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ABSTRACT: The ordered arrangement of nanoparticles can generate
unique physicochemical properties, rendering it a pivotal direction in the
field of nanotechnology. DNA-based chemical encoding has emerged as
an unparalleled strategy for orchestrating precise and controlled
nanoparticle assemblies. Nonetheless, it is often time-consuming and
has limited assembly efficiency. In this study, we developed a strategy for
the rapid and ordered assembly of DNA origami-framed nanoparticles
assisted by dynamic interfaces. By assembling Au nanoparticles (AuNPs)
onto DNA origami with different sticky ends in various directions, we
endowed them with anisotropic specific affinities. After assembling DNA
origami-framed AuNPs onto supported lipid bilayers with freely diffusing single-stranded DNA via DNA hybridization, we found
that DNA origami-framed AuNPs could form larger ordered assemblies than those in 3D solution within equivalent time frames.
Furthermore, we also achieved rapid and ordered assembly of liposome nanoparticles by employing the aforementioned strategy.
Our work provides a novel avenue for efficient and rapid assembly of nanoparticles across two-dimensional interfaces, which is
expected to promote the application of ordered nanoparticle assemblies in sensor and biomimetic system construction.
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■ INTRODUCTION
The self-assembly of nanoparticles into ordered structures is of
significant importance for harnessing the excellent physico-
chemical properties of nanomaterials.1−3 Although van der
Waals forces, electrostatic interactions, hydrogen bonds,
molecular dipole interactions, and DNA base pairing can
drive the ordered arrangement of nanoparticles,4,5 it is
challenging to assemble nanoparticles into customized
morphologies along controlled pathways. The advancement
of structural DNA nanotechnology has facilitated the control-
lable assembly of nanoparticles.6−11 On one hand, by
leveraging the addressability of DNA nanostructures, DNA-
modified nanoparticles can be assembled onto individual DNA
nanostructures with controlled copy numbers and spac-
ing;12−14 on the other hand, DNA nanostructures can encode
individual nanoparticles, enabling them to acquire anisotropic
specific affinity, thereby allowing nanoparticles to assemble
into arrays along predefined pathways.15−17 However, in a
solution environment, the assembly rate of the DNA
nanostructures themselves, as well as DNA nanostructure-
encoded nanoparticles, is relatively slow. Stringent annealing
conditions and several tens of hours are often required to
obtain arrays with the desired morphology.18

In recent years, research on the interaction between DNA
nanostructures and solid supported lipid bilayers (SLBs) have
inspired innovative approaches to fabricating DNA nano-
arrays.19−22 DNA nanostructures can bind onto SLBs through

various pathways.20,21,23 One approach involves the electro-
static adsorption of DNA nanostructures mediated by divalent
metal ions to zwitterionic bilayers.20 Another approach entails
the hybridization of anchoring DNA chains on DNA
nanostructures with the single-stranded DNA (ssDNA) on
the surface of SLBs.21 Additionally, DNA nanostructures can
also be embedded into phospholipid bilayers through lipid
molecules carried by themselves, such as cholesterol.23

Biological membranes can confine membrane-bound proteins
in 2D space, thereby increasing the probability of their
interactions. Therefore, DNA nanostructures bound to SLBs
should also be able to self-assemble into higher-order
structures more efficiently compared to in a 3D solution
environment, as evidenced by multiple studies.20,24 For
example, cross-shaped DNA origami units with dimensions
of 64 nm in length and width can form micrometer-scale 2D
arrays on SLBs composed of zwitterionic 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) within minutes in the
presence of Mg2+.20

Received: February 17, 2024
Revised: March 4, 2024
Accepted: March 6, 2024
Published: March 8, 2024

Letterpubs.acs.org/jacsau

© 2024 The Authors. Published by
American Chemical Society

903
https://doi.org/10.1021/jacsau.4c00145

JACS Au 2024, 4, 903−907

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanfei+Qu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fengyun+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongzhen+Peng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guifang+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lihua+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lele+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.4c00145&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00145?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00145?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00145?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00145?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00145?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jaaucr/4/3?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/3?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/3?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/3?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.4c00145?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


Therefore, in this study, we proposed the use of SLBs as a
dynamic interface to assist the rapid self-assembly of DNA
origami-framed anisotropic nanoparticles. We first employed
triangular DNA origami to encode gold nanoparticles (AuNPs)
and liposomes with anisotropic affinities and then assembled
the triangular origami-framed anisotropic AuNPs onto fluidic
SLBs through DNA hybridization. We found that the
triangular DNA origami-framed anisotropic AuNPs assembled
on SLBs could undergo free two-dimensional diffusion and
form 1D arrays with lengths exceeding one micron within 2 h.
In comparison, in a solution environment, assemblies formed
by only 2−5 triangular DNA origami-framed AuNPs were
observed within the same time frame. Furthermore, we also
realized the rapid self-assembly of DNA origami-framed
liposomes on SLBs with the strategy described above.
Therefore, our work provided a novel strategy for the rapid
preparation of inorganic and organic nanoparticle arrays on
two-dimensional interfaces, holding significant potential for
applications in sensor and biomimetic system construction.

■ RESULTS AND DISCUSSION
Before attempting to promote the self-assembly of DNA
origami-framed anisotropic nanoparticles using SLBs, we
planned to first compare the differences in the self-assembly
efficiency of DNA origamis themselves on SLBs and in
solution environments. As shown in Figures 1 and S1, we
designed two types of DNA origami units (units 1 and 2)
based on previously reported triangular DNA origami. Each
unit had five protruding arm chains on both the A and B sides
(U1A1−U1A5, U1B1−U1B5, U2A1−U2A5, U2B1−U2B5)

for the assembly of Unit 1 and Unit 2. Of note, arm chains
U1A1, U1A2, U1A3, U1A4, and U1A5 on Unit 1 could
specifically hybridize with arm chains U2A5, U2A4, U2A3,
U2A2, and U2A1 on Unit 2, respectively; while arm chains
U1B1, U1B2, U1B3, U1B4, and U1B5 could specifically
hybridize with arm chains U2B5, U2B4, U2A3, U2A2, and
U2A1 on Unit 2, respectively; thereby mediating the self-
assembly of Unit 1 and Unit 2 into one-dimensional arrays.
Additionally, to assemble Units 1 and 2 onto SLBs and enable
their free diffusion, we designed three anchoring chains on
each unit which could hybridize with the cholesterol-modified
ssDNA embedded in the SLBs. The reason we designed three
anchoring chains was that according to our previous studies,
more anchoring chains may reduce the diffusion rate of DNA
origami on SLBs, potentially affecting the efficiency of self-
assembly.25

Then, we planned to use atomic force microscopy (AFM)
imaging to demonstrate whether Unit 1 and Unit 2 exhibit
higher self-assembly efficiency on the SLBs. For this purpose,
we first prepared liposomes containing DOPC and 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (molar
ratio of DOPC:DPPC = 70:30), and we further prepared
SLBs by incubating liposomes with clean mica surfaces. The
choice of liposomes containing DOPC and DPPC for SLBs
preparation was because the difference in phase transition
temperatures between the two phospholipids could lead to
phase separation. Additionally, due to the difference in
molecular structures, the height of the regions where DPPC
aggregated would be higher, which aided our in determining
the formation of SLBs via AFM imaging (Figure S2). Upon the
formation of SLBs, incubation of cholesterol-modified ssDNA

Figure 1. Schematic showing the design of triangular DNA origami Units 1 and 2 (a) and 2D dynamic interface (SLBs)-assisted rapid self-assembly
of Units 1 and 2. Chol-ssDNA: cholesterol-modified ssDNA.
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with the SLBs resulted in the formation of freely diffusing
DNA monolayers on the SLBs, as demonstrated in our
previous study.25 Subsequently, through AFM imaging, we
demonstrated that Unit 1 and Unit 2 could be assembled onto
the SLBs through DNA hybridization and form linear
assembles comprising more than ten DNA origami units
within 2 h (Figures 2a,b,d and S3). In contrast, in a solution
environment, incubation of both Unit 1 and Unit 2 in a 1:1
molar ratio for 2 h only resulted in the formation of assemblies
mostly consisting of up to five monomers (Figure 2c,d).
Furthermore, we labeled Unit 1 and Unit 2 with fluorescent

molecules (Cy3) and observed their self-assembly on SLBs by
using total internal reflection fluorescence microscopy
(TIRFM) (Figure S1). In this part, SLBs were prepared on
the glass bottom of clean cell culture dishes. Similarly,
fluorescently labeled DNA origami could be specifically
assembled onto SLBs via DNA hybridization (Figure S4).
Moreover, when only one type of Unit was assembled on the
SLBs or when both Units were assembled but lacked arm
chains, we observed only discrete spots of fluorescence (Figure
S5). Furthermore, when both Unit 1 and Unit 2 were
coincubated with SLBs, numerous linear spots of fluorescence
with lengths exceeding one micron were observed after
approximately one h (Figure 2e). However, when Unit 1 and
Unit 2 were first incubated in solution for 1 h and then
transferred to SLBs for immediate observation, no significant
linear spots of fluorescence were observed (Figure 2f). These
results indicated that indeed DNA origami could self-assemble
more rapidly on SLBs.
Next, we attempted to utilize SLBs to promote the assembly

of DNA origami-framed AuNPs. As shown in Figure 3a, for
real-time observation of the assembly process using TIRFM,
we prepared two types of ssDNA-modified AuNPs, one labeled

with Cy3 and the other labeled with carboxyfluorescein
(FAM). Cy3-labeled AuNPs and FAM-labeled AuNPs could
be respectively assembled onto Units 1 and 2 through DNA
hybridization (Figure S6), thus enabling us to observe whether
the two types of AuNPs assembled together to form 1D arrays
on SLBs through fluorescence colocalization. Prior to this, we
demonstrated that both 15 and 30 nm AuNPs could be
efficiently assembled onto triangular DNA origami through
AFM imaging (Figure S7). Additionally, AFM imaging results
also confirmed that Unit 1- and Unit 2-framed AuNPs could
form linear assemblies in a solution environment, but with low
efficiency. Only assemblies consisting of 2−5 units were
formed within 24 h (Figures S8 and S9).
Subsequently, through TIRFM imaging, we found that Unit

1- and Unit 2-framed AuNPs could also be specifically
assembled onto the SLBs through DNA hybridization (Figure
S10). Moreover, the DNA origami-framed AuNPs could freely
move on the SLBs (SI Video). After simultaneously assembling
Unit 1- and Unit 2-framed 15 nm AuNPs onto the SLBs, we
conducted a real-time observation of the assembly process. It
was found that both types of AuNPs were dispersed on the
SLBs at 0 min. However, after 120 min, the spots of both types
of AuNPs aggregated into linear shapes, and the fluorescence
from FAM and Cy3 could be colocalized (Figure 3b). This was
because after self-assembly of Unit 1- and Unit 2-framed
AuNPs into linear arrays, their diffusion rate on the SLBs
became very slow. As a control, if only Unit 1- or Unit 2-
framed AuNPs were assembled on the SLBs, the fluorescent
spots of AuNPs remained dispersed (Figure S11). Additionally,
we found that Unit 1- or Unit 2-framed 30 nm AuNPs could
also efficiently assemble into linear arrays on the SLBs (Figure
3c).

Figure 2. (a,b) Atomic force microscopy imaging results of the self-assembly of Units 1 and 2 on the SLBs (a) and representative height maps of
1D DNA origami arrays (b). (c) Atomic force microscopy imaging results of the self-assembly of Units 1 and 2 in a solution environment. (d)
Histogram of the frequency distribution of the number of DNA origami units in self-assembled structures under different conditions. (e,f) TIRFM
imaging results of the self-assembly of Units 1 and 2 on the SLBs (e) and in solution (f). Scale bar is 200 nm in parts a and c; scale bar is 3 μm in
parts e and f.
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Next, we planned to adopt the strategy described above in
the self-assembly of DNA origami-framed lipid nanoparticles.
To achieve this, we first prepared liposomes with a diameter of
50 nm labeled with 1,2-dimyristoyl-sn-glycero-3-phosphoetha-
nolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD) (ex-
cited by 488 nm laser), and then modified liposomes with
cholesterol-labeled ssDNA (Figure S12). To assemble the
liposomes onto Units 1 and 2, we designed 12 arm DNA
chains on the inner side of Units 1 and 2 (Figure S13), which
were complementary to the ssDNA on the liposomes.
Additionally, we decorated each Unit 1 and Unit 2 with one
Cy3 for observing the assembly of Unit 1- and Unit 2-framed
liposomes using TIRFM (Figure 4a). After simultaneously
assembling Unit 1- and Unit 2-framed liposomes onto the
SLBs, we found that after 60 min, Unit 1- and Unit 2-framed
liposomes could assemble into small-sized linear arrays, as
indicated by colocalized linear fluorescence spots of Cy3 and
NBD. By 180 min, Unit 1- and Unit 2-framed liposomes
assembled into larger-sized linear arrays (Figure 4b). These
results indicated that SLBs could also promote the rapid self-
assembly of DNA origami-framed lipid nanoparticles.

■ CONCLUSION
In conclusion, this study developed a strategy for the rapid and
ordered assembly of DNA origami-framed nanoparticles
assisted by fluidic supported lipid bilayers (SLBs) as dynamic
interfaces. By employing triangular DNA origami to encode
both gold nanoparticles (AuNPs) and liposomes with

anisotropic affinities, we successfully realized the rapid self-
assembly of these nanoparticles on fluidic SLBs. Notably, our
findings demonstrated that the DNA origami-framed aniso-
tropic nanoparticles assembled on SLBs could form 1D arrays
exceeding one micron in length within a remarkably short time
frame of 2 h, surpassing the assembly outcomes observed in
solution environments. By providing a streamlined method for
the rapid preparation of both inorganic and organic nano-
particle arrays on two-dimensional interfaces, our work opens
avenues for advancing the development of nanotechnology-
enabled devices and systems.
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