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Introduction

Fabrication of nanoscale structures is one of the key goals in
creating materials with extensive applications in nanotech-
nology. For nanofabrication, molecular self-assembly is
promising as a bottom-up approach. Natural organisms are
rich in sophisticated materials built in a self-assembling
manner, and materials with a natural basis are needed for
ecological reasons. Many researchers have attempted to ex-
ploit the self-assembling properties of proteins and peptides
for materials directed towards nanodevices, tissue engineer-
ing, and so forth.[1±12] In fibrous proteins and peptides, which
mainly consist of a b-sheet conformation, numerous b-
strands are organized to form fibrous structures in a regular
manner. Although b-sheet fibers are candidates for materi-
als,[1±6] engineered b-sheet peptides generally tend to form
aggregates with multiple morphologies such as bundled
fibers or gels.[3,4] Typical sequences of designed b-sheet pep-
tides have regular repeats of alternating hydrophobic and

hydrophilic residues.[3,4, 13,14] These sequences will make an
amphiphilic binary pattern [14] (two distinct surfaces of hy-
drophobic and hydrophilic) in b-strands. The hydrophobic
and complementary ionic interactions provide driving forces
for the formation of b-strand assemblies together with hy-
drogen bonding.[3±5] A variety of b-sheet peptides with an al-
ternating hydrophobic and hydrophilic pattern were system-
atically designed by Zhang and co-workers, and the struc-
tures and gel formation behaviors were characterized in re-
lation to the hydrophobic and ionic residues.[3] In order to
exploit a single fiber and the alignment of b-strands within
as a nanoscale material, preventing gel formation and con-
trolling the fiber morphology are important procedures.
With this aim, artificial short peptides are advantageous, be-
cause of the ease in strategic design of integrated or hybrid
materials. Here, we describe the fabrication of controlled
nanofibers through self-assembly of simple de novo de-
signed b-sheet peptides with ten amino acid residues. As a
result, homogeneous straight fibers with defined edges have
been formed with a uniform morphology.

Results and Discussion

Peptide design and fiber fabrication : We designed amphi-
philic b-sheet peptides composed of ten residues: Pro-Lys-
X1-Lys-X2-X2-Glu-X1-Glu-Pro (Figure 1). X1 and X2 were
hydrophobic residues selected from Phe, Ile, Val, or Tyr. Lys
and Glu were used as hydrophilic residues. Many of de novo
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Abstract: Fabrication of controlled
peptide nanofibers with homogeneous
morphology has been demonstrated.
Amphiphilic b-sheet peptides were de-
signed as sequences of Pro-Lys-X1-Lys-
X2-X2-Glu-X1-Glu-Pro. X1 and X2 were
hydrophobic residues selected from
Phe, Ile, Val, or Tyr. The peptide FI
(X1=Phe; X2= Ile) self-assemble into
straight fibers with 80±120 nm widths
and clear edges, as examined by trans-
mission electron microscopy (TEM)

and atomic force microscopy (AFM).
The fiber formation is performed in a
hierarchical manner: b-sheet peptides
form a protofibril, the protofibrils as-
semble side-by-side to form a ribbon,
and the ribbons then coil in a left-
handed fashion to make up a straight

fiber. These type of fibers are formed
from peptides possessing hydrophobic
aromatic Phe residue(s). Furthermore,
a peptide with Ala residues at both N
and C termini does not form fibers
(100 nm scale) with clear edges; this
causes random aggregation of small
pieces of fibers instead. Thus, the com-
bination of unique amphiphilic sequenc-
es and terminal Pro residues determine
the fiber morphology.
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designed b-sheet peptides with a standard amphiphilic
binary pattern easily aggregate to form bundles or gels of
assembled peptides, which show various morphologies. The
broad hydrophobic or charged faces of b-strands can in-
crease the possibility for varied arrangements of b-strands
including a staggered arrangement. For example, the peptide
acetyl-Phe-Lys-Phe-Glu-Phe-Lys-Phe-Glu-amide appeared
to form left-handed helical ribbon intermediates, and the
the helical ribbons further bundled and formed a network
towards a gel matrix.[3a,c] To reduce this unfavorable possibil-
ity, in this study, the hydrophobic and hydrophilic planes
were divided, and the order was inverted at the center of
the strand. Additionally, the charged Lys and Glu residues
were arranged so as to generate electrostatic attraction in an
antiparallel strand orientation, but repulsion in a parallel
orientation. Moreover, in order to cut the hydrogen-bonding
network in the b-sheet structure at the strand ends, we em-
ployed Pro residues at both N and C termini. The Pro resi-
due does not have an N�H available for hydrogen bonding
by virtue of the ring structure, and often acts as a b-sheet
breaker.[15] Pro has the ability to reduce b-sheet expansion
and extra fibril formation by stopping extension of the hy-
drogen-bonding network.[16,17] In the case of Pro residues
placed at the strand termini, they could contribute to form

two-dimensionally ordered b-sheet monolayers at the air±
water interface.[18] Terminal Pro residues in our design were
also expected to stop the unfavored hydrogen-bonding net-
work by aligning at the rim of the assembled b-sheets. The
above features potentially provided appropriate restrictions
upon the assembly process by regulating hydrophobic and
hydrophilic interactions and hydrogen-bonding ability
(Figure 1).

All peptides were synthesized by standard 9-fluorenylmeth-
yloxycarbonyl (Fmoc) solid-phase method, and purified by
reversed-phase HPLC.[19] The peptides were identified by
matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOFMS) and amino acid ana-
lyses. For fabrication of fibers, peptides were dissolved at a
concentration of 50±200mm in a sodium phosphate buffer
(0.1m, pH 7.4), and the solutions were allowed to stand at
room temperature for over 24 hours.

Fiber morphology studied by TEM and AFM : For investiga-
tion of fiber morphology, transmission electron microscopy
(TEM) and atomic force microscopy (AFM) were used. The
peptide FI (X1=Phe; X2= Ile) formed homogeneous
straight fibers with clear edges, 80±130 nm in width and
~10mm in length (Figure 2a and b). In the fine structure of
the straight fiber, striations of about 10 nm width crossing
each other were observed (Figure 2c). Additionally, we ob-
served fibers with a different morphology, namely a helical
ribbon. In the ribbon, striations were also observed parallel
to the ribbon edges (Figure 2d). The helical ribbon appeared
to densely coil, and then grow into a straight fiber
(Figure 2e).

AFM images of the FI fibers resembled those visualized
by TEM (Figure 3). The FI fibers were 80±120 nm in width
and had inner striations with 10±15 nm intervals (Figure 3a
and b). The height of straight fibers was 2±8 nm. The 3D
image of FI apparently showed a left-handed coiled ribbon
(Figure 3c). In the helical ribbons, the lower layer was 2±
4 nm in height and the upper layer was 5±8 nm, approxi-
mately double that of the lower. These results strongly sup-
port the idea mentioned above that the straight fibers with
clear edges were formed from tightly coiled ribbons.

This type of fiber was also formed from peptides other
than FI. IF (X1= Ile; X2=Phe), FV (X1=Phe; X2=Val),
and VF (X1=Val; X2=Phe) all formed helical ribbons and
straight fibers with striations as successfully as FI. These
peptides substantially showed the same morphologies as FI
in respect of the straight fibers and coiled ribbons (including
the width). The straight fibers made from tightly coiled rib-
bons were most frequently observed in the case of FI. The
peptide FF (X1=Phe; X2=Phe) formed wider fibers (100±
250 nm in width) with similar inner striations, or in some
cases formed a film-like structure with ~500 nm width
(Figure 4a).

On the other hand, peptides with only aliphatic side
chains in the hydrophobic residues showed fibers with a
very different morphology. The peptides VI (X1=Val; X2=

Ile), IV (X1= Ile; X2=Val), and II (X1= Ile; X2= Ile)
formed straight fibers, but these appeared to have a tape-
like morphology (Figure 4b). The tape-like fibers did not

Figure 1. Design of the b-sheet peptides; a) illustration of a designed b-
strand and a b-sheet structure composed of b-strands. Black and white
balls represent hydrophobic and hydrophilic residues, respectively. For
hydrophobic amino acid residues, one or two kinds of amino acids are se-
lected from Phe (F), Ile (I), Val (V), or Tyr (Y). Hydrophilic residues are
Lys (K) and Glu (E); b) amino acid sequences of the designed b-strand;
c) molecular drawing of two strands of FI peptides aligned as an antipar-
allel b-sheet. The amino acid sequence of the strand (PKFKIIEFEP) is
indicated, and the amino acids in the other strand are indicated as letters
with prime. The structure was generated by using the Insight II/Discover
program.
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coil and were laterally associated into wider tapes of vari-
able width (100±500 nm). No crossed striation was observed
in these fibers, and in this regard, they were distinctly differ-
ent from FI fibers.

Thus, the peptides that formed helical ribbons and straight
fibers with striations had hydrophobic aromatic Phe resi-
dues. Moreover, the combination of aromatic and aliphatic
side chains seemed to promote regular formation of coiled

fibers. Peptides with one or two
hydrophobic Tyr residues did
not form fibers, despite having
an aromatic side chain.

Structural analyses by CD : The
circular dichroism (CD) studies
revealed that all peptide fibers
had a b-sheet structure. Espe-
cially, CD spectra of FI imply a
strongly twisted b-sheet struc-
ture. CD spectra at pH 7.4
showed a negative maximum
around 221 nm ([q]221=
�6500 degcm2dmol�1, immedi-
ately after sample preparation),
and a positive maximum near
202 nm ([q]202=11400 degcm2

dmol�1), characteristic of a b-
sheet structure (Figure 5a). The
CD signal intensity increased
with time (from �6500 to
�9300 degcm2dmol�1 at 221 nm,
from 11400 to 123600 degcm2

dmol�1 at 202 nm), which indi-
cated spontaneous fiber formation. In the case of FI, the p±
p* band (202 nm) became much stronger than the n±p*
band (221 nm) upon incubation. The ratio of signal values of
p±p* to n±p* (|[q]202|/|[q]221|) was greater than 13, significant-
ly larger than 4.1 for VI (Figure 5a and b). The CD results
for the peptide FI indicate a strongly twisted b-sheet struc-
ture.[20] The structure preferentially induces formation of

Figure 2. TEM images of FI fibers; a) macro image shows a uniform morphology of fibers; b) both straight fibers and helical ribbons are shown. Straight
fibers have clear edges and a uniform width; c) high magnification of the straight fiber shows crossed striations within. The intervals of the striations are
uniform; d) observed striations in the ribbon are parallel to the ribbon edges; e) each helical ribbon gradually changes to a straight fiber.

Figure 3. Tapping-mode AFM images of FI fibers on HOPG in ambient conditions, scale bars=100 nm;
a) height and b) phase images show inner striations; c) the 3D image shows a left-handed helically coiled fiber.
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straight fibers with striations at uniform interval resulting
from helical ribbons.

In contrast to a neutral pH range, at pH 2 and pH 11, the
CD spectra of FI corresponded to those of an almost
random structure and did not change with time (Figure 5c
and d). After a week, no fibers were observed by TEM. The
addition of NaCl to the peptide solutions at pH 7.4 also sup-
pressed the b-sheet and fiber formation (Figure 5e). These
results suggest that the electrostatic interaction between Glu
and Lys is important for fiber formation at neutral pH. At
extreme pH values, repulsions between charged peptides
possibly inhibit the aggregation. In the designed peptide,
Glu and Lys can interact with each other in a complementa-
ry manner when the b-strands are arranged in an antiparal-
lel orientation (Figure 1); this suggests the fiber might have
an antiparallel b-sheet structure.[5]

Effect of terminal Pro residues on fiber morphology : For-
mation of straight fibers was supposedly attributed to the
Pro residues at both the N and C termini, because fibers
(100 nm) with clear edges were not found in a peptide with
Ala residues at both termini. The Ala-containing peptide
(FFa) caused random aggregation of many small pieces of
fiber (Figure 4c). This aggregation was not regarded as a
™single∫ fiber with clear edges, and was apparently different
from the fibers of peptides with Pro residues (Figure 2 and
Figure 4a). The difference suggests that the Pro residues at
both N and C termini contribute to controlled fiber forma-
tion. The Pro residue has a cyclic side chain and lacks the
hydrogen-bond donor. The N-alkylated amino acids have
the ability to act as b-sheet breakers, and the fibrillar or gel
formation can be suppressed by peptides with these residues

within the strand.[16,17] The extent of the hydrogen-bonding
network of b-sheet structures can be stopped at positions of
the Pro residues. A previous report showed the effect of Pro
residues at the strand termini on b-sheet association. The
peptides of a standard amphiphilic binary pattern, with Pro
residues at both termini (sequence Pro-Glu-(Phe-Glu)n-
Pro), formed a crystalline b-sheet monolayer at the air±
water interface.[18] In the monolayer, the b-strands were or-
dered two-dimensionally by distinct chain termini of Pro. In
this context, terminal Pro residues appeared to have the po-
tential to determine the manner of b-sheet association by
aligning at the rim of assembled b-sheets. In our designed
peptides, terminal Pro residues could function effectively.

Figure 4. TEM images of FF and VI fibers; a) the FF fiber with terminal
Pro residues has a large width and clear edges; b) the VI fibers do not
coil. These tape-like fibers associate side-by-side into fibers of variable
width. The inset shows no crossed striations in the tape-like fibers; c) the
image of fibers formed from FF with Ala residues at both termini (FFa)
shows disordered aggregation of small pieces.

Figure 5. CD spectra of the b-sheet peptides. CD spectral change of a) FI
and b) VI as a function of time. The CD signal at 202 nm for FI increased
significantly compared with that for VI. [FI]=100mm, [VI]=200mm in
0.1m sodium phosphate buffer (pH 7.4) at 25 8C; c) pH-dependent
change of CD spectrum of FI. Each FI solution in the pH range of 2.1 to
11 was measured after incubation for a day. The CD spectra were charac-
teristic of a b-sheet structure between pH 4.4 and pH 9.3. At pH 2.1 and
pH 11 the peptide was shown to exist in an almost random structure;
d) the CD signals at 203 nm versus pH values were plotted as a function
of time. The signal increase was shown in a neutral pH range; e) NaCl
concentration dependency of fiber formation. Fiber formation of FI was
performed in the buffer at pH 7.4 with various concentrations of NaCl.
The CD signals at 203 nm were reduced with increasing concentrations of
NaCl.
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Effect of hydrophobic residues on fiber formation : CD stud-
ies revealed that the ability to form a b-sheet structure was
dependent on the hydrophobic residues. The order of the
ability was II>FF> IF�FI@VI� IV�FV�VF. VV and
peptides with one or two hydrophobic Tyr residues did not
form fibers. The Tyr residue is not among the most hydro-
phobic of the amino acids, whilst the order of amino acid
preference for b-sheet formation is Val> Ile>Tyr>Phe.[15]

These results imply that fiber formation is affected not only
by the tendency for b-sheet formation, but also by the hy-
drophobic nature of amino acids constituting the peptide se-
quence. Fiber morphology seems to be delicately deter-
mined by the interactions between hydrophobic residues.
The peptides with aromatic Phe residues formed helical rib-
bons and straight fibers with striations, in contrast with the
fibers without striations assembled from II, VI, and IV. One
significant factor would be the aromatic interaction between
Phe residues in b-strands. These interactions play a signifi-
cant role in molecular recognition and self-assembly, and
can provide a contribution to an ordered structure in fibrous
peptides and proteins.[21] The dipeptide Phe-Phe was report-
ed to form a tubular structure,[21a] which directly indicated
the importance of the aromatic interaction for structure for-
mation. The fiber formation shown in this study was also
largely attributed to the interaction between Phe residues.
Additionally, the combination of aromatic and aliphatic side
chains in hydrophobic residues, represented in the sequence
of FI, promotes strongly twisted b-sheets towards a unique
tertiary structure.

Hierarchical fiber formation : CD studies confirm that the
peptide fibers have a b-sheet structure, probably in an anti-
parallel strand orientation. Furthermore, Congo red, a dye
which binds to fibrous peptides with a cross b-sheet confor-
mation,[22] was effectively bound to the peptides. These re-
sults indicate that the fibers contain a structure common to
that of other reported fibrous peptides and proteins with a
b-sheet structure.[22±24] Fluorophore specifically bound to
amyloid fibrils, thioflavin T, and did not show a remarkable
increase of fluorescence.[25] Thus, the peptide fibers are dif-
ferent from fibrils called amyloids. The fibrous peptides and
proteins self-assemble in a hierarchical manner, and peptide
b-sheets assemble to form protofibrils; these then associate
into higher ordered fibrillar assemblies.[3c,4,26] The reported
protofibrils are 5±17 nm in width,[3c,4e,26±29] and almost coinci-
dent with that of the striations in FI fibers (Figure 2 and 3).
This coincidence implies that protofibrils, like those report-
ed, are initially formed from the peptide FI. The protofibrils
align side-by-side to make up a ribbon, and then the ribbons
helically coil to form straight fibers with a width of 100 nm.
The straight fibers exist as a ™single∫ fiber, and intertwisting
or bundling can be suppressed.

Regular strand alignment contributes to fiber formation
with uniform morphology. The strand alignment was en-
hanced by terminal Pro residues and the short length of the
unique binary pattern. The order of hydrophilic and hydro-
phobic residues was reversed at the center of the strand.
This pattern allowed both hydrophobic and hydrophilic in-
terfaces on each side of a b-strand, and the narrow inter-

faces were capped by Pro residues incapable of hydrogen
bonding. Pro residues ordered b-strands by aligning at the
rim of b-sheets. Hydrophobic and electrostatic interactions
on both sides of a b-sheet were available for precise recogni-
tion between the sheets, and the interactions worked most
effectively when the b-strands were in a regular unstaggered
arrangement (Figure 1). Electrostatic attractions are gener-
ated in antiparallel b-strand assemblies, and aromatic inter-
actions between Phe residues easily function simultaneously.
In the case of FI, particular recognition surfaces are antici-
pated to be created by a combination of aromatic and ali-
phatic side chains in hydrophobic residues. The recognition
induces the strongly twisted b-sheet structure, which facili-
tates the formation of helical ribbons tightly coiled. Thereby,
uniform straight fibers with clear edges are fabricated. Opti-
mization of the interactions, including hydrogen bonds, is
advantageous for making defined b-sheet assemblies.

Conclusion

Fabrication of nanoscale fibers with homogeneous morphol-
ogy was accomplished by self-assembly of designed b-sheet
peptides. The peptides formed straight fibers with uniform
width and clear edges. The morphology could be controlled
by peptide design: a unique amphiphilic binary pattern, Pro
residues at both N and C termini and a combination of hy-
drophobic residues. Nanofibers with an ordered structure of
self-assembled peptides can potentially be developed as bio-
degradable materials for applications in nanotechnology.

Experimental Section

Peptide synthesis : Peptides were synthesized by the solid-phase method
by using Fmoc strategy[19] on Advanced Chemtech BenchMark model
348 multiple peptide synthesizer by means of the following Fmoc±amino
acid derivatives: Fmoc-Ala-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Ile-OH,
Fmoc-Lys(Boc)-OH, Fmoc-Phe-OH, Fmoc-Pro-OH, Fmoc-Tyr(tBu)-OH,
and Fmoc-Val-OH (tBu; tert-butyl, Boc; tert-butyloxycarbonyl) The pep-
tide chains were assembled on a 2-chlorotrityl chloride resin by using
Fmoc±amino acid derivatives (3 equiv), N,N-diisopropylethylamine
(DIEA, 6 equiv), 2-(1H-9-azabenzotriazole-1-yl)-1,1,3,3-tetramethyluro-
nium hexafluorophosphate (HATU, 3 equiv) in N-methylpyrrolidone
(NMP) for coupling, and piperidine (25%) (PPD)/NMP for Fmoc remov-
al. To cleave the peptide from the resin and remove the side chain pro-
tecting groups, the peptide±resin was treated with trifluoroacetic acid
(TFA)/triisopropylsilane/water (95:2.5:2.5). All peptides were purified by
semi-preparative RP-HPLC on a COSMOSIL 5C18-AR-300 packed
column (10î250 mm) by using a linear gradient of acetonitrile/0.1%
TFA at a flow rate of 3.0 mLmin�1. The peptides were identified satisfac-
torily by matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOFMS) and amino acid analyses. MALDI-
TOFMS was performed on a Shimadzu KOMPACT MALDI III mass
spectrometer by using 3,5-dimethoxy-4-hydroxycinnamic acid as a matrix.
Amino acid analyses were carried out by using a Wakopak WS-PTC
column (4.0î200 mm) after hydrolysis in HCl (6m) at 110 8C for 24 h in
a sealed tube, and labeling by phenylisothiocyanate (PITC).

Preparation of peptide fibers : For peptide stock solutions, peptides were
dissolved at a concentration of 2mm in 15% ethanol/water containing
TFA (0.1%). For fabrication of fibers, peptides were diluted to a concen-
tration of 50±200mm with sodium phosphate buffer (0.1m, pH 7.4), and
the solutions were allowed to stand at room temperature for over
24 hours.
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CD : CD measurements were performed on a J-720WI spectropolarime-
ter at 25 8C by using a quartz cell with 1.0 mm pathlength. Peptide solu-
tion was prepared by diluting a stock solution with sodium phosphate
buffer (0.1m). Immediately after the dilution the measurement was start-
ed.

TEM : Collodion-coated copper EM grids were placed coated-side down
onto the peptide solution for 30 seconds, and excess solution was re-
moved by blotting with filter paper. The grids were washed by floating
on water and water was removed by blotting. The sample was negatively
stained with 2% (w/v) phosphotungstic acid for 30 seconds. The grids
were blotted and allowed to dry gradually at room temperature. All
images were taken by using a Hitachi H-7500 electron microscope oper-
ating at 100 kV.

AFM : Tapping-mode AFM observations were carried out by Nanoscope
IIIa AFM, Dimension 3000 (Digital Instruments, Santa Barbara, CA,
USA) in ambient conditions. AFM samples were prepared by spreading
the peptide solutions on highly oriented pyrolytic graphite (HOPG), and
dried under vacuum after removal of excess solution.
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