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bInstitute of Physics, University of São Paulo, Brazil

cCenter for Laser and Applications, Nuclear and Energy Research Institute, São Paulo,
Brazil

Abstract

Rhamnolipids (RLs) comprise a class of glycolipids produced by Pseudomonas
aeruginosa under appropriate culture medium. They act as biosurfactants be-
ing composed by a hydrophilic head of either one (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
approach was based on a deep analysis of optical microscopy data from giant
unilamellar vesicles (GUVs) dispersed in aqueous solutions containing up to
0.5 mM of commercially available RLs (a mixture 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
single lipid POPC and a ternary system containing DOPC, sphingomyelin and
cholesterol which to mimic lipid raft platforms. Our results demonstrate that
RLs have a low partition in the lipid bilayer in respect to the total molecules
in solution. We suppose that RLs insert in the outer leaflet with low propen-
sity to 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 orig-
inal membrane. No changes in membrane permeability have been detected. A
remarkable result refers to the insertion of RLs in membranes containing liquid
ordered (Lo) - liquid disordered (Ld) phase coexistence. The rate of interaction
has been observed to be higher for Ld phase than for Lo phase (0.12 · 10−6 s−1

and 0.023·10−6 s−1 for Ld and Lo, respectively, at RL concentration of 0.5 mM).
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As a consequence, the preferential RL insertion in Ld phase may also alter the
membrane spontaneous curvature which, coupled to the change in the line ten-
sion associated to the domains boundary, conducted to Lo domain protrusion.
Even if it has been observed on a model system, such membrane remodelling in
a model system might correlate to endocytic processes activated in cell mem-
branes, regardless of the participation of specific proteins. Further, changes
imposed by RLs in lipid rafts may affect the association of key proteins enrolled
in cell signaling, which may control cell homeostasis.

Keywords: Membrane remodeling; lipid rafts; giant unilamellar vesicles;
Rhamnolipid; biosurfactant; membrane budding; endocytosis

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, sedi-
ments, groundwater, surface water and air [1, 2, 3]. The search of new environ-
mental technologies includes bioremediation, which envisages the correct use of5

either microorganisms or microbial processes to biodegrade contaminants [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 organisms, especially by bacteria [6, 7]. Among
the most investigated and exploited biosurfactants there are the glycolipids,10

which are carbohydrates with aliphatic or hydroxyaliphatic chains. In partic-
ular, amid glycolipids a relevant role is played by rhamnolipids (RLs), mainly
produced by Pseudomonas aeruginosa, composed by a hydrophilic head con-
stituted of either one (mono-RL) or two (di-RL) rhamnose moieties and one
or two tails of β-hydroxydecanoic acids (Fig. 1), linked to a large variety of 3-15

(hydroxyalkanoyloxy) alkanoic acids carbon chain. Like other synthetic surfac-
tants, RLs are able to reduce the water surface tension significantly [8, 9, 10] and
to form emulsions [11]. Further, they have been successfully applied on biore-
mediation processes with the aim of either degrading organic waste or reducing
its concentration down to the limits imposed by regulatory authorities [12]. Of20

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 effec-
tive in washing up to 95% of synthetic oil from sand [14]. RLs have been also in
pharmaceutics, cosmetics, agriculture and other industrial sectors. For instance,25

we have previously demonstrated that RLs can be used as epithelial permeabil-
ity enhancer [8]. Besides, antiviral, antimycotic, mycoplasmacidal, algicidal and
zoosporcidal activities have been reported [15, 16]. Due to the approval of the
United States Environmental Protection Agency (EPA), RLs have been applied
to horticultural and agricultural crops as effective biofungicides [17].30

In spite of potential RLs applications, very little is known about the molec-
ular basis of some biological actions of these biosurfactants. For instance, per-
meabilization and/or membrane rupture are important for biocide action. On
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the other hand, for human consumption and environmental purposes, it is quite
important to correlate the RLs action mechanisms on biological membranes35

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 in-40

terfaces 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 phosphatidylcholine (PC) model membranes by
differential scanning calorimetry, X-Ray diffraction, fluorescence and infrared
spectroscopies [21, 22]. The combined results revealed that di-RL intercalates45

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 evident50

for all di-RL concentrations below cmc of 0.11 mM, being shorter for increas-
ing di-RL concentration. Such CF leakage was not accompanied by membrane
disruption. On the contrary, at di-RL concentrations above cmc, POPC bilayer
displays a quick CF-leakage concomitantly with membrane solubilization. Of
note, the presence of phosphatidylethalonamine, a cone-shaped lipid, inhibits55

the effect of di-RL in POPC membranes due to favoured lipid packing [20, 23].
In addition, cholesterol exhibits a protective action against membrane perme-
abilization [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.60

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 bi-65

concave disk-like shape to swollen cells (spherocytes), some of them presenting
protrusions on cell surface (echinocytes). Such morphological changes must in-
dicate 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 ob-
served for all studied di-RL concentrations below cmc, indicating that an initial70

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]. Interestingly, such alga
species represents a group of phagotropic flagelletes ecologically important for75

aquatic systems, with no protective cell wall. In this case, biolitic and permeabil-
ity effects on the algal plasma membrane are only observed at RL concentrations
above cmc, unlike the impact of synthetic surfactants as sodium dodecyl sul-
fate (SDS) that occurs at sub-micellar concentrations. It means that whereas
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Figure 1: Ball-and-stick representations of a mono-RL (RL − C10 − C10, left) and a di-RL
(RL − RL − C10 − C10, right).

individual SDS molecules are able to damage O.danica cell membrane probably80

forming mixed micelles with membrane lipids, RLs must preferentially interact
with the plasma membrane just when micelles are formed in solution. Also,
RL-induced motility loss was identified [24].

Therefore, although several preceding works have addressed the influence
of the biosurfactant RL on biomembranes, its mechanism of action on plasma85

membrane at molecular level remains elusive. It should bear in mind that
plasma membrane lipid composition is close to a critical point of phase separa-
tion [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 het-
erogeneity known as lipid rafts. Such rafts platforms mediate protein-protein90

and protein-membrane interactions that are the key actors in cell signalling
processes [26, 27, 28, 25]. In this light, here we investigate the effect of a com-
mercially available RL mixture composed of mono-RL (33−37 mol %) and di-RL
(63−67 mol %) [8] on plasma membrane models represented by giant unilamel-
lar vesicles (GUVs) above cmc. Two types of GUVs were challenged by the RL95

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 (Lo)
liquid-disordered (Ld) phase coexistence [29] resembling lipid rafts [29]. In this100

way, changes in lipid rafts organization, membrane remodelling, permeabiliza-
tion and membrane disruption elicited by RLs can be simultaneously evaluated
by optical microscopy. Such experimental procedure allows us to describe the
RLs action mechanisms underlining the plasma membrane response, as follows.

2. Materials and methods105

Sample preparation

RL from Pseudomonas Aeruginosa (powder, 90% purity) was purchased
from Sigma-Aldrich (Poole, UK). As described by Perinelli et al. [8], this com-
mercial product is mainly composed by a mixture of mono-rhamnolipids (33 −
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37 mol %) and di-rhamnolipids (63 − 67 mol %) and the cmc in water was110

estimated as 0.16 mM.
Herein, RL will be dispersed in glucose solution as described below. Accord-

ingly, 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-1-115

palmitoyl-sn-glycero-3-phosphocholine), DOPC (1,2-di(cis-9-octadecenoyl)-sn-
glycero-3-phosphocholine), sphingomyelin (SM, N-acyl-4-sphingenyl-1-O-phosphorylcholine,
N-Acyl-D-sphingosine-1-phosphocholine), cholesterol (CHOL, 3β-hydroxy-5-cholestene,
5-cholesten-3β-ol) and DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine)-
rhodamine, Rho-PE. All other chemicals and solvents were purchased from120

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 µL of 1.0 g/L total lipid in chloroform solution were
spread on the surfaces of two conductive glass slides coated with indium tin ox-125

ide (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 elec-130

troformation 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 µL of electroformed GUVs were mixed to 600 µL of a 0.2 M
glucose solution containing RL and immediately transferred to the microscope
chamber to perform continuous observations. The final total lipid concentra-135

tion was 0.00286 g/L, whereas the RL concentration 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.140

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 lamp145

HBO 103 W, with excitation 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 fluores-
cence microscopy to avoid artifacts due to light-induced domain formation by
the Rho-probe [30, 31]. All measurements were done at (23 ± 2)◦ C.150

Data analysis

Several hundreds of snapshots of the GUVs, collected as a function of time
after the mixing with a glucose solution at different RL concentration, were
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Figure 2: Projection into the plan of a vesicle formed by sealing a vesicle of radius R1 with a
vesicle of radius R2, being r12 the distance between the centers of the two vesicles. Blue and
green arcs refer to A1 and A2 surfaces, respectively.

analyzed by using original macros that we have developed under the ImageJ
software [32].155

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 ImageJ 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),160

corresponding to the radius of the spherical vesicle, together with their standard
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. 2.165

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, R1 and R2

(assuming R1 ≥ R2), and the distance r12 between their centers, together with170

their standard deviations, a second ImageJ 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 ImageJ macro are detailed in Sec. S3 of the SI.

The surfaces of the two spherical caps with radius R1 and R2, respectively,175

are given by the following expressions [33]

A1 =
πR1

r12
(R2

1 −R2
2 + r12(r12 + 2R1)) (1)

A2 =
πR2

r12
(R2

2 −R2
1 + r12(r12 + 2R2)) (2)

The total surface of the two sealed spherical caps vesicle is clearly A = A1 +A2,
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whereas the enclosed volume of the whole vesicle is calculated according to

V =
π

12r12
(R1 +R2 + r12)2(3R2

1 + 2R1r12 − r2
12

−6R1R2 + 2r12R2 + 3R2
2) (3)

Equations exploited to calculate the standard deviations of surface areas (A1,
A2 and A) and volume V are reported in Sec. S3 of the SI.180

3. Results and discussion

In order to investigate the interaction between RLs and mimetic phospholipid
plasma membranes, we initially considered homogeneous 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 alteration185

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 Sánchez et al. [23], where the authors have evidenced 100% of190

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 investigate 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,195

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 submitting POPC
GUVs to increasing RL concentrations. At 0.2 mM RL (circa 3-fold the cmc) the200

membrane suffers only subtle fluctuations with the emission of few small buds
(small micro-sized vesicles linked to the original GUV, Fig. 3, panel A), preserv-
ing the original membrane surface area over time (Fig. 4, green circles). This
was accounted for by evaluating, with the first ImageJ macro (see Sec. “Data
analysis”), the radius of a circle surrounding the GUV spherical shape (Fig. 3,205

panel B).
On the other hand, in the case of POPC bilayers dispersed in 0.5 mM RL con-

taining outer solution, RL promotes marked GUVs fluctuations (Fig. 3, panels
C and D) accompanied by significant area increase after circa 600 s of mem-
brane:RL contact (maximum at 634 s, Fig. 4, red circles). This indicates that210

RL molecules inserted in the membrane produces 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 form-
ing the bud and the surrounding membrane matrix are in fluid state. Then,215

phospholipid molecules can flow and rearrange themselves within the plane of
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Figure 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 ImageJ macro
are reported in panels B and D, respectively. The top right bars span 20 µm.

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 mem-
brane with no or very slow flip-flop. Interestingly, we calculate the ratio of RL
bound to the outer leaflet in respect to the POPC lipid based on the POPC220

GUV area increase (Fig. 4). This ratio amounted to 0.092 ± 0.004 at maxi-
mum 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) · 10−6 s−1 (Eq. S36 with ζd = 116). Therefore, the RL parti-
tion in POPC is low, even tough it is able to promote increase in membrane225

area, followed by buds protusion. No changes in membrane permeability have
been detected under RL influence, since no optical contrast fade has been ob-
served. 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 the230

deleterious effects previously demonstrated by synthetic surfactants as SDS and
Triton-X on POPC GUVs [35, 36, 37, 38].

In the following, we present the optical microscopy results regarding the im-
pact of RLs on GUVs presenting Lo-Ld phase coexistence. The heterogeneous
vesicles were made of equimolar contents of DOPC:SM:CHOL at the concen-235

tration 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 Ld-Lo phase coexistence is easily recognized by fluores-
cence microscopy since the fluorescent probe Rho-PE prefers to partition in Ld240

phase [29]. In this way, Fig. 5 displays an initial dark liquid ordered Lo domain
within a bright liquid disordered Ld phase in a spherical GUV. Interestingly, as
time evolves, RL-induced membrane remodeling gradually takes place resulting
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Figure 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 ± 0.004) µm, height (4.9 ± 0.3) µm, standard deviation
(79 ± 3) s, peak position (634 ± 3) s.

into Lo phase outward budding. Note that Lo phase protrusion is faster for
increasing RL amount. It should be note that experiments in the absence of245

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 R1 (left side) and R2 (right side) that encompass the GUV
(Fig. 2), related to the displacement of Ld phase in respect to the Lo phase,250

respectively, together with the distance r12 between their centres. Best circles
and center-to-center distances, obtained through the second ImageJ macro as
described in Sec. “Data analysis”, are superimposed to the microscope images
in Fig. 5, panel B, for 0.2 mM RL and panel D for 0.5 mM RL. Corresponding
values of R1, R2 and r12 are plotted as a function of the time in Fig. 6, panels255

A and B, whereas the values of the total GUV surface A are displayed in panel
C, of the Ld and Lo surfaces A1 and A2, calculated with Eqs. 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.260

Both the time evolution of circles’ radii Ri (i = 1, 2) as well as the distance
r12 between the centres of the circles have been approximated with the following
sigmoidal behaviours,

Ri(t) = R0
i + (R∞i −R0

i )
1 − exp

(
t

∆tRi

)
2 − exp

(
t

∆tRi

)
− exp

(
t0,Ri

∆tRi

) (4)
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Figure 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 0 s). The images of panels A and C with superimposed the best
two circles surrounding the GUVs determined with the second ImageJ 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 R1 and R2, on the left and the right side, respectively
(Fig. 2). The distance r12 (Eq. 5) between the centres (Fig. 2) is shown as black or a white
line. The top right bars span 20 µm.

r12(t) = r∞12

1 − exp
(

t
∆tr12

)
2 − exp

(
t

∆tr12

)
− exp

(
t0,r12
∆tr12

) (5)

where R0
i represents the value at the beginning (t = 0), R∞i or r∞12 are the values

at the plateau (when the time t tends to infinity), t0,Ri
or t0,r12 are the time265

values in the middle of the transition and ∆tRi
or ∆tr12 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, A1

and A2), as well as the ones of the GUV volumes V result to be almost linear,270

as shown by the best fitting straight lines reported in Fig. 6, panels C-F. The
corresponding slopes (mA, mA1

, mA2
and mV ) and intercepts at t = 0 (A0,

A1,0, A2,0 and V0) are shown in Table 1.
Results indicate that, for 0.2 mM RL, whereas both radii attributed to the

disordered and the ordered phases (R1 and R2, respectively) are quite similar275

and slightly decrease of circa 6% over time (Fig. 6, panel A, open and closed
circles, respectively, and Table 1), the distance r12 between their centres changes
of circa 6 µm in an elapsed time of 1000 s of RL-heterogeneous GUV contact,
with a mid transition time t0,r12 ≈ 540 s (Fig. 6, panel B, circles and Table 1).
Such transition is accompanied by a tiny increase in the comprised area (Fig. 6,280

panel C (circles) and Table 1: the slope is mA ≈ 0.3 µm2s−1, corresponding to
a relative variation from 180 to 1000 s in the order of 4%), while the volume
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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 parallel to the285

microscope observation plane, confirming the goodness 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 A1, revealing that the most important effect
of 0.2 mM RL in the plasma membrane mimetic is its insertion in the Ld phase.

A remarkable result was observed by increasing the RL amount to 0.5 mM.290

During the RL:membrane interaction, the original GUV practically maintains
its radius (R0

1 ≈ R∞1 ≈ 14 µm, Fig. 6, panel A, open triangles, and Table 1)
whereas the protuded membrane presents a decreasing in size over time (R2

decreases from ≈ 14 µm to ≈ 9 µm, Fig. 6, panel A, close triangles, and Table 1).
The distance r12 between the centres of vesicles extends up to circa 16 µm and295

the mid-time transition is t0,r12 ≈ 490 s in very good agreement with t0,R2
, the

mid-time transition of R2 (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 mA is ≈ 0.5 µm2s−1, corresponding to
a relative variation from 180 to 1000 s in the order of 16%) and much less300

important volume increase (Fig. 6, panel F, triangles, and Table 1: the slope
mV is ≈ 1 µm3s−1, corresponding to a relative variation from 180 to 1000 s in
the order of 6%). To note, most of the variation of A is due to the increase of
A1 (mA1

≈ mA and mA2
≈ 0, Table 1), thus confirming that the biosurfactant

RL mostly interacts with the Ld phase.305

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 A1 and A2 from Ld and Lo domains, as a function
of time, according to fd = γdt and fo = γot, respectively. Details of this
derivation are fully described in Sec. S4 of the SI. To note, the constant rates of310

interaction, γd and γo, are related to the linear fitting parameters of the surfaces
A1 and A2 (see Eqs. S36 and S37 of the SI).

By assuming that the area per polar head of the DOPC, SM, CHOL lipids
are, respectively, aDOPC = 64 Å2, aSM = 45 Å2, aCHOL = 27 Å2 and that the
one of RL, derived by SAXS [39], is aRL = 200 Å2, we have obtained the values315

of γd and γo shown in the bottom lines of Table 1. As expected, γd is always
greater than γo 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 fd = (1.9 ± 0.2) · 10−5 and the one in the ordered domain results320

basically zero, within the experimental error (fo = (0.0 ± 0.2) · 10−5). After
1000 s, the maximum time under microscope GUV observations, our results
show an increase of fd to (10 ± 1) · 10−5 without significant modification of fo

(fo = (0 ± 1) · 10−5). This finding demonstrates that RLs at this concentration
interact preferentially with liquid disordered domain in the experiment time-325

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
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Figure 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 (R1, open symbols) and small
(R2, 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 A1 (open green circles) and A2 (closed green circles) of the spherical caps with radius
R1 and R2 in the presence of 0.20 mM RL and best fitting obtained with straight lines. Panels
E: surfaces A1 (open blue triangles) and A2 (closed blue triangles) of the spherical caps with
radius R1 and R2 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.
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[RL] (mM) 0.00 0.20 0.50
R0

1 (µm) − 21.88±0.06 14.74±0.03
R∞1 (µm) − 20.49±0.03 14.29±0.02
t0,R1 (s) − 527±6 490±10
∆tR1 (s) − 50±10 11±9
R0

2 (µm) − 21.2±0.1 14.25±0.09
R∞2 (µm) − 19.95±0.06 9.07±0.06
t0,R2 (s) − 590±20 491±5
∆tR2

(s) − 60±20 60±4
r∞12 (µm) − 6.1±0.2 16.3±0.1
t0,r12 (s) − 540±10 499±3
∆tr12 (s) − 74±10 96±3
mA (10−2 µm2s−1) 0±4 27±4 53±4
A0 (103 µm2) 3.11±0.03 5.69±0.03 2.63±0.02
mA1

(10−2 µm2s−1) − 27±3 50±4
A1,0 (103 µm2) − 3.01±0.02 1.93±0.02
mA2

(10−2 µm2s−1) − 0±2 3±1
A2,0 (103 µm2) − 2.67±0.02 0.701±0.007
mV (µm3s−1) 0.0±0.3 0.0±0.6 1.0±0.2
V0 (104 µm3) 1.79±0.02 4.26±0.04 1.36±0.01
γd (10−6 s−1) − 0.10±0.01 0.12±0.01
γo (10−6 s−1) − 0.00±0.01 0.023±0.008

Table 1: Fitting parameters of time-depending geometrical features of GUVs formed by
DOPC, SM, CHOL (1:1:1) at different RL concentrations. Parameters R0

i , R∞i , t0,Ri
and

∆tRi
(with i = 1, 2) regard the sigmoidal approximations (Eq. 4) representing the trend of the

radii shown in Fig. 5, panel A. Parameters r∞12 , t0,r12 and ∆tr12 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 Ld and Lo areas A1 and
A2, respectively, and volume V of the GUVs (Fig. 6, panels C-F) are parameters mA, mA1 ,
mA2

and mV , respectively. Corresponding intercepts are A0, A1,0, A2,0 and V0, respectively.
Rates of the fractions of RL molecules interacting with Ld or Lo are γd and γo (Eqs. S36 and
S37 of the SI), respectively.

the beginning of the interaction, the two fractions are fd = (2.2 ± 0.2) · 10−5

and fo = (0.4 ± 0.2) · 10−5, indicating that a not negligible amount of RL also330

interacts with the ordered domain. Moreover, after 1000 s, the two fractions
increase to fd = (12±1) ·10−5 and fo = (2.3±0.8) ·10−5. 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 lipid335

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 Lo 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 lipid340

bilayer triggers budding at the Lo domain site. Supposing that the rate of
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RL flip-flop is slow, the budding may be partially driven due to alteration of
the membrane local spontaneous curvature. This because an area difference
between the two monolayers arises due to RL insertion [34]. A budding process
may thus take place because it allows for increasing the outside/inside surface345

ratio of the two leaflets. In addition, as the Ld phase surface area increased due
to preferential RL partition in respect to that of Lo phase, the excess free energy
associated to the boundary line between the two phases should increase [34, 40].
As membrane response, Lo budding occurs which favors line energy reduction.
In fact, the distance r12 between the two domains increased, concomitantly with350

the decrease in R2 radius (Fig. 5, panels C and D, and Fig. 6, panels A and B),
resulting in a decrease of the boundary between Ld and Lo phases. Noticeable,
we also observed the progression of Ld − Lo 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).355

Budding has also been previously observed on POPC:SM:CHOL GUVs in-
duced by sub-cmc concentration of Triton-X in less than 10 s of detergent in-
cubation, 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:CHOL360

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, 37, 38].365

Membrane budding of ordered domain has also been reported for other am-
phipathic molecules as non-ionic detergents, SDS, lyso-PC [43] and a sort of cell-
penetrating peptides on cell membranes [44]. In particular, as revealed here, the
molecules’ partition is preferentially into the Ld phase-containing outer leaflet
(even if initially). Therefore, the RL-induced budding mechanism in the in-370

homogenous GUVs studied, which display lipid-rafts platforms, seems to be a
more general rule driven by lipidic forces. Interestingly, it has been shown that
changes in membrane curvature towards budding activate massive endocytosis
process independent of specific proteins [45]. Here we have demonstrated that
the biosurfactant RL, at concentrations above cmc, impacts on plasma mem-375

brane models and promotes membrane remodelling towards Lo 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 func-
tion of specific biomolecules enrolled in lipid rafts. It is worth remarking that,
even though RLs can be considered less toxic than usual synthetic surfactants380

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, biomedicines, foods and cosmet-385
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ics [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 concentrations ranging
from 0.1 mM to 0.5 mM (cmc of 0.068 ± 0.005 mM in glucose solution). Nev-390

ertheless, they are able to promote membrane remodelling. As a consequence,
membrane remodelling takes place. 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 original area by
releasing the area excess and lateral tension through the formation of small395

buds that remain linked to the original membrane. Strikingly, RLs on GUVs
composed of DOPC:SM:CHOL, that display Lo-Ld lateral phase separation as
rafts platforms, drive Lo domain budding in a micro-scale. Interestingly, our
data analysis gives support to conclude that RLs preferentially partition in the
Ld phase (at least initially), as highlighted by the values of A1 and A2 as well400

as by the interaction rates γd and γo.
Of note, the increase propensity of the membrane to phase separate and

vesiculate upon RL action may parallel with protrusions recorded in erythro-
cytes incubated with di-RL [23]. However, although hemolytic effect has been
concomitantly detected [23], no increase in membrane permeability nor mem-405

brane rupture/solubilization 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 am-
phipathic compounds [47]. Ultimately, the alterations promoted by RLs in rafts410

may have an important effect on di(association) of key proteins thus affecting
cell homeostatis, eventually leading to cell death as toxicity side effect.
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S1 Determination of the cmc of RLs in 0.20 M glucose solutions
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Figure S1: Surface tension of RLs dispersed in 0.20 M glucose solution. The best fit with a
combination of three straight lines with two smooth transition described by step functions are
shown. The estimation of the cmc, 0.068± 0.005 mM, has been obtained by the mid point of the
second transition, as indicated by the vertical black line.
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S2 Circle passing on a collection of n points
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Equations used to calculate the Cartesian coordinates xM and yM and the radius R of the optimum

circle in the plane that passes on a collection of n points xi, yi, according to Umbach and Jones1

xM =
DC −BE
AC −B2

(S1)

yM =
AE −BD
AC −B2

(S2)

where

A = nSx2 − S2
x (S3)

B = nSxy − SxSy (S4)

C = nSy2 − S2
y (S5)

D =
1

2
[nSxy2 − SxSy2 + nSx3 − SxSx2 ] (S6)

E =
1

2
[nSyx2 − SySx2 + nSy3 − SySy2 ] (S7)

S2



with

Sα =

n∑
i=1

αi (S8)

where αi = xi, yi, x
2
i , y

2
i , xiyi, x

3
i , y

3
i , xiy

2
i , yix

2
i . We obtain

R =
1

n

n∑
i=1

√
(xi − xM )2 + (yi − yM )2 (S9)
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Equations to find the variances of the center of the circle, xM and yM , and the circle’s radius R

σ2xM = σ2(((9Sy4 + Sx4 + 10Sx2y2)B6 + (−18Sy4 − 2Sx4 − 20Sx2y2)AB4C

+((10Sx2y2 + 9Sx4 + Sy4)B4 + (10Sx2y2 + Sx4 + 9Sy4)A2B2)C2

+(−2Sy4 − 18Sx4 − 20Sx2y2)AB2C3 + (Sy4 + 9Sx4 + 10Sx2y2)A2C4

+(16Sx2C
4 + (16Sx2 + 16Sy22)B2C2 + 16Sy22B4)D2

+(−32Sx2BC
3 + (−16Sx2 − 16Sy22)ABC2 + (−16Sx2 − 16Sy22)B3C − 32Sy22AB3)DE
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xy − S2

x2)B6

+(24Sy2Sy3 + (12Sx2 + 12Sxy)Sy22 + 24Sx2ySy2 − 2S2
xy

+2S2
x2)AB4C + ((−5S2

x2 − 12SxSx3 − 4Sx2Sxy

+S2
xy − 12SxSxy2 + (−2Sxy − 2Sx2)Sy22)B4 + (−S2

x2

+S2
xy − 12Sx2ySy2 + (−6Sxy − 6Sx2)Sy22− 12Sy2Sy3)A2B2)C2

+((4Sx2 + 4Sxy)Sy22 + 24SxSxy2 − 2S2
xy + 8Sx2Sxy

+24SxSx3 + 10S2
x2)AB2C3 + ((−2Sx2 − 2Sxy)Sy22− 12SxSxy2

+S2
xy − 4Sx2Sxy − 12SxSx3 − 5S2

x2)A2C4 + (−16S2
xC

4

+(−16S2
x − 16S2

y2)B2C2 − 16S2
y2B

4)D2 + (32S2
xBC

3

+(16S2
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y2)ABC2 + (16S2
x + 16S2

y2)B3C + 32S2
y2AB

3)DE

+(((−4S2
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x)A2 − 16S2
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y2)AB2C
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y2A
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xSx2
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y2Sy22 + (8Sx2 + 4Sxy)S

2
y2)A2B2 + (4S2

xSy22

+4S2
xSxy + 8S2

xSx2)B4)C2 + ((−8Sxy − 16Sx2)S2
y2 − 8S2

y2Sy22)AB4C

+((4Sxy + 8Sx2)S2
y2 + 4S2

y2Sy22)B6)/F (S10)

σ2yM = σ2(((9Sy4 + Sx4 + 10Sx2y2)A2B4 + (Sy4 + 9Sx4

+10Sx2y2)B6 + ((−20Sx2y2 − 18Sx4 − 2Sy4)AB4 + (−20Sx2y2 − 2Sx4 − 18Sy4)A3B2)C

+((10Sx2y2 + 9Sx4 + Sy4)A2B2 + (10Sx2y2 + Sx4 + 9Sy4)A4)C2

+(((4Sy22 + 4Sx2)A2 + 16Sx2B
2)C2 + (8Sx2 + 8Sy22)AB2C

+(4Sx2 + 4Sy22)B4 + 16Sy22A2B2)D2 + (((−16Sy22− 16Sx2)A2B − 32Sx2B
3)C

+(−16Sx2 − 16Sy22)AB3 − 32Sy22A3B)DE + (16Sx2B
4

+(16Sx2 + 16Sy22)A2B2 + 16Sy22A4)E2)n2 + ((−12Sy2Sy3

+(−6Sx2 − 6Sxy)Sy22− 12Sx2ySy2 + S2
xy − S2

x2)A2B4

+((−2Sx2 − 2Sxy)Sy22− 12SxSxy2 + S2
xy − 4Sx2Sxy − 12SxSx3 − 5S2

x2)B6

+((10S2
x2 + 24SxSx3 + 8Sx2Sxy − 2S2

xy + 24SxSxy2

+(4Sxy + 4Sx2)Sy22)AB4 + (2S2
x2 − 2S2

xy + 24Sx2ySy2

+(12Sxy + 12Sx2)Sy22 + 24Sy2Sy3)A3B2)C + ((−5S2
x2 − 12SxSx3 − 4Sx2Sxy

+S2
xy − 12SxSxy2 + (−2Sxy − 2Sx2)Sy22)A2B2 + (−S2

x2

+S2
xy − 12Sx2ySy2 + (−6Sxy − 6Sx2)Sy22− 12Sy2Sy3)A4)C2

+(((−4S2
y2 − 4S2

x)A2 − 16S2
xB

2)C2 + (−8S2
x − 8S2

y2)AB2C

+(−4S2
x − 4S2

y2)B4 − 16S2
y2A

2B2)D2 + (((16S2
y2

+16S2
x)A2B + 32S2

xB
3)C + (16S2

x + 16S2
y2)AB3 + 32S2

y2A
3B)DE

+(−16S2
xB

4 + (−16S2
x − 16S2

y2)A2B2 − 16S2
y2A

4)E2)n

+((4S2
y2Sy22 + (8Sx2 + 4Sxy)S

2
y2)A4 + (4S2

xSy22

+4S2
xSxy + 8S2

xSx2)A2B2)C2 + (((−16Sx2 − 8Sxy)S
2
y2 − 8S2

y2Sy22)A3B2

+(−8S2
xSy22− 8S2

xSxy − 16S2
xSx2)AB4)C + (8S2

xSx2

+4S2
xSxy + 4S2

xSy22)B6 + ((4Sxy + 8Sx2)S2
y2

+4S2
y2Sy22)A2B4)/F (S11)

F =
B2

4(AC −B2)2
(S12)

σ2R =
n
∑n

i=1[(xi − xM )2 + (yi − yM )2]− [
∑n

i=1

√
(xi − xM )2 + (yi − yM )2]2

n(n− 1)
(S13)
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where σ2 is the variance in the selection of the n coordinates xi, yi defining the points.

S3 Vesicle formed by two sealed spherical caps

Equations for calculating the center-to-center distance r12 and its variance

r12 =
√

(xM,1 − xM,2)2 + (yM,1 − yM,2)2 (S14)

σ2r12 = ((σ2yM,1
+ σ2yM,2

)y2M,2 + (−2σ2yM,1
− 2σ2yM,2

)yM,1yM,2

+(σ2yM,1
+ σ2yM,2

)y2M,1 + (σ2xM,1
+ σ2xM,2

)x2M,2 + (−2σ2xM,1

−2σ2xM,2
)xM,1xM,2 + (σ2xM,1

+ σ2xM,2
)x2M,1))/r

2
12 (S15)

where |R1 −R2| ≤ r12 ≤ R1 +R2.

Equations for calculating the standard deviations of the areas A1 and A2 and their sum A of the
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spherical caps of radii R1 and R2 with center-to-center distance r12 area A and the volume V
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σ2A = (π2(R4
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+4R2
1r

2
12 −R4

1)R2
2 + 4R3

1R
3
2 + ((−2r212)

−R2
1)R4

2 − 2R1R
5
2 +R6

2)σ2r12 + (9R4
1r

2
12 + 24R3

1r
3
12

+22R2
1r

4
12 + 8R1r

5
12 + r612

+((−4R1r
4
12)− 16R2

1r
3
12 − 12R3

1r
2
12)R2 + ((−2r412)− 8R1r

3
12

−2R2
1r

2
12)R

2
2 + 4R1r

2
12R

3
2

+r212R
4
2)σ2R1

)/r412 (S18)
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Standard deviation of the volume encompassed by two spherical caps

σ2V = ((π2(R2 + r12 +R1)
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1r
2
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A

B

Figure S3: Representative fluorescence images (the first and last ones of each row) and phase
contrast images of a second preparation 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 0.5 mM RL (panel A). 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 with superimposed the best two circles surrounding the GUVs
determined with the second ImageJ macro are reported in panel B. All images have been rotated in
order to get the line connecting the centres of the two circles (shown in panel B) in the horizontal
direction, with the large and the small circle, of radius R1 and R2, on the left and the right side,
respectively. The distance r12 (Eq. 5) between the centres is shown as black or a white line. The
top right bars span 20 µm.

S4 Rate of Lo-Ld GUV:RL interaction

We assume that the bilayer of the GUV is a combination of a Lo domain, containing a number

NLo of lipid molecules forming the ordered phase (SM and CHOL in our case) and a Ld domain

with NLd
lipid molecules forming the disordered phase (DOPC in our case). The ratio φ =

NLo
NLd

is

fixed by the composition of the GUV (φ = 2 in case of 1:1:1 DOPC, SM, CHOL). Corresponding

S7



average areas per polar head are aLo and aLd
, respectively (in our case aLo = 1

2(aSM + aCHOL) and

aLd
= aDOPC).

We also assume that at the time t a number NRL,d of RL molecules are located in the outer

leaflet of the Ld domain and a number NRL,o of them are placed in the outer leaflet of the Lo

domain. We make the approximation that each RL molecule increases the outer leaflet surface of

Ld or Lo domain by the same average area aRL. The maximum possible values of the numbers of RL

inserted in the outer leaflets, called N0
RL,d and N0

RL,o, will be dictated by the sample composition,

namely by the ratios ζd = [RL]
[Ld]

and ζo = [RL]
[Lo]

(with [Lo] = φ[Ld]), according to

N0
RL,d = ζdNLd

(S20)

N0
RL,o = ζoNLo (S21)

In our case, being the total lipid concentration C = 3[Ld] = 0.00431 mM, we have ζd = 2ζo = 139

at 0.2 mM RL and ζd = 2ζo = 348 at 0.5 mM RL.

According to our results (see Fig. 6, panels D-E), the time evolution of Ld and Lo surfaces of

the GUV can be approximated by straight lines,

A1 = A1,0 +mA1t (S22)

A2 = A2,0 +mA2t (S23)

On this basis, Ld and Lo surfaces as a function of time are

A1 = aLd

NLd

2
+ aRLNRL,d (S24)

A2 = aLo

NLo

2
+ aRLNRL,o (S25)

At t = 0 there is not RL in solution (NRL,d = NRL,o = 0), hence

A1,0 = aLd

NLd

2
(S26)

A2,0 = aLo

NLo

2
(S27)
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so that

NLd
=

2A1,0

aLd

(S28)

NLo =
2A2,0

aLo

(S29)

Combining Eqs. S22-S23 and S24-S25, we obtain

NRL,d =
mA1

aRL
t (S30)

NRL,o =
mA2

aRL
t (S31)

The time evolution of the interaction of RL molecules with lipid molecules in Ld and Lo domain

will be described by the ratios

NRL,d

NLd

=
mA1aLd

2A1,0aRL
t (S32)

NRL,o

NLo

=
mA2aLo

2A2,0aRL
t (S33)

We can also find out the time evolution of fraction of RL molecules with respect the total RL

available molecules that interact with Ld or Lo domains,

fd =
NRL,d

N0
RL,d

=
mA1aLd

2ζdA1,0aRL
t (S34)

fo =
NRL,o

N0
RL,o

=
mA2aLo

2ζoA2,0aRL
t (S35)

As a result, we obtain that the rates of the fractions of RL molecules in respect to the total RL

concentration interacting with Ld or Lo, respectively, are given by the following expressions, both

independent on time,

γd =
mA1aLd

2ζdA1,0aRL
(S36)

γo =
mA2aLo

2ζoA2,0aRL
(S37)
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