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Peptide self-assembly is an attractive route for the synthesis of
intricate organic nanostructures that possess remarkable structural
variety and biocompatibility. Recent studies on peptide-based,
self-assembled materials have expanded beyond the construction
of high-order architectures; they are now reporting new functional
materials that have application in the emerging fields such as
artificial photosynthesis and rechargeable batteries. Nevertheless,
there have been few reviews particularly concentrating on such
versatile, emerging applications. Herein, recent advances in the
synthesis of self-assembled peptide nanomaterials (e.g., cross
β-sheet-based amyloid nanostructures, peptide amphiphiles)
are selectively reviewed and their new applications in diverse,
interdisciplinary fields are described, ranging from optics and
energy storage/conversion to healthcare. The applications of
peptide-based self-assembled materials in unconventional
fields are also highlighted, such as photoluminescent peptide
nanostructures, artificial photosynthetic peptide nanomaterials,
and lithium-ion battery components. The relation of such
functional materials to the rapidly progressing biomedical
applications of peptide self-assembly, which include biosensors/
chips and regenerative medicine, are discussed. The combination
of strategies shown in these applications would further promote
the discovery of novel, functional, small materials.
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1. Introduction
Peptide self-assembly, a spontaneous process that uses short
amino acid chains as building blocks to form ordered structures, is a powerful bottom-up strategy for the synthesis of
nanomaterials with complex, hierarchical architectures.[1–4]
Unlike conventional “top-down” approaches for fabricating nanostructures, which rely on lithographic methods
and are usually applied to microelectronic applications, the
“bottom-up” approach utilizes and controls the properties of
individually assembling molecules to build up complex supramolecular structures.[5–7] Peptide self-assembly elevates the
possibility of building up materials through the bottom-up
approach with an extensive spectrum of applications. Many
different types of peptide-based building blocks, such as
dipeptides,[8] peptide LEGOs,[9–11] surfactant-like peptides,[5]
and peptide amphiphiles,[12–14] have been reported thus far.
In many cases, peptide self-assembly is inspired or derived
from natural biological systems; thus, it has many advantages
for medicinal applications, such as tissue engineering, bone
regeneration, or drug-delivery systems.[11,15,16]
Among the many peptide-based building blocks, dipeptides such as diphenylalanine (FF) are the simplest form
and will be the most frequently cited in this article. Studies
on the application of FF were inspired from the key motif
of amyloid-β peptides (e.g., Aβ40, Aβ42) that self-assemble
to form amyloid plaques in the brains of Alzheimer's
patients.[17–22] Amyloid plaques are a bundle of ordered
fibrillar filaments consisting of β strands that are orthogonal to the fiber axis and arranged in hydrogen-bonded
β-sheets.[23–27] Amyloid-β peptides contain two consecutive
phenylalanine (i.e., FF) motifs that can self-assemble spontaneously into nanotubes through π–π stacking interactions
in aqueous solutions.[18,28–36] Additional studies have revealed
that FF and its derivatives can self-assemble into miscellaneous nanostructures such as nanowires,[33,34] nanospheres,[37]
organogels,[38] and hydrogels.[39] A recent report has further
introduced a unique necklace-like structure composed of
a biomolecular bead and string assembled from FF and its
tert-butyl dicarbonate-protected analogue.[40] These various
peptide structures exhibit remarkable mechanical,[35] electrochemical,[36] electronic,[41,42] and photochemical properties,[34]
along with high thermal and chemical robustness[43] and environmental compatibility.[44]
In the past decades, many attempts to design complex
structures of self-assembled peptide nanomaterials and to
utilize their structural diversity and biocompatibility have
been reported and reviewed.[6,7,45–64] Currently, strategies for
employing the concept of peptide self-assembly are being
diversified toward the fabrication of more complex architectures for unconventional applications in photonic devices,
energy storage, conversion, and optical biosensing. Thus, the
deployment of peptide self-assembly is spreading into new,
multifarious areas; yet the main scope of their versatile,
practical applications in optics, energy, healthcare, and intimately combining fields has rarely been reviewed. Hence, in
this article, we review rapidly widening and related research
streams, selectively focusing on the use of peptide selfassembly for optical (e.g., photoluminescence, waveguiding),
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energy (e.g., light harvesting, artificial photosynthesis, energy
storage), and healthcare (e.g., biosensors, regenerative medicine) applications (Scheme 1). This article frequently, but not
exclusively, includes examples of FF dipeptides. It also contains other self-assembling peptide materials such as peptide
amphiphiles, different di- or oligopeptides. We aim to introduce their unconventional applications and suggest their
possible connection to relatively well-reported biological
applications as classified above to motivate prospective discoveries of new, advanced functional materials. We note that
it may be impossible to entirely cover the immense number
of applications of peptide-based nanomaterials given the classifications in this article. Also, a comprehensive explanation
of the design principles of peptide nanostructures and their
related biological properties is out of scope of this paper.

2. Photoluminescent and Semiconducting
Peptide Nanomaterials
Peptide-based, self-assembled hybrid nanostructures possess advantageous optical and photonic properties for novel
applications in photonic/electronic devices according to
recent reports.[34,65–72,75,82] These properties are also the basis
for applications in light-harvesting or optical biosensing platforms, which will be separately discussed in later sections. For
example, FF nanotubes can act as a luminescence-amplifying
antenna as well as a host matrix for lanthanide complexes
of terbium (Tb) and europium (Eu).[34] These lanthanide
ions and photosensitizers (e.g., 4-acetyliphenyl, salicylic acid,
benzophenone, 1,10-phenanthroline) have been successfully
incorporated into FF nanotubes during the self-assembly of
FF. The hybrid FF nanotubes exhibited a synergistic effect
of enhancing the photoluminescence of lanthanide ions (e.g.,
Tb), showing an increased photoluminescence peak area
that roughly indicates the relative number of emitted photons. This luminescence-amplifying phenomenon is caused
by a cascade energy transfer; the photosensitizer possesses
an excited triplet state at an intermediate energy level
between FF nanotubes and lanthanide ions. The cascade
energy transfer reduces the energy gap between the lowest
triplet state of the ligand and the resonance energy level of
lanthanide ions, increasing the energy transfer efficiency and
resulting in enhanced photoluminescence.[65,66] Different
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luminescence colors, such as red, green, and blue, could be
displayed by controlling the identity of the lanthanide ions
(e.g., Eu for red, Tb for green) and photosensitizers (e.g.,
salicylic acid for blue) incorporated in the FF nanotubes
(Figure 1).
In addition, Rosenman and co-workers discovered that
FF-based nanotubes can exhibit photoluminescence on their
own (Figure 2).[67] They observed step-like optical absorption
and photoluminescence of exciton origin in the blue or UV
regions. Such a phenomenon is attributed to the quantum
confinement effect that occurs due to a highly ordered,
sub-nanocrystalline quantum well structure created during
the self-assembly of FF nanotubes. The surface of FF nanotubes could be easily patterned, which implies its promising
application in generating optical materials for photonic
devices in an eco-friendly manner. This research group also
demonstrated that photoluminescent FF nanotubes could
be coated onto substrates by the physical vapor deposition technique.[68–70] They used photolithographic processes
(i.e., a top-down approach) to pre-pattern a silicon wafer
substrate, followed by the self-assembly of FF nanotubes
on the patterned substrate using the vapor deposition process (i.e., a bottom-up approach).[68] They further selectively
removed the nanotubes grown outside the patterns using an
etching process with hydrofluoric acid. Such a combination
of top-down and bottom-up approaches was applied to fabricate FF nanotubes-coated electrodes for ultracapacitors
that exhibited a 30-times faster current response and high
capacitance density compared to common carbon electrodes.
They showed that electronic and spectroscopic properties of
the FF nanotube coatings could be adjusted with a simple
control of the deposition process.[70] For example, the blue
photoluminescence intensity from the FF nanotubes could be
adjusted by changing the coating thickness through adjusting
the vapor deposition time or FF concentration.
More recently, Möhwald and co-workers found out that
microtubes[71] and crystalline platelets[72] made from the
self-assembly of FF possess waveguiding properties. They
formed hexagonal peptide microtubes with lengths ranging
several millimeters using a solvent thermal annealing process
at room temperature for 1 day.[71] When they incorporated a
guest dye (neutral red, NR) into the microtubes, both ends
of the microtubes showed a brighter red photoluminescence
than the body. This phenomenon is a distinctive feature of
an optical waveguide.[73,74] Furthermore, when one end was
excited by focussed light, the other end showed a strong
emission of guided photoluminescence (i.e., an outcoupling
effect). This indicates that peptide microtubes can serve as
optical microcavities where light can propagate along the
tube axis. In addition, they fabricated crystalline platelet
structures composed of anisotropic peptide fibers uniaxially
oriented along the longitudinal axis.[72] The platelet structure
was formed by introducing aldehydes (e.g., glutaraldehyde,
formaldehyde) to the gel fibrous network of FF. After being
aged in the presence of aldehyde for 1 month, the gel networks gradually collapsed and produced white precipitates
composed of rectangular platelets (≈500 µm in length, ≥10 µm
in width, ≈100–1000 nm in height). The platelets showed
waveguiding properties similar to those of the peptide
small 2015, 11, No. 30, 3623–3640
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microtubes. Such guided luminescence within peptide selfassembled nanostructures is attributed to the intrinsic photoluminescence of FF dipeptides.[67] Thus, these unique optical
properties of self-assembling peptide nanomaterials may suggest a novel, economical pathway of producing optical materials that can be applied in bioanalysis and biodiagnosis from
bioderived small molecules.
Surprisingly, single-crystalline FF nanowires produced
by the vapor transport process were found to exhibit novel
semiconducting properties as well as self-photoluminescence
(Figure 3).[75] The synthesis of single-crystalline cyclo-FF
nanowires was initiated by placing FF powder in an alumina
boat at the center of a horizontal alumina tube. The FF powder
was vaporized at 250 °C under an argon atmosphere in the
upstream zone and transported to the downstream zone in the
tube. The growth of the peptide nanowires ensued at 180 °C
on a silicon substrate located at the downstream end of the
tube. According to selected-area electron diffraction (SAED)
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Scheme 1. Self-assembled peptide materials and their applications to healthcare and optics/energy fields. Peptide self-assembly enables
the fabrication of multiple structures, including nanotubes, nanowires, gel networks, and nanospheres. In addition, requirements for diverse
applications can be attained by controlling the peptide sequence to induce specific affinities for different materials, such as drugs, cells, and metal
ions, or by incorporating functional nanomaterials such as photosensitizers or metal oxides during the assembly process. Right panel: top image
reprinted with permission;[107] middle image reprinted with permission;[34] bottom image reprinted with permission.[97] Central panel, spherical
part: lower right image reprinted with permission.[33] Central panel, outer part: top right image reprinted with permission;[34] bottom left image
reprinted with permission.[142] Left panel: top image reprinted with permission.[136] Copyright 2011, Elsevier Limited; middle image reprinted with
permission.[180] Copyright 2008, Elsevier Limited; bottom image reprinted with permission.[191] Copyright 2009, National Academy of Sciences. All
other images shown are original.

analysis, these FF nanowires were found to be a single crystal
with a cyclic arrangement of FF molecules in the nanowires
occurring during the evaporation process. Such a transformation was due to the formation of a cyclic amide bond resulting
from the fusion of terminal carboxylic acids and amine groups
of FF and aromatic stacking between the side chains.[76–80] The
single-crystalline FF nanowires exhibited a much stronger
blue emission band at 465 nm compared to FF powder and
amorphous FF nanotubes produced in an aqueous environment.[28,81] In addition, they showed electric transport characteristics typical of semiconductors, which were not observed in
FF powders or FF nanotubes. When a single peptide nanowire
was placed between platinum (Pt) electrodes (at a gap of
10 µm), a symmetrical characteristic on the current–voltage
(I–V) curve was observed, which indicates the formation of
a Schottky-like barrier at the interface between Pt and the
nanowire at room temperature (Figure 3d,e). Furthermore,
the electric current ascended with increasing temperature at a
constant applied voltage (Figure 3e): this behavior is an indication of an archetypal relationship between resistance and
the temperature of a semiconductor. While the underlying
electric transport mechanism is yet to be unveiled, the singlecrystalline peptide nanowires that exhibit photoluminescence
and semiconducting properties have the potential to deploy
peptide self-assembly for the fabrication of nanoelectronic
and optical devices.
Recently, Ulijn et al. has reported charge-transfer
nanofiber structures produced by biocatalytic self-assembly
of naphthalenediimide (NDI) – dipeptide (tyrosine-
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phenylalanine amide: YF-NH2) conjugate building blocks in
an aqueous medium.[82] NDIs are known to be a promising
n-type organic semiconductor that may be applied in organic
field-effect transistors, photovoltaic devices, and artificial
light-harvesting systems.[83–86] The authors used thermolysin,
a nonspecific endoprotease, as a model enzyme to catalyze
the condensation reaction between the NDI-Y and F-NH2
to produce the NDI-YF-NH2 complex. The complex showed
a fully reversible amide formation reaction to assemble the
two-component 1D chiral charge-transfer nanofibers in
the aqueous medium in the presence of di-hydroxy/alkoxy
naphthalene (DHN/DAN) derivatives. The NDIs served as
π-electron-deficient acceptors while π-electron-rich DHN/
DAN served as donors, forming efficient charge-transfer
complexes. Taken together, it demonstrates that the selfassembly of peptides including YF as well as FF can be utilized to effectively produce functional biomaterials that can
be applied in optics or electronics.

3. Mimicking Natural Photosynthesis through
Peptide Self Assembly
Solar energy has drawn much attention as a clean energy
resource for replacing fossil fuels.[87,88] Green plants efficiently convert solar energy into chemical energy through
photosynthesis, which occurs via cascaded, photo-induced
electron and energy transfer (Figure 4a).[89] During the light
reaction in natural photosynthesis, P680 chlorophylls in the
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complicated nanostructures by the selfassembly of pigments, metal clusters, and
proteins through evolution over millions
of years.[90] For example, redox-active
amino acids, such as tyrosine and histidine, are positioned in 5 nm gaps between
calcium–manganese clusters and P680.[91]
The electrons generated from the water
oxidation reaction with the calcium–manganese cluster are efficiently transferred
to excited P680 via tyrosine/histidine for
two reasons: the distance between the
calcium–manganese cluster and P680 is
short, and the proton-coupled electron
transfer is facilitated by electrochemical
functional groups of tyrosine/histidine. To
mimic natural photosynthesis, researchers
attempted to synthesize photosynthetic
nanostructures through the self-assembly
of peptides with photosensitizers and
photocatalysts. Herein, we introduce
recent examples of employing peptide
self-assembly to the synthesis of lightharvesting nanostructures toward realizing
artificial photosynthesis.
The light-harvesting complex in
natural photosystem II is a cyclical
arrangement of bacteriochlorophyll and
carotenoids with proteins, triggering a
gradient of electrochemical potential for
photosynthetic reactions by excitation
energy transfer (EET) to the reaction
center.[92] The self-assembly of peptides
with photosensitizers had been applied to
construct artificial light-harvesting units
for EET between immobilized photosensitizers.[93–95] Recently, Kim and co-workers
reported the synthesis of a light-harvesting
peptide hydrogel by the self-assembly of
Figure 1. a) Chemical structures of self-assembling peptides (FF), lanthanide ions (Eu, fluorenylmethoxycarbonyl
(Fmoc)–FF
Tb), and photosensitizers (ABP, BZP, PHEN, SA). b) The photoluminescence of lanthanide with molecular photosensitizers such as
ions with or without photosensitizers/FF nanotubes or their combinations. The image was Sn(IV)
meso-tetra(4-pyridyl)porphine
photographed under excitation at 254 nm of each sample solution (200 µL) in a 96-well
(SnTPyP) (Figure 4b).[96] SnTPyPs were
microplate. c) Optical microscopic images of the FF nanotube complexes with (first three
hybridized with Fmoc–FF nanofibers by
images from the left) or without (the last image) UV excitation. Reprinted with permission.[34]
electrostatic interactions between the
pyridyl groups of SnTPyP and the carreaction center of photosystem II generate electron–hole boxylic groups on the Fmoc–FF nanofibers. The distance
pairs by absorbing visible light, and oxidative holes provide between the carboxylic groups (≈3 nm) is enough to facilitate
the chemical power to perform water oxidation at calcium– EET between incorporated SnTPyPs. Photochemical oxygen
manganese clusters. The electrons generated by photochem- evolution by Fmoc–FF/SnTPyP was sustained over approxiical water splitting are delivered to the reaction center in mately 1 h using IrO2 nanoparticles as a water oxidation
photosystem I through an electron-transport chain composed catalyst, which was much longer than for SnTPyP monomers
of redox mediators such as plastoquinone, cytochrome com- (≈20 min). Also, the turnover number of Fmoc–FF/SnTPyP
plex, and plastocyanine. Finally, the transferred electrons are (≈16.6) was higher than that of SnTPyP (≈4.4). This increased
excited by P700 chlorophylls and used to regenerate reducing efficiency was ascribed to efficient EET between the immobiagents such as nicotinamide cofactors [NAD(P)H], which are lized SnTPyPs on the Fmoc–FF nanofibers, because EET acts
then consumed to convert carbon dioxide to carbohydrates as a relaxation pathway for excited SnTPyP.
Peptide self-assembly has also been employed to mimic
in the Calvin cycle. The photosynthetic reaction in green
plants is successfully achieved by the optimal design of highly natural photosystem I, which generates a reducing power in
small 2015, 11, No. 30, 3623–3640
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properties. Mann and co-workers, fabricated porous, multi-chambered microspheres self-assembled with FF and
sulfonated porphyrin (i.e., tetrakis(4sulfonatophenyl)porphine, [H2TPPS]) in
water.[103] The microspheres were composed of an interconnected network of
nanorods that consist of supramolecular
stacks of porphyrin (i.e., J-aggregates)
along with electrostatically integrated FF
stacks. (Figure 5a) They showed the photocatalytic reduction of PtII in K2PtCl4
solution into Pt nanoparticles formed on
the surfaces of the microspheres upon
Figure 2. a) Chemical structure of an FF monomer. b) SEM (scanning electronic microscope)
image of the normally aligned peptide nanotubes (inset image is a magnified image of the irradiation (Figure 5b). Similarly, they
surface). c) Fluorescence microscopy image of photoluminescence from FF peptide nanotubes also acted as a photosynthetic system for
on a patterned silicon surface under excitation at 340–380 nm. The purple circle in the the photoreduction of organic species:
middle of the image is the reflection from the surface of the excitation beam. Reprinted with 4-nitrophenol (4-NP) to 4-aminophenol
permission.[67] Copyright 2009, American Chemical Society.
(4-AP) (Figure 5c). The microspheres
were stable against irradiation with
the form of high-energy intermediates such as NAD(P)H light, which is widely known to cause photodegradation.
required to reduce CO2 to carbohydrates during the Dark Taken together, peptide-based, self-assembled nanoreaction (Figure 4c). Recently, light-harvesting peptide nano- structures can offer a favorable platform as a template
tubes were synthesized through the self-assembly of FF for the arrangement of photosensitizers and photocatalysts
together with tetra(p-hydroxyphenyl) porphyrin (THPP), a to mimic natural photosystems by accelerating electron and
photosensitizer, to mimic natural photosystem I.[97,98] THPP energy transfer.
was assembled on the surface of FF nanotubes via electrostatic interactions and hydrogen bonding. The structural feature of aggregated THPP on the surface of FF nanotubes is 4. Peptide Self-assembly for Li-Battery
similar to that of the natural light-harvesting complex, which Electrodes
is composed of chlorophyll molecules along the protein scaffolds. They further incorporated Pt nanoparticles (nPt) on Fossil fuels, which are rapidly depleting, are often blamed
the FF/THPP nanotubes through a self-metallization pro- for environmental pollution, such as the accumulation of
cess to mimic quinone molecules that function as a charge greenhouse gases (e.g., CO2). Hence, the need for renewseparator in natural photosystems. The excited electrons of able energy sources and alternative energy-storage systems
THPP in FF/THPP/nPt were easily transferred to an elec- is increasing. Rechargeable lithium-ion batteries have been
tron mediator—[C5Me5(bpy)H2O]2+, bpy = 2,2′-bipyridine— popular to study as an effective energy storage and supply
which regenerates enzymatically active NAD(P)H from system with continuously expanding applications from portNAD(P)+,[98] through nPt. This pathway is similar to the able electronic devices to hybrid electric vehicles. In this
delivery of excited electrons from P700 to NADP+ reductase regard, the current applications of Li-ion batteries critically
via ferredoxin in the natural photosystem I. The integrated require higher capacity, power, and cycle performances.
FF/THPP/nPt system was successfully applied to photochem- Many research efforts have been spent on improving comical NADH regeneration under illumination with visible ponent materials for Li-ion batteries, such as cathode/anode
light. Furthermore, the integration of key components (i.e., active materials, battery separators, and electrolytes.[104–106]
THPP as a photosensitizer and nPt as a catalyst) in FF nano- The most widely used active materials for cathodes are
tubes enhanced the efficiency of the turnover frequency of lithium transition metal oxides such as lithium cobalt oxide
photochemical NADH regeneration significantly when com- (LiCoO2), lithium manganese oxide (LiMn2O4), and lithium
pared to THPP monomers with and without nPt. Thus, the iron phosphate (LiFePO4). Anode active materials are compeptide scaffold-based approach provides an integrated photo- monly made of lithiated graphite (LiC6). Recent reports indicatalytic platform for biocatalyzed artificial photosynthesis cate that peptide self-assembly can be applied as an effective,
in comparison to homogeneous systems.[99–101] In another bioinspired method to fabricate such electrode materials proreport,[102] Xue and co-workers revealed that ruthenium spectively by satisfying the current requirements for better
complex-incorporated FF nanotubes hybridized with nPt can battery performance.[107–109]
Recently, self-assembled peptide nanostructures were utiregenerate NADH under visible light illumination. They also
showed that the conversion yield of NADH by an FF-based lized as a template to synthesize olivine-based (FePO4) nanohybrid system is higher than that of single components such tubes as a cathode material with a high aspect ratio.[107] While
bulk FePO4 is widely considered an advantageous electrode
as ruthenium complexes with or without nPt.
A unique, microspherical structure formed by peptide material for a high-power Li battery, many problems such as
self-assembly has also been reported to show light-harvesting the low electronic conductivity and slow insertion/extraction
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Figure 3. a) SEM image of semiconducting cyclo-FF nanowires grown on a Si substrate (left) and its magnified images (right). b,c) Electron
microscope analyses of a single cyclo-FF nanowires deposited between Pt electrodes: b) SEM image and c) AFM image and section analysis.
d) Characteristic I–V curves of an orthorhombic peptide nanowires: I–V curve shows symmetrical behavior when a single FF nanowire is present at
300 K (solid line), while no curve is observed in the absence of an FF nanowire between the Pt electrodes (dotted line). e) Symmetrical behavior of
I–V curves is observed at different temperatures when the FF nanowire is present. Reprinted with permission.[75]

rate of Li ions exist regarding its application.[110] Nanostructured FePO4 coated with conductive materials have been
said to relieve such problems.[111,112] FePO4 nanotubes were
successfully synthesized by dissolving Fmoc–FF in hexafluoroisopropanol and diluting the solution with deionized water
to form a transparent hydrogel comprising physically interconnected peptide nanofibers. The peptide hydrogels were
then mineralized through the sequential treatment of Fe2+
and PO42− ions to form peptide-core/FePO4-shell nanofibers,
where the acidic and polar moieties of Fmoc–FF facilitated
the mineralization process. Note that this method of utilizing
small 2015, 11, No. 30, 3623–3640

FF hydrogels to mineralize metal phosphate structures could
be also applied for different metal ions such as Co, Cu, Ni,
or Mn. Also note that self-assembling peptides other than
FF, such as peptide amphiphiles,[13] can be similarly used to
facilitate the mineralization of inorganic structures, which
will be discussed in a later section. Further carbonization of
the peptide core at 350 °C produced carbon-coated FePO4
nanotubes, improving electronic conduction. The carboncoated FePO4 nanotubes performed as an excellent cathode
material for Li-ion batteries, exhibiting a specific capacity of
170 mAh g−1 in the first cycle, which is close to the maximum
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Figure 4. a) The efficient photo-induced electron transfer was triggered by the intricate self-assembled structure of miscellaneous components
[i.e., light harvesting complex (LHC), photosystem I and II (PS I and II), plastoquinone (PQ), cytochrome complex, plastocyanine (Pc), ferrodoxin
(Fd), and NADP+ reductase] in the thylakoid membrane. b) Artificial photosystem II synthesized by self-assembled Fmoc–FF hydrogels with SnTPyP
to mimic natural photosystem II. c) Artificial photosystem I by self-assembled FF nanotubes with THPP to mimic natural photosystem I. Reprinted
with permission.[89]

theoretical capacity (178 mAh g−1).[113] They also exhibited a highly reversible capacity retention of approximately
150 mAh g−1 after the second cycle.
Among the many FF-based nanostructures, FF nanowires
can be assembled by the growth of vertical nanowires during
the incubation of an amorphous FF thin film in aniline vapor
at 100 °C.[33] The FF nanowires were applied for the facile
synthesis of anode materials for Li-ion batteries through
their hybridization with Co3O4 (Figure 6).[108] To synthesize
the hybrid material, FF nanowires were incubated in a CoCl2
solution, followed by the reduction of Co2+ ions with NaBH4,
and spontaneous oxidation of Co metallic nanoparticles in
an aqueous solution (Figure 6A). These FF/Co3O4 hybrid
nanowires were applied as an anode material in a Swagelok
cell, which exhibited a more enhanced specific capacity
than that of bare peptide nanowires (Figure 6B). Another
example of FF self-assembly applied to the fabrication of
the Li-battery anode is the use of an FF-based organogel as
a sacrificial template to form TiO2-coated nanonetworks.[109]
FF-based organogel was produced by dissolving FF powder
in chloroform. After the evaporation of the chloroform, a
15 nm layer of TiO2 was created on the peptide template by
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atomic layer deposition to produce TiO2-coated peptide networks. Finally, hollow, ribbon-like TiO2 nanonetworks were
obtained by removing the FF template through calcination at
400 °C. Because of their structural stability and a high rate
of electronic conduction, the TiO2 nanonetworks exhibited a
high specific capacity, rate capability, and cycle performance.
Further studies (e.g., controlling the electrode material’s
tapped density, morphology/structure, and mass productivity
in bulk synthesis) on utilizing peptide self-assembly to produce electrodes for commercial, high-power cells are necessary. Nonetheless, peptide-based self-assembly will keep
inspiring us to further investigate the possibility of synthesizing high-performance electrode materials via environmentally friendly and bioinspired pathways.

5. Biosensor and Biochip Platforms Based
on Self-assembled Peptide Nanomaterials
The good electronic and optical properties and the biocompatibility of self-assembled peptide nanostructures has
been widely exploited to fabricate synthetic platforms and
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Figure 5. a) Schematic illustration of the suggested mechanism for the self-assembly of peptide–porphyrine microspheres. b) TEM (transmission
electron microscope) images of the microspheres showing photocatalytic reduction of PtII and nucleation of Pt nanoparticles on their surface. Image
(i) shows a single microsphere, where discrete, electron-dense Pt nanoparticles associated with peptide-nanorod substructures can be found
in its higher magnified images (ii,iii). c) Photocatalytic reduction of 4-nitrophenol (4-NP) into 4-aminophenol (4-AP). The UV–vis spectra (right)
demonstrate a time-dependent increase in peak intensity at wavelength of 290 nm according to 4-AP production. Reprinted with permission.[103]

scaffolds for biosensors and biochips. Gazit and co-workers
utilized self-assembled FF nanotubes to develop composite
electrodes for electrochemical biosensing platforms.[36,114]
They assembled FF nanotubes on the surface of a graphite
electrode to increase the surface area.[36] The modified electrode exhibited a highly enhanced electrochemical activity,
which was parallel to the effect of carbon nanotubes,[115–121]
suggesting that the sensitivity of biosensors can be improved
by employing self-assembled peptide nanostructures.
The enhancement effect was attributed to efficient electron transfer between spatially aligned aromatic systems,
increasing electronic conductivity. They further utilized an
analogous method for the detection of hydrogen peroxide,
NADH, and ethanol by attaching thiol-incorporated FF peptide nanotubes on an Au electrode surface (Figure 7).[116]
To detect glucose, the nanotubes were coated with glucose
oxidase (GOx) using polyethyleneimine as an immobilization matrix for the enzyme.[122] The electrodes showed a
highly improved sensitivity due to the nonmediated electron
transfer and enabled a shorter detection time, larger current
density, and higher stability. Similarly, FF nanotubes were
employed as a supporting matrix, providing a biocompatible
small 2015, 11, No. 30, 3623–3640

microenvironment for microperoxidase-11 (MP11), an oxidation biocatalyst.[123] The FF nanotube/MP11 hybrid was
immobilized onto the surface of an ITO electrode via layerby-layer assembly of polyelectrolytes like poly(allylamine
hydrochloride) to facilitate direct electron transfer to
the electrode surface. Such electrodes also demonstrated
good electrocatalytic activity with enhanced stability and
reproducibility as a biosensor for the reduction of H2O2, with
a sensitivity of approximately 9.43 µA cm−2 mmol−1 and a
detection limit of 6 µmol L−1, compared to other previously
reported biosensing systems that involve the immobilization of MP11.[126–131] This is attributed to the FF nanotubes
that function as a bridge of electron transfer between the
protein and electrodes, as well as providing a biocompatible
environment to maintain the enzyme’s active configurations
on the electrode surface. The hybridization of FF nanotubes
with carbon nanotubes has been also found to be an effective method to fabricate biosensing platforms with enhanced
sensitivity. Yuan and co-workers hybridized multiwalledcarbon nanotubes (MWCNTs) with FF nanotubes to form a
composite electrode for detecting NADH, where FF nanotubes were self-assembled along MWCNTs.[132] FF could be
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Figure 6. Panel A: a) Illustrative scheme for synthesizing peptide/Co3O4 hybrid nanowires. Peptide nanowires were first prepared by solid-phase
self-assembling FF. Then they readily hybridized with Co3O4 by reducing Co2+ ions to Co using NaBH4, followed by further oxidation in aqueous
solution. The SEM images show the morphology of peptide nanowires b) before and c,d) after Co3O4 coating. Panel B: Li storage capability of
pure peptide nanowires and peptide/Co3O4 hybrid nanowires. a) Schematic image of the test cell configuration where the nanowires were used
as an anode to examine charge–discharge characteristics. b) Charge–discharge curves when pure peptide nanowires (red) and peptide/Co3O4
composite nanowires (black) were used. c) XRD (X-ray diffraction) analysis on the hybrid structure before and after the discharge. Reprinted with
permission.[108] Copyright 2010, American Chemical Society.

arranged along the MWCNTs through the combination of
aromatic stacking interactions and hydrogen bonds of FF
peptides to form an extended, pleated sheet.[18] This electrode exhibited high sensitivity and a low detection limit for
NADH. It showed a direct response to reduced coenzyme
NADH with a decreased overvoltage of NADH oxidation
by 0.2 V and a current response five times larger than that
of a pristine electrode. In a similar manner, the authors fabricated a highly sensitive biosensor for detecting ethanol
by crosslinking ethanol dehydrogenase and bovine serum
albumin onto the MWCNT–FF composite electrode. A
straightforward, stimuli-responsive detection of glucose has
recently been reported using sol–gel phase transition and
peptide self-assembly.[133] In this method, a gelator consisting
of peptide building blocks with aspartic acid residues and a
naphthalene–FF segment was used to form a hydrogel in the
presence of GOx and glucose. The gluconic acid produced
from the oxidation of glucose by GOx triggered the protonation of peptide molecules and a phase transition from a solidstate gelator into the self-assembled nanofiber network of a
hydrogel. The added amount of glucose could be detected by
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the measurement of the phase transition rate from sol to gel
in the presence of a fixed amount of GOx.
More recently, nonenzymatic biosensors for the oxidative detection of ammonia and urea were developed using
a 4-mercaptopyridine (MCP)-modified gold (Au) substrate
coated with FF micro/nanostructures (FF-MNS).[134] The
deposited FF-MNS showed a flat, tape-like morphology. This
is attributed to the effect of the MCP substrate, where pyridine bonds with aromatic rings in FF via π–π interactions that
result in a stronger interfacial interaction between the peptides and substrate, inducing the flat, tape-like self-assembled
structure. The FF-MNS provided an increased surface area as
well as the aromatic and amide groups serving as ammonium
ion receptors via H-bonding or cation−π interactions, while
AuOH clusters directly form on Au substrates in the presence of OH− providing catalyst sites for redox reactions (i.e.,
urea hydrolysis into NH3 species). This system could detect
NH4+ in a linear manner in the range of 0.1 to 1.0 mmol L−1,
and showed a sensitivity of 81.3 µA cm−2 mmol−1 and a detection limit of 0.06 mmol L−1, which indicates it can detect
physiological levels of urea (1–100 mmol L−1).[135]
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Figure 7. Panel A: Schematic illustration depicting the fabrication process of peptide nanotube-based enzymatic electrodes. a) Mixing thiolmodified peptide nanotubes and glucose oxidase (GOx) in the presence of glutaraldehyde. b) Addition of polyethyleneimine (PEI) to the solution.
c) Deposition of resultant enzyme-coated peptide nanotubes on a Au surface followed by drying at ambient temperatures. Panel B: SEM images
of a bare Au electrode (a) and Au electrodes with peptide nanotubes (b). Panels C,D,E: Amperometric responses of a) peptide nanotube-based
electrodes and b) bare electrodes to successive additions of C) 10 mM H2O2 at +0.4 V vs SCE (saturated calomel electrode, the reference electrode),
D) 50 µM NADH at +0.4 V vs SCE, or E) 0.2 mM β-D-glucose at +0.6 V vs SCE. Arrows indicate the additions of C) H2O2, D) NADH, or E) glucose.
Insets: calibration plots linear electrode responses to the additions. Reprinted with permission.[114] Copyright 2005, American Chemical Society.

Biocompatibility and structural stability, along with the
earlier-discussed unique optical properties of FF peptides,
enable the fabrication of optical biosensing devices. Selfassembled Fmoc–FF hydrogel was utilized as an optical
biosensing platform through the encapsulation of enzymes
(as a bioreceptor) and quantum dots (QDs, as a fluorescent
reporter).[136] Enzymes (e.g., GOx, HRP: horseradish peroxidase) and QDs (e.g., nanosized CdTe, CdSe) were effectively retained within a 3D nanofibrous matrix of Fmoc–FF
hydrogel through the simple mixing of Fmoc–FF monomers
with QDs and enzymes. The resulting hydrogel could detect
target chemicals such as glucose and toxic phenolic compounds, the concentrations of which were optically measured
by photoluminescence quenching of the QDs. The hydrogel
showed a Michaelis–Menten constant (Km) of 3.12 mM for
GOx (for glucose detection) and 0.82 mM for HRP (for hydroquinone detection), which are lower than conventional
gel materials.[137–141] This work suggests that the self-assembled peptide hydrogel is a versatile platform for the enzymatic optical sensing of analytes. Lanthanide-incorporated
photoluminescent FF nanotubes could be also applied for
small 2015, 11, No. 30, 3623–3640

the optical detection of nitro-functionalized neurotoxins
such as paraoxon.[142] Kim and co-workers fabricated photoluminescent FF nanotubes containing photosensitizers (e.g.,
salicylic acid, 1,10-phenanthroline) and lanthanide ions (e.g.,
Tb, Eu). The FF–lanthanide complexes showed selective
photoluminescence quenching when exposed to toxic organophosphates (e.g., paraoxon). This phenomenon occurs due
to the interruption of the cascade energy transfer from FF
nanotubes to lanthanide ions as the nitro functional group in
paraoxon changes the transition state of the photosensitizing
molecules from a strongly emissive π−π* to a weakly emissive n–π* states.[143,144]
Peptide self-assembly is also an effective way to design
microfluidic biosensing systems. For example, peptide-based
nanotubes (or nanowires) could be applied for microfluidic
systems using the strong hydrophobicity induced from the
lotus-like vertical array of peptide nanotubes/nanowires with
a high aspect ratio.[76,145] Gazit and co-workers fabricated
microfluidic chips using the self-assembly of aromatic dipeptide nanotubes (e.g., FF nanotubes) on a SiO2 substrate via
the vapor deposition of FF peptides through a shadow mask
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pattern.[70]

with a pre-designed
It enabled the formation
of precisely patterned microchannels where hydrophobic
peptides worked as nonwettable blocks between the channel
paths. Ryoo and co-workers designed microfluidic systems
comprising vertically aligned FF/palladium (Pd) hybrid
nanowires for applications in heterogeneous catalytic reactions and biosensing.[146] The authors coated polyvinylilazane
microchannels with polydopamine, a mussel-inspired biomimetic adhesive,[147–149] to facilitate the adhesion of peptide nanowires to the microchannels. Hydrophobic peptide
nanowires[145] were further modified by polydopamine coatings to increase their hydrophilic affinity with aqueous PdCl2
solution, as well as to effectively grow Pd nanoparticles along
the nanowire surfaces using the reducing power of polydopamine. The synthesized microreactor systems embedded with
FF/Pd hybrid nanowires exhibited enhanced catalytic performance in hydrogenation and Suzuki coupling reactions due
to the increased surface areas and catalyst loading.

6. Peptide Self-assembly for the Fabrication
of Hard/Soft Tissue-Regenerative Materials
Along with applications in biosensing devices, peptide selfassembly is consistently extending its application range in the
field of biomedical engineering due to the excellent structural flexibility and inherent biocompatibility of the peptide
materials. Representatively, peptide self-assembly has been
utilized as an attractive route for developing regenerative
medicines for human tissues.[150] Mankind has sought to heal
and regenerate damaged tissues from disease or trauma since
prehistoric times, when people first used teeth and bones
from dead bodies of humans or animals to replace their
missing hard tissues.[151,152] Such objectives required a comprehensive understanding and mimicking of natural biogenic
structures and functions, which eventually led to the current
interdisciplinary study of biomaterials, including molecular
self-assembly, biomineralization, and nanotechnology along
with tissue engineering, cell biology, genomics, and proteomics.[15,16,152] Self-assembled peptide materials have been
employed in such research streams to aid the regeneration
of both hard and soft tissues. Herein, we focus on the recent
applications of peptide self-assembly to biomimetic fabrications of hard/soft tissue regenerative materials.
Hard tissue regeneration is generally correlated with mimicking biomineralization, the natural pathway of producing
delicately structured, highly functional, inorganic-based
materials in biological systems.[151–162] To date, peptide selfassembly has been widely utilized in mimicking the biomineralization[163,164] of various minerals such as silica,[165–168]
calcium carbonates,[169] gold,[170,171] or titania.[172–174] Among
such efforts, mimicking the biomineralization of bone, the
main biomineral composite of the human body, would be an
effective method for practical applications in human hard
tissue regeneration. The self-assembly of peptides, mainly
peptide amphiphiles,[12] has been widely applied in efforts
to effectively produce bone bioactive materials.[13–16,175–184]
Stupp and co-workers utilized peptide amphiphiles to fabricate scaffolds for bone growth and regeneration.[13,14] They
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developed peptide amphiphiles comprising a hydrophobic
alkyl tail linked to an electrostatically charged peptide
sequence of amino acids with a strong β-sheet propensity,
cell-adhesive Arg-Gly-Asp (RGD) ligands, and a phosphorylated serine residue that attracts calcium ions, promoting the
mineralization of bone minerals such as hydroxyapatite [Ca
[13] Such peptide amphiphiles self-assemble
10(PO4)6(OH)2].
into high-aspect-ratio cylindrical nanofibers resembling the
structure of collagen fibers, and could be applied to the fabrication of nanostructured fibrous scaffolds that mimic the
extracellular matrix (ECM).[13,14]
Based on these findings, they further produced a
composite bone implant material comprising Ti-6Al-4V
foam,[179] the pores of which were filled with peptide amphiphile nanofiber matrix.[180] The amphiphiles were synthesized via solid-phase peptide synthesis using Rink amide
MBHA resin—Rink amide methyl benzyl hydroxylamine;
4-(2′,4′-dimethoxyphenyl-Fmoc-aminmethyl)-phenoxyacetamido-methylbenzhydryl amine—with standard Fmoc-protected amino acids, followed by the coupling of palmitic acid
to ε-amine on lysine to create a hydrophobic tail group for
amphiphilic architecture.[181,182] Such peptide amphiphiles
self-assemble into a nanofiber matrix within the interconnected pores of metallic foam, enabling the encapsulation
of osteoblast cells within the bioactive matrix. The peptide
nanofiber network could work as a nucleating site for bone
hydroxyapatite formation with the incorporation of phosphoserine residue and a peptide sequence of RGDS. Its bone
bioactivity was also demonstrated in the bone plug model in
the diaphysis of the hind femurs of a rat, which showed bone
formation and vasculization around the implant without
a cytotoxic response. Similarly, they produced self-assembling peptide 3D nanostructured gels for bone regeneration using peptide amphiphiles tailored with phosphoserine
residue (Figure 8a–c).[183,184] The nanofibers allowed effective nucleation of hydroxyapatite crystals along their surfaces and showed enhanced bone regeneration compared
to those without phosphorylation in fracture sites of rat
femurs (Figure 8d–g).[184] The authors further revealed that
only unidimensional cylindrical nanostructures direct the oriented growth of hydroxyapatites.[185] Flat, platelet-like structures did not guide the oriented growth of hydroxyapatites,
showing a random orientation of crystal growth. It suggests
that the geometric architecture of the peptide nanostructure
directly affects oriented mineralization, as real mammalian
bone only nucleates along the long axis of collagen fibers
with a cylindrical architecture. More recently, they also demonstrated that a gel scaffold containing peptide amphiphiles
modified with peptide domains affinitive to human bone
morphogenetic protein-2 (BMP-2) induces enhanced in-vivo
osteogenesis for spinal arthrodesis.[186] Thus, a great flexibility
of structural/functional modifications for improving bone
regeneration can be achieved using peptide self-assembly.
Peptide self-assembly could also aid in the regeneration of cartilage, which is a flexible and connective hard
tissue found in the nose, ear, and joints between bones.
Kisiday and co-workers showed that a self-assembling peptide hydrogel scaffold worked as an effective environment
for potential cartilage tissue repair.[187] They utilized peptide
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Figure 8. a) Depiction of a nanofiber formed by co-assembly of phosphorylated serine peptide amphiphiles [i.e., S(P)-PA] and RGDS PAs (green).
Chemical structures of the respective PAs are portrayed in the upper panel. b) SEM image of the RGDS + S(P)-PA nanofiber network. c) Thus-formed
PA gel implant made from 200 µL of 10 mM PA. d) Photograph showing 5 mm long critical-size defect stabilized with a Ti internal plate in an
animal model. e) Photograph of the site where the PA gel implant was placed within the defect. f) Radiograph of a stabilized defect 24 h after PA
gel implantation. g) Quantification of the in vivo bone regeneration efficiency of S(P)-containing PAs using microcomputed tomography. Reprinted
with permission.[184] Copyright 2010, Elsevier Limited.

KLD12 (AcN-KLDLKLDLKLDL-CNH2) to assemble a 3D
ECM-mimetic hydrogel scaffold and encapsulate chondrocytes within the hydrogel. Chondrocytes maintained their
morphology during the in-vitro cell culture for 4 weeks.
They further developed a cartilage-like ECM with abundant proteoglycans and type II collagens that represented a
stable chondrocyte phenotype. The results indicated that the
self-assembling peptide hydrogel structure may work as an
effective scaffold for synthesizing a cartilage-like ECM network within the cell culture for cartilage tissue regeneration.
More recently, Shah and co-workers designed a co-assembled
system of peptide amphiphiles tailored to show a high density of epitopes that bind to TGFβ-1 (transforming growth
factor β-1) to form nanofibers for cartilage regeneration
(Figure 9).[188] The in-vitro passive release test of the growth
factor demonstrated that TGFβ-1 was better retained in the
peptide amphiphile gels that contained growth factor binding
sites (Figure 9A). The scaffold also supported the viability of
human mesenchymal stem cells (Figure 9B) and promoted
chondrogenic differentiation of the cells (Figure 9B-c).
In addition, an in-vivo test using a rabbit model showed
that the scaffold significantly induces the regeneration of a
full-thickness articular cartilage defect microfracture. These
results show that peptide self-assembly is an effective route
for producing synthetic bioactive materials for hard tissue
regeneration.
Peptide self-assembly can be further applied in the regeneration of soft tissues such as blood vessels and skin. The
formation of new blood vessels from existing ones occurs
through angiogenesis, an essential process in wound healing.
The self-assembly of peptide amphiphile nanostructures was
nucleated by the display of heparins binding to angiogenic
small 2015, 11, No. 30, 3623–3640

growth factors on their surfaces to promote cell signaling.[189]
The nanostructures formed a rigid nanofiber scaffold that
was suitable for orienting the domains of growth factors for
receptor binding as well as minimizing Brownian motion
opposing cell signaling and the entropic cost for ligand–
receptor binding events. In-vivo experiments showed that the
nanomaterial highly stimulated blood vessel formation by
presenting only a nanogram of growth-factor proteins, which
do not induce detectable angiogenesis on their own. Similarly, supramolecular nanofibers for angiogenesis were fabricated through the self-assembly of heparin-binding peptide
amphiphiles and heparan sulfate-like glycosaminoglycans.[190]
Such hybrid nanofiber gels were implanted subcutaneously
in rodent models to assess the interaction between the gels
and the tissue. The nanofibers showed excellent biocompatibility in the tissue and enabled de novo development of vascularized tissues as the nanofiber gel biodegraded, resulting
in a physiological microcirculation without increased permeability or persistent inflammatory response. Fibrous network-type amphiphilic peptide gels could further enhance
hemostasis. Amphiphilic peptides of 9 residues (PSFCFKFQP) self-assembled into fishnet-like 2D nanowebs.[191]
The peptides adopted a stable β-turn and β-sheet to assemble
at high peptide concentrations into hierarchically arranged
globular aggregates that were interconnected to form a
fibrous network structure. This structure could effectively
encapsulate the hydrophobic model drug pyrene by extensively branching and overlapping to form a self-healing peptide hydrogel, which showed an excellent hemostatic ability
in terms of bleeding. These results indicate that the selfassembly of peptide amphphiles can be applied in promoting
the repair of blood vessels or skin. A practical biomedical
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Figure 9. Panel A: Design of PAs for articular cartilage regeneration. Chemical structures of a) TGF-binding PA (TGFBPA) and b) nonbioactive filler
PA. c) A nanofiber structure formed by co-assembly of TGFPBA and the filler PA. The binding epitopes are exposed on the nanofiber surface. d) ELISA
results showing TGF cartilage up to 72 h from filler PA and 10 mol% TGFBPA. All gels were contained using 100 ng mL−1 of TGFn-1. Error bars equal
standard deviation, n = 4. Panel B: In vitro viability and differentiation of hMSCs cultured in PA scaffolds. a) Live/dead images of cells cultured in PA
gels (green = live; red = dead). The image shows that the hMSCs remain viable. b) SEM of hMSCs on a nanofiber gel surface showing their rounded
phenotypes, indicating that the PA gels supported and did not harm hMSC differentiation. c) Aggrecan gene expression from hMSC cultures in PA
gels at 2, 3, and 4 weeks. Reprinted with permission.[188] Copyright 2010, National Academy of Sciences.

application has been very recently demonstrated by urinary
bladder regeneration using self-assembling peptide amphiphiles[192] modified with anti-inflammatory sequences.[193] The
peptide amphiphiles showed significant angiogenic responses
with increased tissue vascularization and muscle growth
in a previously established urinary bladder augmentation
model,[194] while reducing inflammatory responses, such as
granuloma and bladder stone formation. To date, peptide
amphiphiles are continuously being utilized in an analogous
way by modifying the targeted functional moieties to overcome obstacles in soft tissue regeneration, such as fibrous
encapsulation, lack of host cellular infiltration, undesirable
immune responses, surface degradation preceding biointegration, and artificial degradation byproducts.[195] We further
note that this method of engineering self-assembling peptide amphiphiles with functional peptide sequences has been
actively applied to the regeneration of nervous tissues.[196–200]
Designer, self-assembling, peptide nanofiber scaffolds
other than peptide amphiphile structures also show promising potential for soft tissue regeneration. For example,
Zhang and co-workers developed a peptide scaffold assembled with ionic self-complementary peptide RADARADARADARADA (RADA16-I)[201] coupled with a short
angiogenic motif. It showed highly enhanced endothelial
cell survival, proliferation, migration, and tubulogenesis.[202]
Short peptide building blocks such as FF or RGD have been
also reported as good candidates to form a hydrogel network
for tissue regeneration.[203,204] Gazit and co-workers discovered that the self-assembly of Fmoc–FF or Fmoc–RGD
forms hydrogels with 3D network of peptide fibers.[203] In
particular, hydrogels with ECM-like fibrous 3D network
structures containing the cell-adhesive sequences (i.e., RGD)
may serve as effective scaffolds for tissue regeneration. Ulijn
and co-workers demonstrated the formation of bioactive
3D hydrogel network for culturing human fibroblasts. The
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hydrogel was self-assembled from a mixture of Fmoc–FF
and Fmoc–RGD.[204] The presence of Fmoc–RGD within
the gel worked as a biological ligand as well as a structural
component. The hydrogel successfully served as a 3D scaffold for culturing human dermal fibroblasts in vitro, where
the fibroblasts effectively proliferated and spread. Recently,
Sugawara-Narutaki and co-workers reported a new class of
building block—block polypeptides mimicking the domains
in native elastin, the ECM protein that provides the elasticity and flexibility to the skin—assembled into a beaded
fiber structure.[205] The block polypeptides were composed
of proline-rich poly(VPGXG), where X is an arbitrary
amino acid other than P, and glycine-rich poly(VGGVG).
Each component respectively formed β-turn and β-sheet at
45 °C in water. They assembled into nanoparticles when the
β-turn component was rich, and connected into beaded nanofibers depending on the increase in the content of β-sheet.
The authors expected that the self-assembly of the building
blocks into fibrillar structures may provide future applications in tissue engineering and drug-delivery systems.
Taken together, the self-assembly of diverse types of peptides has promising applications in the regeneration of hard
and soft tissues. The peptide materials for tissue regeneration in the future should possess adequate properties such as
effective cell signaling, controllable binding and delivering of
bioactive agents in vivo, tunable mechanical properties, and
appropriate biodegradability for timely regeneration.[206] The
cytotoxicity of peptide materials should also be carefully rescrutinized with sufficient case studies in advance of applying
them in clinics. Nonetheless, we believe peptide materials
are an outstanding candidate to satisfy the requirements for
effective regenerative medicines, and they will keep gaining
great attention in terms of their broad biomedical application
due to their remarkable structural and functional flexibility
as well as their biocompatibility.
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7. Summary and Outlook
Peptide self-assembly, the biomimetic construction process of
elaborate hierarchical structures, is continuously extending
its application range. The advantageous features of selfassembled β-peptide nanostructures with diverse architectures along with good mechanical, electrochemical, thermal
properties, and biocompatibility make them unique, versatile
materials for unconventional applications in energy, optics,
and devices/medicine for healthcare purposes. Peptide selfassembly is employed in synthesizing photoluminescent,
waveguiding peptide nanostructures via incorporating
lanthanide ions into FF nanotubes or utilizing the inherent
photoluminescence of the FF nanotubes. It can also be
applied to fabricate luminescent peptide nanowires/
nanofibers functionalized with Pt to show semiconducting
behavior. Furthermore, FF nanostructures can be remodeled
into a light-harvesting platform that produces nicotinamide
cofactors under visible light by incorporating porphyrins in
the FF nanostructures, imitating a natural photosynthetic
system. Electrode materials with enhanced electrochemical
performance can also be developed using peptide self-assembled structures as templates with high aspect ratios. In addition, the excellent biocompatibility along with the unique
optical/electrochemical properties of self-assembled peptide
nanomaterials is accelerating the development of healthcare devices such as biosensor platforms and microfluidic
systems for sensing with improved sensitivity and specificity.
Amending certain peptide sequences in peptide amphiphiles
to promote mineralization of hydroxyapatites along the peptide nanofibers has increased the possibility of fabricating
biomedical scaffolds to regenerate human hard tissues, such
as bones and cartilage, mimicking the biomineralization of
hydroxyapatites along the collagen fibers. Technologies to
regenerate soft tissues such as blood vessels and skin are also
actively deploying an analogous methodology to fabricate
peptide-assembled fibrous scaffolds to assist angiogenesis
and hemostasis. These applications synergistically interconnect to further boost the performance of various novel functional materials. Peptide self-assembly offers the capability of
discovering new functional materials to contribute to interdisciplinary science, from optics to energy and healthcare.
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