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ABSTRACT: In this study, we developed macrocyclic peptide
building blocks that formed self-assembled peptide vesicles with
molecular recognition capabilities. Macrocyclic peptides were
significantly different from conventional amphiphiles, in that they
could self-assemble into vesicles at very high hydrophilic-to-total
mass ratios. The flexibility of the hydrophobic self-assembly
segment was critical for vesicle formation. The unique features of
this peptide vesicle system include a homogeneous size
distribution, unusually small size, and robust structural and
thermal stability. The peptide vesicles successfully entrapped a
hydrophilic model drug, released the payload very slowly, and were internalized by cells in a highly efficient manner. Moreover,
the peptide vesicles exhibited molecular recognition capabilities, in that they selectively bound to target RNA through surface-
displayed peptides. This study demonstrates that self-assembled peptide vesicles can be used as strong intracellular delivery
vehicles that recognize specific biomacromolecular targets.

■ INTRODUCTION

Peptide-based molecular self-assembly is a powerful method for
developing functional biomaterials. Taking advantage of the
versatile and modular properties of peptides, a number of
intriguing supramolecular approaches have been developed for
the bottom-up fabrication of self-assembled peptide nanostruc-
tures (SPNs).1−7 One of the main advantages of using SPNs is
that the assembled nanostructures can be designed with the
molecular recognition properties of peptides.8,9 Moreover,
SPNs can display multiple bioactive peptides on their surface.
This multivalency has the potential to considerably reinforce
binding affinity and specificity compared to monomolecular
species.10−12 Furthermore, well-organized peptide nanostruc-
tures demonstrate remarkable heat stability, which has been
attributed to cooperative noncovalent interactions that occur
during self-assembly.13−15

SPNs have been fabricated in many different types of
morphologies, including one-dimensional (1D) objects (cylin-
drical micelles,16 nanoribbons,17 nanotubes,18 and helix
bundles19), two-dimensional (2D) objects (nanosheets20 and
nanorings/barrels21), and three-dimensional (3D) objects
(vesicles22). Vesicles are spherical molecular assemblies that
enclose the solvent within a bilayer of amphiphilic molecules. In
biology, vesicles form the membranes of cells and many cellular
organelles. Vesicles assembled from synthetic amphiphiles have
been widely used to deliver entrapped molecules and drugs to
cells.
Despite the numerous examples of vesicular structures

formed by lipids, small molecular weight amphiphiles, and
block copolymers, peptides typically assemble into 1D objects.

Reports on peptide-based self-assembled vesicles are uncom-
mon and typically have employed rather unusual ap-
proaches.22−27 Otherwise, peptides have been shown to
assemble into vesicle-like spheres or sacs.28−30 This dearth of
multidimensional peptide structures is most likely due to the
fact that peptides are not well-suited for vesicular structure
assembly. The planarity of the peptide bond restricts the
flexibility of the polypeptide chain, the presence of hydrogen
bonds impose directionality during assembly, and the chirality
of amino acids imparts handedness to the overall self-assembly
process. All of these effects diminish the flexibility of the
polypeptide chain, thus rendering peptide aggregation into
vesicular structures challenging. Therefore, it is difficult to
reliably predict the self-assembly of peptides based on the
simple rules of volume fraction.23,31

Macrocyclic peptides (MCPs), whose amino- and carboxyl-
termini are linked by a covalent bond, possess unique
physical,32 chemical,33 and biological34 characteristics due to
their conformational constraints. MCPs can also be used as
building blocks for self-assembly.8,9,22,35−37 Self-assembling
MCPs typically consist of three functional segments (i.e., a
self-assembling segment, hydrophilic/bioactive segment, and
linker segment; Figure 1). During self-assembly, the entire
hydrophilic/bioactive segment of an MCP can be exposed to
the aqueous environment because the segment lies parallel to
the assembled structure (Figure 1a). In contrast, only the distal
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end of the hydrophilic/bioactive segment of a conventional
linear peptide can be exposed in a densely packed assembly,
which could limit the target recognition capabilities of the
bioactive segment.
In this study, we report the rational design of self-assembling

MCP building blocks (amphiphilic block cyclo-copolypeptides;
ABCs) for developing self-assembled peptide vesicles with
molecular recognition capabilities (Figure 1). The arginine-rich
motif (ARM) peptide from the human immunodeficiency virus
type-1 (HIV-1) Rev protein was utilized as the hydrophilic/
bioactive segment.38,39 The aims of this study were to
understand the critical factors responsible for peptide vesicle
formation, to probe the self-assembly behaviors of ABC-type
building blocks, and to develop a vesicular delivery system with
molecular recognition functions.

■ RESULTS AND DISCUSSION
We designed an ABC building block that consists of a
hydrophobic segment with four consecutive tryptophan

residues, a hydrophilic/bioactive segment based on the Rev
ARM peptide, and flexible linkers that covalently connect the
two disparate segments (GW4 peptide, Figures 1b and 2a). The

Rev protein interacts with the HIV-1 Rev response element
(RRE) RNA in an α-helical conformation, which enables the
nuclear export of intron-containing viral mRNAs encoding
proteins essential for HIV-1 replication. During the viral life
cycle, ARM also acts as nuclear localization signal (NLS) for
the Rev protein.40

We first examined the self-assembly behavior of the peptides
by investigating the conformation of the GW4 peptide in self-
assembled aggregates (Figure 2b). Experiments were typically
performed in aqueous solution with the peptide concentration
of 5−10 μM. The circular dichroism (CD) data showed a
positive band at 229 nm, which indicated an interaction
between aromatic chromophores (in this case, the tryptophan
residues).41 This result suggests that the tryptophan residues in
the hydrophobic segment were in close proximity, due to
hydrophobic and π−π stacking interactions during the
aggregation of the GW4 peptides. Transmission electron
microscopy (TEM) imaging of the nanostructural morphology
revealed that the aggregation process was not precisely
controlled, leading to the formation of various irregular
aggregates (Figure 2c). We speculated that this heterogeneous
aggregate formation likely arose from the lack of flexibility in
the hydrophobic segment, which may have prevented tight
hydrophobic packing of the peptide molecules.
To confer increased flexibility on the hydrophobic segment,

we moved a glycine from the N-terminal region to the middle
portion of the hydrophobic segment (Figures 1b and 3a;
W2GW2 peptide). CD analysis confirmed the aromatic
interaction at 229 nm, indicating that the W2GW2 peptides

Figure 1. Self-assembly of macrocyclic peptides for robust vesicle
formation with RNA molecular recognition capability. (a) Comparison
of the orientations of a cyclic peptide and a linear peptide on the
surface of self-assembled structures. The self-assembling segment,
hydrophilic/bioactive segment, and linker segment are indicated in
red, blue, and yellow, respectively. (b) Sequences of the amphiphilic
block cyclo-copolypeptides (ABCs) used in this study. (c) Schematic
diagram showing robust vesicle formation from the ABC peptides, and
intracellular delivery of entrapped model drugs and RNA target
recognition by the peptide vesicles.

Figure 2. Characterization of the self-assembly behavior of the GW4
ABC peptide. (a) Molecular structure. (b) CD spectrum in water at
room temperature (r.t.) (c) TEM image (bar = 100 nm).
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assembled in a manner similar to the GW4 peptides (i.e.,
hydrophobic and π−π interactions). However, the reposition-
ing of the single glycine residue significantly influenced the
nanostructural morphology and homogeneity of the W2GW2
peptides (Figure 3c). TEM imaging showed the formation of
regularly shaped spherical objects that were 27 ± 5 nm in
diameter (Supporting Information Figure S3). The dynamic
light scattering (DLS) analysis indicated that the average
hydrodynamic radius (RH) of the nanostructures was ∼23 nm.
The difference in the average size calculated by TEM and DLS
likely occurred because the hydrophilic chain was hydrated by
the solutions used for DLS analysis, whereas the sample was dry
for TEM imaging.42 The results suggest that inserting the
pliable amino acid glycine increased the overall flexibility of the
hydrophobic chain, which, in combination with the reduced
mobility of the macrocyclic peptide, reinforced the internal
hydrophobic packing of the molecular assembly.43 The
spherical nanostructures we observed were more likely to be
vesicles than micelles, as the size of the nanostructures was
much greater than twice the maximum molecular length of the
cyclic peptides.22

To verify the identity of the vesicular nanostructures, we next
performed an encapsulation experiment using a water-soluble
fluorescent molecule, calcein.26 To assemble the vesicles, the
W2GW2 peptide and calcein were mixed together in a buffer
solution and sonicated. Large assemblies were separated from
smaller molecular weight species (including free calcein
molecules) by gel filtration chromatography. The early elution
fraction that contained the peptide nanostructures exhibited
bright green calcein fluorescence, indicating successful

encapsulation of the dye within the vesicular nanostructures
(Figure 4a).

We further confirmed the vesicular properties of the W2GW2
peptide assembly by conducting a leakage assay. We observed
an increase in fluorescence intensity when the vesicles were
disrupted using Triton X-100, indicating the dequenching of
calcein fluorescence by the release of the dye from the confined
environment (Figure 4b). The time-dependent fluorescence
measurements indicate that the entrapped calcein was released
gradually (Figure 4c). These data further support the vesicular
nanostructure of the W2GW2 peptide assembly. Interestingly,
the release kinetics was very slow and plateaued at
approximately 12 h. For most vesicular nanostructures, the
complete release of encapsulated molecules typically occurs
within several minutes.44−50 The prolonged release kinetics that
we observed in this study suggests that the vesicles formed by
W2GW2 peptide self-assembly exhibit very high structural
robustness.
Amphiphilic polymers generally require a hydrophilic-to-total

mass ratio ( f hydrophilic) of approximately 35% for vesicular
assembly, while molecules with f hydrophilic > 45% are more likely
to assemble into micellar structures.51 However, the f hydrophilic
for the W2GW2 peptide is approximately 75%. Self-assembly
into vesicular structures is unusual at this very high f hydrophilic
value. This interesting result is likely due to the constrained
characteristics of the cyclic molecule, efficient packing of the
hydrophobic segments, and strong association between the
aromatic residues.
To further investigate the robustness of the W2GW2 peptide

vesicles, we analyzed the thermal stability of the structures
using CD spectroscopy. The results suggested that the vesicular
assemblies maintained their conformational integrity even at

Figure 3. Characterization of the self-assembly behavior of W2GW2
ABC peptide. (a) Molecular structure. (b) CD spectrum in water at r.t.
(c) TEM image (bar = 100 nm). Inset: DLS analysis of self-assembled
nanostructures.

Figure 4. Entrapment and release of calcein from the W2GW2 peptide
vesicles. (a) Early elution fraction in phosphate buffered saline (PBS)
from gel filtration chromatography. Images taken under ambient light
(left) and UV illumination (right). (b) Fluorescence spectra following
treatment of the vesicles with Triton X-100 (2%, v/v). (c) Time-
dependent calcein release profile.
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highly elevated temperatures, up to 85 °C (Figure 5a and b).
This high thermal stability is likely due to the formation of a

strongly hydrophobic core and cooperative self-assembly.15,52

As a negative control, we incubated the peptide in 8 M urea,
which is strongly denaturing. The significant decrease in
molecular ellipticity at 222 nm (α-helix) indicated the
denaturation and/or disassembly of the vesicles (Figure 5c).
This supports the hypothesis that self-assembly induces α-helix
stabilization8,9,35 and correlates well with the thermal stability
data. Overall, the leakage assay and temperature-dependent
conformational analysis demonstrate the structural and thermal
robustness of the W2GW2 peptide vesicles.

Next, we assessed the ability of the peptide vesicles to
transport model drugs into cells. Rev facilitates cell penetration
and nuclear localization, enabling the cytoplasmic and even
intranuclear delivery of conjugated entities.53 We hypothesized
that the peptide vesicle system would exhibit similar delivery
capabilities. To test this, we treated HeLa cells with W2GW2
peptide vesicles containing calcein and monitored the delivery
and intracellular localization of the calcein marker. After 4 h of
treatment at 37 °C, every cell exhibited bright calcein
fluorescence, indicating efficient intracellular delivery (Figure
6 and Supporting Information Figure S4). The green

fluorescence of calcein was widely distributed throughout the
entire cell including nucleus as well as cytosol. The
LysoTracker stains the endosomes and lysosomes. Dual color
imaging of calcein fluorescence and red LysoTracker
fluorescence (yellow) indicated that the vesicles could enter
the cell via endocytosis (Figure 6f).
Because the W2GW2 peptide vesicles are decorated with the

bioactive Rev ARM peptide, we next evaluated whether the
vesicles can recognize a specific target. The Rev ARM peptide
has a high propensity for helicity and binds its target RRE RNA
in an α-helical conformation. The degree of α-helix
preorganization significantly affects binding affinity and
specificity.54 Thus, we investigated the conformational status
of the Rev ARM peptide within the nanostructure by CD
spectroscopy. As is shown in Figure 3b, the W2GW2 peptide
within the vesicular nanostructures rarely formed a helical

Figure 5. Thermal stability of the W2GW2 peptide vesicles. (a)
Temperature-dependent CD spectra in PBS. (b) Changes in the
molecular ellipticity at 222 nm (α-helix). Forward scan (red) and
backward scan (blue) of the temperature ramp experiment. (c) CD
spectra of the peptide in pure water (solid line) and in 8 M urea
(dashed line).

Figure 6. Intracellular delivery of the W2GW2 peptide vesicles and
encapsulated calcein to HeLa cells. (a) Bright-field image. (b) Green
(calcein) fluorescence. (c) Red fluorescence from LysoTracker Red
DND-99. (d) Counterstaining of the nuclei with DAPI. (e) Merged
image of calcein and DAPI fluorescence. (f) Merged image of calcein
and LysoTracker fluorescence.
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structure in pure water. However, the CD spectrum of the
W2GW2 peptide in PBS exhibited a broad negative band at
approximately 222 nm, a signature of α-helices, which has offset
the positive band at 229 nm (Figure 7a). To clarify this solvent-

dependent conformational change, we synthesized a peptide
that contained only the Rev ARM segment (ARM-LP peptide)
and subjected it to CD analysis under various solvent
conditions (Figure 7c). In pure water, the ARM-LP peptide
exhibited minimal helicity. In contrast, the ARM-LP peptide
dissolved in PBS exhibited somewhat enhanced α-helicity, as
indicated by the increase in 222 nm signal. Subtraction of the
two spectra indicated the presence of typical α-helix bands with
dual minima at 208 and 222 nm, indicating that helicity
increased in the buffered saline solvent (Figure 7d).55 Similarly,
the solvent-dependent difference spectrum for the W2GW2
peptide vesicle indicated that the α-helical conformation was
stabilized in PBS condition (Figure 7b). This increased helicity
of the Rev ARM peptide in buffered saline is likely due in part

to the decreased repulsion between the charged arginine
residues and the inhibition of nonspecific charge interactions.
We next investigated the RNA recognition properties of the

W2GW2 peptide vesicle by CD spectroscopy. We utilized two
types of RRE RNA: wild-type RRE RNA, which exhibits high
affinity and specificity for the Rev ARM peptide, and a mutant
RRE RNA (a G46-C74 to C46-G74 mutation), which exhibits
impaired binding to the Rev ARM peptide (Supporting
Information Figure S5). After 1 h of vesicle-RNA complex
formation at room temperature, the wild-type and mutant
complexes were analyzed by CD spectroscopy (Figure 7e). The
difference spectra from the spectroscopic data (the wild-type
complex minus the mutant complex) revealed that the degree
of helix stabilization for the Rev ARM peptide segment of the
W2GW2 peptide vesicle was higher for the wild-type complex
than for the mutant complex, as shown by the dual negative
minima at 207 and 223 nm (Figure 7f). These results
demonstrate the specificity of the peptide for wild-type RRE
RNA. Therefore, the W2GW2 peptide vesicles exhibit RRE
RNA molecular recognition capabilities.

■ CONCLUSIONS

We have developed functional peptide vesicles using macro-
cyclic peptides. The flexibility of the hydrophobic self-assembly
segment was critical for the successful aggregation of ABC-type
building blocks into vesicle nanostructures. The size distribu-
tion of the ABC peptide vesicles was fairly homogeneous. The
vesicles were unusually small, and were structurally and
thermally robust. The peptide vesicles successfully entrapped
a hydrophilic fluorescent probe (model drug), released the
payload very slowly, and were internalized very efficiently by
cells due to the cell-penetrating and nucleus localization
activities of the Rev ARM peptide. Importantly, the peptide
vesicles exhibit molecular recognition capabilities, as they were
able to selectively bind to the target RNA of Rev protein. This
study demonstrates that the self-assembly of ABC-type cyclic
peptides is significantly different from that of conventional
amphiphiles. The ABCs self-assemble into vesicles at very high
f hydrophilic and form unusually small vesicles considering the
peptides’ molecular weight (3000−4000 Da). These peptide
vesicles also exhibit unique molecular recognition properties.
We expect that peptide vesicles with molecular recognition
function can be developed as controlled release drug delivery
carriers that can simultaneously modulate biomacromolecular
interactions (e.g., protein−RNA, protein−DNA, and protein−
protein interactions).

■ MATERIALS AND METHODS

Materials. Fmoc-amino acids and coupling reagents were
purchased from Novabiochem (Germany) and Anaspec (USA).
General chemicals were obtained from Sigma-Aldrich (USA)
and Merck (Germany). The oligoethylene glycol-based linker,
N-(Fmoc-8-amino-3,6-dioxaoctyl)succinamic acid (Fmoc-
PEG2-Suc-OH or Fmoc-Ebes-OH), was purchased from
Anaspec. The HPLC solvents were purchased from Fisher
Scientific (USA). The tissue culture reagents were obtained
from Invitrogen (USA).

Peptide Synthesis. The 2-chlorotrityl resin was first
preloaded with Fmoc-Ebes-OH. Further amino acid couplings
was performed on a Tribute peptide synthesizer on a 0.1 mmol
scale (Protein Technologies). Standard amino acid protecting
groups were used for the synthesis. For the head-to-tail

Figure 7.Molecular recognition capabilities of the peptide vesicles. (a)
CD spectrum of the W2GW2 peptide vesicle in PBS. (b) Difference
spectrum of the W2GW2 peptide vesicle (CD spectrum in water was
subtracted from that in PBS, i.e., PBS minus water). (c) CD spectra of
the ARM-LP peptide in water (dashed line) and in PBS (solid line).
(d) Difference spectrum of the ARM-LP peptide (PBS minus water).
(e) CD spectra of the W2GW2 peptide vesicle and RRE RNA
complexes in PBS (peptide to RNA molar ratio: 5 to 1). Solid line:
wild-type RNA; dashed line: mutant RNA. (f) Difference spectrum for
the various RRE sequences (the wild-type minus the mutant).
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cyclization reaction, the N-terminal Fmoc-group was depro-
tected following the completion of the final amino acid
coupling. The protected peptide fragment (20 μmol) was
liberated from the resin by using a cleavage cocktail of acetic
acid/2,2,2-trifluoroethanol (TFE)/methylene chloride (MC)
(2:2:6). After an appropriate amount of time (∼1 to 2 h), the
resin was removed by filtration and the filtrate was recovered (4
mL × 2). Finally, the resin was washed three times with the
cleavage cocktail for complete recovery. Hexane was added to
the filtrate to remove acetic acid as an azeotrope with hexane.
The protected peptide fragment was obtained as a white
powder following repeated evaporation cycles (the dissolution
of the peptide fragment in MC, hexane addition, and
evaporation).
The peptides were cyclized by head-to-tail cyclization

between the N-terminal amine and C-terminal carboxylic acid
groups. For cyclization, typically 10 μmol of the protected
peptide fragment and 40 μmol of DIPEA were dissolved in
DMF (10 mL) and transferred into a syringe. Then, 10 μmol of
HATU was dissolved in DMF (10 mL) and transferred into
another syringe. To achieve pseudo-high-dilution conditions,
the two solutions were added together to a stirred solution of 1
μmol HATU and 10 μmol HOBt in DMF (10 mL) at a rate of
0.05 mL/min by using a syringe pump. Once the addition was
complete, the reaction mixture was further stirred for ∼5 h.
Following DMF evaporation, the residue was dissolved in MC,
and then tert-butyl methyl ether/hexane was added to triturate
the cyclized and protected peptide fragment (three times). The
peptide fragment was treated with a cleavage cocktail (TFA/
TIS/water; 95:2.5 2.5) for 3 h and then was then triturated with
tert-butyl methyl ether. The peptides were purified by reverse-
phase HPLC (water−acetonitrile with 0.1% TFA). The
molecular weight was confirmed by MALDI-TOF mass
spectrometry. The purity of the peptides was >95%, as
determined by analytical HPLC. The peptide concentration
was determined spectrophotometrically in water/acetonitrile
(1:1) using the molar extinction coefficient of tryptophan
(5502 M−1 cm−1) at 280 nm.
CD Spectroscopy (CD). The CD spectra were recorded

using a Chirascan Circular Dichroism spectrometer equipped
with a Peltier temperature controller (Applied Photophysics.,
Ltd.). The CD spectra of samples were recorded from 260 to
190 nm using a 2 mm path-length cuvette. The molar ellipticity
was calculated per amino acid residue.
Transmission Electron Microscopy (TEM). One micro-

liter of sample was placed onto a carbon-coated copper grid and
dried completely. Then, 1 μL of water was added for 1 min to
eliminate salt crystals and was then quickly wicked off using
filter paper. Next, 2 μL of a 2% (w/v) uranyl acetate solution
was added for 1 min, and the excess solution was wicked off
using filter paper. The specimen was observed with a JEOL-
JEM 2010 instrument operating at 120 kV. The data were
analyzed with DigitalMicrograph software.
Dynamic Light Scattering (DLS). DLS experiments were

performed at room temperature using an ALV/CGS-3 compact
goniometer system equipped with a He−Ne laser operating at
632.8 nm. The detector optics employed optical fibers coupled
to an ALV/SO-SIPD/DUAL detection unit, which employed
an EMI PM-28B power supply and an ALV/PM-PD
preamplifier/discriminator. The signal analyzer was an ALV-
5000/E/WIN multiple-τ digital correlator with 288 exponen-
tially spaced channels. The scattering angle was 90°. The size

distribution was determined using a constrained-regularization
method.

Leakage Experiment. The W2GW2 peptide vesicles
containing calcein were treated with 2% (v/v) Triton X-100
with gentle shaking at room temperature. Samples were
removed periodically, and their steady-state fluorescence
spectra were recorded using a PerkinElmer LS-55 fluorescence
spectrophotometer in 1 cm path length quartz cuvettes. To
measure the calcein fluorescence, the samples were excited at
495 nm. Excitation and emission slits with a nominal bandpass
of 5 nm were used for measurement. For the analysis of the
time-course release data, the percentage of released calcein at
different time points was calculated according to the following
formula

= − −∞I I I I%release 100( )/( )t 0 0

where It is the fluorescence intensity at a specific time point, I0
is the fluorescence intensity without detergent treatment, and
I∞ is the fluorescence intensity at complete vesicle disruption.

Tissue-Culture and Intracellular-Delivery Experi-
ments. For microscopic observation of the intracellular
delivery of the calcein-containing vesicular nanostructures,
HeLa cells (1 × 104) were seeded in an 8-well Lab-tek II
chambered cover-glass system (Nunc) in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS)
and cultured overnight at 37 °C. The cells were washed with
Dulbecco’s phosphate-buffered saline (DPBS) and treated with
the vesicular structures for 4 h. Then, the sample solution was
removed and the cells were further incubated with 50 nM of
LysoTracker Red DND-99 (Invitrogen) and 1.5 μM of 4′,6-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich) for 1 h. The
cells were visualized using a fluorescence microscope (IX 71,
Olympus, Japan).
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