighing
separately surfactant and PG aqueous dispersions at the
desired concentration and mixed, followed by the
same sonication treatment. Dynamic surface tension of
1414RAc/PG dispersions into a clean air/water interface
and their penetration into PG and DPPC-spread mono-
layers were studied at a total concentration of 100 pM
and at surfactant mole fractions of 0, 0.2, 0.8 and 1. The
pure 1414RAc isotherms at 20 and 80 uM were also
measured. As much as 10 pL. of a hexane/ethanol 9:1
(v/v) solution of either PG or DPPC was spread on the
saline subphase to form a phospholipid monolayer at
47 mN/m of surface tension, which was close to the
accepted value for packing density of biological mem-
branes (Marsh 1996). To minimize pH changes induced
by prolonged exposure to atmospheric carbon dioxide, the
solutions were examined within 24 h after preparation.

@ Springer

After 15 min, 400 pL of 1414RAc/PG dispersions were
injected with a syringe, through a lateral hole, into a
saline subphase (20 mL of 0.1 M sodium chloride), which
was stirred continuously to assure homogeneous concen-
tration in the subphase. The agitation did no affect sig-
nificantly the stability of the readings. The standard
deviation of the surface tension measurements at the
plateau was found to be around 0.02 mN/m with a max-
imum scatter range of 0.07 mN/m. Surface tension was
recorded at a sampling interval of 60 s (not all points are
shown on the plots for clarity) and with a penetration
measurement time of 40 min. Injection of a dye in the
same experimental conditions led to a homogeneous
solution in less than 90 s.

Results and discussion
Hemolytic activity of surfactants

A major concern about new antimicrobial agents is whether
they fail to fulfill specificity requirements of sparing
eukaryotic host cells while killing the microorganism tar-
geted. For surfactants, this is usually reflected in an
unspecific lysis. This undesirable lysis of eukaryotic cells
can be easily measured by hemolysis assays, based on the
release of hemoglobin from erythrocytes. To this aim, the
diacyl glycerol arginine-based surfactants were incubated
with sheep erythrocytes. As the hemolysis was linearly
proportional to the erythrocyte concentration of up to
5 x 107 erythrocytes/ml, the assay was routinely carried
out with 2 x 10 erythrocyte/ml. Results are shown in
Fig. 2. Hemolysis by the arginine-based surfactants
showed a sigmoidal curve as a function of surfactant
concentration up to 40 pM for N*-acetylated and 140 pM
for non-N*-acetylated arginine-based surfactants, in which
HCsp were 162 +£2.0, 55 +£20, 653+ 7.0 and
>150 uM for 1414RAc, 1212RAc, 1414R and 1212R,
respectively.

The hemolytic behavior of the non-N*-acetylated argi-
nine-based surfactants depends on the number of carbon
atoms in the hydrophobic chains. Thus, the surfactant with
14 carbon atoms in the hydrophobic chains resulted with
the highest hemolysis. When the hydrophilicity of the
headgroup was decreased, via acetylation of the amino
group of the arginine amino acid, a stronger membrane
permeabilization was obtained. The results are difficult to
rationalize. While N*-acetylation seems to play a major
role, the total surfactant length seems to be only a modu-
lating factor. Results on hemolysis that do not follow the
trend of increased hemolysis for increased surfactant
hydrophobicity have also been found for other surfactants
(Fogt et al. 1995).
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Fig. 2 Hemolytic activity relative to 0.1% TX-100 as a function of
surfactant concentration tested on sheep erythrocytes: 1414RAc (solid
squares), 1212RAc (solid circles), 1414R (open squares) and 1212R
(open circles)

Antimicrobial activity of surfactants

Recently published results for diacyl glycerol arginine-
based surfactants (Perez et al. 2004a, b) reported a mod-
erate antimicrobial activity against a limited number of
Gram-positive and Gram-negative bacteria. To get better
knowledge about the antimicrobial properties of these new
compounds, extended bactericidal activity was tested on
four human pathogenic bacteria: the Gram-negative Aci-
netobacter baumannii and three Gram-positive Staphylo-
aureus, Bacillus and Brochothrix
thermosphacta. MICsq values for the four of them are
compiled in Table 2. Even at the highest concentration
tested (250 uM), none of the surfactants reached full
growth inhibition. Nevertheless, MICs, values within the
range measured were obtained for the N*-acetylated com-
pounds 1414RAc (101.7 &= 1.05 pM for A. baumannii and
more than 250 uM for S. aureus), whereas for 1212RAc,
MICs, values were 72.6 &= 4.8 uM for A. baumannii and
250 uM for S. aureus. MICs, values were higher than
250 uM for the four bacteria tested for the non-N*-acety-
lated arginine-based surfactants 1414R and 1212R.
Unexpectedly, for the 1414R and 1212R compounds, the
substitution of the N*-amino group for an N*-acetylamide
group changes the antimicrobial activity dramatically. To

coccus cereus

understand the molecular basis of these differences in
antimicrobial performance, some relevant insight may be
gained based on some theoretical considerations and on our
experimental observations. On the one hand, the non-N*-
acetylated arginine-based surfactants can dissociate in
aqueous media in several species following an acid—base
equilibrium (Pinazo et al. 2004). A range of pH exists in
which the monocationic species predominate. In our stud-
ies, at culture pH media (~7), the a-amino group of the
amino acid is largely deprotonated, rendering monocationic
molecules. Therefore, the structure of these molecules is
similar to that of the N*-acetylated arginine-based surfac-
tants (only with a positive charge on the guanidine group);
however their antimicrobial activity is much lower
(Table 2). In general, the antimicrobial activity is attributed
largely to the net positive charge; our results suggest that the
relationship between charge and antimicrobial activity
appears to be more complex (Papanastasiou et al. 2009;
Valko and DuBois 1945). Our results agree with the com-
plexity of physicochemical factors involved in the final
antimicrobial outcome described in literature such as
adsorption, hydrophobicity, aqueous solubility and diffu-
sion in the test medium (see for example Denyer 1995;
Russell 1995; Vieira and Carmona-Ribeiro 2006).

The non-N*-acetylated compounds 1212R and 1414R
were considerably less hemolytic than the N*-acetylated
ones, although their poor bactericidal activity precluded
their use for further experiments.

Biological activity of catanionic vesicles

In an attempt to explore the potential applications of these
arginine-based surfactants into applications close to clini-
cal settings and taking into account the results exposed in
the previous section, we developed a strategy of formula-
tion to reduce the cytotoxicity while keeping their anti-
microbial activities. It is widely known in literature that for
cationic surfactants, the higher the antimicrobial activity
the higher is the hemolytic activity. This trend has been
attributed to the effective cationic charge on the headgroup.
Therefore, what we intended was to change this general
trend. The most likely option to improve the therapeutic
index of the arginine-based surfactants was to tune its
density charge by formulation. Mixed vesicles between the
monocationic N*-acetylated arginine-based surfactants and

Table 2 MICs, (uM) for the
cationic diacyl glycerol

arginine-based surfactants

Bacteria 1414RAc 1212RAc 1414R 1212R
Acinetobacter baumannii ATCC 19606 101.7 £ 1.05 72.6 + 4.8 >250 >250
Staphylococcus aureus CECT 240 >250 250 >250 >250
Bacillus cereus LWLI >250 >250 >250 >250
Brochothrix thermosphacta CECT 847 >250 >250 >250 >250

@ Springer



726

N. Lozano et al.

both the anionic phospholipid PG, as catanionic vesicles,
and the zwitterionic phospholipid DPPC, as control cat-
ionic vesicles, were formulated at two different surfactant/
phospholipid molar ratios of 0.2 and 0.8. In PG-based
formulations, the diacyl arginine compounds formed pos-
itively or negatively charged vesicles, depending on the
major component in the mixture. This assumption is based
on the results obtained in a previous study (Lozano et al.
2009) using the anionic phospholipid DPPA, which pre-
sents a structure and charge similar to the phospholipid
PG used in the present study. Electrophoretic mobility
({-potential) was the property used to determine the charge
of the catanionic vesicles at different ratio.

As expected, once corrected for the real concentration of
the surfactant, bactericidal and hemolytic activity of the
DPPC-based formulations resulted in the absence of syn-
ergism with respect to the surfactant alone (data not
shown). However, in the formulations with PG, when
catanionic vesicles had negative net charge, activity versus
A. baumannii fell slightly, and it was maintained when
incorporated into positively charged vesicles. In contrast,
there was a significant improvement of the selectivity for
the PG formulation with anionic vesicles on S. aureus
(Table 3), correlated with a strong decrease of hemolytic
activity (Pons et al. 2009).

The use of catanionic vesicles with a net negative charge
results in a reduction of both hemolytic and Gram-negative
lysis activities while increasing against Gram-positive
bacteria. Positively charged vesicles as formulated either
with DPPC or PG, however, results in negligible effect on
the surfactant activities, that is, high hemolysis and activity
against Gram-negative bacteria and moderate activity
against Gram-positive ones. From these results, it is
inferred that hemolysis and Gram-negative bacteria fol-
lowed the same trend with the formulation effect. Reduc-
tion of hemolysis and activity against Gram-negative
bacteria can be understood by considering the shielding
effect of the formulation. These negatively charged ca-
tanionic vesicles will have a reduced affinity for negatively

charged surfaces and conversely a higher affinity for pos-
itively or zwitterionic charged surfaces. The same effect
could be responsible for the increased activity against
Gram-positive bacteria. Although the surface charge of the
bacteria is also negative, the release of active surfactant
imposed by the formulation will be probably under the
form of neutral ionic pairs, through the peptidoglycan
layer; while the cationic surfactant may still access the
plasma membrane, the insertion of the negatively charged
phospholipid will be probably more difficult.

Dynamic surface tension for 1414RAc/PG aqueous
dispersions

The first stage in surfactant-induced antimicrobial activity
and hemolysis include the adsorption of surfactant mole-
cules to components of the membrane surface and their
intercalation into the membrane structure (Rideal and
Taylor 1957, 1958). Much research has been done to
understand the mechanism underlying these processes;
however, despite the significant advances in understanding
the lysis process, its mechanism is yet unclear. In an
attempt to understand the mechanism of action on cells and
to correlate the selectivity on the membrane with the net
charge of the catanionic vesicles, adsorption of 1414RAc/
PG binary mixtures on PG and DPPC-spread monolayers
were studied (results are shown in Fig. 3). First, the
adsorption isotherms of the catanionic vesicles into a clean
air/water interface were studied. The adsorption of mole-
cules at the air/water interface decreases the surface ten-
sion. The lower the surface tension, the higher is the
adsorption (Lozano et al. 2010). Figure 3a shows the sur-
face tension as a function of time for 1414RAc/PG mix-
tures at surfactant mole fractions of 0, 0.2, 0.8 and 1. Both
anionic phospholipid PG and negatively charged catanionic
vesicles show a moderate and slow adsorption rate at the
air/water interface, reaching a minimum surface tension
value of ca. 60 mN/m during the experimental time. In the
adsorption isotherm of PG, a lag time of 7 min can be

Table 3 Inhibition of

biological activity (% of Cell assayed [surfactant], uM 1414RAc 1212RAc
control) by surfactants with or Alone PG? Alone PG*
without inclusion in PG vesicles
Acinetobacter 0 2.8 £ 0.9 28 +£09
Zﬁ;ﬂcnénlngi; o6 20 14+ 18 0.9 + 3.1 19.8 + 33 0.8 +2.6
80 343+ 1.0 38+ 0.8 53.4 £ 0.5 498 £ 1.2
Staphylococcus 0 33415 33+ 15
o aureus CECT 240 5 594+16 522%1.0 0.1£00 584%10
Catanionic vesicles are _— _
indicated by bold type. 80 13.1 £ 99 05+1.7 38+ 13 7.6 £ 1.6
Negatively charged systems are Sheep erythrocytes 0 0.0 £ 0.0 0.0 +£ 0.0
underlined 20 686+38  00£00 919+ 46 1.9 £ 0.9
[PG] uM = 100 pM — 80 89.0 =+ 8.0 78+35 967 £ 48 73+ 1.0

[surfactant] uM
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Fig. 3 Dynamic surface tension of mixed 1414RAc/PG dispersions
(Ciotat = 100 pM) at surfactant mole fractions of 0 (squares), 0.2
(up triangles), 0.8 (down triangles) and 1 (diamonds) into a clean air/
water interface (a), a PG spread monolayer (b), and a DPPC-spread
monolayer (c). Dotted lines show the dynamic surface tension of pure
1414RAc at 20 pM (up triangles) and 80 uM (down triangles).
Solutions were injected in a saline subphase (0.1 M sodium chloride)
at 25°C

observed. When the surfactant is present at mole fraction of
0.2, the isotherm shows a lag time of only 3 min. Higher
reduction in surface tension is observed when the cationic
surfactant 1414RAc is the major component of the mixture,
reaching a minimum surface tension value of ca. 20 mN/m.
To elucidate if the origin of this activity is the surfactant
itself or the synergism between both components in the

mixture, it will be necessary to compare each isotherm of
the binary systems with the corresponding pure 1414RAc
isotherm at the same surfactant concentration. In Fig. 3a
the 1414RAc adsorption isotherms at 20 and 80 uM are
plotted. In both cases, the adsorption rate of the catanionic
formulations with PG is slower compared with the corre-
sponding pure surfactant adsorption rate. From these
results, it can be concluded that the synergism observed in
the adsorption rate is only with respect to the anionic
phospholipid PG. That is, in 1414RAc/PG mixtures, the
presence of surfactant favors the PG adsorption both in
terms of adsorbed amount as well as in terms of its kinetics.

To understand the activity against Gram-positive bac-
teria of the 1414RAc/PG dispersions, penetration experi-
ments of these catanionic mixtures were carried out into
PG spread monolayers at 47 mN/m, which corresponds to
the natural tension in biological membranes (Marsh 1996).
The anionic phospholipid PG is considered to be the major
component of the cytoplasmic bacterial membrane (Lohner
et al. 2008). Figure 3b shows the dynamic surface tension
of an insertion assay of 1414RAc/PG dispersions into PG
spread monolayer at the same surfactant mole fractions
studied in a clean air/water interface. As expected, nega-
tively charged dispersions, corresponding to surfactant
mole fractions of 0 and 0.2, inserted most readily into
anionic films composed of PG due to electrostatic attrac-
tions, reaching a minimum surface tension value of ca.
22 mN/m. Moreover, the positively charged ones, at sur-
factant mole fractions of 0.8 and 1, also reduce the surface
tension down to 28 mN/m. This decrease in surface tension
could be related to a lack of viability in bacterial mem-
branes, but does not agree with the experimental antimi-
crobial activity tested in this study. From these results, we
can conclude that antimicrobial activity against Gram-
positive bacteria by surfactants is not governed only by a
membrane permeabilization mechanism. From pure
1414RAc isotherms at 20 and 80 pM, the minimum surface
tension reached by a negative catanionic system is deter-
mined by the pure anionic phospholipid while a positive
catanionic system is determined by the pure cationic
surfactant.

Figure 3c shows dynamic surface tension for catanionic
vesicles studied in DPPC-spread monolayer, used as
mammalian membrane model. The injection of both PG
dispersion and negatively charged catanionic vesicles into
the saline subphase induces a small decrease on the surface
tension down to ca. 40 mN/m. This behavior suggests that
these anionic vesicles will not disturb the lipidic bilayer of
mammalian cells, in agreement with the low hemolytic
activity obtained in this study. The opposite behavior is
observed for positively charged catanionic vesicles and
pure cationic 1414RAc, reducing strongly the surface
tension of DPPC-spread monolayer from ca. 47 to around
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10 and 25 mN/m, respectively. Minimum surface tension
was reached by the negatively charged catanionic vesicles,
being lower than that corresponding to the pure surfactant
at the same concentration (80 pM). This suggests that
hemolytic activity is caused by a synergism between both
components in the mixture. Because surface tension
reduction is related to the degree of deformation of the
mammalian cell membranes tested, the mechanism of
hemolysis by 1414RAc/PG dispersions could be predicted
by penetration studies using DPPC monolayers as a model
of mammalian membranes.

Conclusions

This study demonstrates that the fine-tuning of the cationic
character of diacyl glycerol arginine-based surfactants
results in optimized antimicrobial activity and selectivity.
High selectivity was the result of both enhanced antimi-
crobial activity against Gram-positive bacteria and reduced
hemolytic activity.

The hemolysis activity by XXRAc/PG dispersions has
been correlated with a decrease in the surface tension,
using penetration studies in DPPC-spread monolayers as
model mammalian membranes. From these results, pene-
tration studies have been helpful in understanding the
degree of deformation of mammalian cell membranes.
However, antimicrobial activity against Gram-positive
bacteria cannot be explained only by penetration studies
using PG-spread monolayers as cytoplasmic bacterial
membranes. This behavior suggests other mechanisms not
related to membrane permeabilization.

Our results might be considered as a proof of principle
of a strategy, which may reduce the toxicity of many sur-
factants, opening possibilities for biological applications.
In these catanionic vesicles, the delivery rate was strongly
dependent on the overall physical behavior of the system
and on the driving forces leading to the formation of the
aggregate, not only in vitro but also in the presence of
biological fluids.

We have shown that formulating these hemolytic sur-
factants in the form of negatively charged catanionic ves-
icles reduced their cytotoxicity drastically. Moreover, the
antimicrobial activity in the worst case is maintained and in
some cases can be enhanced.
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