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Keywords: Surfactin uniquely influences lipid bilayer structure by initially inducing membrane invaginations before solu-
Sflr‘famn bilization. In this study, we exposed DOPC giant vesicles to various surfactin concentrations at different tem-
Lipid membranes peratures and observed surfactin-induced membrane invaginations by using differential interference contrast and

Solubilization dynamics
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confocal laser fluorescence microscopy. These invaginations were stable at room temperature but not at higher
temperatures. Surfactin molecules induce membrane nanodomains with negative spontaneous curvature and
membrane invaginations despite their intrinsic conical shape and intrinsic positive curvature. Considering the
experimentally observed capacity of surfactin to fluidize lipid acyl chains and induce partial dehydration of lipid
headgroups, we propose that the resulting surfactin-lipid complexes exhibit a net negative spontaneous curva-
ture. We further conducted 3D numerical Monte Carlo (MC) simulations to investigate the behaviour of vesicles
containing negative curvature nanodomains within their membrane at varying temperatures. MC simulations
demonstrated strong agreement with experimental results, revealing that invaginations are preferentially formed
at low temperatures, while being less pronounced at elevated temperatures. Our findings go beyond the
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expectations of the Israelachvili molecular shape and packing concepts analysis. These concepts do not take into
account the influence of specific interactions between neighboring molecules on the inherent shapes of molecules
and their arrangement within curved membrane nanodomains. Our work contributes to a more comprehensive
understanding of the complex factors governing vesicle morphology and membrane organization and provides
insight into the role of detergent-lipid interactions in modulating vesicle morphology.

1. Introduction

Surfactin, derived from Bacillus subtilis, is a well-known and powerful
bacterial lipopeptide notable for its wide-ranging bioactive character-
istics and industrial uses. Exhibiting antibacterial, antifungal, antiviral,
antitumor, and insecticidal properties, surfactin also functions as a
biosurfactant, a fibrin clot formation inhibitor, an enhancer for oil re-
covery, and a bioremediation agent [1]. Owing to its multifaceted
therapeutic, biotechnological, and commercial attributes, surfactin is an
exceptionally versatile biomolecule.

Due to its amphiphilic nature surfactin exerts a strong biological
activity in lipid membranes and solubilizes lipids in a highly non-specific
manner [2-5]. The large cyclic headgroup of surfactin, comprised of
heptapeptides, possesses partial hydrophobic properties, allowing it to
penetrate more deeply into the hydrophobic regions of model lipid
membranes [6,7]. This likely contributes to its heightened activity and
its ability to influence membrane order through chain-tilting effects [8].
Thermodynamic studies using isothermal titration calorimetry on lipid
vesicles have revealed distinct differences in behavior between longer
bioactive and shorter inactive surfactin homologues [6]. These findings
suggest that surfactin strongly interacts with phospholipid acyl chains,
resulting in a notable fluidizing effect on the nonpolar portion of the
bilayer [3].

Surfactin molecules, which form micelles, generate curvature stress
in membranes, leading to lateral disorganization [9]. It has been
established that even in a uniformly phased membrane, the packing of
amphiphiles is heterogeneous and exhibits an orientational nature [6].
We recently demonstrated that lipid bilayers can experience remarkably
intense topological disruptions and exhibit highly non-equilibrium be-
haviors, enabling the visual examination of vesicle shape deformation
dynamics when detergent-to-lipid ratios are meticulously regulated
[10]. Furthermore, surfactin has been proven to cause more pronounced
lipid destabilization compared to most conventional detergents [8].

In a solution, the surfactin headgroup’s peptide ring, which includes
two charged amino acid residues, forms a “claw-like” structure that can
potentially serve as a binding site for divalent cations, other surfactin
molecules, or zwitterionic headgroups of lipids [11]. Furthermore, the
intermolecular interactions among surfactin molecules are stronger than
those between surfactin and lipids [12], promoting surfactin aggrega-
tion into oligomers in the membrane [3,13]. However, this does not
mean that surfactin molecules will form one giant aggregate below
critical micelle concentration (CMC). Self-assembly of binary mixtures
of lipids and detergents is governed by the minimization of the free
energy that also includes the contribution of mixing entropy. The
composition and size of surfactin-lipid aggregates is influenced by en-
tropy and, through entropy, by temperature. The system’s inclination to
maximize entropy results in a specific size distribution of surfactin-lipid
aggregates at each temperature and concentration [15,16].

A single surfactin molecule or a small cluster exhibits a cone-shaped
structure, generating positive curvature stress upon insertion into the
lipid bilayer. To accommodate this within the lamellar packing, the
molecular mismatch is counterbalanced by lateral headgroup compres-
sion (dehydration) and lateral hydrocarbon chain expansion (fluidiza-
tion). [14]. A surfactin molecule (or their small aggregate) embedded
into the lipid bilayer hence influences its immediate surroundings and
forms a surfactin-lipid nanodomain that can have net negative sponta-
neous curvature. Fig. 1 shows a lone surfactin molecule surrounded by
fluidized lipids on all sides constituting a surfactin-lipid domain with
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negative spontaneous curvature due to the expanded hydrocarbon
chains. If such a cluster would include more than one surfactin molecule,
the number of negative curvature-promoting lipid molecules on its
perimeter would increase proportionally, again resulting in a net
negative spontaneous curvature of the surfactin-lipid domain.

Similar effects are known from previous studies of membrane in-
clusions and embedded intercalated molecules, where the effect of an
inclusion can extend up to two or three layers of surrounding lipids
[15-1718]. In turn, inclusion-induced curved nanodomains can cluster
together and form larger membrane domains with a negative sponta-
neous curvature, invaginating the membrane inwards on a macroscopic
level.

In this study, we showcase the experimental findings on the solubi-
lization dynamics of surfactin in DOPC giant vesicles (GVs) using dif-
ferential interference contrast (DIC) and confocal laser fluorescence (FL)
microscopy techniques. By reconstructing a series of thin-section mi-
crographs, we acquired 3D vesicle images with high spatial and tem-
poral resolution. These visualizations unveiled the emergence of
microscale membrane invagination structures before the typical deter-
gent solubilization took place. Additionally, we noted that solubilization

(a)

(b)

Lateral headgroup compression (dehydration)

Lateral chain expansion (fluidization)

Fig. 1. A schematic representation of an undisturbed outer layer of the lipid
bilayer is depicted in (a). The insertion of a cone-shaped surfactin molecule
creates a mismatch with the neighboring lipid layers, leading to both
dehydration-induced lateral headgroup compression and fluidity-fueled lateral
area expansion for each hydrocarbon chain (b) [14,34]. It is important to note
that the illustration in (b) demonstrates the most basic scenario of a single
embedded surfactin molecule — a cluster of surfactin molecules would similarly
impact the curvature of the surfactin-lipid interface.
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dynamics were influenced by both concentration and temperature.
Specifically, the frequency of vesicle membrane invaginations increased
in proportion to surfactin concentration in GV suspensions, although
this effect diminished at elevated temperatures.

In addition to conducting experiments, we carried out numerical
Monte Carlo simulations to analyze the morphology of closed vesicle
shapes with triangulated surfaces. Our basic model allowed for the
membrane to have either flat regions devoid of non-zero spontaneous
curvature or areas exhibiting negative spontaneous curvature. The
simulation outcomes aligned with our experimental findings, indicating
a potential mechanism behind the formation of membrane in-
vaginations. Although surfactin molecules possess an inherent positive
intrinsic curvature, resembling a conical shape with a wider exterior,
they can create membrane domains exhibiting negative spontaneous
curvature as a result of headgroup dehydration and lateral chain
expansion.

2. Methods
2.1. Preparation of giant lipid vesicles

Giant DOPC lipid vesicles were prepared as described by Moscho
et al. [19]. This “gentle hydration method” is known to provide mostly
giant unilamellar vesicles as supported by transmission electron mi-
croscopy (TEM) [19]. To observe the vesicles with FL, we fluorescently
labeled vesicle lumen with a fluorescence dye fluorescein. Fluorescein is
a fluorophore commonly used in microscopy, in a type of dye laser as the
gain medium, in forensics and serology to detect latent blood stains, and
in dye tracing. Fluorescein has an absorption maximum at 494 nm and
emission maximum of 512 nm (in water). DOPC was dissolved in chlo-
roform to a concentration of 0.1 M. Then 115 pL of lipid solution was
transferred into 250 mL round bottom flask containing 5.6 mL chloro-
form and 572 pL of methanol. Next, 40 mL of buffer solution (10 mM
HEPES buffer, pH = 7.4) with added fluorescein sodium salt (Thermo
Fisher Scientific, USA) to a final concentration of 375 mg/mL was
carefully added along the flask walls to the lipid solution. Organic sol-
vent was removed with a rotary evaporator (Biichi Rotavapor R-134,
Biichi Water bath B-480, Biichi Vacuum Controller V-850, Biichi Vac-
uum pump V-700) at 40 rpm under reduced pressure (final pressure 55
mbar, volume flow rate 1.8 m3/h) in a warm water bath (40 °C). Around
the evaporation point of chloroform and methanol we slowly reduced
pressure in 5 mbar increments to reach a gentle boiling point of solution.
After reaching the final pressure of 55 mbar, we incubated the solution
at reduced pressure for 2 min. In the next step, we separated vesicle
fraction from the aqueous solution and excess fluorescein with centri-
fuging at 15700x g for 10 min. Lipid vesicles in the pellet were resus-
pended in 40 mL, 10 mM HEPS buffer. We washed lipid vesicles three
times, and after the third time vesicles were concentrated into 5 mL
HEPES buffer. For all experiments, the vesicles were freshly prepared.
Lipid vesicle size was determined with DIC and FL microscopy.

2.2. Preparation of surfactin solution

Surfactin solution was prepared in 10 mM HEPES buffer solution at a
concentration of 1 mg/ml (Surfactin sodium salt, Fujifilm Wako Pure
Chemical Corporation, USA). The stock solution was then diluted to the
desired concentration and added to the vesicle solution.

2.3. Turbidity assay

A turbidity assay was performed as described by Ahyayauch et al.
[20]. Briefly, in a 96-well microtiter plate, 90 pL of vesicle solution was
mixed with 10 pL of surfactin serial dillution. The final detergent con-
centration gradient ranged from 0.03 to 1.7 mM. The mixtures were left
to equilibrate for 10 min, and solubilization was assessed from the
changes in turbidity (Optical Density at 650 nm; OD650). Measurements
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were made with a Biotek Cytation 3 microplate reader (BioTek,
Winooski, VT). Experiments were performed at room temperature
(23 °C) and 60 °C where samples were pre-heated prior to mixing, in-
cubation and measurement.

2.4. Microscopy

DOPC GVs were exposed to surfactin under the microscope and
monitored online to capture early lipid vesicle dynamics. In the exper-
iments, the concentration of GVs was between 10° and 107 vesicles/mL.
9 pL of vesicle suspension was pipetted onto a #1.5 microscope cover-
glass to form a hemispheric drop. After positioning and focusing the
vesicle suspension on the microscope, 1 pL of appropriate surfactin so-
lution was added. Image acquisition started right after the addition of
surfactin. Dynamics of lipid solubilization with surfactin was visualized
with fluorescence microscope Zeiss Axio Observer Z1 equipped with
confocal unit LSM 800 (Carl Zeiss, Oberkochen, Germany). Fluorescein
stain was excited with 488 nm laser wavelength and emission spectrum
of 500-700 nm was acquired. Additionally, samples were visualized
with differential interference contrast (DIC) technique. The image
acquisition was done with an immersion oil 100x objective. Because the
vesicles were undergoing Brownian motion and occasionally went out of
focus, manual vesicle tracking was needed to acquire the full sequence of
vesicle dynamics. The experiments were made under ambient conditions
(room temperature, ambient air pressure) and at 60 °C with heating
insert (Pecon, P-LabTek S1) and preheated vesicles and surfactin solu-
tions on a block heater (SBH130DC, Stuart, UK). Consecutive image
acquisition with DIC and FL technique was performed up to 7 min after
surfactin addition or up to full vesicle solubilization. Time lapse
microscopic images were acquired in 0.45 s and 0.32 s time step per
frame for DIC and FL techniques, respectively.

The individual vesicles were imaged at multiple z-plane positions to
obtain series of images at different depths (z-stack). The z-stack acqui-
sition was used in successive repeats to obtain z-stack images at different
times after addition of surfactin.

2.5. Image analysis

For the microscopic image analysis, ImageJ software (1.53f) [21]
was used. For the determination of vesicle intensities, the individual
vesicles in time series were aligned (plugin.

“Align images in stack™), then the region of interest (ROI) was
cropped and the thresholded image was analyzed with plugin “Analyze
particles” to obtain GV intensities of the individual microscopic images.
As vesicle shape visualization of z-stack images were acquired in 0.3 pm
thin sections with total stack height up to 4.2 pm with total acquisition
time of approximately 6.1 s. Image post-processing was done with
ImageJ software (1.53f). Firstly, images were trimmed to smaller ROI to
obtain the single vesicle. As vesicles were freely moving in the suspen-
sion, the individual vesicle was aligned in stack with plugin “Align im-
ages in stack” with selected vesicle as ROI. Realigned images were
further used for for 3D vesicle shape reconstitution, where ImageJ plu-
gin 3D viewer was used. The 3D model was presented as a volume mode
or surface mode with smoothing parameter set to value 20.

3. Monte Carlo simulations of surfactin interactions with lipid
bilayers

We modeled a lipid vesicle with a triangular mesh composed of N
vertices connected by tethers that form a self-avoiding closed network
[10,22]. The Monte Carlo scheme is based on the minimization of
bending energy with a heterogeneous membrane composed of flat and
inherently negatively curved patches. The details of the model are given
in Supplementary Information A.
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4. Results
4.1. Experimental results

Effect of surfactin on DOPC GVs is given in Fig. 2 with optical density
(ODgs50) measurements. The CMC was determined to be 33 pM by
measurement of surface tension (for details see Supplementary Infor-
mation). Below 10 pM concentration, surfactin had no substantial effect
on vesicles. At around 33 pM concentration (CMC), ODgso decreased
approximately to 80% of their initial value. Increasing the concentration
above CMC resulted in marked exponential decrease of ODgs( values as
expected. At 1000 pM concentration, the ODgs¢ values substantially
decreased to only a few percent of their initial value.

The effect of surfactin on the cloudiness or opaqueness of a solution
(turbidity) caused by suspended vesicles was found to be consistent at
both elevated temperature (60 °C) and room temperature. The decrease
in turbidity could not be attributed solely to vesicle solubilization, as it
could also result from changes in vesicle size and shape [23]. To further
explore surfactin’s impact on DOPC GVs, we employed the DIC tech-
nique to examine the vesicles. Introducing surfactin to the GV solution
resulted in noticeable dynamic changes in topology. At a surfactin
concentration of 10 pM (sub CMC concentration), the vesicle topology
remained largely unaffected. However, when surfactin concentrations
reached 100 uM or higher (above CMC), significant alterations in vesicle
shape and topology became apparent. The most striking topological
change was the appearance of darker invaginated areas on the surface of
the vesicles (Fig. 2). As the surfactin concentration increased (100 pM,
500 pM, and 1000 pM), the number of these invaginated areas grew
substantially. At concentrations above 100 pM, the invaginations were
seen to combine and form larger, crater-like structures on the vesicle
surface (Fig. 2). The results demonstrate that invagination always pre-
cedes solubilization and that solubilization can lead to the decrease of
OD values (i.e. vesicle solubilization was completed in few minutes,

1.2

o
oo

Normalised OD,,
o
o

0.4
0.2
0
0.1 1 10 100 1000
Surfactin (uM)
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Untreated 10 M 100 pM 500 pM
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whereas turbidimetric measurements were performed after 10 min in-
cubation when system reached equilibrium). An additional time
sequence of DIC and FL images is available in Supplementary
Information.

To get a better 3D view of topological changes induced by the
addition of surfactin, we have fluorescently labeled the vesicles’ lumen
and observed the GVs with FL. A typical decrease in vesicle fluorescence
intensity with corresponding confocal laser scanning microscopic im-
ages is shown in Fig. 3(a). Vesicle fluorescence intensity drops after 30 s
of surfactin addition, likely due to leakage of the vesicle lumen. Simi-
larly to DIC microscopic images, addition of surfactin caused a forma-
tion of dark indented structures which had low fluorescence intensity (in
Fig. 3(a) at 50 s time). The rate of decrease of fluorescence intensity
(Fig. 3(b)) was dependent on surfactin concentrations. Increased sur-
factin concentration induces faster decline in fluorescence intensity (see
detailed analysis in Figures S2 and S3 in Supplementary Information B).
At 10 pM surfactin concentration, the vesicles appeared stable on the
order of minutes. In contrast at 1000 pM surfactin vesicle solubilization
was too fast to capture under the microscope. In the absence of surfactin
addition the fluorescence intensity decreased slowly and approximately
linearly. The results demonstrate that invagination always precedes
solubilization and that solubilization can lead to the decrease of ODgso
values (i.e. vesicle solubilization was completed in few minutes, whereas
turbidimetric measurements were performed after 10 min incubation
when system reached equilibrium). An additional time sequence of DIC
and FL images is available in Supplementary Information.

To follow the membrane invaginations into the lipid vesicle a series
of microscopic z-axis images of a single vesicle were stacked with
ImageJ software (1.53f) to reconstruct a 3D vesicle shape. For samples
with no added surfactin, the 3D reconstructions of the vesicles appear
smooth and homogeneous for both temperatures (Fig. 4(a-f)). With the
addition of surfactin, dark spots (pit-like membrane invaginations)
begin appearing in the 3D reconstituted vesicles (Fig. 4(g-i)). The 3D

Fig. 2. The turbidity assay was conducted to evaluate
the impact of surfactin on DOPC giant vesicles (GVs).
A consistent decrease in optical density (ODgso) was
observed as surfactin concentrations increased, with
measurements taken at both 23 °C and 60 °C, repre-
sented by blue and green lines, respectively. The error
bars display the standard deviation from three
repeated experiments at each temperature (n = 3).
Microscopic images captured at 23 °C reveal vesicle
structures at specified concentrations and time in-
tervals following surfactin exposure. Note the change
in the decrease of ODgso before and after CMC (33
uM), which was calculated using surface tension (see
Supplementary Information). Higher surfactin con-
centrations led to a greater number of membrane in-
vaginations. Scale bar: 5 pm.

10000

1000 pM



Z. Pandur et al.

Normalized FL intensity

200 300
Time [s]

400 500

Lo
o

14
=Y

140 s

=3
s

Normalized fluorescence intesity
®
[¥)

20 40 60 80

Time (s)

100 120 140 160

Fig. 3. Fluorescence intensity of vesicles decreases with time and surfactin
concentration. (a): Fluorescence intensity curve of a vesicle at 23 °C measured
in a typical experiment. Surfactin was added at t = 0 at concentration 500 pM.
Accompanying microscopic images illustrate the development of dark regions
preceding the solubilization of the vesicle. A 5 ym scale bar is included in the
micrographs for reference. (b) The rate of average fluorescence intensity
reduction is more rapid at elevated surfactin concentrations. In this case, the
data points signify the average results from four experiments, while the lines
represent the optimal fit according to the compartment model for fluorescence
decline detailed in Supplementary Information B.

time evolution of membrane invaginations for a given lipid vesicle is
given in Fig. 4(j-k). The first deviations from the spherical shapes at
room temperature are seen already after 18 s. The number of membrane
invaginations increased with time. The invaginations were metastable
up to 60 s at room temperature.

At temperatures of 60 °C, less pronounced membrane invaginations
were observed, possibly due to the system having more thermal energy,
impeding the integration of surfactin molecules into the GV membranes
across the whole system. Additionally, short chain amphiphiles like
surfactin might reduce the membrane rigidity by reduction of curvature
frustration, rendering membranes at room temperature to be softer and
more prone to buckling [24,25]. It is also possible that higher temper-
atures induce an increased flip-flop of surfactin molecules into the inner
monolayer like observed in SDS, but research on this topic is lacking
[26].

4.2. Simulation results

The results of the simulations are summarized in Fig. 4(1-m). The
vesicles are simulated with a triangular mesh that is self-avoidant (de-
tails are given in Supplementary Information A). Essentially, each vertex
can consist of either a flat membrane or a membrane nanodomain (ND)
with a preferred dimensionless spontaneous curvature cq. The parameter
of spontaneous curvature is an effective one, meaning it can encompass
ND shapes as well as area differences between two monolayers of lipids
arising from the preferential embedding of surfactin aggregates in the
outer monolayer (see Supplementary Information A for a detailed
derivation). Prior to every simulation, relative temperature T/T, and
relative ND density p are set. To simulate smoother membranes at
elevated temperatures (thought to be induced by flip-flop of NDs into the
inner monolayer), co dependence on temperature is approximated by a
linear relationship c¢o(T) = T/2Ty — 1, where Ty = 300 K. Snapshots of
typical simulation results at p = 0.3 and different temperatures are show
in Fig. 4(m). With decreasing temperature, invaginations start to form
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on the vesicles.

Simulations at high temperatures T/T, return quasi-spherical vesi-
cles with no visible indentations at all ranges of p. These cases in the T/
To(p) diagram are labelled as the smooth regime. When more NDs
aggregate to form a larger domain, invaginations start appearing on the
vesicles, indicating a transition to an invaginated regime (at low T/Ty
and all p). The line separating the phase separation between the Smooth
and Invaginated regimes is marked S-I on Fig. 4(1). This transition has a
maximum around p = 45%.

Once the vesicles are in the Invagination regime, decreasing T/T, or
increasing p leads to an increased number of invaginations on the
vesicle. The number of invaginations per vesicle in Fig. 4(1) is denoted by
the number in brackets. For example, a vesicle with a total of 8 in-
vaginations is labeled as I(8).

For a qualitative measure of the ND cluster size we measure the
average number of NDs included in clusters by [22]:

(i) 7@
W) = (2
>l

Here, the angle brackets N,. denote the canonical ensemble average,
N,. is the mean cluster size with the sums running over all clusters of

@

vertices representing NDs. In the sums, N¥ is the number of vertices in

cluster i and N is the number of clusters of size N{). The average cluster
size of ND is given by a heat map in Fig. 4(m) and is a monotonously
increasing function of p. ND clusters are smallest at higher temperatures
where mixing of NDs and lipids.

is most preferred by configurational entropy. Conversely we observe
that lower temperatures promote clustering and the formation of
invaginations.

Interestingly, two regions of largest clusters in the T — p space are
separated by a small gap in the region where T/ T is 0.85 and p is 45% to
50%. This may be due to the membrane invaginations not being fully
formed with the majority of NDs still distributed homogeneously across
the vesicle.

5. Discussion

The impact of surfactin on lipid membranes has been previously
discussed in an indirect manner, but to the best of our knowledge, there
have been no prior observations of surfactin-induced invaginations in
the lipid membranes of giant vesicles (GVs). Thermodynamic experi-
ments by Yuan et al. [7] revealed that even minimal concentrations of
surfactin can impede membrane fusion. Additionally, a computational
analysis by Grau et al. [13] demonstrated that the integration of sur-
factin into the bilayer alters the membrane’s curvature. Heerklotz and
Seelig proposed a solubilizing effect of surfactin based on their
isothermal titration calorimetry experiments [4]. In their dehydration-
fluidization model, surfactin molecules, which possess an intrinsic
conical shape, experience a geometric mismatch when inserted into the
flat lipid bilayer. This discrepancy is compensated by the headgroup’s
compression (dehydration) and lateral expansion of the hydrocarbon
chain (fluidization) [14]. Consequently, a surfactin molecule with a
conical structure can induce the formation of a membrane nanodomain
with negative spontaneous curvature since its neighboring lipids
become inverted-conical (see Fig. 1). This effect becomes less significant
(i) as the temperature increases, and (ii) as the surfactin content in the
membrane decreases. This hypothesis forms the basis of the present
study. It is crucial to avoid misconstruing the concept of monolayer
curvature with that of bilayer curvature. The observed membrane cur-
vature is an outcome influenced by both monolayers and while an in-
dividual monolayer can exhibit positive spontaneous curvature, it is
essential to recognize that the total spontaneous curvature of a bilayer is
ultimately zero.

Utilizing differential interference contrast (DIC) and fluorescence
(FL) microscopy, our observations revealed that the integration of
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Fig. 4. Time evolution of 3D reconstructions of DOPC GVs incubated with 500 uM surfactin and Monte Carlo simulation results. Panels (a), (d), (g), (j) and (k) shows
vesicle 3D reconstructions of volume and panels (b), (e) and (h) show 3D reconstructions of vesicle surfaces. Panels (c), (f) and (i) show microscopic 2D images at
different positions of z-axis in um (upper right corner of each panel). Panels (j) and (k) show 3D vesicle reconstructions at temperatures 23 °C and 60 °C, respectively,
after an addition of (500 uM) surfactin. Panel (1) shows the phase diagram of simulations in the temperature-density plane. The spontaneous curvature ¢y of
membrane nanodomains (NDs) is directly proportional to the temperature. The four points A, B, C and D in the phase diagram correspond to typical shapes of
simulated vesicles shown in panel (1). The S-B line separates the Smooth and Invaginated regimes; point C in the phase diagram shows the inception of an invaginated
structure denoted by the red arrow. The color gradient corresponds to the mean cluster size of inclusions defined by equation (1). Panel (m): typical snapshots of
Smooth and invaginated simulated vesicle shapes that correspond to points on panel (1).
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surfactin molecules into the lipid bilayer of DOPC GVs at concentrations
below solubilization thresholds impact the GVs in two unique ways.
First, GVs exposed to surfactin at room temperature maintain their
stable structures up to several minutes, even at elevated surfactin levels
(10-500 pM). This indicates surfactin’s capacity to temporarily stabilize
the GVs before complete solubilization, contrasting with other de-
tergents known to induce rapid and dynamic shape alterations in GVs
[9,10]. Second, 3D GV analysis shows the presence of enduring mem-
brane invaginations (at surfactin concentrations exceeding 100 uM) that
persist for minutes prior to solubilization.

The formation and stability of these membrane invaginations are not
easily understood due to surfactin’s conical molecular shape (Fig. 1). In
contrast, another cone-shaped detergent, Triton X-100 (TR), induces
noticeable exvaginations in GV membranes [10]. This distinct difference
could potentially be explained by the presence of peptide bonds in
surfactin’s polar headgroup, making it considerably more rigid than the
more flexible headgroup found in TR. Additionally, the lengthy acyl
chain in surfactin, absent in TR, may anchor the molecule deeply into
the outer lipid monolayer [7], influencing the surrounding lipids in
accordance with Heerklotz et al.’s dehydration-fluidization model (see
Fig. 1) [14].

Experimental observations and molecular dynamics simulations
have demonstrated the presence of surfactin-lipid domains [13,27,12].
These domains may potentially aggregate and form a larger, macro
domain that can be detected using microscopy techniques through
depletion and fluctuation mechanisms [15,28,29]. Besides hydrophobic
mismatch [28], lipids near membrane-embedded surfactin molecules
undergo tilt and stretching deformations, leading to lipid-mediated in-
teractions via depletion forces [16,30]. As two surfactin molecules
approach each other within the membrane, the number of distorted
lipids between them decreases, possibly generating a lipid-mediated
attractive force [15,28].

We propose that elevated temperatures influence surfactin’s impact
on GVs through several distinct mechanisms. In experiments conducted
at temperatures of 60 °C, the system exhibits a higher level of thermal
energy, leading to increased Brownian motion of surfactin molecules
and possible hindered integration of surfactin molecules into GV mem-
branes due to entropic mixing. This might result in overall decreased
nanodomain formation. According to the theoretical calculations con-
ducted by Szleifer et al. [24], there is a significant reduction in the
bending rigidity of membranes as the average area per chain increases
(which indeed happens when surfactin fluidizes the acyl chains of DOPC
lipids (see Fig. 1). This reduction also occurs when there is a decrease in
curvature frustration, such as through the introduction of short chain
amphiphiles (such as surfactin). In simpler terms, the available research
suggests that when the area per molecule increases or when the presence
of short chain amphiphiles reduces curvature frustration, there is a
notable decrease in the bending rigidity of the membranes. In our case,
the effect of decreased membrane rigidity is two-fold (are per lipid larger
and short chain surfactin insertions reduce curvature frustration),
prompting easier buckling of the surfactin-lipid nanodomains in the
membrane at room temperatures [25].

An enhanced flip-flop rate at higher temperatures is also possible: at
elevated temperatures, experiments show an accelerated rate of flip-flop
of SDS into the inner lipid monolayer [26]. If this were the case with
surfactin, dehydration and fluidization would occur simultaneously in
both leaflets, leading to the formation of curved nanodomains on each
side. These nanodomains then balance out to create a nearly zero
membrane curvature on the exterior, which aligns with our observation
of smooth GV populations at 60 °C.

Additionally, higher temperatures result in thinner membranes.
Studies on DOPC vesicles have demonstrated a more than two-fold
reduction in membrane thickness when the temperature increases
from 22 °C to 60 °C [31]. The combination of these effects may create a
positive feedback loop, which could explain the lack of membrane in-
vaginations in GVs at elevated temperatures, but more conclusive
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research is necessary to confirm these claims.

To enhance our understanding of the temperature-dependent nature
of this phenomenon, we conducted numerical Monte Carlo simulations
focusing on the behavior of closed membrane structures. The modeled
vesicles incorporated flat membrane patches devoid of spontaneous
curvature, as well as regions displaying negative spontaneous curvature.
The surfactin-lipid nanodomains were represented by patches of nega-
tive spontaneous curvature. To simulate the formation of surfactin-
surfactin or surfactin-lipid domains as observed in experimental set-
tings, these patches could interact with each other through a variable
interaction to mimic the formation of surfactin-surfactin or surfactin-
lipid domains observed in experiments [3,13,27,32,33]. Interestingly,
our numerical findings reveal that the occurrence of membrane in-
vaginations in our model demonstrates an inverse relationship with
temperature, thereby reinforcing the initial dehydration-fluidization
hypothesis.

Membrane invaginations could have physiological implications,
such as affecting vesicle formation, endocytosis, and exocytosis pro-
cesses, which are crucial in cellular transport and communication.
Furthermore, surfactin has antiviral activity and topological changes of
viral envelope could interfere with viral infectivity [7]. However, other
effects like solubilization of membranes and leakage of fluorescein, may
also have physiological consequences, like disrupting membrane integ-
rity and altering cellular permeability. Thus, while invaginations might
have specific physiological roles, it is crucial to consider the broader
context of all surfactin-induced effects on lipid bilayers and GVs to un-
derstand their full implications. Further research is needed to clarify the
physiological significance and roles of these effects in a biological
context.

6. Conclusion

We investigate the interaction between DOPC giant vesicles (GVs)
and surfactin at concentrations below its solubilization threshold, using
differential interference contrast (DIC) and fluorescence (FL) micro-
scopy. The experiments were conducted at both room temperature
(23 °C) and elevated temperature (60 °C). Our 3D vesicle re-
constructions reveal invaginated membrane patches on the GV surfaces,
which are more prevalent at lower temperatures.

These membrane invaginations are hypothesized to result from sur-
factin’s solubilizing action as it incorporates into the outer lipid layer’s
lamellar packing. The cone-shaped geometry of surfactin causes the
nearby lipids to dehydrate in their headgroup regions and become more
fluid in their tail regions (Fig. 1). This process forms a surfactin-lipid
nanodomain with an overall negative spontaneous curvature. It is
believed that these nanodomains cluster to create the macroscopic
membrane invaginations observed in the experiments (Fig. 2, bottom
right).

As temperature increases, the higher thermal energy and increased
Brownian motion of surfactin molecules hinder their integration into the
membranes of GVs due to increased entropic mixing. Theoretical cal-
culations support the idea that as the average area per chain increases
(as seen when surfactin fluidizes the acyl chains of DOPC lipids), the
bending rigidity of the membranes significantly reduces. This reduction
in rigidity is also observed when curvature frustration decreases, such as
through the presence of short-chain amphiphiles like surfactin. The
combined effects of increased area per lipid and reduced curvature
frustration in the presence of surfactin make the surfactin-lipid nano-
domains in the membrane more susceptible to buckling at room tem-
perature. Additionally, accelerated flip-flop rate of surfactin into the
inner lipid monolayer at elevated temperatures may lead to a less
negative spontaneous curvature of surfactin containing membrane
patches. Theoretically, equal numbers of surfactin-lipid nanodomains in
both membrane lipid layers would result in a net zero membrane
spontaneous curvature and smooth vesicles. To validate these hypoth-
eses, we conducted numerical Monte Carlo simulations of closed vesicle
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shapes featuring patches of negative spontaneous curvature on the
membrane. The simulation results align well with experimental obser-
vations and provide a potential explanation for the inverse relationship
between membrane invaginations and temperature.
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