Published on 17 January 2014. Downloaded on 8/24/2025 5:27:36 PM.

Materials
Horizons

COMMUNICATION

.

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

Nucleobase peptide amphiphilest

Cite this: Mater. Horiz., 2014, 1, 348

Received 29th November 2013
Accepted 17th January 2014

DOI: 10.1039/c3mh00154g

rsc.li/materials-horizons

A new class of peptide materials is introduced, integrating orthogonal
aspects of peptide, nucleoside, and amphiphile chemistry. In solution,
species such as rod-like or helical micelles are formed, which can lead
to nanoribbons under lateral or longitudinal hierarchical growth
regimes. Gelation of a wide range of solvents can be induced,
including water and aqueous buffer, providing new avenues for
nucleobase-specific electrophoresis, oligonucleotide delivery and
bioactive cell growth media.

Peptide self-assembly is a rapidly developing field in which the
structures found in native proteins are taken, adapted,
expanded upon, and integrated into synthetic systems. While
total de novo design of discrete proteins has recently reached
important milestones,’™ the exploitation of smaller peptide
self-assembly motifs to construct larger-scale materials is of
particular importance. The similarity of the products to certain
misfolded protein systems responsible for diseases such as
Parkinson's and Alzheimer's® aids the understanding and
treatment of such conditions, while the ability to generate order
from small building blocks over a large range of length scales
had led to interesting new materials with applications such as
nanoelectronics,® water purification,”® and therapeutic drug
delivery.” Even systems as small as dipeptides are capable of
forming a wide diversity of structures,'® due to the combination
of peptide secondary structure motifs with orthogonal assembly
features such as m-m stacking," and amphiphile-based
phase separation.” These results have led to two broadly
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defined sub-fields: dipeptides as low molecular weight gelators
(LMWGs);** and peptide-amphiphile (PA) self-assembly of
micellar structures>**** (although these topics may inter-
weave'®'”). LMWGs are small molecules which aggregate
through specific supramolecular interactions to create nano-
scale fibres, the intertwining of which creates a network which
entraps solvent, forming a gel. The high levels of interest in
LMWGs arise because the supramolecular nature of the link-
ages endows the materials with dynamic molecule-responsive
character,''®?° in contrast to polymer-based gels. Moreover,
since the tuneable rheological properties of gels make them
outstanding for 3D cell culture purposes, biomolecule-based
gels are especially topical for their potential to influence cell
growth.”* Conversely, PA systems are often proposed as drug
delivery vehicles, since they permit the construction of micelles
with tailored geometries capable of encapsulating drug mole-
cules and incorporating bioactive targeting moieties.

We here report a new class of dipeptide-based materials
(‘nucleobase peptide amphiphiles’, NPAs), which uses simple
modifications to assemble into a range of novel and distinct
hierarchical structures: from rod-like micelles, to nano- and
microribbons, to bulk gel phases. These building blocks are
based on a bis-tyrosine dipeptide (Fig. 1), where one tyrosine is
substituted with the nucleobase adenine, while the other carries
either a hexyl, or an oligoethylene glycol chain. As such, they are
capable of three degrees of orthogonal association: (i) their
aromatic peptide units can assemble via hydrogen bonding and
77 stacking into higher-order structures, such as B-sheets; (ii)
their adenine units are self-complementary via hydrogen-
bonding, and capable of interacting with other DNA strands;
(iii) their hexyl or oligoethylene glycol substituents and benzoyl
protection status of the adenine can modulate amphiphilic
character and hydrophobic properties. Each of the four mole-
cules discussed herein exhibits its own characteristic self-
assembly properties, and each of the three potential levels of
self-assembly are observed.

On the level of molecular structure, NPAs are substantially
distinct from established dipeptide LMWGs. Classic peptide
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Fig. 1 NPAs discussed in this manuscript (a), and self-assembly of
Boc-methoxy dipeptides into parallel B-sheets: chemical representa-
tion (b) and crystallographically determined 3D structure of peptide
backbone of Boc/methyl ester protected diphenylalanine taken from
the literature.??

LMWGs rely on aromatic N-terminal protection and C-terminal
deprotection to drive aggregation by -7 stacking and hydro-
phobic collapse, often in specific pH ranges: our NPAs, being
protected at both termini using non-aromatic groups, demon-
strate that this aromatic N-protection/C-terminal deprotection
is not necessary for dipeptide assembly. To our knowledge only
one example of a dipeptide gelator with this protection scheme
has been reported previously.” Side-chain based hydrophilicity
modulation also distinguishes our NPAs from existing examples
of PAs in which a linear topology is employed."* Xu and
coworkers have previously replaced the classic N-terminal
aromatic group of dipeptide gelators with a nucleobase.”** Our
NPAs are capable of gelation of a greater range of solvents at
concentrations an order of magnitude lower. They form a
library of large-scale hierarchical nanostructures in the solution
phase not seen with nucleopeptides, and undergo structure
modification by interaction with DNA. Finally, the combination
of nucleobases and amphiphilic units on the side chains with a
selective terminal protection scheme gives them the potential as
building blocks for sequence-defined DNA-mimetic peptides via
Merrifield synthesis. In the modular incorporation of three
different self-assembly regimes — nucleobase pairing, peptide
folding, and amphiphile aggregation - dityrosine NPAs consti-
tute a distinct new class of self-assembling molecule.

Results and discussion

Tyrosine was selected as the basis for the NPAs because of the
ease of selective alkylation at the phenolic hydroxyl group, and its
enantiopurity and chemical robustness. Facile functionalization

This journal is © The Royal Society of Chemistry 2014

View Article Online

Materials Horizons

of protected tyrosine monomers by alkylation of the phenyl
hydroxyl group was employed to create amino acids with pro-
tected adenine groups (Scheme S1, ESIt): firstly an ethylene
spacer was inserted by reaction of adenine with ethylene
carbonate, then Boc-methoxy-tyrosine was attached under Mit-
sunobu conditions, followed by benzoyl protection of the
adenine exocyclic amine with benzoyl chloride. Finally the tyro-
sine amine was deprotected using trifluoroacetic acid, giving the
amino acid (labelled ABz) ready for coupling with a second
amino acid in 29% overall yield. The amino acids for amphilicity
modulation consisted of an n-hexyl chain (Hx, hydrophobic) or
an oligoethylene glycol chain (PEG M,, = 350, n = 8, hydrophilic)
attached to the phenolic oxygen, and were synthesised by simple
alkylation or Mitsunobu reaction respectively followed by
carboxyl deprotection (85% and 64% overall yields for Hx and
PEG respectively). After coupling of ABz with Hx or PEG tyrosines,
the dipeptides Hx-ABz and PEG-ABz were obtained and could be
deprotected on the adenine unit by stirring with methanolic
potassium carbonate to give NPAs Hx-A and PEG-A (Fig. 1)
respectively (89% and 82% yields). The N- and C-termini were left
protected in this instance to minimise acid/base related charge
effects upon self-assembly.

The self-assembly of both free adenine and benzoyl pro-
tected analogues was studied in order to make comparisons
regarding the effect of nucleobase interactions. Solution-phase
self-assembly of each NPA was studied by circular dichroism
(CD) spectroscopy and light scattering measurements, and
morphological analysis was performed by atomic force
microscopy (AFM) and transmission electron microscopy (TEM)
imaging.

In methanol, Hx-ABz (2 mM) was found to display an
unusual CD spectrum with two positive peaks at 205 and
229 nm (Fig. 2a). While the positions correspond to those of a
B-sheet, the higher wavelength peak, arising from the n-m*
amide transition,”” has been inverted, suggesting a deformation
of the structure. The overall intensity was modest, and no CD
signal was seen at longer wavelengths, indicating that the level
of assembly is low, and that the chiral environment does not
extend to the nucleobase region. The limited extent of assembly
in methanol was confirmed by measuring the light scattering
intensity, which was low, at 8200 counts per second (8.2 keps;
on our instrument < 4 kcps corresponds to molecular solu-
tions). Tenfold dilution with water or pH 8 TAEMg buffer
(a system commonly used for DNA hybridization) was used to
encourage aggregation of the hydrophobic residues while
maintaining peptide-like secondary structure, however in this
case a thick precipitate was observed, which hindered exami-
nation of the system by CD or light scattering. Analysis of
particle morphology by TEM revealed a system of rods extend-
ing from nodules in both cases, although in water the rods were
more prominent (Fig. 2b), whereas in buffer the nodules
dominated (Fig. 2¢). Although this NPA demonstrated incom-
patibility with aqueous media (unsurprising given the weak
hydrophilicity of the polar components), it was capable of
gelling organic solvents. Benzene can be gelled by heating
powdered Hx-ABz followed by slow cooling (Fig. 2d). Gels of
other organic solvents could be obtained using Hx-ABz by slow
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Fig. 2 Self-assembly of Hx-ABz. (a) CD spectrum in methanol, 298 K. (b) TEM image of precipitate from 9 : 1 water—-methanol. (c) TEM image of
precipitate from 9 : 1 TAEMg buffer : methanol. (d—f) Benzene, chloroform, and methanol gels respectively, with TEM image of fine-structure.

Further images can be found in the ESI, Fig. S15-S19.}

diffusion of a second solvent into the mixture, resulting in
chloroform-hexane (Fig. 2e) and methanol-diisopropyl ether
gels (Fig. 2f). TEM analysis of the gels displayed their constit-
uent fibres; in the case of the methanolic gel, these were found
to exhibit helicity, demonstrating the levels of hierarchical
assembly of which the single molecule is capable.

The behaviour of Hx-A was found to be significantly different
from Hx-ABz. In methanol, the CD spectrum a positive peak
centred at 199 nm and negative peak at 232 nm were seen
(Fig. 3b), reminiscent of the pB-sheet signature spectrum,
although the negative peak is shifted to slightly longer wave-
length, which may signify twisting of the sheets.”* Although the
differences between the CD spectra of parallel and antiparallel
B-sheets are slight, the crossover from negative to positive CD at
195 nm suggests that a parallel B-sheet structure is the more
likely orientation.>”*® However, again the signal was low and no
peaks in the adenine region (240-290 nm) were seen, consistent
the observed light scattering intensity of 8.3 kcps, and indi-
cating limited assembly pertaining only to the peptide region.
Dilution of Hx-A in methanol with water or buffer gave a clear
solution. In water no CD signal could be measured, neither was
there an increase in light scattering intensity (8.8 kcps).
However, in buffer a large CD signal was generated, with
negative peaks at 208 and 230 nm (i.e. an inversion of the t—m*
transition of a twisted B-sheet), a broad positive peak with a
maximum at 264 nm, and a third minimum at 284 nm. The
extension of the signal into the long wavelength region indi-
cates that the chirality of the assembly extends to the nucleo-
base. A significant increase in light scattering (29.6 kcps) was
also noted in buffer. The amplification of both CD and light
scattering signal in buffer is all the more remarkable given the
tenfold dilution of the samples. While examination of the water
solution by AFM revealed only a handful of irregular aggregates,

350 | Mater. Horiz., 2014, 1, 348-354

the buffer solution sample (Fig. 3c) displayed elongated
micellar structures packed into a dense layer with a uniform
height of 0.6 nm and minimum spacing of 17 nm. Some larger
globular structures could be observed in dense regions, but
close examination showed these to be decorated with the same
patterns. Interestingly, in less densely deposited areas, the
fibres formed laterally striated ribbons, with widths of 0.1-1.5
um, likely arising from self-sorting of rod-like micelles, or
cooperative growth of adjacent rods. At the edges, individual
fibres could be seen. Similar features could be observed by TEM
(Fig. 3d). We are currently investigating the molecular origin of
these size-sorted sheets, however a probable hierarchy of self-
assembly already emerges from the results discussed above
(Fig. 3a). Firstly, in methanol B-sheet structures (probably
parallel) are formed; the weak CD and light scattering signals
indicates these are likely to be only one NPA wide and of limited
length, and the form of the CD indicates that the side-chains are
disordered. Secondly, upon addition of buffer, the hydrophobic
hexyl chains aggregate, bringing the B-sheets together into
larger assemblies (hence the higher CD and light scattering
intensities), and distorting the peptidic hydrogen bonding
motifs, as visualised by the change in shape of the CD spectrum,
leaving the nucleobases exposed. The hydrophobic collapse
must also induce some curvature into the structure, resulting in
the rod-like structures seen in AFM and TEM. These rods then
align upon deposition, potentially through adenine-adenine
interactions.

If the model described above is correct, then the nucleobases
at the solvent interface should be free to interact with DNA,
altering either the structure of the DNA or the NPA. The
nucleobase pairing was tested by adding deca(deoxythymidine
phosphate) (T;,) DNA to methanolic Hx-A at the same time as
the buffer and then heating to 60 °C for half an hour, followed

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Self-assembly of Hx-A. (a) Overview of hierarchical self-assembly to yield aligned nanorods. (b) CD spectra in methanol and aqueous
systems, plus interaction with Tig in 9 :1 TAEMg : methanol, 298 K. (c) AFM images illustrating hierarchy of fibre aggregation in 9:1
TAEMg : methanol (d) TEM images of the same features. (€) TEM and AFM images of structures formed by interaction of T1o with Hx-A. (f) Hx-A
hydrogel (with 5% DMSQO), accompanied by TEM image of fine-structure. Further images can be found in the ESI, Fig. S20-S25.}

by cooling to room temperature. The resultant CD of the NPA
(Fig. 3b) was slightly reduced in magnitude in the peptide
region with negative peaks remaining at 206 and 231 nm, but
changed in form above 240 nm, remaining negative until 262
nm, and exhibiting a positive peak at 273 nm with no negative
tail (reminiscent of the CD spectrum of A-form DNA*). This
indicates that A-T interactions impose a DNA-type chirality
environment on the adenines, while maintaining the peptide
assembly in its overall structure. Additionally, an increase in
light scattering intensity was also recorded (47.1 kcps), sug-
gesting that larger constructs were produced. Examination by
AFM and TEM (Fig. 3e) revealed rods with a broad distribution
of lengths (80 nm-1.7 um) which could not be seen in samples
containing only T;,. Similar structures were observed in just
one small section of the TEM upon which Hx-A (TAEMg) had
deposited (Fig. S21, ESIT), and in the background of the AFM
images of Hx-A/T;, in some places a linearly patterned surface
could be observed (Fig. S22, ESIT), suggesting that influence of
DNA upon the self-assembly of Hx-A causes a shift in equilib-
rium between different constructs, rather than simply forming
an NPA-DNA duplex. The differences in CD, light scattering,
and morphology confirm that in self-assembled Hx-A systems
the adenines are accessible to nucleic acid molecules. Hydro-
gels could be formed from Hx-A by diluting a DMSO solution

This journal is © The Royal Society of Chemistry 2014

twenty-fold with water with stirring, followed by heating to close
to boiling, giving a translucent white hydrogel upon cooling and
standing (Fig. 3f). A minimum gelator concentration of 5 mg
mL ™" (0.5 wt%) was required, which is significantly lower than
that for reported nucleopeptides (2 wt%).>* TEM imaging of the
Hx-A/DMSO hydrogel revealed a highly branched network of
interlinked and frayed fibres (8-40 nm in width), which was
confirmed by AFM (Fig. S25, ESI}). A hydrogel displaying
nucleobases on its constituent fibres would be a promising
material for nucleotide technologies: base-recognition could be
used to enforce sequence-selective electrophoretic mobility. For
example, it may be possible to append a T-tract to oligonucle-
otides, which will selectively restrict electrophoretic mobility,
acting analogously to the affinity columns®' such as those used
in conjunction with the ubiquitous His-tag®* in protein purifi-
cation. The highly defined surface deposition patterns (Fig. 3c)
on mica substrates can also be exploited as a tool in DNA
nanotechnology to align other DNA nanostructures or gold
nanoparticles with appended polyT strands.

Although its nucleobase is protected, the self-assembly of
PEG-ABz was interesting to study because its amphiphilicity is
opposite to that of Hx-A - the nucleobase has become hydro-
phobic whereas the other side chain is now hydrophilic. In
methanol PEG-ABz displayed a CD curve (Fig. 4b) almost

Mater. Horiz., 2014, 1, 348-354 | 351
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identical to that of Hx-ABz, meaning that the secondary struc-
ture is influenced by the protection of the nucleobase. Again the
light scattering intensity was low (1.6 keps), showing that PEG-
ABz is not extensively ordered in methanol. Addition of water to
PEG-ABz in methanol resulted in a clear solution, which gave a
very large CD signal (Fig. 4b) with a positive peak at 199 nm, and
a negative peak at 222 nm, and a change of sign at 192 nm,
classic signifiers of a (likely parallel) B-sheet morphology.” A
broad positive peak between 240 and 280 nm, followed by a
negative peak at 292 nm indicated that the chiral environment
pertained to the nucleobase as well as the peptide backbone.
Light scattering was very intense (257.4 keps), consistent with
large-scale self-assembly. Analysis of the system by TEM (Fig. 4c)
displayed a library of related shapes. In places, elongated and
curved structures were seen (ca. 20 x 300 nm); it could be seen
that aggregation of these led to patterned lamellae (up to 1 pm
wide), and that the lamellae could grow extensively in one
direction to produce ribbons ten of microns in length. AFM
produced similar results (Fig. 4d), determining that the height
of the lamellae or ribbons was 5 nm, and that they displayed
longitudinal striations with a peak frequency of approximately
25 nm. When TAEMg buffer was used in place of pure water, the
CD spectrum was changed only slightly (Fig. 4b), while the light
scattering intensity was reduced by half (124.2 keps). AFM and
TEM analysis (Fig. 4e and f) showed only the lamellae form,
indicating that the buffer impeded the formation of elongated
ribbons. Cryo-EM images of the assemblies formed in water
(Fig. S301) demonstrated that lamellar structures are present in
solution, rather than being an artefact of drying. Addition of Ty,
to these samples had no significant effect upon their CD
spectra, confirming that the protected nucleobase does not
partake in base pairing interactions. Combining the experi-
mental results for PEG-ABz suggests a new hierarchical
assembly pattern (Fig. 4a). In methanol a limited level of self-
assembly occurs (CD and light scattering intensity), in which
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the peptide association has a structure related to B-sheet and
the nucleobase is disordered. Upon addition of aqueous
solvents, the peptide rearranges to a classical parallel B-sheet
and the nucleobase becomes ordered (CD and light scattering).
It is likely that the hydrophobically protected nucleobase
ordering involves expulsion of solvent, leaving the soluble PEG
chains at the water interface. Since AFM and TEM imaging
indicates that the assemblies associate differentially in different
directions, it is probably that the smallest species in aqueous
solutions are anisotropic lamellae rather than rods with a
circular cross-section. In pure water it appears that longitudinal
growth dominates over lateral association, producing elongated
ribbons whereas in buffer aggregation of the lamellae in a side-
by-side fashion, yielding plates. Since the striations along the
ribbons or plates show variations in frequency, it is likely that
they arise due to packing defects during edgeways merging of
lamellae of different widths.

As with Hx-A, in methanol PEG-A displayed a CD spectrum
suggestive of a parallel B-sheet secondary structure, albeit weak
(Fig. 5b), consistent with light scattering (6.2 keps). Given that
PEG-A is fully water soluble (adenine deprotection changes the
solubility properties of NPAs drastically), it was not surprising
that addition of either water or buffer did not result in any
significant self-assembly. No CD signal could be measured in
either of these systems, although some light scattering intensity
was observed in TAEMg (41.9 keps). Examination by AFM or
TEM showed only amorphous aggregates. Inclusion of T, in the
mixture had no effect; base-pairing in water requires shielding
of the bases from solvent, and it is likely that such shielding
does not occur with PEG-A in the absence of a secondary
structure. This result suggests that base-pairing interactions
with NPAs rely first upon the self-assembly of the NPAs to create
a polyvalent partner, and that of the three programmed self-
assembly motifs, the hydrophobic component is a prerequisite
for the other two.

Wavslength (um) S%0nm
!
7
s «—
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Fig. 4 Self-assembly of PEG-ABz. (a) Overview of hierarchical self-assembly. (b) CD spectra in methanol and aqueous systems, 298 K. (c) TEM
images illustrating hierarchy of rod-like micelle aggregation into lamellae and ribbons in 9 : 1 water—methanol (d) AFM image of the same
features. (e) TEM images of shorter lamellae formed by in 9 : 1 TAEMg : methanol (f) AFM images of shorter lamellae formed by in 9:1
TAEMg : methanol. Further images can be found in the ESI, Fig. S26-S30.}
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Fig. 5 Self-assembly of PEG-A, on its own and in combination with Hx-A. (a) Proposed self-assembly scheme of 1: 1 PEG-A : Hx-A. (b) CD
spectra of PEG-A in methanol and aqueous systems, 298 K. (c) Gelation of water using 1 : 1 Hx-A : PEG-A. (d) TEM image of helical fibres in the
gel, with magnification of a single example. (e) 3D tomographic reconstruction of fibres from TEM images. (f) AFM image of helical fibres in the
gel, with magnification of a single example. (g) Cryo-EM image of helical gel fibres, with magnification of a single example. Further images can be
found in the supporting information, Fig. S31-S34.1 (h) MTS Hela cell viability assay results at varying concentration of NPA mixture and

timepoints.

Interestingly, while PEG-A is fully soluble and does not
associate in aqueous solution, it can form hydrogels by
mixing a 1 : 1 ratio of PEG-A and the otherwise insoluble Hx-A
in water at 5 mg mL ™" (0.5 wt%) followed by heating to give a
clear solution and standing overnight (Fig. 5¢). TEM (Fig. 5d)
showed that the Hx-A/PEG-A gel consisted of thicker (27 £ 5
nm), more rigid, and less branched ribbons, when compared
to the Hx-A/DMSO hydrogel. These ribbons displayed helical
twisting with a pitch of ca. 120 nm. Tomographic recon-
struction of a set of TEM images (Fig. 5e) collected with a
stage tilt of £55° resulted in a 3D model of two individual
ribbons, each displaying a left-handed helical twist. AFM
imaging gave similar images (Fig. 5f), again visualising a left-
handed chirality to the helix in all the ribbons in which the
direction could be clearly discerned. Due to the interesting
hierarchical structure, the gel was also submitted to analysis
by cryo-EM (Fig. 5g), providing confirmation that the
observed helical ribbons are those present in the aqueous
phase. The finer detail in cryo-EM images revealed that the
width varied from 10 to 35 nm, and could distinguish that the
thicker ribbons displayed a coiled helical morphology
whereas the finer ones took on the appearance of twisted
ribbons with a helical pitch of ca. 110 nm, matching well with
the AFM and TEM data. The height of the ribbons was more
consistent at 8.1 nm. In some places the ribbons joined
together, indicating that attractive ribbon-ribbon interac-
tions exist.

Although light absorption and scattering were problem-
atic at gelating concentrations, hindering analysis, the CD
spectrum of the gel (Fig. S351) resembled that of Hx-A in
TAEMg. Hence, we propose a structure (Fig. 5a) consisting of

This journal is © The Royal Society of Chemistry 2014

a core of B-sheets of Hx-A assembled into a bilayer through
hydrophobic aggregation of the alkyl chains, surrounded by
B-sheets of PEG-A assembled via A-A interactions*? mediated
through hydrogen bonding on both the Hoogsteen and
Watson-Crick faces of the nucleobases. The architecture
leaves the PEG groups, the most hydrophilic in this system,
exposed to the aqueous environment. If a fully-stretched
conformation were adopted, such a structure would have a
height of 9.8 nm; the value measured in solution by cryo-EM
is consistent with moderate compaction which would be
expected to fulfil the demands of close-packing. A degree of
twisting must then exist in the B-sheet packing to produce the
helical fibres.

Hydrogels which display good shape persistence at low
gelator concentrations are attractive candidates for bio-
fabrication technologies,* particularly when they display
bioactive moieties. The combination of biomolecular interac-
tions, rigid rod formation, and fouling-resistant PEG chains
make this gel a highly interesting material. Furthermore, as
with previously reported nucleopeptides, it may be possible to
use the affinity of the gel for nucleic acids to assist in delivery of
therapeutic DNAs or RNAs to cells. As a preliminary test to check
for cytotoxicity, an MTS assay® using HeLa cells was performed
(Fig. 5h). No noticeable cell death was observed at concentra-
tions up to 200 uM over 72 hours. Even at 500 uM, an extremely
high dose if the system were expected to be bioactive, significant
cytotoxicity was seen not seen until 72 hours, indicating that the
Hx-A/PEG-A system is generally well tolerated by cells. We are
currently investigating the potential of NPA hydrogels for
improved transfection-free cellular delivery of nucleic acids and
3D DNA nanostructures.
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Conclusions

We have developed a new class of dipeptide-based materials -
nucleobase peptide amphiphiles (NPAs) based on dityrosine.
Our NPAs have been shown to be capable both of solution-phase
hierarchical assembly to give helical or curved rod-like micelles,
leading to extended nanosheets, and gelation of a range
solvents, including water, and interaction with DNA. In these
molecules, three levels of orthogonal supramolecular associa-
tion are possible: formation of peptide-like secondary structure
motifs; hydrophobic/hydrophilic amphiphile self-assembly;
and complementary nucleobase interactions. The combination
of the peptide assembly and the amphiphilicity result in the
formation of large-scale scaffolds decorated with addressable
nucleobases for further modulation of the self-assembly, or to
influence the spatial distribution of nucleic acids. We are
working to elucidate the internal structures in fine detail of the
large-scale assemblies, incorporate all four nucleobases, expand
the library of amphiphilicity modulating groups, and to bring
forward applied biological studies on NPAs.
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