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Abstract: We describe the use of a frame-guided assembly
(FGA) strategy to construct cuboid and dumbbell-shaped
hetero-vesicles on DNA origami nanostructure scaffolds.
These are achieved by varying the design of the DNA origami
scaffolds that direct the distribution of the leading hydrophobic
groups (LHG). By careful selection of LHGs, different types
of amphiphiles (both polymer and small-molecule surfactants)
were guided to form hetero-vesicles, demonstrating the versa-
tility of the FGA strategy and its potential to construct
asymmetric and dynamic hetero-vesicle assemblies with com-
plex DNA nano-scaffolds.

Amphiphilic molecules have the tendency to self-assemble
into morphologies with smooth surfaces, such as spherical
micelles,!" fibers,? tubes,” and vesicles,™ to minimize the
surface tension and thus the Gibbs free energy, which is
consistent with the second law of thermodynamics.”) The
natural tendency to achieve the most thermally stable states
makes it challenging to construct cuboid amphiphilic assem-
blies, in which the free energy is not minimized. Recently,
inspired by the cytoskeletal-membrane protein-lipid bilayer
system, ! we have proposed a frame-guided assembly (FGA)
strategy, which in principle can be used to construct hetero-
vesicles, composed of leading molecules and the principal
amphiphiles (PA), with customized shapes and sizes in an
identical environment. To date, using gold nanoparticle/
DNA as scaffolds, only sphere- and rod-shaped amphiphilic
assemblies have been created.”®! Herein, taking advantage of
the geometric programmability of DNA origami nanostruc-
tures,”! we demonstrated the construction of hetero-vesicles
with cuboid and dumbbell shapes, demonstrating the general-
ity of the FGA strategy in guiding the formation of geometri-
cally challenging amphiphilic assemblies.

The FGA process using a cuboid scaffold is illustrated in
Figure 1. DNA origami cuboid 1 is used as a model scaffold to
show the compatibility between the DNA nanotechnology
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Figure 1. Schematic of the frame-guided assembly process with a DNA
origami scaffold. The cuboid origami was designed with 115 ssDNA
polyA (Ay) extensions to allow the polyT-amphiphilic DDOEG dendron
conjugated molecule, D;DOEG, to be anchored to the origami by DNA
hybridization, which acts as the leading hydrophobic group to guide
the assembly of the principle amphiphile, G,CI-18. Upon the addition
of G,Cl-18, the leading hydrophobic groups on the surfaces of the
frame guide G,CI-18 to fill the gaps between them by interactions with
the hydrophobic dendron domain to complete the formation of the
hetero-vesicles around the frame.

and FGA strategy. The dimensions of cuboid 1 are approx-
imately 20 nm x 20 nm x40 nm, and in total, 115 copies of
polyA strands (A,, extended out of the DNA origami) were
modified on its surfaces with an average inter-molecular
distance of 5-7 nm. The poly(aryl ether) dendron, which has
a hydrophobic core and carries eight hydrophilic oligo(-
ethylene glycol) (OEG) tails to increase the solubility of the
molecule in an aqueous solution, was selected as the leading
hydrophobic group (LHG). The dendron was covalently
linked to a polyT strand (T,)) to form the conjugate
D:DOEG. The polyT tail brought the dendron onto the
surface of the DNA origami upon hybridization with the
polyA strands distributed on the surfaces of the cuboid DNA
origami to form the amphiphilic frame. When the principal
amphiphile (PA) G,Cl-18 molecules are added, they are
guided by the LHG to assemble along the surfaces of the
frame to fill in the gaps between the LHG and to close in on
themselves to form a hetero-vesicle, with its external mor-
phology following that of the cuboid DNA origami scaffold.
The D:DOEG and G,Cl-18 molecules were synthesized by
a solid-phase conjugation as described previously,” and the
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sequence information can be found in the Supporting
Information.

Cuboid 1 was constructed through the DNA origami
strategy as previously reported.'”’ The detailed staple strand
information and the annealing procedure can be found in the
Supporting Information. The transmission electron micros-
copy (TEM) images showed well-formed cuboid assemblies
(Figure 2a), which revealed the successful formation of the
DNA scaffold. The formation of cuboid 1 was also confirmed
by 1% agarose gel electrophoresis (Supporting Information,
Figure S1, lane 2).

Figure 2. TEM analysis of the assemblies. a) The DNA origami cuboid
1. b) The frame aggregates formed by the hybridization of cuboid

1 and D;DOEG. c,d) Hetero-vesicles with the addition of 5 um G,Cl-18.
Samples are negatively stained with uranyl acetate. Scale

bars =100 nm.

It should be noted that during the preparation of the DNA
origami, a high concentration of Mg*" is necessary, which may
have undesired interactions with the DNA tail of the G,CI-18
molecules and affect its assembly. To avoid the influence of
Mg*" in the amphiphilic assembly process, we changed the
DNA origami buffer solution from the TAE Mg*" buffer to
a 0.5 x TBE buffer containing no Mg*" but 200 mm NaCl. The
buffer exchange was performed by ultrafiltration and washing
using a molecular cutoff (100 K) filtration device after the
formation of the DNA cuboids. Even after weeks of buffer
exchange, the DNA cuboid kept its cuboid shape and was able
to hybridize with D{DOEG. It was noted that when we use
the full complimentary T20 strand to hybridize with the A20
extensions on the DNA origami, the DNA cuboid aggregated,
possibly because of the m—mx stacking (data not shown). To
avoid this aggregation, we introduced an extra three-nucleo-
tide overhang at the 5’-end of the T20 sequence, as shown in
the Supporting Information, Table S1, and the same
sequenced overhang was also introduced to the polyT tail of
DDOEG. The hybridization of cuboid 1 and T23 showed low
or no aggregation (Supporting Information, Figure S1, lane
3). For the FGA process, in a typical experiment, a 4 nM
solution of cuboid 1 was incubated with 2 um D:DOEG (a
4-fold excess in the polyA strands available) to form the
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frame at 4 °C for 3 h in 0.5 x TBE, 200 mm NaCl. The frame
hybridized with D{DOEG showed much lower mobility and
could not run out of the gel well under the same electro-
phoresis conditions used (Supporting Information, Figure S1,
lane 4). This revealed the aggregation of the frames upon
decoration of the LHGs.

To monitor the assembly process, SYBR Green I, which
exhibits green fluorescence after binding with duplex DNA
under UV excitation, was added to the incubation solution.
The precipitation observed under 254-nm UV light displayed
green fluorescence (Supporting Information, Figure S2b)
indicating the presence of the DNA nanostructures. With
the addition of 5 um G,CI-18 and after a short annealing
procedure from 37°C to 25°C, the precipitation disappeared
and the solution turned back to a clear solution (Supporting
Information, Figure S2¢). This observed aggregation fol-
lowed by a de-aggregation phenomenon is similar to those
observed in the previous studies on FGA." This could be
explained by the frame—frame interactions (mediated by the
interaction between LHGs on the surface of different frames)
and then the frame-PA interactions. After the LHGs are
anchored to the DNA cuboid scaffold, the hydrophobic
interactions between the LHGs are amplified by the presence
of multiple interacting sites extended on each surface of the
origami cuboid, which caused strong frame—frame associa-
tions."! Although the introduction of OEG tails on the LHG
used here could inhibit the self-assembly of the individual
DDOEG molecules, the local high concentration of LHGs on
the DNA scaffold would cause the frame to display strong
amphiphilic properties, leading to aggregation and precipita-
tion (Supporting Information, Figure S2b). The compatibility
and structural/geometry matching of the PA (G,Cl-18) and
the LHG (DDOEG) molecules promote the frame-PA
interactions, which are stronger than the frame—frame and
PA-PA interactions. Therefore, the addition of G,CI-18
molecules would break the frame aggregates, and then the
G,CI-18 molecules are allowed to further assemble along the
sides of the LHGs, resulting in the formation of the hetero-
vesicles supported by the cuboid frame (Supporting Informa-
tion, Figure S2¢).l*#l

The morphology of the assemblies was examined by TEM
to confirm the mechanism described above. After the hybrid-
ization of D;DOEG and the DNA scaffold, only the
aggregates were observed in the TEM image with the
negative stain of uranyl acetate (Figure 2b), which is con-
sistent with the agarose gel results (Supporting Information,
Figure S1). The cuboid shape of the DNA origami scaffold
could be identified at the edges of the aggregates, which also
indicated that the frame structure was constructed based on
the DNA origami scaffold as expected. After the addition of
G,CI-18 and the annealing procedure, the aggregates disap-
peared, and only well dispersed cuboid assemblies were found
by TEM (Figure 2¢). In the magnified image (Figure 2d),
a clear corona around the DNA cuboid was observed, which
should represent the G,CI-18 molecules assembled around
the DNA cuboid. The shape of the corona essentially
maintained the cuboid geometry of the underlying scaffold.
In combination with the precipitate-dissolving phenomenon
and the previous study," these results confirm the formation
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of the designed cuboid hetero-vesicles. It should be noted that
because of a minimization of the surface tension, the surfaces
of the hetero-vesicle at the edges and vertexes are still smooth
and gently curved. Nevertheless, this achievement of a cuboid
vesicle assembly is a significant step toward creating complex
amphiphilic assemblies with unusual geometries, which is
difficult to achieve using traditional scaffold-free amphiphilic
assembly strategies.

To further confirm the FGA process, dynamic light
scattering (DLS) was used to characterize the dimensions of
the assemblies. In the DLS data analysis, it is assumed that all
the assemblies in the solution are spherical particles, which
means the reported value of the average radius (gyration
radius) for these cuboid DNA assemblies only reflects an
average of the different dimensions for a non-spherical
particle. However, the differences between the measured
data should correctly reflect the size changes.'”” As shown in
Figure 3 a, the initial average radius of cuboid 1 is 16.98 nm.
After the incubation of cuboid 1 with D:DOEG, the average
radius increased sharply to 106.9 nm, which is due to the
aggregation of the frame structure (Figure3b) and is
consistent with the TEM imaging and gel results (Figure 2D).

16.98 nm 22.81 nm 106.9 nm

T 4 snney b
~——DNA origami S s
——Assembly 1
%
——Aggregation %

Radius/nm

Figure 3. DLS characterization. a) Cuboid 1. b) The frame aggregates
formed by the hybridization of cuboid 1 and D;DOEG. c) Hetero-
vesicles formed by the addition of 5 um G,Cl-18.

With the addition of G,CI-18 and after the annealing
procedure, the average radius of the assemblies decreased
to 22.81 nm (Figure 3c¢), suggesting the aggregation was well
dispersed. Compared with cuboid DNA scaffold, the approx-
imately 5.8-nm increase in the radius of the hetero-vesicles
confirms the existence of another layer of molecules around
the scaffold, which is consistent with the corona in the TEM
images (Figure 2c¢), providing further evidence for the FGA
process of G,CI-18.

We also took advantage of the versatility of the design
strategy of DNA assembly and constructed a cuboid 2
structure, on which only approximately half of the surfaces
were modified with the polyA strands (As illustrated in the
Supporting Information, Figure S4a). With the one side of
cuboid 2 containing the helical ends of the multi-helix
structure left as a blunt end, cuboid 2 tends to form a dimeric
structure through the m—m stacking of the blunt ends of the
DNA duplexes. After hybridization with D{DOEG and the
addition of G,CI-18, a dumbbell-shaped assembly with cuboid
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2 as the DNA scaffold resulted. In the experiments, a similar
precipitate-dissolved phenomenon was observed during the
FGA process. It was found by TEM that, compared with the
cuboid shape of the DNA scaffold (Supporting Information,
Figure S4b), the final assembly shows a well-defined dumb-
bell morphology (Supporting Information, Figure S4c). These
results further verify the shape independence of the FGA
process, and it is the arrangement of the leading hydrophobic
groups that outline the frame structure that determines the
final morphology of the hetero-vesicles.

To demonstrate the general application of the DNA
scaffold-based FGA process, different types of LHG and PA
were used successfully to form hetero-vesicles of different
chemical compositions. As we discussed previously, to guide
the assembly of a certain PA, the LHG should be designed
carefully. Herein, in addition to the dendron DDOEG/G,CI-
18 system, we applied two other molecular systems to the
FGA process, including small surfactant molecules and
thermally sensitive polymers.

As illustrated in Figure 4a, using a lipid (1,2-O-diocta-
decyl-rac-glycerol) molecule with double hydrophobic tails as
the LHG, small simple surfactant molecules and sodium
dodecyl sulfate (SDS) can be applied to the FGA process.
Following a similar assembly procedure as described above,
we observed the sequential aggregation of the frame upon the
addition of the polyT-linked lipid and the re-dispersion of the
DNA cuboid upon the addition of free SDS (Figure 4b,c). On
the other hand, with a thermo-responsive poly(propylene
oxide) (PPO; M,, 2000) as the LHG, which would turn
hydrophobic when the temperature is higher than the low
critical solution temperature, the liner block copolymer R18-
b-PPO (M,, 7550) was guided to form the hetero-vesicles
around the frame following the same FGA process, as
illustrated in Figure 4d. Without the addition of R18-b-
PPO, the frame would self-aggregate when the temperature
was raised to 37°C (Figure 4e); however, upon co-assembly
with R18-b-PPO, a well-dispersed cuboid assembly was
observed in the TEM images (Figure 4f). Both results

Figure 4. The modularity of this frame-guided assembly process was
verified by introducing different combinations of the LHG and the
principal amphiphile system. a) A schematic of the lipid—SDS system.
b) The aggregates of the frames formed by the hybridization of the
cuboid DNA scaffold and the DNA-lipid. c) With the addition of SDS,
the aggregates of the frame dispersed. d) The schematic of the PPO-
PPO system. e) The TEM image of the aggregates of frames with PPO
as the LHG at 37°C. f) The co-assembly with PPO-R18 of the frame at
37°C resulted in the well-dispersed DNA structures. Scale

bars=100 nm.
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validate the generality of the FGA and show that it is an
efficient and powerful tool to control the self-assembly
processes of very different amphiphiles, ranging from small
surfactant molecules and dendrons to block copolymers.

In conclusion, by employing DNA origami cuboids as
model scaffolds, we successfully applied DNA nanotechnol-
ogy to FGA to control the self-assembly process of amphi-
philes. Differently shaped amphiphilic assemblies, including
cuboid and dumbbell hetero-vesicles, were constructed by
simply adjusting the geometry of the DNA scaffolds and the
directed distribution of the LHG on the surfaces of the DNA
scaffolds. By carefully choosing different types of LHGrs,
a wide variety of amphiphiles were confirmed to follow the
FGA rules, which proves the generality of FGA. We
anticipate that by using FGA it would be possible to construct
asymmetric and/or dynamic amphiphilic assemblies with
more complex DNA-assembly scaffolds.
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