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Synthetic lipid vesicles represent an important model system for studying membrane processes, which

often depend on membrane shape, but controlled shaping of vesicles remains a challenging

experimental task. Here, we present a novel method for shaping giant lipid vesicles by independently

regulating osmotic conditions and the concentration of membrane-shaping molecules, which intercalate

into the membrane and drive membrane bending. The method is based on the microfluidic diffusion

chamber, where the solution around the vesicles can be repeatedly exchanged solely by diffusion,

without any hydrodynamic flow that could deform the membrane. By using lipopolysaccharide (LPS) as

a vesicle shape-modifying molecule, we demonstrate controlled and reversible transformations across

three shape classes, from invaginated to evaginated vesicles. We show that extensive shape

transformations can lead to shapes that are assumed to comprise narrow membrane necks that hinder

equilibration of the membrane and the vesicle interior. All the observed shapes are in good agreement

with the predictions of the area-difference-elasticity model applied to the vesicles that were denser than

their surrounding solution. Our results validate the microfluidic diffusion chamber as a universal

framework for membrane shaping that could also pave the way towards controlled fabrication of

synthetic membranes resembling cell-compartments with large surface-to-volume ratios.
Introduction

Lipid vesicles have long served as a versatile in vitro model
system for biological membranes and provide a valuable insight
into membrane-related processes. As emphasized by a recent
themed issue of Physical Chemistry Chemical Physics, these
model systems are also increasingly used for biochemical
compartmentalization in biomimetic applications.1 Current
applications of synthetic membranes are predominantly limited
to spherical vesicles, and there are not many methods for
controlled shaping of accid vesicles with larger area-to-volume
ratios, resembling cellular organelles.

One of the main challenges in membrane shaping stems
from their inherent so-matter nature. Membranes are rela-
tively large structures, self-assembled by nonspecic hydro-
phobic interactions; mechanically, the membranes are almost
ine, University of Ljubljana, Ljubljana,

jure.derganc@mf.uni-lj.si

ESI) available: The stationary shapes of
nation of the shape (ESI, Section 1).
odel (ESI, Section 2). Spontaneous
lated LPS molecules (ESI, Section 3).
between the equilibrium shapes of
Movie 2: reversible transformation of

trations. See DOI: 10.1039/c7ra05584f

15
non-stretchable but they are very easy to bend. Spherical lipid
vesicles are therefore practically non-deformable, whereas
accid vesicles are extremely so, undergo noticeable thermal
uctuations and can warp under the slightest hydrodynamic
ow. The transformations in vesicle shape have been demon-
strated in a number of studies by applying different methods for
inuencing the vesicle morphology, for example by mechanical
manipulation (by micropipettes,2 axial straining of the vesicles,3

ow and shear forces4.), osmotic or temperature changes,5–9 or
by membrane-interacting molecules,10,11 yet none of these
techniques provides a universal well-controlled system for
accid vesicle shaping: any mechanical manipulation may
signicantly increase the membrane lateral tension and cause
unwanted and/or irreversible transformations of vesicle shapes;
osmotic or temperature changes affect a variety of parameters at
once, making it difficult to deduce the predominant mecha-
nism for the shape transformation, while membrane-
interacting molecules are added by micropipette ejection into
the vicinity of vesicles, causing more or less signicant hydro-
dynamic currents. The shape transitions have been observed
even without an external stimulus, with the hypotheses that
they could be a consequence of the lipid molecules dissolving
from the membrane into the surrounding solution,12 or of the
release of the lipids from the membrane folds that are below
optical resolution.13 Such spontaneous transformations led
from concave to convex shapes and/or vice versa, with the
This journal is © The Royal Society of Chemistry 2017
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direction of changes not possible to control or predict in the
beginning of the experiment.

Here, we present a novel method for controlled shaping of
giant accid lipid vesicles, i.e. the cell-size vesicles with non-
tensed membranes. The method is based on the microuidic
diffusion chamber, where the solution can be exchanged solely
by diffusion, without any hydrodynamic ow that could deform
the membrane (Fig. 1a).14 In this approach, several parameters
can be controlled independently. Spherical vesicles are rst
transferred into the diffusion chamber by optical tweezers, then
they are osmotically deated to become more accid, and
nally, their shape is manipulated by adjusting the concentra-
tion of membrane-shaping molecules in the solution. Speci-
cally, we use lipopolysaccharide (LPS) as a membrane-shaping
molecule.

LPS is a main component of Gram negative bacteria outer
membranes and is in the research focus as a target for novel
antibiotics.15 During bacterial infection, LPS molecules are
binding specically to the receptors in the cell membrane,
triggering a strong immune response.16 However, because a LPS
molecule is composed of a large soluble oligosaccharide part
coupled to a lipid part with six hydrophobic tails, LPS partitions
non-specically from the solution into the outer membrane
leaet and thus drives membrane bending by the bilayer-couple
mechanism (Fig. 1b), whereas it does not ip to the inner
side.11,17

In the designed experimental setup the vesicles were made to
be heavier than the surrounding solution for easier handling.
The intercalation of LPS molecules into the membranes of
accid vesicles was controlled by regulating the LPS concen-
tration in the bulk solution. The changes of vesicle shape were
monitored with brighteld video microscopy. The observed
shape changes were then compared to a detailed theoretical
model, for which the contributions of membrane bending,
relative stretching of the membrane leaets, gravitational
effects, and the mixing of the native lipid molecules with the
intercalating LPS molecules in the membrane are taken into
consideration. We nd that moderate shape changes across
Fig. 1 Method overview. (a) The diffusion chamber is a 250 mm long cavi
the chamber effectively flow-free. The vesicles are transferred from the
chamber are exchanged by diffusion with the main channel, where th
membrane shaping by a bilayer couple mechanism. Intercalation of L
between the leaflets which can be relaxed by membrane bending, wi
intercalation and the membrane bending are reversible.

This journal is © The Royal Society of Chemistry 2017
three shape-classes are well controlled and follow the theoret-
ical predictions of the area-difference-elasticity (ADE) model for
equilibrium shapes.18–20 Larger shape transformations oen
result in vesicle protrusions with thin necks that hinder the
transport of volume and membrane surface area, but are still
reversible and can be described within the ADE model. The
properties and the extent of LPS partitioning into the vesicle
membrane are estimated from comparing the theoretical
predictions to the measurements. The presented microuidic
diffusion chamber provides a robust universal platform for
vesicle shaping where the experimental conditions can be
readily and controllably altered and the monitored parameters
regulated independently.

Materials and methods
Microuidic system

The microuidic device is fabricated by standard so-
lithography techniques.14 The microuidic chip is designed
with the main microchannel having an entrance reservoir on
one end and a waste reservoir connected to the other end. The
ow rate in the microchannel is controlled by changing the
vertical position of the waste reservoir. The solution in the
microchannel is easily exchanged by several consecutive washes
of the entrance reservoir using a standard pipette. The micro-
uidic diffusion chamber is designed as a 250micrometers long
and 100 micrometers wide cavity, extending from the main
channel (Fig. 1a).

Microscopy and optical tweezers

In the experiment we used an inverted microscope (Nikon
Eclipse Ti), equipped with Tweez optical tweezers (Aresis,
Slovenia). In this multi-trap laser tweezers system, the laser
beam of 1064 nm is AOD-controlled which enables soware
control of the power and position of the optical traps. The
microscope is equipped with 20� objective for a large eld view,
and with 60� water immersion objective (NIR APO NA 1.0) for
operating the optical tweezers. Microscope image was recorded
ty extending from the main microfluidic channel, with the back-end of
main channel into the chamber by optical tweezers. The solutes in the
e solution can be easily adjusted. (b) A schematic representation of
PS molecules into the outer membrane leaflet induces lateral stress
th a relative increase of the outer leaflet surface area. Both the LPS

RSC Adv., 2017, 7, 36506–36515 | 36507

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra05584f


Fig. 2 The modeled time evolution of the LPS concentration inside
the diffusion chamber. The LPS concentration (cLPS), normalized to the
LPS concentration in the main channel (cLPS,0), is calculated from the
diffusion equation at the position of the observed vesicles 200 mm
from the entrance into the chamber and with the LPS diffusion coef-
ficient value DLPS ¼ 150 mm2 s�1.
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by a Pixelink PL-B741U CCD camera. The recorded images were
analyzed with ImageJ.21

Vesicle preparation and materials

Phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) for the vesicle preparation was purchased from Avanti
Polar Lipids and used without further purication. Giant vesi-
cles were made by a slightly modied method of electro-
formation22 at room temperature. In the procedure the lipids
are dissolved in a mixture of chloroform and methanol (2 : 1, v/
v) with a total lipid concentration of 1 mg ml�1. Approximately
20 ml of the lipid solution is spread on two platinum electrodes
and dried in vacuum for 2 hours. Electrodes with lipid lm are
placed into a plastic 2 ml microcentrifuge tube, which is lled
with 2 ml sucrose solution (0.22 M). An alternating electric eld,
10 Hz/8 V, is applied to the electrodes for 2 hours. The frequency
and the voltage are then gradually reduced, rst to 5 Hz/4 V for
15 minutes, then to 2.5 Hz/2 V for 15 minutes and then to the
nal values of 1 Hz/1 V for 30 minutes. The contents of the
chamber is poured out and gently mixed with 2 ml glucose (0.22
M), which is also used for rinsing the electrodes. The density of
the sucrose is higher than of the isoosmolar glucose solution
(the difference being Dr ¼ 16 g l�1),23 which causes the vesicles
to sink to the substrate. This makes them easier to handle in the
experimental procedures, where a good focus and contrast of
the vesicle image can be obtained. The vesicles were used one to
four days aer the preparation.

In the experiment we used lipopolysaccharide (LPS) from E.
coli O55:B5 by Sigma Co. (St. Louis, USA). The provider declares
the molecular mass to be between 10 and 20 kDa; the concen-
tration of LPS is therefore stated as the mass concentration (cLPS
in mg ml�1). The LPS concentrations applied in the experiments
were in the interval between 0.1 and 10 mg ml�1, which is below
the reported critical micelle concentrations of intermediate
chain length LPS (13–16 mg ml�1).24

Experimental protocol

Aer the ow was established in a microuidic device,
a suspension of 0.22 M glucose with vesicles was introduced
into the entrance reservoir. The ow rate in the main channel
was slowed down in order to monitor the passing vesicles. A
small number of suitable vesicles without visible membrane
protrusions were selected, trapped by optical tweezers, and then
slowly repositioned from the main channel into the ow-free
region in a diffusion chamber. Then the suspension in the
entrance reservoir was exchanged with glucose solution of lower
osmolarity (0.19 M) to cause the osmotic swelling of the vesicles
and to accurately determine the radius (R0) and the surface area
(A) of a spherical vesicle. Next, the suspension in the entrance
reservoir was exchanged with glucose solution of higher
osmolarity (0.26 M) causing the vesicles in a diffusion chamber
to deate. The ow rate in the main channel was increased and
kept at its maximum value. Another exchange wasmade, adding
the LPS solution at a chosen concentration (cLPS from 0.1 to 10
mg ml�1 in 0.26 M glucose) into the microuidic system, and the
vesicles in the chamber responded to the LPS insertion by
36508 | RSC Adv., 2017, 7, 36506–36515
morphological transformations (Fig. 1b); they were recorded for
later analysis. Aerwards the characteristics of the vesicle
response to LPS and the reversibility of the process were studied
by removing the LPS from the system by washing the channels
with pure glucose solution of the same osmolarity (0.26 M).
Model of the LPS diffusion in the microuidic chamber

Diffusion of solutes into the diffusion chamber is modeled by
a one-dimensional diffusion equation and by setting the
boundary conditions to meet the exponential decrease of the
ow–velocity prole at the entrance of the microuidic
chamber.14 Below the critical micelle concentrations24 we
assume LPS to be in monomeric form. In the rst approxima-
tion, the diffusion coefficient of a solute can be obtained from
the comparison of the Einstein–Stokes radii with another
molecule of a known Einstein–Stokes radius and a known
diffusion coefficient. By comparing the sizes of LPS and
hemoglobin molecules, the mean LPS diffusion coefficient was
estimated to be DLPS z 150 mm2 s�1. The diffusion equation is
solved numerically to obtain the LPS concentration in depen-
dence on time and position inside the microuidic chamber
(Fig. 2) at a given LPS concentration in the bulk solution.
Theoretical framework
Equilibrium vesicle shapes under gravity

To set the ground for analyzing the vesicle response to the
intercalating molecules we rst outline and discuss the theory
of the accid vesicle mechanics. The mechanical properties of
a non-tensed lipid membrane are described by the ADE
model,18–20 which expresses its elastic energy as:

WADE ¼ kr

2Ah2
ðDA� DA0Þ2 þ kc

2

ð
ðC1 þ C2 � C0Þ2dA; (1)

where kr and kc are nonlocal and local bending constants,
respectively, A is the surface area of the membrane neutral
plane, which is for accid vesicles practically the same as the
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Phase diagram of equilibrium vesicle shapes under the influ-
ence of gravity. The equilibrium shapes, i.e. the vesicle shapes with
minimal total energy, depend on the relative volume (v), trans-
membrane asymmetry (TMA), and vesicle size. The curves represent
the transitions between different shape classes for two vesicle sizes, R0

¼ 8 mm (full black lines) and 10 mm (dashed grey lines). A series of
calculated shapes at v ¼ 0.85 is presented. The parameter values q ¼ 3
and C0 ¼ 0 are applied in all the calculations.
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area in the stress-free state, h is the distance between the
neutral planes of the bilayer leaets, DA the difference between
the surface areas of the neutral planes of both leaets, DA0 the
difference between these areas when they are stress-free (the
preferred area difference), C1 and C2 are the principal
membrane curvatures, and C0 is the spontaneous membrane
curvature.

The equilibrium shapes of free-oating vesicles correspond
to the minima of the membrane elastic energy (eqn (1)). But
a vesicle containing a solution that is denser than the
surrounding solution, as is the case in our experiments, sinks to
the substrate due to gravity, and attains a shape that is different
from the one of a free-oating vesicle. To obtain its exact
equilibrium conguration, a corresponding gravitational
energy term has to be included:25

Wg ¼ Drg

ð
ZdV ; (2)

where Dr is the difference between the densities of the solu-
tions, g is the acceleration of gravity, Z the vertical distance from
the substrate to a point in the vesicle interior, and the integral is
performed over the vesicle volume (V).

The gravity-modied equilibrium vesicle shapes are calcu-
lated by minimizing the sum ofWADE (eqn (1)) andWg (eqn (2)).
The procedure is described in detail in (ESI, Section 1†). Briey,
the vesicle shapes correspond to solutions of the Euler–
Lagrange differential equations, obtained by variation of the
total vesicle energy (ESI, eqn (SI11)–(SI13)†). In contrast to the
free-oating vesicles, where the equilibrium shapes do not
depend on the vesicle size, the shapes of vesicles under gravity
depend on their dimensions. At a given Dr and at a given ratio
between the nonlocal and local bending constants (q ¼ kr/kc),
the equilibrium shapes depend on four independent parame-
ters: DA0, C0, the radius of a spherical vesicle (R0) with the
surface area A ¼ 4pR0

2, and the vesicle relative volume v, which
describes the fullness of the vesicle (v ¼ 3V/(4pR0

3)). The
parameters DA0 and C0 both inuence the intrinsic symmetry of
the membrane and its consequent tendency to bend; it can be
shown that both parameters can be combined into a single
dimensionless parameter26–29 that we denote as the trans-
membrane asymmetry, TMA, to emphasize its origin:

TMA ¼ DA0

8pR0h
þ AC0

q8pR0

: (3)

Possible stable shapes of the vesicles depend on the relative
contribution of DA0 and C0 at a given TMA. The calculated
equilibrium shapes of vesicles under gravity show many simi-
larities to the shapes of the free oating vesicles that were in
previous studies represented by phase diagrams depicting the
possible shapes as a function of the vesicle's relative volume
and either area difference,30 spontaneous curvature31,32 or
TMA.19,20,29 Here as well we observe three types of vesicle shapes
that we can schematically show in a phase diagram in terms of v
with respect to TMA (Fig. 3): if the value of TMA is close to 1, the
membrane is laterally relaxed and the vesicle is a accid
discoid; higher values of TMA promote membrane evagina-
tions, and the vesicle reshapes into a large “mother” vesicle and
This journal is © The Royal Society of Chemistry 2017
the protrusions on the outer side of the membrane. The
protrusions are in the form of beads, the number of which
increases with an increasing TMA; if TMA decreases or even
becomes negative, the vesicle develops bead-like protrusions on
the inside. The studies on free-oating vesicles predict that if
the vesicle develops protrusions that are composed of spherical,
bead-like sections with open or closed necks between them, the
protrusions can be approximated by string of spheres since the
neck radii are signicantly smaller than the beads.33 In the
procedure of determining the effect of gravity on the vesicle
shape (ESI, eqn (SI11)–(SI13)†) the inuence of gravity on the
shape of the small beads can be neglected since the gravita-
tional energy is proportional to the fourth power of their size
(eqn (2)), which is signicantly smaller than the size of the
mother vesicle. When calculating the energy of a specic shape
of a vesicle with a protrusion, we therefore take into consider-
ation the gravitational energy of the mother vesicle and of the
spherical beads. Due to gravity, a string of beads that is formed
on the outer side of the membrane lays on the substrate, while
the beads in the interior, which are lled with external solution,
oat at the top of the vesicle.

The shapes with different number of beads in the protrusion
can be categorized into different shape classes. The transitions
between the shape classes (marked by curves in Fig. 3) are
calculated by comparing the energies of adjacent classes and
nding the values of TMA and v, at which the total energies of
both shapes are equal, whereas the details of the shape trans-
formation and the energy barriers between the transitions were
not analyzed. The transitions depend on vesicle size – the larger
the vesicle, the more it is affected by the gravity and the larger
TMA changes are needed to transform it. Noteworthy, the
diagram (Fig. 3) schematically illustrates that the fuller the
vesicle (the more its shape resembles a sphere), the higher the
RSC Adv., 2017, 7, 36506–36515 | 36509
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change in TMA that is required for triggering a formation of
a bead-like protrusion. When the vesicle is full (v¼ 1) it can only
have a spherical shape. When the relative volume is decreased
as in our experiment, a small increase in TMA is sufficient for
the vesicles to form one or more beads. Importantly, with the
growing number of beads in the protrusion the relative volume
of the mother vesicle is increasing as well. When the shape of
the mother vesicle approaches the sphere, its position in the
phase diagram approaches that of a free-oating vesicle.

Accurate calculations of the shapes with bead-like protru-
sions are numerically demanding. However, the mother vesicle
sitting on a substrate can be approximated by a simpler model
of a spherical dome with a at bottom10 (ESI, Fig. SI1†). We have
calculated the predictions for the radii of the vesicles and the
beads in their protrusions according to both models and
compared the results: specically, we nd that for a typical
vesicle (R0 ¼ 8 mm, v ¼ 0.85), the calculated radii of the rst
bead, determined accurately and by the dome-model, differ for
about 2%, and that the difference in calculated radii of the
beads decreases with each consecutive bead, formed in the
protrusion.
The effect of LPS intercalation on the transmembrane
asymmetry

In general, intercalation of LPS molecules into the
membrane affects its TMA through both the spontaneous
curvature C0 and the preferred area difference DA0 and both
parameters are proportional to the number of intercalated
molecules (ESI, Section 3†). The preferred area difference can
be conveyed in the fraction of the membrane surface occu-
pied by LPS, denoted as f ¼ NLPSALPS/A, where NLPS is the
number of intercalated LPS molecules and ALPS is the surface
area of one LPS molecule. The preferred area difference DA0
is directly proportional to the number of intercalated
molecules:

DA0 ¼ DA00 + NLPSALPS ¼ DA00 + fA, (4)

where DA00 is the preferred area difference in the absence of
LPS.

The spontaneous curvature of the membrane can be written

as C0 ¼ 1
2
ðCout þ CinÞ, where Cout and Cin are the spontaneous

curvatures of the outer and the inner membrane leaets,
respectively;18 the estimate on the spontaneous curvature of
each leaet can be obtained from the area fractions and the
intrinsic curvatures of the leaet constituents. Considering that
LPS intercalates into the outer leaet only, the membrane
spontaneous curvature can be expressed as:

C0 ¼ 1

2
fðCLPS � CPOPCÞ; (5)

where CLPS and CPOPC are the intrinsic curvatures of LPS and
POPC molecules, respectively.

Taking eqn (4) and (5) and inserting them into eqn (3), the
inuence of LPS on TMA can be written as:
36510 | RSC Adv., 2017, 7, 36506–36515
TMA ¼ TMA0 þ A

8pR0h
f� AðCLPS � CPOPCÞ

16pR0q
f; (6)

where TMA0 is the transmembrane asymmetry in the absence of
LPS. Regarding the LPS molecule as a relatively large molecule
with a lipid part that is not signicantly curved, and a poly-
saccharide part contribution to spontaneous curvature as small
for relatively at giant vesicles, we may assume that CLPS is
small. The typical value of the third term in eqn (6) is therefore
much smaller than the value of the second term (neglecting
CLPS, the third term is approximately 100 times smaller than the
second one). We conclude that TMA depends primarily on the
preferred area difference as the effect of LPS induced sponta-
neous curvature (C0) can be neglected in our calculations.
Equilibrium partitioning of LPS into the membrane

As the LPS molecules partition from the bulk solution into the
outer membrane leaet, the surface ratio of LPS molecules in
the membrane f is increasing,11 which changes the free energy
of the system (lipid membrane with intercalated LPS molecules
and the surrounding LPS solution).

In general the system's chemical potential depends on the
membrane's elastic energy, which changes due to insertion of
hydrophobic molecules.10,34 In our case we have to take into
account the elastic energy (eqn (1)) and gravitational energy
(eqn (2)) and also (a) the entropic mixing of LPS molecules with
POPC molecules, expressed in the approximation for low molar
ratios of LPS in the membrane (the ideal gas limit), (b) the
interactions between the intercalated LPS molecules and the
lipid molecules in the membrane, and (c) the free energy of LPS
molecules in the solution.35 These contributions to the free
energy (F) can be expressed by the sequence of terms as:

F ¼ WADE þWg þ kBTNLPSðln f� 1Þ

þNLPSw�NLPS

�
m0 þ kBT ln

cLPS

c0

�
: (7)

Here, the applied quantities denote: kB the Boltzmann constant,
T the temperature, w the LPS-to-POPC interaction parameter,
and cLPS the LPS concentration in the bulk solution, while c0 and
m0 are the standard values of the LPS concentration and its
chemical potential in the bulk, respectively.

By joining the parameters that describe the partitioning of
LPS molecules from the surrounding solution into the
membrane, we can conveniently dene the partition coefficient

for LPS as KLPS ¼ c0�1e
ðm0�wÞ
kBT . The equilibrium partitioning of

the LPS molecules into the membrane corresponds to the
minimum of the free energy:

vF

vNLPS

¼ kBT ln
f

KLPScLPS
� krALPS

Ah2
ðDA� DA0Þ ¼ 0: (8)

From here, the equilibrium surface ratio of LPS in the outer
membrane can be expressed:

f ¼ KLPScLPSe
BðDA�DA0Þ

A ; (9)
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Illustration of controlled shape transformations. (a) Equilibrium
shapes of a vesicle are shown at three sequentially interchanged LPS
concentrations, illustrating the shape dependence on cLPS for the
observed vesicle (R0 ¼ 6 mm): the vesicle with one bead on the inner
side of the membrane (at cLPS ¼ 0.185 mg ml�1 LPS), the flaccid vesicle
(at cLPS¼ 0.22 mg ml�1) and the vesicle with a bead on the outer side of
the membrane (at cLPS¼ 0.25 mgml�1). The vesicle reversibly responds
to the concentration changes in both directions (Movie 1, ESI†). The
relative volume of the vesicle is 0.85. (b) The experimentally deter-
mined transmembrane asymmetry (TMA) for the same three shapes as
in the example above. Denoted by red dots at chosen cLPS values, the
respective TMA value is estimated as the middle TMA value of the
corresponding shape interval in the phase diagram (Fig. 3). The width
of this interval is taken as a measurement uncertainty in determining
the TMA value (denoted by the error bars). The horizontal grey lines
represent the values of TMA corresponding to the transitions from one
shape-class to another.
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where B comprises the material constants (B¼ krALPS/(kBTh
2)). It

can be noted that for accid vesicles and low values of KLPScLPS
the exponential term in eqn (9) can be neglected, and the LPS
ratio in the membrane f can simply be evaluated from the
relation f ¼ KLPScLPS. In these conditions TMA is proportional
to the LPS concentration in the solution:

TMA ¼ TMA0 þ R0KLPS

2h
cLPS: (10)

Results and discussion
Osmotic deation

In our experimental procedure the vesicles in an osmotically
swollen state are transferred into the diffusion chamber by
optical tweezers. Their initial radii (R0) are measured. LPS
binding to such vesicles does not cause visible changes in their
morphology. With the aim of monitoring the shape trans-
formations of the vesicles, they are osmotically deated before
adding LPS. Even in the absence of LPS, in the process of
osmotic deationmost of the vesicles acquire shapes with bead-
like protrusions on one or the other side of the membrane, and
only a small number of vesicles become accid.14 This indicates
that the vesicles made by the electroformation procedure may
vary considerably in their initial TMA. We nd that only
moderate osmotic changes result in equilibrated and reason-
ably accid vesicles, and therefore typically use an osmolarity
change from 0.22 Osm to 0.26 Osm, which results in vesicles
with relative volumes of about 0.85. At the given relative
volumes and the inuence of gravity, the vesicles are in theory
oblate in shape,25,28 which was also observed in our
experiments.

Shape transformations induced by small changes of LPS
concentration

The shape of accid vesicles is controlled by regulating the
concentration of LPS in the solution with a constant osmolarity.
Solutions with different LPS concentrations were prepared in
advance and sequentially introduced in the main channel, from
where LPS molecules diffuse into the chamber with the
observed vesicles. LPS partitions from the solution into the
outer leaet and induces membrane evaginations, while the
changes in the vesicle volume or surface area are negligible.11

Fig. 4a and Movie 1 (ESI†) show a sequence of two controlled
shape transformations. When the concentration of LPS was rst
changed from 0.185 to 0.22 mg ml�1, the vesicle shape changed
from an invaginated vesicle shape to a discoid one, and aer the
concentration was changed from 0.22 to 0.25 mg ml�1 the shape
transformed from a discoid to an evaginated shape, thus illus-
trating a vesicle shape being led across three shape-classes (as
presented in Fig. 3). Importantly, the process is completely
reversible since a decrease of the LPS concentration transforms
the vesicle back to the initial shape. Of note, thermal undula-
tions of the accid vesicle are present at all times, but the
transitions from one shape-class to another are clearly notice-
able (ESI, Movie 1†). This is in agreement with the theory which
predicts discontinuous shape transitions.20
This journal is © The Royal Society of Chemistry 2017
The shapes of a vesicle in this experiment are then compared
to theoretically calculated shapes in the phase diagram (Fig. 3)
to obtain an estimate for the TMA value of each observed shape
and depict the dependence of experimentally determined TMA
on LPS concentration (Fig. 4b). For each shape a middle TMA
value is taken from a corresponding TMA interval (Fig. 3) and at
respective LPS concentration it is denoted by a red dot (Fig. 4b).
We can thus determine the number of LPS molecules that
intercalate at each LPS concentration by using eqn (10). We nd
that a concentration increase on the order of 0.03 mg ml�1 is
needed for a transition from one shape-class to another
(Fig. 4b). As the change of TMA is on the order of 1, we nd that
the surface area of the outer leaet changes for approximately
0.1% of the total vesicle surface area, which is in agreement
with previous reports8 and corresponds to approximately 700
LPS molecules per mm2 of the membrane (ALPS z 1.5 nm2).11,36

In addition, assuming that at small concentrations the parti-
tioning of LPS from the solution into the membrane follows
a linear law, f ¼ KLPScLPS, we nd the estimate of the partition
RSC Adv., 2017, 7, 36506–36515 | 36511
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coefficient for LPS to be KLPS z 0.025 ml mg�1 (Fig. 4b). While
each of the three equilibrium shapes is marked by a red dot in
the middle of the respective TMA interval, the real TMA value
can lie anywhere within that interval and the related measure-
ment uncertainty in KLPS determination can be estimated as
DKLPS z �0.0125 ml mg�1.
Extensive shape transformations induced by large changes of
LPS concentration

To investigate more extensive shape transformations, we
applied larger LPS concentration changes in the main channel
and monitored the vesicle response during the gradual LPS
concentration increase in the chamber (Fig. 2). Fig. 5 and Movie
2 (ESI†) present a response of a accid vesicle during LPS
concentration increasing to a nal value of 1 mg ml�1 in the
main channel (a similar response is obtained for all nal
concentrations up to 10 mg ml�1). First, the vesicle undergoes
intense uctuations and then a protrusion in a form of bead
starts to appear on the outer side of the membrane. For
different vesicles the time intervals to this point in vesicle shape
evolution are different, in concord with the vesicles possessing
different initial values of TMA. Of note, although the inhomo-
geneity of inclusions in the membrane might affect the vesicle
shape through contributing to its TMA,37 this contribution is
negligible at given LPS concentration gradients in the vicinity of
the vesicle: the rst bead formation was not conditioned by the
vesicle orientation (the exposure to the chamber entrance).
Aerwards we typically observe the formation of a string-of-
beads between the mother vesicle and the rst-formed bead
(Fig. 5a–h and ESI, Movie 2†). In most cases, the rst bead
remains the largest and has an approximately constant radius,
whereas the beads, that are formed later, all have more or less
Fig. 5 Reversible formation of bead-like protrusions after large
changes in LPS concentration. During the increase of LPS concen-
tration to 1 mgml�1, the vesicle develops a protrusion in a form of string
of beads, which grow one-by-one (a–h). The transition between 3 and
4 beads is presented in images (e–g) with visible intermediate
dumbbell shapes. A final shape with a string of equally sized beads
ending with a larger one is presented in image (h). Upon depletion of
LPS, the vesicle returns to its initial shape (h–l).

36512 | RSC Adv., 2017, 7, 36506–36515
equal, smaller radii. Due to conservation of the volume and the
surface area of the vesicle, the diameters of the small beads in
the string decrease as their number is increasing (Fig. 5). When
the vesicle shape transitions between adjacent shape-classes,
typically the beads in a string elongate and transform into
dumbbell-like shapes before one more spherical bead in the
string is formed (Fig. 5e–g and ESI, Movie 2†). The time-
intervals of the passages through these intermediate shapes
are relatively short.

Upon depletion of LPS from the solution we observed that
even large shape transformations are reversible: the beads are
“eaten up” by the mother vesicle either one by one or by
merging rst into a tube and then with the mother vesicle
(Fig. 5h–l and ESI, Movie 2†). In some cases the depletion of LPS
resulted in the formation of the inner protrusion in the form of
equally sized beads (not shown).38 When repeating the cycles of
LPS addition and subsequent depletion, the formation of outer
and inner strings-of-beads was observed, correspondingly, in
each cycle. Of note, the nal TMA appeared higher than the
initial one, which indicates that the intercalation of LPS mole-
cules into the outer leaet could accelerate the ipping of the
lipid molecules from the inner to the outer leaet.39

These observations are expected to be interpreted within the
ADE model. However, the occurrence of the rst, larger bead is
not in accord with the theory, which predicts all the beads in the
protrusion to have the same radii33 (ESI, Section 1†). This
implies that the neck between this bead and the rest of the
bead-string is so narrow that it signicantly hinders the
exchange of the membrane and the interior solution. Therefore
when this occurred in the experiments, we have assumed that
the neck of this bead has closed, and we deducted its volume
and the surface area from the main vesicle and then indepen-
dently analyzed the behavior of the rest of the vesicle (ESI,
Section 2†). The experimental measurements of the radii of this
rst-formed, largest bead (Rl), radii of the mother vesicles (Rv),
and of the small beads in the string (Rn) agree well with the
radii, calculated by the dome-model (Fig. 6).

Finally, we analyzed the time evolution of the number of
beads in a protrusion (n(t), Fig. 7) by assuming that the
concentration of LPS around the vesicles increases gradually as
LPS diffuses from the main channel into the diffusion chamber,
which was modeled as described in the previous section (Fig. 2).
The TMA values in dependence on time were then calculated
(eqn (10)) and the corresponding number of beads in the
protrusion was determined by nding the vesicle conguration
with a minimal total energy. The slope of the “staircase”
describing the dynamics of the formation of beads (Fig. 7)
depends crucially on the partition coefficient, which was taken
as the only free parameter for model tting. Within the interval
of LPS concentrations from 1 to 5 ml mg�1, the average value of
the partition coefficient was found to have an average value KLPS

z 0.01 ml mg�1, with the obtained values scattered for a factor
of 3. The average KLPS value is lower than that obtained from the
analysis of equilibrated shapes at lower LPS concentrations
(Fig. 4), presented in the previous section, but it is still within
the estimated measurement errors. As these measurements are
made during the ongoing transformations, it is possible that
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The comparison of the measured and the calculated radii of the vesicles with protrusions. (a) The results represent the measurements on
29 single vesicles, with each vesicle involved in up to three experiments with different LPS concentrations. The vesicles formed the protrusions
due to the LPS partitioning (illustrated in the upper left corner). Most often, the protrusion from the main vesicle (with a radius Rv) was a string of
equally sized beads (with radius Rn), except for the first-formed bead, which remained larger and constant in size (Rl). The measurements are
compared to the calculated predictions on the vesicle and bead sizes, made on the basis of the initial radius of a spherical vesicle (R0) within
a dome-model (ESI, Section 2†). (b) For the same vesicles the differences between the calculated and the measured radii of the vesicle and the
beads in the protrusion are shown with respect to the initial radius of the respective osmotically swollen vesicle (R0). The differences are within
the limits of the estimated measurement error, which is around 0.5 mm (as indicated by the dashed lines).

Fig. 7 An example of the formation of beads in the protrusion with
time. Time course of the initial phase of bead formation in a vesicle (R0

¼ 7.5 mm) responding to the LPS partitioning into the membrane (with
a final cLPS ¼ 2 mg ml�1 in the bulk solution). The measured number of
beads in time (red dots) agrees with the prediction of the theoretical
model for equilibrium shapes with an effective partition coefficient
KLPS ¼ 0.015 ml mg�1 (full line). Sensitivity of the calculation to the
values of the model parameters is illustrated by the dashed lines left
and right to the main “staircase”, which were calculated for partition
coefficient values K ¼ 2KLPS and K ¼ KLPS/2, respectively.
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the differences arise because our model is not well-suited to
describe the dynamics of the bead formation as it does not
account for the energy barriers that have to be crossed when
each new bead in the string is formed. Presumably the bead
formation in the experiment is slower than the one estimated
This journal is © The Royal Society of Chemistry 2017
from our model and our tting procedure therefore underesti-
mates the partition coefficient value.

As a side note, eqn (9) predicts that at a given concentration
of LPS in the bulk, more LPS can intercalate into a accid vesicle
that is able to relax the tension in the outer leaet by adjusting
its shape, than into a tensed spherical vesicle. At small ratios of
LPS in themembrane (f) that were analyzed in our experiments,
this difference is only slight – about 10% larger f is predicted in
totally relaxed membrane compared to the insertion into the
spherical membrane and the linear relation between f and cLPS
is a reasonable approximation. On the other hand, in cases of
hydrophobic molecules inserting into the membrane with
a higher partition coefficient than the estimated KLPS, the
exponential term of f (eqn (9)) may no longer be neglected as it
expresses an important characteristic of the partitioning into
the membranes.

Conclusions

Our results validate the microuidic diffusion chamber as
a versatile universal framework for manipulation and shaping
of accid giant lipid vesicles, a model system mimicking non-
tensed cellular membranes. In particular, we showed
controlled and reversible shape transformations by indepen-
dently modifying the vesicle relative volume and the trans-
membrane asymmetry (TMA) due to intercalation of LPS
molecules into the outer leaet. We nd that the gravity-
extended area difference elasticity model, schematically pre-
sented in the phase diagram (Fig. 3), is in good agreement with
RSC Adv., 2017, 7, 36506–36515 | 36513
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the observed shape transformations (Fig. 4) and the measure-
ments of the vesicle and bead sizes (Fig. 6). Based on the
combined models of possible equilibrium vesicle shapes under
gravity, of LPS diffusion into the microuidic chamber and of
LPS partitioning from the solution into the membrane, we
described the dynamics of the formation of beads in the
protrusion (Fig. 7). We observed that in most cases the rst-
formed bead remains the largest in the forming string of
otherwise equally sized beads. This conguration indicates that
in the induced response of the vesicle to the TMA increase the
necks between the beads can close up and hinder the exchange
of themembrane and the interior solution between the adjacent
beads. A good control of neck formation is thus essential for any
extensive shaping of membranes.

In agreement with a number of previous studies, TMA
proved to be a crucial parameter for membrane shaping. While
the TMA value can be regulated by LPS addition or depletion,
there are aspects of TMA regulation that are more difficult to
manipulate. For example, electro-formation method produces
vesicles that may possess very different initial TMA values,
leading to different shape transformation dynamics even at the
same experimental conditions (such as vesicle size or LPS
concentration in the main channel). In addition, it has been
shown that other mechanisms than the regulation of TMA are
needed to obtain complex membrane compartments with large
surface-to-volume ratios.40 To nd new design schemes, one
should turn to the mechanisms used by the cells for shaping
their organelles, such as employing non-isotropic self-
assembling scaffolding molecules or inducing adhesion
between the at membrane parts. If needed, the microuidic
diffusion chamber method can be readily extended by other
approaches for membrane shaping, such as the temperature
control, or integrated with techniques for the lab-on-a-chip.
Finding the right recipe should be greatly facilitated also by
theoretical modeling of possible paths that lead from a spher-
ical vesicle to a compartment with a large surface-to-volume
ratio.
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