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Lipid vesicles are widely used as model systems to study biological membranes. The self-assembly of

such vesicles into vesicle pairs provides further opportunity to study interactions between membranes.
However, formation of vesicle pairs, while subsequently keeping their colloidal stability intact, is
challenging. Here, we report on three strategies that lead to stable finite-sized aggregates of phospholipid
vesicles: (i) vesicles containing biotinylated lipids are coupled together with streptavidin, (i) bridging attraction
is exploited by adding cationic polymers (polylysine) to negatively charged vesicles, and (iii) temperature
as a control parameter is used for the aggregation of vesicles mixed with a thermo-sensitive surfactant.
While each strategy has its own advantages and disadvantages for vesicle pair formation, the latter
strategy additionally shows reversible limited aggregation: above the LCST of pNIPAm, vesicle pairs are
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formed, while below the LCST, single vesicles prevail. Mixing protocols were assessed by dynamic and static
light scattering as well as fluorescence correlation spectroscopy to determine under which conditions
DOI: 10.1039/c9sm01692a vesicle pairs dominate the aggregate size distribution. We have strong indications that without subsequent

perturbation, the individual vesicles remain intact and no fusion or leakage between vesicles occurs after

Open Access Article. Published on 03 February 2020. Downloaded on 4/4/2026 2:24:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/soft-matter-journal vesicle pairs have formed.

The biological membrane is a cornerstone of life. Not only are
cells surrounded by such a double leaflet of lipids, but their
interior is also packed with it. Where the primary function
of the outer cell membrane is that of a barrier, membranes,
in particular intracellular membranes, have a wide variety of
different tasks. It is well known that the composition of
membranes is tactically adjusted to suit these tasks." This is
evidenced by an extraordinary variety of shapes, structures
and even topologies of the membrane present in the cell, each
of which is accompanied by a distinct, complex and dynamic
composition of the membrane.

Changes in the shape or topology of the membrane,
like membrane fusion or the formation of handles between
membranes, occur often within cells.? This allows for content
exchange across membranes, which is vital for the cell that
needs to transport materials to and from organelles or in and
out of the cell. However, the physics behind these membrane
interactions remains poorly understood.

Model membrane systems like lipid vesicles, or liposomes,
are widely used to study the membrane. They consist of some
liquid enclosed by a lipid bilayer and they naturally occur within
the cell for transport of material across the cell. Lipid vesicles
have been used for various applications like drug delivery>®
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and bioreactors”® or to study chemical reactions under confine-
ment and biologically relevant conditions.’ Liposomes can easily
be generated in vitro when carefully selected lipids are dispersed
in an aqueous solution. This ‘bottom-up’ approach allows for
control over the membrane composition. Liposomes, therefore,
are ideally suited for studying membranes including various
inter-membrane interactions like adhesion'® or (hemi-)fusion as
was shown using lipid-anchored DNA'' and SNARE proteins."?

A natural starting point for studying membrane (hemi-)-
fusion are small aggregates of liposomes, ideally limited to
vesicle pairs. To obtain such systems, one has to first start the
self-assembly of liposomes and stop further self-assembly at a
very early stage. We will refer to such arrested aggregation as
limited aggregation.

Aggregation of colloidal particles, such as lipid vesicles,
has been a popular research field since the publication of the
DLVO theory."** For charged colloids, the colloidal stability is
governed by a balance between electrostatic repulsion and
van der Waals attraction. The DLVO theory explains the loss
of colloidal stability through its dependence on ionic strength
as an ‘all or nothing’ process. To control the aggregation, by
limiting the aggregation or directing the assembly into specific
shapes and structures, several strategies can be applied. Particles
of specific shapes,'>'® with symmetrically arranged patches,"”*® or
with functionalized surfaces'®*° have been successfully used. In
particular, DNA sticky ends are widely used on numerous colloidal
particles such as solid metal nanoparticles,””** polystyrene
microparticles® and emulsion droplets.** The aforementioned
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strategies have provided a rich variety of advanced colloidal
materials with various functions.'®?®

For vesicles, aggregation needs to be induced by additives as
van der Waals attraction is negligible. Additives that can do this
may be referred to as ‘linkers’. This approach is not new, as
is evidenced by the amount of literature available. Different
types of linkers include the previously mentioned tethered
DNA strands with complementary sticky ends,>* 2 the protein
streptavidin which links to biotinylated lipids®®>" or using charged
polymers and oppositely charged vesicles.**** Other methods
include the use of univalent or divalent counterions.**”> A linker
binds vesicles together, which usually leads to large multivesicular
aggregates. While such aggregates are easy to obtain, achieving
control of the aggregation to obtain vesicle aggregates of a given
size vastly expands possible applications, for example multi-
compartment drug delivery.® Several strategies have been applied
to control aggregation. These include introducing charges in
vesicles to slow down the aggregation rate.”® The electrostatic
repulsion between vesicles obtained through the charges creates
an energy barrier for aggregation, which reduces the amount of
successful vesicle collisions. The range of electrostatic repulsion is
governed by the Debye length, which can be controlled using
salt or other electrolytes.>® The specific properties of biotin and
streptavidin can also be used to control vesicle aggregation. As
streptavidin is able to bind 2 biotin on either side of the molecule,
it is able to bridge vesicles. A prerequisite for this is that a bound
streptavidin is able to find a free biotinylated lipid on another
vesicle. If, however, the biotin is already bound to another
streptavidin, which happens often if the amount of streptavidin
present exceeds the amount of biotin present (biotin-starved
regime), bridging between vesicles does not occur. This limitation
can be exploited for the formation of small vesicle aggregates.®

An aspect of the liposome that can be exploited for limited
aggregation is the lateral mobility of the lipids and subsequent
linker molecules inserted in the membrane. Upon binding of
two vesicles, an adhesion patch is formed. Through the lateral
mobility of other linker molecules to this adhesion patch,
the strength of the adhesion between two vesicles increases
over time.*” A consequence of the local enrichment of linker
molecules in an adhesion patch is that these linkers are no
longer available to link to other vesicles and that the parts of
the vesicles outside the adhesion zone are depleted of the
linkers. This intra-aggregate binding is the hallmark for limited
aggregation, as was previously shown.>*®

Our aim is to stop the assembly of vesicles as closely as
possible at the pair level. For this, we have to obtain the optimal
relation between the time scale for vesicle-vesicle collision and
the time scale for the lateral mobility of linkers towards the
adhesion patches. In short, the vesicle concentration should
be low enough so that the characteristic collision time is large
compared to the maximum lateral diffusion time. Of course, the
number of linkers per vesicle should remain under a threshold
value so that a sufficient number of them can be hidden in the
adhesion patches. Ideally, we would like to obtain multiple
orthogonal approaches to extend the possibilities of manipulating
vesicle associates. With an extended toolbox, one can, for
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example, bring two bilayers together by one of the linkers
and compromise the topological stability of such a bilayer pair
by another.

We have tested several types of linkers for their capability of
linking vesicles to form small stable aggregates. Aggregation
of the vesicles was studied using static and dynamic light
scattering, with fluorescence correlation spectroscopy and
with electrophoretic mobility measurements. We found three
scenarios in which the self-limiting association could be estab-
lished: (1) biotinylated lipids act as receptors on the vesicles
with streptavidin as the ligand coupling the vesicles together.
This method was shown before to give finite sized aggregates.*®
(2) Cationic polymers (polylysine or PLL) are added to a solution
with anionic vesicles. Because of the strong cooperative binding of
the polymer onto the vesicle, we can induce bridging flocculation.
When we limit the number of polymers per vesicle to (close to)
unity, the assembly is naturally limited. (3) Thermo-sensitive
surfactants containing a C18 tail and a poly-NIPAm head group
(C18-pNIPAm) allow the formation of stable small liposome
aggregates by a temperature switch: pNIPAm exhibits LCST
behaviour and thus the aggregation is triggered by bringing the
vesicles to a temperature above T ~ 32 °C. While this method has
not been used for vesicle aggregation before, it has been shown
that this thermosensitive surfactant can initiate aggregation of
polystyrene particles into small crystallites (order of 100 particles)
in a matter of minutes or to destabilize droplet suspensions
triggering phase separation using a simple temperature switch.>®
For each system, we explore the effects of the relevant physical
conditions on the self-assembly of vesicles and discuss in which
way vesicle pair formation can be further optimized.

Our working hypothesis is that the ability to fabricate small
clusters of vesicles, or more specifically, vesicle pairs, is a useful
step to start studying the physical properties of membrane
pairs. Combining different attraction strategies systematically
with variations in the lipid composition of vesicles may prove to
be crucial to alter the topological stability of bilayer pairs and
induce membrane (hemi-)fusion or the formation of handles
between the vesicles, which could be analyzed by lipid mixing
assays or content mixing assays.***!

1 Materials and methods
1.1 Materials

All chemicals were of analytical grade and were used without
further purification. Chloroform solutions of the phospholipids
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(cap biotinyl) (DOPE-biotin),
1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) and 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-
4-yl) (NBD-PE) were purchased from Avanti Polar Lipids Inc.
Streptavidin was purchased from Jackson ImmunoResearch.
N-Isopropylacrylamide (NIPAm) was obtained from TCI Europe
N.V. Other analytical grade chemicals were acquired from
Sigma-Aldrich. These include 1-octadecanethiol, 2,2’-azobis(2-
methylpropionitrile) (AIBN), 0.1% (w/v) poly-L-lysine solution in
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H,0 (My, ~ 1.5 x 10°-3.0 x 10> ¢ mol "), poly-i-lysine hydro-
bromide (M,, & 1000-5000 g mol ") and all chemicals used to
prepare the buffer solutions.

Buffer solutions were prepared using ultrapure water
(resistivity >18 MQ cm). All buffer solutions contained 10 mM
tris(2-amino-2-(hydroxymethyl)propane-1,3-diol) and 50 mM NacCl
and the pH was adjusted to 7.5 unless otherwise mentioned.
Adjusting the pH was done by adding 1 M HCI or 1 M NaOH. All
buffers were filtered through 0.2 pm pores before use.

1.2 Vesicle preparation

Vesicle preparation was performed similarly to previous work.*>**

In short, we mixed phospholipids together in the desired ratio in a
round bottom flask, evaporated the chloroform under a stream of
nitrogen and dried the lipid film under vacuum for at least 2 h.
After drying, the lipids were resuspended in the appropriate buffer
to a final lipid concentration (C;, ~ 2.0 x 10~> M) and hydrated for
about 1 h in a rotary evaporator (no vacuum, 323 K, 100 rpm). This
resulted in multilamellar vesicles. Subsequently, four freeze-thaw
steps were applied using liquid nitrogen and a 40 °C water bath to
obtain unilamellar vesicles. After this, the vesicles were extruded
21 times using a mini-extruder (Avanti Polar Lipids, Inc.)
equipped with a polycarbonate membrane with 0.2 um pore size,
to obtain vesicles of approximately 75 nm in radius. The vesicles
were subsequently collected and stored in a refrigerator until
further use. The maximum storage time was 5 days. Characteriza-
tion of the vesicles was performed using dynamic and static light
scattering (DLS and SLS).*»**> Cumulant analysis,*® see the ESIL,{
revealed the vesicles to be spherical, with hydrodynamic radius
Ry, ~ 65-80 nm and polydispersity index (PDI) & 0.1. An overview
of all vesicles used can be found in the ESIL,{ Table S1.

1.3 C18-pNIPAm surfactant synthesis

Synthesis of the C18-pNIPAm surfactant was done following the
protocol previously described.*® It involves a free radical chain-
transfer polymerization of 1-octadecanethiol and NIPAm using
AIBN as the initiator. 1.03 g of 1-octadecanethiol (~ 3.5 mmol),
29.36 g of NIPAm (~262.5 mmol) and 1.14 g of AIBN
(~7.0 mmol) were dissolved in a 250 ml round bottom
flask with THF (100 ml). This corresponds to a molar ratio of
thiol/NIPAm/AIBN of 1:75:2. The solution was bubbled with
nitrogen for 30 minutes after which the reaction was run
overnight at 55 °C. Purification was done by precipitation in
cold hexane, with subsequent centrifugation. The precipitate
was dried under vacuum, collected and stored for further use.
The molecular weight of the surfactant was characterized by gel
permeation chromatography (GPC) with HFIP (hexafluoro-2-
propanol) as the running solvent; (M,) = 5708, PDI = 2.8, and
degree of polymerization is approximately 50.

1.4 Aggregation experiments

For aggregation experiments, vesicles were diluted in buffer to a
final lipid concentration C; ~ 1.0 x 10~* M, unless specified
otherwise. After measuring the size, mass or electrophoretic mobility
of the vesicles, a small amount of linkers, .e. streptavidin, polylysine
(PLL) or C18-pNIPAm surfactants, was added to the sample.

This journal is © The Royal Society of Chemistry 2020
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Streptavidin was added to vesicles containing biotin (B vesicles
or NBD vesicles), PLL was added to vesicles containing DOPG
(PG vesicles) and C18-pNIPAm was added to pure DOPC vesi-
cles (S-0 vesicles); see Table S1 (ESIt). After adding the linkers,
the sample was mixed gently and the new size and mass were
measured. Subsequently, the amount of linkers in the sample
was doubled, mixed and measured once again. This cycle was
repeated until the molar streptavidin/biotin ratio (Ny/Np,) was 2.4,
the molar C18-pNIPAm/DOPC ratio (Ncis/Npopc) Was 0.32, or
when uncontrolled aggregation of the vesicles was observed. The
latter happened at high PLL amounts and could be recognized
by an indefinite increase in hydrodynamic radius (R},) over time.

For DOPG vesicles with PLL, reverse aggregation experiments
were carried out as well. For this, stable aggregates of vesicles at
a fixed PLL per vesicle ratio were subjected to an increasing
amount of salt (NaCl) in the solution.

The size and mass of the vesicles and vesicle aggregates were
measured using dynamic and static light scattering (DLS and
SLS). For NBD vesicles, fluorescence correlation spectroscopy
(FCS) was applied.

1.5 Light scattering

All light scattering experiments were performed using an ALV
instrument equipped with an ALV5000/60 x 0 external correlator
and a 300 mW Cobolt Samba-300 DPSS laser operating at a
wavelength 4 = 532 nm.

For aggregation with streptavidin and biotin or with PLL,
standard DLS experiments involved 45-100 measurements
of 10 s recorded at an angle of 90°. The diffusion coefficient
D and subsequently the R}, were calculated similarly to previous
work.” Once D was steady over time, the average D was
determined and this value was used to obtain a normalised
diffusion coefficient Dy/D or hydrodynamic radius R/R,, with D,
and R, being the diffusion coefficient and the hydrodynamic
radius of single vesicles. SLS experiments were only carried out
after DLS experiments showed a steady D over time. Standard
SLS experiments consist of measurements performed at a
scattering angle (0) ranging from 30° to 55° with steps of 1°.
For each 0, three measurements were recorded of 10 s. To
calculate the absolute Rayleigh scattering (Ry), a similar SLS
experiment was performed on buffer solution (10 mM Tris-HC],
50 mM NaCl, pH 7.5) and on toluene as the reference. The molar
mass of the aggregates (M,) and the radius of gyration (R,) were
estimated using Guinier analysis.*® From M,, we can calculate
the mean aggregate number (M), which is defined as the average
number of single vesicles per aggregate. See the ESIt for a
detailed explanation on the data analysis of DLS and SLS.

For samples in which C18-pNIPAm surfactants were added
to the vesicles, a standard DLS measurement consists of
1000 measurements of 10 s recorded at an angle of 90°. During
the recording, the vesicles were subjected to a temperature
program. This involved 10 minutes at 25 °C, 30 minutes at 40 °C
and the remainder of the experiment back at 25 °C. In repeat
experiments, the vesicles were subjected to an extensive tempera-
ture program. Here, 30 minute cycles at various temperatures
(27.5 °C, 30 °C, 31 °C, 32 °C, 33 °C, 34 °C, 35 °C, 37.5 °C and 40 °C)

Soft Matter, 2020, 16, 2379-2389 | 2381
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were alternated with 60 min cycles at 25 °C. SLS experiments
were performed similarly to those for the other vesicles, both at
25 °C and at 40 °C.

1.6 Fluorescence correlation spectroscopy

FCS measurements were performed as an extra check for
the size and aggregation number of the vesicles containing
biotin, before and after self-assembly with streptavidin. For
these experiments, vesicles were fluorescently labelled with
NBD (NBD vesicles).

Comparable to DLS, FCS uses the intensity fluctuations of the
detected fluorescent light caused by the diffusion of fluorescent
particles in and out of the confocal volume to determine the
diffusion coefficient of the fluorescent particles.*”**>° For this,
the dimensions of the confocal spot have to be known. There-
fore, Rhodamine 110 (R110), of which the diffusion coefficient is
known (D = 4.3 x 10~ "°m® s™"), was used to calibrate the setup.
We found a diffusion time of 18 ps and a structural parameter
a (= w,/oyy, ie. the ratio of the equatorial and axial radii of the
detection volume) between 5 and 10. From this, the confocal
volume was found to be approximately 0.2 fL.

To perform FCS experiments, a Leica TCS SP8 X microscope
equipped with a 63 x 1.20 NA water immersion objective and a
super continuum laser or white light laser (SLL) selecting the
488 nm laser line was used. NBD was excited at 488 nm wavelength
with a pulse frequency of 40 MHz. The fluorescence signal
was detected through a pinhole, set at 90 um, and filtered using
a 495-550 nm spectral filter. The signal was recorded using an
internal hybrid detector, coupled to a PicoHarp 300 TCSPC module
(PicoQuant). Measurements were performed in 8-well chamber
slides from Nunc™ Lab-Tek™ (Thermo Fischer Scientific). For each
sample that contained vesicles, 15 or more measurements were
recorded of 4 minutes. For the R110 samples, 20 measurements of
30 seconds each were recorded.

For FCS data analysis, FFS-data processor version 2.3
(Scientific Software Technologies Software Centre) was used.>°
Using the program, the average number of particles in the
confocal volume ((N)), their diffusion coefficient (Df) and the
corresponding R;, were calculated. See the ESIf for a detailed
explanation of the data analysis.

1.7 Electrophoretic mobility

The electrophoretic mobility of DOPG vesicles with added PLL
was measured by laser microelectrophoresis using a zetasizer
Nano ZS with a dip cell (Malvern Instruments). See Section 1.4
for the procedure of sample preparation.

1.8 Simple model of vesicle pairs

We model the translational diffusion behaviour of the vesicle
pairs as if they are prolate ellipsoids. For such objects, the
diffusion coefficient is given by Kuipers et al.>* In DLS and FCS,
the diffusion coefficient is experimentally determined, and
using the Stokes-Einstein equation, an effective hydrodynamic
radius, Ry, is calculated. It can be shown (see the ESIT) that for
pairs of monodisperse vesicles, Ry, is expected to be between
1.32R, and 1.15Ry: the first value refers to the case that the
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vesicles have a very small contact area (<« R,?), and the second
value is for an extensive contact area causing the vesicle pair to
be perfectly spherical.

2 Results and discussion

Using the extrusion method as described in the materials and
methods section with 21 push-throughs, we produce monodisperse
unilamellar vesicles with an average radius of 65-80 nm, as
determined using SLS and DLS (see the ESI, T Table S1).

2.1 Vesicle aggregation using biotin and streptavidin

Streptavidin has four binding sites for biotin, two on opposite
sides of the protein molecule. If streptavidin is added to vesicles
that contain biotin, it acts as a cross-linker between the vesicles,
inducing vesicle aggregation. For all measurements reported
here, after a short incubation period, the aggregate size, or
diffusion coefficient, proved to be stable over time and the
aggregation was regarded as limited. The size and aggregate
number (M) were subsequently determined from DLS and SLS
measurements. Fig. 1 shows Dy/D and M as a function of the
streptavidin/biotin molar ratio (N¢/N;,) for vesicles with different
fractions of biotinylated lipids.

In Fig. 1, two regimes can be distinguished. In the first regime,
at relatively small amounts of streptavidin (Ny/Np, < 0.1), Do/D
increases logarithmically (Do/D oc log(Ns/Np))- A transition to the
second regime occurs between 0.1 < N¢/N,, < 0.2. Here, R,/R,
increases more or less sharply depending on the experimental
conditions. In the second regime, for Ny/N, > 0.2, Dy/D is
practically constant. We find that at the end of the first region
M = 2, suggesting a population of mainly vesicle pairs. In the
second regime, M > 2 for the samples containing a fraction of
biotinylated DOPE phospholipids f, > 0.0004, implying aggre-
gation beyond vesicle pairs.

To further verify the formation of vesicle pairs, FCS mea-
surements were performed. Similar to DLS, from the intensity
fluctuations due to the movement of the fluorescent particles in
and out of the confocal volume, the hydrodynamic radius is
obtained. In addition, the average number of particles ((N)) in

Do/D [-]

10° 1072 10°
N /Ny [-] Ns/Ny [-]

Fig. 1 (A) Normalized diffusion coefficient (Do/D) as measured using DLS
and (B) the aggregation number (M), as a function of the logarithm of the
streptavidin/biotin ratio (Ns/Ny). Experiments were carried out for different
fractions of biotinylated DOPE phospholipids (f,,). The results are shown for
vesicles containing f, = 0.0004 (blue), f, = 0.002 (red), f, = 0.004 (orange)
and f, = 0.006 (purple). All experiments were performed with a lipid
concentration C; = 0.1 mM.

1072
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the (known) confocal volume can be determined. Comparing
the concentration of fluorescent particles in the confocal
volume with the known total (original) concentration of single
vesicles allows distinguishing between the cases of aggregation
in mainly vesicle pairs or having a few larger aggregates with
many single vesicles. In the first case, the concentration of
fluorescent particles is half the total concentration of single
vesicles, and in the latter, the concentration of fluorescent
particles is only slightly lower compared to that of the single
vesicles. Based on the (N) values, we calculated the aggregation
number M as well. The FCS results compared with findings
from DLS/SLS can be found in Table 1.

According to our data, at the end of the first regime, Dy/D
obtained through FCS is equal to D/D, as measured by DLS. In
addition, FCS also gives M =~ 2, verifying the formation of
vesicle pairs (on average). In comparison, M obtained by SLS is
slightly higher, which we attribute to the dominant contribu-
tion of larger particles to the scattering signal.

The vesicle preparation methods we perform yield polydisperse
samples (PDI > 0.1) and the distributions of sizes and aggregate
numbers are expected to widen upon aggregation. This is reflected
by the somewhat higher standard deviations for the vesicle pairs
compared to that of single vesicles, see Table 1. In addition, we
performed CONTIN analysis®> " on the DLS results to follow the
changes in the particle distribution during the aggregation experi-
ments (ESLt Fig. S4). This reveals for the streptavidin-biotin
linker system that broadening of the size distributions is quite
limited. We will come back to this later in the discussion.

Streptavidin is a protein that can bind a maximum of four
biotin moieties. Assuming that half of the biotinylated lipids in
a vesicle are on the inner leaflet of the membrane, all the

. . . 1 1
available biotin can bind to streptavidin at Ny/Ny, ~ 3 Below

this fraction, we have more biotin than biotin-binding sites. In
other words, the amount of streptavidin limits the amount of
connections that can be formed. We will therefore refer to

. C . 1
regime 1 as the streptavidin-limited regime. At Ng/Ny > g we

have less biotin than biotin binding sites, and then the amount
of biotin limits the amount of connections that can be formed.
The second regime will therefore be referred to as the biotin-
limited regime.

2.1.1 Streptavidin-limited regime. In this regime, adding
streptavidin to the system directly increases the amount of links
that can be established between vesicles. As a consequence,
the total aggregation increases. Interestingly, this does not
happen linearly, but the aggregation number M increases only

Tablel Comparison between the DLS/SLS and FCS results for the B-0.4%
vesicles. Normalization of diffusion coefficients and aggregate numbers
was done using vesicles without adding streptavidin (Ns/Np = 0), see the
ESI (Table S1)

NyJ/N, Do/DDLS[-]+ Dy/DFCS[-]+ MSLS[-]+ MFCS[-]+
[-] st. dev. st. dev. st. dev. st. dev.

0 1+ 0.02 1+ 0.08 1+ 0.03 1+ 0.07
1/25.6 1.47 £ 0.03 1.56 + 0.17 2.47 £ 0.23  2.11 £ 0.35
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logarithmically with the added amount of streptavidin. This
behaviour can be explained by intra-aggregate binding (the
binding of a biotin-streptavidin pair with another biotin of
an already bound vesicle).

Intra-aggregate binding happens especially if the time
required for a bound streptavidin to diffuse to the vesicle-
vesicle contact zone (tqi) is very low compared to the vesicle
collision time (t). We calculated that for a standard aggregation
experiment with ¢, = 1.0 x 10™* M and R, ~ 65-80 nm,
assuming that each collision is successful and that a bound
streptavidin has to diffuse the maximum distance, ¢4ir ~ 1-2 ms
and t ~ 80-130 ms (see the ESIT for the full calculation). So, for
our standard experiments, t/tq;r & 70. That we are in the regime
where 7 <« tgir was confirmed by the observation that the
concentration of vesicles has no effect on the results (see ESIt).
This heavily favors intra-aggregate binding over coupling to new
vesicles, not even taking into account steric hindrance and
alignment effects during vesicle collision. As a consequence,
although the total amount of links between vesicles increases
with increasing amount of streptavidin, aggregation remains
limited to mainly vesicle pairs.

At the end of the streptavidin-limited regime, the SLS and
FCS measurements confirm a vesicle population of mainly
vesicle pairs, as M =~ 2, see Table 1. At this point, for vesicles
with biotin fractions of 0.002, 0.004 and 0.006, the average
hydrodynamic radius has increased to about 1.4 times the
hydrodynamic radius of a single vesicle (R,p/R, = 1.4, corres-
ponding to Dy/D = 1.4). Since we are dealing with mainly vesicle
pairs, based on the model used for their diffusional behaviour
(see the ESIt), we conclude that the contact zones have to be
small (i.e., patch radius significantly smaller than R).

The size of the contact zone is dependent on the balance
between the adhesion strength and energy cost associated with
the increased membrane curvature. The stronger the adhesion
strength, the larger the contact zone, but the membrane curvature
at the edges of the contact zone increases as well. Biotin and
streptavidin have a very high bond strength, on the order of
30kgT,”> which suggests the formation of large contact areas.
This is, however, not the case. As the energy required to pull a
phospholipid out of a bilayer is smaller, 16ksT,”>> we can imagine
that streptavidin attached to a single vesicle is able to pull out
other biotinylated and more lipids to form micellar structures on
the non-vesicle bound side of streptavidin. Other structural con-
formations might be possible as well. While bridge formation
between two vesicles is the preferred conformation, the adhesion
strength could be of much lower strength in comparison to
the biotin-streptavidin bond strength. In addition, the energy
required for deforming already highly curved membranes, which
is the case for our small unilamellar vesicles (SUVs), is high as
well. Finding the balance of these two forces as a function of
vesicle size and adhesion strength is a highly interesting topic,
for which further experiments and theoretical calculations are
required, something we aspire to do ourselves.

2.1.2 Transition to the biotin-limited regime. As the amount of
streptavidin increases, so does the energy penalty associated with
accommodating more streptavidin in the existing contact zones.
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This increases the chances of streptavidin linking with other not
yet bound vesicles or vesicle aggregates. As a consequence, above a
certain Ny/N;, ratio, the vesicle pairs aggregate together to form
larger structures. However, above N¢/N;,, & 0.2, the higher aggre-
gates do not grow anymore. This is easily explained as from this
point, biotin becomes the limiting factor preventing the formation
of new contacts. In line with this, the final mean aggregate number
M increases with the biotin fraction in the vesicles: after the
contact zones are saturated, for higher biotin fractions, more
biotin is left for connection with other vesicle pairs.

The sample with f;, = 0.0004 hardly shows aggregation beyond
vesicle pairs. Apparently, at this low fraction of biotin, practically all
biotin is already involved in the contact zones of vesicle pairs, leaving
no biotin for further aggregation. We also performed the aggregation
experiment for vesicles with relatively high biotin fractions: f;, = 0.02
and higher (data not shown). In the streptavidin-limited region,
this resulted in similar results as obtained for the other biotin
fractions. However, adding more streptavidin resulted in a
continuous, unlimited aggregation.

Interestingly, for biotin fractions of 0.002, 0.004 and 0.006,
the transition to the streptavidin-limited regime seems to occur
around the same Ny/N,, ratio (x0.075). This suggests that satura-
tion of the contact zones between vesicles occurs at a fixed Ng/Ny,
ratio, for vesicles of similar size. We, however, expect the transi-
tion to occur at higher N¢/N, ratios for lower biotin fractions. For
v in the range of 0.002-0.006, this is probably not visible because
of the limited experimental accuracy. However, as expected, for
the sample with fi, = 0.0004, a much higher N¢/N,, fraction is
necessary to obtain vesicle pairs.

2.1.3 Effect of overloading biotinylated vesicles with strep-
tavidin. In the experiments described above, streptavidin was
added stepwise, exploring both the streptavidin-limited and the
biotin-limited regimes. In addition, we performed experiments in
which the biotinylated vesicles were immediately overloaded with
streptavidin. This is illustrated in Fig. 2 for the case of f;, = 0.004.

Do/D [-]

oo
)

1071 10° 10t

Ns/Ny [-]

Fig. 2 Normalized hydrodynamic radius of the vesicles determined by DLS
as a function of the N¢/Ny, ratio in lin-log coordinates. The concentration of
streptavidin was increased by subsequently adding an amount of streptavidin
to a fixed concentration of vesicles (C; = 0.1 mM) with biotin fraction
fo = 0.004. Each coloured series represents a new experiment in which the
initial amount of streptavidin added to the sample is different. This amount
corresponds to Ns/Nj, of the first (most left) data point of each series.
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For each series of measuring points, the initial amount of
streptavidin added to the single vesicle solution is different.

When the starting amount of streptavidin is low (red curve),
the maximum hydrodynamic radius obtained is about twice the
radius of a single vesicle. For all the cases with initial ratio
N/Ny, higher than 1/8, the final hydrodynamic radius is lower and
drops down to about only 1.3R, for an initial value Ny/N, ~ 2.5
(red dot). This effect can contribute to an overloading of
streptavidin onto the biotin. If the initial amount of streptavidin
is high, many of the biotinylated lipids in the vesicles immediately
bind to a streptavidin molecule and the formation of links with
free biotin on other vesicles is hampered, so that less aggrega-
tion will occur. The higher the initial amount of streptavidin,
the stronger this effect. With proper tuning, vesicle aggregates
of specific aggregate sizes could be achieved, including vesicle
pairs (green curve, Fig. 2).

2.2 Vesicle aggregation using polycations

Vesicle aggregation experiments using cationic polymers were
performed in a similar way to those with biotin and streptavi-
din: we started with single vesicles and stepwise added linker
molecules to induce aggregation. The linker molecule here is
the polycation poly-i-lysine (PLL). We continued the addition of
PLL until unlimited aggregation was observed. In most cases,
this happened close to the point where the amount of positive
charges on the added PLL equals the amount of negative
charges of the DOPG in the vesicle (Z = 1). The results are
shown in Fig. 3; for all measured points, D was constant on the
time scale of the experiments (~0.5 h).

All these aggregation experiments have in common that, no
matter the DOPG content of the vesicles or the salt concentration,

2 6
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1.6 4
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1.2 2

1

0 02040608 1 0 02040608 1
Z [-] Z[-]

2 6
1.8 6
1.6 T4
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0 1 2 3

D

0 1 2 3
Npir/Ny [—] Nprn/Ny [—]
Fig. 3 DLS results showing the normalized diffusion coefficient Do/D
(A and C) and mean aggregation number M (B and D) of PG vesicles as a
function of the charge ratio between PLL and vesicles Z (A and B), or the
number of PLL molecules per vesicle Np /N, (C and D). Blue: vesicles
with a DOPG lipid fraction fpopg = 0.025. Red: fpopg = 0.1. Measurements
were performed at three NaCl concentrations: 10 mM (circles), 50 mM
(triangles) and 100 mM (squares).
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the finite aggregate size increases with the addition of PLL,
which is consistent with previous studies involving aggregation
of charged vesicles and oppositely charged polymers.**>° The
extent of the exponential increase varies with the salt concen-
tration and the vesicle charge density (o), as will be discussed in
the next paragraph. This is fundamentally different compared
to aggregation with biotin and streptavidin, where we found a
logarithmic relationship between the size and amount of linkers.
Apparently, in this case, newly added linkers form bridges with
other vesicles rather than diffusing to the adhesion zone. We
attribute this effect to the repulsion between PLL molecules,
which prevents accumulation of the polymer in an adhesion
patch. As a consequence, when a second PLL molecule attaches
to a vesicle, it will tend to attract another vesicle. As such,
establishing (mainly) vesicle pairs is only possible if a very
limited amount of linker molecules is added. This is reflected
in Fig. 3D in which vesicle pairs (M ~ 2) are obtained at a
PLL/vesicle ratio (Npr1/Ny) of 1.5 and below.

Another key difference with the biotin-streptavidin type of
linkage is that all positive charges on PLL can interact with the
negative charges on one single vesicle, while streptavidin only
has four binding sites. As the bond between streptavidin and
biotin is very strong,’>” we expect that the lipid membrane of a
vesicle will adjust its conformation to cover all four binding
sites. However, as the binding sites are at opposite sides of the
molecule, the conformation in which streptavidin bridges
two vesicles is most stable. Furthermore, the bond between
streptavidin and biotin is notoriously resilient and indepen-
dent of experimental conditions.’® In contrast, the strength of
the interaction of PLL with the vesicles strongly depends on salt
concentration and charge density ¢. At low ¢ in combination
with a high salt concentration, limited aggregation was obtained
at Z = 1, whereas continuous aggregation was observed at lower
Z for all other conditions, see Fig. 3.

2.2.1 Effect of salt concentration and vesicle charge density.
PLL binds to the vesicles as a result of electrostatic attraction.
Therefore, it is no surprise that adding salt to the system, which
screens the charges on both PLL and the vesicles, leads to a
lower degree of aggregation. Interestingly, the effect of salt
decreases at high o, see the red curves in Fig. 3. We correlate
this effect to the extent to which polylysine binds to the vesicle
surface. At low ¢ (fpopg = 0.025), PLL binds only weakly to the
vesicle surface. Further screening of these charges, at higher
salt concentrations, consequently has a strong effect on the
binding of the PLL to the vesicles and thus on the extent of
vesicle aggregation that follows. At low ¢, in combination with a
high Cnac1 = 100 mM, vesicle aggregation could be reduced
significantly. We expect that at higher salt concentrations,
aggregation can be prevented all together. At high ¢, PLL
binds more strongly to the vesicle surface, and although at
Cnac1 = 100 mM, the salt does screen the charges considerably,
this does not have a strong impact on the extent of the PLL
adsorption on the vesicle surface and thus on the extent of
vesicle aggregation. Our electrophoretic mobility (i..) measure-
ments support this claim (see the ESIT ‘Electrophoretic mobility
of PG vesicles’).
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Fig. 4 Normalized hydrodynamic radius of DOPC/DOPG vesicles measured
by DLS as a function of the NaCl concentration obtained by stepwise adding
NaCl to the solution. The results are shown for vesicles with fpopg = 0.025
(blue), fpopg = 0.05 (red) and fpopg = 0.1 (orange).

When comparing the extent of vesicle aggregation with the
Nppi/Ny ratio (Fig. 3), we observe that at low salt concentrations
(10 mM), vesicle aggregates with M ~ 2 are obtained at lower
Npr1/N, for low o (red circles) compared to high ¢ (red circles).
We anticipate this because at low g, the charge of PLL is not
easily compensated by binding to a single vesicle, and linkage
with another vesicle therefore happens more frequently than
for vesicles with a high charge density. Interestingly, for Z < 1,
the electrophoretic mobility of the stable vesicle aggregates
remains constant with increasing PLL concentration and
increasing aggregate size. This supports the idea that once
PLL binds to a vesicle surface, it initiates aggregation with other
vesicles, completely enclosing itself in the contact area.

2.2.2 Reversibility. An additional feature offered by using
polyelectrolytes for the aggregation of charged vesicles is rever-
sibility. Increasing the salt concentration of a DOPC/DOPG
vesicle solution in which limited aggregation has occurred by
the addition of PLL can reverse the aggregation, as can be seen
in Fig. 4.

The effect of increasing the salt concentration is strongest for
vesicles with a low charge density (fpopg = 0.025), where small
vesicle aggregates break up completely into single vesicles.
Also, at higher fropg, the average hydrodynamic radius could
be reduced by increasing the salt concentration and possibly full
reversal to single vesicles occurs at salt concentrations higher
than those explored in this experiment.

Reversible aggregation of vesicles is an important feature
that may be useful in further research on lipid bilayer interac-
tions and for application in controlled drug delivery strategies,
where release may be triggered by aggregation and inhibited
when reversed. In practice, however, varying the salt concen-
tration to (repeatedly) induce aggregation and de-aggregation is
not possible or at least complicated, since in many systems, the
salt concentration cannot be varied, and otherwise decreasing
the salt concentration while maintaining other conditions,
such as the vesicle concentration, requires dialysis or other
labour intensive techniques.
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2.2.3 Effect of polylysine chain length. All experiments with
PLL shown thus far were performed using PLL with a molar mass
M, of 150-300 kg mol . In addition, we performed the same
aggregation experiments with much smaller PLL molecules
(M, of 1-5 kg mol™") (see ESIf). Interestingly, we found no
aggregation at all up until unlimited aggregation occurs. Stable,
small aggregates could not be obtained. We assume that the cause
for this behaviour is that for small PLL molecules at low concen-
trations, the conformational and translational entropy penalty is
too high to adsorb on the vesicles. As a consequence, the small
PLL molecules exist in large quantities solvated in the solution.

Above a threshold concentration, however, the PLL mole-
cules start to adsorb. Once adsorbed, the chains were also able
to form bridges between vesicles, linking vesicles to each other.
However, at these high PLL concentrations, the adsorption is
such that the equilibrium concentration of PLL in the bulk is
hardly affected and therefore uncontrolled aggregation occurs.

2.3 Vesicle aggregation using thermoresponsive poly-NIPAm
containing surfactants

The principle behind aggregation using C18-pNIPAm is that its
carbon tail is inserted into the vesicle membrane while the
pNIPAm part can link the vesicles together depending on the
temperature. Above its characteristic LCST (lower critical solution
temperature), pNIPAm expels its hydration water, effectively
becoming hydrophobic. It tries to form a condensed pNIPAm
phase and it can do this better when pNIPAm of an opposite
vesicle is also used. Hence, the LCST-behaviour starts vesicle
aggregation. This effect is reversible as once the temperature goes
below the LCST, the pNIPAm polymers take up water again and
swell, and as a result, de-aggregation occurs.

To perform an aggregation experiment with C18-pNIPAm,
we make a DOPC vesicle solution to which we add a certain
amount of the surfactants. After mixing, light scattering mea-
surements were performed while the sample was subjected to a
temperature program. This involves a 10 minute step at 25 °C,
then half an hour at 40 °C and lastly another 10 minutes at
25 °C. The LCST of pNIPAm lies around 32 °C. In Fig. 5, a
typical DLS result is displayed for vesicles with a C18-pNIPAm/
DOPC ratio of 0.08. Control measurements on vesicles without
surfactants are shown as well.

As can be seen from the figure, in the presence of C18-pNIPAm,
aggregation occurs above the LCST. Without vesicles, the
surfactants aggregate very quickly and uncontrollably while
the vesicles without surfactants show no aggregation. For the
mixture after increasing the temperature to 40 °C, a quick
increase in size is observed after which the aggregation size
stabilizes, indicating that the aggregation is limited. This
process is fully reversible, as once the temperature drops
below the LCST, the aggregates quickly disassemble into single
vesicles again. As for the streptavidin-biotin system, stabilizing
of the aggregation size above the LCST is due to the intra-
aggregate binding of the linkers. Basically, C18-pNIPAm surfac-
tants in the membrane of the vesicles diffuse towards the
contact areas as they are attracted to the other C18-pNIPAm
surfactants already lumped together there. As a result, within a
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Fig. 5 Hydrodynamic radius Ry, over time for DOPC vesicles undergoing
a standard temperature cycle of 10 min at 25 °C, 30 min at 40 °C and another
10 min at 25 °C. The red curve represents the temperature at a given time.
The hydrodynamic radius (Ry) is shown for vesicles without C18-pNIPAM
(red) and for vesicles with a C18-pNIPAM/DOPC fraction of 0.08 (orange).

short time, there are no remaining surfactants on the outer
surface of the vesicles and therefore binding to other vesicles
does not happen anymore.

2.3.1 Effect of C18-pNIPAm/DOPC ratio. Control of the
aggregation size is most easily obtained by tuning the C18-
PNIPAmM/DOPC ratio. The effect of this ratio on the aggregation
size is shown in Fig. 6.

Each dot represents a standard aggregation experiment as
explained earlier. The average size is calculated for both 25 °C
and 40 °C. After each experiment, instead of making a new
sample, more C18-pNIPAm surfactants are added to the initial
sample, mixed and measured using DLS with the standard
temperature program. The results clearly show a dependence of
the aggregation size on C18-pNIPAm/DOPC ratio. A threshold
ratio of around 0.01 has to be reached before aggregation
occurs at all. Above this threshold ratio, the aggregation size
scales logarithmically with the ratio, confirming accumulation

2.5

Ry/Ro [-]

1.5

1
1073

1072 1071 10°

fc18—pNIPAm [—]

Fig. 6 Normalized hydrodynamic radius of the vesicles as a result of
stepwise addition of the C18-pNIPAm surfactant to the sample. The
average size is shown for each sample at 25 °C (blue) and at 40 °C (red).
Lipid concentration C; = 0.1 mM in 10 mM Tris—HCl buffer.
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Fig. 7 Normalized radius of vesicles containing C18-pNIPAM as they are subjected to a temperature program (red curve). The blue curve shows the

temperature. C18-pNIPAM/DOPC ratio = 0.08.

of collapsed pNIPAm in the contact zones (intra-aggregate binding,
similar to what happens in the biotin-streptavidin system). Above
the LCST and around a C18-pNIPAm/DOPC ratio of 0.04-0.08, the
vesicles are mainly present in pairs. Our SLS results show M = 2.62
at 40 degrees at a C18-pNIPAm/DOPC ratio of 0.08. The presence of
a threshold value is characteristic of phase separation. This can
only set in when the concentration increases above the binodal. In
this case, the local pNIPAm concentration needs to be above a
binodal value for the C18-pNIPAm anchored onto the membrane.
The binodal value appears at relatively high C18-pNIPAm/DOPC
ratios, which we attribute to C18-pNIPAm being able to partition
partly in the bilayer, near the interface between the lipid head
groups and tails, thus already avoiding contact with water to some
extent. We anticipate that this binodal/threshold value further
decreases with temperature, that is, when the PNIPAm-water
demixing is quenched deeper in the two-phase state, we expect
the threshold concentration to decrease. This threshold concen-
tration may further be a function of the size of the PNIPAm block.
2.3.2 Effect of temperature. Close to the LCST, the aggregation
size depends on the temperature, which is shown in Fig. 7. Slightly
above the LCST, at 32 °C, some aggregation already occurs, but the
aggregation size is substantially lower than at 40 °C. This pheno-
menon is due to the fact that there is no sharp transition in the
properties of pNIPAm at the LCST. Slightly above the LCST, pNIPAm
does repel water, but not all of it yet. As a consequence, the
hydrophobic attraction between the C18-pNIPAm molecules and
thus the driving force for vesicle aggregation is still relatively low.

3 General discussion

Limited aggregation, i.e. the formation of stable, small aggre-
gates, is a special feature in the assembly of vesicles triggered
by additives. This is emphasized by the fact that not all
approaches that we attempted to form stable vesicle pairs were
successful. Apart from the strategies reported here, we tried, for
example, to induce limited aggregation using telechelic (tri-
block) copolymers, which combine a hydrophilic middle block
with two short aliphatic end blocks. This type of molecule is

This journal is © The Royal Society of Chemistry 2020

used as an associative thickener in paints.””®® We used a

variant with C18 tails in combination with a pEO middle block
of nominal weight M,, ~ 35000 g mol ' (~800 monomers).**
Already in dilute solutions, these molecules self-assemble and
form flower-like micelles. In combination with phospholipid
vesicles, we found that the telechelics partition between being
assembled in such micelles and being inserted with their
hydrophobic blocks in the vesicle membranes. Above a thresh-
old concentration of the telechelics, aggregation of vesicles
could be induced as expected. However, the aggregates kept
growing over time. We assume that the cause of this unlimited
association behaviour stems from the buffering capacity of the
flower-like micelle population. Telechelics that were ‘lost’ in
adhesion patches could be replenished by disintegrating of the
micelles. At ultra-low concentrations of the telechelics, one
could imagine that they would be all vesicle-bound and no
flowerlike micelles would exist. However, we found no associa-
tion of vesicles below the CMC of the telechelics. Maybe the
length of the PEO and hydrophobic blocks of the telechelics
could be tuned such that limited aggregation is possible, but we
failed to hit on such an ideal species. As shown in this paper, a
similar failure of limited aggregation was observed when a low
molecular weight cationic polymer was used to link negatively
charged vesicles together. Arguably, the failures to achieve
limited aggregation are as instructive as the successes.

Based on both our successful and unsuccessful strategies,
two routes can be distinguished that result in limited aggrega-
tion of vesicles. The most simple one is just limiting the
amount of linkers. In principle, if the amount of linker mole-
cules per vesicle is close to unity, aggregation will be limited
and most of the vesicles will aggregate into stable vesicle pairs.
For this to happen, the interaction between the linker and the
vesicles and the tendency to bridge vesicles need to be strong.
We observe this type of limited aggregation for negatively
charged vesicles bridged by long PLL molecules. An additional
feature is that the cationic polymers repel each other, resulting
in only one polymer per adhesion patch. Optimization of the
vesicle surface charge and salt concentration is a necessary
requirement here.
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The second route is to use membrane-bound linkers that
attract each other. Limited aggregation then can be obtained
provided that the timescale in which linkers diffuse along the
membrane to the first formed adhesion patch between two
vesicles (tgig) is small compared to the vesicle collision time (7).
This implies that the vesicle concentration should be relatively
low. Following this route, we were able to arrest the aggregation
of vesicles at the pair level using biotinylated lipids that can
couple by adding streptavidin to the vesicle solution, and by
using C18-pNIPAm surfactants that couple above their LCST
through hydrophobic interactions.

Each of the three suitable linker types that we used has its
own advantages and drawbacks. Limited aggregation by adding
an appropriate amount of long polyelectrolytes to charged
vesicles has the advantage that it is relatively cheap, simple
and straightforward and that aggregation can be reversed by
the addition of salt. However, in practice, repeatedly inducing
aggregation and de-aggregation is not possible or is compli-
cated. In addition, even if the average aggregation number is
two, a fairly broad distribution of single vesicles, vesicles pairs,
trimers, etc. is obtained. The strategies using biotin-streptavidin
or C18-pNIPAm as linkers however can lead to a sharp distribu-
tion of aggregate sizes, with mainly vesicle pairs. This is sup-
ported by the development of the particle size distributions
during the aggregation experiments with the various linkers,
obtained from CONTIN analysis of the DLS results (Fig. S4, ESIT).
The links between the vesicles are strong and very insensitive
to experimental conditions, which may be advantageous in
some cases, but can also be a drawback if reversibility is an
issue. C18-pNIPAm surfactant molecules also robustly enable
limited aggregation, similar to the streptavidin-biotin linkers. In
addition, complete reversibility can be achieved, which can
be triggered multiple times by increasing and decreasing the
temperature with respect to the LCST.

Possible applications for small vesicle aggregates or vesicle
pairs require research into inter-membrane interactions such
as membrane (hemi-)fusion. The perfect example of a specific
linker molecule that is able not only to connect vesicles but also
to induce fusion is DNA.'"?® We aspire to find alternative
linkers, such as the ones used in this work, that under certain
conditions could achieve similar results. Further experiments
are necessary though as there are strong indications that the
strategies used to induce limited aggregation of the vesicles
occurred without subsequent fusion of the membranes. The
reversibility of the aggregation of both vesicles attached by C18-
PNIPAm (decreasing temperature) and vesicles attached by PLL
(increasing salt concentration) already strongly points to this. A
strong indication that fusion did also not occur in the vesicle
pairs formed by biotin and streptavidin was found by fitting
the SLS data using the form factor of a spherical shell (ESL¥
Fig. S5). The presence of an adhesion patch in the vesicle pairs
influenced the form factor enough to give a significantly worse
fit than for single vesicles. For more direct proof of fusion or
the lack of it, we are planning to perform lipid mixing or
content mixing experiments using fluorescent molecules in
follow up experiments.
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4 Conclusions

We have presented three successful strategies that lead to stable
finite-sized vesicle aggregates. We showed that by tuning the
experimental parameters, it is possible to obtain an average
aggregation number of 2. In addition, we analysed vesicle aggre-
gation at this average pair level under various relevant physico-
chemical conditions. We distinguish two routes that lead to
limited aggregation of vesicles: limiting the amount of linkers,
or using membrane-bound linkers that upon contact with another
vesicle are able to diffuse to the contact area, depleting the rest of
the membrane of linker molecules to bind with other vesicles. It is
expected that under well-chosen experimental conditions, the
latter route can provide a dominant population of vesicle pairs.

Amongst the successful strategies, the one involving
C18-pNIPAm as a linker molecule shows an additional feature:
the limited aggregation of vesicles is completely and repeatedly
reversible using temperature as the trigger. We therefore antici-
pate that this system can serve as a base to study targeted and
triggered interactions between membranes.

We envision that the ability to create stable vesicle pairs is
an effective and useful way to study interactions between lipid
membranes and the physical properties of membrane pairs.
Combining different linker strategies with variations in the
lipid composition of the vesicles could be used to unravel the
principles underlying the topological stability of bilayer pairs.
Furthermore, it enables studies into the nature and time scales
of lipid exchange between bilayers and the content exchange of
vesicles with or without full scale fusion of the vesicles.
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