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ABSTRACT

Lipids are important building blocks in cellular compartments and their supramolecular self-
assembly into well-defined hierarchical structures has gained increasing interest. DNA form
highly-ordered assemblies, lipoplexes, when combined with cationic liposomes and extensive
experimental work has been conducted on these lipoplexes. However, for many potential
applications the variety of the structural morphology of lipoplexes is still rather limited. Here, we
have complexed larger DNA origami nanostructures and the cationic lipid DOTAP and studied

their self-assembly driven by electrostatic and hydrophobic interactions. The results suggest that



the DNA origami function as a template for the growth of multilamellar lipid structures and that
the DNA origamis are embedded in the formed lipid matrix. Furthermore, the lipid encapsulation
was found to significantly shield the DNA origami against nuclease digestion. The presented
complexation strategy is suitable for a wide range of DNA-based templates and could therefore

find uses in construction of cell-membrane associated components.

INTRODUCTION

Inspired by the complex biological structures found in nature, supramolecular self-assembly has
emerged as an attractive approach to construct novel functional nanoscale materials with unique
properties.! Many compartmentalized structures found in biological systems are formed by lipids,
and their self-assembly has gained increasing interests during recent years.>® DNA-lipid
complexes (lipoplexes) are highly ordered supramolecular assemblies that are formed through
electrostatic and other non-covalent interactions between the negatively charged phosphate groups
in the DNA backbone and cationic liposomes.* Lipoplexes have potential applications in e.g. drug
and gene delivery,”” optoelectronics and synthetic chemistry,” and therefore extensive
experimental work has been carried out to understand both the driving forces behind the lipoplex
assembly and the structural morphology of the formed complexes.® Lipoplexes may adopt several
different supramolecular arrangements, and it is known that the lipid packing parameters have a
remarkable role in the structural organization of the components.** The most frequently observed
lipoplex arrangement is the lamellar phase (L,) consisting of alternating lipid bilayers and
monolayers of parallel DNA molecules.!® Another commonly occurring structure is the inverted
hexagonal phase (Hy) in which lipid monolayer-coated DNA molecules are arranged on a

hexagonal lattice.!' In addition, both a hexagonal phase (H;), where tubular lipid micelles arranged



on a hexagonal lattice are enclosed in a DNA lattice with honeycomb symmetry,'? and a double

gyroid cubic phase structure (Qy;)'* have been reported.

Thus far, the variety of the structural morphology of the lipoplexes have been rather limited, and
therefore it would be desirable to study whether larger DNA nanostructures with higher structural
complexity could be used similarly to form ordered assemblies. Over the past two decades, there
has been a rapid development in the field of DNA nanotechnology and DNA has emerged as an
effective and programmable building material for nanoscale fabrication.!*!> In particular the DNA
origami technique has enabled highly accurate production of a wide range of custom-designed
DNA-based nanostructures,'® which have paved the way for applications such as e.g. drug
carriers,'”!8 artificial membrane channels!*?! and templates for precise arrangements of molecular
components.??? Moreover, due to the phosphate groups in the DNA backbone, the DNA origami
structures are highly negatively charged and therefore suitable also as building blocks in ordered
assemblies held together purely via electrostatic interactions, which has been previously
demonstrated with gold nanoparticles* and collagen-mimetic peptides.”®> However, for many
potential applications, in particular in biomedicine, the structural stability of the DNA origami is
still questionable, as the DNA origamis are for example readily degraded by nucleases, such as
DNase 1.2 Therefore, to increase the stability of the DNA origamis under biologically relevant
conditions, several coating strategies have been proposed, including viral envelope-mimicking
lipid bilayers,?® glutaraldehyde cross-linked PEGylated oligolysine? and electrostatically driven
coatings with cationic polymers,**? serum albumin-dendron conjugates* and -derivatives®, virus

capsid proteins®® and chitosan.?

In this work, we have electrostatically assembled three different DNA origami nanostructures with

a cationic lipid 1,2-dioleoly-3-trimethylammonium-propane (DOTAP) (Figure 1). Further, to gain



additional insights into the assembly process the effect of size and shape of the DNA nanostructure
as well as the stoichiometric ratio between the DOTAP molecules and the DNA origamis
(nporar/Noricami) have been investigated. The electrostatic binding between the DOTAP molecules
and the DNA origami was studied using agarose gel electrophoretic mobility shift assay (EMSA)
and the morphology of the formed complexes characterized using conventional transmission
electron microscopy (TEM), cryogenic transmission electron microscopy (cryo-TEM),
transmission electron tomography (ET) reconstruction and energy-dispersive X-ray spectroscopy
(EDS). The results reveal that DNA origami could function as a nucleation site for the growth of
multilamellar lipid assemblies and that the DNA origami are embedded in the formed lipid matrix.
Moreover, DNase I digestion experiments show that the multilamellar lipid matrix also protect the
DNA origami against enzymatic digestion, but to which extent the DNA origamis are embedded

in and shielded by the lipid matrix is highly dependent on the DNA origami shape.



Figure 1. Building blocks used in the study and their electrostatic assembly. (a) The design and
outer dimensions of the three DNA origami structures used in the study: 6-helix bundle (6HB), 60-
helix bundle (60HB) and plate. (b) The chemical structure of the cationic lipid 1,2-dioleoly-3-
trimethylammonium-propane (DOTAP). (c) Multilamellar lipid structures shielding the DNA
origami are formed through electrostatic interactions between the positively charged head group

of the DOTAP molecules and the phosphate groups in the DNA backbone.

RESULTS AND DISCUSSION

For this study, three DNA origami nanostructures with different aspect ratios; a 6-helix bundle
(6HB), a 60-helix bundle (60HB) and a plate (Figure 1a), were prepared using standard annealing
procedures (see the Supporting Information for preparation details and characterization data). For
all experiments, the storage medium of the DNA origamis was exchanged to deionized water using

the previously described spin-filtering method.’” Further, DOTAP was chosen as the cationic lipid



since it is biodegradable and one of the most commonly employed cationic lipids for lipoplex
assembly.*® DOTAP has a quaternary ammonium head group and is hence positively charged over
a wide pH range (Figure 1b). Free ions in the surrounding media effectively screen the electrostatic
interactions between charged components® and therefore the complexation was carried out in the
absence of added electrolytes. Under these conditions, the electrostatic interactions between the
positively charged DOTAP head groups and the negatively charged phosphate groups in the DNA
backbone were promoted, which facilitates the formation of DNA origami — lipid complexes and

the growth of a multilamellar lipid matrix around the DNA origami (Figure 1c).

Initially, the electrostatic binding of DOTAP to the DNA origamis and the formation of assemblies
was studied by agarose gel electrophoretic mobility shift assay (EMSA) (Figure 2, left column).
When the cationic lipids bind to the negatively charged DNA origami surface, their electrophoretic
mobility in the gel is altered. Therefore, the stoichiometric ratio nporap/Horieam required for the
assembly formation was determined by adding increasing amounts of DOTAP solution (dissolved
in ethanol) to a constant amount of DNA origami solution (in deionized water, constant final
concentration of 7.5 nM). For all three DNA origamis, a clear gradual decrease in the
electrophoretic mobility was observed, and at a stoichiometric ratio of nporap/Morigami ~ 5000, the
DNA origamis were completely immobilized in the gel. Further, after the gel run, the immobile
DNA origami — lipid complexes, observed at high stoichiometric ratios, were also visible with the

naked eye as precipitates in the gel wells.



Nporas/t Mexigeeni
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Nooras/t Mexigeeni
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Figure 2. Electrostatic binding of positively charged DOTAP to (a) 6HB (b) 60HB and (c) plate
DNA origamis and the formation of DNA origami — lipid assemblies. The left panel shows agarose
gel electrophoretic mobility shift assay (EMSA) for a constant amount of DNA origami (in
deionized water, constant final concentration of 7.5 nM) complexed with increasing amounts of
DOTAP (dissolved in ethanol). Lane 1 (6HB, 60HB or Plate) is a control sample without any
added ethanol, and the final ethanol concentration in all other samples is approximately 9 % (w/v).
The right panel shows transmission electron microscopy (TEM) images of the formed complexes
at different stoichiometric ratios between the DOTAP and DNA origami (nporap/Horigami)- The
samples are negatively stained with uranyl formate (2 % (w/v)) and the size of all TEM images

are 250 nm x 250 nm.



To obtain information about the structural morphology of the complexes, we used TEM to
characterize the assemblies formed using all three kind of DNA origamis at different
stoichiometric ratios, 7porap/Moreami- (Figure 2, right panel). Although there are morphological
variations depending on the used DNA origami, similar trends were observed for all studied
structures. The TEM images prepared at nporap/Hoieami = 0 show, as expected, distinct and intact
DNA origamis, which also confirms that the DNA origami structures maintain their structural
stability in the aqueous ethanol solution (9 % (W/v), cumeci, < 0 mM) used for the assembly. Further,
the thin double-layer plates have low contrast and they tend to stand on their edges and get slightly
twisted, which has been reported also previously for similar DNA origamis (see S3 for additional
TEM images that verify the correct folding).*® When DOTAP is added to the DNA origami
solution, the cationic lipid molecules bind electrostatically to the negatively charged DNA origami
surface, which most likely nucleates the formation of the observed multilamellar complexes. The
samples with a relative excess of DNA origami (nporap/Morigami ~2500) still contain free DNA
origami, but small fingerprint-like assemblies start to appear at the interfaces of the DNA origamis.
The DNA origamis are also more aggregated, indicating that the DOTAP molecules function as a
supramolecular “glue” that bring the DNA origamis together. At the optimal stoichiometric ratio
of nporap/Morigami ~5000, mostly distinct multilamellar complexes, a few hundreds of nanometers in
size, are formed without any free DNA origami to be observed. When the DOTAP concentration
is further increased and the DOTAP are in excess (fporap/Horigami ~7500), the TEM images reveal
even larger multilamellar assemblies up to several micrometers in size. Morphologically, the
formed multilamellar structures resemble lipoplexes assembled using DOTAP,*® but also

lamellarsomes formed through the self-assembly of amphiphilic block copolymers in water.*!



The binding of the cationic DOTAP molecules to the negatively charged DNA origami surface
and subsequent formation of larger multilamellar assemblies is a highly cooperative process driven
by the interplay between electrostatic and hydrophobic interactions.*? For example, in the case of
the complexes formed using the 6HB, the structural features observed in the TEM images can be
explained by a cooperative process that proceeds in a stepwise manner (Figure 3a). The 6HB is
mechanically rather flexible, and when the cationic DOTAP molecules bind to the negatively
charged origami surface, the 6HB will wrap into highly packed ‘ball of yarn’-like assemblies. In
order to minimize the undesired interactions between the aqueous phase and the hydrophobic lipid
tails, DOTAP molecules bound to different parts of the 6HB will get entangled, which will further
induce a bending of the DNA origami. The bound DOTAP molecules will also effectively screen
the electrostatic repulsion between the phosphate groups in the DNA origamis, which facilitates

the rather tight packing of the 6HBs.

For the multilamellar complexes formed using the 6HB, the average interlamellar spacing
measured from the TEM image is 5.1 + 0.7 nm (Figure 3b). Similar interlamellar spacings have
also been determined when the two other DNA origamis were employed (see S11 and S14), which
suggest that the observed condensed lamellar structures are in this case mostly alternating DOTAP
bilayers separated by a counterion rich water gap. The determined interlamellar distances are also
in good agreement with the previously reported interlamellar periodicities of hydrated multilayer
DOTAP films (4.85 nm* respective 4.2—4.9 nm*). In solution, the thickness of a DOTAP bilayer
has been determined as 3.72 + 0.03 nm,” but the interlamellar distances in multilamellar
assemblies will be higher than this due to the repulsion between the cationic head groups and
swelling of the lamellar phase in excess water.'? In the case of 6HB, the observed structural

dimensions also match with the thickness of the DNA origami and therefore, as shown in Figure



3a, the multilamellar structure could also be alternating layers of 6HB and lipid bilayers resulting

from the folding of the 6HBs into ‘ball of yarn’-like structures.

In addition to conventional TEM, we also investigated the formed assemblies in their native state
using cryogenic transmission electron microscopy (cryo-TEM). However, the vitrified specimens
were prone to electron beam radiation damage, which set limitation to the performed analysis.
Nevertheless, similar multilamellar structures as in the conventional TEM images were observed
in the cryo-TEM images of the unstained, vitrified samples (Figure 3c), which confirms that the
formed lamellar structures are not drying artefacts. Further, cryo-TEM investigation of DOTAP
alone in aqueous ethanol solution (S4) shows merely differently sized unilamellar liposomes,
which supports the hypothesis that the DNA origami function as a template for the formation of

the observed multilamellar lipid complexes.

To gain additional insight into the structural morphology of the lipid assemblies, we conducted
transmission electron tomography (ET) reconstruction of the formed complexes (Figure 3d, S15,
S16). The reconstructed 3D electron density map of the assemblies and cross-sectional views
through the structure clearly suggest that the formed complexes are made up of a dense, highly
interconnected network. Interestingly, we also observed from the ET reconstruction and the TEM
images (Figure 2) that the assemblies formed using the 6HB favor a more concentric lamellar
structure, whereas the complexes formed using the 60HB and plate tend to have a more stacked
lamellar arrangement. DOTAP has zero spontaneous curvature (lipid packing parameter, P ~0)
and will therefore prefer a flat lamellar arrangement.!!*® However, in this case, when DOTAP is
electrostatically assembled with DNA origamis, the lipid packing behavior may be templated by
the underlaying DNA origami, which could explain the observed difference in the lamellar

arrangement. As already discussed, the 6HB are rather flexible and wrap into ‘ball of yarn’-like
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assemblies with high curvature when combined with DOTAP. Both the 60HB and the plate, on
the other hand, are hexahedrons with low curvature and hence DOTAP tend to adopt a more

stacked lamellar arrangement when these two are employed.

| Average period: 5.1 +0.7 nm

Gray value (a.u.)
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Figure 3. Structural characterization of the lipid complexes formed using the 6HB. (a) HR-TEM
images (250 nm x 250 nm) of negatively stained assemblies formed at a stoichiometric ratio of
nporap/Nens ~2500. The areas marked with dotted white lines are schematically presented below
respective image. (b) A magnified view of a negatively stained complex formed at a stoichiometric
ratio of nporar/neas ~7500 (left) and an integrated profile along the blue line in the TEM image. (¢)
Cryo-TEM image of an unstained, plunge-frozen sample at a stoichiometric ratio of nporap/fieus

~5000. (d) Transmission electron tomography (ET) reconstruction of an assembly formed at a
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stoichiometric ratio of nporap/fieus ~2500. The insets below the ET reconstruction show

representative vertical cross-sections of the internal structure (depths of 10, 20, 28 and 36 nm)

To get information about the structural composition of the multilamellar structures and to further
confirm that the DNA origamis are inside the complexes, we performed energy-dispersive X-ray
spectroscopy (EDS) analysis in scanning transmission electron microscopy (STEM) mode (Figure
4a and b, S17-S19) for selected areas in the samples. DNA origamis contain, due to the phosphate
groups in the DNA backbone, many phosphorous atoms and an appreciable phosphorous signal
could therefore reveal the DNA origamis in the sample. Neither the carbon support film nor the
DOTAP contain phosphorous and will thus not alone generate a phosphorous peak in the EDS
spectra. In all studied samples, the strongest phosphorus signal was observed for areas inside the
multilamellar assemblies, which suggest both that the DNA origami are inside the complexes and

that the DNA origamis are tightly packed together inside the lipid matrix.

In addition to plain DNA origamis, we also used 6HB with conjugated gold nanoparticles (AuNP-
6HB) for the complexation. For this experiment, the 6HB design was modified by adding three
single-stranded DNA (ssDNA) attachment sites to which AuNPs functionalized with
complementary ssDNA oligonucleotides could hybridize (inset in Figure 4c, see Supporting
Information for the preparation steps and characterization). Due to their high contrast, the AuNPs
conjugated to the 6HBs could be readily identified in the TEM images and, as expected, most of
the AuNPs were found inside the lipid complexes, which further indicate that also the DNA
origamis are within these complexes (Figure 4c). Furthermore, similar multilamellar assemblies

as previously were observed when the AuNP-6HBs were employed, which demonstrate that our
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DOTAP encapsulation strategy is suitable also for more complex DNA origami functionalized

with molecular components.
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Figure 4. Verification that the DNA origamis are inside the lipid assemblies. (a) Scanning
transmission electron microscope (STEM) image of unstained complexes formed at a
stoichiometric ratio of nporap/nens ~5000. (b) Energy-dispersive X-ray spectroscopy (EDS) spectra
of the areas indicated in (a). The peaks corresponding to carbon (C), nitrogen (N), oxygen (O) and
phosphorous (P) are indicated in the spectra. (c) TEM image of negatively stained complexes
formed using 6HB with gold nanoparticles conjugated (AuNP-6HB). The inset shows the design

of the AuNP-6HB and the position of the three AuNPs.

The DNA origamis have higher stability against nuclease digestion than double stranded DNA of
similar sizes,* however bare DNA origamis have limited resistance against enzymatic degradation
in biologically relevant media.'®?’ As previously reported, various coating strategies have proven
to increase the structural stability against nucleases,?®?°?!35 and therefore we also examined

whether the DNA origamis embedded in the lipid matrix could be protected against
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deoxyribonuclease I (DNase I) digestion. DNase I is the most important nuclease in blood and
serum and the stability against DNase I is therefore widely used as a measure to simulate the DNA
origami stability also in vivo.'®#" For this experiment, both plain DNA origamis and formed DNA
origami — lipid complexes were incubated with increasing amounts of DNase I for 1 h at room
temperature, after which the samples were analyzed by agarose gel EMSA. To ensure that the
DNA origamis were completely shielded by the DOTAP molecules, a stoichiometric ratio of
Npotap/ Morigami ~ 7500 was used. The DNA origami concentration was kept constant at 7.5 nM in all
samples, whereas the final DNase I concentration in the samples varied between 0 Kunitz units/mL
and 200 Kunitz units/mL. Remarkably, the used concentrations are more than 100-fold higher than
the DNase I level in blood plasma (0.34 — 0.38 Kunitz unit/mL)*. Further, since intact DNA
origami — lipid complexes are completely retained in the gel wells, we used linear polyanionic
heparin to disassemble the complexes and recover the DNA origamis after DNase I incubation but
before running the agarose gel (see the Supporting Information for the details about the

decomplexation).

Plain DNA origamis were readily digested by DNase I and we observed that a DNase I
concentration of 50 Kunitz U/mL was enough to completely digest all three DNA origami
structures within 1 hour at room temperature (Figure 5a, top panel). A significant higher resistance
against DNase I digestion was observed for all DNA origamis encapsulated in the lipid matrix. For
the 60HBs and plates complexed with DOTAP, a smearing of the leading band followed by the
appearance of fragments with higher electrophoretic migration speeds was observed already at 50
Kunitz U/mL, which indicates that the structures begin to degrade. By monitoring the intensity
decrease of the leading band, we estimated that 48 % of 60HBs and 30 % of plates were intact

after the exposure to 50 Kunitz U/mL of DNase I for 1 hour (Figure 2b). Interestingly, the 6HB
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appears to be better shielded against DNase I digestion by the lipid matrix than the 60HB and the
plate. Even after an incubation with 150 Kunitz U/mL of DNase I for 1 hour approximately 60 %
of 6HB were still intact. Due to the high mechanical flexibility and the wrapping into ‘ball of yarn’-
like complexes, the 6HB might be more tightly embedded in the lipid matrix, which also improves
the stability against DNase I. The resistance against DNase I digestion has been reported to be
highly superstructure dependent,’” which may account for some of the differences observed in the
DNase I stability among the structures. Nevertheless, the amounts of DNase I used in the
experiments is well above the concentrations in normal physiological conditions and the DOTAP
encapsulation thus provides a remarkably enhanced protection against enzymatic digestion in a

biologically relevant media.
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Figure 5. Protection against digestion by deoxyribonuclease I (DNase I). (a) Agarose gel
electrophoresis of plain DNA origamis (top) and DNA origamis complexed with DOTAP (bottom)
after incubation with increasing amounts of DNase I for 1 hour at room temperature. A

stoichiometric ratio of nporap/foricami ~ 7900 was used for the samples complexed with DOTAP and
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these samples were disassembled with heparin before running the agarose gel. (b) Normalized
agarose gel intensity for the leading band determined from three different gels. For the
normalization, the gel intensity of the control sample (0 U/mL) was always marked to be 100 %.

The data is given as the mean and the error bars represents standard deviations (n = 3).

CONCLUSIONS

In this work, we have demonstrated that DNA origami nanostructures can be used as template and
nucleation site for the growth of multilamellar lipid assemblies. The assembly process is driven by
electrostatic and hydrophobic interactions and structural characterization of the formed complexes
indicates that the DNA origamis are embedded in the lipid matrix during the assembly.
Furthermore, the lipid encapsulation significantly enhanced the DNA origami stability against
nuclease digestion and could therefore be used as a non-toxic approach to increase the
bioavailability of DNA-based nanostructures. DNA origami is a powerful tool to artificially
construct and mimic cell membrane-associated structural components,?’ and therefore it is
expected that hybrid materials assembled using DNA nanostructures and lipids will have
applications in biology and nanomedicine in the near future.”” However, effective strategies to
assemble the hydrophobic lipids with the hydrophilic DNA origami is still needed. We have
presented a straightforward and scalable method for combining these two into a hybrid
nanomaterial. In addition, the method is not limited to certain DNA origami shapes, it is even
compatible with DNA-based structures functionalized with molecular components, such as
AuNPs. Therefore, we believe that this modular approach could find intriguing uses and provide

valuable insight into the interactions between DNA origami and lipids.
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