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The catalytic action of invertase generates bilayer asymmetry
that stabilises membrane curvature. The driving mechanism for
the generation of membrane curvature by invertase is inves-
tigated using giant unilamellar vesicles (GUVs). The invertase
cleaves the sucrose in the exterior compartment, thereby
creating a sugar asymmetry across the bilayer membrane that is
measured for GUV membranes consisting of the lipid Dioleoyl-

phosphatidylcholine (DOPC). Finally, the advantage of this
method to control membrane curvature and to stabilize multi-
sphere morphologies is demonstrated. The GUV system in the
presence of invertase is beneficial as a tool to generate multiple
on-demand compartments with more extended stability after
the enzymatic activity has established the asymmetry.

Introduction

Directional bending of cellular biomembranes remains a highly
active research area because of its importance for various
cellular pathways.[1–4] Membrane bending is observed in many
cell-biological processes and often involves membrane proteins.
The plasma membrane, for instance, consists of an asymmetric
lipid-protein bilayer which bends outward or inward depending
on the direction in which mass or information transfer is
required for the cell. In this paper, we discuss the generation of
membrane curvature of cell-sized, protein-free lipid membrane
compartments, namely giant unilamellar vesicles (GUVs)[5]

exposed to millimolar sucrose solutions and a nanomolar
solution of the sugar-cleaving enzyme[6–10] invertase in the
exterior solution.[4,11]

Compositional asymmetry arising from different lipid com-
positions in the two leaflets of the bilayer membrane has been
studied for some time.[12,13] In general, a transbilayer asymmetry
between the two leaflets can be generated by many different
molecular mechanisms.[5] Here, we consider the asymmetry
arising from adsorption/depletion layers of sugar molecules
which are formed in close proximity to the two leaflets[14,15] and

lead to different molecular interactions of the two leaflets with
the adjacent aqueous solutions.

The GUVs are composed of the lipid Dioleoylphosphatidyl-
choline (DOPC) in the fluid phase prepared in a 300 mM sucrose
solution (see Methods in SI). The image in Figure 1a displays a
quasi-spherical GUV observed under the phase-contrast micro-
scope. This GUV is in contact with 300 mM sucrose solution in
the interior and exterior solution. Using phase-contrast micro-
scopy, one observes a sharp membrane boundary because of
the refractive index mismatch between the lipid bilayer and the
sucrose solution. The vesicle size Rve is obtained from the
measured surface area A of the membrane [Eq. (1)].

Rve �
ffiffiffiffiffiffiffiffiffiffiffi
A=4p

p
(1)

The measured vesicle volume V and the surface area A
defines the volume-to-area ratio v [Eq. (2)].

v � 3V=4pR3
ve (2)

Figure 1b shows the same GUV after one minute of adding
the invertase to the bulk solution (outside the GUVs). Time-
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Figure 1. Membrane deformation of a GUV in about a minute. (a,b) Shape
changes of a GUV from quasi-spherical to non-spherical shape in the
presence of the enzyme invertase in the bulk solution as observed by phase-
contrast microscopy. A small region of the GUV membrane is highlighted by
the red box in Figure 1b. (c) Expansion and compression of outer and inner
bilayer leaflet shown schematically for a small outward bulged region of the
GUV membrane corresponding to the red box in (b). The black balls
represent the head group, and the two continuous lines represent the tails.
Scale bars: 10 μm.
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lapse images of the same GUV up to about 200 s are shown in
Figure 2, where frame 1 is the same as Figure 1a. As we move
from frame 1 to frame 22 in Figure 2, the concentration of
fructose and glucose in bulk increases with time at the expense
of a decreasing concentration of sucrose by the action of the
enzyme shown in Figure 3. Invertase splits one sucrose
molecule to one fructose and one glucose molecule. Now, for
an outward bending of the GUV membrane shown in Figure 1b
and Figure 2, the outer and the inner leaflets of the bilayer
undergo expansion and compression,[16] respectively, relative to
the mid surface shown in Figure 1c. The black balls schemati-
cally represent the head groups of the lipid molecules and the
two continuous lines represent the lipid tails. The view of the
two bilayer leaflets as shown in Figure 1c was first emphasized
by Evans.[17]

Previous studies suggested that small solutes such as sugars
in contact with lipid membranes can generate membrane
curvature by forming adsorption or depletion layers at the two

sides of the bilayer membranes.[14,15,18–23] The formed multi-
sphere compartments are continuous, connected by membrane
necks and can encapsulate chemicals of interest. The gener-
ation of membrane curvature and compartments has many
potential applications in the pharmaceutics and applied bio-
chemistry for drug delivery, where GUVs act as a carrier for
entrapped drugs.[24]

Results and Discussion

We discuss the invertase-induced generation of bilayer curva-
ture arising from asymmetric adsorption or depletion layers at
the two bilayer leaflets.[14,18] Small-angle neutron scattering and
thermodynamic measurements[20] demonstrated adsorption and
depletion of sugar molecules at the two leaflets of a lipid
bilayer. In the present study, the inner leaflet is always in
contact with sucrose whereas the outer leaflet is exposed to a
solution of sucrose as well as glucose and fructose, resulting
from the enzymatic conversion of sucrose into glucose and
fructose by invertase, see Figure 3.

The GUVs are prepared in 300 mM sucrose. We then add
50 nM invertase to the exterior solution and monitor the
sucrose conversion by high-performance liquid chromatogra-
phy (HPLC), see Figures S1 and S2 of the Supplementary
Information (SI). In about 4 hours, the 300 mM sucrose solution
is completely converted into an equimolar solution of 300 mM
fructose and 300 mM glucose as shown in Figure 3. This implies
that, after 4 hours, the total sugar concentration in the exterior
solution has reached an increased value that is close to
600 mM. A similar conversion has been reported previously.[4]

Sucrose, glucose and fructose cannot cross the GUV
membranes. Therefore, the osmotic imbalance generated by
the enzyme is compensated by permeation of water from the
interior solutions of the GUVs to the exterior solution, thereby
deflating the GUVs and increasing the sucrose concentration in
the interior solutions. After 4 hours, both the interior and the
exterior solutions have reached the same sugar concentration
close to 600 mM.

Figure 2. Generation of membrane curvature by invertase. The first frame (t=0), shows a quasi-spherical GUV with 300 mM sucrose solution inside and in the
exterior. Invertase is added at t=0. Shape changes as observed by phase-contrast microscopy, evolving from the beginning towards the eleventh frame
(t~97 s) and the twenty-second frame (t~203 s) are indicated. The two consecutive frames are separated by about 9.675 s. The buds remain connected to the
mother GUV by a narrow membrane neck. The scale bar in the frame eleventh is 10 μm and applies to all frames.

Figure 3. Conversion of one sucrose molecule to one molecule of fructose
and one molecule of glucose by the enzyme invertase. The experimental
plot shows the concentration of the liberated fructose as a function of time.
Initial concentration of sucrose is 300 mM and of Invertase is 50 nM. The
experimental details are given in Figure S2. After 2 hours, almost 90% of the
sucrose molecules have been converted. The arrow is pointing at the 4 hour
mark, showing a complete conversion of 300 mM sucrose to 300 mM
fructose and 300 mM glucose.
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Generation of bilayer asymmetry by invertase

In frame 1 of Figure 2, the outer and inner leaflets of the bilayer
are in contact with a 300 mM sucrose solution. In frame 22
ðt � 203 s) of Figure 2, the outer leaflet is in contact with a
mixture of sucrose, fructose and glucose, as follows from Figure
3, whereas the inner leaflet remains in contact with sucrose.
After about 4 hours, the inner leaflet is still exposed to only
sucrose but the outer leaflet is now exposed to 50% glucose
and 50% fructose. Therefore, during the time course of 4 hours
after adding the invertase, the inner leaflet experiences a time-
dependent variation of sugar concentration at a constant sugar
composition. In contrast, the outer leaflet experiences a time-
dependent variation of both sugar composition and sugar
concentration.

Generation of GUV membrane curvature

The morphological shape changes of the GUV shown in
Figure 2 imply that invertase can generate membrane curvature
in the outward direction. We analyse the GUV shapes after
4 hours, to estimate the spontaneous curvature of the GUV
membrane in equilibrium. In our previous study,[15] the GUV
membranes contained cholesterol which undergoes frequent
flip-flops between the leaflets. The resulting morphologies were
quantitatively described by the spontaneous curvature
model.[25,26] In the present study, the bilayers consist of a single
phospholipid that hardly undergoes flip-flops from one leaflet
to the other. Therefore, each leaflet contains a conserved
number of lipids as described by area-difference elasticity
(ADE).[27–29] As a consequence, the spontaneous curvature m
considered here can be decomposed into two parts,[28,30] a local
part that has the same form as in the spontaneous curvature
model and a non local part arising from the ADE constraint.

The spontaneous curvature gives a quantitative estimate of
the bilayer asymmetry. Because the GUV membrane bulged
outward, the GUV membranes studied here have a positive,

spontaneous curvature. We observed many different multi-
sphere morphologies of GUVs in the experiments. We have
selected carefully those GUVs with multiple quasi-spherical
membrane segments that remain well in focus and exhibit
stably closed membrane necks during the optical imaging. The
phase-contrast is maximum if and only if the membrane
segments are quasi-spherical and have the maximum contrast
at their equatorial plane, providing a precise estimate of their
diameter. These membrane segments have their largest cross-
sections, almost circular to an excellent approximation. For
sucrose in the interior and fructose and glucose in the exterior
compartment, this selection criterion led to the 14 GUVs
discussed in Table S1.

Figure 4 shows three spheres connected by two membrane
necks forming three different patterns. The neck mean
curvature Mne � Mab of an ab-neck Eq. (3), between two spheres
a and b is defined by[2,15]

Mab ¼
1
2

1
Ra
þ

1
Rb

� �

(3)

where 1=Ra and 1=Rb are the mean-curvatures of the two
spheres a and b. The membrane ab-neck remains stably closed
if m � Mab but opens up for m < Mab.

[2,15] In addition to their
stability against neck opening, multispherical shapes must also
be stable against prolate deformations of the individual
spheres. The latter stability criterion leads to an upper bound,
Bup, for the spontaneous curvature.[15] Thus, for each individual
GUV, we obtain two inequalities for the spontaneous curvature
m as given by Eq. (4).

Mab � m < Bup �
3

Rsð1 � Rs=RlÞ
(4)

As mentioned, the spontaneous curvature m considered
here has a local and a nonlocal part,[28,30] as described by the
spontaneous curvature model and the ADE constraint, respec-
tively.

Figure 4. Three-sphere morphologies of GUVs generated by 50 nM invertase after 4 hours: (a,d) The small sphere is located between the two large spheres.
(b,e) The small sphere is at the end of a necklace with two large spheres. (c,f) The three spheres have equal sizes. The scale bar is 10 μm. The time of imaging
is 4 hours after the enzyme incubation. (d–f) Schematics for the images. Red colour is used for the GUV membrane, blue for the sucrose solution in the interior
of the GUV. The sugar concentration is close to 600 mM with sucrose in the interior and an equimolar mixture of fructose and glucose in the exterior solution.
The scale bar in (c) is 10 μm and applies to panels (a-c).
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The multispheres in Figure 4a-c consist of small and large
spheres that form different patterns. The small sphere in
Figure 4a is in-between two large spheres whereas the small
sphere in Figure 4b is connected to only one large sphere.
Figure 4c displays a necklace with three equally sized spheres.
The patterns corresponding to the images in Figures 4a-c are
shown schematically in Figures 4d–f. The different patterns
involve different types of necks with different neck curvatures.
The mean curvature of membrane necks[2,15] connecting one
large and one small spheres as in Figures 4a and b is equal to
Mls ¼

1
2 R� 1l þ R� 1

s

� �
as follows from Eq. (3) for a ¼ l and b ¼ s.

The sphere pattern in Figure 4b also involves a neck between
two large spheres. The corresponding neck mean curvature is
equal to Mll ¼ 1=Rl as obtained from Eq. (3) for a ¼ b ¼ l.
Finally, the multisphere in Figure 4c involves two membrane
necks between three equally sized spheres of radius R* . The
mean curvature of such a membrane neck is equal to
M* ¼ 1=R* , corresponding to Eq. (3) with a ¼ b ¼*.

We now analyze the inequalities in Eq. (4) for 14 GUVs
which were selected from a single batch of vesicles. For each of
these GUVs, the neck mean curvature Mne and the upper bound
Bup, as defined in Eqs. (3) and (4), were determined from the
optical images. The numerical values of these two geometric
quantities are given in Table S1 and used for the analysis in
Figure 5. In this way, we obtain 14 lower and 14 upper bounds
for the spontaneous curvature m. Because all 14 GUVs have
been prepared in the same way, both leaflets of these GUVs are
exposed to the same total sugar concentration of close to
600 mM, with the inner and outer leaflets being exposed to
sucrose and an equimolar mixture of fructose and glucose,
respectively. Therefore, the bilayer membranes of all 14 GUVs
should possess the same spontaneous curvature. In order to
improve the inequalities in Eq. (4), we now choose the largest
value of the lower bound Mne and the smallest value of the
upper bound Bup. The largest value of Mne is (0.25�0:01Þmm� 1,
corresponding to the GUV with index number 2 in Figure 5. The
smallest value of Bup is (1.07�0:05Þmm� 1, corresponding to the
GUV with index number 9 in Figure 5. Therefore, we obtain the
improved bounds 0:25 mm� 1 � m � 1:07 mm� 1 which lead to
the estimate m ¼ 1

2 ð0:25þ 1:07Þ mm� 1 ¼ ð0:66� 0:4Þ mm� 1 for
the spontaneous curvature. This spontaneous curvature value is
smaller than the one deduced in our previous study[15] on GUV

membranes with cholesterol, which undergoes frequent flip-
flops. In the latter case, the ADE constraint is absent and the
spontaneous curvature has only a local part as described by the
spontaneous curvature model. In contrast, the GUV membranes
studied here contain no cholesterol which leads to a nonlocal
part of the spontaneous curvature. This nonlocal part is typically
negative[30] which explains the reduced value of m obtained
here.

Using invertase-free control experiments, we have checked
that the sugar asymmetry is indeed responsible for generating
membrane curvature as demonstrated in Figures S3 and S4 of
the SI. We prepared GUVs of DOPC encapsulating a sucrose
solution of 300 mM and transferred these GUVs into the
observation chamber filled with an equimolar mixture of
300 mM fructose and 300 mM glucose. The resulting values for
the neck mean curvatures Mne and the upper bounds Bup are
displayed in Figure S4. Inspection of this figure shows that the
largest value of Mne is now equal to (0.25�0:00Þ mm� 1,
corresponding to the GUV with index number 11 whereas the
smallest value of Bup is (0.92�0:01Þmm� 1 for the GUV with index
number 7. Therefore, we obtain the improved bounds
0:25 mm� 1 � m � 0:92 mm� 1 for the spontaneous curvature m
which lead to the estimate m ¼ 1

2 ð0:25þ 0:92Þ mm� 1

¼ ð0:59� 0:33Þ mm� 1. In addition, as described in the SI, control
experiments with tagged invertase[31] were carried out to
confirm that invertase does not directly bind to the GUV
membranes.

Conclusion

We have used the catalytic sugar-cleaving ability of invertase to
generate bilayer asymmetry that stabilises membrane curvature.
After 4 hours, both leaflets of the GUV membranes are exposed
to the same total sugar concentration, which is close to
600 mM, with the inner and outer leaflets being exposed to
sucrose and an equimolar mixture of fructose and glucose,
respectively. Using control experiments (Figs S3 and S4), we
have checked that this sugar asymmetry between sucrose and
fructose plus glucose is indeed responsible for generating the
membrane curvature. Compared to sucrose, glucose and
fructose have additional chemical groups that can interact with

Figure 5. The neck curvature Mne and the upper curvature bound Bup for 14 GUVs exposed to invertase. The green color is for Mls and the blue color is for Mll.
The values of the shape parameters are provided in Table S2. The neck curvature varies between (0.111�0.002)μm� 1 and (0.249�0.008)μm� 1. The value of
the upper curvature bound Bup is varying between (1.071�0.045)μm� 1 and (4.037�2.642)μm� 1.
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the lipids. Second, glucose and fructose are both smaller than
sucrose. Therefore, glucose and fructose can form more densely
packed adsorption layers at the outer leaflets. In summary, we
have demonstrated that the transbilayer asymmetry arising
from different carbohydrates, such as sucrose, glucose and
fructose, creates membrane curvature of GUV membranes. This
curvature generation can be induced by using the catalytic
activity of the sugar-cleaving enzyme invertase, starting from
symmetric bilayer membranes. Future studies will extend our
approach by varying the initial sugar concentration in the
exterior solution which determines the final sugar asymmetry
and spontaneous curvature as well as the enzyme concen-
tration which modifies the speed by which this sugar
asymmetry can be achieved. Another challenge for future
studies is to divide the multispherical GUVs described here into
several membrane compartments by increasing the sponta-
neous curvature, thereby cleaving the membrane necks.[32]
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