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Shape changes and budding of giant vesicles
induced by an internal chemical trigger: an
interplay between osmosis and pH changet

Gabor Holld,° Ylenia Miele,:° Federico Rossi *d

*© and Istvan Lagzi
Shape transformation and budding of phospholipid/fatty acid giant hybrid vesicles can be induced by an
internal chemical stimulus (pH change) when coupled with an osmotic shock. In particular, an autocatalytic
enzymatic reaction set (urea—urease system), confined in the lumen of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC)/oleic acid (HOA) vesicles, can force the budding of the hosting vesicle, when
properly fed by a trans-membrane substrate infusion. Herein, we elucidate the budding mechanism by
simulating the shape changes of a vesicle during the enzymatic reaction. The area-difference-elasticity (ADE)
theory is thus implemented to minimize the surface elastic energy and obtain the equilibrium shape at
different values of the reduced volume and different values of the reduced preferred area difference (Aag).
Simulations, together with control experiments, unambiguously show that to obtain an effective vesicle
shape transformation, the osmotic stress and the pH change in the lumen of the vesicle must act in synergy
at the same timescale. Osmotic pressure induces a vesicle deflation (volume loss), while the pH change
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1 Introduction

Design and imitation of life-like functions of artificial (syn-
thetic) cells in abiotic systems have gained much attention in
the past few decades due to the studies on the origin of life and
the design of new drug carriers in targeted drug delivery
applications.’™ Definition of life contains several important
characteristics for an entity having the ability for homeostasis,
metabolism, growth, response to external stimuli (e.g. chemo-
taxis, phototaxis), and self-reproduction.’®** Among them,
self-reproduction is intended as the property of cells to split
following the growth of both volume and surface area, the latter
favored by the production of membrane-forming molecules.
The daughters generally contain a copy of the genetic and bio-
chemical material of the mother cell.'> However, self-replication, as
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affects the preferred area difference between the outer and the inner membrane leaflets.

we know, is a complex mechanism resulting from a long story
of natural evolution,” it is thus plausible that such a complex
mechanism might be evolved, in prebiotic age, from separate
processes such as membrane shape transformation, autono-
mous self-copying of complex molecules and self-division pro-
cesses, the latter intended as the splitting of a mother cell
without the addition of membrane forming molecules. The
trigger of the shape transformation of vesicles, incorporating
their self-division, can be categorized into two types of
approaches, externally and internally triggered shape transfor-
mations. In most studies in synthetic and artificial systems, the
deformation and division processes of vesicles were obtained
by external triggers (e.g., the addition of the membrane pre-
cursors to the solution, changing the temperature, etc.),"®>
even though in biological systems the division is an autono-
mous process driven by internal mechanism of the cells.*
Therefore, engineering and design of artificial systems having
internally trigger mechanisms for the shape transformation are
more relevant, elegant and challenging approaches that require
complex thinking involving non-trivial design steps.>® In the
approach of Sugawara and his coworkers, the division process
of giant unilamellar vesicles (GUVs) was mediated by the inter-
play of the polymerase chain reaction taking place in the lumen
of vesicles and the subsequent addition of the membrane
precursors to the system.>® The division rate of the vesicles was
significantly lower in the absence of the enzymatic reaction. In
another interesting study, a protein system was encapsulated into
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the lumen of GUVs and used to periodically control the shape
transformation of GUVs from pear shape to dumbbell shape and
to drive budding and merging of the buds with the mother
vesicles.>” A novel approach demonstrated that deformation of
GUVs shape can also be induced by purely physical stimuli such
as inner hydrodynamic forces and mechanical torques generated
by active nanoparticles.”®*’

Recently,*® we have reported an internally triggered mecha-
nism, in which mixed 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC)/oleic acid (HOA) pH-responsive GUVs
(with size ranging between 5 and 50 pm) underwent shape
deformations triggered by an autocatalytic enzymatic (urea-
urease) reaction®'® encapsulated inside the vesicles and
coupled to a cross-membrane transport of the substrate, urea.
The deformations included the following shapes: prolate, pear
shape and buds (two vesicles connected by a narrow neck), and
we speculated that the deformation dynamics was due to the
interplay between an osmotic shock and the pH change taking
place in the lumen of the GUVs.

In this work, we thoroughly investigate the role of the pH
change and that of the osmotic shock to clarify and model the
budding mechanism. Moreover, we interpret the shape changes
observed during the urea-urease reaction with the area-
difference elasticity (ADE) theory that can be applied to mem-
branes of fixed topology, and therefore it allows to predict the
formation of buds but not the membrane rupture and the
complete self-division. According to this theory, the morphol-
ogy of a vesicle with surface area A and volume V is determined
by two geometrical parameters, the reduced volume v and the
normalized preferred area difference of the two monolayers
Aay.*® The ADE model has been successfully applied to inves-
tigate, among the others, shape changes in binary vesicles
of DLPE (1,2-dilauroyl-sn-glycero-3-phosphoethanolamine) and
DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) during
heating-cooling cycles*! and shape changes in pure fatty acid
vesicles fed externally with NaOH.>” Herein, we propose a
model that integrate the pH changes due to the enzymatic
reaction with the chemistry of fatty acids and takes into account
the osmotic shock to explain the v and Aa, changes which
cause the vesicles shape transformations.

2 Experimental methods
2.1 Preparation and analysis of giant lipid vesicles

For GUVs preparation and encapsulation of chemical species,
the phase transfer method>***™*° was used, which allowed full
encapsulation of chemical species (details are reported in ESIT).
Briefly, the method consists in the stratification of a water-in-
oil emulsion (enzyme urease, acetic acid and sucrose are
dissolved in the water phase) over an aqueous phase (outer
solution containing glucose and acetic acid) separated by an
interface of amphiphilic molecules mixed in different propor-
tions (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, POPC
and oleic acid, HOA). The formation of the vesicles takes place
at the interface of the two phases, where emulsion droplets sink
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by gravity in the outer phase and get coated by the amphiphilic
molecules to form bilayers.

To observe the shape transformation dynamics, vesicles were
added with 10 pL of a solution containing [urea] = 180 mM,
[glucose] = 200 mM glucose and [CH;COOH] = 1 x 10> mM to
trigger the division. Samples were investigated by an epifluores-
cence microscope (ORMATEK TL-INV 100) by taking images every
0.5 s with a CMOS camera (PIXELINK PL-D755CU) both in visible
and in fluorescence (Zex = 450 nm and ey, = 510 nm) mode.
Fluorescence intensity was used to characterise the pH change
inside the vesicles. Recorded images were analysed by means of
Image] software.*"

2.2 Simulations of the deformation of vesicles

The software Surface Evolver 2.70**> was used to compute the
relaxed vesicle shape by minimizing the energy functional W,
i.e. the Helfrich energy,”>** complemented with a term that,
according to the ADE theory, accounts for the area difference
between the outer and inner leaflets of the lipid membrane,*>*®
expressed by

_ 1 2 Ky 2
W = 2KC }{(Cl + Cy — C()) d4 + 2A0h2(AA — AA()) (1)

where C; and C, are the local principal curvatures, C, is the
local spontaneous curvature and the integral is calculated on
the whole surface (S) of the vesicles,*”*® k. and «; are the local
and the non-local bending moduli, respectively, A4 is the vesicle
area. The spontaneous curvature depends on the shape of the
membrane constituents. POPC molecules are approximately
cylinder-shaped, which makes their intrinsic curvature close
to zero and the bilayer structures are flat.*> Protonated oleic
acid molecules have a slightly negative intrinsic curvature,’®
while deprotonated oleic acid molecules have a positive curva-
ture. In mixed phospholipid/oleic acid/oleate bilayers, the
average spontaneous curvature of a membrane composed of
phospholipids and roughly equal amounts of oleic acid and
oleate (pH ~ pK,) is expected to be close to zero (Co = 0).** The
area difference between the inner and the outer leaflets (A4) is
generally calculated from the integral of the mean curvature

A4 = /’l%g (C] + Cz)dA (2)

where £ is the distance between neutral surfaces of both bilayer
leaflets, however, in our case, AA is calculated directly from the
areas extracted from experimental images.

AA, is the preferred area difference and is given by

AAO = (Nouter - Ninner)d (3)

where Ngyyeer and Njper are the number of molecules in the
outer and inner leaflet, respectively, d is the cross-sectional area
of the amphiphiles. Thus, A4, depends on the composition
of the two membrane monolayers and their interaction with
the surroundings, AA depends on the shape.*” Dividing for
the bending energy of a sphere (8nk.), the reduced energy is
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w= 17{(01 + ) da + ﬁ(Aa — Aqy)? (4)
4 fs Ke

where da= dA/4nRg, ¢; = CiR,, ¢, = C,Rs and the reduced area
differences are Aa = AA/8TthRs and Aa, = AAy/8ThRs and R, is the
radius of the sphere. The ratio ,/k. can be infinitely large or can
tend to zero. When the ratio is very large the limit is called the
“strict bilayer couple” model (BC) and was originally introduced
by the requirement of incompressible membrane monolayers
leading to the relationship Aa = Aa,. The limiting case in which
the ratio «./x. has the value of zero is called “spontaneous
curvature model” (SC). The ADE theory and the limiting cases
are discussed in more detail in the following ref. 45 and 51-53. In
this work, the eqn (4) was minimized numerically and the ratio x,/
K. = 3 was chosen since this value is commonly used to describe
phospholipid vesicle morphologies.”"*>

To describe the equilibrium shape of a vesicle at the minimum
of the elastic energy, only two parameters can be employed,
namely the reduced preferred area difference (Aa,, as previously
defined) and the reduced volume (v). If an equivalent sphere is
defined by R = /A4/4n, where A is the surface of the vesicle, then
the reduced volume can be written as

v
YT 43R (5)

During the energy minimization, the parameters Aa, and v
were constrained to set a given reduced volume v and reduced
area Aa, extracted from experimental images.

Radii and geometrical parameters of the vesicles were
extracted from experimental frames with the help of Image].
The values of the volume V and the surface area A, were
calculated by means of the equations reported in the ESI for
each of the shape assumed by the vesicles (sphere, prolate, pear
shape and budded limiting shape).

3 Results and discussion
3.1 Conditions for successful divisions

In a typical experiment, a fast enzymatic reaction inducing a pH
change inside the GUVs with the consequent division of the
vesicles, was obtained in the following conditions: urease (0.5
1.5 U mL™ "), pyranine (5.0 x 10> M) and acetic acid (1 x 10~°
M) were encapsulated in hybrid giant POPC/HOA vesicles with
[POPC] = 2.6 mM and [HOA] = 2.4 mM, urea with a final
concentration after mixing of 6.0 x 10~> M was added to the
vesicles suspension to initiate the reaction. Urea penetrated
into the vesicles and initiated the urea—urease enzymatic reac-
tion, which caused a pH increase according to the scheme

urease

CO(NH2)2 + H,O —— 2NH; + CO,

The low concentration of acetic acid and the high concen-
tration of urea ensured a clock time (i.e. the beginning of the
autocatalytic pH increase) within 30 seconds after the addition
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of the urea substrate with a pH change of the order of 0.5-0.6
units. Fig. 1a reports a typical division process: starting from a
spherical shape, the GUV elongates in a prolate form, assumes
a pear shape and eventually divides into two daughter vesicles.
We found that the self-division process occurred with a prob-
ability of ~25% irrespective of the size of GUVs. The division
percentage within samples in the same experimental condi-
tions may unpredictably vary because of the uneven distribu-
tion of solutes and amphiphiles (e.g., not all the vesicles in a
specimen may contain the pH-sensitive HOA in the
membrane), intrinsic to the phase transfer method; for this
reason the concentrations of amphiphiles along the text are
always intended as those initially mixed in the mineral oil
phase.>**> By means of epifluorescent microscopy, the correla-
tion between the division and a pH change of the aqueous
lumen was established, in particular, it was confirmed that the
stages of the division process are correlated with the increase of
pH inside the vesicles. The recorded pH increase was about a
half unit starting from pH = 6.0 and ending at pH = 6.5. After
the budding process, the vesicles did not separate from each
other and remain connected by a narrow neck, however when
the budded vesicles were irradiated by a laser beam, division
readily took place. This is in agreement with the studies showing
that fission and fusion of the vesicles are activated processes with
an energy barrier ranging from 20 to 150kg7, and in cells, these
processes are activated by proteins.’® FRAP (fluorescence recovery
after photobleaching) experiments revealed that the two lumens
of the daughter vesicles were completely isolated, but their
membranes were connected by a common neck.*”

To investigate the mechanism of the self-division of the GUVs,
we carried out several control experiments. Fig. 2 briefly sum-
marizes our findings. Successful divisions happen in the presence
of the enzyme and substrate in the osmotic concentration gradi-
ent when the clock (induction) time of the enzymatic reaction was
a few ten seconds. Buffered media annihilated the effect of the pH
change, and no division was observed. Similarly, in the absence of
either enzyme or substrate, no division was also detected. More-
over, in the absence of both, enzyme and substrate, and in the
absence of the osmotic concentration gradient (but having
enzyme and substrate in the system), no division was observed.
Based on these control experiments, we can draw a conclusion
that the pH change and initial osmotic concentration gradient are
important ingredients of the division process. Moreover, we
observed no division when the clock time of the enzymatic
reaction was adjusted to ~2 min by increasing the concentration
of the acetic acid in the vesicles even if the initial osmotic
concentration gradient was present. From these observations,
we can conclude that neither the osmotic concentration gradient
nor the pH change alone can induce division. They must act in
synergy, approximately at the same time scale.

3.2 Numerical simulations

To rationalize the shape transformation dynamics triggered
by the enzymatic reaction in mixed POPC/HOA vesicles, we
performed two types of numerical simulations: first, we mini-
mized the energy functional W (eqn (1)) of the structures reported
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Fig. 1 Self-division of a GUV. (a) Shape transformation of a vesicle governed by the urea—urease enzymatic reaction. (b) Numerically simulated equilibrium
shape structures of a vesicle using the Surface Evolver software. In the simulations, both parameters, v (reduced volume), Aag (reduced preferred area
difference) were changed. The shape transformation starts from a spherical shape through prolate and pear shapes into two daughter vesicles.

in Fig. 1(a) at given values of v and Aa,, with the help of the
software Surface Evolver; second, we implemented a kinetic
model to account for the changes in the reduced preferred area
difference (Aay), following the pH change inside the vesicles.

Fig. 1(b) reports a typical shape deformation trajectory in the
Aay-v phase space, where the values of the reduced volume and
the reduced preferred area difference were adjusted to match
the Aa-v values extracted from the experimental snapshots of
Fig. 1(a). Starting from a spherical shape (Aay = 1, v = 1), the
volume decreases due to the initial osmotic shock while the
area difference remains almost constant until the vesicle
reaches a prolate shape at about ¢t = 15 s (Agy, = 1.037, v =
0.867); when the enzymatic reaction raises abruptly the pH
during the autocatalytic formation of ammonia and carbon
dioxide, the solubilisation of oleate molecules in the inner
leaflet of the membrane causes Aqj to significantly increase driving
the vesicle to the budded limiting shape (¢ ~ 45 s, Agy = 1.68, v =
0.7). During the last phase the reduced volume decreases more
slowly since the osmotic pressure is smoothed out by the permea-
tion of the urea from the outside to the vesicle lumen.

To rationalise the shape transformation dynamics of the vesicles
we propose a kinetic model based on 7 main chemical species,
namely urea (S, substrate), urease (E, enzyme), pyranine (fluores-
cent dye, pyrOH), oleic acid (HOA), acetic acid (HA), ammonia

This journal is © the Owner Societies 2021

(NH3) and carbon dioxide (CO,). Some of these chemical species
can be located outside of the vesicles having cross membrane
properties. The pH inside and outside the vesicles is governed by
the following equilibria

CO(NH,), + H,0 =5 2NH; + CO, (6)
ky
NHs" = NH; + H* )
k
CO, + H,0 = H* + HCO;" 8)
k4 2
HCO;~ = H' + CO*~ 9)
ks
H,O = H' + OH~ (10)
ke
HA — A~ +H" (11)
k7
HOA =— OA™ +H" (12)
ks
pyrOH = pyrO~ + H" (13)
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Fig. 2 Schematic representation of the control experiments with (a) and without (b) division.

The transfer of the chemical species across the membranes
can be considered as a first order process described by the
following reactions

k7

S = Suu (14)
kn

NH3 - NH}out (15)
ke

CO, =— COZout (16)
k

HA == HA.y (17)

where [X]ou is the concentration of the chemical species X
outside the vesicles in the water phase. The set of ordinary
differential equations (ODEs) derived from the equilibria (6)-
(13) and (14)—(17) is reported in the ESLf

The ADE energy arises from the deviation in the total area
difference AA from A4,. From a modelling point of view, it is
clearer to report the shape transformation dynamics in terms of
AA, (or its reduced form Aa,) which depends only on the
number of amphiphilic molecules in the membrane and not
on the vesicle shape. Therefore, the change of the number of
molecules for oleic/oleate in the inner and outer leaflets (POPC
molecules were constant) can be related to the pH dynamics
described by equilibria (6)-(17).

4266 | Phys. Chem. Chem. Phys., 2021, 23, 4262—4270

In particular as pH increases, oleic acid molecules in the
inner leaflet are deprotonated and can be solubilised as mono-
mers or larger aggregates into the vesicle’s lumen; the loss of
oleate is, in turn, compensated by oleic acid molecules diffus-
ing from the outer leaflet. The overall process is sketched in
Fig. 3 and described by the following differential equations

dN(;)tuter _ dNou(t;;Popc N dN OL;e[rHOA + dN mgetrOA’ (18)
% = —k¢ (N outer — NV irmer(RsR%zh)z) (19)

d]\g;mer _ dnv im:ie;POPC . dnv in(nietrHOA n dNin;S;OA’ (20)
% = +k¢ (Nouler - N, innerﬁ)

Kot
1 ¢ oK (PH—pHe)) (21)

- NinnerOA’

where Nipnertioa and Ninneroa— indicate the number of oleic acid
molecules (unionized and deionized form) present in the inner
leaflet, Nyutermoa and Nyyeeroa- are the oleic acid molecules in
the outer leaflet. Ry is the radius of the initial spherical vesicle,
h is the distance between the two neutral surfaces. The number
of molecules of POPC is considered constant (dNgyterpopc/dt =
dNinnerporc/dt = 0). The complete set of ODEs for the molecules
of oleic acid can be found in the ESL¥

This journal is © the Owner Societies 2021
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Fig. 3 Schematic representation of the mechanism of deformation. The enzymatic reaction leads to an increase of pH (from pH 6 to ~ pH 6.5). Some
OA™ molecules of the inner leaflet are solubilized into the water pool (the solubility constant is ko¢) and form vesicles, monomers and nonlamellar
aggregates. HOA molecules diffuse from the outer to the inner leaflet with a kinetic constant k.

As stated, the solubility of oleic acid in water solutions is pH-
dependent, it increases with the pH undergoing abrupt transitions
corresponding to different aggregation states (insoluble — oleate
monomers — vesicles — micelles), ESR (electron spin resonance)
measurements indicated a change in the aggregation (and solubi-
lity) properties of oleic acid at pH 6.3 (pHgyes in eqn (21)),>” which
is in the range of our experimental conditions. To account for such
a behaviour we implemented the pH-dependency through a logistic
function in the last term of eqn (21).

In order to compensate the dissolved molecules, oleic acid
molecules diffuse from the outer leaflet to the inner leaflet with
a rate constant k; (the diffusion of the unionized form is usually
higher compared to the ionized form ref. 58 and 59). The
transport rate of fatty acids in eqn (19) and (21) takes into
account the geometry of the vesicle: in a spherical vesicle, the
number of outer molecules (Noyeer = 4nR /(@) is always higher
than the number of inner molecules (Nipner = 4n(Rs — h)*/(d))
and consequently the relationship Noyter = Ninner4nRSZ/4n(Rs —
h)? is respected ((d) is the average cross section of a molecule).
The analytical description of the Nouter/Ninner = Aouter/Ainner 1S
valid only for a spherical vesicle. However, we calculated this
ratio for the different vesicle shapes assumed during the
budding process (sphere — prolate — pear — double spheres);
we extracted surface values from experimental snapshots to
find that the ratio Agyter/Ainner Slightly varies from 1.005 to
1.009, passing from a sphere to a pear shape. When the
solubilization constant is zero Noyter = NinnerdnRs /4T(Rs — h)
and dNgy/dt = 0. In contrast, when kg is different from zero,
Nouter # NinnerdTR/4T(Rg — h)?, the outer oleic acid molecules
will diffuse to compensate the dissolved oleate without remov-
ing the natural difference of molecules between the outer and
the inner leaflet.

The number of molecules is correlated to the reference area
of the membrane (4,), the preferred area difference (A4,) and

This journal is © the Owner Societies 2021

the normalized preferred area difference (Aay)

Nouter([) <El> + Ni““er(t) <d>

Ao(t) = > (22)
AAo(t) = Nouter(t)(@) — Ninner(t)(@) (23)
Aao(1) = 8?1/;2 ((311 (24)

where (@) is the average cross section of the amphiphiles, % is
the distance between the neutral surfaces (2 ~ 2 nm) and
Ry =
ning of the experiment (pH ~ 6) was calculated taking into
account the molar fraction composition of the membrane and
the single cross sections of POPC (dGpopc = 0.69 nm?*)®° and oleic
acid (dopeic = 0.34 nm?, for simplicity oleic and oleate have the
same cross sectional area)®'

Ao/ (4m).2" The average cross section at the begin-

(@) = Pdpopc + (1 — P)doeic = 0.512 nm”>

(25)

Due to electrostatic interactions, the formation of oleate
molecules increases the average cross section of the
amphiphiles.®® For small pH intervals the increment can be
considered linear to the pH, (@), = ¢ + mpH with g = 0.11 and
m = 0.066, which account for an increase of 7% from pH = 6 to
pH = 6.5 as determined by the Wilhelmy film balance
experiments.*® The average cross section at pH 6 is comparable
with the values of average area per head group simulated at pH
5.5 (0.54 + 0.01 nm?) and pH 7.5 (0.66 & 0.01 nm?) for mixed
vesicles Lyso-PC:oleic acid = 50%:50%.°° The diffusion con-
stant kr and the solubilisation constant k¢ were chosen in line
with previous works®” and slightly changed to match the time-
scale of our experiments, i.e. k¢ = 0.4 s~' and kg = 0.008 5.
For simplicity, the diffusion constant ks does not consider the
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Fig. 4 (a) Simulated pH and Agsm; (b) simulated Aap with the corres-

ponding vesicle shape at v = 0.7.

dependence of the flip-flop rate from the vesicle shapes as
predicted from molecular dynamics simulations.®> The values
of the other relevant parameters (initial conditions, kinetic
constants, etc.) are reported in the ESL

Fig. 4(a) shows the simulated variation of the pH and the
osmolarity (Agsm = 0SMy, — 0SM,y,) inside a vesicle, osmolarity
was calculated as the sum of the concentrations of the ionic
species that cannot cross the membrane due to electro-
neutrality constrains, the concentrations of bulky molecules
initially encapsulated into the vesicles (enzyme and pyranine)
and the concentration of urea. The conversion of urea in NH;
and CO, leads to a pH increase from ~ 6 to ~ 6.4 while the
initial osmotic shock (Agsm ~ 60 mM) is progressively
smoothed out by the trans-membrane crossing of the urea
from the outside aqueous medium to the lumen of the vesicle.
The plots of Fig. 4 have been obtained with the kinetic model
here proposed that combines the kinetics of the encapsulated
reaction with the most important parameters of the ADE
theory. Fig. 4(b) allows us to correlate the time scale of the
pH variation with the time scale of the shape deformations. The
variation of pH leads to the solubilisation of a certain amount
of oleate that, when the buds are formed, can be estimated as
the ratio between the dissolved oleic acid and the total mole-
cules of oleic acid in the inner leaflet (~2%). Therefore, a small
solubilization of oleate causes Aa, to reach the value of 1.8 in
about 30 s, corresponding to the limiting shape of two spherical
vesicles connected by a narrow neck,®® as shown in Fig. 4(b).
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For the sake of simplicity, the vesicle’s shapes reported in
Fig. 4(b) were calculated at the same reduced volume v = 0.7,
which was kept constant during the kinetic simulations.

We also performed simulations where we alternatively set
kogs and k¢ equal to 0. In the case of k¢ = 0 we could observe only
a small growth of the inner leaflet surface, due to the electro-
static repulsion of the oleate groups. However, Aa, does not
significantly diverge from 1, i.e. the vesicle remains in a
spherical form. When ks = 0 none of the molecules from the
outer leaflet replaces the solubilised oleate, therefore Aa, tends
to reach unrealistic high values in the timeframe of the experi-
ments. Both the diffusion of oleic acid between the leaflets and
the solubilisation of the oleate in the lumen are important to
drive the vesicles to a budded shape, but the latter is certainly
the leading force of the mechanism. Diffusion of molecules
from the outer to the inner leaflet is anyway important for
preventing the vesicles to become too unstable.

4 Conclusions

The shape change leading to budding of a hybrid GUVs
population was generated through a chemical stimulus inside
the lumen (the pH change caused by the enzymatic reaction)
and influenced by cross-membrane transport. The dynamics of
changes driving the vesicles from a sphere to a budded limiting
shape was explained in terms of an osmotic shock coupled to
the pH change and rationalised with the support of the ADE
theory, i.e. a variation of the number of amphiphilic molecules
in the two leaflets of the membrane caused a deviation of Aa,
from Aa. With the help of numerical simulations, the change of
the number of amphiphiles has been explained by the dissolu-
tion of oleate into the vesicles’ lumen and the concomitant
diffusion of oleic acid molecules from the outer to the inner
leaflet.

Both the pH and the osmotic pressure were previously
exploited to control the shape transformation of GUVs.
For example, a large variation of the external pH (5-6 units)
was found to induce shape changes in pure fatty acid
vesicles®” or changes of the preferred curvature of SOPC
(1-stearoyl-2-oleoyl-phosphatidylcholine) membranes.®* In
recent work, the proper control of the osmotic pressure
induced the total division (two vesicles completely sepa-
rated) in heterogeneous GUVs.®® In our system, the use of
an internal chemical trigger and the presence of pH-sensitive
molecules in the membrane composition, allows us to attain
membrane instabilities even for lower pH jumps (0.5 units),
when this is coupled with an osmotic shock. The resem-
blance to living systems, in which the division is a process
governed by the complex biochemical reaction network of
the cell, often induced by environmental inputs sensed
through crossmembrane transport, makes this system a
plausible model for studying the self-division process of
protocells under prebiotic conditions.®® Based on this knowl-
edge, novel self-dividing systems can be designed having life-
like functions.
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