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While synthetic supramolecular polymers (SPs) were primarily
designed to assemble in organic solvents, similar behaviour was
later also demonstrated in an aqueous environment.*” The
change of solvent polarity offers possibilities to design and
develop additional types of supramolecular systems and mate-
rials with diverse properties.>* The tuning of such properties,
however, remains challenging due to difficulties in the
predictability of the self-assembly behaviour of new types of
building blocks. These non-covalent interactions, however, are
responsible for the dynamic nature of the supramolecular
assemblies and, thus, for their structural homogeneity and
integrity.>® Growing structural and functional complexity is of
particular importance once applications beyond a simple
assembly-disassembly process are becoming a focus of
interest.” This affects areas like the development of responsive
materials,® drug delivery,” molecular sensors' and signalling
cascades." Ultimately, the design of building blocks should aim
at predictability of the supramolecular interactions' and, at the
same time, enable further functionalization of the formed SPs.
One very robust way of addressing these prerequisites relies on
the use of DNA as the addressable molecular building block.****
Materials based on DNA base-pairing and strand hybridization
show great promise for the assembly of defined nanostructures
and elaborated molecular systems.”” Increasing efforts are put
into the synthesis and construction of hybrid materials, e.g.
DNA-functionalized polymers that exhibit diverse properties in
hydrogels,"™ responsive drug delivery systems™ or optoelec-
tronic devices.”

Recently, we reported on DNA-grafted supramolecular poly-
mers** by combining oligoarenotides®* and oligonucleotides.
These hybrid building blocks allow the formation of
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oligomers. The oligomers self-assemble into supramolecular polymers that are amenable to further
functionalization via DNA hybridization, as shown by the attachment of gold nanoparticles (AuNPs).

supramolecular ribbons,*** nanosheets> and vesicular
constructs.”>*® Typically, these systems show a high level of
reversibility by either thermal denaturation or strand displace-
ment reactions and they respond to external factors (e.g
temperature changes). In addition, the aforementioned supra-
molecular polymers are amenable to further modification, e.g.
for the assembly of light-harvesting photonic wires.>” Both, the
ability to control the precise arrangement of functional building
blocks and the process of supramolecular assembly of the
oligomers, demonstrate the potential of DNA-functionalized
materials, as neither pure synthetic supramolecular polymers
nor DNA-only based systems can easily attain similar
properties.>**®

Long-wavelength, water-compatible supramolecular assem-
blies are especially attractive for possible applications in the
medical sciences and as optoelectronic devices.***> Squaraine-
based systems therefore represent ideal candidates for the
creation of such “long-wavelength” supramolecular mate-
rials.*** Squaraine dyes exhibit molar absorptivities of up to
260 000 M~ cm™',* they absorb and emit light in the long-
wavelength region of the visible spectrum and possess the
well-documented property of forming aggregates in aqueous
solutions.*”*® Squaraine assemblies designed for biomedical
applications are primarily based on copolymer systems. For
example, hydrophobic phospholipid bilayers of liposomes
(nanovesicles) with embedded squaraine dyes are promising
structures for near-infrared fluorescence and photoacoustic
tomography imaging.** Here, we report the preparation of
squaraine-DNA block co-oligomers, their assembly into SPs and
their further derivatization with AuNPs.

Table 1 gives an overview on the squaraine-DNA block co-
oligomers prepared via solid-phase synthesis (see ESIt).***°
The conjugates contain a varying number of squaraine units. As
described below, this number determines whether defined SPs
are formed. Formation of the SPs was followed by atomic force
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Table1l Sequences of squaraine—DNA oligomers and AuNP-modified
DNA strands. The molecular structure of the squaraine derivative (Sq) is
shown in Scheme 1

Oligomer Sequence

Sq1 3'-GAA GGC ACT C-Sq

Sq3 3'-GAA GGC ACT C-Sq Sq Sq

Sq6 3’-GAA GGC ACT C-Sq Sq Sq Sq Sq Sq
ON1-AuNP 3/-GAG TGC CTT CTT TTT TTT TT-AuNP
ON2-AuNP 3’-CCT GAA GTT ATT TTT TTT TT-AuNP

microscopy (AFM) and/or transmission electron microscopy
(TEM). After supramolecular polymerization, complementary
DNA strands modified with gold nanoparticles (AuNPs) were
hybridized onto the DNA-modified SPs, as illustrated in Scheme
1. Since AuNPs are easily monitored by TEM imaging, they
provide a straightforward tool to visualize the specific func-
tionalization of the SPs via hybridization.*!

In a first step, the influence of the number of squaraines
present in the DNA-conjugated oligomers on the process of self-
assembly into supramolecular polymers was investigated. UV/
vis spectroscopy measurements indicated no well-defined type
of aggregates under various conditions for oligomer Sq1 con-
taining only one squaraine unit (see ESIt). The band pattern of
a spectrum recorded in ethanol, under which conditions a non-
folded state of Sq1 can be assumed, reveals an almost perfect
overlay with the one recorded in aqueous conditions (Fig. S4A,
ESIT). In addition, temperature-dependent absorption experi-
ments (Fig. S4Bt) show no significant changes in the absor-
bance of the sample during the heating-cooling cycles. In
contrast, for oligomer Sq3 containing 3 squaraine units an
additional blue-shifted peak around 589 nm in the UV/vis
absorption spectrum (Fig. S5AT) was observed. This agrees
with data indicating the formation of H-aggregates, in which
the transition dipole moments of the squaraine chromophores
are arranged in a face-to-face fashion.”** Aggregates of Sq3
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appear in AFM measurements as irregular objects (Fig. S5Ct). In
addition,  thermal assembly/disassembly  experiments
(Fig. S5Bt) reveal no signs of a supramolecular polymerization
process of Sq3. Oligomer Sq6 containing six squaraines, on the
other hand, was found to form nanostructures with a well-
defined, leaflet shaped morphology. Intramolecular folding
and aggregation is accompanied by the splitting of the long-
wavelength band in the UV/vis absorption spectrum. Based on
literature data,*”** such behaviour agrees with an oblique
orientation of transition dipole moments of the squaraine
molecules. The formation of supramolecular polymers by Sq6
was further tested by varying different parameters. Squaraines
start to aggregate at a 125 mM concentration of NaCl. A further
increase of the concentration to 300 mM resulted in a more
pronounced splitting of the absorption bands. Even higher
concentrations of salt (>400 mM NaCl) prompted the precipi-
tation of aggregates (ESI, Fig. S6T). In samples with a concen-
tration of NaCl = 200 mM, Sq6 exhibits a curve in the thermal
assembly/disassembly experiments (see Fig. 1A). This is in
agreement with a supramolecular polymerization process**
although further work is required to identify the exact mecha-
nism of polymerization/aggregation underlying the formation
of the well-defined objects of Sq6. The heating/cooling cycles
reveal a large hysteresis of around 20 °C (Fig. 1A), which is often
observed for cooperative self-assembly processes with large
kinetic barriers in the assembly or disassembly pathway.** The
assembly/disassembly process is reversible as shown in
repeated cooling/heating cycles (ESI, Fig. S71). The before
mentioned splitting of the long-wavelength absorption band
occurs in the range from 35 °C to 45 °C and is best seen by
comparing UV/vis spectra taken at different temperatures
(Fig. 1B). The spectra also reveal that the formation of the SPs is
a multi-step process. Isosbestic points are observable between
70 and 50 °C, which can be assigned to an intramolecular
folding process. The supramolecular polymerization, which
subsequently takes place below 50 °C, leads to more substantial
changes in the spectrum leading to the above-mentioned

AuNP-functionalized
supramolecular polymers
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polymers; subsequent hybridization of complementary AuNP-modified DNA strands leads to attachment of AuNPs to the SPs (for simplicity, DNA

strands are only shown on one side of the SPs).
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(A) Cooling and heating curves recorded at 15,5 = 660 nm showing the reversibility of the self-assembly process; solid red: 1st cooling

ramp; solid black: heating ramp; dashed red: 2nd cooling ramp; 0.5 °C min™*. (B) Temperature-dependent UV/vis absorption spectra. (C)
Temperature-dependent CD spectra revealing the formation of chiroptically active supramolecular polymers (inset: mdeg@660nm vs. Temp.).
Conditions: 1 uM Sg6; 15% EtOH; 300 mM NaCl; 10 mM phosphate buffer, pH = 7.0. (D) AFM image of the SPs formed by oligomer Sq6 (deposited
on APTES modified mica, see ESIT) and height profiles. (E) TEM image of the Sq6 sample (carbon-coated copper grid).

oblique orientation of transition dipole moments of the
squaraine molecules.

Simultaneously, the appearance of a very distinct signal
originating from exciton-coupling in the long-wavelength
region of the CD spectrum is detected (Fig. 1C). AFM

Fig. 2 (A) TEM images of the SPs functionalized by AuNPs. After the
assembly of the SPs, ON1-AuNP (0.03 uM; conditions as in Fig. 1) was
added and the mixture was left with agitation for 16 h. (B) Control
experiments performed with a non-complementary, AuNP-modified
oligonucleotide (ON2-AuNP).

This journal is © The Royal Society of Chemistry 2020

measurements clearly reveal the presence of well-defined
objects (Fig. 1D). The dimensions of the leaflet-like structures
exhibit a uniform height of about 4 nm, a typical width between
45 and 75 nm, and a typical length in the range of 100-200 nm
(ESIL, Fig. S107). Objects of the same shape were also observed in
TEM images (Fig. 1E) and SEM experiments confirmed the
morphology (ESI, Fig. S8 and S97).

The supramolecular polymers formed by the DNA-
conjugated squaraine oligomer Sq6 were functionalized by
hybridization with gold nanoparticle-modified oligonucleo-
tides. As described above, the formation of well-defined SPs is
only observed when the squaraine-block reaches a length of six
units. It can therefore be reasonably assumed, that the squar-
aine-squaraine interactions are the predominant force for the
formation of the supramolecular polymers. Hence, the DNA
strands in Sq6 are expected to be accessible for hybridization
with complementary DNA strands. This was verified by adding
the AuNP-modified DNA oligomer ON1-AuNP (Table 1) to the
preformed supramolecular polymers of Sq6. TEM images (see
Fig. 2A) show the attachment and accumulation of AuNPs to the
SPs. An approximation of the surface coverage (AuNP's per SP
area, see ESIt) indicates values ranging from 4% to 14%.
Control experiments with a non-complementary, AuNP-
modified oligonucleotide (ON2-AuNP) showed only a small
number of randomly deposited AuNPs on the SPs (Fig. 2B). This
unspecific attachment of AuNPs to the surface of the TEM grid
occurred in all samples, regardless of the presence or absence of
Sq-DNA SPs. Obviously, subsequent washing of the grid after
deposition of the samples did not remove all non-hybridized
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AuNP-modified strands. Control experiments showed that this
is due to the conditions required for preparing the sample
(ethanol, salt and buffer, see ESI, Fig. S197).

In conclusion, the preparation of AuNP-functionalized
supramolecular polymers from DNA-conjugated squaraine
oligomers has been demonstrated. Oligomers with up to six
squaraine building blocks were prepared via solid-phase phos-
phoramidite chemistry. Depending on the conditions and the
number of squaraine units, the oligomers self-assemble into
supramolecular polymers in an aqueous medium. The forma-
tion of SPs resulted in the splitting of the long-wavelength
absorption band of squaraine and was accompanied by
a distinct exciton couplet centred at 660 nm in the CD spectrum.
The supramolecular polymers were further modified with gold
nanoparticles. The DNA-attached AuNPs hybridize sequence
specifically to the DNA-modified SPs, as shown by electron
microscopy. Besides allowing the sequence specific deposition
of AuNPs onto the SPs, the presence of DNA also ensures water
solubility of the oligomers, which may be a practical advantage
for possible diagnostic or medical applications under biocom-
patible conditions. Furthermore, it also maintains options for
applications as DNA or RNA addressed targeting and delivery
devices of the described SPs.
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