











Figure 23: Confocal fluorescence images (a, ¢) and differential interference contrast images
(b, d) of GUVs with incorporated palm_PNA. Addition of the complementary DNA labeled
with Rh results in a red fluorescence on the GUV membrane (a, b). Non-complementary Rh-
labeled DNA did not bind to GUV surface (c, d). Bars correspond to 10 um.

3.2.3 Palmitoylated PNA for the targeting of lipid rafts

Palm PNA was investigated for a possible targeting to lipid rafts in the plasma membrane of
eukaryotic cells. First, insertion of palm PNA hybridized with the Rh-labeled,
complementary oligonucleotide DNA2* into the membrane of Chinese hamster ovary (CHO-
K1) cells was studied. Palm PNA was premixed with a stoichiometric amount of DNA2*,
and added to the cells. Confocal and differential interference contrast images of CHO-K1
cells after incubation with palm_ PNA/DNA2* hybrids are shown in Figure 24a and 24b. Rh
fluorescence was mainly localized to the plasma membrane, indicating that the
palm_PNA/DNA2* hybrids were inserted into the plasma membrane. Some uptake of the
membrane-incorporated palm_ PNA/DNA2* hybrids into endocytic vesicles was found

(Figure 24a). In a control experiment, palm PNA was premixed with a non-complementary
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a tocopherol-modified DNA oligonucleotide and a complementary DNA strand. Tocopherol-
based oligonucleotides are known to partition into the /d phase of GUVs consisting of a

DOPC/SM/Chol mixture.[23,24] For the tocopherol-modified oligonucleotide a construct

with the following sequence was used: 5'-TLT TTT TLT TTT ATT TCT GAT GTC CA-3’
(tocopherol DNAT1), where L refers to a tocopherol-modified deoxyuridine. The
complementary DNA (DNA3*; sequence: 5'-FITC-TGG ACA TCA GAA ATA-3") was
labeled with the green fluorescent dye fluorescein isothiocyanate (FITC) to visualize the
tocopherol DNA1/DNA3* hybrid inside the membrane. Figure 27a-c shows a phase-
separated GUV consisting of 1:1:1 mixture of DOPC, SSM, and Chol with incorporated
palm PNA/DNA2* and tocopherol DNA1/DNA3* hybrids. Tocopherol DNA/DNA3*
(Figure 27a, FITC fluorescence) and the palm PNA/DNA2* (Figure 27b, Rh fluorescence)
partitioned into well separated domains, the /d and the /o domain, respectively. Figure 27c
shows an overlay of both images, whereas Figure 27d represents a three dimensional overlay
of the FITC and the Rh channel of another GUV.

Using GPMVs derived from CHO K1 cells two different types of vesicles where observed:
(i) in vesicles presenting no domain-separation green fluorescence  of
tocopherol DNA/DNA3* and red fluorescence of palm PNA/DNA2* were spread over the
whole membrane (not shown); (ii)) in vesicles showing domain formation
tocopherol DNA/DNA3* (Figure 27¢) and palm PNA/DNA2* (Figure 27f) partitioned into

different domains. Figure 27g shows an overlay of both images.
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Figure 27: Lateral distribution of hybrids of palmitoyl-modified PNA with complementary
DNA (palm PNA/DNA2*) and tocopherol-modified DNA with complementary DNA
(tocopherol DNA/DNA3*) in domain-forming GUVs made from a 1:1:1 mixture of DOPC,
SSM, and Chol (a-d) and GPMVs prepared from CHO-K1 cells (e-g). (a) FITC channel — the
membrane-inserted hybrids tocopherol DNA1/DNA3* are localized in the /d domain of a
GUV. (b) Rh channel — the membrane inserted hybrids palm PNA/DNA2* are localized in
the /o domain. (c) Overlay of the images shown in (a) and (b). (d) The three-dimensional
overlay of the confocal images of another domain-forming GUV. (e-g): In domain-forming
GPMVs tocopherol DNA/DNA3* (e) partitioned into another domain than
palm_ PNA/DNA2* (f). (g) Overlay of the images shown in (e) and (f) Bars represent 5 um
(a-c) and 10 um (d-g). Cartoon (left, top) illustrates the results: palm PNA/DNA2* (red) is
recruited to the /o domain (rose; grey rectangles: Chol), while tocopherol DNA/DNA3* to
the /d domain (light green). GPMVs were provided by Dr. Silvia Scolari (Department of
Biology, Humboldt University Berlin).

3.2.5 Temperature-controlled mixing and separation of lipophilic nucleic

acids in Janus vesicles

In the above presented Janus vesicles two different membrane-incorporated compounds are
separated by their partitioning into different lipid domains. When domain-forming vesicles
are heated above the phase-separation temperature, the domains vanish resulting in a
homogeneous membrane. This phenomenon was used to mix and separate both lipophilic
nucleic acids — palmitoylated PNA and tocopherol-modified DNA. For the phase-separated

vesicles GUVs were used, made from a 1:1:1 mixture of POPC, SSM, and Chol. This lipid
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mixture was chosen because of its lower liquid-liquid phase transition temperature compared
to DOPC/SSM/Chol membranes,[89] that is below the melting temperature of the amphiphilic
PNA/DNA and DNA/DNA hybrids.

Figure 28 shows a sequence of fluorescence images of a vesicle with incorporated
tocopherol DNA2/DNA4* (sequence: tocopherol DNA2: 5'-TGG ACA TCA GAA ATA
TTT LTT TTT LT-3"; DNA4*: 5'-TAT TTC TGA TGT CCA-FITC-3; L cossreponds to the
tocopherol-modified deoxyuridine moiety) (a-d) and palm PNA/DNA2* (e-h). At
temperatures below phase transition both /o and /d phases were present and the constructs
partitioned into different domains (Figure 28a and 28e¢). Upon heating above phase transition
temperature, the two domains merged causing co-localization of tocopherol DNA2/DNA4*
(Figure 28b) and palm PNA/DNA2* (Figure 28f) hybrids in the entire vesicle. Subsequent
cooling led to reformation of several small /o and /d domains and separation of lipophilic
DNA and PNA molecules (Figure 28c, 28g). The small domains tend to fuse minimizing the
line tension until again only one /o and one I/d domain remained containing
tocopherol DNA2/DNA4* and palm PNA/DNA2* (Figure 28d, 28h). Thus, by heating and
cooling of Janus vesicles with two different lipophilic nucleic acids incorporated into

separated domains, controlled mixing and separation was achieved.
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Figure 28: Mixing/demixing of tocopherol DNA2/DNA4* (a-d) and palm PNA/DNA2* (e-
h) hybrids incorporated in POPC/SSM/Chol GUVs due to temperature increase and decrease.
Below phase transition temperature tocopherol DNA2/DNA4* (a) and palm PNA/DNA2*
(e) are located to different domains (~5 °C). Above the phase transition temperature domains
disappeared and both constructs mix (b, f) (~55 °C). After cooling (~46 °C) new smaller
domains are formed (c, g), which then merge to larger domains separating again both types of
constructs (d, h). Bars correspond to 10 um. Scheme (top) illustrates the process: left —
lipophilic DNA/DNA (green) and PNA/DNA (red) hybrids are separated to different domains
(ld — light green, lo — rose) at low temperatures (corresponding to a and e); middle — upon
heating, the whole membrane is in an /d state and both constructs intermix (as in b and f);
right — subsequent cooling leads to a two-sided vesicle with lipophilic DNA and PNA
partitioning into opposing sites (as in d and h).
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4 Discussion

In this work, lipid membranes were functionalized using three different kinds of lipophilic
nucleic acids — tocopherol- and cholesterol-modified DNA, as well as palmitoylated PNA — to
build organized structures on a micro- and nanometer scale: (i) a rational architecture of
vesicle complexes, and (ii) the switchable lateral sorting of lipophilic nucleic acids in

membranes.

4.1 Controlled assembly of LUVs on a solid support

It was shown that distinct layers of intact lipid vesicles can be built on a solid support given
by LbL particles (Figure 29). The formation of the layers was achieved by sequence
hybridization of tocopherol-modified DNA oligonucleotides. Up to three layers of different

vesicles were formed as indicated by a different fluorescence labeling of the layers.

Figure 29: Two layers of vesicles assembled on an LbL particle, scheme and microscopic
images: red rhodamine fluorescence of the second layer (left), differential interference
contrast image (middle), and green NBD fluorescence of the first layer (right).
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When particles, already coated with three vesicle layers, were mixed with vesicles containing
lipophilic nucleic acids complementary to those of the last vesicle layer, a binding to the
particles was observed. Nevertheless, vesicles with incorporated non-complementary
lipophilic DNA to the third layer — but complementary to the second layer — did also bind to
these particles. This unspecific binding most probably originates from binding of the vesicles
to the second layer, indicating that defects in the third layer were present. To overcome this
problem other sequences for the lipophilic nucleic acids could be used, that are non-
complementary to any of the previous layers.

The stability, with which the vesicles are attached to the solid support (first vesicle layer), or
to other vesicles (second and third layer), is given by the stability of the dsDNA, and the
anchoring of the lipophilic DNA molecules in the vesicle membrane. The stability of dsSDNA
can be characterized by the melting temperature (T,,) of the dSDNA. It has been shown that
T values and melting profiles of dSDNA attached to nanoparticles,[113] or lipid vesicles[34]
are different to dsDNA free in solution. For instance, DNA linked gold nanoparticles that are
assembled by the hybridization of complementary DNA show an enhanced Ty, and a sharp
melting profile of the dSDNA compared to unmodified DNA. In these aggregates, many
factors influence the Ty, like the particle size, the inter-particle distances, and the surface
density of DNA on the nanoparticles.[113] To estimate the thermal stability of the dsDNA
formed upon building of vesicle layers on the LbL particles several aspects have to be
considered: (i) The reduced entropy of single stranded DNA when attached to the LbL
particle, or of the lipophilic DNA when inserted into the lipid membrane of a vesicle, (ii) the
cost of entropy for a vesicle upon tethering to the LbL particle, or another vesicle, (iii)
electrostatic repulsion between dsDNA and the negatively charged surface of the LbL
particles, (iv) electrostatic repulsion between different dsDNAs that are crowded in the
tethering area, (v) reduced lateral mobility of the lipophilic DNA upon dsDNA formation with

DNA immobilized on the LbL particles, (vi) inter-vesicle, and vesicle-particle
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interactions.[34] Beales and Vanderlick measured the T, of dsDNA of complementary
cholesterol-modified DNA (10mers) incorporated into the membrane of LUVs. [34] They
showed that the thermal stability of the vesicle aggregates was determined by Ty, of the
cholesterol-based DNA. Dependent on the concentration of the lipophilic oligonucleotides the
Tm was about 15-20 °C enhanced compared to unmodified DNA free in solution. Thus, the
lipophilic 10mers had a T, of about 45-60 °C (unmodified DNA: ~ 30-40 °C). This can be
explained by the reduced impact of entropy when two lipophilic DNA molecules that are
already inserted into lipid membranes hybridize. In contrast, using lipophilic nucleic acids
with different membrane anchors for vesicle aggregation showed Ty, values comparable to
those unmodified DNA.[38] Furthermore, duplexes of tocopherol-based DNA incorporated
into vesicles and complementary unmodified DNA revealed a slightly lower Ty, as dSDNA of
unmodified DNA strands.[24] Therefore, T, of the dsDNA formed upon binding of the
vesicles to the LbL particles, or to other vesicles, might be in the range of Ty, of unmodified
DNA, or — considering entropic effects — slightly higher. The formation of vesicle layers on
LbL particles was based on the hybridization of adenosine and thymidine oligomers. When a
first layer of vesicles binds to the LbL particles, a duplex is built between an adenosine 2 1mer
and tocopherol T18. Here, the dsDNA has a maximal length of 18 base pairs, as
tocopherol T18 provides only the 18 thymidines for double strand formation (Dr. Andreas
Bunge, Prof. Dr. Daniel Huster, personal communication). The double strand formation
between the vesicle layers is mediated by hybridization of tocopherol T18 and
tocopherol A17, with a maximal length of the dsDNA of 17 base pairs. T, of dSDNA formed
of unmodified adenosine 17mers and thymidine 17mers was calculated to 38.4°C (DNA
concentration 250 nM, 100 mM NacCl; IDT oligo analyzer;
http://www.idtdna.com/analyzer/Applications/OligoAnalyzer). If that value represented the
real T, of the dSDNA formed upon binding of the vesicles to the LbL particles or to other

vesicles, the assembly of the vesicles would be stable at room temperature, but melting would
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occur to some extent at physiological temperatures. For an enhanced thermal stability longer
or mixed DNA strands containing guanosine and cytidine should be used for the
oligonucleotides attached to the LbL particles and the lipophilic DNA. Shorter DNA
sequences would not only destabilize the assembly but could also promote vesicle fusion due
to a decreased inter-vesicle distance (see below).[28]

The other prerequisite for a stable assembly of vesicles on LbL particles is the firm anchoring
of the lipophilic oligonulceotides inside the lipid membranes. Due to the amphiphilic
character of tocopherol-modified oligonucleotides these molecules can be solved in aqueous
solutions. This finding suggests that in presence of lipid vesicles an equilibrium exists
between tocopherol-based DNA in the aqueous solution and inserted into the membrane,
although it is assumed that only a small portion is not bound to the vesicles. For cholesterol-
modified DNA it was shown that the anchoring of the lipophilic oligonucleotides is reversible
when only one lipophilic anchor is present.[114] When two cholesterol moieties anchored the
oligonulceotides to the membrane an irreversible insertion into the lipid bilayer was
observed.[114]

In this study sequential layers of LUVs were bound to LbL particles by the sequence specific
hybridization of complementary tocopherol-based DNA, whereas a reorganization of the
vesicles caused by a redistribution of the lipophilic oligonucleotides from one vesicle to
another would have resulted in unspecific binding of vesicles. As this was not observed in a
significant amount for the first two vesicle layers it can be assumed that such a redistribution
of lipophilic oligonucleotides does not often take place. A stable tethering of the vesicles
against shear forces is also provided. During the washing steps the particles coated with
vesicles were resuspended using a pipette. The strong shear forces appearing at the tip of the
pipette did not perturb the assembly of the vesicles. When the particles coated with one layer
of vesicles (labeled with N-NBD-PE) were mixed with an excess with N-Rh-PE labeled

vesicles, the N-Rh-PE labeled vesicles did bind to the LbL particles (see Figure 15d). This
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observation indicates that the vesicles are tethered not only by one but by several dsDNA
strands formed between lipophilic DNA and DNA attached to the LbL particles. The
replacement of already immobilized vesicles could be achieved, however, when the coated
particles (coated with N-NBD-PE labeled vesicles) were mixed with an excess of vesicles
(labeled with N-Rh-PE labeled) by vigorous shaking (“vortexing™). Here, the shear forces
were too strong, the vesicles were pulled out of the assembly, and binding places for new
vesicles were free.

One important question of this study was, whether LUVs neither loose their content nor fuse
upon binding to the particles. Applying different methods it was shown that LUVs retained
entrapped molecules and fusion did not happen. These methods complement each other:
Cryo-TEM measurements clearly showed that vesicles did not fuse upon DNA directed
aggregation, as it was also demonstrated for the LUVs bound to the LbL particles with the
FLIM and FRAP experiments. In addition, calcein self-quenching assays not only showed that
molecules stayed entrapped when the vesicles bound to the LbL particles, but also confirmed
that no fusion process took place: It is known that lipid vesicles often show a transient leakage
upon fusion.[48] Thus, the absence of any spontaneous calcein release strongly indicates that
LUVs did not fuse upon binding to the particles. At first sight, this phenomenon seems quite
surprising: Membranes tend to fuse when brought in close proximity,[28] and vesicles often
rupture on solid supports forming supported lipid bilayers.[107] Indeed, Stengel et al.,[42]
and Chan et al.[43] recently reported on vesicle fusion mediated by DNA in a SNARE-like
manner, where lipophilic oligonucleotides triggered a close membrane-membrane contact.
This was achieved by using oligonucleotides that carry the lipophilic modification on the 3'-

and 5'-end of the DNA (Figure 30a).
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Figure 30: Membrane-membrane adhesion caused by lipophilic nucleic acids. (a) When one
lipophilic anchors is situated at the 3'-end, and the other at the 5'-end fusion is triggered in a
SNARE-like way. (b) When both lipohilic nucleic acids are lipophilic modified at the 3' or the
5'-end, the membranes are kept in distance. Modified scheme from [34]

When both anchors are situated at the 3’- or the 5’-ends, the membranes are separated (Figure
30b). When short sequences were used, however, fusion was also observed:[28] Vesicles
aggregated with complementary lipophilic DNA 12mers showed vesicle fusion within 24 h,
whereas DNA 24mers did not promote fusion. This can be explained by the increased
distance between aggregated vesicles. In the case of the lipophilic nucleic acids used in this
work (tocopherol T18 and tocopherol A17), the distance between connected membranes is
17 base pairs, and no fusion was observed. Assuming that the complementary lipophilic
nucleic acids form duplexes of a B-DNA conformation, the distance between the membranes
was at least 5.8 nm. According to our results, this is enough to separate membranes and
prevent fusion. The stability of the LUVs upon immobilization on LbL particles is most
probably caused by electrostatic repulsion of the oligonucleotides on the vesicles' surface and
the stiff double helix forming between the tocopherol T18 containing LUVs and LbL
particles or tocopherol A17 containing LUVs. After one week storage at 4°C, however, the

LUVs lost about 30% of the cargo. This is comparable to the loss from POPC LUVs free in

solution, within the same time.(unpublished results) Using other lipid mixtures, e.g. including
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cholesterol, it should be possible to minimize this loss, as it is known that cholesterol
stabilizes lipid membranes.[115]

It was shown that particles can be arranged to a pre-defined pattern using an optical tweezer.
Thus, reservoirs with bioactive molecules can be organized on a micrometer scale. For
example, in tissue regeneration, cell growth could be directed by loading the vesicles
assembled on the particles with growth factors and nutrients. The arrangement of particles
coated with vesicles could also be fixed by embedding the particles into a matrix, e.g. gels or
polymers, for the building of micro-patterned coatings (Figure 31). Such films would sense
changes in the chemical micro-environment and respond releasing distinct molecules just at

the defined place.

Figure 31: Formation of micro-patterned films. (a) Positioning of LbL particles coated with
vesicles on a surface. (b) The arrangement is fixed by the embedding of the particles in gels or
polymers. Function of single particles can be activated by remote control, or local changes in
the chemical environment (red arrow).

For biotechnological applications, the system might also be tuned to allow other transport and
release mechanisms. For instance, the particles could also be moved with micromanipulators
or microfluidic devices. For cellular uptake smaller particles could be used, and to target
specific tissues in living organisms magnetic particles could replace the silica core. Release of
molecules could also be assessed by alternative methods. Vesicles become leaky when heated
through the phase transition temperature of their lipid mixture.[116] Thus, using specific lipid

mixtures for the LUVs assembled on the LbL particles, would result in a temperature
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sensitive system. The release in a defined biochemical environment is also possible. For
instance, in the microenvironment of tumors the pH is reduced.[117] Liposomes that are
sensitive for low pH wvalues[50] could be used to release drugs at the tumor site. The
combination of the maneuverable LbL particles with LUVs designed for the release of
molecules under specific conditions would result in potential delivery systems for drugs.
Moreover, the co-delivery of different substances could be achieved, e.g. of a pro-drug and an
enzyme converting the pro-drug to the active substance at the desired place after release from
the vesicles.

Fusion of the vesicles assembled on the LbL particles was demonstrated: Using FRAP and
FLIM measurements the mixing of the lipid bilayers upon addition of melittin was proven.
The stability of liposomes and the abilty to trigger fusion in a controlled manner opens the
way for application: Two reactants, or an enzyme and its substrate could be incorporated into
the membranes of different LUVs. Fusion of the LUVs would result in the mixing of both
compounds to start the reaction.

LbL particles coated with several layers of vesicles are biomimetic structures. The vesicles
represent lipid compartments or organelles able to store biomolecules, to retain specific
chemical environments, and provide an enclosed place for distinct enzymatic reactions. By
the combination of several vesicle-based reactors that work in tandem, complex micro
factories can be constructed. The system is responsive to outer influences as it was
demonstrated by the addition of melittin, and the different compartments can communicate
with each other by mixing of molecules associated to membranes or entrapped inside the
vesicles. Thus, the assembly of vesicles on LbL particles is not only a versatile approach that
can find use as simple nanoreactor or drug delivery systems, it can also be a tool to simulate
and study the complex interplay of cellular reaction pathways and to build networks of

functional units reacting on remote control.
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4.2 Lateral organization of lipophilic nucleic acids in lipid

membranes

Lateral inhomogeneous membranes can act as a template for a two dimensional sorting of
membrane compounds. To this end, molecules have to be used that show a distinct
partitioning behavior in membranes. A special attention should be drawn to the design of the
membrane anchor that interacts with the lipids of different domains. As many molecules do
not bind to lipid membranes they have to be connected to a lipophilic moiety to functionalize
the membrane. Therefore, the domain targeting molecule is ideally addressable with a variety
of functional molecules without changing the partitioning behavior, as it might be given for
lipophilic nucleic acids. Thus, it would enable the domain specific functionalization of lipid
domains on demand.

Cholesteryl-TEG-modified DNA was incorporated into DOPC/SSM/Chol GUVs that show a
liquid-liquid phase-separation. As it is known that the /o phase is enriched in cholesterol, it
might be expected that the cholesteryl-TEG-based oligonucleotide also favorably partitions
into this phase in DOPC/SSM/Chol GUVs. In fact, the construct partitioned equally into the
lo and the /d phase, independent whether the construct was anchored via one or two
cholesteryl-TEG moieties. Beales and Vanderlick revealed a 2:1 partitioning into the /o phase
of oligonucleotides anchored with two cholesteryl-TEG moieties in the membrane of
DOPC/DPPC/Chol GUVs. *H and *'P NMR experiments showed that both the cholesteryl-
TEG anchor alone and the lipophilic oligonucleotides show a different behavior in lipid
membranes compared to cholesterol.[118] When incorporated into POPC membranes
cholesterol enhances the order of the lipid chains. For the cholesteryl-TEG anchor and the
cholesterol-based oligonucleotides only minor effects were found. Therefore, it is reasonable

to assume that the cholesterol anchor has a different orientation and insertion depth inside the
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membrane compared to cholesterol resulting in a different phase partitioning behavior in the
DOPC/SSM/Chol GUVs.

Insertion and lateral partitioning of cholesterol-modified DNA in DOPC/POPS/SSM/Chol
GUVs was also tested. At a low ionic strenght the charge of the oligonucleotides was not
shielded by counterions, and the electrostatic repulsion prevented the lipophilic DNA from
inserting into the lipid membrane. At a higher ionic strength the insertion was comparable to
insertion into zwitterionic membranes. As the cholesterol-modified DNA is an amphiphilic
molecule, lipophilic DNA already incorporated into the lipid membrane will presumably be
extracted out of the membrane, when the ionic strength is reduced. When inserted into the
lipid membrane, the cholesterol-modified oligonucleotides partitioned equally into both
phases of DOPC/POPS/SSM/Chol GUVs. No influence of the negatively charged POPS on
the lateral partitioning behavior of the negatively charged oligonucleotides was observed,
although the POPS was enriched in one domain (/d). The negative charge of the
oligonucleotides was shielded by counterions. The observation that the cholesterol-based
DNA inserts into negatively charged, liquid-disordered membranes in presence of counterions
has direct implications on biotechnological applications: It turned out, that a mixture of POPC
and POPS (molar ratio: 1:1) is suited better than other lipid mixtures for a continuous and
homogeneous covering of LbL particles enhancing their biocompatibility.[107] For a
functionalization of these membrane-coated particles, lipophilic nucleic acids should be used,
that insert into this membrane that is (i) highly negatively charged, and (ii) in a liquid-
disordered state. The cholesteryl-TEG-DNA presented in this work fulfills these criteria, and

showed that it stably inserts into the lipid coated LbL particles (Figure 32).[118]
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Figure 32: Membrane coated LbL particles, funtionalized with cholesterol-modified DNA.
Taken from[118]

FLIM measurements revealed FRET between the oligonucleotides labeled with a FRET donor
(FAM) and the marker for the /d phase N-Rh-PE as a FRET acceptor. FRET efficiency was
dependent on the used lipophilic oligonucleotide system. When the cholesterol-based DNA
was anchored with one cholesterol moiety (chol DNA1%*), the energy transfer was higher
compared to the anchoring with two cholesterol moieties (chol DNA1*/chol DNA?2). This
can be explained by the difference in the distance between FRET donor (FAM) and acceptor
(Rh). Upon hybridization of chol DNA1* and chol DNA2 a stiff double helix was formed
protruding away from the lipid bilayer as it was already reported.[23,119] In consequence, the
distance between the FAM label on the oligonucleotide and N-Rh-PE inserted into the
membrane was increased and FRET efficiency was reduced. In the presented work transfer
efficiencies were used to correct the fluorescence intensities in the /d phase, for the
calculation of the relative concentrations of cholesterol-based oligonucleotides in both lipid
domains. Beyond that, the FLIM measurements revealed that the cholesterol-modified DNA,
labeled with FAM, can be used as a sensor to detect target DNA complementary to the
cholesterol-based DNA.

Palmitoylated PNA was incorporated into the membranes of domain-forming GUVs, GPMVs
and the plasma membrane of eukaryotic cells. It could be shown that this lipophilic PNA

partitioned almost exclusively into the /o phase of DOPC/SSM/Chol GUVs and GPMVs
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derived from CHO-K1 cells. These observations indicate that palmitoylated PNA possibly
targets lipid rafts in eukayotic cells. Multiple palmitoylation drives rafts partitioning of many
membrane proteins.[98] It is known that lipid rafts are involved in clathrin-independent
endocytosis.[96] Thus, cellular uptake of the PNA or functional moieties linked via
complementary DNA strands to PNA could be enhanced by using palmitoylated PNA. As
PNA can bind with a high sensitivity for single base pair mismatches to single and double
stranded DNA and RNAJ[14] it can be used for nucleic acid detection inside cells[120] and
gene silencing.[14] These applications afford an efficient uptake into the cells, and
palmitoylated PNA is a promising candidate to enhance the uptake.

By incorporation of tocopherol modified DNA and palmitoylated PNA into liquid-liquid
phase-separated GUVs and GPMVs Janus vesicles were built. Both constructs segregated
almost exclusively to the different domains. Due to hybridization with complementary DNA
or RNA the different domains can be functionalized on demand. In this way the /d and /o
phase can be labeled with nucleic acids exhibiting specific recognition sites for ligands,[121]
or proteins,[122] so-called aptamers. Furthermore, the domains can be equipped with nucleic
acid based enzymes as DNAzymes or ribozymes,[123] or, using conjugates of DNA, with
various fluorophores,[80] peptides,[80] or proteins.[82] This enables the building of
micropatterned surfaces by the use of phase-separated membranes of GUVs, GPMVs or
supported lipid membranes that can be functionalized with a plethora of functions. For
instance, such a two dimensional organization can find application in lipid-based

microarrays.[39]
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Figure 33: Temperature controlled mixing and separation of lipophilic nucleic acids
incorporated into phase-separated GUVs.
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Temperature controlled mixing and separation of the tocopherol based DNA and the
palmitoylated PNA was also demonstrated (Figure 33). Upon heating over the phase
transition temperature the lipid phases of the Janus vesicles vanished forming one /d phase,
and both constructs were spread homogeneously over the whole membrane. When the
temperature dropped again below the phase-separation temperature lipid domains were re-
formed and the lipophilic nucleic acids again segregated into different domains. The
DNA/DNA and DNA/PNA hybrids did not melt upon heating, showing that the phase
transition temperature was still below the melting temperatures of the duplexes: Mixing and
separation of functional moieties attached to the complementary DNA strands was also
achieved. The domain formation by cooling resembles in some way one of the underlying
principles of the formation of lipid rafts: Here, nanoscaled assemblies of sphingolipids,
cholesterol, and raft partitioning proteins are combined to functional platforms, e.g. by the
oligomerization of raft proteins in response to external signals.[7] Thus, similar to the
membranes of eukaryotic cells, specific functions can be induced by remote triggers, e.g.
signaling cascades. Apart of this, domain mixing by heating leads to mixing of the molecules
associated to the different phases and interactions between the molecules become possible.
For instance, by attaching reactants to the complementary DNA, chemical reactions could be

triggered. It is also possible to functionalize one domain with an enzyme and the other one
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with its substrate. In this way temperature controlled microreactors can be fabricated. When
the resulting product of the reaction can be detected, e.g. by its fluorescence, the Janus
vesicles become temperature sensors. In conclusion, Janus vesicles, equipped with lipophilic
nucleic acids are versatile tools for biotechnical applications, e.g microarrays, model systems
for eukaryotic cell membranes, temperature sensitive microreactors, and sensors.

Finally, both concepts — assembly of vesicles by DNA hybridization, and the domain specific
partitioning of lipophilic nucleic acids — might be combined. Figure 34 illustrates how a
directed vesicle assembly without a template could be achieved. First, complementary
lipophilic nucleic acids that insert into the same domain could be incorporated into liquid-
liquid phase-separated vesicles (Figure 34a and b). This would presumably result in relatively
small assemblies. Second, liquid-liquid phase-separated vesicles could be functionalized with
complementary lipophilic oligonucloetides that partition into different domains (Figure 34c).
In this way larger assemblies could be achieved where the domains of the vesicles are

oriented in one direction.

Figure 34: Assembly of liquid-liquid phase-separated vesicles using complementary
lipophilic nucleic acids. When the lipophilic nucleic acids both partition into the /o (red) or
the /d (green) phase, most likely small assemblies will be formed (a and b). When one
lipophilic nucleic acid partitions into the /o and one into the /d domain, larger assemblies
could be formed (c). Here, a directed orientation of the vesicles’ domains might be achieved.
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Using lipid coated particles, GPMVs, or GUVs showing a phase-separation, the concept of
the assembling of vesicles on a solid support could also be expanded. Different types of
vesicles could be bound to different domains using for example palmitoylated PNA and
tocopherol-based DNA as tethers for the /o and the /d phase, respectively (Figure 35). Thus,

vesicles could also be laterally organized.

Figure 35: Assembly of vesicles on lipid coated particles, GUVs, or GPMVs. A liquid-liquid
phase-separated membrane provides a lateral sorting of the vesicles: Palmitoylated PNA,
partitioning into the /o phase (rose), and tocopherol-modified DNA located to the /d phase
(light green), tether different types of vesicles with incorporated complementary lipophilic
nucleic acids (green, red) on different lipid domains.
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5 Outlook

Future prospects on vesicles assembled on LbL particles and the domain specific anchored
lipophilic nucleic acids focus on biotechnological approaches.

Vesicles assembled on LbL particles might serve as nanoreactors. For example, encapsulation
of enzymes inside the assembled vesicles should be studied. Among many different methods
to entrap active enzymes inside vesicles the dehydration-rehydration method with a
subsequent extrusion step seems to be one of the most promising ones, as it ensures high
encapsulation values.[51] By an external trigger the enzyme would be released to start a
reaction with a substrate that is present outside the vesicles. More complex reactors with
control over the reaction place can be constructed by encapsulation of both enzyme and
substrate (or two reactants) separately into the vesicles assembled on the LbL particles
(Figure 36). Fusion of the vesicles would lead to a content mixing and induce the reaction.
The fusion of vesicles, however, is often accompanied by a transient leakage. Therefore, a
method for an induced fusion without the loss of content should be applied for the mixing of
the reactants or the enzyme/substrate system, e.g. a phospholipase C/sphingomyelinase
triggered fusion.[124] Another way to avoid the loss of reactants could be the use of
membrane associated reactants or enzyme/substrate pairs, that will not diffuse away when the
lipid bilayers becomes leaky. An application for such nanoreactor systems could be the
construction of delivery systems for prodrugs that are converted to the desired molecule just
at the defined place. For this aim the product should be released from the vesicles after the
reaction. When the membrane is permeable for the reaction product, it can escape from the

lumen and reach its destiny.
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Figure 36: Scheme of two vesicles immobilized on a LbL particle by DNA hybridization.
The vesicles are loaded with two reactants. Upon fusion of the vesicles, e.g. by the addition of
melittin, the contents mix and a chemical reaction between the reactants starts resulting in the
synthesis of a certain product (indicated as green stars). Alternatively, the vesicles can be
loaded with an enzyme and its substrate. A release of the product will be obtained when the
product can pass the membrane.

For cholesterol-modified DNA and palmitoylated PNA the partitioning inside the plasma
membrane of cells will be of great interest: Targeting to lipid rafts will have an impact on the
uptake of the construct. In this way the efficient cellular delivery of nucleic acids, or any
molecule attached to an oligonucleotide complementary to the lipohilic nucleic acid might be
enabled. To investigate the lateral partitioning of membrane compounds inside cellular
membranes, several methods have been developed, e.g. using FLIM,[6] or stimulated
emission depletion microscopy (STED).[125]

Finally, the partitioning behavior of lipophilic nucleic acids in phase-separated membranes
can be tuned by a combination of different lipophilic anchors. Figure 37 shows a hybrid of a
tocopherol-based oligonucleotide and palmitoylated PNA. As both constructs on their own
partition into different lipid phases in liquid-liquid phase-separated lipid membranes, the
partitioning behavior of lipophilic nucleic acids with one tocopherol and two palmitoyl
anchors will be different for at least one of the constructs. By the cleavage of the dsDNA both
lipophilic nucleic acids will again be separated resulting in a repartitioning of at least one of
the lipophilic nucleic acids. Thus, it is possible to mimic the behavior of membrane proteins,
whose partitioning behavior inside the cellular membrane into raft or non-raft regions is
dependent on the modification with specific lipophilic moieties, to rebuild or study cellular

processes like signaling pathways.
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Figure 37: Hybrid of palmitoylated (dark grey) and tocopherol-based (black) nucleic acids,
kept together by two DNA strands (black and light grey). A specific cleavage site allows
separation of both lipophilic constructs that will result in a repartitioning of at least one of the
lipophilic nucleic acids, when incorporated into the membrane of a liquid-liquid phase-
separated GUV.
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