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Membrane-Mediated Self-Organization of Rod-Like DNA

Origami on Supported Lipid Bilayers
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and Petra Schwille*

Organization of elongated particles into ordered phases on 2D surfaces and
interfaces has been extensively studied during the last decades both theoreti-
cally and experimentally. For mutually repulsive particles on solid nondeform-
able substrates, the process is controlled only by the aspect ratio and the
surface density of the adsorbed particles. The local elastic response of soft
substrates to particle adhesion can drastically change the collective behavior
of adsorbed rod-like particles resulting in their self-organization via substrate-
mediated interparticle attraction. Here, high-speed atomic force microscopy is
used to study the organization of DNA origami particles on locally responsive
supported lipid bilayers (SLBs) in comparison with that on nondeformable
solid mica surfaces. At high surface coverage, the aspect ratio-dependent
anisotropic phases expected for densely packed particles are observed. At
intermediate and low surface densities, however, a drastically different phe-
nomenology is observed: surprisingly strong surface-mediated interparticle
attraction of DNA origami particles is found on SLBs resulting in their self-
organization compared to their purely repulsive interaction on a mica surface.
The formation of organized aggregates of elongated DNA origami particles
on SLBs is explained by exceptionally strong nanoparticle adhesion to the
membrane that responds with a local deformation in spite of the presence of

1. Introduction

The organization of lipid membranes
and in particular their interaction with
macromolecules and colloids has been
an exciting subject of investigation across
different fields, from soft-matter physics
to biomedical research. Indeed, the devel-
opment of novel materials, carriers, and
bioactive molecules (e.g., drugs, nano-
particles, and polymers) often requires a
thorough investigation of the interactions,
penetration, and toxicity of these mole-
cules on biological or model lipid mem-
branes.'™! On one hand, the size, shape,
and strength of the membrane interaction
of the particles of interest determine their
organization on the lipid membrane.[*]
On the other hand, membrane biophysical
properties and shape depend on the mem-
brane interaction with these particles: in
particular, membrane protein organiza-
tion has been proposed to influence the
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mechanics of lipid membranes,'®" viral
infection is determined by the interaction
of viruses with cellular membranes!!?1]
and the wrapping and uptake of nanopar-
ticles influences their delivery yield.!
Thus, from a physicochemical perspective, understanding the
general interaction mechanisms of particles of different shapes
and properties on biorelevant surfaces/interfaces, such as lipid
membranes, is of great significance. Notably, several theoretical
studies have predicted membrane-mediated self-organization
of rigid rod-like particles.*-?2l However, studies of membrane-
mediated organization of rod-like particles have been scarce.
The first experimental evidence of this phenomenon has been
the observation of tip-to-tip linear chain aggregates formed by
rod-like fd virus particles electrostatically bound to a low-tension
free-standing cationic lipid membrane.?sl More recently, DNA
origami needles have been observed to organize in a parallel
fashion or form asterlike structures after adsorption to free-
standing cationic lipid membranes.[*4
Henceforth, to better understand the role of lipid membranes
for the lateral self-organization of rigid colloidal particles, we set
out to study the dynamic behavior of ensembles of rod-like DNA
nanostructures of aspect ratio 7 (AR7)?’ (Figures S1 and S4, Sup-
porting Information) adsorbed through Mg?*-mediated electro-
static interactions on the solid mica surface and more elastically
responsive 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)
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Figure 1. Schematic representation of the experimental setup. a) Model of DNA origami nanostructure AR7 of dimensions 7 nm X 15 nm x
110 nm. Atomic force microscopy (scale bar: 200 nm) and transmission electron microscopy (scale bar: 50 nm) images confirm the correct
folding of the nanostructure into rods. b) DNA origami AR7 particles adsorbed on mica (top panel) or an SLB (bottom panel) and exhibiting
translational and orientational dynamics in 2D, which can be observed using HSAFM. Higher order organization is expected to occur on SLBs,

but not on mica.

supported lipid bilayers (SLBs) using high speed atomic force
microscopy (HSAFM) (Figure 1). In this experimental approach,
while the DNA origami technology allowed us to produce a
monodisperse set of particles with a high yield,??) the use of
gel-phase DSPC membranes in combination with HSAFM[?]
enabled us to track the diffusion and organization of individual
particles even at low membrane densities.

2. Results

2.1. Particles Show Purely Repulsive Interactions
on a Rigid Mica Surface

On the solid mica surface, DNA origami rods behave as inde-
pendent hard particles exhibiting translational and rotational
Brownian motion (Figure 2; Movies S1-S3, Supporting Infor-
mation). At low particle densities, when the particle density
does not affect the particle motion, free diffusion of the par-
ticles is observed. At higher surface densities, although the
translational and rotational Brownian motion is suppressed
due to particle crowding, no evidence of particle attraction
and aggregate formation is found, suggesting purely repulsive
interactions between DNA origami particles adsorbed on mica.
Indeed, the Debye length under the conditions of this experi-
ment is =0.7 nm, and thus, soluble charge-mediated particle
attraction will only occur at very short length scales.

It has been theoretically predicted?® and experimentally
confirmed®>33] that the organization of rod-like particles depends
on their surface density. In particular, the isotropic phase
observed at low surface densities transforms into an ordered
phase upon increasing the density. For hard rectangles of aspect
ratio 7, the isotropic—anisotropic transition is predicted to occur
at reduced surface densities p= 0L = 3-5, where o'is the particle
surface density, and L is the rod length.[?343%] In agreement with
the expectations, at relatively high densities (p = 2.4), although a
certain degree of orientational anisotropy is attained as a result
of crowding in the dense ensemble of mica-adsorbed DNA rods,
the system still did not undergo a transition into a smectic phase
(Figure 2c). Nonetheless, at a reduced surface density of p = 2.9,
the particles form a quasi-smectic phase, as additionally con-
firmed by the spatial frequency spectrum (Figure 2d).
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2.2. Membrane-Mediated Attractive Interactions Result
in Particle Self-Organization

On SLBs, at low surface densities, (0= 2-3 um™2, p = 0.02-0.04)
(Figure 3a; Movie S4, Supporting Information), the adsorbed
DNA origami rods exhibited translational and orientational
Brownian motion and showed the dynamics and organization
generally similar to that observed for mica at similar surface
densities (Figure 2a). In contrast to mica-adsorbed particles,
however, a number of DNA nanoneedles adhering to the SLB
exhibited a pronounced tip-to-tip attraction and formed stable
linear chain aggregates (Figure 3a).

On the other hand, at higher surface densities, the organiza-
tion of the nanostructures on the SLB was found to be strikingly
different from that observed on mica. On SLBs, at surface den-
sities in the regime o > 30 um™ (p > 0.4), the nanostructures
show a clear tendency of clustering and forming higher order
aggregates. At intermediate surface densities of o= 30-50 um™
(p = 0.4-0.6) both tip-to-tip and side-by-side attraction of DNA
origami rods is observed (Figure 3b; Movie S5, Supporting
Information). At high surface densities (o = 100-200 pm=,
p = 1.2-2.4), interactions are clearly dominated by the side-by-
side attraction (Figure 3c; Movie S6, Supporting Information),
which results in anisotropic organization of SLB-adsorbed DNA
origami rods into side-by-side bands. At an even higher surface
density (0= 260 um=2, p = 3.2), when the membrane appears
to be fully covered, the particles form a quasi-smectic phase
(Figure 3d), just as observed on mica (cf. Figure 2d).

2.3. The Anisotropic Phase Formed at High Surface Density
Depends on the Aspect Ratio

Our experimental setup further allows us to study anisotropic
phases formed by particles of various aspect ratios, when
deposited at high surface densities on membranes, under con-
ditions where diffusion is strongly suppressed (Note S1, Sup-
porting Information). To cover a range of shapes, two additional
DNA origami nanostructures of aspect ratios 1 and 22 (AR1 and
AR22, respectively) were designed (Figures S2-S4, Supporting
Information) and the organization of the three nanostructures
(including AR7) on DOPC/DSPC/Chol 2:2:1 SLBs exhibiting
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Figure 2. DNA nanostructures show purely repulsive interactions on a rigid surface. HSAFM images of DNA nanostructure AR7 diffusing on a mica
surface at different surface densities: a) low (0= 2-3 um=2, p=0.02-0.04), b) intermediate (o= 30-50 um~2, p = 0.4-0.6), and c,d) high (o'= 200 um™>?,
p =24, and o= 240 um2, p = 2.9, respectively) surface area coverage. Snapshots in time are shown for each condition, except for panel (d), which shows
very slow dynamics. The spatial frequency spectrum in panel (d) corresponds to the whole area shown. All experiments are performed at 16 mM MgCl,

and 150 mM NaCl. Scale bar: 150 nm. e) Schematic representation of the interactions governing particle organization on a mica surface.

phase separation (Figure S5, Supporting Information) was
studied using HSAFM (here DOPC and Chol denote 1,2-dio-
leoyl-sn-glycero-3-phosphocholine and cholesterol, respectively).
This modified experimental setup allowed us to more readily
achieve high surface densities at which anisotropic phases
form, by local confinement of particles to membrane domains
of a specific type (for details, see the Experimental Section).

For DNA nanoparticles of three different aspect ratios,
anisotropic phases were observed at high surface densities,
similar to what has been previously observed on mica.?3l Gen-
erally, for elongated particles three different phases (isotropic,
nematic, and smectic) can be observed, which transform into
one another upon an increase in the surface density and vari-
ation of the aspect ratio. Based on the theoretically predicted
phase diagram for rod-like particles in 2D, a nematic phase is
expected to form at high surface densities of particles with the
aspect ratio in excess of 7, which, upon a further increase in the
surface density, is followed by formation of a smectic phase.l’!
Indeed, while for AR22, we could observe both a nematic phase
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(Figure 4a), in which particles orient directionally, and, at higher
densities, a smectic phase (Figure 4b) characterized by both the
directional and positional order, for less elongated AR7 particles
only a smectic phase could be observed (Figure 4c). In contrast,
the seemingly simple case of Brownian squares (particles of
aspect ratio 1) was found to show an unexpectedly rich succes-
sion of phases depending on the packing density.?*38 At high
densities square-shaped particles have been shown to freeze
into the translationally and orientationally ordered square crys-
talline phase with suppressed translational diffusion.l*® This is
what we indeed observe in our experiments with square-shaped
DNA nanoparticles AR1 (Figure 4d).

3. Discussion

The 2D isotropic—anisotropic phase transition of particles has
been theoretically predicted to take place at different surface
densities depending on the particle aspect ratio.?8313739 In
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Figure 3. DNA nanostructures show tip-to-tip and side-by-side attraction on SLBs. HSAFM images of DNA nanostructure AR7 diffusing on DSPC SLBs
at different surface densities: a) low (0= 2-3 um, p = 0.02-0.04), b) intermediate (0 = 30-50 um~2, p = 0.4-0.6), and c,d) high (o= 100-200 um™2,
p=12-24and o=260 um=2 p = 3.2, correspondingly). Snapshots in time are shown for each condition, except for panel (d), which shows very slow
dynamics. The spatial frequency spectrum in panel (d) corresponds to the whole area shown. All experiments were performed at 20 mM MgCl,. Scale
bar: 150 nm. e) Schematic representation of higher order organization of DNA nanostructures at higher surface densities due to increased membrane
tension.

most previous experiments323640-#1 gych isotropic-anisotropic  to date no experimental study has been carried out where iso-
phase transitions have been observed by varying the surface  tropic—anisotropic phase transitions of particles of different
density of particles of a fixed aspect ratio (1 to 70), with the  aspect ratios in 2D were observed for particles with the same
exception of a study that employed DNA origami particles with  physicochemical properties under identical conditions and on
various shapes.®l Furthermore, to the best of our knowledge, a biologically relevant surface. This again demonstrates that,

aspect ratio 22 aspect ratio 7 aspect ratio 1

Figure 4. Anisotropic phases formed by DNA nanostructures at high surface densities. HSAFM images of a) nematic and b) smectic phases formed
by DNA nanostructures of aspect ratio 22, c¢) smectic phase formed by DNA nanostructure of aspect ratio 7, and d) square crystalline phase formed
by DNA nanostructure of aspect ratio 1 on DOPC:DSPC:Chol (2:2:1) SLBs. The spatial frequency spectra of the square areas marked by the dotted line
are shown in the corresponding insets for illustration purposes. Scale bar: 200 nm.
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as it has been previously suggested,3?l DNA origami nanotech-
nology is a perfect tool for a comprehensive study of colloidal
organization on surfaces that allows one to cover a wide range
of aspect ratios (for elongated particles) and, generally, address
other particle geometries, as DNA origami structures of virtu-
ally any shape can be produced with high yield.*”] Moreover, we
have introduced an experimental setup that allows the conduc-
tion of such rigorous studies on lipid membranes.

The theory and simulations predict that the local deforma-
tion of elastic surfaces upon adhesion of rod-like particles
should result in attractive interactions between the particles.
In particular, for an elastic lipid bilayer with a given bending
rigidity «; the character of these interactions should depend on
the membrane tension 1719212246 at Jow membrane tension
tip-to-tip attraction is expected to dominate, while at higher ¥,
side-by-side attraction becomes more favorable. For an elastic
but essentially nonstretchable lipid membrane, electrostatic
binding of a nanoparticle locally deforms the membrane as a
result of its strong adhesion, and leads to an increase in the
membrane tension (for illustration, see schematic in Figure 3e).
Thus, with an increase in the number of bound nanoparticles,
the membrane tension grows, and consequently the prefer-
ence is expected to shift gradually from tip-to-tip to side-by-side
attraction. Our observations of prevalent tip-to-tip attraction at
low particle densities and side-by-side attraction at high particle
densities perfectly agree with this line of reasoning.

Now let us verify whether the parameters of our experi-
mental system are consistent with the proposed interaction
mechanism. The characteristic length scale at which mem-
brane-mediated attraction of membrane-bound nanoparticles
takes place can be estimated as I~ ./x/y.) From our obser-
vation of the formation of stable interactions at the interme-
diate and high density regimes, we estimate that / = 100 nm, at
least two orders of magnitude larger than the Debye screening
length under the conditions of the experiment (=1.2 nm). For
a lipid well below its phase transition temperature T, such as
DSPC at 20 °C (T, = 55 °C), the bending rigidity x is expected
to be = 10° ky T.¥] Indeed, under our experimental conditions,
force spectroscopy experiments yield k¥ = 500 kzT (Note S1,
Supporting Information). This gives a reasonable estimate of
the membrane tension y= 10710 N m™, at least one order
of magnitude below the typical membrane rupture tension
(1072 N m ™). Thus, the suggested mechanism of membrane-
mediated interactions generally agrees with the mechanical
properties of the lipid bilayer. Importantly, although SLBs do
not allow for high-magnitude deformations on a solid support,
nanometer-scale deformations are possible, due to the presence
of a hydration layer between the support surface and the phos-
pholipid headgroups (Note S1, Supporting Information).[*->1

Interestingly, while membrane-mediated interactions of
elongated colloidal particles have been previously observed on
free-standing lipid bilayers,?*?¥ no evidence of membrane-
mediated interactions has been reported for macromolecules
and colloidal particles adsorbed on SLBs.?>*>~>°1 A potential
reason for that could be that all these experiments were carried
out using cationic lipid bilayers strongly adhering to the oppo-
sitely charged mica surface via electrostatic attraction. In the
present study, however, the zwitterionic lipid bilayer was bound
to the negatively charged mica surface indirectly, via Mg?" ions.
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Thus, the reason for the drastically different phenomenology
can be due to the considerably looser binding of the bilayer to
the solid substrate in our experiments.

At fixed membrane rigidity and tension, the strength of the
interaction between the elastic membrane and the adsorbed
nanoparticle plays a crucial role in the type of interactions
observed.[?>234] In the previous experimental studies,!?324°2-5]
the membrane binding was mediated through electrostatic
interactions of negatively charged macromolecules and colloids
with positively charged lipids, the amount of which typically
never exceeded a few percent, while here, the membrane is
covered with Mg?" cations that coordinate with the phosphate
groups of the saturated phospholipids.’®! In other words,
each lipid of the highly packed lipid bilayer bears a net posi-
tive charge. The positive charge density in solution of the lipid
mixture used in this study in the respective buffer conditions
is the same order of magnitude as those of the lipid mixtures
used in previous studies (Note S2, Supporting Information).
Nonetheless, using a previously described approach,’! the
linear charge density of our DNA nanostructure AR7 is esti-
mated to be 16 e~ nm™! and is higher than that of previously
studied particles?*5*%1 (2 e~ nm™ for dsDNA,8 10 e~ nm™ for
fd bacteriophage particles?)). This results in a stronger inter-
action of the lipid bilayer with the DNA nanoparticles in com-
parison with the macromolecules and colloids used in previous
studies, and thus allows one to achieve higher surface tension
and observe a range of self-organization regimes, which so far
has been only achieved in vesicles fully composed of cationic
lipids.?4

Although some experiments on interactions of macromole-
cules with lipid membranes in the gel phase have been carried
out previously,>® these did not allow one to conclude on the
existence of membrane-mediated interactions on gel-phase
membranes. In these experiments, negatively charged macro-
molecules were directly electrostatically bound to cationic head-
groups of lipid molecules residing in the bilayer. As a result,
the transition of the membrane into the gel phase that is char-
acterized by an extremely low lipid mobility,®? automatically
leads to freezing of the motion of the adsorbed macromolecules
and thus precludes observation of membrane-mediated interac-
tions. Importantly, the present experimental setting, although
also based on gel-phase bilayers, employs an indirect binding
of the negatively charged DNA origami particles via Mg
ions to zwitterionic lipids, thus uncoupling their translational
dynamics from that of the lipid molecules in the underlying
bilayer, and allows one to observe membrane-mediated interac-
tions on the gel-phase lipid bilayer.

While varying the type of cations mediating the DNA nano-
particle interaction with the lipid bilayer may influence to some
extent the organization and dynamics of lipid membranes (e.g.,
refs. [61-64]) as well as DNA nanostructures,!® we expect that
the phenomena described above will remain unaffected, as only
the rate of equilibration and assembly/disassembly kinetics of
the particle aggregates would be influenced by changes in the
translational diffusion rates.

In recent years, there has been an increased interest in
the interplay of cellular lipid membranes with membrane
proteins. The shapes and morphology of highly curved
lipid membrane structures in living cells are controlled and
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modulated by several types of scaffolding proteins,/®’! such as
the BAR domain superfamily.®® The general common feature
of these proteins is their strongly elongated banana shape with
the membrane-binding motif typically located on the concave
(very rarely on the convex) side of the molecule. As a result,
these proteins exhibiting a membrane-curving ability pos-
sess a strongly elongated rod shape in the membrane plane. It
has been suggested that self-organization of elongated protein
molecules on the nanoscale into nematic domains enhances
the effect of individual protein molecules and generates an ani-
sotropic spontaneous curvature of the protein-decorated mem-
brane 0971 Thus, in spite of the different chemical structure
of these proteins, their membrane-bending effect largely relies
on one and the same physical mechanism, which is governed
by their collective behavior. Therefore, the basic properties of
the phenomenon can be understood using a model synthetic
biology-inspired approach? with building blocks artificially
created to mimic the essential physical properties of the part
of the living system under consideration, such as the one
employed in this study.

4, Conclusion

To conclude, our high-speed atomic force experiments on
DNA origami rods on mica and SLBs allowed us to observe
both tip-to-tip and side-by-side membrane-mediated interac-
tions of rod-like nanoparticles on gel-phase SLBs and further
demonstrated the qualitatively different behavior of elongated
particles on rigid and mechanically responsive elastic surfaces.
Our experimental setup, by combining the power of HSAFM
with the structural versatility of DNA origami, opens the door
to further explorations of the membrane-mediated interparticle-
interaction space.

5. Experimental Section

DNA Origami Folding and Purification: DNA origami nanostructures
consisting of a 20-, 52-, and 12-helix bundle with hexagonal lattice based
on the M13mp18 7429-nucleotide long scaffold plasmid (p7429) was
designed using CaDNAno®l (Figures S1-S3, Supporting Information).
To avoid stacking interactions between monomers of each structure,/+7l
the oligonucleotides at the tips of each structure had been extended
with two/six adenines. Additionally, the DNA origami nanostructure of
aspect ratio 1 had been designed with irregular helix length to reduce the
number of possible stacking interactions due to shape complementarity./”!
High purity salt free (HPSF) purified staple oligonucleotides needed for
origami folding were purchased from Eurofins MWG Operon (Ebersberg,
Germany), and single-stranded M13mp18 scaffold DNA was supplied by
Bayou Biolabs (Metairie, LA, USA). DNA origami nanostructures were
folded and purified in folding buffer (FOB) containing 5 mM Tris-HCl,
1 mM ethylenediaminetetraacetic acid (EDTA), and 20 mM MgCl,, pH 8.0
as previously described.[?%7¢l

Transmission Electron Microscopy (TEM): To confirm the folding of
the DNA origami nanostructures (Figure la; Figure S4b, Supporting
Information), negative-stain TEM imaging was performed on a CM120
BioTWIN (FEI/Philips, Hillsboro, Oregon, USA), with a LaB6 filament
operated at 120 kV. Images were recorded with a MegaView Ill camera
(Soft Imaging System GmbH, Miinster, Germany). Typically, 3 uL
of folded, purified, and diluted (1/10 in FOB buffer) DNA origami
nanostructures were adsorbed on glow-discharged formvar-supported
carbon coated Cu300 grids (Plano GmbH, Wetzlar, Germany) and
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stained using a 2% aqueous uranyl formate solution containing 25 mM
sodium hydroxide.”®l Further image analysis was performed using the
Image) software (http://rsb.info.nih.gov/ij/).l"’}

Agarose Gel Electrophoresis: The folding quality of the DNA origami
nanostructures AR1, AR7, and AR22 was investigated through agarose
gel electrophoresis (Figure S4a, Supporting Information), as described
elsewhere.’®l Briefly, the assembled DNA origami structures were
loaded into 2% agarose gels containing 0.5x TBE buffer (40 mM Tris-Cl,
45 mM boric acid, and T mM EDTA, pH 8.3) and 11 mM MgCl,. The
GeneRuler Express DNA ladder from ThermoFischer Scientific was used.
Electrophoresis was performed at 70 V for =2 h, in an ice water bath.
SYBR Safe for DNA staining (10 LLL of stock solution) was directly added
to the gels prior to electrophoresis. At the end of electrophoresis, gels
were scanned using a Peglab E-BOX VX2 Gel Documentation System
(VWR International GmbH, Erlangen, Germany).

SLB Preparation: DSPC, DOPC, and Chol were purchased from
Avanti Polar Lipids (Alabaster, AL, USA). Pure DSPC and phase
separated DOPC/DSPC/Chol (2:2:1)7% SLBs were formed at 60 °C via
fusion of small unilamellar vesicles (SUVs) deposited in FOB buffer on
top of freshly cleaved mica, following the general protocol described
elsewhere.”? After a washing step, the SLBs were slowly cooled down
to room temperature (20 °C) in order to reduce the occurrence of
membrane defects. The use of gel-phase DSPC membranes not only
enhanced the interaction of DNA nanostructures with the membrane due
to the higher charge density of the membrane when compared to less
ordered phases,#%4 but also slowed down the overall diffusion of DNA
nanostructures thus facilitating the particle imaging and tracking. On
DOPC/DSPC/Chol (2:2:1) lipid bilayers showing coexistence of the liquid-
ordered (l,) and liquid-disordered (l4) phases (Figure S5, Supporting
Information), DNA nanostructures adsorbed to lipid membranes via
Mg?*-mediated electrostatic interactions preferentially bind to the I,
phase.B-# This reduces the amount of the DNA origami material
necessary to achieve the range of surface densities at which anisotropic
phases of membrane-adsorbed DNA origami particles are formed.
Moreover, DNA nanoparticles can cross the I—ly interface back and
forth82-84 thus allowing for particle reorganization—and hence reaching
the equilibrium state of the system—even at high surface densities.

Atomic Force Microscopy: Different volumes of solutions of purified
DNA nanostructures were deposited on freshly cleaved mica or SLBs
through electrostatic interactions mediated by MgCl,. In FOB buffer, DNA
nanostructures were completely immobilized on mica while freely diffusing
on SLBs (e.g., refs. [82-85]). To allow the diffusion of DNA nanostructures
on mica, FOB buffer was doped with NaCl to reach 10:1 proportionality
relatively to MgCl,,335 with a final buffer composition 5 mM Tris-HCl,
1 mM EDTA, 16 mM MgCl,, and 150 mM NaCl, pH 8.0. The addition of
monovalent ions, i.e., Na®, weakens the interactions between the DNA
origami nanostructures and the support through partial replacement of
Mg?* ions. 8l

HSAFM in the tapping mode was performed with the Nanowizard
Ultra module (JPK Instruments, Germany), using USC-F0.3-k0.3
ultrashort cantilevers from Nanoworld (Neuchitel, Switzerland) with
typical stiffness of 0.3 N m™. The cantilever oscillation was tuned to
a frequency of 100-150 kHz and the amplitude was kept below 10 nm.
Scan rate was set to 25-150 Hz. Typically, 1 X 1 um or 2 x 2 um images
with 256 x 256 pixel were acquired. All measurements were performed
at room temperature (20 °C). The force applied on the sample was
minimized by continuously adjusting the set point and gain during
imaging. Height, error, deflection, and phase-shift signals were recorded
and images were line-fitted as required. Data were analyzed using JPK
data processing software Version 5.1.4 (JPK Instruments, Germany),
Gwyddion Version 2.45 (Czech Metrology Institute), and Image]
(http://rsb.info.nih.gov/ij/).7"1

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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