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We show the assembly of carboxylate-modified polystyrene nano-
particles into flexible circular, ring-shaped structures with micro-
meter sized diameters around the base of surface-adhered lipid
vesicles. The rings remain around the vesicles but disintegrate when
the lipid membranes are dissolved in detergent. The aqueous
medium allows carbodiimide-based cross-linking chemistry to be
applied to the particle assemblies resulting in the preservation of
the rings even after the lipid compartments are dissolved.

Research on identifying and characterizing nanoparticle-lipid
membrane interactions has sparked considerable interest in
recent years.' Lipids are ubiquitous in all domains of life.
They can spontaneously self-assemble to lipid bilayers to form
planar sheets, spherical vesicles, nanotubes, or other morpho-
logies depending on the components and exact physicochemical
conditions.® Well-established, straightforward protocols to gen-
erate synthetic lipid bilayers in the laboratory’ '° have made
lipid membranes suitable interfaces for the assembly of various
nanostructures. Special attention is currently on design and
fabrication of hybrid soft nanodevices®'"'* for applications in
nanomedicine,"* biocomputing'* or environmental sensing
and monitoring."> Combinations of the dynamic properties of
molecular lipid films and the functional diversity of nano-
particles enable unique possibilities not attainable with top-
down produced solid state devices.'®>° Besides the potential
applications, nanoparticle-lipid membrane interfaces serve
as model systems for studies focusing on the interaction
of the membrane with proteins,*' virus particles®® or drug
complexes.??

In order to create biocompatible devices, bottom-up fabrica-
tion strategies of hybrid biomembrane nanostructures typically
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exploit the 2D-fluidic properties of lipid films, most notably
bending, autonomous wetting and adhesion, to coat particles
and nanoscale surface patterns, and adapt to biological scaf-
folds, among them protein crystals,>® cellulose fibers*® or
DNA.?® However, the curvature of common membrane struc-
tures such as liposomes and lipid nanoconduits can also
effectively serve as scaffold for nanoparticle association, giving
rise to new facile fabrication routes.

Here we report a unique model system consisting of surface-
bound giant lipid vesicles and carboxylated polystyrene nano-
particles in an aqueous medium. The nanoparticles preferentially
assemble around the base of the vesicle along the contact line
between the vesicle and the underlying surface. In untreated
samples, the particles are held together only weakly and disin-
tegrate as soon as the system is exposed to a detergent. When the
nanoparticles are cross-linked via aqueous carbodiimide conju-
gation chemistry with a diamine cross-linker, the ring structures
are maintained even after the lipid vesicle scaffolds are dissolved
in detergent. The remaining structures are a population of
structurally flexible nanoparticle loops on a surface.

Results and discussion

We generated unilamellar lipid vesicle networks on solid sur-
faces as characterized in detail in our previous work®>’ "
(¢f ESIt for materials and methods). The vesicle networks
autonomously form as a result of a series of events after
multilamellar lipid reservoirs (MLVs) come in contact with
solid supports submerged in aqueous solutions. MLVs initially
spread on solid surfaces as double lipid bilayers, followed by
the transformation of the distal bilayer to lipid nanotube net-
works. The nanotubes then partially swell into unilamellar
vesicular compartments. Depending on the availability of the
excess lipid reservoir in the system, the lipid nanotubes can be
completely consumed during swelling,”” or remain connected
to the surface-adhered vesicles (arrows in Fig. 1E and in
ESI,T Fig. S3A).
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Fig. 1 Nanoparticle self-assembly on lipid vesicle networks. Schematic drawing showing (A) the addition- and (B) the self-assembly of the nanoparticles
on a surface-adhered unilamellar vesicle. The proximal bilayer and nanotube ends are shown open-ended to reveal the detailed membrane structure
where in reality they are continuous, intact bilayer structures. The nanoparticles (@:100 nm) are added to the ambient solution of the vesicles via an
automatic pipette, and over time (~ hours), assemble around the base of the surface-adhered vesicle. (C)—-(F) 3D confocal micrographs showing the ring-
like nanoparticle assemblies around the lipid vesicles. (C) and (E) show the fluorescence emission of both the lipid membrane and the particles overlaid,
where (D) and (F) show the emission only for the particles in (C) and (E), respectively. (G) Confocal micrograph showing three vesicles with nanoparticle
assemblies from the top view. (H) shows the fluorescence intensity in arbitrary units along the white arrow in (G). The plot in gray color shows the
fluorescence intensity of the lipid membrane and the plot in green color, the nanoparticles. The three rectangular regions colored in purple mark the
interior region of the vesicles between the two bilayer borders of each vesicle across the white arrow, represented by the two distinct spikes. (I) Confocal
micrograph of a sample region (100 pm x 100 um) showing the ring-like particle assemblies. The panel shows the fluorescence emission of only the
nanoparticle channel; the full set of micrographs is presented in the ESI.+ (J) Size analyses corresponding to (I) and the extended figure in the ESI+ (Fig. S1).
The graph shows the diameter of a total of 184 vesicles, and of the corresponding vesicle bases and nanoparticle assemblies. The diameter of the particle
rings is shown with green diamond-shaped data markers, the diameter across the equator of the vesicles in the network (indicated by the purple
dashed lines in panel (B)) is shown with circle data markers, and the diameter of the base of the vesicles in the network is shown with black square data
markers (indicated by the black dashed lines in panel (B)). The lines connecting the data points in each data set are to facilitate the comparison between
the data sets.

Once the lipid compartments formed and matured, we
added fluorescently labeled carboxylated polystyrene nano-
particles (@:100 nm) to the aqueous environment containing
the vesicles, using an automatic pipette (Fig. 1A). We observed
that, over several hours, the nanoparticles assembled around
the base of the lipid compartments where the fluorescence
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intensity analyses confirm the structure and location of the
particle arrangements (Fig. 1B-H). The surface attachment pro-
vides persistent regions of high curvature that attract particles.
The surface-adhered vesicles mature slowly and can remain
intact as long as the aqueous solution is continuously supplied
to the open top sample chamber compensating for evaporation.
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This time duration allows, in addition to the assembly and
saturation of nanoparticles around the vesicle necks, the appli-
cation of step-wise cross-linking chemistry to the particles in
order to fix this arrangement.

Since the vesicles are spherical, the diameter of the cross
section of their base at the surface contact is smaller than the
diameter at the equator of the vesicle. The particle assemblies
around the base of the vesicles, corresponding to the spikes in
the green-colored plot inside the purple-colored regions, are
therefore located inside the bilayer borders of each vesicle. Note
that the interior volume of the lipid vesicles shows no signal
of nanoparticles, indicating that the lipid membrane is not
permeable to the nanoparticles and the particles assemble at
the outer membrane leaflet.

The ring formation is consistently observed over the entire
surface of the substrate (Fig. 11, ¢f. ESL,{ Fig. S1 for all micrographs
corresponding to this section including the vesicles). The intensity
analyses confirms that the rings form not on the equator of the
vesicle but at the neck region at the interface to the substrate
(Fig. 1J and ESL7 Fig. S1B and C). Similar results were obtained
with nanoparticles of 20 nm diameter (ESL Fig. S2).

There may be charge interactions between the carboxyl
groups on the particles and the membrane. This is facilitated
by the Ca®" ions in the solution, which typically act as a
bridging agent***® (¢f ESIf for materials and methods).
However, we do not think that this attraction is the dominating
factor for the assembly, as in that case the nanoparticles would
not only concentrate at the neck region. The observation
that the spherical nanoparticles preferentially assemble at the
negatively curved interface of the vesicle base indicates that the
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bilayer
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assembly of nanoparticles is dominantly curvature-driven.**
The surface free energy of the vesicle-nanoparticle system is
lowered if the membrane curvature has the same sign as the
deformation induced by the particle.** The circumference of
the base of the vesicular membrane in our experimental system
intrinsically has a negative curvature where the spherical
nanoparticles we utilized would impose a concave deformation
on the lipid membrane. The localization of the nanoparticles
on the lipid vesicles in our system is therefore energetically
favorable. We note that particle self-assembly on lipid vesicles
may also be due to membrane-mediated interaction of partially
wrapped particles. Theoretical and experimental work reports
multiple pathways of that phenomenon.**~*

The nanoparticles assemble into rings also vertically with
respect to the surface plane, along the contact line of two or
more adjacent vesicles, (ESI,T Fig. S4). The nanoparticle locali-
zation at the bilayer-bilayer boundary of two vesicles is also
curvature-driven, similar to the ring-like alignment of nano-
particles on the neck of dumbbell-shaped vesicles previously
reported by Koltover et al.>*

When the vesicles with the nanoparticle assemblies are
exposed to a detergent solution, ie., Triton X, the lipids
dissolve and the ring-like nanoparticle structures disintegrate
(Fig. 2A-E). In order to prevent the disintegration of the
nanoparticle assemblies and maintain the ring-like structures
as a whole we cross-linked the nanoparticles with carbodiimide
chemistry®®™*' (Fig. 2F, c¢f ESIf for details of materials and
methods). Once the nanoparticles assembled around lipid
vesicles, we first added an N-(3-dimethylaminopropyl)-N’-ethyl-
carbodiimide hydrochloride (EDC) solution to the ambient

Fig. 2 Nanoparticle cross-linking with carbodiimide chemistry. (A)—(E) Direct Triton X exposure, (F)—(I) Triton X exposure after particle crosslinking.
(A) and (B) schematic drawing explaining the experimental procedure of the detergent exposure without cross-linking the particles. Upon detergent
treatment, the lipid membrane dissolves and the ring-like nanoparticle assemblies which initially formed around the lipid compartments, disintegrate.
(C)-(E) Confocal micrographs showing multiple samples after direct detergent exposure. (F) Schematic drawing showing the key steps of the particle
cross-linking procedure followed by the detergent exposure (drawing not to scale). For simplicity, the green circle represents the fluorescent
nanoparticle only with a single carboxyl group where in reality the entire surface of the particle is covered with carboxyl groups. Particles are exposed
initially to N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) which enables carboxyl-to-amine cross-linking, and in the next step to
ethylenediamine (EDA). (G)-(l) Confocal micrographs showing samples upon detergent exposure after particle cross-linking.
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buffer. EDC reacts with the carboxyl groups on the nano-
particles and forms an amine reactive intermediate. One hour
following the EDC addition, we added ethylenediamine (EDA)
to the ambient solution which reacted with the activated esters
on the particles and cross-linked them. The cross-linked nano-
particles remain intact even after exposure to Triton X (Fig. 2G-I
and ESL T Fig. S3).

Conclusions

We showed a unique synthetic model system where spherical
nanoparticles preferentially localize along the negative curva-
ture of the contact line of lipid vesicles on a planar bilayer
surface. In biology, there are multiple examples of proteins that
are sensing- and assembling on- the negatively curved cellular
membranes.*>** Our experimental setup can support the
detailed understanding of organization, assembly and activity
of proteins at negative membrane curvatures between a vesi-
cular and a planar membrane. If extremely dense vesicle
suspensions such as vesicle gels’* would be used in a bulk
environment, the inter-vesicular interfaces could dramatically
increase the yield of ring production.

Furthermore, we retrieved the nanoparticle assemblies by
chemically cross-linking the particles followed by the removal
of lipids by a detergent. Our technique can be further developed
using different lipid membrane compositions or nanoparticle
types, and employed as a practical method to generate micro-
ring structures without the need of microfabrication facili-
ties and training, for example for surface-enhanced Raman
spectroscopy.*’

The phenomenon we report also has implications for the
origin of life. The lipid compartments we use are commonly
employed as primitive cell models among coacervates and
emulsion droplets.*® How exactly metabolic and genetic mate-
rial interacted with the boundary of a protocell compartment
in the prebiotic world before they were encapsulated is still
a pending question. Previous studies discussed that such
compartment boundaries could have served as interfaces for
the molecules to adsorb and react’” while stabilizing the
compartment.*® The results we show provide an additional
argument of membrane curvature, which would facilitate the
adsorption and concentration of biomolecules that are of
comparable size to the curvature on surface-adhered prebiotic
compartments.?®
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