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We have demonstrated that polymerizable peptides self-
assemble into a unique sheet-like 2D structure in bulk solution
that can be covalently fixed to produce 2D molecular objects
which were shown to be efficient at delivering cargos into living
cells and are nearly nontoxic in contrast to non-polymerized
nanostructures.

Self-assembly of biomolecular building blocks plays an important
role in the discovery of new biomaterials and scaffolds, with a
wide range of applications in nanotechnology and medical tech-
nologies."™ Especially, coating nanostructures with peptides en-
dows them with unique opportunities to explore the vast
biological events that peptides mediate.’>'! In recent years, a
few research groups have reported a 2D sheet structure formed by
peptide self-assembly.'> Because the peptide 2D sheet structure
has some implications for biology and for biomaterial research,
such as slow-diffusion drug delivery systems and artificial skin,
this research field possesses great potential. Recently, we reported
biomolecular building blocks consisting of the Tat cell penetrating
peptide (Tat CPP) and a hydrophobic lipid dendrimer.'? These
peptide building blocks self-assembled into well-defined nano-
structures while showing highly different cytotoxicity profiles
according to the nano-aggregate stability, which, as a rule of
thumb, is proportional to the critical micelle concentration
(CMC). Unstable aggregates might disassemble into their indivi-
dual amphiphilic components during the cell entry process, which
can perturb and/or disrupt the amphiphilic cell membrane.
Hence, one can envision that the covalent capture of the indivi-
dual components could be one of the strategies to overcome the
intrinsic instability of some useful nanostructures.'*
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In this communication, we present the unique self-organization
of polymerizable peptide-based amphiphilic building blocks into a
sheet-like 2D structure in bulk solution and the covalent capture
of the preformed bioactive nanostructure (Fig. 1). Here, we
synthesized peptide-based amphiphilic supramolecular building
blocks consisting of a cell-penetrating peptide and a dibranched
alkyl chain. As hydrophilic blocks, a Tat cell-penetrating peptide
(Tat CPP) and oligo-arginine (R9) were employed in 1 and 2,
respectively. Both Tat CPP and R9 blocks were designed to have
a similar volume fraction. Regarding the hydrophobic block,
polymerizable acryl amide groups were incorporated at the distal
part of hydrophobic alkyl chains to covalently capture the
preformed nanostructures after polymerization.

The aggregation behavior of the peptide building blocks in
aqueous solution was first investigated by using CMC mea-
surements following encapsulation of the fluorescent dye Nile
Red. The calculated CMC for 1 was approximately 150 uM,
while that of 2 was much higher than 300 pM. As most cell-
based delivery experiments are performed at much lower
concentrations (at best 10-20 uM), the CMCs of both building
blocks are too high to use in bio-applications. Moreover, if the
nanostructures are used at concentrations higher than their
CMC s to maintain the aggregated state, there arises a cyto-
toxicity issue.'®!> Therefore, one way to overcome this issue is
to cross-link self-assembled building blocks within the nano-
structure, making aggregates as molecular objects.'®

Transmission electron microscopy (TEM) investigations of
the nanostructures revealed that 1 self-assembles into 2D
sheets (Fig. la), while 2 self-assembles into spherical
aggregates (Fig. S5f). Atomic force microscopy (AFM)
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images of 1 showed that the thickness of the sheets is ~7
nm, indicative of an interdigitated bilayer (Fig. 1b and c).
According to classical theory of amphiphiles, the morphology
of amphiphiles is dictated by the relative volume fraction of
hydrophilic and hydrophobic blocks. Although both building
blocks were designed to have a similar volume fraction, it is
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Fig. 1 (a) TEM image of self-assembled sheets of 1. (b) AFM image
of self-assembled sheets of 1 with height information. (c) Schematic
representation of the confined polymerization of 2D peptide sheets.

likely that their self-assembly behaviors are quite different
from those of conventional non-ionic amphiphiles as they
are composed of highly charged residues.!” The high charge
density in 2 due to closely located cationic arginine residues,
might induce repulsive forces among oligo-arginine blocks,
thereby increasing the curvature of the nanostructures.

We next asked whether the nanostructures can be covalently
captured by polymerization. For polymerization, 1,2-ethane-
dithiol (EDT) was used as a cross-linker. The building blocks
were mixed with EDT at a concentration above their CMC, and
photo-polymerization was performed under UV light for 2 h
(254 nm). The 'H-NMR spectrum of 1 after polymerization
revealed complete disappearance of the resonances corres-
ponding to acrylic double bonds, indicating that all of the acryl
groups within the nanostructures of 1 have been successfully
converted into thioether linkages upon polymerization (Fig. 2a
and Fig. S41). Remarkably, the 2D sheet morphology of 1 was
preserved even after the polymerization (Fig. 2b). The macro-
scopic 2D sheets of 1 could also be observed by fluorescence
microscopy following encapsulation of fluorescent dye in aqu-
eous solution (Fig. 2¢). AFM investigation of the polymerized
nanostructure revealed plate-like nanosheets with a uniform
thickness of ~7 nm (Fig. 2d). Similarly, the nanostructure of
2 was cross-linked successfully and the morphology was main-
tained after polymerization (see the ESIT). These results indicate
that this type of cross-linking strategy offer an opportunity to
covalently capture amphiphilic peptide-based nanostructures,
while preserving the morphologies. To corroborate the above
described results in solution-based measurements, we performed
dynamic light scattering (DLS) experiments. As shown in
Fig. 2e, no changes in the autocorrelation function were ob-
served after the polymerization of the nanostructure of 1 in
concentrations quite below its CMC. This result reconfirms that
the nanostructure of 1 was successfully converted into the
polymeric objects.

We next investigated the effect of nanostructure polymer-
ization on cell viability. The result showed that unpolymerized
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Fig.2 (a) "H-NMR spectra of 1 (upper) and polymerized 1 (lower) in
D,O. The '"H-NMR spectrum of polymerized 1 reveals complete
disappearance of the acrylic double bond at around 6 ppm.
(b) TEM image of polymerized objects of 1 with negative staining.
(c) Fluorescence microscopy image of polymerized sheets of 1 encap-
sulating Nile Red in aqueous solution. (d) AFM image of polymerized
sheets of 1 with height information. (¢) Autocorrelation functions of
an aqueous solution of polymerized objects of 1 with different
concentrations.

1 was found to be highly cytotoxic, whereas the polymerized
nanostructure was nearly nontoxic within the concentration
range tested (Fig. 3a). These results can be explained in that
unpolymerized block peptides exist as isolated molecules dur-
ing interaction with the plasma membrane due to their weak
association strength, thereby disrupting cell membranes
similarly to conventional surfactants.'>!® This finding clearly
demonstrates that polymerization-mediated covalent capture
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Fig.3 (a) Cytotoxicity in Hela cells by MTT assay. Mean + s.d. (n = 3).
(b) Confocal laser scanning microscopy (CLSM) image (400x) of intra-
cellular delivery of Nile Red by polymerized sheets of 1. Concentration of
polymerized sheets of 1 was 10 M and the amount of the encapsulated
Nile Red was 5 mol% relative to that of 1. The cells were treated for 3 h.
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of nanostructures can be developed as a general means to
lowering the cytotoxicity of amphiphilic nanostructures.

As the nanostructure of 1 is decorated with CPPs, it might
be used as an intracellular drug carrier following encapsula-
tion of hydrophobic drugs. It would be quite interesting
to investigate how CPP-decorated 2D macroscopic sheets
interact with the cells. For this, a model hydrophobic drug,
Nile Red, was encapsulated in the polymerized nanostructure
of 1, and the Nile Red-encapsulated nanostructure was treated
in mammalian cells. The result showed that the nanostructure
of 1 was quite efficient in delivering encapsulated cargos into
the cells. Especially, the successful intracellular delivery of the
nanostructures of 1 demonstrates that macroscopic 2D sheets
interact with the outer cell membrane strongly and deliver the
guest molecules efficiently into the cells (Fig. 3b). It is not
currently clear whether the 2D sheet itself does internalize into
the inside of the cells or, due to its very large size, the sheet just
releases the payloads while it is still bound to the cell surface,
which will be the subject of further in depth study. The
macroscopic 2D sheets, contrary to conventional spherically
or cylindrically-shaped nanostructures, should offer a unique
opportunity for developing nanocarriers with unexplored and
unexpected functions.

In conclusion, we have demonstrated that polymerizable Tat
peptides self-assemble into a unique sheet-like 2D structure that
can be covalently fixed to produce molecular sheets, which would
open new possibilities for fabricating morphologically diverse and
controlled bioactive nanostructures. Subsequently, covalent cap-
ture of such controlled bioactive nanostructures by the polymer-
ization strategy should enable efficient intracellular delivery of
cargo molecules in concentrations quite below their CMCs.
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