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Abstract

Cationic amino acid-based surfactants are known to interact with the lipid bilayer of microorganism resulting in cell death
through a disruption of the membrane topology. To elucidate the interaction of a cationic surfactant synthesized in our lab,
investigations involving N*-benzoyl-arginine decyl amide (Bz-Arg-NHC, ), and model membranes composed by 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC) were done. Bz-Arg-NHC,,was able to penetrate into DPPC monolayers up to
a critical pressure of 59.6 mN m~!. Differential scanning calorimetry revealed that as the concentration of Bz-Arg-NHC
increased, the main transition temperature of DPPC slightly decreased. Atomic force microscopy (AFM) in situ experiments
performed on supported DPPC bilayers on mica allowed monitoring the changes induced by Bz-Arg-NHC,,. DPPC bilayer
patches were partially removed, mainly in borders and bilayer defects for 50 uM Bz-Arg-NHC,, solution. Increasing the
concentration to 100 uM resulted in a complete depletion of the supported bilayers. Surface plasmon resonance (SPR) experi-
ments, carried out with fully DPPC bilayers covered chips, showed a net increase of the SPR signal, which can be explained
by Bz-Arg-NHC,, adsorption. When patchy DPPC bilayers were formed on the substrate, a SPR signal net decrease was
obtained, which is consistent with the phospholipids’ removal observed in the AFM images. The results obtained suggest
that the presence of the benzoyl group attached to the polar head of our compound would be the responsible of the increased
antimicrobial activity against gram-negative bacteria when compared with other arginine-based surfactants.

Keywords Arginine-based surfactants - Model biological membranes - DPPC bilayer - Antibacterial activity

Introduction emulsifiers and preservatives in food and pharmaceutical
preparations. The reason for this is based on their biological
The use of surfactants is widely spread in everyday life,  and physicochemical properties, which are given by their
since they are ingredients of many formulations, ranging  amphiphilic nature. Due to the paramount importance of
from cleansing agents for household and personal care to  these compounds, which are manufactured and consumed at

worldwide scale, the development of new products with low
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environmental impact and minimal toxicity is mandatory.
Within this context, amino acid-based surfactants represent
an attractive alternative to the more conventional ones, since
they resemble natural amphiphilic molecules and can be
obtained from renewable raw materials (Pinazo et al. 2011).
Furthermore, the chemical groups that amino acids possess
allow the possibility of attaching different acyl/alkyl chains
by amide, ester or alkyl linkage, generating a great variety
of structures with diverse properties (Tripathy et al. 2018).
These compounds have some characteristics in common,
such as minimal toxicity and low irritancy, high biodegrada-
bility and good antimicrobial activity, being the most studied
those arginine-based ones (Pinazo et al. 2019). Arginine-
based surfactants can be obtained by sustainable methods
such as biocatalytic strategies, and have low toxicity profile,
high biodegradability and exceptional antimicrobial proper-
ties due to the presence of both the guanidine group of the
arginine residue and the alkyl chain length (Infante et al.
1985, 1997, Moran et al. 2004).

The antimicrobial action of cationic surfactants is sup-
posed to be based on their ability to disrupt the microbial
membrane through a combined adsorption and hydropho-
bic phenomenon at the membrane/water interface followed
by membrane disorganization (Castillo et al. 2006). In this
regard, the cationic surfactants are strongly adsorbed on the
bacterial cell surface due to the presence of ionic charges
in the molecule, triggering membrane disruption. Moran
et al. (2001) published results showing that arginine O-alkyl
amides (C,;—C,,) and arginine O-alkyl esters (C¢g—C,,) with
two positive charges per head group showed the lowest MIC
values (Moran et al. 2001). On the other hand, Colomer and
coworkers proved that the addition of a lysine residue as
a second amino acid in the polar portion of the molecule
reduced biocidal activity due to the presence of two cati-
onic charges, which increased the hydrophilic character of
the molecule and, consequently, reduced the surface activity
(Colomer et al. 2011).

Regarding the length of the hydrophobic chain, for the
three monocatenary surfactant series, N*-alkyl amides, O*-
alkyl amides, and O%-alkyl esters, the highest antimicrobial
effect was observed for those compounds with 12-carbon
alkyl chains (Morén et al. 2001). This fact was attributed to
the combination of several physicochemical properties, such
as hydrophobicity, adsorption strength, CMC, and solubility
in aqueous media. However, it is important to point out that
the optimum alkyl chain length depends on the surfactant
structure.

Our group has previously synthesized and characterized
some arginine-based surfactants using an endopeptidase
from Carica papaya latex—papain—as biocatalyst and a
purification methodology based on ecofriendly techniques
(Fait et al. 2015). Among the compounds synthesized
within this family of surfactants, N*-benzoyl-arginine
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decylamidehydrochloride (Bz-Arg-NHC,,) demonstrated
an interesting potential for its use as a disinfectant, due
to the antimicrobial activity showed against both gram-
positive and gram-negative bacteria and fungi. Besides, it
proved to have lower toxicity and irritancy when compared
with other commercial tensioactives of cationic nature.
These properties turn Bz-Arg-NHC,, into a promising
candidate for its application in topical formulations as a
preservative agent or as an antiseptic itself.

The present work examines the physicochemical pro-
cess involved in the perturbation of the lipidmembrane
induced by Bz-Arg-NHC,,, schematically represented in
Fig. 1. To this end, the interaction of this surfactant with
different biomembrane models, namely, 1,2-dipalmitoyl
sn-glycero-3-phosphocholine (DPPC) multilamellar lipid
vesicles (MLVs), monolayers and supported bilayers was
evaluated using different experimental approaches, includ-
ing Langmuir monolayer, differential scanning calorimetry
analysis (DSC), atomic force microscopy (AFM) and sur-
face plasmon resonance (SPR).

Materials and methods
Chemicals

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
pL-dithiothreitol (DTT), N-(2-hydroxyethyl)piperazine-
N'-(2-ethanesulfonic acid) (HEPES) and other reagents,
all analytical-grade, were purchased from Sigma Aldrich
(USA) and Tris base and methanol HPLC-grade from J. T.
Baker (USA). The arginine-based cationic surfactant Bz-
Arg-NHC,,-HCI was synthesized as previously described
using papain adsorbed onto polyamide as biocatalyst
(Fait et al. 2015). For all the solutions and experiments
ultrapure MilliQ (Merck Millipore, USA) water was used,
and had a resistivity of 18.2 MQ cm™'. Gold evaporated
(~50 nm) on glass substrates (SPR102-AU) were obtained
from Bionavis (Finland). Muscovite mica grade V-1 was

H
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O
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Fig.1 N*Benzoyl-arginine decylamide (Bz-Arg-NHC,;) chemical
formula
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purchased from SPI Supplies (USA). The rest of the chem-
icals used in this work were of analytical grade.

Critical micelle concentration (CMC)

The surface tension measurements at equilibrium were per-
formed with a Kriiss K12 tensiometer (Hamburg, Germany)
by means of the Wilhelmy plate method. A stock solution
of the surfactant (0.335 mM) was prepared in phosphate
buffered saline (PBS) pH 7.4 (6.78 g L™! NaCl, 1.42 g L™!
Na,HPO, and 0.4 g L™' KH,PO, in MilliQ water). The
experiment was performed in an appropriate glass cell con-
taining PBS at the beginning of the assay. For the CMC
estimation, the surface tension of a solution of increasing
concentration of Bz-Arg-NHC,,-HC] was measured after
each addition of a small volume of the stock solution and
the subsequent 15-20 min equilibration at 25 °C. The CMC
was estimated from the intersection between the two linear
portions of the y vs. log C plot.

Preparation of DPPC MLVs and SUVs suspensions

Multilamellar vesicles (MLVs) of DPPC used for the DSC
assays were obtained as follows. A standard solution of
DPPC (3.33 mg mL™") in CHCl;/MeOH 1:1 V V~! was pre-
pared and aliquoted (100 pL) in glass test tubes. The solvent
was removed under a nitrogen stream while rotating the tube
to form a thin film of lipid and left under reduced pressure
for at least 2 h to eliminate all traces of solvent. MLVs were
obtained by hydrating the lipid film with 100 uL of PBS,
containing the corresponding amount of surfactant (from 0
to 4 mol%), followed by five alternative cycles of vortex and
heating at 60 °C (2 min). To assure a significant interaction
between the surfactant and the liposomal structures, the final
solutions were left overnight.

For AFM and SPR measurements, DPPC MLVs were
prepared by addition of buffer HEPES (25 mM HEPES,
150 mM NaCl pH 7.4) or TBS (20 mM Tris base, 150 mM
NaCl pH 7.4), respectively, to the thin lipid film, followed
by vigorous vortexing at 60 °C. In both cases, the MLVs
suspensions were sonicated at 60 °C for 1 h using a TestLab
TBO04 bath-type sonicator (Buenos Aires, Argentina). Hence,
small unilamellar vesicles (SUV) were generated.

SUVs where characterized by means of DLS with a Mal-
vern Zetasizer Nano (Malvern Instruments, UK) equipped
with a laser (633 nm) set at angle of 173°. Measurements
made in PBS buffer at 25 °C gave a mean size of 85 +6 nm
(PDI=0.18+0.02).

Differential scanning calorimetry (DSC)

Differential scanning calorimetry measurements of DPPC
MLVs were carried out in a DSC Q100 TA Instruments

(USA) calorimeter at a scanning rate of 5 °C min~!. Alu-
minum pans were loaded with MLV suspension (0.2 mg of
DPPC) and submitted to heating/cooling cycles between
0 and 60 °C. At least two runs were performed for each
sample. The data from the first run were always discarded.
Experiments were carried out in duplicate. Data analysis
was done using the TA Universal Analysis software.

Monolayer penetration experiments

Surface-pressure (7) measurements were carried out with
a Langmuir trough by a NIMA Model 102A instrument
(NIMA Technology, Coventry, UK) with a Wilhelmy plate
as the z sensor. The aqueous subphase consisted of PBS
buffer prepared in ultrapure Milli-Q water. For monolayer
penetration assays, DPPC monolayers were formed by
spreading the lipids from a stock solution prepared in chlo-
roform (1 mM) over the subphase surface until the desired
initial surface pressure (x,) of the lipid film was attained.
After waiting 15 min for complete solvent evaporation and
7, stabilization, the measurement was started, and the sur-
face pressure of the neat lipid monolayer was recorded.
Then, Bz-Arg-NHC,, from a stock solution prepared in
PBS was injected into the subphase bulk with a Hamilton
microsyringe to reach a final concentration of 30 pM and
the increment in z (Ax) was recorded over time until a
stable signal was obtained. Measurements were performed
at23+1 °C.

Atomic-force microscopy (AFM)

Ex-situ lipid samples were prepared in freshly cleaved
planchets of mica. First, a 5 pL drop of 1 mM CacCl,
was added to the mica and after 15 min, the surface was
washed with MilliQ water. Then, 100 pL of DPPC SUVs
were dropped on the Ca®* modified mica and allowed to
interact for 1 h at 60 °C. The unbounded lipid vesicles
were washed with buffer solution. Samples were placed
without drying in the AFM fluid chamber, and then filled
with 50 uL of HEPES buffer. After scanning the surface,
an aliquot (30 pL) of surfactant solution was added and the
changes induced by the addition of Bz-Arg-NHC,, were
followed during time (10-20 min). To assess that these
observations were not due to invasive AFM tip interaction
with the membrane, consecutive scans of the same area
without surfactant were also recorded.

AFM measurements were performed on a MultiMode
Scanning Probe Microscope controlled by a Nanoscope-
V unit (Veeco Instruments Inc., USA) using V-shaped
Si;N, probes (Veeco Instruments Inc., USA) with
0.08-0.15 N m~! spring constants. All the experiments
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were carried out at 24 °C in a fluid cell. Images were
obtained in contact mode with a scanning rate of 1 Hz.

Surface plasmon resonance (SPR) measurements

SPR measurements were performed in MP-SPR Navi™200
(BioNavis, Finland) equipped with two independent lasers
(670 and 785 nm) in a dual-channel detection system. Meas-
urements were made in an angular-scan range of 58-72
degrees and typical flows employed were 10-500 pL min™".

Preparation of the sensor surfaces

Commercial gold substrates (SPR102-AU, Bionavis) were
washed with NH;:H,0,:H,0 (1:1:2) at 90 °C during 10 min,
rinsed with water and ethanol and dried with N,. Immediately,
the substrates were incubated in the presence of a 50 uM DTT
ethanolic solution for 30 min at room temperature. The DTT-
gold substrates were thoroughly rinsed with ethanol and dried
with N,.

Liposome binding

DPPC SUVs were employed for the in situ generation of lipid
bilayers on the surface of the SPR sensor chip. DTT-gold sub-
strates were placed in the SPR device and the SPR curves
(from 58 to 72 degrees) were registered each 3 s. The running
buffer was TBS with 3 mM Ca" kept at a flow of 10 uL min™"
for all the experiments. After 10 min of baseline stabiliza-
tion, the 0.2 mg mL~! liposome suspension was injected at
10 uL min~! during 15 min, with one or more steps for differ-
ent surface coverages, in both flow cells. After 10 min of sta-
bilization, a quick pulse of running buffer at 500 uL min~" was
performed to remove weakly adsorbed material. The amount
of bound lipid was calculated from the change in the signal
registered at the angle of maximum derivative (AG;,y.,)
from the initial baseline and the signal after the washing step.
Results were expressed as the percentage of the theoretical
ABp, expected for a full bilayer coverage (Daza Millone
et al. 2018).

Surfactant affinity measurements

After supported bilayer preparation, surfactant solutions
prepared in TBS buffer were injected at 10 uL min~! during
30 min through the main channel, while buffer (TBS) was
injected in the control channel. Duplicate measurements were
performed for each sample using freshly prepared supported

bilayers. Also, control experiments were made injecting the
surfactant solutions on DTT surfaces, i.e., without the DPPC
bilayer.

Results

Cationic lipoamino acids constitute an important class of nat-
ural surface-active biomolecules of great interest to organic
and physical chemists and to biologists with an unpredict-
able number of basic and industrial applications (Pinazo et al.
2019). Among others, antimicrobial activity is one of the most
remarkable biological properties of this kind of compounds
(Fait et al. 2019). This fact is attributed to the combination
of several physicochemical parameters—such as the CMC,
the surfactant’s hydrophobicity, the adsorption strength, and
water solubility, among others—which results in an optimal
hydrophobic/hydrophilic balance that enhance the interaction
and penetration of the surfactant into the microorganism’s
membrane. In all instances, both the alkyl chain length and the
chemistry of the polar head group affect the biocidal activity.
Within this context, the physicochemical parameters of Bz-
Arg-NHC,, and its interaction with model membranes were
studied.

Physicochemical characterization

Basic physicochemical parameters that characterize a sur-
face-active compound are CMC, surface tension at the CMC
(Ycme)» the maximum surface excess concentration at the air/
aqueous solution interface (I',,,,), and the area per molecule
(A,i,)—which measures the minimum area per surfactant mol-
ecule at air/aqueous solution interface. The CMC and ;¢ can
be determined from the break point of the surface tension (y)
vs. the logarithm of the surfactant concentration curves. And
using the Gibbs adsorption equation, we can also obtain both
I'ax and A (Rosen 2004). All parameters are summarized
in Table 1.

Several studies have reported adsorption and self-aggre-
gation in aqueous media at a range of concentrations and in
either the presence or the absence of other components for
single chain arginine-based surfactants (Pinazo et al. 2011).
We previously demonstrated the surfactant character of Bz-
Arg-NHC,, in aqueous media, proving its ability to reduce the
surface tension of water (Fait et al. 2017). Within this context,
self-aggregation was also evidenced, showing a defined CMC
value of 0.230 mM at 25 °C. Since the presence of salts in the
medium (buffer solution) used in the experiments modifies

Table 1 Bz-Arg-NHC, surface
parameters in PBS

Medium CMC (mM)

Yeme (MmN m‘l)

[pax (100 mol em™) A, (A?)

Meye N m™) - T

PBS 0.028

36.7 353 2.47 67
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the aggregation properties of the surfactant, the determination
of the CMC of Bz-Arg-NHC,,, in PBS was performed. The
selection of PBS was based on the fact that a stock solution of
the surfactant in this medium was used for both the monolay-
ers penetration assays and the preparation of DPPC MLV for
the DSC studies (see “Materials and Methods” section). As
expected, the CMC obtained in this saline medium was lower
than in deionized water (0.028 and 0.230 mM, respectively,
Fait et al. 2017). The effect of salts on the micellization of
this kind of compounds reveals that in general the CMC val-
ues become lower as the concentration of salts in the medium
increases.

Critical micelle concentration (CMC), surface tension
at CMC (ycpmc)- effectiveness of surface tension reduction
(ITcpe), maximum adsorption at the interface liquid—air
(I'pha) and minimum area occupied by adsorbed molecule
at the interface liquid—air (A,,;,).

Interaction of Bz-Arg-NHC,, with model
membranes

Even though for most bacteria the main zwitterionic phos-
pholipid is phosphatidylethanolamine (PE), we used mon-
olayers, liposomes and supported bilayers composed of
DPPC as lipid models to elucidate the antimicrobial mecha-
nism of Bz-Arg-NHC,,,. This choice was made on the basis
of the advantages these systems offer over more complex
lipid mixtures (Epand and Epand 2009; Lind et al. 2019),
although these will be necessary in order to identify spe-
cific interactions between the surfactant and a particular
component of the bacterial membrane (Castillo et al. 2004;
Colomer et al. 2013). Within this context, differential scan-
ning calorimetry (DSC), Langmuir monolayers, atomic force
microscopy (AFM), and surface plasmon resonance (SPR)
studies will serve as an initial approach to give an insight
into the interaction of this kind of compounds and bacterial
membranes.

Differential scanning calorimetry (DSC)

DSC is a tool for assessing the thermodynamic properties
of a system, specifically allowing the inspection of a phase
transition phenomenon. Heat capacity profiles measure this
property as function of the temperature at constant pres-
sure. The presence of peaks in these profiles indicates phase
transitions. Surfactants, due to their amphiphilic structure,
can be incorporated into the lipid barrier and thus disrupt
the tight arrangement of the membrane lipids, inducing a
phase transition that can be registered using this technique.

In this work, DSC allowed us to study the effect of Bz-
Arg-NHC,, on DPPC bilayers. By these means, two param-
eters were studied. On one hand, we analyzed the main
phase transition temperature (7,,), which corresponds to

the gel-liquid crystalline transition and is related to gauche
isomerization of the acyl chains. On the other hand, the
width at half-height of the heat absorption peak (AT),,) was
also determined, which is a measure of the cooperativity of
the transition process.

The effect of Bz-Arg-NHC,, in a range of concentra-
tions comprised between 0 and 4 mol% on DPPC MLVs
is presented by the thermograms depicted in Fig. 2a. In the
absence of the surfactant (control curve), the main transi-
tion took place at 41.2 °C. Since the amount of compound
enclosed in the DSC capsules was not the same for each
determination, the enthalpy values could not be directly
recovered from the thermograms. A decrease in the lipidic
bilayer fluidity due to the incorporation of Bz-Arg-NHC,,
can be attributed to hydrophobic mismatch (Inoue et al.
1988). Within this context, compounds bearing ten or less
carbon alkyl chains would penetrate into the hydrophobic
core of the lipid bilayer in such a fashion that avoid near the
acyl hydrocarbon core is created, reducing the stability of
the lamellar gel phase and lowering 7,,,. As can be inferred
by the broadening of the endothermic peak, the correlation
between the lipid molecules in the phase transition, or coop-
erativity, was disrupted by the presence of Bz-Arg-NHC,,.
This fact allows us to infer that the compound was incorpo-
rated into the DPPC MLVs.

The parameters obtained from Fig. 2b, ¢ were
AT, =0.395 and AT,,,=1.64. From this experiment, it can
be concluded that Bz-Arg-NHC |, has a slight efficiency in
the fluidification of DPPC bilayers in the assayed conditions;
higher concentrations of the compound could not be tested
since its low aqueous solubility.

Monolayer penetration experiments

The interaction of Bz-Arg-NHC,, with DPPC monolayers
was investigated by injecting the surfactant solution into
the aqueous subphase (30 pM final concentration), beneath
the monolayers compressed at different initial surface pres-
sures (7,) and analyzing the increment in 7 (Ax) over time.
Figure 3a shows representative curves obtained for DPPC
monolayers at z, of 5 and 20 mN m~'. Upon injection,
regardless the 7z, of the lipid films, the interaction of Bz-
Arg-NHC,, with the monolayers resulted in a rapid increase
in 7 within the first 5 min. After this initial increment, a
progressive decrease in 7z was detected within the next 5 min,
suggesting a reorganization of the monolayer after adsorp-
tion/incorporation of Bz-Arg-NHC,, molecules. The mon-
olayers finally became stabilized reaching an equilibrium z
(). Interestingly, the net decrease from the maximum =
(7,) Was~4 mN m™ for all the 7, tested, which could arise
from the detergent-like behavior of this compound that once
incorporated into the lipid film may reach a surface concen-
tration high enough to induce the removal of lipid molecules
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Fig.2 a DSC heating thermo- a -
grams of DPPC MLVs in the ”
presence of increasing concen- i
trations of Bz-Arg-NHC, (from 4%
0 up to 4 mol%). The heating ]
rate was 5 °C min~!. b Depres-
sion of the transition tempera- i
ture (AT=T,,—T,,) and c the
transition width (AT,,) of — 3.0
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from the monolayer to the subphase and the resulting forma-
tion of mixed micelles (Nitenberg et al. 2018). For the dif-
ferent r, assayed, similar kinetics were observed, though the
total Az (both A, and Ar, ) achieved depended on the 7,
value of the lipid film (Fig. 3b)—as the x, of the monolayer
increased, the incorporation of Bz-Arg-NHC,, decreased
(i.e., a lower Az registered) due to the closer packing of the
lipids at a higher z,. From the plot of Ax,,,, values observed
as a function of z,, the critical surface pressure () was cal-
culated. This 7, corresponds to the extrapolated value of 7,
beyond which no further incorporation of the surfactant into
the monolayer would occur (i.e., Az, =0 after injection)
and reflects the influence of the lipid packing density on the
ability of the molecule to penetrate into the monolayer, and
hence, its penetration capacity. By these means, the value of
7, obtained was 59.6 mN m™" for Bz-Arg-NHC,, in DPPC
monolayers.
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Atomic force microscopy (AFM)

Biological samples can be observed at the highest resolution
under conditions close to their natural state by means of
atomic force microscopy (AFM) (Miiller et al. 2002). Using
this technique, we characterized the interaction of Bz-Arg-
NCH,ywith supported lipid membranes. The AFM image
(Fig. 4a) showed DPPC bilayers in gel phase, with a thick-
ness of 4.3 +0.3 nm as shown in the corresponding cross-
section. This difference in the step height with the level of
the mica can be considered in the range of values generally
observed for supported phospholipid bilayers.

After surfactant’s injection in the fluid chamber (50 uM,
t=0, Fig. 4b), sequential AFM images of the same area were
recorded (Fig. 4b, ¢). The DPPC supported bilayer height
remained unaltered (4.4 +0.3 nm) but some holes appeared
within it. Besides, most of the bilayer border regions exhibit
typical heights of 3.5+0.3 nm. It is not clear what these
lower regions are due to, but it has been reported that
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Fig.3 Bz-Arg-NHC, interaction with DPPC monolayers. a Insertion
kinetics of Bz-Arg-NHC,, into lipid monolayers of DPPC. The lipids
were spread over the subphase (PBS buffer) to achieve the initial sur-
face pressures (z,) indicated in the figure. Bz-Arg-NHC,, was then
injected from a stock solution in PBS to give a final concentration of
30 uM and the increase in surface pressure (Ax) was registered over

without Bz-Arg-NHC,,

+ 50 uM Bz-Arg-NHC,,,t=0

10
® Allmax
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E ¢
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E
E
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time. b Maximum and equilibrium Az (Ax,,, and Ar.) obtained
for the interaction of Bz-Arg-NHC,, with DPPC monolayers at dif-
ferent z,. The critical surface pressure (z,) was obtained by extrapo-
lating the curve of Ax,,, vs. z, to Az=0. The values represent the
mean +SEM, n=3. Measurements were performed at 23 +1 °C

t=16 min

Distance [um]

Fig.4 AFM images of Bz-Arg-NHC,, interaction (50 puM) with
DPPC supported bilayers. a 4 umx4 pum image taken before the
interaction, b immediately after the injection of 50 uM Bz-Arg-

surfactants intercalate preferentially in regions where the
molecular packing is less dense, i.e., the border of the bilayer
(Lima et al. 2013). This intercalation would induce disor-
der in the DPPC gel phase causing a phase transition from
gel to a liquid-crystalline state. Based on different heights
measured, it can be presumed that the higher domains are
essentially DPPC-rich domains while the lower ones are Bz-
Arg-NHC,-rich domains.

Distance [um]
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NHC,, and ¢ at t=16 min (subsequent scans). Cross-sections shown
below correspond to the blue lines drawn in the images. Brighter
spots are associated to vesicles (red arrows)

For all samples, vesicles that were not removed by sur-
factant’s addition were also observed (red arrows in Fig. 4).

The AFM image (Fig. 5a) showed DPPC bilayers in the
gel phase, with a thickness of 4.3 + 0.3 nm. Furthermore,
16 min after the injection of Bz-Arg-NHC,,, re-adsorption
of material on the mica surface was observed (Fig. 5b).
This could be due to the formation of lipid-surfactant
mixed micelles (Morandat and El Kirat 2007).
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Fig.5 Interaction of Bz-Arg-
NHC,, with DPPC sup-

ported bilayers. AFM images

(5 pm x5 pm) taken a before the
interaction and b 16 min after
the injection of 50 uM Bz-Arg-
NHC,,,. Deposited material can
be observed from the changes in
the dashed zone

& min
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Fig.6 AFM images of 100 uM Bz-Arg-NHC,, interaction with
DPPC supported bilayers. a 4 pmX4 um image taken before the
interaction with Bz-Arg-NHC,,, b injection of 100 uM Bz-Arg-
NHC,, (arrow and black dotted line) and ¢ subsequent scan at

The incubation of DPPC bilayers with the surfactant
at a concentration two times greater than that used for
the previous observations induced dramatic alterations
of the bilayer (Fig. 6a, b). Indeed, after the addition of
100 uM Bz-Arg-NHC,,,, the DPPC bilayer was completely
removed leaving only patches of adsorbed material ranging
1.1-2.5 nm in mean height (Fig. 6c).

Surface plasmon resonance (SPR)

SPR constitutes a powerful biosensing technique for
monitoring biomolecular interactions in real-time with-
out labeling requirements. Biosensor experiments involve
immobilizing one reactant on a surface and monitoring its
interaction with a second component in solution through
changes in the reflectivity of the Au sensor platform (Rich
and Myszka 2000). Using SPR spectroscopy, we tested the
binding and lipid solubilization capacity of Bz-Arg-NHC,,
on DPPC supported lipid bilayers onto the surface of a sen-
sor chip (Daza Millone et al. 2018). DPPC vesicles were
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t=6 min. Cross-sections shown below correspond to the full blue
lines in the images. The white dotted rectangles in a, b show the con-
served area between scans

injected in a step-way manner in order to reach different
surface coverage and the surfactant was injected at concen-
trations 50, 100 and 500 uM (Fig. 7a).

When 500 uM of the surfactant was injected on sensors
with a surface coverage higher than 29%, a net binding
increase was detected, evidenced as an increment in the
SPR signal, as shown in Fig. 7b. Similar results were
obtained with lower (50 and 100 uM) surfactant concen-
trations. In contrast, a different profile was observed when
500 uM Bz-Arg-NHC,, was injected on sensor chips with
13% of lipid coverage. In this case, after surfactant injec-
tion, a drop of the signal below the baseline was observed,
revealing the lipid removal from the bilayer. These results
can be correlated with the AFM experiments performed at
a surfactant concentration of 100 pM, in which the solubi-
lization of the model biomembrane is observed (Fig. 6b).

In summary, the SPR response corresponds to both
the adsorption of the surfactant which produces a disor-
ganization of the DPPC bilayer and the release of lipid-
detergent mixed micelles when the bilayers are saturated
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Fig.7 SPR measurements of Bz-Arg-NHC,, binding to DPPC sup-
ported bilayers. a Interaction of 100 pM surfactant with~40% DPPC
surface coverage: (1) DPPC vesicle injection, (2) end of injection,
(3) buffer washing step, (4) surfactant injection, (5) buffer washing

by surfactant. These micelles can be re-deposited on the
surface as shown in AFM images (Fig. 5b).

Discussion

A great effort has been made to design and synthesize a
large variety of arginine-based surfactants with differences
in the number of the cationic charges, the chemical structure
of the head group, the number, length, and bonding posi-
tions of hydrophobic chains and the molecule’s symmetry.
In this paper, the interaction between Bz-Arg-NHC,, and
lipid monolayers, liposomes and supported lipid bilayers
has been studied with the aim of assessing the relationship
between the chemical structure of the head group, in particu-
lar the presence of the benzoyl moiety, and the perturbation
of membranes. Finally, these results were correlated with the
antimicrobial activity of this surfactant.

The hydrophilic/hydrophobic balance of Bz-Arg-NHC,,
due to the presence of benzoyl moiety attached to the head
group lead to an effective insertion of the surfactant into the
lipid bilayer. This property not only allowed the interaction
of the surfactant with the membrane, but also increased the
tendency to self-aggregate in solution, which is reflected in
the low CMC value.

It was observed among different families of monocate-
nary arginine-based surfactants that the CMC values have
a strong reliance on the alkyl chain length: the more hydro-
phobic the molecule (i.e., longer alkyl chain), the lower
the CMC value. On the contrary, it is not clear whether
the nature of the head group has an influence in the CMC
and ycyc (Pinazo et al. 2019). Indeed, in terms of adsorp-
tion and surface-active properties, Bz-Arg-NHC,, has a
much lower CMC value (from 5 to 150 times) than other

+ 500 uM Bz-Arg-NHC

normalized AO,.

13 %
DPPC surface coverage

29% 64% 84%

step, and (6) final SPR signal showing a net increment. b Normal-
ized changes in SPR angle—difference in values between (4) and (6)
referred to lipid amount between (1) and (3)—for the interaction of
500 uM Bz-Arg-NHC,, with increasing DPPC surface coverage

arginine-based compounds—such as N*-decyl-Arg-methyl
ester (CAM) or Arg-N-decylamide (ACA)—(Pinazo et al.
2019). This could be attributed to the molecule’s higher
hydrophobicity due to the presence of the benzoyl group,
which increases its tendency to self-aggregate. In this
concern, Perinelli and coworkers reported the effect of
the addition of a benzyl group on the CMC of quaternary
ammonium leucine-based surfactants with the same alkyl
chain length that Bz-Arg-NHC,, (Perinelli et al. 2019).
They found that the substitution of the methyl group with a
benzyl one exerts a double effect by increasing the hydro-
phobicity and the steric hindrance of the ammonium qua-
ternary polar head, thereby reducing the CMC values.

Surfactants’ micellization is influenced by the presence
of salts in the medium: in general, CMC values of ionic
surfactants become lower as the concentration of salts in
the medium increases. The magnitude of this phenomenon
depends on several factors, such as the ionic strength of
the medium and the nature of the surfactant’s counterion.
The decrease of the CMC values would be a consequence
of the reduction of the electrostatic repulsion forces among
the head groups, due to an electrostatic shielding effect
exerted by the ions present in the medium, and the increase
of the interactions among the hydrophobic tails. Hence,
an increment in the number of surfactant monomers per
micelle is also observed (Helenius et al. 1979).

It is known that a change in the molecule’s polarity has
a direct influence in its ability to adsorb onto the surface as
well as its insertion within a lipid membrane. To elucidate
the disruption mechanism of the membrane organization,
different approaches were adopted in this paper. Within
this context, DSC experiments proved that Bz-Arg-NHC,
is slightly efficient in fluidizing DPPC bilayers within the
concentration range tested. A similar trend was observed
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for other arginine-based surfactants as N*-lauroyl-Arg-
methyl ester (LAM), which showed a small effect in the
AT, and AT),,, values up to a 5 mol% concentration, but it
became significant as the surfactant proportion increased
(Castillo et al. 2004).

Moreover, Bz-Arg-NHC,, molecules demonstrated to be
able to insert themselves within the membrane, as it arises
from the monolayer insertion experiments. By these means,
the value of 7z, obtained was 59.6 mN m™' for Bz-Arg-
NHC,, in DPPC monolayers. This value by far exceeds the
average r assigned to the lipid packing in cell membranes
(30 mN m™"), suggesting that Bz-Arg-NHC, has the ability
to penetrate into biological membranes even at high lipid
packing densities (Marsh 1996). Interestingly, the net varia-
tion of the maximum 7z (7,,,,), can arise from the detergent-
like behavior of this compound that once incorporated into
the lipid film may reach a surface concentration high enough
to induce the lipid removal from the monolayer to the aque-
ous subphase by the formation of mixed micelles (Nitenberg
et al. 2018). Supporting this hypothesis, SPR responses and
AFM images showed a similar trend, suggesting both the
adsorption of the surfactant’s molecules—which produces
a disorganization of the DPPC bilayer—and the release of
lipid-detergent mixed micelles once the bilayers become sat-
urated with the surfactant’s monomers. These micelles can
be re-deposited on the surface, as shown in AFM images.

In all the experiments detailed in this paper, the surfactant
concentration responsible for the effects observed was above
its CMC value. The fact that the effects on the lipid bilayers
were proportional to the surfactant concentration suggests
that not only the monomers triggered membrane disruption
through their insertion and mixed micelles releasing after
saturation, but that also the surfactant aggregates can extract
lipids via collision with the membrane.

Remarkably, all the results presented here are in concord-
ance with the proposed hemolytic mechanism for Bz-Arg-
NHC, (Fait et al. 2017). In this regard, surfactants often
exhibit a dual behavior: besides the hemolytic effect, they
can also protect erythrocytes against hypotonic lysis. This
protective effect is often observed at surfactant concentra-
tions below the corresponding CMC value. However, our
previous published work demonstrated that Bz-Arg-NHC
display both hemolytic and protective activity above this
parameter (Fait et al. 2018). Moreover, Joondan and cowork-
ers proved a similar trend for the hemolytic activity of aro-
matic amino acid-based surfactants, evidencing the crucial
role of the surfactants’ aggregates in the disruption of the
membrane structure (Joondan et al. 2016, 2017, Fait et al.
2018).

The discussion presented up to this point allows us to
explain the results obtained in regard to the antimicro-
bial activity observed for Bz-Arg-NHC,,. As opposed to
the results obtained for other arginine-based surfactants
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analogous to our compound, Bz-Arg-NHC,, showed a
broad-spectrum antimicrobial activity: e.g., its MIC value
for E. coli is 0.45 mM, whereas ACA and CAM proved
to be ineffective against this microorganism. This can be
explained based on the structural differences between these
two compounds and Bz-Arg-NHC,;, which could result in
different interactions with the bacterial cell surface and
the microbial membrane. Furthermore, these interactions
could be influenced not only by the chemical structure of
the surfactant molecule, but also by the composition of
bacterial cell envelopes themselves. It is also remarkable
that Bz-Arg-NHC,, showed antimicrobial activity against
both gram-positive and gram-negative bacterial strains
in almost the same extent, a fact that is opposed to the
behavior observed for other arginine-based surfactants,
which were more effective against gram-positive bacte-
ria (Fait et al. 2015). This behavior can be attributed to
the presence of the benzoyl group, which increases the
hydrophobic character of the surfactant, improving the
surfactant molecules’ ability to penetrate through the outer
membrane of the gram-negative bacteria. Interestingly,
this trend was also noticed by Perinelli and coworkers,
who found that the N-benzyl group present in the cationic
amino acid-based surfactants they studied enhanced the
antimicrobial effect of this kind of compounds (Perinelli
et al. 2019). The underlying principle for this behavior
was addressed to the increase of the hydrophobicity of the
molecule, especially for the derivative with a ten-carbon
alkyl moiety.

Another feature of relevance concerns to MIC values
reported in the literature for other amino acid derived
surfactants, which are generally below the corresponding
CMC value in water. This may lead to the assumption that
the surfactant monomers and not its aggregates are the
entities responsible for the antimicrobial activity. How-
ever, this was not observed for Bz-Arg-NHC,,, since the
MIC values registered for this compound are above its
CMC.

Finally, we consider that further studies using lipid mem-
branes containing anionic lipids and PE are necessary to
confirm whether the proposed mechanisms of interaction
with red blood cells and DPPC membranes can be extrapo-
lated to the bacterial membrane, explaining the antimicrobial
mechanism of our surfactants.
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