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(mono-RL) or two (di-RL) rhamnose moieties coupled to hydroxyaliphatic chains. It is well accepted that
RLs present low biolitic activity as compared to other synthetic surfactants. However, their mechanisms
of action in biological systems are not well defined yet. The interaction of RLs with lipid bilayers are here
investigated to address how they impact on plasma membrane at molecular level. Our experimental

Keywords: . approach was based on a deep analysis of optical microscopy data from giant unilamellar vesicles
Membrane remodeling . . R .. . . .

Lipid rafts (GUVs) dispersed in aqueous solutions containing up to 0.5 mM of commercially available RLs (a mixture
Giant unilamellar vesicles of mono-RL, 33-37 mol%, and di-RL, 63-67 mol%, cmc of 0.068 + 0.005 mM). GUVs were made up of a
Rhamnolipid single lipid POPC and a ternary system containing DOPC, sphingomyelin and cholesterol, which mimic
Biosurfactant lipid raft platforms. Our results demonstrate that RLs have a low partition in the lipid bilayer in respect
Membrane budding to the total molecules in solution. We suppose that RLs insert in the outer leaflet with low propensity to
Endocytosis flip-flop. In the case of POPC GUVs, the insertion of RL molecules in the outer leaflet impairs changes in

spontaneous membrane curvature with incubation time. Then, small buds are formed that remain linked
to the original membrane. No changes in membrane permeability have been detected. A remarkable
result refers to the insertion of RLs in membranes containing liquid ordered (L,) - liquid disordered
(Lg) phase coexistence. The rate of interaction has been observed to be higher for Ly phase than for L,
phase (0.12-107% s~ and 0.023-107° s~! for Ly and L,, respectively, at RL concentration of 0.5 mM).
As a consequence, the preferential RL insertion in Ly phase may also alter the membrane spontaneous
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curvature which, coupled to the change in the line tension associated to the domains boundary, con-
ducted to L, domain protrusion. Even if it has been observed on a model system, such membrane remod-
elling might correlate to endocytic processes activated in cell membranes, regardless of the participation
of specific proteins. Further, changes imposed by RLs in lipid rafts may affect the association of key pro-
teins enrolled in cell signaling, which may perturb cell homeostasis.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

It is well recognized that one of the biggest problems in the
industrialized world is the contamination with dangerous and
toxic chemicals of soil, sediments, groundwater, surface water
and air [1-3]. The search of new environmental technologies
includes bioremediation, which envisages the correct use of either
microorganisms or microbial processes to biodegrade contami-
nants [4,5]. On this ground, an increasing interest in a new class
of surfactants, referred to as biosurfactants, has taken place over
the last two decades. They are naturally produced by many organ-
isms, especially by bacteria [6,7]. Among the most investigated and
exploited biosurfactants there are the glycolipids, which are carbo-
hydrates with aliphatic or hydroxyaliphatic chains. In particular,
amid glycolipids a relevant role is played by rhamnolipids (RLs),
mainly produced by Pseudomonas aeruginosa, composed by a
hydrophilic head constituted of either one (mono-RL) or two
(di-RL) rhamnose moieties and one or two tails of
B-hydroxydecanoic acids (Fig. 1), linked to a large variety of
3-(hydroxyalkanoyloxy) alkanoic acids carbon chain. Like other syn-
thetic surfactants, RLs are able to reduce the water surface tension
significantly [8-10] and to form emulsions [11]. Further, they have
been successfully applied on bioremediation processes with the
aim of either degrading organic waste or reducing its concentration
down to the limits imposed by regulatory authorities [12]. Of note,
concerning bioremediation activities in oil-contaminated waters, it
has been reported that RLs can recover up to 98% of crude oil from
the refractory waste, both on a laboratory scale and on pilot plants
[13]. They are also effective in washing up to 95% of synthetic oil
from sand [14]. RLs have been also applied in pharmaceutics,
cosmetics, agriculture and other industrial sectors. For instance,
we have previously demonstrated that RLs can be used as epithe-
lial permeability enhancer [8]. Besides, antiviral, antimycotic,
mycoplasmacidal, algicidal and zoosporcidal activities have been
reported [15,16]. Due to the approval of the United States Environ-
mental Protection Agency (EPA), RLs have been applied to horticul-
tural and agricultural crops as effective biofungicides [17].

In spite of potential RLs applications, very little is known about
the molecular basis of some biological actions of these biosurfac-
tants. For instance, permeabilization and/or membrane rupture
are important for biocide action. On the other hand, for human
consumption and environmental purposes, it is quite important

to correlate the RLs action mechanisms on biological membranes
with their molecular structures, which confer their amphipathic
properties. It is known that the critical micellar concentration
(cmc) of pure RLs, which form micelles of circa 20-30 nm in size,
and their mixtures is dependent on their chemical composition
[18,19]. However, few studies have been dedicated to explore the
interaction between RLs, below and above cmc, and biological
interfaces at molecular level. In this regard, Ortiz and coworkers
investigated the effects of di-RL, which behaves as an inverted-
cone shaped molecule [20,9], on the structural properties of phos-
phatidylcholine (PC) model membranes by differential scanning
calorimetry, X-ray diffraction, fluorescence and infrared spectro-
scopies [21,22]. The combined results revealed that di-RL interca-
lates in the PC bilayers promoting an increase in phospholipid
hydrocarbon chain disorder. This process perturbs the packing of
PC molecules emphasized by the reduction of cooperativity in
the gel to liquid crystalline phase transition. Further, di-RL induces
leakage of carboxifluorescein (CF) entrapped into POPC unilamellar
vesicles [23]. Interestingly, the presence of a lag period was evident
for all di-RL concentrations below cmc of 0.11 mM, being shorter
for increasing di-RL concentration. Such CF leakage was not accom-
panied by membrane disruption. On the contrary, at di-RL concen-
trations above cmc, POPC bilayer displays a quick CF-leakage
concomitantly with membrane solubilization. Of note, the pres-
ence of phosphatidylethalonamine, a cone-shaped lipid, inhibits
the effect of di-RL in POPC membranes due to favoured lipid pack-
ing [20,23]. In addition, cholesterol exhibits a protective action
against membrane permeabilization [23]. Such findings could be
of particular interest because plasma membrane of eukaryotic cells
can contain up to 50 mol% of cholesterol, which would protect the
human cells from di-RL damage in a first insight.

Interestingly, Ortiz and coworkers [23] also investigated the
impact of di-RL on red blood cells used as model cells. The authors
have demonstrated that di-RLs at concentrations below cmc
are able to promote human erythrocytes permeabilization via
detergent-like mechanism. In parallel, electron microscopy images
have revealed alterations of red blood cell morphology from usual
biconcave disk-like shape to swollen cells (spherocytes), some of
them presenting protrusions on cell surface (echinocytes). Such
morphological changes must indicate either a di-RL preferential
partition into the outer plasma membrane or alterations in the
cytoskeleton [23]. Of note, a small lag period has been observed

Fig. 1. Ball-and-stick representations of a mono-RL (RL — Cy9 — Cjo, left) and a di-RL (RL — RL — Cyo — Cyo,right).
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for all studied di-RL concentrations below cmc, indicating that an
initial di-RL interaction mechanism upon the cells takes place prior
to erythrocytes hemolysis. Such mechanism of interaction remains
yet obscure in the literature.

Regarding in vivo assays, the impact of RL against a phagotropic
alga Ochromonas danica has been recently reported [24]. Interest-
ingly, such alga species represents a group of phagotropic flagel-
letes ecologically important for aquatic systems, with no
protective cell wall. In this case, biolitic and permeability effects
on the algal plasma membrane are only observed at RL concentra-
tions above cmc, unlike the impact of synthetic surfactants as
sodium dodecyl sulfate (SDS) that occurs at sub-micellar concen-
trations. It means that whereas individual SDS molecules are able
to damage O.danica cell membrane probably forming mixed
micelles with membrane lipids, RLs must preferentially interact
with the plasma membrane just when micelles are formed in solu-
tion. Also, RL-induced motility loss was identified [24].

Therefore, although several preceding works have addressed
the influence of the biosurfactant RL on biomembranes, its mecha-
nism of action on plasma membrane at molecular level remains
elusive. It should bear in mind that plasma membrane lipid com-
position is close to a critical point of phase separation [25]. From
the biological point of view, being close to a critical point the cell
requires much less energy to promote lipid demixing and to create
lipid heterogeneity known as lipid rafts. Such rafts platforms medi-
ate protein-protein and protein-membrane interactions that are
the key actors in cell signalling processes [25-28]. In this light,
here we investigate the effect of a commercially available RL mix-
ture composed of mono-RL (33-37 mol%) and di-RL (63-67 mol%)
[8] on plasma membrane models represented by giant unilamellar
vesicles (GUVs) above cmc. Two types of GUVs were challenged by
the RL mixture for comparison purposes and observed under an
optical microscopy in both phase contrast and fluorescence modes.
They were: GUVs made up of a single lipid, POPC, and of a ternary
mixture of DOPC, sphingomyelin (SM) and cholesterol (CHOL), at
molar ratio 1:1:1, which present liquid-ordered (L,) liquid-
disordered (Ly) phase coexistence [29] resembling lipid rafts [29].
In this way, changes in lipid rafts organization, membrane remod-
elling, permeabilization and membrane disruption elicited by RLs
can be simultaneously evaluated by optical microscopy. Such
experimental procedure allows us to describe the RLs action mech-
anisms underlining the plasma membrane response, as follows.

2. Materials and methods
2.1. Sample preparation

RL from Pseudomonas Aeruginosa (powder, 90% purity) was pur-
chased from Sigma-Aldrich (Poole, UK). As described by Perinelli
et al. [8], this commercial product is mainly composed by a mix-
ture of mono-rhamnolipids (33-37 mol%) and di-rhamnolipids
(63-67 mol%) and the cmc in water was estimated as 0.16 mM.

Herein, RL will be dispersed in glucose solution as described
below. Accordingly, cmc was determined by surface tension and
amounted to 0.068 + 0.005 mM (Fig. S1).

All studied lipids were acquired from Sigma-Aldrich: POPC (2-
oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine), DOPC (1,2-di
(cis-9-octadecenoyl)-sn-glycero-3-phosphocholine), sphin-
gomyelin (SM, N-acyl-4-sphingenyl-1-O-phosphorylcholine, N-Ac
yl-D-sphingosine-1-phosphocholine), cholesterol (CHOL, 38-
hydroxy-5-cholestene, 5-cholesten-3p-0l) and DOPE (1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine)-rhodamine, Rho-PE.
All other chemicals and solvents were purchased from Sigma
Aldrich (Saint Louis, MO) and used without further purification.

GUVs were prepared by the electroformation procedure using
POPC, POPC/Rho-PE (0.1 mol%) and DOPC, SM, CHOL (molar ratio
1:1:1) containing Rho-PE (0.1 mol%). Briefly, 20 puL of 1.0 g/L total
lipid in chloroform solution were spread on the surfaces of two
conductive glass slides coated with indium tin oxide (ITO slides,
Sigma-Aldrich, Saint Louis, MO). The glass slides were placed with
their conductive sides facing each other and separated by a 2 mm
thick Teflon frame. The chamber was filled with a 0.2 M sucrose
solution up to a volume of 1.0 mL. The glass plates were connected
to a function generator applying an alternating voltage of 2 V with
10 Hz frequency for 2 h. The electroformation of GUVs composed of
DOPC:SM:CHOL was conducted at 55 °C. These GUVs were left at
4 °C overnight and observed in the following day. Subsequently,
100 pL of electroformed GUVs were mixed to 600 pL of a 0.2 M glu-
cose solution containing RL and immediately transferred to the
microscope chamber to perform continuous observations. The final
total lipid concentration was 0.00286 g/L, whereas the RL concen-
tration ranged from 0.1 mM to 0.5 mM. The osmolarities of the
sucrose and glucose solutions were measured with a cryoscopic
osmometer Osmomat 030 (Gonotec, Germany) and carefully
matched to avoid osmotic pressure effects thus guaranteeing the
optical contrast. Experiments were done at least in triplicate.

2.2. Microscope observations

Vesicles were observed in the phase contrast and fluorescence
modes by means of an inverted microscope Axiovert 200 (Carl
Zeiss, Jena, Germany) equipped with a Plan Neo-Fluar 63X Ph2
objective (NA 0.75). Images were recorded with an AxioCam HSm
digital camera (Carl Zeiss). A mercury lamp HBO 103 W, with exci-
tation and emission filters at 540-552 nm and 575-640 nm,
respectively, was used in the fluorescence mode. The effect of lipid
oxidation was controlled by the use of low intensity illumination in
the fluorescence microscopy to avoid artifacts due to light-induced
domain formation by the Rho-probe [30,31]. All measurements
were done at (23 £ 2) °C.

2.3. Data analysis

Several hundreds of snapshots of the GUVs, collected as a func-
tion of time after the mixing with a glucose solution at different RL
concentration, were analyzed by using original macros that we
have developed under the Image] software [32].

GUVs formed by POPC appear approximately as circles when
observed with the microscope, indicating that their shape is almost
spherical. By a set of user-selected points placed over the border of
a POPC GUV microscopy snapshot, a first Image] macro allows to
calculate the coordinates of the center and the radius R of the best
circle passing among the points (see Fig. S2 in the SI), correspond-
ing to the radius of the spherical vesicle, together with their stan-
dard deviations. Details are shown in Sec. S2 of the SI

On the other side, the shape of GUVs constituted by DOPC:SM:
CHOL, observed with the microscope as a function of the time after
the interaction with RL, appears as a combination of two spherical
caps [33], as shown in Fig. 2. To note, we have considered, among
the GUVs formed by two spherical caps, only the ones that, during
the observation time, appear to maintain the line joining the two
spherical caps centers almost parallel to the observation plane. In
this cases, in order to estimate the radii of the two spherical caps,
R; and R, (assuming R; > R;), and the distance r;, between their
centers, together with their standard deviations, a second Image]
macro has been developed, which requires the user to select two
sets of points over the border, respectively, of the two circular arcs
that appear in the microscope snapshot. The equations exploited
by this Image] macro are detailed in Sec. S3 of the SI.
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Fig. 2. Projection into the plan of a vesicle formed by sealing a vesicle of radius R;
with a vesicle of radius R,, being r;, the distance between the centers of the two
vesicles. Blue and green arcs refer to A; and A, surfaces, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

The surfaces of the two spherical caps with radius R; and R,
respectively, are given by the following expressions [33]

TR

Ar =" LR = R+ Ta(r2 + 2R)) (1)
TR

Ay :T;(Rﬁ —RE+112(ri2 + 2Ry)) 2)

The total surface of the two sealed spherical caps vesicle is clearly
A = A; +A;, whereas the enclosed volume of the whole vesicle is
calculated according to

V= (Ri + Ry + 112)* (3R} + 2Ry112 — 12,

) 3)
—6RiR; + 2r12R; + 3R%)

Equations exploited to calculate the standard deviations of surface
areas (A1,A; and A) and volume V are reported in Sec. S3 of the SI.

3. Results and discussion

In order to investigate the interaction between RLs and mimetic
phospholipid plasma membranes, we initially considered homoge-
neous POPC GUVs exposed to the biosurfactants. Spherical vesicles
dispersed in 0.1 mM RL-containing glucose solution (i.e. above
cmc) do not present any morphological alteration and preserve
their optical contrast over approximately 1000 s of continuous
observation. It means that, at such concentration, RLs did not cause
membrane permeabilization, which would be characterized by
sugar exchange between the inner and outer GUVs compartments.
Such finding apparently contrasts with those reported by Sanchez
et al. [23], where the authors have evidenced 100% of CF release
from POPC LUVs interacting with 0.1 mM di-RL (near its cmc of
0.11 mM in water) in an elapsed time of 600 s, with no membrane
solubilization. It should be remarked, however, that here we inves-
tigate POPC GUVs incubated in a solution containing 0.1 mM of a
mixture of mono and di-RLs, relatively close to the cmc value of
0.068 + 0.005 mM in glucose solution (Fig. S1.) Further, the GUVs
membrane curvature could also hinder the inverted-cone shaped
RLs molecules insertion into POPC bilayers in respect to LUVs, thus
justifying the differences found in membrane permeabilization
data.

Fig. 3 shows typical morphological changes imposed by submit-
ting POPC GUVs to increasing RL concentrations. At 0.2 mM RL
(circa 3-fold the cmc) the membrane suffers only subtle fluctua-
tions with the emission of few small buds (small micro-sized vesi-
cles linked to the original GUV, Fig. 3, panel A), preserving the
original membrane surface area over time (Fig. 4, green circles).
This was accounted for by evaluating, with the first Image] macro

(see Sec. “Data analysis”), the radius of a circle surrounding the
GUV spherical shape (Fig. 3, panel B).

On the other hand, in the case of POPC bilayers dispersed in
0.5 mM RL containing outer solution, RL promotes marked GUVs
fluctuations (Fig. 3, panels C and D) accompanied by significant
area increase after circa 600 s of membrane:RL contact (maximum
at 634 s, Fig. 4, red circles). This indicates that RL molecules
inserted in the membrane produce an excess of surface area. As
response, the membrane emits buds (highlighted as fluorescent
small GUVs linked to the original one, Fig. 3, panel C, fluorescence
mode) to release the area excess returning to its original area. In
this way, both the lipid bilayer forming the bud and the surround-
ing membrane matrix are in fluid state. Then, phospholipid mole-
cules can flow and rearrange themselves within the plane of the
membranes [34]. Of note, due to RLs bulky molecular structure
(Fig. 1) we suggest that they must be mainly located in the outer
leaflet of the membrane with no or very slow flip-flop. Interest-
ingly, we calculate the ratio of RL bound to the outer leaflet in
respect to the POPC lipid based on the POPC GUV area increase
(Fig. 4). This ratio amounted to 0.092 £ 0.004 at maximum area
increase (Eq. S32). Further, the time evolution of the fraction of
GUV-bound RL in respect to total RL added to the outer solution
resulted to be (4.3 +0.2) - 107® s~ (Eq. S36 with {4 = 116). There-
fore, the RL partition in POPC is low, even tough it is able to pro-
mote increase in membrane area, followed by buds protusion. No
changes in membrane permeability have been detected under RL
influence, since no optical contrast fade has been observed. So,
packing defects, which could lead to observable GUV leakage, were
not evidenced in these experiments. Moreover, neither membrane
solubilization nor rupture have been registered in the elapsed time
of ~ 1000 s, unlike the deleterious effects previously demonstrated
by synthetic surfactants as SDS and Triton-X on POPC GUVs
[35-38].

In the following, we present the optical microscopy results
regarding the impact of RLs on GUVs presenting L,-Lq phase coex-
istence. The heterogeneous vesicles were made of equimolar con-
tents of DOPC:SM:CHOL at the concentration 0.00286 g/L
(corresponding to 0.00431 mM of total lipids molecules) and
0.1 mol% of Rho-PE. Fig. 5, panels A and C, shows representative
GUVs images exposed to 0.2 mM RL and 0.5 mM RL, respectively.

It is well known that Ly-L, phase coexistence is easily recog-
nized by fluorescence microscopy since the fluorescent probe
Rho-PE prefers to partition in Ly phase [29]. In this way, Fig. 5 dis-
plays an initial dark liquid ordered L, domain within a bright liquid
disordered Ly phase in a spherical GUV. Interestingly, as time
evolves, RL-induced membrane remodeling gradually takes place
resulting into L, phase outward budding. Note that L, phase pro-
trusion is faster for increasing RL amount. It should be note that
experiments in the absence of RL were carried out as control and
no alterations in the original GUVs were observed.

Herein we analyse such morphological change by taking into
account two circles of radii R; (left side) and R, (right side) that
encompass the GUV (Fig. 2), related to the displacement of L4
phase in respect to the L, phase, respectively, together with the
distance ri; between their centres. Best circles and center-to-
center distances, obtained through the second Image] macro as
described in Sec. “Data analysis”, are superimposed to the micro-
scope images in Fig. 5, panel B, for 0.2 mM RL and panel D for
0.5 mM RL. Corresponding values of R;,R, and rq, are plotted as
a function of the time in Fig. 6, panels A and B, whereas the values
of the total GUV surface A are displayed in panel C, of the L4 and L,
surfaces A; and A,, calculated with Egs. 1,2, respectively, in panels
D and E, and of GUV volume V in panel F. To note, also the values
obtained by the microscope observations of the control DOPC:SM:
CHOL GUVs in the absence of RL are shown.
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D

Fig. 3. Representative GUV fluorescence images (the first and last ones of each row) and phase contrast images of POPC (0.00376 mM) with 0.1 mol% Rho-PE dispersed in
0.2 mM RL (panel A) and 0.5 mM RL-containing glucose solution (panel C). The time sequence, expressed in seconds in the bottom left corner of each image, refers to the
elapsed time after mixing RL with GUV solution (considered as time 0 s). The images of panels A and C with superimposed the best circle surrounding the GUVs determined
with the first Image] macro are reported in panels B and D, respectively. The top right bars span 20 pm.
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Fig. 4. Time-dependence of the radius of POPC GUV in the presence of 0.2 mM
(green circles) and 0.5 mM (red circles) RL. The black line represents the best fit to
the data using a Gaussian function over a flat background. Fitting parameters for
GUVs interacting with 0.5 mM RL are: background (16.857 4 0.004) pm, height
(4.9 +0.3) pm, standard deviation (79 +3) s, peak position (634 +3) s. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Both the time evolution of circles’ radii R; (i = 1,2) as well as the
distance r1; between the centres of the circles have been approxi-
mated with the following sigmoidal behaviours,

1 —exp <MR>

Ri(t) :R? + 2 —exp (ﬁ'ﬁ) exp (AtR ) ?

(R~ RY)

o)

5
)

where R? represents the value at the beginning (t = 0), R or {5 are
the values at the plateau (when the time ¢ tends to infinity), tog, or
tor,, are the time values in the middle of the transition and Aty, or
At,,, corresponds to the time widths at the transition.

Fitting parameters obtained by applying those approximations
are reported in Table 1. The time trends of the total and the partial
GUV surfaces (A,A; and A,), as well as the ones of the GUV volumes
V result to be almost linear, as shown by the best fitting straight
lines reported in Fig. 6, panels C-F. The corresponding slopes
(ma, ma,, mu, and my) and intercepts at t = 0 (Ag,A10,A20 and V)
are shown in Table 1.

Results indicate that, for 0.2 mM RL, whereas both radii attrib-
uted to the disordered and the ordered phases (R, and R;, respec-
tively) are quite similar and slightly decrease of circa 6% over time
(Fig. 6, panel A, open and closed circles, respectively, and Table 1),
the distance r;; between their centres changes of circa 6 pm in an
elapsed time of 1000 s of RL-heterogeneous GUV contact, with a
mid transition time to,, ~ 540 s (Fig. 6, panel B, circles and
Table 1). Such transition is accompanied by a tiny increase in the
comprised area (Fig. 6, panel C (circles) and Table 1: the slope is
ma ~ 0.3 um? s~ !, corresponding to a relative variation from 180
to 1000 s in the order of 4%), while the volume remains almost
unaltered (Fig. 6, panel F (triangles) and Table 1. From one hand,
the constancy of the volume confirms that during the observation
time the line joining the two spherical cap centers remains almost

@ olelelcicicicialc Clg

Fig. 5. Representative fluorescence images (the first and last ones of each row) and phase contrast images of a GUV composed by DOPC, SM, CHOL (1:1:1) (at 0.00431 mM
total lipid concentration) and 0.1 mol% Rho-PE dispersed in a glucose solution containing 0.2 mM RL (panel A) and 0.5 mM RL (panel C). The time sequence, expressed in
seconds in the bottom left corner of each image, refers to the elapsed time after mixing RL with GUV solution (considered as time O s). The images of panels A and C with
superimposed the best two circles surrounding the GUVs determined with the second Image] macro are reported in panels B and D, respectively. All images have been rotated
in order to get the line connecting the centres of the two circles (shown in panels B and D) in the horizontal direction, with the large and the small circle, of radius R; and R»,
on the left and the right side, respectively (Fig. 2). The distance ry, (Eq. 5) between the centres (Fig. 2) is shown as black or a white line. The top right bars span 20 pum.
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Fig. 6. Time-dependence of the geometrical parameters of the GUVs formed by DOPC, SM, CHOL (1:1:1) in the absence of RL (red squares) and in the presence of 0.20 and
0.50 mM RL (green circles and blue triangles, respectively). Panel A: large (R;, open symbols) and small (R;, filled symbols) circle radius and best fitting obtained with
sigmoidal function (Eq. 4). Panel B: centre-to-centre distances and best fitting obtained with sigmoidal function (Eq. 5). Panel C: total surface of the GUVs and best fitting
obtained with straight lines. Panels D: surfaces A; (open green circles) and A, (closed green circles) of the spherical caps with radius R; and R; in the presence of 0.20 mM RL
and best fitting obtained with straight lines. Panels E: surfaces A; (open blue triangles) and A, (closed blue triangles) of the spherical caps with radius R; and R, in the
presence of 0.50 mM RL and best fitting obtained with straight lines. Panel F: volume of GUVs and best fitting obtained with straight lines. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Fitting parameters of time-depending geometrical features of GUVs formed by DOPC, SM, CHOL (1:1:1) at different RL concentrations. Parameters R?,R;‘,tg,k, and Atg, (with
i =1,2) regard the sigmoidal approximations (Eq. 4) representing the trend of the radii shown in Fig. 5, panel A. Parameters 133, to,,, and At,,, regard the sigmoidal curves (Eq. 5)
representing the trend of the centre-to-centre distance shown in Fig. 5, panel B. Slopes of the straight lines representing the trend of the total area A, the Ly and L, areas A; and A,,
respectively, and volume V of the GUVs (Fig. 6, panels C-F) are parameters m,,my, , ma, and my, respectively. Corresponding intercepts are Ag, Ay 0, A2 and V, respectively. Rates

of the fractions of RL molecules interacting with Ly or L, are y, and 7y, (Eqs. S36 and S37 of the SI), respectively.

[RL] (mM) 0.00 0.20 0.50

RO (pm) - 21.88 +0.06 14.74 +0.03
Ry (um) - 20.49 +0.03 14.29 + 0.02
toR, (s) - 527+ 6 490 + 10
Atg, (s) - 50 + 10 119
RO (pum) - 212401 14.25 +0.09
RY (pum) - 19.95 + 0.06 9.07 + 0.06
tog, (s) - 590 + 20 491 +5
Atg, (s) - 60 + 20 60 + 4
m (pm) - 6.1+0.2 16.3+0.1
tor, (s) - 540 + 10 499 + 3
Aty (s) - 74 + 10 96 £ 3
my (1072 pm? s~ 1) 0+4 27+ 4 53+4
Ao (10° pm?) 3.11+0.03 5.69 +0.03 2.63 +0.02
ma, (1072 pm?s71) - 27+3 50 + 4
Ao (10° pm?) - 3.01 +0.02 1.93 +0.02
my, (1072 pm?s71) - 02 3+1
Az (10® pm?) - 2.67 +0.02 0.701 +0.007
my (um® s~ 1) 0.0+03 00+06 1.0+02
Vo (10% pm?) 1.79 +£0.02 4.26 +0.04 1.36 +£0.01
Va (106 s 1) - 0.10+0.01 0.12 +0.01
Yo (105 s - 0.00 +0.01 0.023 + 0.008

parallel to the microscope observation plane, confirming the good-
ness of the present analysis method. From the other hand, it is
worth to notice that the main contribution to the increase of A

derives from A;, revealing that the most important effect of

0.2 mM RL in the plasma membrane mimetic is its insertion in

the Ly phase.
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A remarkable result was observed by increasing the RL amount
to 0.5 mM. During the RL:membrane interaction, the original GUV
practically maintains its radius (R? ~ R® ~ 14 um, Fig. 6, panel A,
open triangles, and Table 1) whereas the protuded membrane pre-
sents a decreasing in size over time (R, decreases from ~ 14 pm to
~ 9 um, Fig. 6, panel A, close triangles, and Table 1). The distance
ri2 between the centres of vesicles extends up to circa 16 pm
and the mid-time transition is to,,, ~ 490 s in very good agreement
with to,, the mid-time transition of R, (Fig. 6, panel B (triangles),
Table 1). Such membrane remodelling is accompanied by an
important total area increase (Fig. 6, panel C, triangles, and
Table 1): the slope my is ~ 0.5 um? s~!, corresponding to a relative
variation from 180 to 1000 s in the order of 16%) and much less
important volume increase (Fig. 6, panel F, triangles, and Table 1:
the slope my is ~ 1 um® s, corresponding to a relative variation
from 180 to 1000 s in the order of 6%). To note, most of the varia-
tion of A is due to the increase of Ay (ma, ~m, and myu, =0,
Table 1), thus confirming that the biosurfactant RL mostly interacts
with the Ly phase.

In a interesting matter, the fraction of RL molecules into the
outer membrane in regard to the total biosurfactants in solution
can be derived from the linear increasing of the surface areas A;
and A, from Ly and L, domains, as a function of time, according
to fq = y4t and f, = y,t, respectively. Details of this derivation are
fully described in Sec. S4 of the SI. To note, the constant rates of
interaction, y, and y,, are related to the linear fitting parameters
of the surfaces A; and A, (see Eqs. S36 and S37 of the SI).

By assuming that the area per polar head of the DOPC, SM, CHOL

lipids are, respectively, apopc = 64 A agy = 45 A*, acuo, = 27 A2
and that the one of RL, derived by SAXS [39], is ag. = 200 A2, we
have obtained the values of y,; and y, shown in the bottom lines
of Table 1. As expected, y4 is always greater than 7y, and both
parameters increase with the RL amount in solution.

Results of this analysis deserve some comments. For example,
at 0.2 mM RL, after 180 s of RL:membrane interaction, the fraction
of RL in the disordered domain is f; = (1.9 = 0.2) - 10> and the one
in the ordered domain results basically zero, within the experi-
mental error (f, = (0.0 +0.2) - 10~°). After 1000 s, the maximum
time under microscope GUV observations, our results show an
increase of f; to (104 1)-10~> without significant modification
of f, (f, = (0+ 1) - 107%). This finding demonstrates that RLs at this
concentration interact preferentially with liquid disordered
domain in the experiment time-course. Note that the partition is
relatively low in the membrane in respect to the solution.

Completely different is the landscape at 0.5 mM RL. Indeed,
after 180 s from the beginning of the interaction, the two fractions
are f;=(22+02)-10° and f,=(04+0.2)-10°, indicating
that a not negligible amount of RL also interacts with the ordered
domain. Moreover, after 1000 s, the two fractions increase to
fa=(12+£1)-10" and f, =(2.3+0.8)-107°. Interestingly, we
also observe some scenarios where Rho-PE molecules can be found
in the budding region (fluorescence mode) of the membrane after
longer period of RL-GUV contact (Fig. S3 of the SI). This means that
the presence of RL in the lipid bilayer may either fluidify the
ordered phase or promote a sort of lipid lateral rearrangement thus
conducting to a less ordered phase in the budding region.

It is worth remarking that the presence of L, domain per se is
not enough for budding process (see results displayed on Fig. 6
from GUVs in the absence of RL (squares)). On the other hand,
the RL interaction with the outer lipid bilayer triggers budding at
the L, domain site. Supposing that the rate of RL flip-flop is slow,
the budding may be partially driven due to alteration of the mem-
brane local spontaneous curvature. This because an area difference
between the two monolayers arises due to RL insertion [34]. A bud-

ding process may thus take place because it allows for increasing
the outside/inside surface ratio of the two leaflets. In addition, as
the Ly phase surface area increased due to preferential RL partition
in respect to that of L, phase, the excess free energy associated to
the boundary line between the two phases should increase [34,40].
As membrane response, L, budding occurs which favors line
energy reduction. In fact, the distance ry; between the two
domains increased, concomitantly with the decrease in R, radius
(Fig. 5, panels C and D, and Fig. 6, panels A and B), resulting in a
decrease of the boundary between Ly and L, phases. Noticeable,
we also observed the progression of Ly — L, domains separation
after long RL-GUV incubation time (Fig. S3 of the SI): a tiny neck
joining the two domains took place, which reduced significantly
the line energy (practically abolishing).

Budding has also been previously observed on POPC:SM:CHOL
GUVs induced by sub-cmc concentration of Triton-X in less than
10 s of detergent incubation, followed by membrane fission [41].
Here we did not detect fission produced by RL on the lipid bilayers.
More recently it has been shown that Triton-X has the ability to
rearrange lateral heterogeneity of POPC:SM:CHOL mixtures with
selective solubilisation [42]. We should bear in mind that mono
and di-RLs, although amphipathic, are bulkier molecules than
Triton-X which must hinder their flip-flop to the inner membrane
leaflet. As a consequence, lipid bilayer solubilization is precluded,
unlike the effects of others synthetic surfactants that are able to
translocate to the inner layer [36-38].

Membrane budding of ordered domain has also been reported
for other amphipathic molecules as non-ionic detergents, SDS,
lyso-PC [43] and a sort of cell-penetrating peptides on cell mem-
branes [44]. In particular, as revealed here, the molecules’ partition
is preferentially into the Ly phase-containing outer leaflet (even if
initially). Therefore, the RL-induced budding mechanism in the
inhomogenous GUVs studied, which display lipid-rafts platforms,
seems to be a more general rule driven by lipidic forces. Interest-
ingly, it has been shown that changes in membrane curvature
towards budding activate massive endocytosis process indepen-
dent of specific proteins [45]. Here we have demonstrated that
the biosurfactant RL, at concentrations above cmc, impacts on
plasma membrane models and promotes membrane remodelling
towards L, domain budding. Such mechanism may correlate to
the endocytosis activation process reported in cells for other
amphipathic compounds [43] as well as it may affect the function
of specific biomolecules enrolled in lipid rafts. It is worth remark-
ing that, even though RLs can be considered less toxic than usual
synthetic surfactants in terms of membrane disruption and/or
pores’ formation, they can interfere severely in cell homeostasis
through lipid membrane remodelling.

4. Concluding remarks

It is well known that rhamnolipids have been used in a large
variety of applications as environment bioremediation, biomedici-
nes, foods and cosmetics [46]. However, the concentration-
dependent RLs damage at cellular level is still poorly understood.
In the current work, we describe the interaction of RLs with plasma
membrane models. Our results clearly evidenced the RL molecules
insert in the model membrane with no lytic effect for concentra-
tions ranging from 0.1 mM to 0.5 mM (cmc of 0.068 + 0.005 mM
in glucose solution). Nevertheless, they are able to promote mem-
brane remodelling. In the case of POPC GUVs, the insertion of RL
molecules with time promotes a gradual increase in GUV area until
a maximum value was reached (Fig. 4). The GUV restores its orig-
inal area by releasing the area excess and lateral tension through
the formation of small buds that remain linked to the original
membrane. Strikingly, RLs on GUVs composed of DOPC:SM:CHOL,
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that display L,-L4 lateral phase separation as rafts platforms, drive
L, domain budding in a micro-scale. Interestingly, our data analysis
gives support to conclude that RLs preferentially partition in the Ly
phase (at least initially), as highlighted by the values of A; and A,
as well as by the interaction rates y, and 7,.

Of note, the increase propensity of the membrane to phase sep-
arate and vesiculate upon RL action may parallel with protrusions
recorded in erythrocytes incubated with di-RL [23]. However,
although hemolytic effect has been concomitantly detected [23],
no increase in membrane permeability nor membrane rupture/sol-
ubilization have been here noticed on model lipid bilayers (GUVs).
On the other hand, RL effect might impact significantly the cell sig-
naling by triggering changes in membrane curvature which, by
turn, leads to budding mediated by lipids lateral segregation, as
observed for some other amphipathic compounds [47]. Ultimately,
the alterations promoted by RLs in rafts may have an important
effect on di(association) of key proteins thus affecting cell homeo-
statis, eventually leading to cell death as toxicity side effect.
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