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Precisely Controlled 2D Free-Floating Nanosheets of
Amphiphilic Molecules through Frame-Guided Assembly

Chao Zhou, Yiyang Zhang, Yuanchen Dong, Fen Wu, Dianming Wang, Ling Xin,

and Dongsheng Liu*

Amphiphilic molecules normally assemble into 3D symmetric
closed structures such as micelles/vesicles or 1D fibers/tubes
in aqueous solution to minimize the free energy.!! 2D self-
assembly of amphiphilic molecules largely occurs at the solid/
liquid, liquid/air, or liquid/liquid interfaces, forming mono-
layer or bilayer films through a spontaneous process, such as
Langmuir-Blodgett films,/?l solid supported lipid bilayers,?!
and self-assembled monolayers, which are achieved through
strong adsorption or even covalent bonding between the
amphiphilic molecules and solid substrates. Few examples of
preparing free-floating 2D sheet-like assemblies rely on the
specific structure and/or interactions of the building blocks,
and the amphiphilic sheets normally grow infinitely and
ultimately form microsized nanosheets without size and/or
shape control.’! Recently, a frame-guided assembly strategy
has been used to control the assembly process of amphiphilic
molecules in which the structure of the assemblies is mainly
determined by the inside frame rather than the intrinsic prop-
erties of the amphiphilic molecules.’) However, the currently
reported examples are all limited to the preparation of 3D
vesicles. Here, we report a DNA origami-based, frame-guided
assembly that can overcome the obstacle of the 2D assembly of
amphiphiles in aqueous solution. Moreover, the prepared free-
floating 2D amphiphilic assemblies could be readily tailored to
a custom size and shape, and the assembly parameters could
be programmed.

Our strategy is illustrated in Figure 1. DNA origami is
formed by folding a long scaffold DNA using a set of short
staple strands.”l Employing different sequence design of staple
strands, fully addressable DNA origami with various shapes
could be prepared. Certain arrangements of anchor strands
extended from staple strands on the same surface are designed.
An amphiphilic molecule named DDOEG (Figure 1b),
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consisting of a hydrophobic poly(aryl ether) dendron molecule
and eight oligo(ethylene glycol) tails, was covalently conjugated
to a 15 nt piece of single-stranded DNA. Through sequence-spe-
cific DNA hybridization, the DDOEG molecules could be ration-
ally positioned onto a DNA origami, following the arrangement
of anchor strands. The DDOEG molecules anchored on origami
via DNA hybridization act as the leading hydrophobic groups
(LHGs) and together form a 2D frame domain above the DNA
origami. The local concentration of hydrophobic groups within
the frame domain is much higher than that dispersed in the
solution. Driven by hydrophobic-hydrophobic interactions,
additional DDOEG or other amphiphilic molecules would be
absorbed into this domain to decrease the total free energy and
gradually form a homogeneous or heterogeneous nanosheet
above the DNA origami. Thus, the 2D self-assembly of amphi-
philic molecules occurred without the direct involvement of
any interface. According to this mechanism, the size and shape
of the formed nanosheets would not exceed the range of the
frame and could be readily tailored by the arrangement of the
LHGs on the DNA origami.

As a model system, we first employed single-layer rectan-
gular DNA origami (=100 nm x 70 nm) as the foundation of
the frame to prepare the homogeneous amphiphilic molecular
nanosheets. In a typical experiment, a DNA origami structure
containing 59 anchor strands arranged (details in Figure S1,
Supporting Information) on one surface was designed and pre-
pared according to a well-established strategy’ and purified
by molecular weight cut-off filtration. Two nanomolar purified
DNA origami were incubated with 10 x 10® M DDOEG at room
temperature for 3 d, and atomic force microscopy (AFM) was
employed to investigate the formation of assembled structures.
As shown in Figure 2a, rectangular nanosheets with a total
height of =5 nm (Figure 2a,ii) could be observed with dimen-
sions slightly smaller than the bare DNA origami structure
(Figure 2a,i), which agrees with the frame size defined by the
LHGs. As a control, the DNA origami solely incubated with
DNA strands complementary to the anchor strands without any
DDOEG molecule modifications did not show such features
(Figure S3, Supporting Information).

To further confirm that the nanosheets are formed by the
guided assembly of DDOEG and verify that the size of the
assemblies could be tailored by the frame, we altered the design
of the DNA origami to allow only half of the area to position
LHGs at the same density. As shown in Figure 2b, the assem-
bled structure only forms on the half of the origami with anchor
strands for LHGs and has a half-sized rectangular shape. The
half-naked DNA origami structure is an excellent internal refer-
ence to the formed nanosheets, and the height profile indicates
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Figure 1. lllustration of the 2D assembly of amphiphilic molecules via a frame-guided process. a) First, a 2D DNA origami structure with anchor
strands on the same surface is assembled. Then, amphiphilic molecules modified by DNA strands complementary to the anchor strands are added.
The amphiphilic molecules are then hybridized on the surface of the DNA origami, which makes the DNA origami surface an area with a high local
concentration of hydrophobic molecules. This surface then acts as a frame to guide the free hydrophobic molecules in the aqueous solution to assemble
via hydrophobic effects, ultimately forming continuous 2D nanosheets above the DNA origami. b) The scheme of DDOEG molecule.

that the height difference is =3 nm. Considering that the height
difference includes the thickness of the nanosheet as well as the
space between the nanosheet and DNA origami structure sup-
ported by anchor strands, this implies that such amphiphilic
molecular nanosheets are monolayer. Based on the principle
of amphiphilic self-assembly, we infer that the nanosheets are
constructed with the hydrophilic DNA strands on the outside
and the hydrophobic dendron groups protected inside, forming
a sandwich-like structure of “DNA-dendron-DNA” as shown in
Figure 2.

To verify this hypothesis, we prepared 5 nm gold nanopar-
ticles (AuNPs) modified by DNA strands that were comple-
mentary to the sequences of DDOEG and then incubated them
with the prepared nanosheets. As shown in the TEM image
(Figure 2a,iii), the AuNPs are concentrated on the negative-
stained area of the nanosheets. Conversely, the AuNPs modi-
fied by a random DNA sequence are randomly dispersed on the
TEM grid after the same treatment (Figure 2a,iv). These results
not only corroborate the inferred structure of the amphiphilic
molecular nanosheets but also imply the possibility of further
assembling other entities through the DNA strands exposed on
the outside of the structure.

For a successful guided assembly, the local concentration
of DDOEG and concentration in solution need to work in
coordination, and their coeffects are studied. The local con-
centration of LHGs is determined by the density of anchor
strands in the frame domain, which could be easily tailored
by changing the number and arrangement of anchor strands.
Our results (Figure S4, Supporting Information) show that
the assembly of nanosheets requires a relatively high local
concentration (=200 X 107® m) and a relatively close distance
between adjacent LHGs (=10 nm), which explains why the
assembly could be strictly restrained in a finite 2D area and
means the nanosheets could be fabricated with nanometer
precision. Meanwhile, the lowest limit of free DDOEGs in
solution was also explored. We observed some discontinuous
lines or dots when the concentration is 2 x 10° M while the

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

fully covered assembly layers could be easily observed only
when it increased to 10 x 107 um (for detailed information, see
Supporting Information, Figure S4). Based on these results,
it is conceivable that the nanosheets follow the frame-guided
process via a nucleation-growth process. The nucleation
is determined by the density of the LHGs, and the growth
process primarily depends on the concentration of the free
amphiphilic molecules in solution.

We have demonstrated that the assembly of nanosheets can
be restrained in a finite 2D area and will not assemble beyond
the fringe of the frames. However, it is still unclear whether
the strategy is suitable for fabricating complex assemblies,
especially hollow structures. To address this question, we
attempted to prepare triangular nanosheets containing inner
cavities. The frame is based on a triangular DNA origami
structure formed by three trapezoidal domains (Figure 3a)
with a central triangular cavity (each side length is =50 nm)
inside.” The density of LHGs needed to form the frame
above the origami structure is similar to that of the rectan-
gular frame (detailed design in Figure S2). If the frame is only
allowed to form above one of the three domains, assembly
only occurs on the domain in which a trapezoidal structure
is observed (Figure 3b). When formation is allowed in two
domains, the assembled nanosheets on these two domains
form a continuous layer with a sharp corner (Figure 3c).
When all three domains are decorated, triangular nanosheets
can form, and their central cavities are well maintained
(Figure 3d). The corners of these triangular cavities are clear
and sharp, suggesting high precision of the frame-guided 2D
assembly. This result confirms that the frame not only serves
as the nucleation site of the guided assembly but also plays a
crucial role in restricting the assembly to within the designed
shape. The assemblies cannot grow beyond the frame because
the LHGs are anchored firmly within the designed frame via
DNA hybridization.

To explore the generality of this strategy, we attempted to
prepare hetero-molecular nanosheets formed by DNA-b-PPO
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Figure 2. Characterization of assembled 2D rectangular nanosheets. a) Formation of rec-
tangular nanosheets and further modification by AuNPs. i) AFM image of assembled rec-
tangular DNA origami structures with anchor strands. ii) Magnified AFM image of a single
piece of nanosheet. iii) TEM image of a nanosheet with concentrated AuNPs on it. The
AuNPs are modified by DNA complementary to DDOEG. iv) TEM image of a nanosheet
with randomly dispersed AuNPs. The AuNPs are modified by random DNA sequence.
b) Half-size nanosheet assembled on DNA origami with only half anchor strands. The right
columns provide schematic illustrations of each structure and a height profile analysis.
Scale bar: 100 nm.
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(poly(p-propylene oxide)) and guided by
DDOEG as a demonstration. PPO is a
type of thermo-responsive linear polymer,
which is quite different from the dendron
molecules that we used as LHGs. To ensure
the assembly DNA-b-PPO is guided by the
LHGs of the DDOEG molecules, different
DNA sequence is used for DNA-b-PPO
to exclude its hybridization with anchor
strands. First, we incubated the DNA ori-
gami structure with 1 x 10° m DDOEG
molecules to form the frame (using the 59
anchors arrangement). Then, 10 x 10 u
of DNA-b-PPO was added to the system at
4 °C, followed by incubation at 37 °C
for 3 d. We observed the formation of
nanosheets on the DNA origami frame as
shown in Figure 4a.

DDOEG at 1 x 107 M is not high enough
to form stable nanosheets as mentioned
above (Figure S4, Supporting Information),
and DNA-b-PPO would not hybridize with
the anchor strands to form frame. Therefore,
we reasoned that these nanosheets could
only be guided by the frame formed by the
DDOEGs, but their main bodies are formed
by DNA-b-PPO, which was confirmed by
the gold nanoparticle-dressing  experi-
ments observed by TEM (Figure S6, Sup-
porting Information). Similar to the DDOEG
nanosheets, the heterogeneous nanosheets
also have a thickness of =3 nm, and both
rectangular and triangular nanosheets were
prepared (Figure 4). These results demon-
strate that the 2D frame-guided assembly is
a general method, and the shape as well as
size of the final assemblies is determined by
the designed frame.

We have reported an approach to effi-
ciently prepare free-floating, monodis-
persed, size- and shape-defined, and homo-
geneous (or heterogeneous) nanosheets
from amphiphilic molecules. Unlike tra-
ditional self-assembled amphiphilic layers
formed at interfaces, the nanosheets pre-
pared here are separated from the soft DNA
origami structure through discrete DNA
duplexes, which could minimize the influ-
ence of the substrates while retaining the
fluidity and impermeability of the amphiph-
ilic layers.!®l Moreover, the distance between
the nanosheets and the DNA origami could
be easily tailored by adjusting the length of
the DNA anchor strands, which can impart
important flexibility to create extra space for
introducing entities for further function-
alization.”) The nanosheets above the DNA
origami cannot only mimic the hydrophobic
environment of biological membrane but
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Figure 3. AFM images and schematics of triangular nanosheet assembly. a) AFM image and schematics of triangular DNA origami. The triangular DNA
origami structure is formed by three trapezoidal domains. b-d) Nanosheets assembled on one (b), two (c), and three (d) domains of DNA origami by

controlling the arrangements of the anchor strands. Scale bar: 100 nm.

also provide the addressability for further implantation and
study of the properties of biological entities, e.g., membrane
proteins.[3310]

The approach here is applicable to DNA-based amphi-
philic molecules,['!l which have already been widely used
as building blocks to prepare versatile assemblies.[!?]

The diversity of such molecules provides the possibility
to build various nanosheets with designated proper-
ties. With the development of DNA-conjugation tech-
nology,3l we believe that this strategy could even be used
to prepare other 2D materials, e.g., inorganic nanosheets or
polymers.['4

Figure 4. Assembly of heterogeneous nanosheets with tailored shapes. a) AFM image and profile analysis of rectangular heterogeneous nanosheets.
b) AFM image and profile analysis of triangular heterogeneous nanosheets. c) Schematic of the heterogeneous nanosheet guided by DDOEG on DNA
origami through DNA hybridization and mainly formed by the assembled DNA-b-PPO via hydrophobic effects. Scale bar: 100 nm.
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Supporting Information is available from the Wiley Online Library or
from the author.
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