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ABSTRACT: The precise arrangement of structural subunits is a
key factor for the proper shape and function of natural and artificial
supramolecular assemblies. In DNA nanotechnology, the geo-
metrically well-defined double-stranded DNA scaffold serves as an
element of spatial control for the precise arrangement of functional
groups. Here, we describe the supramolecular assembly of
chemically modified DNA hybrids into diverse types of
architectures. An amphiphilic DNA duplex serves as the sole
structural building element of the nanosized supramolecular
structures. The morphology of the assemblies is governed by a
single subunit of the building block. The chemical nature of this
subunit, i.e., polyethylene glycols of different chain length or a
carbohydrate moiety, exerts a dramatic influence on the
architecture of the assemblies. Cryo-electron microscopy revealed the arrangement of the individual DNA duplexes within the
different constructs. Thus, the morphology changes from vesicles to ribbons with increasing length of a linear polyethylene glycol.
Astoundingly, attachment of a N-acetylgalactosamine carbohydrate to the DNA duplex moiety produces an unprecedented type of
star-shaped architecture. The novel DNA architectures presented herein imply an extension of the current concept of DNA materials
and shed new light on the fast-growing field of DNA nanotechnology.

■ INTRODUCTION
Biochemical processes generally rely on the precise arrange-
ment of the molecular subunits within a hierarchically ordered
supramolecular assembly held together by noncovalent,
directional interactions.1 Illustrative examples are natural
light-harvesting complexes, in which the spatial organization
of the chromophores is crucial for an efficient transfer of
excitation energy within large protein complexes.2,3 In
nanotechnology, DNA is widely used as a structural element
for the bottom-up assembly of nanostructures because the
scaffold of the DNA duplex serves as a versatile, robust, and yet
highly reliable tool of spatial control.4−6 The specificity and
programmability of nucleic acid folding enables the bottom-up
creation of multidimensional structures by the DNA origami
approach.7−14 Alternatively, DNA nanostructures can be
constructed by a self-assembly approach using DNA tiles
with sticky ends.15−19 Despite their elegance, both approaches
face some limitations, because they often require a set of many,
even up to hundreds, different DNA sequences to assemble a
desired nanostructure.20 The integration of unnatural nucleo-
tide surrogates into oligonucleotides introduces additional
functionality and extends the scope of application of DNA
from the biological context to the field of materials
sciences.21−30 Chemically modified DNA conjugates were
shown to form supramolecular polymers with potential
applications, e.g., in biomedicine for drug delivery systems or

in optoelectronic devices.31−40 Recently, we reported the
supramolecular assembly of amphiphilic DNA, bearing either
phenanthrene or tetraphenylethylene (TPE) hydrophobic
ends, into vesicle-shaped objects.41,42 Hydrophobic interac-
tions of DNA sticky ends, as well as spermine-mediated
electrostatic interactions,43,44 are among the driving forces that
lead to the formation of these DNA-constructed vesicles.
Besides serving as sticky ends, hydrophobic TPE overhangs
also permit the direct observation of the self-assembly process
by fluorescence spectroscopy due to their aggregation-induced
emission (AIE) properties.45−47 Potential applications of
vesicles consisting of a DNA-constructed membrane comprise,
among others, the use as delivery vehicles for biologically
active compounds. We therefore explored the effects of
modification of the amphiphilic TPE-derived DNA duplex
with additional terminal bioconjugate groups that are, e.g.,
applied in liposome-based drug delivery systems. Here, we
describe the profound effects of such bioconjugates, poly-
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ethylene glycol (PEG) chains of different length and a
carbohydrate-based moiety, on the DNA-based architectures.

■ RESULTS AND DISCUSSION
Supramolecular Assembly of Amphiphilic DNA into

Different Types of Architectures. The DNA conjugates
studied in this work are displayed in Figure 1a. The TPE-
modified oligonucleotide ON1 was prepared via solid-phase
synthesis and purified by HPLC following published
procedures (see Supporting Information).42 The oligonucleo-
tide contains three phosphodiester-linked TPE moieties at the
3′- and 5′-ends. Oligonucleotides ON2 and ON5 were

purchased from commercial suppliers. PEG-DNA conjugates
ON3 and ON4 were prepared via copper-catalyzed azide−
alkyne cycloaddition from the commercially available 3′-
modified alkyne oligonucleotide and the corresponding
methoxy-PEG (mPEG) azides.48 mPEG2000 azide (PEG
average Mn 2000 Da) and mPEG5000 azide (PEG average
Mn 5000 Da) were used for the preparation of ON3 and ON4,
respectively, to yield the PEG-DNA conjugates.
Hybridization of ON1 with any of the complementary

oligonucleotides ON2−ON5 leads to DNA duplexes with TPE
overhangs (sticky ends) at both ends (Figure 1b). A further

Figure 1. Architectonics of DNA conjugates. (a) Sequences of oligomers and chemical structures of modifications. (b) TPE modified single strand
ON1 leads to the formation of diverse DNA architectures after hybridization with different complements. (c,d) Temperature-dependent UV−vis
absorption (c), fluorescence emission (d, solid line), and excitation (d, dotted line) spectra of ON1*ON5 at 75 °C (red) and at 20 °C (blue) after
thermally controlled assembly (0.5 °C/min; * denotes second-order diffraction). (e) Fluorescence-monitored annealing curves of ON1*ON2
(green), ON1*ON3 (orange), ON1*ON4 (purple), and ON1*ON5 (black) including their respective nucleation temperatures TFL(nucleation)
[Nucleation temperature determined by sharp fluorescence onset in cooling curves.] Conditions for (c−e): 1 μM each single strand, 10 mM
sodium phosphate buffer pH 7.2, 0.1 mM spermine·4 HCl, 30 vol % ethanol, λex: 335 nm, λem: 490 nm, gradient: 0.5 °C/min.
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functionality, a PEG or carbohydrate moiety, is attached to the
DNA complement, as illustrated in Figure 1b.
Supramolecular assembly of duplex ON1*ON5 is monitored

by temperature-dependent UV−vis spectra (Figure 1c)
showing a hypochromic effect around 260 nm (DNA and
TPE absorption), together with a bathochromic shift of the
absorption band from 328 to 333 nm (TPE absorption only)
upon cooling (0.5 °C/min). Temperature-dependent fluo-
rescence emission spectra of ON1*ON5 further support the
formation of supramolecular assemblies at 20 °C (Figure 1d).
At 75 °C, only a marginal emission is detected upon TPE
excitation (λex: 335 nm) and in agreement with AIE; this
implies that duplex ON1*ON5 is entirely disassembled into
separate DNA single strands ON1 and ON5. After cooling to
20 °C, TPE aggregation results in a strong fluorescence signal
(centered around 490 nm). The start of the supramolecular
assembly process upon cooling of the solution is indicated by a
sharp increase in fluorescence. The nucleation temperatures
[TFL(nucleation)] of the four different duplexes range between
35 and 46 °C as shown in the corresponding fluorescence-
monitored annealing curves (Figure 1e).

Effects of DNA-PEGylation on Supramolecular Archi-
tecture. PEGylation of oligonucleotides is a frequently used
method for the improvement of the pharmacokinetic proper-
ties of therapeutic oligonucleotides.49 The stealth properties of
PEG protect oligonucleotides from undesired interactions with
enzymes and, thus, from nucleolytic degradation.50

As demonstrated by cryo-electron microscopy (cryo-EM),
duplex ON1*ON2, which is functionalized with a short
terminal PEG6 chain, self-assembles into vesicular constructs
after thermal assembly (Figure 2a). The size of the vesicles
ranges between 50 and 100 nm in diameter. The thickness of
the vesicular membrane was determined to be 10.7 ± 0.6 nm,
which correlates with the length of a 26-mer DNA duplex and
is well in agreement with a previously reported, comparable
architecture.42 The membrane thickness evidences the
presence of unilamellar vesicles formed by a compact,
columnar arrangement of ON1*ON2 duplexes. The columnar
packing of the DNA is further supported by a regular pattern
which is arranged perpendicular to the vesicular membrane. A
distance of 2.5 ± 0.3 nm was measured between the parallel
aligned rods, which matches the width of a single DNA duplex

Figure 2. Impact of terminal functionalities on the supramolecular DNA architecture revealed by cryo-EM imaging. (a) Formation of unilamellar
vesicles by self-assembly of ON1*ON2. (b) Coexistence of ribbons and vesicles after self-assembly of ON1*ON3. (c) Duplex ON1*ON4
assembles into ribbons only. (d) Self-assembly of ON1*ON5 leads to the formation of star-like nanoobjects (asterosomes). Conditions for (a−d):
1 μM each single strand, 10 mM sodium phosphate buffer pH 7.2, 0.1 mM spermine·4 HCl, 30 vol % ethanol; see Supporting Information for
additional images.
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(Figure 2a, illustration). We assume that the PEG6 chains
randomly point toward the inside and outside of the vesicles,
thus covering both sides with a thin PEG layer. Cryo-EM
imaging shows considerable agglomeration of individual
vesicles. Likely, the PEG6 chain is too short to shield individual
vesicles entirely from hydrophobic surface interactions.
Duplex ON1*ON3, which contains a PEG2000 chain,

substantially changes the predominant morphology of the
nanostructures (Figure 2b). While cryo-EM imaging still shows
the rare occurrence of vesicles, the main type of supra-
molecular structure now appears as ribbons. The vesicles of
ON1*ON3 exhibit the same kind of DNA packing as those
assembled from ON1*ON2 (Figure 2a) and the distance
measurements are nearly identical with a membrane thickness
of 10.0 ± 0.5 nm and a DNA width of 2.4 ± 0.3 nm. The only
observable difference resides in a somewhat larger diameter of
100 to 200 nm, which is about twice the diameter observed for
vesicles of ON1*ON3. The ribbons exhibit an overall
thickness of 10.1 ± 0.7 nm, which again corresponds very
well to the length of the DNA duplex. Therefore, a side-by-side
duplex alignment as depicted schematically in (Figure 2b) can
be reasonably assigned. The ribbons extend over very long
distances, in some cases over a few micrometers.
The coexistence of vesicles and ribbons observed after

increasing the size of the PEG chains directed us to test the
effect of even longer PEG chains (PEG5000, 110 units). As
anticipated, this duplex leads to the formation of ribbons only
(Figure 2c). Again, the ribbons possess a thickness of 10.2 ±
0.7 nm, which is similar to the ribbons assembled from
ON1*ON3 and, thus, suggests an identical duplex alignment

as illustrated in Figure 2c. However, ribbons of ON1*ON4 are
considerably shorter than the ones formed by ON1*ON3
(usually less than 350 nm). The long PEG5000 chains are
assumed to wrap around individual DNA duplexes and the
integration of these wrapped duplexes into the supramolecular
ribbons is impeded. This assumption is supported exper-
imentally by the presence of small dark spots (encircled in
Figure S21) present in the cryo-EM images, which might be
ascribed to individual DNA duplexes.

Conjugation of a Branched Carbohydrate Moiety
Leads to Fundamental Morphological Changes. We next
turned our attention to the modification of the DNA duplex
with a branched tricarbohydrate moiety. In addition to
presumably enhance the potential bioapplications of the
supramolecular assemblies, the N-acetylgalactosamine (Gal-
NAc) moiety is, due to its branched nature, also sterically more
demanding than the linear PEG chains (Figure 1). The aspect
of surface crowding is believed to have a strong impact on the
supramolecular assembly, as described below.51 The trivalent
GalNAc DNA conjugate ON5 was selected due to its well-
documented potential for targeted delivery of GalNAc
conjugated nucleic acids, in particular, short interfering
RNAs (siRNAs), to hepatocytes.52−54 This ligand exhibits an
excellent binding affinity toward the asialoglycoprotein
receptor (ASGR), which is abundantly expressed in
hepatocytes and, thus, responsible for the targeted delivery.55

Much to our surprise, the supramolecular assembly of
ON1*ON5 leads to an entirely different and novel type of
DNA architecture. Cryo-EM imaging (Figure 2d) discloses
star-like, or mace-like, supramolecular polymers, in which

Figure 3. Asterosomes formed via supramolecular assembly of triantennary GalNAc-functionalized DNA conjugate ON1*ON5. (a) Cryo-EM
images of self-assembled ON1*ON5. Conditions: 1 μM ON1*ON5, 10 mM sodium phosphate buffer pH 7.2, 0.1 mM spermine·4 HCl, 30 vol %
ethanol. (b) Illustration of the extended DNA duplex alignment in the cones. (c) Shadow image created from a dodecahedral arrangement of cones.
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multiple parabolic cone-shaped extensions are pointing
outward from the center of the object. Due to their star-
shaped appearance, we will refer to these objects as asterosomes.
The number of cones varies among individual asterosomes.
The center of the structures appears spherical, and for small
spheres, only one or two cones are present. In larger objects,
roughly up to 12 protrusions are observed, in which case their
arrangement can be approximated by a small stellated
dodecahedron.56 Noteworthy, a vesicular membrane is visible
around the base of the parabolic cone(s) of structures with
only a small number of extensions. The thickness of this
membrane amounts to 10.5 ± 0.5 nm, which is consistent with
a unilamellar, columnar DNA duplex alignment. The width of
the cones at their base ranges between 50 and 75 nm. Regular
patterns of discrete bands, which are clearly visible in some
areas (Figure 3a), reveal the arrangement of the DNA in the
cones. These bands are formed by parallel aligned rods with a
distance between these rods of 2.5 ± 0.2 nm (illustration
Figure 3b), which corresponds again to the width of the DNA
duplex. Hence, the discrete bands are formed by parallel
aligned DNA duplexes which, in turn, leads to the conclusion
that the cones are characterized by an extended duplex
alignment, as illustrated in Figure 3b. Interaction between the
DNA segments is ensured by the hydrophobic sticky ends. In
the images, the cones of individual asterosomes appear to be of
different lengths. Cryo-EM imaging is a projection of three-
dimensional (3D) objects onto a two-dimensional (2D) plane,
which may lead to a perceived asymmetry of rather uniform-
sized cones. To test this possibility, we used a shadow image to
simulate the appearance of a regular asterosome at an arbitrary
perspective. Regular is defined here as derived from the
platonic body (dodecahedron) with all cones pointing toward
the center of the surface planes (pentagon). The resulting
shadow image of the modeled dodecahedron-type asterosome
is depicted in Figure 3c. The obvious similarity between
modeled and found pattern suggests that the cones of an
individual asterosome are rather uniform in size.
Taking all the morphological features into consideration, we

assume that the star-like morphology evolves in a two-step
process. Thus, columnar packed vesicular constructs of varying
sizes are formed in the first phase of the assembly process. It
can be assumed that the trivalent GalNAc moieties lead to a
steric crowding on the surface of the vesicles. The resulting
strain can be reduced by the formation of the cones. This
involves a change of the supramolecular organization from the
columnar packing to the extended arrangement of the DNA
units. The transition from columnar to extended arrangement
results in a significant surface enlargement, hence a
redistribution of the bulky GalNAc moieties over a wider
area along with a reduction of surface crowding. The growth of
the cones can be imagined as a telescopic slide-out process,
during which the columnar aligned DNA duplexes slide along
each other until reaching the extended arrangement (see SI
Video for further illustration). This hypothesis is supported by
two additional aspects. First, the number of DNA duplexes
assembled in one cone matches roughly the number of
duplexes that would be present within the curved surface area
of the columnar packed vesicle. Second, fewer cones evolve
from small vesicles; the smaller the vesicle, the higher the
curvature, and hence, a smaller surface crowding between the
branched GalNAc moieties is assumed.
Atomic force microscopy (AFM) was utilized to validate the

different morphologies observed by cryo-EM imaging and

further support the findings (Figures S24−S26). Vesicles with
a size range consistent with the ones detected by cryo-EM
were observed for self-assembled ON1*ON2. For the ribbons
assembled from ON1*ON3, the average height is around 1
nm, which is less than expected for the width of a single DNA
duplex. However, such a flattening has been described in the
literature and is probably due to the AFM tip convolution
effect.57 Finally, AFM imaging also provided independent
evidence of star-shaped objects formed by self-assembly of
ON1*ON5 with clearly discernible cones, albeit with lower
resolution than cryo-EM.

■ CONCLUSION
In conclusion, the supramolecular assembly of amphiphilic
DNA conjugates into three distinct, well-defined DNA
architectures has been demonstrated. Vesicles, ribbons, and
star-shaped objects (asterosomes) are assembled from DNA
duplexes formed of a tetraphenylethylene-oligonucleotide and
single-stranded complements bearing various types of terminal
functionalities. The terminal functionalities dictate the supra-
molecular assembly process and account for the emergence of
the diverse morphologies. Cryo-EM imaging revealed precise
information on the exact DNA duplex arrangements within the
nanostructures. A morphological change from unilamellar
vesicles to ribbons was observed when the length of linear
PEG was increased. The use of a trivalent GalNAc moiety in
combination with the amphiphilic DNA resulted in a
fundamental morphological change. The supramolecular self-
assembly of this DNA duplex led to the formation of star-
shaped nanostructures (asterosomes), which are characterized
by cones emerging radially from the center of the nanoobject.
The driving force for the formation of this nanostructure is
best explained by a reduction of surface crowding effected by a
switch of the DNA duplex alignment from a compact to an
extended arrangement during the formation of the cones. A
model for the evolution of the cones is presented. So far,
comparable star-shaped structures were only reported based on
either nanoparticles58,59 or colloidal clusters,60,61 whereas all
types of structures presented here represent DNA-built, self-
supported architectures. Ongoing research aims at the
exploration of the presented vesicular DNA architectures as
nanocarriers for drug delivery applications and the inves-
tigation of excitation energy transfer along the ribbons to an
acceptor dye, creating artificial light-harvesting systems.

■ METHODS
Spectroscopic Measurements. Spectroscopic data were

collected from 5 min thermally equilibrated samples at the
corresponding temperature using quartz cuvettes with an
optical path of 1 cm. UV−vis spectra were measured on an
Agilent Cary 100 spectrophotometer, equipped with a Peltier-
thermostated multicell holder. Fluorescence spectra were
recorded on a Cary Eclipse fluorescence spectrophotometer,
equipped with a Peltier-thermostated multicell holder, using an
excitation slit of 2.5 nm and an emission slit of 5 nm.

Thermally Controlled Assembly Process. Supramolec-
ular assembly of the DNA architectures was accomplished via
thermal disassembly and controlled reassembly. Therefore, the
sample solution was heated to 75 °C, before cooling the
solution to 20 °C with a gradient of 0.5 °C/min in a Cary
Eclipse fluorescence spectrophotometer equipped with a
Peltier-thermostated multicell holder. Samples for cryo-EM
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and AFM were prepared directly after the thermal assembly
process.

Cryo-EM Image Acquisition and Analysis. Samples for
cryo-EM were plunge-frozen using the FEI Vitrobot Mark 4 at
room temperature and 100% humidity. In brief, copper lacey
carbon grids were glow-discharged (air −10 mA for 20 s).
Three microliters of the sample was pipetted on the grids and
blotted for 3 s before plunging into liquid ethane. Sample grids
were stored in liquid nitrogen. Images were acquired using a
Gatan 626 cryo holder on a Falcon III equipped FEI Tecnai
F20 in nanoprobe mode. Due to the nature of the sample,
acquisition settings had to be adjusted for a low total electron
dose (less than 20 e−/Å2) using EPU software. Distance
measurements were done in Fiji62,63 using the multipoint tool
to set marks. After the readout of the x- and y-values, the
distances between the marks were calculated. The reported
distances are mean values with the corresponding standard
deviation. A summary of all measured distances as well as
representative graphical descriptions where the measurements
have been done is provided in the Supporting Information.

Shadow Image. The shadow image was rendered in POV-
Ray 3.7 (official POV-Ray Web site: www.povray.org). In brief,
the image was created from a dodecahedral 3D assembly,
constructed from light-absorbing medium; the triantennary
GalNAc linkers were neglected for simplification. Afterward,
the 3D illustration was rotated into an arbitrary orientation.
The 3D assembly was irradiated with parallel light, orthogonal
to the shadow plane, which afforded the shadow image.

AFM Imaging. AFM experiments were conducted on a
Nanosurf FlexAFM instrument in tapping mode under
ambient conditions. Tap190Al-G cantilevers from Budget-
Sensors, Innovative Solutions Bulgaria Ltd. were used. AFM
samples were prepared on APTES-modified mica sheets
(Glimmer “V1”, 20 mm × 20 mm, G250-7, Plano GmbH)
according to published procedures, using a sample adsorption
time of 7 min.42,64 APTES, (3-aminopropyl)triethoxysilane.
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