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Abstract

Most biological molecules contain acido-basic groups that modulate their structure and interactions. A consequence is that pH gra-
dients, local heterogeneities and dynamic variations are used by cells and organisms to drive or regulate specific biological functions
including energetic metabolism, vesicular traffic, migration and spatial patterning of tissues in development. While the direct or
regulatory role of pH in protein function is well documented, the role of hydrogen and hydroxyl ions in modulating the properties
of lipid assemblies such as bilayer membranes is only beginning to be understood. Here, we review approaches using artificial
lipid vesicles that have been instrumental in providing an understanding of the influence of pH gradients and local variations on
membrane vectorial motional processes: migration, membrane curvature effects promoting global or local deformations, crowding
generation by segregative polarization processes. In the case of pH induced local deformations, an extensive theoretical framework
is given and an application to a specific biological issue, namely the structure and stability of mitochondrial cristae, is described.

Keywords: Local chemical gradient, Local chemical modification, Giant unilamellar vesicle, Lipid membrane dynamics,
Mitochondria, Alzheimer’s disease

1. Introduction

Throughout their life, cells are submitted to an inhomoge-
neous and variable environment, to which they adapt and re-
spond. In particular, local pH inhomogeneities at the cellu-
lar scale are ubiquitous and very important, e.g. in migrating
cells [1] and in mitochondria [2]. While cellular response to
complex molecules are mediated by dedicated biochemical sig-
naling pathways, e.g. in chemotaxis [3], cellular response to
pH may also involve more universal physico-chemical mecha-
nisms. Indeed, membrane lipids are directly affected by pH, due
to their acido-basic properties. Such chemical modifications of
lipids have generic physical effects on the cell membrane.

In order to quantitatively investigate these generic effects
of pH on lipid bilayer membranes, experiments on biomimetic
membranes [4] are particularly useful. A line of our work has
focused on studying the various effects of pH changes on giant
unilamellar vesicle (GUV). We demonstrated that a pH change
can induce vesicle migration and global deformation [5], as
well as polarization in vesicles involving phase-separated mem-
brane domains [6]. Furthermore, we showed that localized pH
heterogeneities can induce local dynamical membrane defor-
mations and developed a theoretical description of this phe-
nomenon [7–10]. We were also able to mimic the formation
and behavior of healthy and diseased mitochondrial cristae us-
ing purely lipidic biomimetic membranes [7, 11, 12]. In this
paper, we review this work, and we discuss its context and im-

plications.

2. pH-induced migration, deformation and polarization pro-
cesses in cells

The ability of cells to detect and react to chemical con-
centration gradients is instrumental for cell motility, prolifer-
ation and differentiation, and therefore essential for processes
such as immunological response, development and wound heal-
ing. The mechanisms underlying cell chemotaxis toward com-
plex organic or biosynthetic molecules have been widely docu-
mented [13]. Additionally, the role of gradients of “morphogens”,
i.e. secreted signaling molecules that determine the arrange-
ment and developmental fate of cells according to their po-
sition inside a developing tissue or organism, is now recog-
nized [14]. The role of pH gradients, which involve the ubiq-
uitous H+ (H3O+) and OH− ions, in cell motility and deforma-
tion processes, emerged more recently. Proton gradients across
membranes are well characterized as an essential intermediate
electrochemical potential form for ATPase/synthase-associated
bioenergetic processes in mitochondria, chloroplasts and uni-
cellular organisms [15]. Also well-known is the role of intracel-
lular vesicle transmembrane pH gradients as regulatory factors
in endosomal, lysosomal and secretory pathways [16]. How-
ever, more recently, it has been found that pH gradients also
act as chemotactic cues for microorganisms such as bacteria or
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amoeba or even sperm and osteoblastic cells [17–20]. Other
specific roles of local pH gradients and heterogeneities, either
intracellular, extracellular or transmembrane are currently be-
ing discovered.

For eukaryotic cells, both external and cytoplasmic pH are
globally uniform and near-neutral. Maintaining cytoplasmic pH
is essential for optimal cellular metabolism, growth and pro-
liferation [21]. However, there are specific situations where
such pH uniformity may be globally or locally affected. For in-
stance, dynamic changes of the cell interior pH, within a range
of 0.2 to 0.3 units, function as a signaling mechanism to regu-
late a number of cellular processes such as cell cycle progres-
sion, proliferation/apoptosis and differentiation [22]. Spatial
patterning of pH over different cell types occurs during ooge-
nesis and is supposed to play important roles in development
by influencing cell division, modifying the cytoskeletal orga-
nization and regulating migration processes [23]. Both inter-
nal and external pH abnormalities are hallmarks of cancer cells
and of tumor progression [24]. A highly polarized cell tis-
sue for which a spectacular transverse pH gradient (2.5 units
over 10 µm) occurs is the stratum corneum [25] i.e., the upper
layer of the epidermis. Besides, even under conditions where
bulk pHs are stable, internal and external pH can also be lo-
cally and dynamically affected, particularly in juxtamembrane
regions [21]. Such situations are often related to a nonuniform
distribution or activation of the Na+/H+ exchangers (NHE) in
the plasma membrane [26, 27]. In animal cells, cytosolic pH
is primarily regulated by these exchangers, which export pro-
tons from the cytoplasm through facilitated exchange with ex-
tracellular Na+ [21]. Along with such bulk cytoplasmic pH
standard regulation, localized NHE activities in regions of the
plasma membrane also generate pH microdomains that regulate
the actin cytoskeleton in cell polarization events [28–30]. In-
creased NHE activity in the growth cone of neurons compared
with the cell body causes elevated local cytoplasmic pH, which
results in increased polarization/extension of neurites [31]. The
NHE is also upregulated in post-synaptic membranes during
neuronal activity where it negatively regulates dendritic spine
growth [32]. NHE-dependent local pH heterogeneities or lat-
eral gradients have also been directly measured in oligodendro-
cytes [29]. Migrating cancer cells and polarized epithelial cells
also display NHE-dependent external pH gradients between the
apical, lateral and basal sides [33–38]. Transcellular pH gradi-
ents exist in large polarized cells such as pollen tubes or fucoid
eggs [39, 40]. These pH gradients are in fact likely to be corti-
cal or submembranous too, since the rapid diffusion of protons
may impair the formation of bulk cytoplasmic gradients.

A role of such local dynamic pH gradients is exemplified in
those cell migration, global deformation and asymmetric growth
processes which are associated with the polarization of a lead-
ing edge along a large region of the plasma membrane. Aside
from the role of cytoskeletal components, small GTPases and
membrane microdomains, recent studies have identified the im-
portance of certain proton transporters in regulating such pro-
cesses. Local pH gradients at the plasma membrane appear to
be necessary for actin filament assembly and focal adhesion re-
modeling [38, 41–45]. In specific polarized migrating cells, the

Na+/H+ exchanger 1 (NHE1) has been shown to be necessary
for migration [46, 47] , and its segregation at the lamellipodium
generates both extracellular and intracellular surface H+ gradi-
ents from the rear end to the leading edge [33–35].

Interestingly, some of the functional processes associated
with such pH heterogeneities have been linked to protonation
changes of acidic phospholipids, affecting either interactions
with signaling proteins [48] or membrane curvature [49]. The
lipid phosphatidic acid (PA) has important roles in cell signal-
ing and metabolic regulation in all organisms. New evidence
indicates that PA also has a crucial role as a pH biosensor, cou-
pling changes in pH to intracellular signaling pathways [50].
For instance, local pH regulation and phospholipid charges have
been implicated in planar cell polarity pathway regulation in
Drosophila epithelial tissues [48]. This polarity relies on the
targeting of the Dishevelled (Dsh) protein complex to the plasma
membrane for binding to the transmembrane protein Frizzled
(Fz) at cell-cell contacts. Local juxtamembrane pH values are
regulated by a putative Na+/H+ exchanger NHE2, affecting acidic
phospholipid (presumably phosphatidic acid) headgroup proto-
nation levels and impacting the binding of the polybasic stretch
of Dsh to the plasma membrane inner leaflet. Slightly alkaline
local pH conditions thereby trigger the “non-canonical” Fz/PCP
pathway. These studies thus demonstrate the importance of pro-
ton transporters in local pH regulation, and of membrane lipid
charges in the proper stabilization of a polarity axis in a tissue
context.

Other likely candidates as local pH biosensors are the sig-
naling phospholipids phosphoinositides (PIPs). Signaling pro-
teins bind to PIPs generally through structurally conserved bind-
ing domains [51]. Migrating cells establish a polarization axis
by specifying a zone of actin polymerization at the leading edge.
This process is regulated by the polarized recruitment and acti-
vation of polarity factors such as the conserved Rho-type small
GTPase cdc42. Local activation of cdc42 is mediated by gua-
nine exchanging factors (GEFs) that are recruited through inter-
actions with phosphatidylinositol 4,5-bisphosphate (PIP2). In
fibroblasts, the sodium/proton exchanger NHE1 promotes po-
larity and migration. This transporter, through its regulatory
effect on local submembrane pH, may promote binding of a
cdc42 GEF to PIP2 at the leading edge plasma membrane, pos-
sibly by PIP2 protonation change.

Gangliosides constitute another type of negatively-charged
lipids. More specifically, they are glycosphingolipids that bear
a protonable sialic acid moiety. These are present in lipid rafts
and may also form distinct specific microdomains [52–54]. Both
rafts and ganglioside-specific microdomains are involved in nu-
merous cellular activation, transduction, and signaling func-
tions. Cellular processes associated with raft/gangliosides mi-
crodomains often involve their clustering and aggregation. Two
main types of mechanisms have been considered and documented
as responsible for such microdomain aggregation [55]: (i) cross-
linking of microdomain membrane components by multivalent
extracellular ligands and (ii) dragging of microdomains by cy-
toskeletal rearrangement through specific cytoskeleton-membrane
interaction. However, an interplay of local juxtamembrane pH
effects and ganglioside topography may also be involved. In-
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cidentally, polarized segregation of raft and/or ganglioside mi-
crodomains does occur in migrating cells [56–58] and differ-
ences in lipid rafts and ganglioside distribution between the
apical and basal membranes have also been established for ep-
ithelial cells. Besides, NHE1 partially colocalizes with GM1
ganglioside-containing rafts [59]. An effect of pH on the dy-
namics, size, and lateral distribution of membrane domains con-
taining acidic lipids such as gangliosides has been observed in
model membrane systems (see Section 3.3 and [6]). Recently,
in LN229 glioblastoma cells, changes in extracellular pH have
been shown to induce differential clustering of surface ganglio-
sides in correlation with cell apoptosis. Such a process may
occur in situ, since extracellular tumor acidification is a well-
recognized hallmark of cancer progression [60].

A more direct effect of a pH gradient on cells, also linked
to titration of membrane lipids, is “proton-induced endocyto-
sis” [49, 61]. It has been found that receptor-independent endocytic-
like events can be triggered by exposing cells to external pH
< 6. The suggested mechanism is protonation of negatively
charged lipids in the plasma membrane outer leaflet, reducing
their electrostatic repulsion and consequently the area occupied
per molecule. The mechanical imbalance that thereby develops
across the plasma membrane in terms of surface area can be
balanced by a higher local curvature of the membrane. It has
been suggested that membrane invaginations develop at sites
where line tension pre-exists, i.e. at membrane microdomains.
Changes in lipid packing were found to modulate the endocy-
tosis, presumably by affecting such line tension.

3. Effect of pH gradients on vesicle global motions: migra-
tion, global deformations and polarization

Numerous studies have been conducted to investigate the
effect of proton gradients on the motional properties of model
membranes. Most studies have involved local or global exter-
nal acidification of vesicles prepared by various methods. Pro-
cesses that have been observed include vesicle migration, vesi-
cle global and local shape changes and heterogeneous vesicle
“polarization” (i.e. vectorial segregative clustering of specific
bilayer components). In this section, emphasis will be given
to processes involving vesicles globally, i.e. migration, overall
vesicle deformations, global polarization. pH effects promoting
local shape changes will be considered in sections 4 and 5.

3.1. pH-induced migration
Physical mechanisms involved in vesicle migration. The mech-
anisms involved in solute gradient-induced migration of a par-
ticle (solid particle, droplet, vesicle) have been widely stud-
ied [62–65]. However, the relevance of such mechanisms for
the migration of lipid vesicles are still a matter of debate. These
processes might be grouped in two categories: (i) processes in
which the solute gradient only creates an external force that acts
on the particle and promotes its migration; (ii) processes which
involve a chemical interaction of the solute with the particle
(binding or chemical reaction).

Phenomenologically, the non-specific mechanisms correspond
to processes known as osmophoresis and electrophoresis (also

called diffusiophoresis). Osmophoresis arises from the fact that
the solute concentration gradient underlies a hydrostatic pres-
sure gradient. There is therefore an imbalance of hydrostatic
pressure around the particle. The hydrostatic force propels the
particle in the direction opposite to the gradient. If the parti-
cle is charged and the solute is an electrolyte, electrophoresis
also takes place. The latter is due to the difference in the diffu-
sion coefficients of the anion and the cation, that creates a local
electric field on the particle. The direction of the electrostatic
force that propels the particle depends on the mobilities and va-
lences of anions and cations. In the case of lipid vesicles, this
mechanism can be significant even if no charged headgroup is
present. For example zwitterionic phosphatidylcholine vesicles
can be propelled by large gradients of various metal chlorides
due to the exterior surface dipole potential associated with the
specific orientation of the phosphocholine headgroup [66].

Specific mechanisms of solute gradient-induced particle mi-
gration primarily involve the surface tension of the particle. If
the solute interacts or reacts chemically with the particle sur-
face, a consequence of the gradient is an underlying spatial vari-
ation of the extent of the interaction or of the reaction along this
surface. As a result, a gradient of surface tension may occur on
the particle. Such gradient can promote migration of the vesicle
by two possible distinct mechanisms. The simplest mechanism
is just thermodynamic, i.e. the particle tends to diffuse down
its chemical potential gradient. The asymmetric distribution of
the surface tension on a vesicle results in a force, which drives
the vesicle along the axis of the solute gradient with a direc-
tion corresponding to increased stability. For non-solid parti-
cles (droplets and, potentially, vesicles), a second mechanism
may also occur. It is the so-called “Marangoni convection”.
The particle reacts by moving in the direction of the solute gra-
dient.

For lipid vesicles in a pH gradient, two types of particle/solute
chemical interactions or reactions are possible: (i) titration of
acidic or alkali headgroup functions (i.e. binding or dissocia-
tion of H+ or OH−); (ii) chemical reactions involving or cat-
alyzed by H+ or OH−. The relevance of the two overmentioned
surface tension mechanisms for lipid vesicle propulsion have
been investigated. In particular, it has been claimed that a possi-
ble method to detect the presence of a Marangoni flow is to use
lipid domain-containing vesicles that can be imaged by fluores-
cence microscopy. The flow, if existing, should occur inside the
membrane and promote a visible vectorial motion of domains.
Results on 2 types of vesicle migration phenomena were unable
to detect such a motion on lipid vesicles which behaved as hard
shells [5, 66]. On the other hand, Marangoni effects have been
found responsible for local deformations (see Section 4).

Experimental demonstration of pH gradient-induced vesicle mi-
gration. Recently, we demonstrated the migration of giant phos-
pholipid (DOPC, 3-10 µm) vesicles in response to a pH gra-
dient [5]. Upon microinjection of a NaOH solution (10 mM,
pH 12), giant unilamellar vesicles (GUVs) linearly move to-
ward the tip of the micropipette (Fig. 1). The elapsed time
before each vesicle starts to move is dependent upon its ini-
tial distance from the micropipette tip. When the injection is
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stopped, the motion of the vesicles stops within 1s. Under the
same experimental conditions, no migration is observed with
monovalent salt, acid or sucrose solutions, indicating that the
observed migration of vesicles is only driven by the concentra-
tion gradient of the hydroxide ion. The electrolyte concentra-
tion dependence of the vesicle mobility was found to be incon-
sistent with diffusiophoresis theory. On the other hand, separate
data indicated that NaOH promotes a time-dependent decrease
of the surface tension of DOPC membranes. This suggested
that the NaOH-induced vesicle mobility is due to the forma-
tion of a surface tension gradient along the vesicle, due to the
pH gradient. Marangoni propulsion was excluded since simi-
lar migration experiments with vesicles containing Lo domains
did not show any unidirectional flow affecting domain motion.
Two mechanisms were tentatively investigated for the alkaline
pH-induced surface tension decrease: (i) titration of acidic or
alkali headgroup functions; (ii) alkaline hydrolysis of PC to
lyso-PC and fatty acid. The measured vesicle migration ve-
locity vs. distance to micropipette tip dependence was found to
be more in favor of the second mechanism where the hydrolysis
of the phospholipids by NaOH decreases the surface tension of
the vesicle. More generally, the migration of vesicles in a pH
gradient is qualitatively described by a surface tension gradient
model where the vesicles move toward the direction of lower
surface energy. The gradient produces an effective force to pro-
pel the vesicles.

Figure 1: Snapshot images of migrating DOPC-GUVs labeled with Rh-DOPE
triggered by the micro-injection of a 10 mM NaOH solution. GUVs are formed
in pure water. The elapsed time since the start of the microinjection (t = 0.0 s)
is shown at the top corner of each image. The representative GUVs are marked
with magenta, cyan, and yellow arrowheads in each image, and the tip of the
micropipette is also marked with a green arrowhead. The small lipid assemblies
near the micro-pipette are marked with dark blue arrowheads (0.0 s frame), and
a GUV from an out-of-focus plane is marked with an orange arrowhead (22.0 s
frame). The scale bar in 0.0 s frame is 30 µm. Reprinted from Kodama et al. [5]
with permission of the Royal Society of Chemistry.

3.2. pH-induced vesicle global deformation

Bulk or transmembrane pH gradients can promote global
deformation of lipid vesicles by extremely diverse mechanisms.
For instance, all the mechanisms that sustain migration of a
vesicle can also promote its global deformation provided that
the vesicle is “deflated”, i.e. has a subspherical volume to sur-
face ratio. This is illustrated in Fig. 2, which corresponds to the

experiment described in 3.1 [5]. Here the pulling force associ-
ated with the pH gradient-induced surface tension asymmetry
causes not only the migration but also the shape deformation
of the vesicle (the vesicle initially has an invagination indicat-
ing its flattened character). Immediately after the NaOH micro-
injection, the vesicle begins to move, and simultaneously the
membrane starts to deform to a teardrop shape toward the tip.
This is due to the combined effects of the pulling force, vesicle
deformability and solvent resistance. At later times, from the
apex of the teardrop vesicle, a tubular membrane protrudes to-
ward the tip and bridges between the tip and the vesicle. This is
a local deformation, the mechanism of which will be dealt with
in Section 4.

Figure 2: Simultaneous migration and global deformation of a single DOPC-
GUV labeled with Rh-DOPE subjected to microinjection with a 10 mM NaOH
solution. The GUV is formed in pure water. The elapsed time after the injection
is shown. The scale bar indicates 20 µm. Reprinted from Kodama et al. [5] with
permission of the Royal Society of Chemistry.

Other mechanisms of pH-induced global deformation of li-
pid vesicles have been described as well. For instance, it has
been observed that external acidification induces shape trans-
formation of phosphatidylglycerol-containing vesicles due to
transmembrane pH gradient-driven vectorial inward transverse
diffusion of the later lipid [67] (this mechanism will be de-
tailed in Section 5). Of particular interest is the work of Shioi
and collaborators who described oscillatory shape changes or
amoeboid-like shape changes of double layered oleic acid/sodium
oleate vesicles upon external alkalization [68, 69]. The complex
mechanisms involved various processes : ion permeation, tran-
sient pore formation, osmotic swelling and membrane elastic
response.

3.3. pH-induced vesicle chemical polarization

The fact that specific lipids segregate into domains as a re-
sponse to pH changes is well known. However, currently, only
one study has addressed the possibility of inducing polarization,
i.e. vectorial segregation of specific membrane components, in
a vesicle by pH gradients [6]. In order to induce such an effect,
the pH gradient must be focused on one side of the vesicle. We
have studied the influence of such a lateral pH gradient along
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Figure 3: Fluorescence microscopy images showing the time-dependent de-
velopment of lateral segregation, vesicle polarization, and Ld phase tubulation
on photoinduced Lo/Ld phases after local external acidification by 100 mM
HCl injection (25 hPa pressure) at 28◦C on a single GUV with molar compo-
sition EggPC/EggSM/CHOL/Ovine brain GM1 50:28:20:2 (mol/mol) labeled
with TR-PE (0.25 mol%), formed in a buffer (HEPES 0.5 mM, pH 7.4). The
times before or after the beginning of acidification are indicated for each image
as negative or positive values respectively. White arrows indicate the position
of the micropipet tip as well as the start and end of acid microinjection. Bar: 20
µm. Reprinted from Staneva et al. [6] with permission of ACS Publications.

the membrane surface on lipid microdomain dynamics in gi-
ant unilamellar vesicles containing phosphatidylcholine, sphin-
gomyelin, cholesterol, and the ganglioside GM1. Lo/Ld phase
separation was generated by photosensitization [70]. In this ap-
proach, the membrane-embedded marker Texas Red-PE is used
both as a photosensitizer and a fluorescence probe imaging Lo

domains, from which it is excluded [71]. Photosensitization
that occurs due to the illumination light used for fluorescence
observation of GUVs under the microscope, generates modi-
fied lipids that promote the formation of an Lo phase. The lat-
ter is visible due to its exclusion of Texas Red-PE. Depending
on temperature and composition, the process ultimately yields
Lo domains over a continuous Ld phase (dark spots over white
background) or the opposite. In order to establish a spatial lat-
eral pH gradient at the GUV membrane surface, we performed
local delivery of an acid solution (100 mM HCl) in the vicinity
of the vesicle using a micropipette. Calculation of the steady-
state pH at the membrane surface yielded values of 4.75 to
5.0. Microinjection was started at a specific stage of photoin-
duced Lo phase separation corresponding to evenly distributed
round-shaped microdomains of 5–10 µm size. At 28◦C, with
a morphology initially consisting of discrete photoinduced mi-
crometric Lo domains over a continuous Ld phase, there is a
definite segregative movement of both phases in opposite di-
rections with respect to the proton source. A clustering and
coalescence of Lo domains toward the region of lower H+ con-
centration, opposite to the side of the vesicle where acid is in-

jected, is evident, leaving a cap of nearly pure Ld phase on the
acid-injection side. This process ultimately gives rise to a di-
rectionally “polarized” vesicle with an Lo pole located toward
the higher pH side together with an Ld pole located toward the
lower pH side, aligned in the axis of the proton source (Fig. 3).
Once such polarization of the vesicle into two continuous poles
is established, a later process is the protrusion of inward tubes
from the Ld phase lipids toward the vesicle interior. When acid
injection is switched off, the vesicle remains bipolar but the Ld

and Lo poles move away from their directionally polarized po-
sition with regard to the micropipette.

Figure 4: Quantification of lateral segregation and vesicle polarization on pho-
toinduced Lo/Ld phases after local external acidification at 28◦C on a sin-
gle GUV with molar composition EggPC/EggSM/CHOL/Ovine brain GM1
50:28:20:2 (mol/mol) labeled with TR-PE (0.25 mol%), formed in a buffer
(HEPES 0.5 mM, pH 7.4), corresponding to the data of Figure 3, from the
evolution of the centroids (barycenters) of bright and dark pixels. A. Position
of the centroids for dark (white circle) and bright (white star) ca. 1 min before
and ca. 8 min after local external acidification. B. Time evolution of the dis-
tance between both centroids after acid injection. Reprinted from Staneva et
al. [6] with permission of ACS Publications.

Figure 4 shows the kinetics of lateral segregation and polar-
ization of Lo/Ld phases. There is a ca. 1 min rapid phase fol-
lowed by a slower phase that corresponds respectively to the ini-
tial segregation of domains and their subsequent coalescence.
Similar results were obtained at 20 ◦C with an initial photoin-
duced phase separation morphology consisting of discrete Ld

domains over a continuous Lo phase, i.e., inverse from that
found at 30 ◦C. None of these processes occurs without GM1
or with the uncharged analog asialo-GM1. These are therefore
related to the acidic character of the GM1 headgroup. Con-
trol LAURDAN fluorescence experiments on large unilamellar
vesicles (LUVs) indicated that, with GM1, an increase in lipid
packing occurs with decreasing pH, attributable to the lower-
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ing of repulsion between GM1 molecules. Packing increase
is much higher for Ld phase vesicles than for Lo phase vesi-
cles. The local lateral pH gradient-induced segregation of Lo

and Ld domains can be interpreted as follows. The lateral pH
gradient imposed to the heterogeneous GUV may give rise to
a spatial gradient of chemical potential for both types of do-
mains/phases, which acts as an effective force for segregation.
Low pH, which protonates GM1 molecules and abolishes their
mutual repulsion, promotes a much higher condensing and or-
dering effect on the Ld phase than on the Lo phase. This may
lead to a lower free energy of Ld lipid domains at the acid side of
the gradient (due to decrease of electrostatic repulsion and, pos-
sibly, stronger interactions between lipid molecules) and there-
fore to diffusion and gathering of Ld domains/phase toward this
region of lower free energy. The inward tubulation effect of lo-
cal acidification can be interpreted as resulting from GM1 pro-
tonation yielding changes in both lipid local density and spon-
taneous curvature in the outer leaflet as described in detail in
Section 5.

4. Deformation of a membrane in response to a local chem-
ical modification

In the previous section, we described different global re-
sponses of vesicles to pH heterogeneities, namely migration,
global deformation and polarization. We are now going to dis-
cuss the physics of the local bilayer membrane deformations
caused by pH heterogeneities.

4.1. Context

Static and global modifications. The response of a vesicle to a
static and uniform modification of its environment is well de-
scribed by the area-difference elasticity (ADE) model [72–74].
This model goes beyond the classic Helfrich model based on
membrane curvature energy [75] by including an extra term
quadratic in the difference of area between the two monolay-
ers. Qualitatively, each monolayer potentially has a different
preferred area, determined by chemical composition and num-
ber of lipids. However, for these preferred areas to be adopted
simultaneously, the membrane may need to curve, which costs
bending energy. The actual equilibrium vesicle shape is thus
determined by a compromise between bending energy and area-
difference elasticity energy.

Within the ADE model, the equilibrium shape of a vesicle is
determined by two dimensionless parameters [73]. The first one
is its reduced volume v, defined from the volume and the area
of the vesicle. The second one, ∆a0, is a sum of a contribution
from the preferred area difference and of a contribution from the
spontaneous curvature of the vesicle. The equilibrium shape of
the vesicle changes when its environment is modified as these
two parameters change.

In Ref. [76], the equilibrium shape of a SOPC-GUV was
studied as a function of the external pH, at a fixed internal pH.
It was found that increasing the external pH induced shape tran-
sitions toward outward curved shapes, whereas lowering it led
to inward curved shapes. In light of the ADE model, and given

that no visible change of the area or of the volume of the GUV
occurred, which implies that v was constant, the authors inter-
preted this as a variation of ∆a0 with the pH. More precisely, the
cause of the shape variations was attributed to a change of the
spontaneous curvature of the membrane, under the assumption
that the preferred area per lipid was not modified [76]. Note
however that the ADE model does not allow for distinguish-
ing a change of the spontaneous curvature from a change of the
preferred area difference.

There is a qualitative link between the membrane response
to the static and global pH changes of Ref. [76] and the dy-
namical and local pH changes of Refs. [7, 8]: in both cases,
the membrane tends to deform outwards when the external pH
is increased and inwards when it is decreased. However, the
theoretical description of the local and dynamical deformations
described in Refs. [7, 8] is far more complex than the interpre-
tation of the results of Ref. [76]. Indeed, as membrane prop-
erties can feature heterogeneities due to the local perturbation,
a global theory such as the ADE model is no longer sufficient,
and one must develop a local version of the ADE model. In ad-
dition, local modifications are intrinsically dynamical, as a local
concentration heterogeneity will decay due to diffusion. Hence,
a full dynamical description of the membrane is required.

Membrane dynamics. Brochard and Lennon [77] investigated
the dynamical flicker of red blood cells, and showed that it is
caused by thermal fluctuations of the membrane shape. This
paper introduced a description of the dynamics of a weakly de-
formed membrane within the Helfrich model [75]. The key is
a normal force balance involving the normal elastic force den-
sity in the membrane, obtained from the Helfrich Hamiltonian,
and the viscous stress exerted by the cytoplasm on the mem-
brane. (For a red blood cell, the viscosity of the cytoplasm is
much higher than that of the external fluid, and thus the latter is
negligible, which is not the case for a vesicle.)

The description of Ref. [77], adapted to the symmetric case
where the fluid above and below a quasi-flat membrane are
identical, yields the relaxation rate

γ =
κq3

4η
, (1)

for a plane wave with wave vector of norm q deforming a mem-
brane [78]. In this formula, κ is the Helfrich bending rigidity
of the membrane, while η is the viscosity of the fluid that sur-
rounds the membrane. Qualitatively, if the membrane deforms,
it relaxes due to the bending rigidity κ, but the relaxation is
slowed down by the viscosity η of the surrounding fluid, yield-
ing the relaxation rate γ.

The description of membrane dynamics in Ref. [77] was
based on the Helfrich model, in which the membrane is treated
as a single surface. However, when the membrane curves, one
monolayer locally stretches while the other is locally compres-
sed. The resulting density heterogeneities within each mono-
layer relax by lateral lipid flow, since each monolayer is a two-
dimensional fluid. Hence, a more complete description should
take into account the coupling between bending and relative
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compression in membrane dynamics [79], and the friction be-
tween the two monolayers of the membrane [80, 81].

In order to describe such effects, a membrane model includ-
ing lipid density heterogeneities is needed. This corresponds to
a local version of the ADE model, accounting for the local den-
sity in each monolayer. Such a model was presented by Seifert
and Langer in Ref. [78]. Considering a membrane composed
of two identical monolayers, they wrote the following effective
Hamiltonian:

H =

∫
A

dA
[
κ

2
c2 +

k
2

(
r+ + ec

)2
+

k
2

(
r− − ec

)2
]
, (2)

where A is the area of the membrane measured on the midlayer
S between the two monolayers (see Fig. 5), while c denotes
the curvature of the membrane defined on S, and r± = (ρ± −
ρ0)/ρ0 represents the scaled two-dimensional lipid density in
monolayer ±, defined on S too, ρ0 being a reference density.
The constant κ is the bending rigidity of the membrane, while k
is its stretching modulus, and e denotes the distance between S
and the neutral surfaceN± of monolayer ± [82, 83] (see Fig. 5).
By definition, the neutral surface of a monolayer is the surface
where the stretching and bending modes of the monolayer are
decoupled [82]. Since S andN± are parallel, the scaled density
on N± reads r±n = r ± ec + O(e2c2), where O(e2c2) denotes a
term of second order in ec. Hence, if H is written as a function
of r±n and c, it features no coupling between these variables.

Figure 5: Two-dimensional sketch of a lipid bilayer composed of two identical
monolayers. The curvature c and the scaled density r± of monolayer ± are
defined on S. The distance between S and the neutral surfaceN± of monolayer
± is denoted by e. If the orientation convention is chosen in such a way that
c < 0 on the drawing, the densities on N± are r±n = r± ± ec + O(e2c2).

In this model, the normal force balance still involves the
normal elastic force density in the membrane and the normal
viscous stress exerted by the fluid above and below the mem-
brane. In addition, a tangential force balance within each mono-
layer has to be accounted for. It involves the tangential viscous
stress of the surrounding fluid, the “in-plane gradient of the
surface pressure”, the viscous stress associated with the two-
dimensional lipid flow, and finally, a term of intermonolayer
friction. The latter term reads ∓b(v+ − v−), where b denotes the
intermonolayer friction coefficient, while v± is the in-plane ve-
locity of the lipids in monolayer ±. Using these force balances
and mass conservation, Seifert and Langer obtained a system
of linear differential equations coupling the height of the mem-
brane to the antisymmetric density ra = r+ − r− [78]. Two
relaxation rates are obtained from these equations. For modes

of sufficiently large wavelengths, they read

γ1 =
kq2

2b
, (3)

γ2 =
κq3

4η
, (4)

where q denotes the norm of the wave vector considered, while
η is the viscosity of the fluid that surrounds the membrane.
More precisely, the expressions in Eqs. (3) and (4) are valid
if q � 2ηk/[b(κ + 2ke2)], which typically corresponds to wave-
lengths larger than a few microns. In this regime, γ2 corre-
sponds to a pure bending mode, and it is identical as Eq. (1),
while γ1 involves intermonolayer friction. Qualitatively, pertur-
bations of the antisymmetric density relax due to the stretching
modulus k, but this relaxation is slowed down by intermono-
layer friction, which is characterized by b, yielding γ1. Mean-
while, as above, shape deformations relax due to the bending
rigidity, and the relaxation is slowed down by the viscosity of
the surrounding fluid, yielding γ2.

This model was successfully used to analyze the dynamical
fluctuation spectra of bilayer membranes [78]. Later, it was ex-
tended to describe the spherical budding deformation of a mem-
brane resulting from a local and sudden flip of some lipids from
one monolayer to the other in an initially flat membrane [84]. In
this situation, the flip induces a local asymmetry of the density
between the two monolayers.

4.2. Our contribution to the theory for small deformations

Let us now review our description of the dynamics of a
membrane submitted to a local chemical modification in the
regime of small deformations. Our description of the bilayer
membrane generalizes the local version of the area-difference
elasticity membrane model introduced in the seminal work Ref.
[78] and further expanded in Ref. [85]. We showed that the
generic effect of a chemical modification on a monolayer is
twofold: both the equilibrium density and the spontaneous cur-
vature are changed. We rigorously expressed the elastic force
density in a chemically modified membrane, and derived lin-
ear dynamical equations for a chemically modified membrane,
which generalize those of Ref. [78]. We also performed a cal-
culation of the fraction of the chemically modified lipids in the
membrane that arises from the local injection of a reagent above
the membrane. In particular, it enabled us to calculate the local
pH when an acidic or basic solution is microinjected close to
the membrane.

Effective Hamiltonian of a monolayer in the absence of chem-
ical modification. Our description of the bilayer membrane is
based on a local version of the area-difference elasticity mem-
brane model [78, 85]. In the absence of chemical modification,
the local state of monolayer ± is described by two variables:
the total curvature c defined on the membrane midlayer, which
is common to both monolayers, and the scaled two-dimensional
lipid density r± = (ρ± − ρ0)/ρ0, defined on the midlayer of the
membrane, ρ0 being a reference density. The sign convention
for the curvature is chosen in such a way that a spherical vesicle
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has c < 0. The outer monolayer corresponds to monolayer +,
while the inner one corresponds to monolayer −.

We write the effective Hamiltonian f ± per unit area in mono-
layer ± as:

f ± =
σ0

2
+
κ

4
c2 ±

κc0

2
c +

k
2

(
r± ± ec

)2
, (5)

where σ0 represents the tension of the bilayer and κ its bend-
ing modulus, while k is the stretching modulus of a monolayer,
and e denotes the distance between the neutral surface [82] of
a monolayer and the midsurface of the bilayer. As we assume
that the two monolayers of the membrane are identical before
the chemical modification, these constants are the same for both
monolayers. The two monolayers have opposite spontaneous
curvature constants, noted ∓c0, since their lipids are oriented in
opposite directions.

The expression for f ± in Eq. (5) corresponds to a general
second-order expansion in the small variables r± and ec, around
the reference state which corresponds to a flat membrane with
uniform density ρ± = ρ0. It is valid for small deformations
around this reference state: r± = O(ε) and ec = O(ε), where ε
is a small nondimensional parameter. The construction of the
Hamiltonian density Eq. (5) is explained in detail in Ref. [86].
In Ref. [86], we explicitly showed that the Hamiltonian den-
sities in Eq. (5) give back the ADE model after minimization
with respect to r±. Hence, our model is a local version of the
ADE model, which extends it to the case of inhomogeneous
densities.

The effective Hamiltonian H of the bilayer membrane reads

H =

∫
A

dA
(
f + + f −

)
=

∫
A

dA
[
σ0 +

κ

2
c2 +

k
2

(
r+ + ec

)2
+

k
2

(
r− − ec

)2
]
,(6)

which is consistent with Seifert and Langer’s model [78] (see
Eq. (2)). Note that here, we have taken into account the effect
of the membrane tension σ0, which was not implemented in
Ref. [78].

Chemically modified monolayer. Let us now focus on the way
the membrane effective Hamiltonian is affected by the local
chemical modification. We consider that the reagent source,
which corresponds to the micropipette tip in an experiment, is
localized in the fluid that surrounds the vesicle. Besides, mem-
brane permeation and flip-flop are neglected given their long
timescales. Hence, the chemical modification only affects the
outer monolayer, i.e., monolayer +, and not the inner one.

Let us denote by φ the mass fraction of the lipids of the up-
per monolayer that are chemically modified, and let us assume
that the reagent concentration remains small enough to have
φ = O(ε). We thus have to include this third small variable in
our second-order expansion of f +. We obtain (see Ref. [86] for
formal details):

f + =
σ0

2
+ σ1φ +

σ2

2
φ2 + σ̃

(
1 + r+) φ ln φ +

κ

4
c2

+
κ

2
(c0 + c̃0φ) c +

k
2

(
r+ + ec

)2
, (7)

where the constants σ1, σ2, and c̃0 describe the response of the
membrane to the chemical modification. These constants de-
pend on the reagent that is injected. Besides, the non-analytical
mixing entropy term σ̃ (1 + r+) φ ln φ (see, e.g., Ref. [87]) has
been added to our second-order expansion.

Effect of the chemical modification. Let us now investigate the
physical effect of the chemical modification on monolayer +.
For this, we study how the equilibrium state of the monolayer
described by the Hamiltonian density Eq. (7) is affected by the
presence of a nonzero φ.

For a homogeneous monolayer (e.g., monolayer +) with
constant mass, the spontaneous curvature and the equilibrium
density can be obtained by minimizing the Hamiltonian per unit
mass f +/ρ+ with respect to r+ and c. First, the minimization
with respect to r+ gives, to first order in ε:

r+
eq =

σ0

2 k
+
σ1φ

k
− ec . (8)

Then, the minimization with respect to c yields to first order,
using Eq. (8):

ceq = −c0 − c̄0φ −
σ0e
κ

, (9)

where we have introduced

c̄0 = c̃0 +
2σ1e
κ

. (10)

Note that, since we assume that r+ = O(ε) and ec = O(ε), we
must have c0e = O(ε) and σ0/k = O(ε) for our description to
be valid for the values of r+ and c that minimize f +/ρ+.

The scaled lipid density r+
n on the neutral surface of the

monolayer is related to r+ through r+
n = r+ + ec to first order.

This relation arises from the geometry of parallel surfaces [82],
given that the membrane midlayer and the monolayer neutral
surface are parallel surfaces separated by a distance e. Hence,
Eq. (8) can be rewritten as

r+
n, eq =

σ0

2 k
+
σ1φ

k
. (11)

This result is independent of the curvature c, contrary to that in
Eq. (8). Indeed, by definition, on the neutral surface, curvature
and density are decoupled [82], while these two variables are
coupled on other surfaces.

Eq. (11) shows that, due to the chemical modification, the
scaled equilibrium density on the neutral surface of monolayer
+ is changed by the amount

δr+
n, eq = r+

n, eq(φ) − r+
n, eq(0) =

σ1φ

k
(12)

to first order. Besides, Eq. (9) indicates that the spontaneous
curvature of monolayer + is changed by the amount

δceq = ceq(φ) − ceq(0) = −c̄0φ (13)

to first order.
In a nutshell, the effect of the chemical modification (i.e., of

φ) on the upper monolayer is twofold. First, the scaled equilib-
rium density on the neutral surface of the upper monolayer is
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changed by the amount σ1φ/k to first order. Second, the spon-
taneous curvature of the upper monolayer is changed by the
amount −c̄0φ to first order. Hence, the constants σ1 and c̄0 de-
scribe the linear response of the monolayer equilibrium density
and of its spontaneous curvature, respectively, to the chemical
modification. This description is generic, but the values of σ1
and c̄0 depend on the chemical modification considered.

Force densities in the membrane. In Ref. [86], we derived the
complete stress tensor and the resulting elastic force densities in
a monolayer featuring density and composition inhomogeneities
to first order in ε, using the principle of virtual work.

Let us focus on small deformations of an infinite flat mem-
brane. Such a description is adapted to practical cases where
the distance between the reagent source and the membrane is
much smaller than the vesicle radius. It is then convenient
to describe the membrane in the Monge gauge by the height
z = h(r), r ∈ R2, of its midlayer with respect to the reference
plane z = 0. Then, ec = e∇2h + O(ε2) for small deformations
such that ∂ih = O(ε) and e∂i∂ jh = O(ε) where i, j ∈ {x, y}. Re-
call that we denote the upper monolayer by + and the lower one
by −.

The force densities in the membrane described by the Hamil-
tonian densities in Eqs. (5–7) then read to first order in ε [86]:

p+
t = −k∇

(
r+ + e∇2h −

σ1

k
φ
)
, (14)

p−t = −k∇
(
r− − e∇2h

)
, (15)

pz = σ0∇
2h − κ̃∇4h − ke∇2ra −

(
κc̄0

2
− σ1e

)
∇2φ , (16)

where p±t is the tangential component of the force density in
monolayer ±, while pz = p+

z + p−z is the total normal force
density in the membrane. In these formulas, we have introduced
the antisymmetric scaled density ra = r+ − r−, and the constant
κ̃ = κ + 2ke2.

Spontaneous curvature change versus equilibrium density change.
Our general expressions Eqs. (14), (15) and (16) of the force
densities in a chemically modified membrane allow for a com-
parison of the effects produced by an equilibrium density change
and by a spontaneous curvature change. Affecting the local
spontaneous curvature of a bilayer membrane can yield mem-
brane deformation and budding [88–90]. Changing asymmetri-
cally the equilibrium density in each monolayer can also result
in membrane deformation or budding [8, 9, 84]. We considered
these two effects at the same time and compared them.

Eq. (14) shows that the equilibrium density change (i.e., σ1)
can yield a tangential force density and induce tangential lipid
flow. In addition, Eq. (16) shows that both the equilibrium den-
sity change and the spontaneous curvature change (i.e., both
σ1 and c̄0) can yield a normal force density, and thus a defor-
mation of the membrane. More precisely, changing the spon-
taneous curvature produces a destabilizing normal force den-
sity δp c

z = − 1
2κc̄0∇

2φ, while changing the equilibrium density
yields δp d

z = σ1e∇2φ.

Equilibrium state of a chemically modified membrane. Let us
assume for simplicity that a membrane has been chemically
modified in such a way that there is a static spatial profile of
the mass fraction φ of the modified lipids in monolayer +. This
can occur for instance if the membrane is in chemical equilib-
rium with a reagent that is continuously injected from a local
source, once the stationary profile of reagent concentration in
the fluid above the membrane has been reached (see Ref. [91]).

In the case where only the equilibrium density is affected,
which corresponds to σ1 , 0 and c̄0 = 0, the membrane defor-
mation would vanish once the scaled lipid density on the neu-
tral surface of monolayer + has reached its equilibrium profile
r+

n, eq, defined in Eq. (11). Indeed, the equilibrium condition
pn = p±i = 0 of the membrane is then satisfied for ∇2h = 0,
which means that the flat shape is an equilibrium shape.

In contrast, in the case where only the spontaneous curva-
ture is changed, where σ1 = 0 and c̄0 , 0, a deformation per-
sists. Indeed, the equilibrium condition pn = p±i = 0 can be
satisfied only if σ0∇

2h − κ∇4h = 1
2κc̄0∇

2φ, which implies that
∇2h , 0 if∇2φ , 0, so that the plane shape is not an equilibrium
shape for a generic inhomogeneous φ.

Thus, although both mechanisms should lead to membrane
deformations, they are not physically equivalent (see Ref. [91]
for a detailed discussion). Generic chemical modifications re-
sult both in a change of the spontaneous curvature and in a
change of the equilibrium density, so in general both mecha-
nisms are involved.

Relative importance of the two deformation driving forces. The
relative importance of the spontaneous curvature change and of
the equilibrium density change can be determined through the
ratio ∣∣∣∣∣∣ δp c

z

δp d
z

∣∣∣∣∣∣ =
κ|c̄0|

2e|σ1|
(17)

of the destabilizing normal force densities associated with each
of these two effects.

This ratio depends on the chemical modification at stake.
Here, we focus on a chemical modification that affects the lipid
headgroups by effectively changing their preferred area. For
instance, in the experimental case of an injection of sodium hy-
droxide on a membrane composed of PC and PS lipids, we ex-
pect that the acid-base reaction between the headgroups and the
hydroxide ions increases the negative charge of the headgroups
and hence the preferred area per lipid headgroup [10]. It is fur-
ther necessary to resort to a microscopic model to express the
modifications of monolayer spontaneous curvature and equilib-
rium density as a function of the variation of the preferred area
per lipid headgroup.

In Ref. [92], we presented two very simple such models,
a minimal geometrical one and one based on Ref. [73]. In
both cases, we found that the order of magnitude of the ratio
in Eq. (17) should be ∣∣∣∣∣∣ δp c

z

δp d
z

∣∣∣∣∣∣ ≈ ακ

2e2k
(18)

with α ≈ 1 a model-dependent constant. Hence, the value of
this ratio is about one. In other words, we expect that the effect
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of the spontaneous curvature change and that of the equilibrium
density change have a comparable importance, for a chemical
modification of the lipid headgroups which effectively modifies
their preferred area. It is thus crucial to take into account both
effects in the dynamics of the membrane.

Membrane dynamics. Using the elastic force densities in Eqs.
(14–16), we describe the dynamics of the membrane to first
order in the spirit of Ref. [78]. The dynamical equations are
best expressed using two-dimensional Fourier transforms of the
various fields involved, denoted with hats: for any field f which
depends on r and on time t, f̂ is such that

f̂ (q, t) =

∫
R2

dr f (r, t)e−iq·r . (19)

The dynamics of the membrane involves the forces specific to
the membrane, among which the elastic force densities in the
membrane given by Eqs. (14), (15) and (16), but also the vis-
cous stresses exerted by the fluid above and below the mem-
brane. A full description of the hydrodynamics of this fluid
is presented in the Appendix of Ref. [91]. Briefly, the veloc-
ity field in the fluid above (+) and below (−) the membrane is
caused by the deformation of the membrane and by the lateral
flow in the membrane. Mathematically, it is determined by the
boundary conditions corresponding to the continuity of velocity
at the interface between the fluid and the membrane. Given the
short length scales considered, the dynamics of the fluid can
be described using Stokes’ equation. In addition, the fluid is
assumed to be incompressible.

The first dynamical equation that describes the membrane
is a balance of forces per unit area acting normally to it [78]. It
involves the normal elastic force density in the membrane given
by Eq. (16) and the normal viscous stresses exerted by the fluid
above and below the membrane (see Ref. [91]). It reads:

−
(
σ0 q2 + κ̃ q4

)
ĥ + k e q2 r̂a +

κ c̃0

2
q2φ̂ − 4 η q ∂tĥ = 0 , (20)

where η denotes the viscosity of the fluid above and below the
membrane.

Besides, as each monolayer is a two-dimensional fluid, we
write down generalized Stokes equations describing the tangen-
tial force balance in each monolayer [78]. The first force in-
volved is the density of elastic forces given by Eqs. (14) and
(15). The second one arises from the viscous stress in the two-
dimensional flow of lipids. The third one comes from the vis-
cous stress exerted by the water (see Ref. [91]). The last force
that has to be included is the intermonolayer friction [93]. We
thus obtain:

−i k q
(
r̂+ − e q2 ĥ −

σ1

k
φ̂
)
−

(
η2 q2 + 2 η q

)
v̂+ − b

(
v̂+ − v̂−

)
= 0 ,

(21)

−i k q
(
r̂− + e q2 ĥ

)
−

(
η2 q2 + 2 η q

)
v̂− + b

(
v̂+ − v̂−

)
= 0 ,

(22)

where v± denotes the velocity in monolayer ±, while η is the
three-dimensional viscosity of the surrounding fluid, η2 is the

two-dimensional viscosity of the lipids, and b is the intermono-
layer friction coefficient.

Finally, we use the conservation of mass in each monolayer
to first order:

∂t r̂± + i q · v̂± = 0 . (23)

Considering that each monolayer has a fixed total mass is jus-
tified as long as we restrict to timescales much shorter than the
flip-flop characteristic time, which is of the order of hours or
days in vesicles, depending on the lipid type [94], and which is
assumed not to be significantly modified by the local chemical
modification. The timescales of the microinjection experiments
investigated in our work (typically about 10 seconds, see e.g.
Ref. [10]), satisfy this hypothesis.

Combining Eqs. (20), (21), (22) and (23) yields a system of
first-order linear differential equations on X = (q ĥ, r̂a):

∂X
∂t

(q, t) + M(q) X(q, t) = Y(q, t) , (24)

where we have introduced the matrix which describes the dy-
namical response of the membrane [78]:

M(q) =


σ0q + κ̃q3

4η
−

keq2

4η

−
keq3

b
kq2

2b

 . (25)

Here, we have assumed that η2q2 � b and ηq � b. This is true
for all the wave vectors with significant weight in φ̂, if the mod-
ified lipid mass fraction φ has a smooth profile with a character-
istic width larger than 1 µm. Indeed, η = 10−3 J s/m3 for water,
and typically η2 = 10−9 J s/m2 and b = 109 J s/m4 [95, 96].
Besides, the forcing term in Eq. (24) reads:

Y(q, t) =


κc̃0q2

8η
φ̂(q, t)

σ1q2

2b
φ̂(q, t)

 . (26)

Eqs. (24) and (25) show that the membrane deformation is
coupled to the antisymmetric density: the symmetry breaking
between the monolayers causes the deformation of the mem-
brane. Here, the symmetry breaking is caused by the chemical
modification of certain membrane lipids in the external mono-
layer, i.e., to the presence of φ. And indeed, Eq. (26) shows that
the forcing term in Eq. (24) is proportional to φ̂(q, t).

Note that Eqs. (20), (21), (22) and (23) also yield a de-
coupled evolution equation for the symmetric scaled density
rs = r− + r+:

∂r̂s

∂t
= −

kq
2η

(
r̂s −

σ1

k
φ̂
)
, (27)

where we have assumed that η2q � η, which is true for all the
wave vectors with significant weight in φ̂, if the modified lipid
mass fraction φ has a smooth profile with a characteristic width
larger than 1 µm.

The present theoretical description is general and applies to
any local chemical modification of monolayer +, if φ remains
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small and if its profile is smooth with a characteristic width
larger than 1 µm. What changes with the nature of the reagent
is the value of the constants σ1 and c0, which describe the linear
response of the membrane to the chemical modification.

Relaxation rates for large wavelengths. Let us focus on the
case where the modified lipid mass fraction φ has a smooth pro-
file with a characteristic width larger than about 10 µm. Then,
the wave vectors with significant weight in its Fourier transform
φ̂ satisfy q . 106 m−1. Let us study the eigenvalues of M(q) in
this large-wavelength regime.

Membrane tensions are such that σ0 ≥ 10−8 N/m, and stan-
dard values of the other parameters involved in M(q) are κ =

10−19 J, k = 0.1 N/m, e = 1 nm, b = 109 J.s.m−4 and η =

10−3 J s/m3. Hence, in the large-wavelength regime, we have
q �

√
σ0/κ̃, and the eigenvalues of M(q) can be approximated

by

γ1 =
kq2

2b
, (28)

γ2 =
σ0q
4η

. (29)

Indeed, for q �
√
σ0/κ̃, the coefficient keq3/b in M(q) is much

smaller than all the other ones (see Eq. (25)), so that M(q) can
be approximated by an upper triangular matrix.

The eigenvalues of M(q) represent the relaxation rates of a
deformation of the membrane. We observe that γ1, which in-
volves intermonolayer friction, is identical to Eq. (3) in Seifert
and Langer’s description [78] (see above), while γ2 is differ-
ent, because the effect of tension, which was disregarded in
Ref. [78], is actually dominant over that of bending rigidity for
large wavelengths.

It is also interesting to compare γ1 and γ2 to the relaxation
rate γs of the symmetric density, which appears in Eq. (27):

γs =
kq
2η

. (30)

The rupture threshold of a membrane corresponds to a tension
of a few mN/m [94]. Hence, σ0 � k for all realistic membrane
tensions, which yields γs � γ2. Besides, as mentioned above,
we have ηq � b for all the wave vectors with significant weight
in φ̂, so that γs � γ1. Hence, the relaxation of the symmetric
density is much faster than that of the antisymmetric density
and of the deformation of the membrane, for all modes in the
large-wavelength limit.

Profile of the fraction of the chemically modified lipids. The
time evolution of the deformation of the chemically modified
membrane can be determined by solving Eq. (24). To this end,
we first need to determine φ̂(q, t), which is involved in the forc-
ing term Y(q, t) (see Eqs. (24–25)).

The profile φ(r, t) of the mass fraction of the chemically
modified lipids in the external monolayer arises from the local
reagent concentration increase. We focus on reagents that react
reversibly with the membrane lipid headgroups. Besides, we
assume that the reaction between the lipids and the reagent is

diffusion-controlled (see, e.g., Ref. [97]). In other words, the
molecular reaction timescales are very small compared to the
diffusion timescales. For such a reversible diffusion-controlled
chemical reaction, φ(r, t) is instantaneously determined by the
local reagent concentration on the membrane, which results
from the diffusion of the reagent in the fluid above the mem-
brane.

Figure 6: Sketch of the situation described (not to scale). Due to the injection
of a reagent from the micropipette (red) standing at z0 above the membrane,
some lipids are chemically modified (dark blue) in the external monolayer. The
mass fraction of these modified lipids is denoted by φ. The membrane deforms
because of this local chemical modification: the shape of its midlayer S is de-
scribed by h(r). The variables c ' ∇2h and r± used in our theory are defined
on S, which is at a distance e from the neutral surface N± of monolayer ±.
Reprinted from Bitbol et al. [10] with permission of the Royal Society of Chem-
istry.

We consider that the reagent source is localized in (r, z) =

(0, z0 > 0), which would represent the position of the micro-
pipette tip in an experiment (see Fig. 6). The cylindrical sym-
metry of the problem then implies that the fields involved in
our description only depend on r = |r|. We focus on the regime
of small deformations h(r, t) � z0, and we work at first order
in h(r, t)/z0. Besides, we study the linear regime where φ(r, t)
is proportional to the reagent concentration on the membrane:
denoting by C(r, z, t) the reagent concentration field, we have
φ(r, t) ∝ C(r, h(r, t), t). To first order in the membrane deforma-
tion, this can be simplified into φ(r, t) ∝ C(r, 0, t).

For instance, in the framework of Ref. [10], where a basic
solution was injected close to a vesicle, the acid-base (and com-
plexation) reactions that occur between the lipid headgroups
and the injected hydroxide ions are reversible and diffusion-
controlled [97]. Hence, the local mass fraction φ(r, t) of the
chemically modified lipids is determined by an instantaneous
equilibrium with the hydroxide ions that are above the mem-
brane. In addition, in the experimental conditions, the pH on the
membrane remains well below the effective pKa of the lipids.
Thus, the mass fraction of the chemically modified lipids after
the reaction is proportional to the concentration of HO− ions
just above the membrane: φ(r, t) ∝ C(r, z = 0, t).

The field C is determined by the diffusion of the reagent
from the local source in the fluid above the membrane. In mi-
croinjection experiments, there is also a convective transport of
the reagent due to the injection, but the Péclet number remains
so small that diffusion dominates (see our discussion and ex-
perimental results in Ref. [10]). Besides, since the membrane
is a surface and φ � 1, we can neglect the number of reagent
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molecules that react with the membrane when calculating C.
Hence, C can be obtained by solving the diffusion equation

∂tC − D∇2C = S , (31)

where D is the diffusion coefficient of the reagent in the fluid
above the membrane, and the source term reads

S (r, z, t) = S 0δ(r)δ(z − z0)F(t). (32)

This corresponds to an injection flow from the source, with time
evolution described by the function F. In practice, we will only
consider the two following simple cases:
1) F = θ, where θ denotes Heaviside’s function: this corre-
sponds to a continuous injection with constant flow, starting at
t = 0 (see Ref. [91]).
2) F = 1[0,T ], where 1[0,T ] is the indicator function of the inter-
val [0,T ]: this corresponds to an injection with constant flow,
starting at t = 0 and stopping at t = T (see Ref. [10]).
In addition, the membrane imposes a Neumann boundary con-
dition, which reads ∂zC (r, h(r, t), t) = 0. This relation, which
corresponds to a vanishing flux across the membrane, can be
simplified to first order into

∂zC (r, 0, t) = 0 . (33)

The solution to this diffusion problem reads

C (r, z, t) =

∫ t

0
dt′

∫
R2
dr′

∫ +∞

0
dz′ S

(
r′, z′, t′

)
G

(
|r − r′|, z, z′, t − t′

)
= S 0

∫ t

0
dt′G

(
r, z, z0, t − t′

)
F(t′) , (34)

where the causal Green’s function G of our diffusion problem
can be expressed using the method of images [98]:

G
(
r, z, z′, t

)
= G∞

(
r, z − z′, t

)
+ G∞

(
r, z + z′, t

)
, (35)

where we have introduced the infinite-volume causal Green’s
function of the diffusion equation:

G∞ (r, z, t) =
θ(t)

(4 πD t)3/2 exp
(
−

r2 + z2

4 D t

)
. (36)

For the two simple functions F cited above, combining Eqs. (34),
(35) and (36) provides an analytical expression for C(r, z, t), and
for Ĉ(q, z, t). Since φ̂(q, t) ∝ Ĉ (q, 0, t), we thus obtain an ana-
lytical expression for φ̂ too.

In the case of a continuous injection (case 1 above), φ̂ reads

φ̂1 (q, t) ∝ erf
(
q
√

Dt −
z0

2
√

Dt

)
cosh (qz0)

qz0
−

sinh (qz0)
qz0

, (37)

where erf denotes the error function [91]. As t → ∞, φ̂(q, t)
converges towards

φ̂1,s(q) ∝
e−qz0

qz0
. (38)

In the case of an injection lasting a time T (case 2 above),
we obtain

φ̂ (q, t) = φ̂1 (q, t) − θ(t − T ) φ̂1 (q, t − T ) , (39)

where φ̂1 is given by Eq. 37. The value of the proportionality
constant in this expression is not crucial for our study since all
our dynamical equations are linear: it only affects the deforma-
tion and the antisymmetric scaled density by a multiplicative
constant.

In Ref. [12], we used this approach to fully calculate the pH
close to a vesicle submitted to a local injection of acid with a
constant flow (see Ref. [12], Supporting Material).

Resolution of the dynamical equations. Once one has deter-
mined φ̂(q, t), which is involved in the forcing term Y(q, t) of
the dynamical equations (see Eqs. (24–25)), the time evolu-
tion of the membrane deformation can be obtained by solving
the differential equation Eq. (24). The square matrix M(q) de-
fined in Eq. (25) has two real positive and distinct eigenvalues
for all q > 0. Let us call these eigenvalues γ1 and γ2, and
let us introduce the associated eigenvectors V1 = (v1,w1) and
V2 = (v2,w2). For the initial condition X(q, t = 0) = (0, 0),
corresponding to a non-perturbed membrane (i.e., flat and with
identical density in the two monolayers), we can write:

q ĥ(q, t) =

∫ t

0
ds

[
v1 e−γ1 tA(s) + v2 e−γ2 t B(s)

]
, (40)

where A(t) and B(t) are the solutions of the linear system

V1 A(t) e−γ1 t + V2 B(t) e−γ2 t = Y(q, t) . (41)

Then, in order to obtain the membrane deformation profile
at time t, we perform an inverse Fourier transform:

h(r, t) =
1

2π

∫ +∞

0
dq J0(q r) q ĥ(q, t) , (42)

where we have used the cylindrical symmetry of the problem,
introducing the Bessel function of the first kind and of zero or-
der J0. Thus, using Eq. (40), we finally obtain

h(r, t) =
1

2π

∫ +∞

0
dq J0(q r)

∫ t

0
ds

[
v1 e−γ1 tA(s) + v2 e−γ2 t B(s)

]
.

(43)
Hence, we can obtain the spatiotemporal evolution of the mem-
brane deformation by carrying out the integrals in Eq. (43) nu-
merically.

4.3. Comparison between theory and experiments
Experiments in the small deformation regime. In our experi-
ments of Ref. [10], the chemical modification of the membrane
was achieved by locally delivering a basic solution of NaOH
close to the vesicle. This local increase of the pH should af-
fect the headgroups of the phospholipids PS and PC forming
the external monolayer of the membrane [92], as well as the
fluorescent marker (when present).

Fig. 7 shows a typical microinjection experiment. We inject
the basic solution during a time T = 4 s. One can see in Fig. 7
the vesicle before any microinjection (frame 0 s). A smooth lo-
cal deformation of the vesicle develops toward the pipette dur-
ing the microinjection (first line of images). Once the injection
is stopped, the membrane deformation relaxes (second line of
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images). This deformation is fully reversible. For the sake of
clarity, the deformation presented in Fig. 7 is actually the largest
we have studied in Ref. [10]. Indeed, we focused on the regime
of small deformations in order to remain in the framework of
our linear theory. In particular, it is necessary that the defor-
mation height be much smaller than the distance between the
membrane and the micropipette for our theory to be valid.

Figure 7: Typical microinjection experiment, lasting T = 4 s, observed us-
ing phase contrast microscopy. A local modulation of the pH on the vesicle
membrane with molar composition EggPC/Brain PS 90:10 (mol/mol) induces
a smooth deformation of the vesicle (frames 0.33 to 4.08 s). The deformation
is completely reversible when the NaOH delivery is stopped (frames 4.21 s to
the end). The single GUV is formed in pure water. Reprinted from Bitbol et
al. [10] with permission of the Royal Society of Chemistry.

Fit to the theory: membrane deformation height. In order to
compare the predictions of our theoretical description to exper-
imental results, we measured the height H(t) = h(r = 0, t) of
the membrane deformation in front of the micropipette during
the microinjection experiments described in the experimental
section (see, e.g., Fig. 7). Several microinjection experiments
were carried out on GUVs, with an injection lasting T = 4 s,
and with various distances z0 between the micropipette and the
membrane.

Our experiments of Ref. [10] were performed in the linear
regime where φ � 1 and H � z0, and in the quasi-flat regime
z0 � R, where R is the radius of the GUV. In practice, the radii
of our largest GUVs were of order 60 to 80 µm. We thus fo-
cused on values of z0 in the range 10 to 30 µm. Besides, we
adjusted the HO− concentration for the various z0 in order to
obtain small but observable deformations, of order 1 to 5 µm.
Note that in the linear regime, the absolute value of the con-
centration of the injected solution only affects the deformation
by a global proportionality constant [10]. We normalized our
experimental data on H(t) by the value of H(t = 4 s), corre-
sponding to the end of the injection, for each experiment. This
eliminates the effect of the unknown proportionality constant
in our theoretical expression of φ̂ (see Eqs. (39–37)), as well
as the experimental effect of the different concentrations and of
the slightly different micropipette diameters.

The membrane deformation H(t) = h(r = 0, t) predicted
theoretically using Eq. (43) together with Eq. (41) and Eqs. (39–
37) was calculated numerically. This was done in the case
of four-second injections, with the values of z0 corresponding
to the different experiments, and taking typical values of the
membrane constitutive constants: κ = 10−19 J, k = 0.1 N/m,
b = 109 J.s.m−4 and e = 1 nm, and η = 10−3 J.s.m−3 for the
viscosity of water.

In order to solve the dynamical equations, it was also nec-
essary to assign a value to the parameter

α = −
kec̄0

σ1
, (44)

which quantifies the importance of the change of the sponta-
neous curvature relative to the change of the equilibrium den-
sity of the external monolayer as a result of the chemical mod-
ification (see Eqs. 17 and 18). As discussed above, rough mi-
croscopic lipid models [92] yield α ≈ 1. In the absence of any
experimental measurement of α, we took α = 1 in our calcula-
tions. We also checked that the agreement between theory and
experiment was not as good for α = 0.1 and α = 10 as it is for
α = 1. Interestingly, the value of α cannot be determined from
static and global deformations of membranes, since their equi-
librium shape in the ADE is determined by a combined quan-
tity involving both spontaneous curvature and equilibrium den-
sity modifications (see Section 4.1). However, in Ref. [91], we
demonstrated that α could be deduced from the dynamics of a
dynamical membrane deformation in response to a continuous
injection, which paves the way for further studies.

Figs. 8 and 9 show the results obtained for several values
of z0, on two different vesicles. The only variable membrane
parameter was the tension σ0. We did not measure this tension
during the experiments, but since the vesicles are flaccid, σ0
should be in the range 10−8 − 10−6 N/m. It was visible that
the vesicle corresponding to Fig. 8 was more flaccid than that
corresponding to Fig. 9. The parameterσ0 was adjusted in these
two cases, with all the other parameters kept constant at the
above-mentioned value. For the vesicle corresponding to Fig. 8,
the best match between theory and experiments, i.e., the lowest
chi-square, was obtained for σ0 = (1.5 ± 0.5) × 10−8 N/m, and
for the vesicle corresponding to Fig. 9, it was obtained for σ0 =

(5 ± 1) × 10−7 N/m. These values are in the expected range,
and the data corresponding to the most flaccid vesicle is best
matched by the lowest tension, which is satisfactory.

Figs. 8 and 9 show a good agreement between our experi-
mental data and the results of our theoretical description. In par-
ticular, our theory predicts the right timescales of deformation
and of relaxation, and also the right variation of these timescales
with the distance z0 between the membrane and the micropipette.
The increase of the timescales with z0 comes from two different
factors. First, the diffusion of the HO− ions takes longer if z0
is larger. Second, when z0 increases, the width of the modified
membrane zone that deforms increases, so that smaller wave
vectors have a higher importance in ĥ(q, t). As the relaxation
timescales of the membrane, which correspond to the inverse
of the eigenvalues of M, all increase when q decreases (see
Eq. (25)), this yields longer timescales.
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Figure 8: Normalized height H(t)/H(t = 4 s) of the membrane deformation,
during and after microinjections lasting T = 4 s. The microinjections were
carried out on the same GUV at different distances z0, corresponding to the
different colors. (a) Comparison between experimental data and theoretical
calculations for three experiments. Dots: raw experimental data (one data point
was taken every 57 ms). Solid lines: numerical integration of our dynamical
equations with σ0 = 1.5 × 10−8 N/m. (b) Full set of experimental data; a
moving average over 4 successive points was performed to reduce the noise.
(c) Full set of numerical data for values of z0 corresponding to those of the
experiments. Reprinted from Bitbol et al. [10] with permission of the Royal
Society of Chemistry.

Besides, the timescales involved are shorter if the vesicle
is more tense, for instance they are shorter in Fig. 9 than in
Fig. 8. This can be understood as follows: one of the relaxation
timescales of the membrane, which corresponds to the inverse
of one of the eigenvalues of M (see Eq. (25)), can be approxi-
mated by 4η/σ0q for the wave vectors q with largest weight in
ĥ(q). This timescale decreases when σ0 increases. More qual-
itatively, a tense membrane will tend to relax faster once it has
been deformed.

4.4. Large deformations: tubulation

Experiments. In Ref. [7], we performed experiments where an
acidic solution is microinjected close to a GUV. Local inward
deformations of the GUV membrane were observed when it
contained negatively charged lipids. In particular, when the
membrane composition included cardiolipin, a lipid with four
hydrophobic chains that is specific of the inner membrane of
mitochondria, dynamical cristae-like invaginations were observed,
as shown on Fig. 13 (see section 5.2).

In Ref. [5] (see Fig. 2), and as well in Ref. [8] (see Fig. 10),
we described experiments where a basic solution is microin-
jected close to a GUV. In this case, membrane deformations
also occur, but in the opposite direction, i.e., outwards. There
can be two phases in the membrane response. First, a smooth
outward deformation develops. This small deformation is well
described by the above framework. Then, if the concentration
of the basic solution is high enough and the distance between

Figure 9: Similar data as on Fig. 8, but for another, less flaccid, vesicle. Here,
the numerical integration of our dynamical equations was carried out for σ0 =

5 × 10−7 N/m. Reprinted from Bitbol et al. [10] with permission of the Royal
Society of Chemistry.

the membrane and the micropipette small enough, a very thin
tubule appears, and its length grows exponentially in the direc-
tion of the micropipette [8] (see Fig. 10). This second phase
cannot be described by our linear theory of small deformations
described above.

Figure 10: Snapshots of a microinjection of a NaOH solution (pH 13) close to
a GUV composed of EggPC/Brain PS 90:10 mol/mol in a buffer at pH 7.4. The
arrow in the first frame indicates the position of the micropipette tip, and the
scale bar represents 10 µm. The GUV deforms (frames 7.1–7.8 s) and a tubule
appears and grows (frames 8.3–8.8 s) [8]. Reprinted from Fournier et al. [8]
with permission of the American Physical Society.

Theory and numerical simulations. In Ref. [7], we proposed a
simple geometric model to describe the inward tubulation (see
Fig. 13) and we obtained, in agreement with the experimental
results, long and thin tubes or short and large tubes for respec-
tively strong or weak effect of the acid. We also found that the
tenser the vesicle the thinner and longer the tubes. We checked
the consistency of our understanding of the invagination pro-
cess by estimating the orders of magnitude of the energies in-
volved and showed that the inward tubulation is energetically
viable.
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Ref. [8] discussed the threshold of tubule formation, and in-
terpreted the subsequent growth of the tubule as arising from a
Marangoni effect. Indeed, the pH gradient on the membrane,
which is due to the local injection of the basic solution, can
induce a surface tension gradient. We deduced an exponential
law for the tubule growth, which matches very well the experi-
mental data [8].

In Ref. [12], numerical simulations allowed us to further
test the consistency of the key ingredients of our theoretical
description and of experimental results in the regime of large,
nonlinear deformations. Numerical simulations based on a con-
tinuum bilayer dynamical model describing the bilayer by its
midsurface shape and by a lipid density field for each mono-
layer were used. The viscoelastic response is determined by the
stretching and curvature elasticity, and by the inter-monolayer
friction and the membrane interfacial shear viscosity, as in our
theoretical description above. However, note that for simplic-
ity, the outer fluid was not explicitly accounted for, neither at
the level of its viscous stress, nor at the level of diffusion of the
reagent outside the membrane. In addition, any spontaneous
curvature effect was neglected, and the focus was on modifi-
cation of equilibrium density. These hypotheses are discussed
in Refs. [99, 100]. This simplified model was able to capture
the nonlinear dynamics observed in our experiments since it al-
lowed for the variation of the lipid densities as a function of
time and space as well as for the formation of arbitrary mem-
brane shapes.

In the simulations, the equilibrium lipid density in the outer
monolayer (+) was directly increased by a constant amount in
a small region of the vesicle for the duration of the injection
time. Afterwards, this lipid density modification was gradually
decreased with a time-scale commensurate to what we observe
in experiments, in order to account for the diffusion of excess
H+ after the end of the injection. The simulations featured in-
ward tubulation, in good agreement with our experiments (see
section 5.3).

5. Biological relevance - mitochondria in health and dis-
eases

The theoretical models reviewed in the previous section al-
lowed us to reveal the physico-chemical mechanisms involving
only lipids that initiate membrane deformation and dynamic
tubulation, under local pH gradients. In addition, we elabo-
rated an original artificial lipid-only system presenting dynamic
tubular membrane invaginations under acid gradients. We fur-
ther related our membrane experimental and theoretical studies
to the dynamics of mitochondrial inner membrane (IM) mor-
phology and also suggested the underlying role of mitochon-
drial lipids, especially that of cardiolipin (CL) and its biochem-
ical precursor, phosphatidylglycerol (PG). Our results support
the hypothesis of localized bioenergetic transduction as far as
it permits to explain how the IM morphology becomes self-
maintaining while optimizing the synthesis of biological en-
ergy. Recently, a surge in studies on Alzheimer’s disease (AD)-
related neuronal pathologies focused on Amyloid-β (Aβ)-induced
mitochondrial dysfunctions and morphological alterations. In

our work we examined these problems using, for the first time,
a bio-mimetic artificial membrane approach.

5.1. Mitochondria
Mitochondria are cellular organelles having a key role in life

because biological fuel production, namely ATP synthesis by
oxidative phosphorylation, occurs in the mitochondrion [101].
Mitochondria have a key role in cell death as well – they were
recently recognized as central regulators of the apoptotic pro-
gram (the programmed cell death) of eukaryotes [102, 103].
Several mitochondria-related diseases, such as mitochondrial
myopathy and various fatigue and exercise intolerance syndromes,
still need cures, thus motivating further study of mitochondrial
function.

Mitochondria are usually tubular, 1–2 µm long and 0.1–0.5
µm large. A mitochondrion is made of two membranes, the
outer (OM) and the inner (IM) membranes, separated by the in-
termembrane space. The IM surrounds a protein-rich medium
called the mitochondrial matrix. The IM is made of proteins
and lipids 80/20 w/w. The lipid composition of IM is remark-
ably conserved: it involves large amounts (10–20 mol % of
the total lipid) of a specific lipid, diphosphatidylglycerol, also
known as cardiolipin (CL), which is not found in other cellu-
lar membranes; phosphatidylcholine (PC) 40 mol %; phos-
phatidylethanolamine (PE) 30 mol %; phosphatidylinositol (PI)
5 mol %; phosphatidylserine (PS) 3 mol %; and sterol 0.5
mol % [104]. It was shown that CL plays a critical role in
mitochondrial function and in diseases including ischemia, hy-
pothyroidism, aging, and heart failure [105]. The OM con-
tains particular proteins (porins) that make it freely permeable
to ions and other molecules smaller than 10 kDa, whereas the
IM is impermeable even to protons [106]. The area of the IM
is much larger than the one of the OM. This implies the pres-
ence of an important number of IM inward invaginations termed
cristae [107, 108]. The real 3D structure of mitochondria be-
came accessible only in the 1990s thanks to the techniques of
high resolution scanning electron microscopy [109] and of elec-
tron microscopy tomography [110, 111] (for a review, see Man-
nella [112] and the articles therein). They allow for ∼3-nm res-
olution when looking at an object the size of a mitochondrion
and clearly show that the cristae have a predominantly tubu-
lar nature (Figs. 11 and 12). For example, the tubular parts
of cristae in human liver mitochondria are 30–40 nm in diam-
eter and up to several hundred nanometers long [109]. Respi-
ratory chain proteins (i.e. proteins involved in oxidative phos-
phorylation) reside within the mitochondrial IM, mostly within
the cristae compartments [113–117], and comprise the electron
transport chain proteins, and the ATP synthase complex. Dur-
ing cellular respiration, electron transport chain proteins pump
protons from the matrix into the intermembrane space, gener-
ating a proton concentration difference (∆pH) across the IM.
The proton concentration difference allows the ATP synthase
complex to synthesize ATP [118]. The mean bulk pH, mea-
sured by pH dependent fluorescence [119], proved to be ∼8
in the matrix, whereas in the intermembrane space it was es-
timated to be ∼7.4 (as in the cytosol) because of rapid diffu-
sion of protons through the numerous pores in the OM. On the
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other hand, it was suggested that the local pH in the intracristal
compartments might be much lower than 7.4 (the bulk pH of
the intermembrane space). This hypothesis, called “Local pH
gradient hypothesis”, is based on at least three reasons for the
existence of local proton concentration gradients within the in-
tracristal compartments: (i), the restricted diffusion of protons
between the intracristal and peripheral spaces along the cristae
nanotubular structures [120–123]; (ii), the presence of the neg-
atively charged membrane, and, (iii), the CL capacity as a “pro-
ton trap” [124, 125].

Figure 11: High resolution scanning electron microscopy micrograph of human
liver mitochondrion (M), in close proximity to rough endoplasmic reticulum
(R). The cristae are tubular, several hundred nanometers long and ∼30nm in
diameter, x 40 500. Reprinted from Lea et al. [109] with permission of Wiley-
Liss.

We believe it is now obvious that mitochondria present an
astonishing variety of IM morphologies (IM pleomorphism).
Moreover, the shape of the inner membrane of a mitochon-
drion is dynamic, changing in correlation with its functional
state [103, 126] and characteristic for normal (Figs. 11, 12) as
well as for pathological cases. Normally functioning mitochon-
dria go back and forth from condensed (matrix contracted) to
orthodox (matrix expanded) state morphology, depending on
their respiratory rate (Fig. 12). Mitochondria carrying out max-
imum respiratory rate (in the presence of excess ADP and res-
piratory substrate) present a condensed morphology (Fig. 12A).
Their cristae are swollen cisterns or sacs connected to the pe-
ripheral part to the IM by narrow tubular segments (cristae junc-
tions) (Fig. 12A, large white arrow). The narrow cristae junc-
tions might have a special function – restricting the diffusion be-
tween intracristal compartments and intermembrane space [123].
The reduction in respiration due to ADP depletion makes mito-
chondria reverse to the orthodox morphology. The cristae in
that state are narrow, flattened or almost tubular (Fig. 12B). On
the other hand, the pathologies of mitochondria are correlated
with particular morphologies. For example, mitochondrial my-

Figure 12: Electron microscopy tomography images of mitochondria: (A) con-
densed state; (B) orthodox state. OM diameter: (A) 1.5 µm; (B) lower, 1.2 µm.
(A) Reprinted from Mannella et al. [111], with permission of IOS Press. (B)
Reprinted from Mannella et al. [110] with permission of Wiley-Liss.

opathy is coupled with highly abnormal vesicular cristae. The
anaerobic pathogen Cryptosporidium parvum, having a single
(relict) mitochondrion and a deficient respiratory chain, presents
one of the very few cases of highly folded inner membrane that
lacks the typical cristae-like morphology.

Looking at 3D images of mitochondria, one is logically led
to ask how mitochondria function determines IM morphology
and, conversely, how the IM morphology can influence mito-
chondrial function [112, 118, 127]. What are the factors that
determine IM morphology? The common view has focused
on the role of proteins, in particular on those inducing mem-
brane curvature by their cone shape, such as the ATP synthase
dimers [114]. The role of tBID proteins [128, 129], mitofilin
multimeric complexes [130], and that of the generated reac-
tive oxygen species as functional factors for the IM morphol-
ogy has been widely recognized as well [102, 103]. It remains
unclear, however, whether the inner membrane morphology and
dynamics are fully governed by specific mitochondrial proteins,
or whether lipid mediated processes are also involved. In fact,
quite limited attention was paid so far to the purely physical,
membrane mechanics aspects. When this aspect was consid-
ered, the discussion was limited to the simple fact that the IM
has a much larger area than the OM, and therefore it is under a
simple mechanical (space) constraint that causes it to fold. But
simple folds do not suffice to account for the typical cristae-
like functioning morphology. On the other hand, several stud-
ies (e.g., Ponnuswamy et al. [131]) suggested some thermody-
namic considerations of cristae morphology, but these studies
remain partial and far from any dynamics perspective.

Our approach consists in looking for a minimal physico-
chemical system that models the dynamic morphology of mi-
tochondrial IM. It involves GUV as a model membrane sys-
tem [132–135] and micropipette manipulations for local pH
modulation [136–139].
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5.2. Mimicking healthy mitochondria
Design of a minimal model. The main lipids of mitochondrial
IM (presenting 90 mol % of the total lipid) are CL, PC, and
PE. In addition, Kagawa et al. [140] showed that PC and PE
were both required for the reconstitution of vesicles with high
32Pi-ATP exchange activity, and the activity was markedly ac-
celerated by low amounts of CL. Therefore we made our GUV
from PC/PE/CL 60:30:10 mol/mol (unless otherwise stated) in
a buffer at pH 8 (similar to the bulk pH in the matrix). pH
was locally modulated in real time, (lowered and then let to rise
to the initial bulk value) by a micropipette delivering (or not)
an acid solution outside of the GUV membrane. It is possible
to follow directly the induced membrane invagination (Fig. 13,
frame 7.5 s) and the development of a characteristic morphol-
ogy (Fig. 13, frames 7.8 s–22.8 s). We identified this morphol-
ogy as “cristae-like” as it mimics very well the mitochondrial
IM morphology shown by 3D electron microscopy (see Figs. 11
and 12). This cristae-like morphology is dynamic, reversible,
and modulated by local pH. As soon as the acid delivery is
turned off, the cristae-like membrane invagination regresses,
and it completely disappears when the local pH gradient van-
ishes (Fig. 13, frames 38.7 s–66.4 s, and Fig. 14). We could
produce several (e.g., four) cristae-like deformations coexist-
ing dynamically within the same GUV. Invagination shapes,
their typical sizes, and characteristic times of relaxation, are
dependent on the GUV initial states: either deflated or quasi-
spherical. Deflated GUV yield cristae-like morphology with
large tubes and vesicular shape segments (Figs. 13 and 14), dis-
appearing within a few tens of seconds after the acid delivery
is off. Conversely, the quasi-spherical ones yield morphology
with thin and long tubes quite often winding themselves, and
being present a long time (up to several tens of minutes) after
the acid delivery is turned off. The much longer “lifetime” of
these long thin tubular structures might be a sign of restricted
proton backward diffusion along the tube. In consequence, the
equilibration of the local pH with that of the bulk might be
slowed down due to space factors. Hence, we found experimen-
tally that pH-induced membrane invaginations and cristae-like
morphology can be induced just by a sufficient pH gradient.

Invagination mechanism. Additionally, our experiments, shown
in Fig. 15, suggest that delivering protons onto CL-containing
membrane leads to a partial charge neutralization and area re-
duction of the exposed monolayer. The induced area mismatch
between the inner and outer monolayers of the membrane will
create a mechanical stress and induce some deformations.

In this work, we showed experimentally that proton flow
localized at the membrane of CL-containing vesicles induces
cristae-like membrane invaginations, and that the morphology
of these invaginations is dynamic: one can make the induced
invaginations progress or regress by modulating the local pH.
This suggests that cristae formation can be accounted for within
a purely lipidic minimal model membrane, under the influence
of an electrochemical proton gradient. Additionally, we have
developed a theoretical description of local membrane deforma-
tions attributable to local pH variations (see Sec. 4 and Refs. [7–
10, 91]). Briefly, the asymmetric pH-induced changes of pro-

Figure 13: Modulation of local pH gradient at membrane level of a cardiolipin-
containing vesicle induces dynamic cristae-like membrane invaginations. The
GUV is made of EggPC/EggPE/Heart bovine CL 60:30:10 mol/mol in a buffer
at pH 8. The local delivery of HCl (100mM, pH 1.6), which lowers the lo-
cal pH, is carried out by a micropipette (its position is pointed by the arrow in
frame t=0 s). The induced membrane invagination (frame 22.8 s) is completely
reversible (frames 38.7–66.4) as far as the acid delivery is stopped. Deflated
GUV yield cristae-like morphology with large tubes and vesicular shape seg-
ments. Reprinted from Khalifat et al. [141] with permission of Elsevier.

tonation of the charged headgroups and the resulting changes
of the electrostatic interactions between such headgroups pro-
mote asymmetric local modifications of the lipid packing. This
affects both equilibrium lipid density and monolayer local spon-
taneous curvature, resulting in a local deformation of the mem-
brane [91, 92]. Intermonolayer friction plays an important role
in the relaxation dynamics of these deformations.

5.3. Is cardiolipin essential for mitochondrial function?

The origin of the shape of mitochondrial inner membrane
cristae, as well as that of its coupling to mitochondrial function
is the subject of intense research. CL, a particular lipid found
almost only in the IM, likely plays an important role because
abnormalities in its synthesis usually lead to drastic changes in
organization of the IM, including loss of ATP synthesis as well
as of the cristae morphology [112]. The crucial function of car-
diolipin in mitochondria has been an unresolved question for
many (almost a hundred!) years [142]. However, several au-
thors [143–146] reported in the 1990s that the yeast crd1-null
mutant, which lacks CL synthase and has no detectable CL but
accumulates phosphatidylglycerol (PG), displays normal mito-
chondrial activity at 30◦C in glucose and nonfermentable car-
bon sources, although mitochondrial functional defects are ap-
parent under suboptimal substrate conditions and higher tem-
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Figure 14: As soon as the acid delivery is turned off, the cristae-like membrane
invagination regresses, and it completely disappears when the local pH gradi-
ent vanishes. The GUV is made of EggPC/EggPE/Heart bovine CL 60:30:10
mol/mol in a buffer at pH 8. The HCl delivery conditions are as in Fig. 13.
Reprinted from Khalifat et al. [141] with permission of Elsevier.

perature. This suggests that PG can specifically substitute for
some functions of CL in the IM.

In our line of study, we further refined the mitochondria
model by focusing on yeast mutants that feature CL-deficient
but PG-enriched membranes [147]. Using PC/PG-GUVs, we
found that a local pH-induced tubulation also occurs but with a
different morphology and dynamics – faster growth and much
slower retraction (see Figs. 16 and 17). We showed that such
behavior can be accounted for in the framework of our model,
provided that specific properties of PG regarding flip-flop are
taken into account. These results provide an explanation of the
functionality of the crd1-null yeast mutant. To attain more in-
sight into the mechanism of the local pH induced tubulation
in PG-containing bilayers, as compared with CL-containing bi-
layers, we have studied the effect of pH on lipid packing us-
ing the fluorescence of Laurdan incorporated in the membranes
of LUVs of similar lipid composition as the GUVs described
above. Besides providing useful information about the effect
of pH and headgroup protonation state on lipid packing, these
data allow one to estimate of the “apparent pKa” of such pro-
tonation phenomena. In bilayers containing charged lipids, and
because of the negative surface potential, the H+ concentration
in the vicinity of the membrane is likely to be different than
in the bulk. Charged lipids, depending on their concentration
in the membrane, modulate the pH range for their own proto-
nation. The extent of this modulation also depends on ionic
strength [148]. Fig. 18 shows the effect of pH on the Laurdan
generalized polarization (GP) for various LUVs composition.
For PC/CL 90:10, decreasing pH gives rise to an important in-
crease of GP and therefore of lipid packing in the hydrated re-
gion of the membrane. This results from the protonation of CL
headgroups that decreases the electrostatic repulsion between
CL molecules and therefore changes their effective molecular
shape as well as their molecular surface area.

We previously showed that such effects are the effective
driving force for the pH-induced shape transformations found
in CL-containing GUVs [9]. The pH effect on CL bilayers oc-
curs in the bulk pH range of 6 to 2.5, suggesting that this is
the actual range for the CL headgroup protonation under such

-70

-60

-50

-40

-30

-20

-10

0

0 5 10 15 20

CL [ mol % ]

z
- 

p
o

te
n

ti
a
l 
  
[ 

m
V

 ]

pH 4

pH 8

A 

0

5

10

15

20

25

30

35

50 75 100 125 150

Area per molecule [ 
2
]

S
u

rf
a

c
e

 P
re

s
s

u
re

  
[ 

m
N

/m
 ]

pH 4

pH 8

B 

Figure 15: Effect of pH on CL containing vesicles. (A) ζ-potential of LUV
made of EggPC/Heart bovine CL 90:10 mol/mol formed in a buffer as a func-
tion of CL concentration at pH 8 and pH 4, respectively. The corresponding
ζ-potential change for PC/CL is ∼20% (from -56 mV at pH 8 to -45 mV at pH
4). LUV average size was 108 and 122 nm at pH 8 and pH 4, respectively. (B)
Mean area per lipid molecule A in monolayer made of EggPC/Heart bovine CL
90:10 mol/mol at pH 8 and pH 4, respectively. A decrease of A of ∼8.6% (from
70 Å2 at pH 8 to 64 Å2 at pH 4) is observed at surface pressure 30 mN/m.
The errors in π and A were estimated as ±1 mN/m and ±1 Å2, respectively.
Reprinted from Khalifat et al. [141] with permission of Elsevier.

conditions. When PG is substituted for CL in identical molar
proportion (PC/PG 90:10), a rather similar effect is observed
on GP when pH is lowered, although the overall GP values are
higher with CL, because of the well-known ordering effect of
the CL backbone [149]. The pH range for the effect is also sim-
ilar. No such pH-induced packing variation occurs in this range
for the zwitterionic phosphatidylcholine, emphasizing its speci-
ficity for charged phospholipids. For 10% PG, the increase in
packing occurs between a pH of 7 and 2.5. This is to be com-
pared with a reported intrinsic pK value of 2.9 for PG [150].
However, when the proportion of PG in GUVs is doubled to
20%, the low-pH induced increase in GP is shifted by 0.5 to 1
pH units toward higher pH. This illustrates the mutual influence
of PG molecules on their protonation behavior, namely, the
higher the PG percentage in the membrane, the more its proto-
nation is anticooperatively hindered because of the unfavorable
mutual electrostatic repulsion as well as to the increased mem-
brane charge that attracts H+ toward the surface [148]. Thus the
deprotonation of negative lipids in membranes can be strongly
shifted or extended to higher pH. These data indicate that, for
PG-containing GUVs, a shape-changing mechanism similar to
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Figure 16: Local membrane invagination triggered on a GUV composed of
EggPC/EggPG 90:10 mol/mol by a local pH decrease performed using a mi-
cropipette delivering an acidic solution (100 mM HCl, pH 1.6) into the bulk
buffer (pH 8, HEPES 0.5 mM, EDTA 0.5mM). The acid microinjection is
started at t = 0 and ended at t = 27.3 s. Reprinted from Khalifat et al. [12]
with permission of Elsevier.

that proposed for CL-containing GUVs is operative [7, 9]. In-
deed, at 10% PG, a pH decrease from 8 to 4.8 ± 0.4, identical
to that imposed in the GUV experiments, promotes a signifi-
cant increase in packing. It is therefore likely that such a mech-
anism contributes to the tubulation observed for both CL- or
PG-containing GUVs.

Although the pH-induced tubulation in CL and PG vesicles
share one common shape change mechanism, a second mech-
anism is also operative for PC/PG-GUVs that adds to the sur-
face imbalance, hence the longer tube length and the pearling.
This later mechanism is likely also responsible for the slower
tube retraction.Interestingly, Cullis and collaborators [151, 152]
demonstrated that PG can undergo rapid transbilayer diffusion
in LUVs through its neutral form even above its pK. In the pres-
ence of a pH gradient, the formation of the neutral intermedi-
ate is more favorable in the monolayer facing the most acidic
solution, so that more PG molecules leave this monolayer to-
ward the other one than the opposite. Furthermore, after mono-
layer translocation, neutral PG molecules are bound to become
quickly deprotonated in the new basic environment, making the
reverse motion very unlikely. In short, protonated PG becomes
neutral and can easily flip toward the higher pH leaflet driven
by mixing entropy differences, but then by losing its proton

Figure 17: Comparison of the morphologies of tubes formed in GUVs of com-
position (A) EggPC/EggPG 90:10 mol/mol and (B) EggPC/Heart bovine CL
90:10 mol/mol upon local microinjection with acid. The images correspond to
t = 23.7 s and t = 90.2s, respectively, after injection. (C) Comparison of the ki-
netics of tube growth upon local microinjection with acid for GUVs of compo-
sition PC/CL 90:10 mol/mol (diamonds) and PC/PG 90:10 mol/mol (triangles).
The apparent planar length of tubes was measured manually on microscopy im-
ages using the curvilinear tool of ImageJ. The microinjection starts at t =0 and
ends where indicated by a vertical arrow. Reprinted from Khalifat et al. [12]
with permission of Elsevier.

in the new environment the reverse translocation is kinetically
blocked. This results in a net transport of PG toward the mono-
layer and an asymmetric distribution of PG, with PG accumu-
lating in the monolayer facing the most basic solution. No simi-
lar transbilayer diffusion is found for CL [151]. This difference
can be explained by the smaller size of the PG headgroup com-
pared with the bulky CL headgroup and by that fact that PG can
be brought to neutral form by binding of a single H+ whereas
CL requires binding of 2 H+, a much rarer event. Consider-
ing the well-known relation between phospholipid asymmetric
flip-flop and membrane curvature [10, 67, 153], we propose that
inward PG flip-flop occurs in the area exposed to acid in GUV
experiments. Since the external surface of this area is more
acidic, lowered to a pH close to 4, this generates a net inward
transport of PG from the outer to the inner monolayer thereby
creating an asymmetric distribution of PG. Such a process leads
to a decrease of the outer monolayer density and an increase
in the inner monolayer density and therefore to an additional
density mismatch between the two monolayers and therefore to
a further bilayer imbalance. This adds up to the direct mecha-
nism involving electrostatic repulsion and modification of equi-
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Figure 18: Effect of pH on the general polarization measured from fluorescence
emission spectra of Laurdan in LUVs of various compositions in a buffer at
25◦C. The Laurdan/lipid ratio is 1:200 (mol/mol), and the GP is calculated as
GP = (I440 – I490)/(I440 + I490). Adapted from Khalifat et al. [12].

librium density mismatch/spontaneous curvature. Interestingly,
global shape changes of PG-containing GUVs upon bulk exter-
nal pH acidification have already been reported [153, 154].

Comparison of the simulations of direct lipid density mod-
ification alone (corresponding to CL) and direct lipid density
modification plus flip-flop (corresponding to PG) is shown on
Fig. 19. The introduction of flip-flop promotes a more rapid
and intense tubulation with enhanced pearling. Interestingly,
whereas tubulation because of direct density modification reaches
a maximum at the time of end of injection, tubulation further in-
creases afterward when flip-flop is taken into account. This can
be explained by the fact that additional flip-flop keeps occurring
until the pH gradient is dissipated. Fig. 20 shows the kinetics
of growth and retraction of the tube corresponding to the sim-
ulation shown in Fig. 19. The tube length and kinetics both in
the case of a direct equilibrium density change (corresponding
to CL-containing GUVs) and in the case of a direct equilibrium
density change plus flip-flop (corresponding to PG-containing
GUVs), although not identical to experiments, occur in similar
time frames and with similar relative timescales (factor of four
in relaxation times).

The present study documents two possible mechanisms in-
volved in pH gradient-induced shape changes of charged lipid
bilayers: (i), direct phospholipid packing (equilibrium density
and spontaneous curvature) modifications; and (ii), asymmet-
ric flip-flop (leading to bilayer density imbalance), both pro-
moted by asymmetric protonation changes of lipid headgroups.
Whereas the occurrence of the first mechanism only requires
the presence of a protonable charged phospholipid, the sec-
ond mechanism requires the occurrence of an uncharged form
of this phospholipid, as well as a moderately sized headgroup.
Apart from PG, phosphatidic acid [155] and phosphatidylinosi-
tol are likely candidates. Both mechanisms lead to different re-
laxation properties, that influence the dynamics of shape changes.

Figure 19: Results of simulation of tube formation after local acid injection on
a GUV in the case of direct density change, corresponding to CL-containing
GUVs (first and third columns), and in the case of direct density change and
flip-flop, corresponding to PG-containing GUVs (second and fourth columns).
The color maps represent the difference between the monolayer lipid densities,
where red corresponds to the maximal value and green to 0. The time values and
arrows in red correspond to the time period where the acid diffuses and therefore
the lipid density modification exponentially decreases. Reprinted from Khalifat
et al. [12] with permission of Elsevier.

Furthermore, the occurrence of a flip-flop mechanism for PG
may explain the particular temperature-sensitivity of mitochon-
drial function in the cdr1-null mutant. In a previous study,
it was found that PG flip-flop has an activation energy of 31
kcal/mole, corresponding to a threefold increase of flip-flop rate
every 7◦C. This is likely to affect the mutant cristae morphology
in vivo and therefore mitochondrial function. Therefore, this
study gives further support to our suggestion of an important
role of the lipid composition in the MIM structure and func-
tion. Additionally, this study contributes to the general under-
standing of membrane tubulation, which occurs in processes
as diverse as Golgi remodeling [156], endosome sorting [157],
filopodia [158] and microvilli [159] formation, cell-cell con-
tacts [160], and intercellular communications [161].
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Figure 20: Dynamics of tube length growth derived from simulations and con-
sidering either only a direct equilibrium density change of the outer monolayer
(solid line), corresponding to CL-containing GUVs, or a direct equilibrium den-
sity change and transbilayer sink/source flip-flop (dashed line), corresponding
to PG-containing GUVs. Reprinted from Khalifat et al. [12] with permission of
Elsevier.

5.4. Alzheimer’s disease and the failure to form mitochondrial
cristae

Alzheimer’s disease (AD) is a degenerative disease of the
central nervous system that causes massive neuronal loss, lead-
ing inevitably to progressive degeneration of mental capacities,
and, ultimately, to death [162]. It is recognized that the progress
of AD leads to morphological and functional neuronal patholo-
gies at the extracellular as well at the intracellular level, both
levels being non-exclusive and probably coupled [163, 164]. It
is clear now that the increased level of amyloid-β (Aβ) peptide
monomers, mainly Aβ (1-42), although not inherently harmful,
leads to the formation of a diversity of Aβ aggregates (oligomers,
proto-fibrils, fibrils) which are involved in a variety of patho-
logical mechanisms when accumulating in the extra- and/or in-
tracellular space of neurons. Recently, a surge in studies on
AD-related neuronal pathologies focused on Aβ-induced mi-
tochondrial dysfunctions and morphological alterations [165–
171]. Our work [172] examined these problems using, for the
first time, a bio-mimetic artificial membrane approach. Further-
more, it was shown that Aβ can be imported from the cytoplasm
into mitochondria via the translocase of the outer mitochondrial
membrane machinery [173]. The same study also demonstrated
that Aβ accumulates in the mitochondrial cristae both in vivo
and in vitro. However, with the recent localization of the Aβ
precursor protein (AβPP) in mitochondrial membrane fraction
from brain of AD cases [174], the possibility of in situ Aβ pro-
duction within mitochondria should be explored. In comparison
with normal specimens, mitochondria from AD patients show
a larger variety of shapes and sizes as well as altered cristae
morphology. A number of electron microscopy morphomet-
ric studies have shown mitochondria with broken (disrupted)
cristae [175–177]. Surprisingly, the mechanisms relating the
accumulation of Aβ in mitochondrial cristae and matrix to the
large number of mitochondria with broken and sparse cristae
observed in AD patients’ neurons were not evoked. The prob-

lem is a challenging one, as it is now widely recognized that mi-
tochondrial functions determine the IM morphology and, con-
versely, that IM morphology can influence mitochondrial func-
tions [109, 110, 112, 118, 126, 127]. What could be the factors
that determine the failure of mitochondrial IM in the case of
AD? Our hypothesis is the following: Aβ-induced alterations of
the purely physical properties of the lipid bilayer could be the
direct cause for this failure. We tested this hypothesis using an
artificial model system as described below. In our work [172],
we again use GUVs as a biomimetic system in order to study
the mitochondrial IM. We tested the effect of Aβ (1-42) in dif-
ferent states of aggregation, “fresh”-mostly monomeric Aβ, and
“aged”-mostly fibril Aβ solutions, performing direct real time
visualization of lipid membrane morphological changes induced
by the peptide.

We showed that Aβ(1-42) renders the membrane incapable
of supporting the dynamics of tubular structure formation when
a local pH gradient occurs, ultimately leading to the failure of
cristae-like dynamic morphology, see Figs. 21 and 22 in con-
trast to Figs. 13 and 14. This was the case even when no prob-
lems were observed regarding membrane static behavior. In or-
der to elucidate the molecular mechanisms underlying the fail-
ure of tubular structure formation, we carried out fluorescence
studies of membrane properties involving Aβ(1-42)-interacting
with artificial membranes mimicking the mitochondrial IM (de-
signed as large unilamellar vesicles (LUVs)). Steady-state flu-
orescence emission measurements of Prodan and Laurdan gen-
eralized polarization, in relation with lipid bilayer order and hy-
dration, as well as measurements of DPH anisotropy (rDPH), in
relation with lipid bilayer fluidity, showed that Aβ(1-42)-fibrils
induce lipid bilayer dehydration and decreasing membrane flu-
idity in LUVs that model mitochondrial IM. These results sug-
gest that dramatic changes in membrane dynamic properties at
the scale of the entire GUV result from Aβ(1-42)-induced mem-
brane physical property changes. Aβ(1-42)-induced changes in
dynamic friction between the two leaflets of lipid membrane
may take place as well.

Figure 21: Test of the capacity of a GUV with molar composition
EggPC/EggPE/Heart bovine CL 60:30:10 mol/mol, pre-treated with “aged”
Aβ(1-42) buffer solution, to develop cristae-like morphology upon local acid-
ification. Adding locally 10 mM HCl (outside the GUV by a micropipette)
initiated local membrane deformation (frame: 4.7 s), followed by harsh rupture
of the membrane zone affected by the acid (frame: 5.2 s), and explosion of the
GUV (frame: 6 s). As soon as acid addition was stopped, the damaged mem-
brane zone “re-healed”, forming dense clumps (frame: 46.5 s). No cristae-like
morphology developed. T=25◦C, pH 7.4. Reprinted from Khalifat et al. [172]
with permission of IOS Press.
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Figure 22: Test of the capacity of a GUV with molar composition
EggPC/EggPE/Heart bovine CL 60:30:10 mol/mol, pre-treated with “fresh”
Aβ(1-42) buffer solution, to develop cristae-like morphology upon local acid-
ification. The local acidification (with up to 100 mM HCl) induced no visi-
ble effects to the GUV membrane, in contrast with the brutal rupture (achieved
adding HCl solution of only 10 mM), observed in the case of acidification, after
treatment with “aged” Aβ(1-42) buffer solution (Fig. 21). On the other hand,
local acidification of GUV pre-treated with “fresh” Aβ(1-42) buffer solution
did not induce any local membrane invagination and no cristae-like morphol-
ogy was developed. This is in contrast with the case of local acidification of
GUV not pre-treated with any Aβ which does develop cristae-like morphology,
as in Fig. 13 and Fig. 14, and [141], all other parameters being equal. T=25◦C,
pH 7.4. Reprinted from Khalifat et al. [172] with permission of IOS Press.

Our work puts forward several new ideas which might be bi-
ologically relevant. First, the Aβ fibril aggregates might change
directly (without lipid biochemical degradation) the global phys-
ical properties of the mitochondrial IM by decreasing mem-
brane core fluidity, inducing lipid bilayer dehydration, and in-
creasing apolarity (structuring) close to the water/lipid interface
of the lipid bilayer. Second, we suggest that changes in lipid
bilayer physical properties induced by Aβ fibrils may play a
special direct role in membrane functions involving rapid mem-
brane shape changes, this being typically the case of the mito-
chondrial IM. In fact, the membrane, being “normally” visco-
elastic, becomes more viscous then elastic and loses its capacity
to respond quickly to the mechanical constraint imposed by lo-
cal acidification. The direct consequence of these alternations
could be a harsh membrane rupture due to the rapid membrane
shape changes driven by local acidification.

The mechanisms affecting mitochondria in AD remain con-
troversial: any deterioration of mitochondrial functions may
cause neuronal deficiency. Our biomimetic studies involving ar-
tificial membranes encourage us to put forward an original hy-
pothesis regarding mitochondria deficiency and AD: AD might
be a consequence of the failure of fundamental physical, purely
mechanical properties of the mitochondrial IM. We will call the
specific Aβ toxicity in this case “mechanical toxicity”. Thus,
Aβ-induced “mechanical toxicity” could lead to a membrane in-
ability to support the shape dynamics underlying, and inherent
to, normal functioning of the mitochondrial IM. In addition, Aβ
fibril-induced membrane dehydration, ordering, and increased
membrane viscosity might cause membrane protein malfunc-
tions, thereby contributing indirectly to the insufficiency of res-
piratory chain protein functions and ATP synthesis. On the
other hand, Aβ oligomers might induce ion channels forma-
tion, compromising the driving force behind the characteris-
tic tubular cristae morphology, abolishing mitochondrial trans-
membrane potential, decreasing the capacity to accumulate cal-
cium, and uncoupling respiration.

6. Conclusion

In this review, we described the influence of pH gradients
and local variations on vectorial motional processes in model
membrane systems. These phenomena provide an original ex-
eample of how a molecular property, namely the ability of a
specific lipid to bind or release a proton or hydroxyl ion, can
have a long-range effect on the structure and dynamics of a
whole molecular assembly such as a bilayer membrane. Such
results from experiments and theory, developed for model sys-
tems, shed light on possible specific roles of dynamic molecu-
lar processes involving lipids in complex behavior in biomem-
branes underlying the build up and regulation of integrated bi-
ological functions.
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nization of ATP synthase and complex I in whole mitochondria, Proc.
Natl. Acad. Sci. USA 108 (2011) 14121–14126.

[3] V. Sourjik, N. S. Wingreen, Responding to chemical gradients: bacterial
chemotaxis, Curr. Opin. Cell Biol. 24 (2012) 262–268.

[4] M. I. Angelova, N. Hristova, I. Tsoneva, DNA-induced endocytosis
upon local microinjection to giant unilamellar cationic vesicles, Eur.
Biophys. J. 28 (1999) 142–150.

[5] A. Kodama, Y. Sakuma, M. Imai, Y. Oya, T. Kawakatsu, N. Puff, M. I.
Angelova, Migration of phospholipid vesicles in response to OH- stim-
uli, Soft Matter 12 (2016) 2877–2886.

[6] G. Staneva, N. Puff, M. Seigneuret, H. Conjeaud, M. I. Angelova, Seg-
regative clustering of lo and ld membrane microdomains induced by lo-
cal pH gradients in GM1-containing giant vesicles: A lipid model for
cellular polarization, Langmuir 28 (2012) 16327–16337.

[7] N. Khalifat, N. Puff, S. Bonneau, J. B. Fournier, M. I. Angelova, Mem-
brane deformation under local pH gradient: mimicking mitochondrial
cristae dynamics, Biophys. J. 95 (2008) 4924–4933.

[8] J.-B. Fournier, N. Khalifat, N. Puff, M. I. Angelova, Chemically trig-
gered ejection of membrane tubules controlled by intermonolayer fric-
tion, Phys. Rev. Lett. 102 (2009) 018102.

[9] N. Khalifat, J.-B. Fournier, M. I. Angelova, N. Puff, Lipid packing
variations induced by pH in cardiolipin-containing bilayers: The driv-
ing force for the cristae-like shape instability, Biochim. Biophys. Acta:
Biomembr. 1808 (2011) 2724–2733.

[10] A.-F. Bitbol, N. Puff, Y. Sakuma, M. Imai, J.-B. Fournier, M. I. An-
gelova, Lipid membrane deformation in response to a local pH modifi-
cation: theory and experiments, Soft Matter 8 (2012) 6073–6082.

[11] N. Khalifat, N. Puff, M. Dliaa, M. I. Angelova, Amyloid-beta and the
failure to form mitochondrial cristae: a biomimetic study involving arti-
ficial membranes, Journal of Alzheimer’s Disease 28 (2012) 33–48.

[12] N. Khalifat, M. Rahimi, A.-F. Bitbol, M. Seigneuret, J.-B. Fournier,
N. Puff, M. Arroyo, M. I. Angelova, Interplay of packing and flip-flop
in local bilayer deformation. how phosphatidylglycerol could rescue mi-
tochondrial function in a cardiolipin-deficient yeast mutant., Biophys. J.
107 (2014) 879–890.

22



[13] M. Eisenbach, J. Lengeler, Chemotaxis, Imperial College Press, 2004.
[14] H. Inomata, Scaling of pattern formations and morphogen gradients,

Development, Growth & Differentiation 59 (2017) 41–51.
[15] P. Mitchell, Chemiosmotic coupling in oxidative and photosynthetic

phosphorylation, Biochimica et Biophysica Acta (BBA) - Bioenergetics
1807 (2011) 1507–1538.

[16] Y.-B. Hu, E. B. Dammer, R.-J. Ren, G. Wang, The endosomal-lysosomal
system: from acidification and cargo sorting to neurodegeneration,
Translational Neurodegeneration 4 (2015).

[17] Y. Yang, V. Sourjik, Opposite responses by different chemoreceptors
set a tunable preference point in Escherichia coli pH taxis, Molecular
Microbiology 86 (2012) 1482–1489.

[18] W. Korohoda, J. Golda, J. Sroka, A. Wojnarowicz, P. Jochym, Z. Madeja,
Chemotaxis of Amoeba proteus in the developing pH gradient within a
pocket-like chamber studied with the computer assisted method, Cell
Motility and the Cytoskeleton 38 (1997) 38–53.

[19] T. Iida, Y. Iwata, T. Mohri, S. A. Baba, N. Hirohashi, A coordinated
sequence of distinct flagellar waveforms enables a sharp flagellar turn
mediated by squid sperm pH-taxis, Scientific Reports 7 (2017).

[20] K. Kirchhof, A. Andar, H. B. Yin, N. Gadegaard, M. O. Riehle, T. Groth,
Polyelectrolyte multilayers generated in a microfluidic device with pH
gradients direct adhesion and movement of cells, Lab on a Chip 11
(2011) 3326.

[21] J. R. Casey, S. Grinstein, J. Orlowski, Sensors and regulators of intra-
cellular pH, Nature Reviews Molecular Cell Biology 11 (2009) 50–61.

[22] J. Srivastava, D. L. Barber, M. P. Jacobson, Intracellular pH sensors:
Design principles and functional significance, Physiology 22 (2007)
30–39.
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