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Step-wise linking of vesicles by combining
reversible and irreversible linkers — towards total
control on vesicle aggregate sizes

N. de Lange,@* F. A. M. Leermakers 2 and J. M. Kleijn

Small vesicle aggregates as a model for primitive cellular assemblies or for application as multi-compartment
drug delivery systems recently received a lot of interest, yet controlling the aggregation of vesicles to
predetermined aggregate sizes remains quite a challenge. We show that this type of control is possible by
using a combination of two different linker systems: streptavidin—biotin and C18-pNIPAm. The latter linker is
a thermoresponsive surfactant, which below its lower critical solution temperature (LCST) of 32 °C acts as
barrier on the outside of the vesicles preventing aggregation, even in the presence of other linkers. Above
the LCST however, C18-pNIPAmM collapses, becomes sticky and thus acts as a linker inducing aggregation.
By working at low vesicle concentrations and tuning the C18-pNIPAm/lipid ratio, the aggregation is by
design limited. When the temperature drops below the LCST again, the aggregation is reversed. However, this is
not the case if other linkers are present. The collapse of C18-pNIPAm above the LCST provides close contact
between vesicles, allowing other linker molecules to connect them. By combining the reversible switch-like’
aggregation properties of C18-pNIPAm, with the irreversible linkage between biotinylated lipids and streptavidin,
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Aggregation of colloidal particles is a widely popular research
field where recently the interests have shifted towards con-
trolled or directed self-assembly into pre-designed structures.
Aggregation of liposomes (lipid vesicles) is of special interest as
it provides a model system for cell-cell or cell-organelle inter-
actions. Liposomes have been used for various applications like
drug delivery,"? bioreactors,** and to study chemical reactions
under confinement and biologically relevant conditions.> Con-
trolled assembly of these vesicles into small aggregates further
expands the possible applications, for example for multi-
compartment drug delivery.> More recently, vesicle aggregates
have gained much interest as a platform to create synthetic
cells.® A special challenge is making synthetic cell tissues from
vesicles, where they need to be attached together as small
aggregates. Successful strategies however are sparse.’

Control over the aggregation of colloidal particles has been
achieved in different ways such as using symmetrically
arranged patches,® specific shapes,” and surface functionalisa-
tion with linkers like DNA'™"? or biotin and streptavidin.'*

Aggregation of vesicles has been studied extensively as well.
Linkers such as biotin and streptavidin,*>” DNA with sticky
ends,'® polyelectrolytes (with charged vesicles)," ! and recently
a thermosensitive surfactant, C18-pNIPAm,"> have all been used
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it is possible to control the size of the aggregates step by step using a simple temperature program.

to induce vesicle aggregation. However, control of the size of
vesicle aggregates remains limited, or very hard to accomplish.
In previous work we achieved to restrict the aggregation to the
level of mainly vesicle pairs using either biotin and streptavidin
or C18-pNIPAm as the linker system."® The key factor allowing
such limited aggregation resulting in relatively sharp aggregate
size distributions, is that the membrane-bound linker molecules
diffuse to the contact area between two vesicles, depleting the
rest of the membrane, before collision with another vesicle
occurs. We therefore defined this as “self-limiting aggregation”. As
a prerequisite, the vesicle concentration needs to be low, so that the
time scale on which vesicles collide, is much smaller than the typical
diffusion time of the linker molecules along the membrane. While
this concept of selflimiting aggregation can be applied using
C18-pNIPAm or streptavidin-biotin, these two linker systems are
very different from one another. Aggregation of biotinylated vesicles
using streptavidin is practically irreversible and happens immedi-
ately after adding streptavidin. In contrast, addition of C18-pNIPAm
stabilizes the vesicles at room temperature, and initiates aggrega-
tion only at temperatures above the LCST (32 °C). Upon lowering of
the temperature below the LCST again, the collapsed pNIPAm
chains take up water again and the vesicles dissociate. The for-
mation of vesicle pairs or other small vesicle aggregates using
C18-pNIPAm is thus reversible with respect to temperature.™

In this paper we show that combining the two linker types,
C18-pNIPAm and streptavidin-biotin, and applying temperature

Soft Matter, 2020, 16, 6773-6783 | 6773


http://orcid.org/0000-0002-5819-4675
http://orcid.org/0000-0001-5895-2539
http://orcid.org/0000-0002-1698-9402
http://crossmark.crossref.org/dialog/?doi=10.1039/d0sm00995d&domain=pdf&date_stamp=2020-07-06
http://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sm00995d
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM016029

Open Access Article. Published on 26 June 2020. Downloaded on 7/24/2025 7:28:26 PM.

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

(cc)

Paper

cycles (25 °C/40 °C), it is possible to induce a step-wise growth of
vesicle aggregates and obtain small aggregates of a predetermined
size. In addition, we discuss ways to control the increase in
aggregation number, defined as the number of single vesicles per
aggregate, that occurs during each temperature cycle. This involves
variation of the added amount of linker molecules (biotinylated
lipids, streptavidin and C18-pNIPAm) or, in specific cases, changing
the time span of the 40 °C step. Throughout this step-wise process
of aggregation, individual vesicles remain intact and do not show
signs of fusion. We prove this using an assay by which lipid
exchange between vesicles is monitored using FRET (Forster
resonance energy transfer).

In addition to the relevance for the above-mentioned appli-
cations, the ability to create stable, small vesicle aggregates
paves the way for investigation of intricate phenomena related
to inter-membrane interactions, such as fusion and the for-
mation of membrane handles.

1 Materials and methods
1.1 Materials

All chemicals are 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-phosphoethanolamine-N+lissamine rhodamine B sulfonyl)
(Rhod-PE) 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 chemicals were acquired from
Sigma-Aldrich. This includes 1-octadecatonethiol, 2,2’-azobis(2-
methylpropionitrile (AIBN)) and all chemicals used to make the
buffer solutions.

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

1.2 Vesicle preparation

Large unilamellar vesicles have been prepared by extrusion
following the procedure as described by De Lange et al."® First,
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phospholipids dissolved in chloroform were mixed in the right
composition in a round-bottom flask and dried in the vacuum
oven for two hours. The obtained lipid film was then re-
suspended in buffer solution to a final lipid concentration of
Ci1 ~ 2.0 x 107> M and hydrated for about one hour in a rotary
evaporator (no vacuum, 323 K, 100 rpm). The obtained (giant)
multilamellar vesicles underwent eight freeze-thaw cycles using
liquid nitrogen to freeze and a 40 °C water bath to thaw to gain
unilamellar vesicles. Afterwards, the vesicles were extruded 21 times
using a mini-extruder (Avanti Polar Lipids, Inc) equipped with a
polycarbonate membrane with 0.2 pm pore sizes, which gave
vesicles of approximately 75 nm in radius. The vesicles were
subsequently collected and stored in the fridge until further use.
The maximum storage time was 1 week.

Characterization of the vesicles was performed using
dynamic light scattering (DLS).>>?* A cumulant analysis,>*
showed the vesicles to be spherical, with a hydrodynamic
radius Ry, between 65 and 75 nm and a polydispersity index
(PDI) of ~0.1. For a detailed overview of the cumulant analysis
and the calculated PDI, see the supported information of
previous work."®

See Table 1 for an overview of the prepared vesicles.

1.3 C18-pNIPAm surfactant synthesis

We used the same C18-pNIPAm surfactants as in previous work,"
which were synthesized following the protocol as published by
Kodger et al”® In short, 1-octadecanethiol (1.03 g, ~3.5 mmol),
NIPAm (29.36 g, ~262.5 mmol) and AIBN (1.14 g, ~7.0 mmol) in a
molar ratio of 1: 75 : 2 were dissolved in 100 ml THF. After bubbling
the solution with nitrogen for 30 minutes, the free radical chain-
transfer polymerization was run overnight at 55 °C. Purification was
done by precipitation into cold hexane, with subsequent centrifu-
gation. The precipitate was dried under vacuum, collected and
stored for further use. The average molecular weight (M,,) of the
surfactant was characterized by gel permeation chromatography
(GPC) with HFIP (hexafluoro-2-propanol) as the running solvent;
this gave (M,,) = 5708 g mol ', with a polydispersity index (PDI) of
2.8 and a degree of polymerization of approximately 50.

1.4 Vesicle aggregation experiments

1.4.1 Sample preparation. Samples were prepared by diluting
the vesicles in buffer to a final lipid concentration C; ~ 1.0 x
10~* M, unless otherwise mentioned. Subsequently, a small

Table 1 Composition of the various vesicles and their size and polydispersity index (PDI) in 50 mM NaCl as determinded by DLS

Molar membrane composition

Radius PDI

Vesicle code [DOPC / DOPE-biotin / Rhod-PE / NBD-PE] [nm] =+ st. dev. [—] £ st. dev.
B-0.08% 999.2/0.8/0/0 73.6 £1.4 0.10 £ 0.04
B-0.4% 996/4/0/0 74.6 £ 2.0 0.11 £ 0.04
B-2% 980/20/0/0 76.9 £ 1.6 0.13 + 0.05
Rhod-1% 986/4/0/10 70.8 £ 1.5 0.12 £ 0.06
NBD-1% 986/4/10/0 71.3 £1.2 0.11 + 0.04
NBD-Rhod 986/4/5/5 72.1 £ 1.5 0.12 £ 0.05
NBD25-Rhod75 986 /4/7.5/25 69.1 £+ 3.1 0.26 + 0.04
NBD75-Rhod25 986 /4/2.5/75 66.5 £ 2.0 0.22 + 0.04
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amount of C18-pNIPAm linkers was added, generally to obtain a
fraction of C18-pNIPAm per lipid of 0.05 (fc1g-pnipamytipia = 0.05).
When applicable, streptavidin was added after the addition of
C18-pNIPAmM.

1.4.2 Light scattering. The aggregation of vesicles was followed
using DLS. All light scattering experiments were performed using
an ALV instrument equipped with an ALV5000/60 x O external
correlator and a 300 mW Cobolt Samba-300 DPSS laser operating at
a wavelength 4 = 532 nm.

Standard DLS measurements consisted of continuous mea-
surements of 10 s recorded at a 90° angle. During the recording, the
samples underwent a temperature program. Unless otherwise
mentioned, this involved an initial 10 minutes at 25 °C, after which
several temperature cycles were performed of 45 minutes at 40 °C
and subsequently 30 minutes back at 25 °C.

1.5 Determination of lipid exchange between vesicles

To check for potential vesicle fusion a simple FRET assay was
applied to observe phospholipid exchange between vesicles
during aggregation experiments. As FRET pairs, we used fluor-
escently labeled lipids, NBD-PE as the donor and Rhod-PE as
the acceptor.

1.5.1 Aggregation experiments with fluorescently labeled
phospholipids. Sample preparation for FRET experiments was
similar as described above. Here 1:1 mixtures of NBD-1%
vesicles and Rhod-1% vesicles were used (see Table 1). After
adding C18-pNIPAm and streptavidin, aggregation during the
temperature program was monitored with DLS as before, now
taking out 1.5 ml of sample at several stages, generally after 0,
1, 5 and 13 temperature cycles, to be measured using fluori-
metry. As controls we performed the same experiments adding
only C18-pNIPAm, only streptavidin or no linkers at all to the
vesicle mixtures.

1.5.2 Fluorimetry. Standard fluorimetry measurements
were recorded using a Cary Eclipse Fluorescence Spectrophoto-
meter from Agilent Technologies. The temperature was controlled
using a Cary Temperature Controller. Unless otherwise mentioned,
measurements involved recording emission spectra from Aepy, =
470-640 nm with an excitation wavelength /., = 460 nm. The
excitation and emission pinhole slit size was set to 5 nm.

1.5.3 Calculating the degree of phospholipid exchange. To
calculate the degree of phospholipid exchange between the
vesicles during the step-wise aggregation process, we per-
formed some control fluorimetry measurements with the same
settings as mentioned above. These included emission spectra
of only NBD-1% vesicles, only Rhod-1% vesicles, a 1:1 mixture
of NBE-1% vesicles and Rhod-1% vesicles, NBD-Rhod vesicles
and a 1:1 mixture of NBD75-Rhod25 with NBD25-Rhod75
vesicles. The emission spectra are shown in Fig. 1.

We calculated the fraction of lipid exchange as follows. First,
the FRET efficiency (E) of each sample was obtained from its
emission spectrum:

Isg3
=8 1
Is3s + Isg3 @
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Fig. 1 Emission spectra of control vesicle mixtures used to calculate the
fraction of phospholipid exchange. These include NBD-1% vesicles (blue),
Rhod-1% vesicles (green), a 1: 1 mixture of NBD-1% and Rhod-1% (orange),
NBD-Rhod vesicles (purple) and a 1:1 mixture of NBD75-Rhod25 with
NBD25-Rhod75 vesicles (red). The total vesicle concentration was kept at
C,=5x 10719 M. Excitation wavelength Jex = 460 nm.

Is;5 and Isg; are the fluorescence intensities measured at A =
535 nm and 4 = 583 nm, the wavelengths corresponding to the
peak emissions of NBD and Rhod, respectively: see the blue and
green spectra in Fig. 1. Subsequently, a calibration curve was
drawn between the FRET efficiencies of a 1:1 mixture of
NBD-1% and Rhod-1% (orange curve, Fig. 1), of the NBD-Rhod
vesicles (purple curve, Fig. 1) and of a 1:1 mixture of NBD75-
Rhod25 with NBD25-Rhod75 vesicles (red curve, Fig. 1), which
were defined as 0%, 100% and 50% lipid exchange respectively.
Using this calibration curve, the lipid exchange was estimated for
the samples drawn during the aggregation experiments with
fluorescently labeled phospholipids.

2 Results and discussion
2.1 The first temperature cycle

2.1.1 General aggregation behaviour. Biotinylated vesicles
with added C18-pNIPAm, with and without streptavidin in
solution, were subjected to the standard temperature cycle.
See Fig. 2 for a schematic representation of the starting
situation.

This first temperature cycle already shows the differences
between these two cases, see Fig. 3. In short, vesicles with only
C18-pNIPAm added as linkers show reversible self-limiting
aggregation triggered by temperature, as was shown before,'
whereas the combination of C18-pNIPAm and streptavidin-
biotin linkers leads to self-limiting aggregation upon increasing
the temperature as well, but now this process is irreversible. To
explain the differences in detail, we will describe the general
picture, going chronologically through the three stages of this
temperature cycle. These stages are (1) 10 minutes at 25 °C,
(2) 45 minutes at 45 °C, and (3) 20 minutes back at 25 °C.

No aggregation occurs during the first stage, regardless of
whether streptavidin is present or not. C18-pNIPAm is thus
blocking the aggregation that biotin and streptavidin would

Soft Matter, 2020, 16, 6773-6783 | 6775
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Fig. 2 Schematic representation of the individual vesicles with added C18-pNIPAm and added streptavidin before the temperature cycle. The carbon tail
of the C18-pNIPAm inserts itself into the membrane, while the swollen pNIPAmM polymer block forms a corona around the vesicle. Streptavidin is not able

to reach the biotin due to steric hindrance of the C18-pNIPAmM.
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Fig. 3 Normalized hydrodynamic radius Rn/Ro over time for (A) B-0.08% vesicles, (B) B-0.4% vesicles and (C) B-2% vesicles. All vesicles underwent a standard
temperature cycle of 10 min at 25 °C, 45 min at 40 °C and 20 min back at 25 °C. The C18-pNIPAm/phospholipid fraction is fixed to feig-pnipamiipia = 0.05. The blue
curves represent the temperature. The yellow curves show the results for vesicles without added streptavidin. The other curves are for cases where
streptavidin is added as well and each color represents a particular amount of streptavidin added. The resulting streptavidin/biotin ratios () are: (A) 1/4
(orange), 1/2 (red) and 1 (purple); (B) 1/20 (orange), 1/10 (red) and 1/5 (purple); (C) 1/100 (orange), 1/50 (red) and 1/25 (purple).

initiate otherwise.'® Either the swollen pNIPAm corona around
the vesicles prevents streptavidin from binding to the biotin on
the vesicles (as illustrated in Fig. 2), or if streptavidin does
bind to biotin on individual vesicles, these cannot come in
close enough contact to allow streptavidin to connect them.
Important to note is that for all experiments reported here,
streptavidin is added after addition of C18-pNIPAm. When
added in opposite order, some aggregation already takes place
before addition of C18-pNIPAm, and after adding C18-pNIPAm
the measured particle size is stable but higher than that of
individual vesicles (data not shown).

In stage 2, aggregation occurs as the temperature is above
the LCST of C18-pNIPAm. At this temperature the pNIPAm
chains collaps and start to attract each other. All C18-pNIPAm
molecules, including those that exist as micelles in the solution,
assemble into sticky patches onto the surface of the vesicles.
This initiates the aggregation, which happens rapidly and, in
case no streptavidin is present, stops abruptly once there are
mainly vesicle pairs in the solution. This self-limiting aggrega-
tion has been described in detail in previous work."”> As
explained in the introduction, at relatively low vesicle concen-
trations as used in the experiments described here, when a

6776 | Soft Matter, 2020, 16, 6773-6783

vesicle has aggregated with one or two other vesicles, the still
remaining linkers diffuse to the formed contact area(s) before
collisions with other vesicles happen, so that further aggrega-
tion does not occur. With added streptavidin the initial fast
aggregation generally leads to somewhat larger aggregates
compared to using only C18-pNIPAm. This is simply because
the collapse of C18-pNIPAm allows streptavidin to bind to
biotin, so more linkers are available and successful collisions
between vesicles with subsequent linking happen more often.
In most cases, aggregation remains limited to small vesicle
aggregates. Based on a simple model describing vesicle pairs as
prolate ellipsoids, the hydrodynamic radius of a vesicle pair is
about 1.3 times that of a single vesicle, depending on the size of
the contact zone."> As our current experiments show a Rp/Ro
between 1.5 and 2, we estimate the aggregation number in the
order of 2-4 vesicles.

The most outstanding difference between the vesicle aggre-
gation with and without added streptavidin becomes apparent
in the third stage. At this stage, the temperature is back below
the LCST of C18-pNIPAm, which swells again and is no longer
sticky. In the absence of streptavidin therefore the small
aggregates fall apart again into individual vesicles. However,

This journal is © The Royal Society of Chemistry 2020
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when streptavidin was added, the links formed between biotin
and streptavidin during the 40 °C step keep the small vesicle
aggregates intact. Further aggregation through to biotin and
streptavidin is however not possible, due the swollen pNIPAm
chains preventing vesicles and small aggregates to come into
close contact.

2.1.2 Effect of streptavidin-biotin ratio. To best explain the
effect of the ratio of streptavidin and biotin (fy), we will speak
in terms of biotin-limited and streptavidin-limited regimes. As
streptavidin has four biotin binding sites and assuming that
about half of the available biotin resides in the inward-facing
part of the vesicle bilayer, the maximum amount of streptavidin—-
biotin linkers available for connecting vesicles is at a fy, ~ 1/8.
Below this fraction more biotin is present than biotin binding
sites, and thus this is the streptavidin-limited regime. For
fop > 1/8 more biotin binding sites are available than biotin
and this region is therefore denoted as the biotin-limited regime.
At fi, > 1.4 the excess of streptavidin is large enough to
potentially bind and block all biotin on a vesicle before a link
with another one is established and as a result practically no
links between vesicles would be formed. Without C18-pNIPAm,
an excess of streptavidin to biotinylated vesicles limits the total
aggregation and this effect is well-known in literature.">"°

Using streptavidin-biotin in combination with C18-pNIPAm
results into similar trends in vesicle aggregation as found with-
out C18-pNIPAm. This means that in the streptavidin-limited
regime (fy, < 1/8), adding a higher amount of streptavidin
results in higher aggregate sizes after a single temperature cycle,
see Fig. 3B and C. For the biotin-limited regime, the opposite
effect is visible: adding more streptavidin slightly lowers the final
aggregate size after one temperature cycle, as shown in Fig. 3A.
Interestingly, even at a very high streptavidin biotin ratio of
fsp = 1 (purple curve in Fig. 3A), vesicle aggregates remain intact
after a full temperature cycle which shows that still a sufficient
amount of streptavidin-biotin links could be established
between vesicles. This is a strong indication that during the
initial temperature step at 25 °C, the C18-pNIPAm not only
hinders vesicles to come in close contact with each other, but
also blocks binding of streptavidin to biotin. Otherwise, strepta-
vidin would have covered all available biotin before aggregation
started at 40 °C.
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2.1.3 Effect of the amount of C18-PNIPAm. The effect on
vesicle aggregation of varying the amount of C18-pNIPAM
linkers at different f;, ratios is explored as well and the results
are presented in Fig. 4. The effect of adding more C18-pNIPAm
is straightforward and can be summarized as follows: the size
of the vesicle aggregates during the 40 °C temperature step is
dependent on the amount of C18-pNIPAm added, but the size
of the vesicle aggregates after one full temperature cycle is not.
As can be seen in Fig. 4, an increase in the amount of
C18-pNIPAm added generally results in higher aggregate sizes
at 40 °C. This effect is most apparent in Fig. 4B and C.
Interestingly, the effect of the amount of C18-pNIPAm is
smaller for B-0.4% vesicles with a f;;, = 1/5, see Fig. 4A. This
indicates that in this case streptavidin-biotin binding between
vesicles contributes more to the aggregation process compared
to the cases of fy, = 1/10 and fi, = 1/20, as more streptavidin-
biotin linkers are available. As a result, the effect of changing
the added amount of C18-pNIPAm is negligible. After a full
temperature cycle, vesicle aggregates are linked together solely
due to biotin- streptavidin links as the C18-pNIPAm is swollen
again and non-attractive to other C18-pNIPAm molecules. In
line with this, the size of the aggregates after a full temperature
cycle slightly decreases with decreasing f;, ratios, a trend
which is visible in Fig. 3 as well.

2.2 Multiple temperature cycles

While tuning the amount of linkers already allows controlling
the aggregate size in the first temperature cycle, repeating the
temperature cycle a number of times expands the options on
obtained aggregate sizes extensively. After the first temperature
cycle, aggregates on the level of vesicle pairs or vesicle trimers
have been formed (R;/R, generally in the range 1.5 to 2). While
the aggregation is triggered by the collapse of C18-pNIPAm
at elevated temperature, streptavidin-biotin bonds keep
the aggregates intact as the temperature is dropped again.
C18-pNIPAm swells and loses its stickiness, and is presumably
driven out of the confined contact zones. As such, it is available
again on the outside of the vesicle aggregates and can trigger
further aggregation when the temperature goes above the LCST
again. Provided there are still enough free biotin and strepta-
vidin molecules in the system, newly formed contact zones will

Ry /Ro [-]

T [°C]

t [min]

t [min]

0 20 40 60 80
t [min]

Fig. 4 Normalized hydrodynamic radius Rn/Ro over time for B-0.4% vesicles undergoing a standard temperature cycle of 10 min at 25 °C, 45 min at
40 °C and 20 min back at 25 °C. Streptavidin is added to obtain a ratio f;, = 1/5 (A), fg, = 1/10 (B) and fg, = 1/20 (C). The amount of C18-pNIPAm is varied:
feig-pNiPaM/iipia = 0.05 (orange), fcag-pnipamsipia = 0.025 (red) and feig-pnipamsipia = 0.0125 (purple).
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Fig. 5 Normalized hydrodynamic radius Rn/Rq of B-0.4% vesicles containing C18-pNIPAM with streptavidin (fs, &~ 0.2, orange), and without streptavidin
(red) as they undergo multiple temperature cycles. The blue curve shows the temperature. For the red curve fcig-pnipam/fonosphotipias = 0.05 and for the

orange one fc18—pN|PAM/fphosphoupids = 0.0125.

again be consolidated. This offers a simple way to increase step
by step the aggregate size.

As can be seen in Fig. 5 and 6, in the presence of streptavidin
the size of the aggregates seems to increase exponentially with
the number of temperature cycles. This reflects that vesicle
aggregates start aggregating with each other rather than with
single vesicles, which are not abundantly present anymore, and
that this aggregation is again self-limiting.

As the size of the aggregates increases step-wise with each
temperature cycle, control on the final (average) aggregate size
can thus be achieved by tuning the amount of cycles the sample
goes through. It should be noted however that after the first
temperature cycle the aggregate size distribution is still narrow,
but with each cycle it becomes wider, since aggregates of
different sizes randomly collide and are linked together. The
consequence is that for obtaining aggregates of rather well-
defined sizes, one should not apply too many temperature

oQ
[\

4 6 8
n [-]
Fig. 6 Normalised hydrodynamic radius (Rn/Ro) as a function of number
of temperature cycles n for B-0.4% vesicles containing fcig-pnipamtipid =
1/160 (blue), fcig-pNipammipid = 1/80 (red), fcig-pnipamiipia = 1/40 (orange)
and fcig-pnipamiipia = 1/20 (purple). To all samples, streptavidin was added

to a fgpx1/5. R, was measured at 25 °C after each full temperature cycle
(45 min at 40 °C and 30 min back at 25 °C).
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cycles, say up to four or five. We will come back to the aggregate
size distributions later in the discussion.

Further control on the increase of aggregate sizes with each
temperature cycle can be achieved by optimizing the amount of
C18-pNIPAm linkers and the amounts and ratios of streptavidin
and biotin. These ways to influence the aggregation process will be
explored in the following subsections. In addition, the duration of
the 40 °C step in the temperature cycles can be used as control
parameter. As visible in Fig. 5, during this step the aggregate size
gradually increases, a phenomenon that becomes significant after a
few temperature cycles. This may be explained by a reduction in the
frequency of the number of successful collisions between aggre-
gates, due to their increasing size (decreasing diffusion coefficient)
and declining number concentration. As a result the average
aggregate size does not show a fast increase at the beginning of
the 40 °C step anymore, but a more gradual growth during the
whole period of elevated temperature. Anyway, it is evident that
aggregate sizes can be tuned by changing the time span of this step.

2.2.1 Effect of the amount of C18-pNIPAm. The amount of
C18-pNIPAm added to the vesicles affects the aggregation in
successive temperature cycles in the same way as in the first
one. Adding more C18-pNIPAm enhances the growth in aggre-
gation number occurring at 40 °C. Provided that there is
enough biotin and streptavidin to stabilize the contact areas,
the exponential increase in aggregate size happens faster at
higher amounts of C18-pNIPAm added, as can be seen in Fig. 6.

2.2.2 Effect of the amount of biotin and streptavidin. To
observe the effect of the amounts of biotin and streptavidin, we
performed experiments on both B-2% and B-0.08% vesicles
with varying amounts of streptavidin while keeping the amount
of C18-pNIPAm the same (fc1g-pnipamsiipia = 1/20).

In principle, when working in the streptavidin-limited
regime (fyp < 1/8), the more streptavidin added, the higher
the increase in aggregate size per temperature cycle (Fig. 7A).
However, a threshold amount of linkers is needed to obtain
further aggregation with more temperature cycles: the red and
blue curves in Fig. 7A represent cases below this threshold.
Fig. 7B shows that for vesicles with only 0.08% biotinylated
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Fig. 7 Normalised hydrodynamic radius (Rn/Ro) as a function of number
of temperature cycles n for B-2% vesicles (A) and for B-0.08% vesicles (B).
(A) fyp = 1/204.8 (blue), fg, = 1/102.4 (red), fgp = 1/51.2 (orange), fop =
1/25.6 (purple) and fy, = 1/12.8 (green). (B) No streptavidin added (blue),
fso = 1/8 (red), fs)p = 1/4 (orange), fsp, = 1/2 (purple) and fg, = 1 (green). For
all samples feig-pnipamsipia = 1/20. R, was measured at 25 °C after each full
temperature cycle (45 min at 40 °C and 30 min back at 25 °C). The change
in the normalized radius with each temperature cycle (AR,/Ro) is shown in
the insets of the graphs.

lipids the threshold amount of linkers is hardly reached at f, =
1/8 (orange curve). In this case, increasing f;, only lowers the
total amount of links that can be formed, because the excess of
streptavidin leads to blocking of the limited available biotin.
This aggregation behaviour clearly illustrates that the task of
biotin and streptavidin is to keep the aggregated vesicles
together through the temperature cycles, rather than to initiate
the aggregation. If the amount of streptavidin-biotin linkers is
below the threshold, they are effectively used up in the first
cycle, which is clearly illustrated by the inset in Fig. 7B.

2.3 Lipid exchange between vesicles

During the 40 °C step C18-pNIPAm is in a collapsed form in the
contact areas between vesicles and swells again when the
temperature drops below the LCST. Biotin and streptavidin
however hold the contact areas and consequently the vesicle
membranes might be subjected to various stresses as C18-
PNIPAm is driven out of these areas. Different scenarios are
imaginable for what happens with the vesicles as a result. One
such scenario is that vesicles fuse rather than stay intact in the
vesicle aggregates. To check this we performed FRET measure-
ments on vesicles in which fluorescently labelled lipids NBD-PE
and Rhod-PE were incorporated during preparation. In this
FRET pair, NBD is the donor while Liss-Rhod is the acceptor. As
shown in Fig. 1, when both NBD-PE and Rhod-PE are incorpo-
rated in the same vesicles, the amount of energy transfer
between the donor and acceptor is substantial. In contrast, a
mixture of vesicles containing only NBD-PE and vesicles con-
taining only Rhod-PE do not show any FRET. Using the latter
vesicle mixture in the aggregation experiments, an increase in
FRET, i.e. an increase in the intensity at 583 nm with respect to
the intensity at 535 nm, is expected if lipid exchange due to
vesicle fusion occurs. The results of such an experiment are
shown in Fig. 8.

As can be seen from Fig. 8, an increase in FRET is observed
for vesicle aggregates undergoing several temperature cycles.
However, even after 13 cycles the total amount of FRET is still
much lower than the maximum amount of FRET that is
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Fig. 8 Emission spectra for a 1:1 mixture of NBD-1% and Rhod-1%
vesicles containing C18-pNIPAM (fcig-pnipam = 0.0125) and with strepta-
vidin added (fy, = 1/5). The total vesicle concentration is C, = 5 x 1071 M.
The spectra were obtained after O (blue), 1 (red), 5 (orange) and 13 (purple)
temperature cycles of 10 min at 25 °C, 30 min at 40 °C and back at 25 °C.
Excitation wavelength 1 = 460 nm. The intensities are normalized to the
intensity at 2 = 535 nm.

600

expected when vesicles mix completely. Since full-scale vesicle
fusion would eventually lead to complete mixing, this is ruled
out of the possibilities. Four other scenarios remain plausible:
(1) it is well known that lipid exchange occurs more frequently
at higher temperatures®® and bringing the vesicles close
together, e.g. by vesicle aggregation, speeds up this process
even more; (2) in the contact areas between vesicles the
membranes are close enough together to allow FRET to happen
between labelled lipids of different vesicles; in each tempera-
ture cycle more contact areas are formed, which increases the
amount of FRET that occurs; (3) at 40 °C, C18-pNIPAm accu-
mulates in the contact areas, including C18-pNIPAm that exists
in micelles in solution. Upon cooling, a fraction of C18-pNIPAm
forms micelles again, pulling out with it and solubilizing some
of the lipids, which promotes lipid exchange between vesicles
in each temperature cycle; (4) C18-pNIPAm allows for the
formation of membrane handles between vesicles allowing
for mixing of their lipids; this mixing occurs faster as the
aggregates become larger. In addition, in a vesicle pair there
is only a 50% chance to have both a donor- and an acceptor-
containing vesicle, whereas in larger vesicle aggregates, the
chances are higher that donor and acceptor vesicles are bound
together. As a result, FRET would increase with each successive
temperature cycle.

To determine which scenario is most likely, several control
experiments were performed in which the amount of FRET was
determined after various temperature cycles. The fraction of
lipid exchange that occurred with each temperature cycle is
presented in Fig. 9. The procedure to calculate the fraction of
lipid exchange from the amount of FRET has been described in
the Materials and methods section.

Fig. 9 shows that some lipid exchange already happens
in the control experiment without added streptavidin or
C18-pNIPAm (yellow curve). Additionally, the degree of lipid
exchange that occurs during the temperature cycles for vesicles
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Fig. 9 Percentage of lipid exchange as a function of n temperature cycles
of 10 min at 25 °C, 30 min at 40 °C and back at 25 °C. Samples measured
are 1:1 mixtures of NBD-1% and Rhod-1% vesicles, without added linkers
(yellow), with streptavidin only (green), with C18-pNIPAm only (purple),
and with both streptavidin and C18-pNIPAm (blue, red and orange). The
orange curve is a duplicate measurement of the blue curve and the red
curve is for the exact same sample as the blue curve after a 2 day
incubation period in the fridge. For the cases in which streptavidin
is added, f;, = 0.2, and for the cases in which C18-pNIPAm is added,
fcig-pnipam = 0.0125. The dashed lines through the data serve as guidelines.

to which only streptavidin is added (green curve), is similar to
this control. Adding streptavidin does cause limited aggrega-
tion and thus brings vesicles close together, but this apparently
does not result into more FRET or lipid exchange. This rules
out both scenarios 1 and 2. The figure furthermore shows, that
a significant increase in lipid exchange to approximately the
same extent is seen in all cases in which C18-pNIPAm is added
to the vesicles, with or without streptavidin. However, even after
13 cycles the phospholipids are still far from being mixed
completely. Therefore, scenario 4, ie the formation of
membrane handles, is also unlikely, since that would lead
eventually to complete mixing of the lipids. Because this
process might be slow, the sample with both streptavidin and
C18-pNIPAm was stored in the fridge and measured again after
two days. However, even after two full days of incubation, the
amount of lipid exchange is still the same (compare the red and
blue curves in Fig. 9).

2.3.1 Changes in size distribution during aggregation. To
check the size distributions of the aggregates after various
temperature cycles, a CONTIN analysis®”*® was performed on
the DLS data. In Fig. 10 the resulting size distributions are
shown for B-0.4% vesicles with fcigpnpam = 0.00625 and a
fsp = 0.2. For this sample the normalized hydrodynamic radius
after each temperature cycle was already presented in Fig. 6
(blue curve).

The CONTIN analysis reveals that besides the expected
widening in the size distribution, each temperature cycle
caused a clear shift of the peak of the distributions to higher
sizes. This confirms that aggregation happens in clear steps, in
which self-limiting aggregation takes place by linkers that can
diffuse to newly formed contact zones. In comparison, only a
widening in the size distribution is seen during vesicle
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Fig. 10 Size distributions measured for B-0.4% vesicles with added C18-
pNIPAmM and streptavidin (fcig-pnipam = 0.00625; £/, = 1/5) after O (circles),
2 (squares), 4 (triangle), 6 (diamond) and 8 (pentagon) temperature cycles
(45 min at 40 °C and back at 25 °C).

aggregation using linkers for which diffusion to the contact
area is not possible, as previously shown for negatively charged
vesicles linked by the positively charged polyelectrolyte
polylysine.™

3 General discussion and outlook

While aggregation of vesicles into small aggregates can be
achieved using several methods, controlling the size of these
aggregates remains a challenge. For some methods the various
aggregate sizes that can be produced are very limited,*>*° while
in other methods only the speed of aggregation can be
controlled,’” or requires precise timing of the addition of
polymer to stop the aggregation process.” In addition, on the
odd chance previous methods succeed in producing vesicle
aggregates of specific sizes, subsequent modifications such as a
controlled continuation of the aggregation, is usually not an
option.?® Our approach offers a simple, universal and effective
alternative to obtain small vesicle aggregates of sizes to one’s
choice.

In short, our approach involves a step-wise increase in
vesicle aggregate size by using a reversible, temperature trig-
gered linker (C18-pNIPAm) and an irreversible linker system
(streptavidin-biotin) to secure the formed contact zones, and
applying a number of temperature cycles. We have shown that
depending on the number of temperature cycles, stable and
fairly monodisperse vesicle aggregates of predetermined sizes
up to about eight times the hydrodynamic radius of single
vesicles can be prepared. The protocol to obtain small vesicle
aggregates of a desired size can be optimized by tuning the
amount of linkers added, the amount of temperature cycles, or
in some cases the duration of the temperature steps.

Based on the experimental results, we sketch the following
picture regarding the details of the aggregation process.
See Fig. 11. The starting point is a solution with individual
vesicles in which swollen C18-pNIPAm surfactants prevent any
vesicle aggregation due to steric hindrance. At the same time,
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Fig. 11 Schematic overview of the step-wise vesicle aggregation process using reversible, temperature triggered linkers and irreversible linkers. (A) The
first temperature cycle; (B) vesicle aggregate sizes during the first 3 temperature cycles. In the drawings (1-4) biotin is depicted in red, streptavidin in blue
and C18-pNIPAm in green. See the text for a detailed explanation.
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streptavidin present in solution is not able to bind to biotin on
the vesicle surface. During the first temperature cycle, once the
temperature rises above the LCST of around 32 °C, C18-
PNIPAm collapses into sticky patches onto the vesicle surface.
Subsequently, upon a successful collision with another vesicle
this causes aggregation. Once a contact area is formed, extra
C18-pNIPAm molecules migrate to the contact area, depleting
the rest of the vesicle membranes which limits the aggregation
to mainly vesicle pairs or trimers, as was previously found.”
Increasing the amount of C18-pNIPAm added causes larger
sticky patches to form, increasing the chance of successful
collisions which results into (on average) larger aggregates.
Meanwhile, streptavidin is able to reach the surface of the
vesicle and bind to the available biotin. At the edges of the
already formed contact areas, streptavidin-biotin links can be
formed between the two vesicles that consolidate the binding of
the two vesicles. If relatively high amounts of streptavidin
and biotin are present in the right ratio (fi,, ~ 1/8), they
also contribute in the aggregation, leading to higher average
aggregation sizes during the elevated temperature step. Upon
lowering the temperature, C18-pNIPAm swells and forces itself
out of the contact area, which are kept intact by the streptavi-
din-biotin links. Any further aggregation is again prevented by
steric hindrance of the swollen C18-pNIPAm on the outside of
the vesicle aggregates. Subsequent temperature cycles proceed
in a similar way: C18-pNIPAm collapses, becomes sticky and
binds a few (two or three) vesicle aggregates together. Given
that there is enough biotin and streptavidin, the newly formed
contact areas are irreversibly connected. As with each tempera-
ture cycle, self-limiting aggregation happens between increas-
ingly larger aggregates, the growth in aggregate size happens in
a exponential fashion.

We envision that that the ability to create stable, small
vesicle aggregates using our approach will serve as a stepping
stone for creating synthetic primitive cellular tissues, for which
controlling the vesicle aggregate size is a prerequisite. In
addition, our approach will be a useful tool for studying various
inter-membrane interactions. With simple changes in for
example lipid composition, or by adding membrane targeting
molecules such as antimicrobial peptides,® it can be used to
investigate relevant physical properties and typical membrane
phenomena. For example, we anticipate our approach provides
an ideal tool to study membrane fusion or membrane topology
changes such as the formation of stable inter-membrane handles.
Furthermore, it can be extended to bind giant vesicles together for
which it is possible to visualize the size and shape of the contact
zones using confocal microscopy and other microscopy methods.
From there, the strength and nature of the membrane adhesion
could be determined as well as various physical properties of the
membrane, such as bilayer bending rigidities. This is something we
aspire to do ourselves in a follow-up study.
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