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Supramolecular assembly of DNA-constructed vesicles

Nanoscale
Amphiphilic DNA hybrids self-assemble into two distinctly

different types of vesicular architectures, in which DNA
functions as the intrinsic structural element of the formed
vesicles. As visualized by cryo-electron microscopy, the DNA
hybrids can interact either in an extended or in a compact
fashion. The two types of DNA packing result in divergent
functional properties. In particular, the mode of packing
affects the accessibility of the DNA, as demonstrated by
light-harvesting and intercalation experiments.
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The self-assembly of DNA hybrids possessing tetraphenylethylene
sticky ends at both sides into vesicular architectures in aqueous
medium is demonstrated. Cryo-electron microscopy reveals the
formation of different types of morphologies from the amphiphilic
DNA-hybrids. Depending on the conditions, either an extended
(sheet-like) or a compact (columnar) alignment of the DNA hybrids
is observed. The different modes of DNA arrangement lead to the
formation of vesicles appearing either as prolate ellipsoids (type I)
or as spheres (type Il). The type of packing has a significant effect
on the accessibility of the DNA, as evidenced by intercalation and
light-harvesting experiments. Only the vesicles exhibiting the
sheet-like DNA alignment are accessible for intercalation by ethi-
dium bromide or for the integration of chromophore-labelled DNA
via a strand exchange process. The dynamic nature of type | vesi-
cles enables their elaboration into artificial light-harvesting com-
plexes by DNA-guided introduction of Cy3-acceptor chromo-
phores. DNA-constructed vesicles of the kind shown here rep-
resent versatile intermediates that are amenable to further modifi-
cation for tailored nanotechnology applications.

Introduction

DNA nanotechnology offers the possibility of a rational design
and construction of precise architectures due to the reliability
of nucleobase pairing.™ The programmable bottom-up con-
struction of nano-sized structures via DNA origami provides a
variety of different shapes, such as rings, tubes, or polyhedra,
among others.>” Engineering short single-stranded overhangs,
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known as sticky ends, extend potential strategies for the
assembly of DNA into nanostructures ranging from two-dimen-
sional tiles, to three-dimensional DNA crystals, or
nanocapsules.® "> Merging purely artificial DNA nucleotide
surrogates with natural DNA nucleotides lead to DNA conju-
gates and the resulting functional supramolecular assemblies
have recently gained much attention in the fields of nano-
technology and materials science."*® Such functional supra-
molecular polymers feature properties beyond the classical
role of DNA in biological systems, with applications in opto-
electronic devices, drug delivery systems, and diagnostics to
name a few.>*>® However, vesicular morphologies are predo-
minantly reported from lipid-DNA conjugates or DNA functio-
nalized liposomes,*~** while the field apart from lipid-based
DNA constructs remains largely unexplored.’® In previous
work, we demonstrated the self-assembly of phenanthrene-
DNA conjugates into vesicular structures with light-harvesting
features.>® Combining this approach with the rapidly evolving
area of aggregation-induced emission (AIE),””*° we herein
present DNA constructs assembled from DNA conjugates,
functionalized with the AIEgen tetraphenylethylene (TPE). The
resulting AIE-active supramolecular assemblies were character-
ized by cryo-electron microscopy (cryo-EM)*"** at a resolution
level of the width of a DNA duplex. Additionally, the accessibil-
ity of the DNA duplex within the two types of architectures was
tested by DNA intercalation experiments using ethidium
bromide (EthBr) and by light-harvesting experiments.

Results and discussion

The chemically modified oligonucleotides utilized in this work
are depicted in Fig. 1. Strands A and B were prepared via solid-
phase synthesis and are modified at their 3"-ends with three
phosphodiester-linked E-TPE units. The synthesis of the
corresponding TPE phosphoramidite building block was
adapted from published procedures.*”* Due to the complemen-
tarity of DNA single strands A and B, they hybridize and form

This journal is © The Royal Society of Chemistry 2020
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Strand Sequence

5’-CAA GGT CCG ATG CAA GGA AG- (E-TPE),

B (E-TPE) ;-GTT CCA GGC TAC GTT CCT TC-5'
C 5’-CAA GGT CCG ATG CAA GGA AG-3’
D 3"-GTT CCA GGC TAC GTT CCT TC-5'

DNA . ) BV B 4]
A hybridization 0t W t
+ >
J A'B

Fig. 1 Sequences of oligomers A-D, chemical structure of the TPE
modification and illustration of DNA hybrid A-B.

the DNA duplex A-B, which contains TPE overhangs (sticky
ends) on both sides.

Temperature dependent absorption profiles of A-B (Fig. 2)
show a combination of absorption by TPE and the DNA
nucleobases in the region around 260 nm (Fig. S13, ESI{). The
structureless band around 330 nm, on the other hand, is due
to TPE absorption only. The hypochromic effect of the 260 nm
band upon controlled cooling from 75 °C to 20 °C originates
from DNA hybridization. In addition, cooling of the solution
results in a bathochromic shift of the maximum at 326 nm to
333 nm, due to TPE aggregation.

Cryo-EM enables the characterization of structures in their
actual morphology, since vitrified specimens preserve the
structures present in solution.*>*> Therefore, the formation of
supramolecular assemblies was investigated by cryo-EM
(Fig. 3), which revealed the coexistence of two distinct mor-
phologies. Hybrid A-B either self-assembles into vesicles with
an extended alignment of the DNA duplexes (type I, Fig. 3, top)

Absorbance

220 270 320 370 420 470
Wavelength [nm]

Fig. 2 Temperature-dependence of the absorption spectrum of hybrid
A-B. Conditions: 1 pM A:-B, 10 mM sodium phosphate buffer pH 7.2,
0.1 mM spermine-4 HCl, 20 vol% ethanol at 75 °C (red) and 20 °C after
thermally controlled (0.5 °C min~?) assembly process (blue).
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or in a compact arrangement (type II, Fig. 3, bottom). More
than 94% of all observed vesicles exhibit the rugby-ball-shaped
morphology (type I) after assembly by a simple cooling pro-
cedure under these conditions. A notable feature of the
extended architecture is the appearance of a regular pattern of
discrete bands. The average distance between the bands is 7.8
+ 0.5 nm (Fig. 3 and Fig. S16, ESI{),"**® which corresponds
well with the length of a 23-mer A-B, assuming a contact dis-
tance of 3.4 A between base pairs or between stacked TPE
units. The width of the DNA duplex A-B (see Fig. 3, inset) is
also observable and found to be about 2.4 nm. The two mor-
phologies exhibit different diameters: while the size range of
type I vesicles is roughly between 50 and 100 nm, the diameter
of type II vesicles ranges from 200 to 350 nm. A thickness of
10.9 + 0.5 nm was observed for the membrane of the compact
vesicles (Fig. 3, bottom), which agrees well with the length of
hybrid A-B. The width of the DNA duplex A-B in type II vesicles
was measured to be about 2.5 nm. In vesicles with this mor-
phology, the TPE sticky ends are positioned on both sides of
the membrane. Therefore, the assembly of additional layers of
the same type is facilitated via n-stacking. As a result, double
layers are clearly discernible in many areas of the images. The
presence of spermine is essential for the assembly of the vesi-
cles. DNA duplexes are tightly packed in both types of vesicles
and the resulting coulombic repulsion between the negatively
charged phosphate backbones is neutralized by the polycation.
In the absence of spermine, no vesicles were visible by cryo-
EM (Fig. S17, ESIt). The self-assembly of duplex A-B into vesi-
cles is further affirmed by atomic force microscopy (AFM)
images (Fig. S23, ESIT).

As described above, assembly of the vesicles from duplex
A-B was accomplished in the presence of 20 vol% ethanol. In
order to investigate the effect of solvent composition on the
morphology, ethanol was removed by dialysis against 10 mM
sodium phosphate buffer pH 7.2, containing 0.1 mM sper-
mine-4 HCL. As evidenced by cryo-EM images (Fig. 4), the ratio
of the two types of vesicles is substantially affected by dialysis.
Whereas the vast majority of vesicles belonged to type I before
dialysis, more than 90% exhibited the compact type II mor-
phology (membrane thickness: 10.6 + 0.6 nm) after removal of
ethanol. Additionally, also the average diameter had decreased
to 50-150 nm. Performing the thermally controlled assembly
process in the absence of ethanol yielded only small, ill-
defined aggregates (Fig. S20, ESI}). Thus, ethanol is required
to assemble the vesicles in the first instance, which renders
this two-step procedure necessary to obtain well-defined vesi-
cles in the absence of ethanol.

Temperature-dependent fluorescence spectra (Fig. 5a) and
fluorescence quantum yields (&g, Table 1) demonstrate the
AIE properties of hybrid A-B. At 75 °C, emission is close to zero
(®Pp < 0.75%) after TPE excitation at 335 nm. This suggests
that the two single strands A and B are completely dis-
assembled and that the TPE units show only negligible aggre-
gation within the single stranded oligomers. In agreement
with AIE properties, TPE fluorescence emerges during the
assembly process (slowly cooling the solution to 20 °C). The

Nanoscale, 2020, 12, 2118-2123 | 21119
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Fig. 3 Cryo-EM images and illustrations of type | vesicles (sheet-like, top) and type Il vesicles (columnar, bottom). Conditions: 1 yM A:B, 10 mM

sodium phosphate buffer pH 7.2, 0.1 mM spermine-4 HCl, 20 vol% ethanol.

Fig. 4 Cryo-EM images of vesicles from hybrid A-B after removal of
ethanol by dialysis. Conditions: 1 pM A-B, 10 mM sodium phosphate
buffer pH 7.2, 0.1 mM spermine-4 HCL

maximum of the structureless emission band is centered
around 490 nm with a substantially increased @y, (31%). The
excitation spectrum confirms that fluorescence originates from
the AlE-active TPE units (Fig. 5a). The mechanism of the
supramolecular assembly process was examined by fluo-
rescence monitored annealing curves (Fig. 5b). The shape of
the curve is non-sigmoidal, featuring a sharp increase in fluo-
rescence with an onset temperature of 62 °C. This strongly
suggests a cooperative assembly process’”*® of the vesicles,
with a nucleation temperature around 62 °C.

DNA intercalation experiments using EthBr were performed
in order to gain information on the accessibility of DNA in the
formed vesicles. Taking the neighbor exclusion principle*’

21120 | Nanoscale, 2020, 12, 21118-21123

a) 250 b) 200
— 200 =150 |
3 3
S, 150 s
2 2100
2 400 | g
5] k]
= = |

50 50

0 L L 0 . . . L

220 330 440 550 660 20 30 40 50 60 70
Wavelength [nm] Temperature [°C]
Fig. 5 (a) Fluorescence (solid line) and excitation (dotted line) spectra

of A-B in aqueous medium at 75 °C (red), after thermally controlled
assembly at 20 °C (blue), and at 20 °C after dialysis (green, <0.5 vol%
ethanol). (b) Fluorescence-monitored annealing (blue) and melting (red)
curves of A-B. Conditions: 1 uM A-B, 10 mM sodium phosphate buffer pH
7.2, 0.1 mM spermine-4 HCI, ethanol: 20 vol% (unless indicated other-
Wise), dex: 335 NM, Zem.: 490 nm, temperature gradient: 0.5 °C min~?, *
indicates a second-order diffraction.

Table 1 Fluorescence quantum yields (&) of A-B under different con-
ditions. @f_ were determined either at 75 °C (disassembled state), at
20 °C after the assembly process (type | vesicles), or at 20 °C after dialy-
sis (type Il vesicles)

75°C 20 °C, after assembly process 20 °C, after dialysis

Dyp (] <075 31=x1 23+2
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(a) Fluorescence emission spectra of vesicles assembled from duplex A-B in aqueous medium at 20 °C in the absence (black) and presence of

10 uM EthBr (red). Conditions: 1 pM A-B, 10 mM sodium phosphate buffer pH 7.2, 0.1 mM spermine-4 HCl, 20 vol% ethanol, solid line: ley: 520 nm,
dotted line: lex: 335 nm. (b) lllustration of EthBr (red) intercalation. (c) Cryo-EM image in the presence of 10 uM EthBr. (d) EthBr intercalation leads to

a statistically significant widening of the bands in type | vesicles.

into account, up to 10 EthBr can intercalate into the 20-mer
DNA duplex C-D (Fig. S28, ESIf).”® Upon intercalation, the
fluorescence emission signal is enhanced, compared to the
intrinsic fluorescence of free EthBr in solution (Fig. S29-S32,
ESI{).>"* After the addition of EthBr (10 uM) to the rugby-
ball-shaped type I vesicles, TPE emission is almost completely
quenched upon TPE excitation (Fig. 6a). Instead, a new band
centered around 610 nm, due to EthBr emission emerged,
which implies excitation energy transfer from the TPE units to
EthBr. Based on the relative integrated fluorescence intensities
(EthBr excitation at 520 nm) between the DNA duplex C-D and
hybrid A-B, it was calculated that about 6 EthBr intercalate per
duplex A-B (Fig. 6b and Table S4, ESIf). On the other hand,
only small amounts of EthBr (<2 per DNA) may intercalate in
type 1I vesicles, indicating that just the extended arrangement
in type I vesicles enables efficient EthBr intercalation. Cryo-EM
imaging supports EthBr intercalation into type I vesicles

(Fig. 6¢), which demonstrates a statistically significant widen-
ing of the discrete bands from originally 7.8 + 0.5 nm to 9.9 +
0.6 nm after the addition of EthBr (Fig. 6d). Assuming a
lengthening of the helix by 3.4 A per intercalator,*** approxi-
mately 6 EthBr are intercalated per hybrid A-B, which is in line
with the results obtained from fluorescence spectroscopy. No
statistically significant extension (from 10.6 + 0.6 nm to 11.2 +
0.6 nm) was observed when EthBr was added to type II vesicles
(Fig. S22, ESIt).

The addressability and accessibility of the vesicles was
further studied by incorporation experiments of a Cy3-labelled
DNA single strand E (Fig. 7a). Strand E is complementary to
strand A. After incorporation of strand E into the vesicular
membrane by DNA strand exchange, excitation energy transfer
from the TPE donors to Cy3 acceptor is expected (ley: 335 nm).
Doping of type I vesicles with Cy3 (1 mol% per TPE unit) was
accomplished by simple addition of strand E to the preformed

a) 3’-GTT CCA GGC TAC GTT CCT TC-(Cy3) 0

b) 200
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(a) Sequence of the Cy3-labelled DNA single strand E and illustration of a Cy3-doped vesicular membrane. (b) Fluorescence emission spectra

of vesicles assembled from hybrid A:B at 20 °C in the absence (black) and presence of 1 mol% E, before (blue) and after (green) dialysis. Conditions:
1 pM A-B, 10 mM sodium phosphate buffer pH 7.2, 0.1 mM spermine-4 HCl, dex: 335 nm. (c) Fluorescence emission spectra of vesicles from hybrid
A-B (1 uM) at 20 °C in the absence of E before (black) and after (blue) dialysis and after dialysis in the presence of 1 mol% E (green), dex: 335 nm.

This journal is © The Royal Society of Chemistry 2020
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vesicles at 20 °C and waiting for 10 min before measurement.
This doping process leads to a reduction of TPE emission,
along with the appearance of Cy3 emission at 570 nm
(Fig. 7b). Energy transfer is presumably taking place via a
Forster resonance energy transfer (FRET) mechanism. The
FRET efficiency was calculated according to integrated TPE
fluorescence intensities (Fig. S36 and Table S5, ESIT). Based
on this, 22 + 4 TPE units contribute to the observed excitation
energy transfer to the Cy3 acceptor in this artificial light-har-
vesting complex. Light-harvesting properties are maintained
after dialysis, indicating that strand E is not removed by dialy-
sis (Fig. 7b). Control experiments with a non-complementary,
Cy3-modified DNA single strand F show no energy transfer
and thus confirming the sequence specificity of the doping
process (Fig. S38 and S39, ESIT). When strand E was added to
type II vesicles, only marginal energy transfer was observed
(Fig. 7c). Since type 1II vesicles are partially multi-lamellar, this
observation can be explained by edge effects, ie. strand
exchange and incorporation of strand E can only take place at
the exposed areas but not in the core of the compact, colum-
nar arrangement.

Conclusions

In conclusion, the assembly of an amphiphilic DNA posses-
sing TPE sticky ends at both sides into two different types of
vesicular constructs has been demonstrated. Cryo-EM imaging
reveals a regular alignment of DNA duplexes in both types of
vesicular morphologies. Vesicles of type I appear as prolate
ellipsoids with a diameter of 50-100 nm. The dimensions of
the vesicular membrane suggest an extended arrangement of
DNA duplexes that interact via AIE-active TPE sticky ends in
the presence of spermine. Type II vesicles, on the other hand,
exhibit a thicker membrane, which is compatible with a model
of DNA duplexes arranged in a more compact (columnar)
manner. The abundance as well as the size of type II vesicles is
influenced by the solvent composition (i.e. ethanol content).
The type of arrangement plays a crucial role for the accessibil-
ity of the DNA duplexes. Thus, only type I vesicles exhibiting
the extended DNA duplex alignment are amenable to ethidium
intercalation or to the incorporation of a Cy3-labelled DNA via
strand exchange. The incorporation of acceptor chromophores
into type I vesicles resulted in the formation of light-harvesting
vesicular constructs. Ongoing research focuses on exploring
the suitability of the presented vesicles for light-harvesting
applications or as DNA-addressable nanocarriers for targeted
delivery.
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