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Transition of Cationic Dipeptide Nanotubes into Vesicles and

Oligonucleotide Delivery**
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The self-assembly of biocompatible molecules,
such as peptides and proteins, into regular supra-
molecular structures has important implications. In
a sense these molecules mimic biological sys-
tems.? Additionally, such biomimetic systems
are becoming important for the delivery of drugs,
genes, and proteins. Peptide-based nanostructures
have attracted considerable attention owing to
their biocompatibility, capability of molecular
recognition, and well-defined structures."'% For
example, Gorbitz first found that simple dipeptides
can self-assemble into nanotubes, and that the
resulting structures have chiral hydrophilic chan-
nels with a Van der Waals diameter of up to
10 A.l%l Reches and Gazit showed that very short
dipeptides with the [-amyloid diphenylalanine structural
motif associated with Alzheimer’s disease can form long,
stiff nanotubes by self-assembly, and that these nanotubes can
be used as scaffolds to produce discrete silver nanowires.
Subsequently, Song etal. simplified the synthesis of the
dipeptide nanotubes (DPNTs) and observed that DPNTs
turned into vesicles when the DPNT dispersion was diluted by
adding water.® Zhang and co-workers also reported that
linear surfactant-like oligopeptides self-assembled simulta-
neously into nanotubes and vesicles.” Such peptide nano-
tubes (PNTs) can be used for intracellular-delivery applica-
tions. Herein, we report that cationic dipeptides (H-Phe-Phe-
NH,-HCI; see Figure 1) self-assemble into nanotubes at
physiological pH values, and that these cationic dipeptide
nanotubes (CDPNTSs) can also rearrange to form vesicles
upon dilution. Moreover, the CDPNTs can traverse cell
membranes and be absorbed by the cells upon spontaneous

delivery.
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Figure 1. Proposed transition of the CDPNTs into vesicles for oligonucleotide

conversion into vesicles. We utilized this property to deliver
oligonucleotides into the interior of cells as an indication of
the potential applications of the system in gene and drug
delivery.

We selected cationic dipeptides to fabricate nanotubes so
that negatively charged nucleic acids could be bound to the
tubes and then delivered into cells. The CDPNTs were self-
assembled at physiological pH values (see experimental
section in the Supporting Information). A scanning electron
microscopy (SEM) image showed that the nanotubes are
quite homogeneous with lengths of tens of micrometers
(Figure 2a). The inset in Figure 2a shows a typical tubular
structure at a larger magnitude. A transmission electron

Figure 2. a) SEM image of the CDPNTs (inset: a hollow nanotube at
greater magnification); b) TEM image of the CDPNTs; c) height AFM
image (area: 5 umx5 pum) of the CDPNTs; the cross-sectional profile
of a nanotube shows its height of approximately 190 nm.
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microscopy (TEM) image confirmed that tubes had formed
with a diameter of approximately 200 nm (Figure 2b). To
obtain direct topographical information, the samples were
deposited on a mica surface and investigated by atomic force
microscopy (AFM; Figure 2¢). The height of the nanotube
shown is about 190 nm, as estimated from its cross-sectional
profile. All of these results confirm that the cationic dipeptide
can self-assemble into tubes at pH 7.2.

We find that the CDPNTs transform gradually into
vesicles when the CDPNT dispersion is diluted under neutral
conditions. As observed by optical microscopy, the CDPNT's
disappear with time, and the number of vesicles increases
simultaneously (Figure 3a). To verify the structures of the
vesicles (the black dots in Figure 3 a), the solution was diluted
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Figure 3. a) Observation through an optical microscope of the conver-
sion of the CDPNTs (as a dispersion in PBS at pH 7.2) into peptide
vesicles; b) CD spectra of the CDPNTs and vesicles at different
concentrations (A: 10, B: 8, C: 7, D: 5, E: 2, F: 1 mgmL"); c),d) TEM
images of negatively stained CDPNTs at a concentration of 7 and

5 mgmL~, respectively; e) CD spectra of zwitterionic DPNTs at differ-
ent concentrations (A: 10, B: 5, C: 2 mgmL™).

further with pure water to a final concentration of 1 mgmL .
These diluted samples were then characterized by negative-
staining TEM and AFM (see the Supporting Information).
The TEM image showed that peptide vesicles are formed
after dilution of the nanotube dispersion. Analysis by AFM
confirmed the three-dimensional, spherical shape of the
nanostructures. The cross-sectional profile of the vesicles
showed that the peptide vesicles are approximately 100 nm in
height, which is consistent with the TEM analysis. All of the
above results confirm that the CDPNTSs can convert sponta-
neously into vesicles when diluted at physiological pH values.
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To further clarify this transition process, circular dichro-
ism (CD) spectroscopy was used to determine changes in the
secondary structure during the conversion of the self-assem-
bled CDPNTs into vesicles. CD spectra of the CDPNTs and
vesicles at different concentrations show that the CDPNT-to-
vesicle transition causes a change in the secondary structure
of the peptide aggregations (Figure 3b). The observed CD
curve of the assembled CDPNT (10 mgmL™') has some
similarities with the CD signature of a-helical polypeptides,
and the observed extrema may be indicative of transitions
found in a-helical peptides. The maximum at 192 nm and the
minimum at 206 nm correspond to the o-helical w—m*
transitions. Another absorption peak at 232 nm may corre-
spond to n—n* transitions of helical arrangements of the
PNTs.''2 The CD signal reflects the interactions between
the three-dimensional aromatic stacking arrangement and the
hydrogen-bonded cylinders of peptide main chains.'¥ When
the CDPNT dispersion was diluted to a concentration of
7 mgmL ', the minimum peaks for the B sheets of the peptide
nanostructures were observed at 206 nm and 212 nm.!""
When the concentration was decreased further, these peaks
disappeared gradually. At 1 mgmL ', the secondary structure
of CDPNT vanished.

Although the CD spectra of the self-assembled structures
have not yet been assigned completely, they demonstrate that
dilution indeed results in a change in the peptide nano-
structures. Furthermore, TEM images show that at a concen-
tration of 8 mgmL ', the system maintains a tubular structure
(see the Supporting Information). However, when the
solution is diluted to 7mgmL ", vesicles start to form and
coexist with the tubular structures (Figure 3¢). The ratio of
peptide vesicles to nanotubes becomes larger upon a further
decrease in the concentration to 5 mgmL—1. The intermedi-
ate state of the conversion of CDPNTs into vesicles can be
observed directly (Figure 3d). When the concentration of the
system was decreased to 1 mgmL™', the transition is com-
plete, and the system is composed entirely of vesicles. (see the
Supporting Information). The transition from tube to vesicle
occurs at a concentration of approximately 7 mgmL~', which
is consistent with the CD results.

For comparison, we chose a zwitterionic dipeptide,
diphenylalanine (L-Phe-L-Phe), for similar experiments
under the same conditions. We found that this dipeptide
could self-assemble into nanotubes at a concentration of
10 mgmL™" (see the Supporting Information). This self-
assembly is similar to results reported previously.”! A clear
Cotton effect is observed at 232 nm in the CD spectra of these
zwitterionic DPNTSs at a concentration of 10 mgmL~" (Fig-
ure 3e). Upon a decrease in the concentration of these
zwitterionic DPNTSs, the intensity of the CD signal at 232 nm
decreases dramatically. When the concentration of the system
is decreased to 2 mgmL~', no new peak appears. This result
indicates that within this concentration range the zwitterionic
dipeptide forms mainly tubular structures rather than vesicles,
unlike the cationic dipeptide, for which the transition from
nanotubes to vesicles can be observed at a concentration of
7 mgmL~.

To test the CDPNTs for applications in intracellular
delivery, negatively charged single-stranded DNA (ssDNA)
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labeled with 5-((5-aminopentyl)thioureidyl)fluorescein was
bound to the CDPNTs through electrostatic interactions.
Figure 4a shows the green fluorescent CDPNTs detected by
confocal laser scanning microscopy (CLSM). The CDPNTs
are stable after binding with ssDNA, and the nanotube
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Figure 4. CLSM images of a) the CDPNTs with bound fluorescently
labeled ssDNA; b) a selected single nanotube, which was used for the
intensity measurements (inset: intensity profile of a fluorescent
CDPNT); c) peptide vesicles from the reassembly of the peptides
derived from the CDPNTs with bound fluorescently labeled ssDNA;

d) a solution of fluorescently labeled ssDNA.

structure can be still observed after four weeks (see the
Supporting Information). Analysis of the fluorescence-inten-
sity distribution on an individual nanotube (Figure 4b) shows
that the fluorescence remains mainly on the sidewalls of the
nanotubes (see inset in Figure 4b). Furthermore, peptide
vesicles formed from CDPNTs retain the green fluorescence
(the green dots in Figure 4c, in contrast with ssDNA alone in
Figure 4d), which indicates that the ssDNA is localized on the
peptide vesicles after the conversion of the CDPNTs. We also
investigated the ability of CDPNTs to inhibit the migration in
gel electrophoresis of ssDNA. When the volume ratio of
CDPNTs to ssDNA was changed to 3:1 (see the Supporting
Information), the migration of ssDNA in gel electrophoresis
was inhibited. This observation indicates that ssDNA can be
immobilized securely on the cationic dipeptide nanostruc-
tures through electrostatic interactions. In contrast, zwitter-
ionic DPNTs and cationic dipeptide molecules in solution
without aggregation have no effect on the migration of
ssDNA in gel electrophoresis at different volume ratios (see
the Supporting Information), which indicates that ssDNA
does not bind to zwitterionic DPNTs and free cationic
dipeptides. These results confirm that ssDNA can be bound
to the cationic dipeptide nanostructures through charge
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interactions, which are very important for the immobilization
on the nanostructures and intracellular release of DNA.!17)

The dispersion of the CDPNT/ssDNA complexes was
dialyzed for 2 h with constant stirring in phosphate buffer
saline (PBS) to eliminate cytotoxic hexafluoro-2-propanol.
We then studied the interaction of the resulting complexes
with HeLa cells. CDPNTs labeled with Congo red (CR-
CDPNTs) were used for the control experiment of cellular
uptake. It was found that Congo red does not influence the
tubular structure of the cationic dipeptide (see the Supporting
Information). Both TEM and confocal-microscopy images
confirmed the stability of CDPNTs in the presence of Congo
red. The HeLa cells were incubated with CR-CDPNTs and
CDPNTs/ssDNA  (c(CDPNTs)~0.5mgmL™) in a cell-
growth medium with 5% CO, at 37°C for 24h. The
medium containing CR-CDPNTs or the complexes was then
removed, the cells were rinsed gently twice, and a fresh
culture medium was added. Subsequently, the cells were
imaged directly in glass-bottomed Petri dishes by CLSM.
CLSM scans normal to the dish plane revealed that fluores-
cence originated mainly from the interior of the cells
(Figure 5; see also the Supporting Information). This result
indicates that the CR-CDPNTs and CDPNT/ssDNA enter
the cells by converting into vesicles and accumulate in the
cytoplasma of the cells. No significant cell death was observed
when HeLa cells were incubated under the conditions
described above. As negative-control experiments, cells
were incubated with a solution that contained zwitterionic

Figure 5. Uptake of the CR-CDPNTs and CDPNTs/ssDNA by Hela
cells: a) bright-field image of cells; b) fluorescence image of positive-
control cells after incubation for 24 h with the CDPNTs labeled with
Congo red; c),d) fluorescence images of cells after incubation for 24 h
with the complexes of CDPNTs and fluorescently labeled ssDNA; the
cell nuclei (dark circular regions) appear free of fluorescence; the
complexes of peptide vesicles/ssDNA are accumulated within the
cytoplasm of the cell.
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dipeptide or only fluorescently labeled ssDNA. No fluores-
cence of the cells was detected by CLSM (see the Supporting
Information), which means that the CDPNTs can traverse cell
membranes by converting spontaneously into vesicles, and
that they can transport ssDNA into the cells.

The self-assembly of cationic dipeptides is driven by
hydrogen bonding and by m—m stacking interactions, as
described by Reches and Gazit for the self-assembly of
aromatic dipeptides into nanotubes.! Zhang and co-workers
pointed out previously that the self-assembly and disassembly
processes of linear surfactant-like peptide nanostructures are
dynamic over time.” On the basis of molecular simulations
of the D-Phe-D-Phe dipeptide, Song et al. suggested that the
concentration of the peptide is key to the self-assembly
process of PNTs.[®l The conversion of CDPNTSs into vesicles
also appears to be a dynamic process. When the concentration
of the CDPNTs is decreased, their disassembly occurs
probably as a result of electrostatic repulsion rather than
hydrogen bonding or m—m stacking interactions between
peptide molecules. As observed under the optical microscope,
vesicles of relatively incompact stacking are formed rapidly
by peptide reassembly. Modeling and simulation studies of
this process are still required for further understanding. As for
the mechanism of cellular uptake of the CDPNTs, we propose
that their intracellular internalization occurs by endocytosis
of the reassembled vesicles (Figure 1), which is a well-known
mechanism for many species.['*?4

In summary, self-assembled positively charged DPNTs
underwent spontaneous conversion into vesicles upon dis-
persion dilution. CDPNTs with fluorescently labeled ssDNA
bound electrostatically could enter cells readily, most likely
after conversion into vesicles with attached ssDNA. The
fluorescently labeled ssDNA accumulates in the cytoplasm of
the cells after internalization. Thus, because of their biocom-
patibility, bioabsorption, and recyclability, it may be possible
to exploit the peptide nanostructures as a new class of
molecular transporter for the delivery of a wide range of
foreign substances, such as drugs, genes, and proteins.
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