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The functioning of naturally occurring materials and organisms emerges from the synergistic actions of
all involved functional subunits following well-defined spatial hierarchies. Resembling the exquisite
structure of biological machinery, the hierarchical organization of synthetic materials over a continuum
of length scales and complexity dictates their functional competence. To replicate the structure—function
relationships of natural origin materials, peptide-based building blocks capable of spontaneous association
have been exploited to construct nanocomposites inherent with precise spatial order and biocompatibility.
Moreover, the evolving functionalities of synthetic materials necessitate higher-order chemical diversity
and structural complexity, accordingly, additional components have been coupled with peptidic
nanoassemblies to achieve hierarchical multicomponent nanocomposites. This review starts with a brief
introduction of kinetic and thermodynamic principles of supramolecular polymerization and these
principles largely direct the construction of nanostructures containing amphiphilic peptides or peptide
derivatives as well. Taking the synergism of kinetic factors and thermodynamic preferences as a guide, we
critically review various strategies to construct spatially organized, multicomponent nanocomposites.
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All these strategies similarly involve amphiphilic building blocks consisting of assembling peptide domains
that contribute to the generation of supramolecular frameworks allowing the incorporation of functional
Nanocomposites integrated with multiple

chromophores/constituents with nanoscale precision.
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components give access to greater structural tunability and complexity to perform complex tasks, thereby
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1. Introduction

Naturally occurring materials and organisms contain multiple
functional subunits whose spatial arrangements dictate their
synergistic actions to perform complex tasks." To fully replicate
the functional competence of biological machinery, emerging
research on synthetic materials has been focused on the con-
struction of multicomponent nanocomposites whose diversity
in chemical composition may give access to the hierarchical
arrangement within resulting materials.”® Resembling the
sophisticated structural organization of archetypes with natural
origin, evolving functionalities of synthetic materials impose
unprecedented requirements on their structural regulation
with nanoscale precision. Therefore, peptides, the basic sub-
segments of proteins that can spontaneously associate into
various nanostructures through reversible and directional
noncovalent interactions, have been employed to construct
supramolecular architectures.*”” Given the versatile surface
of peptidic assemblies capable of various noncovalent inter-
actions, they can serve as supramolecular templates to incorporate
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exerting usage in biomedical formulations and energy harvesting and conversion.

additional components and thus to achieve integrative, multi-
component nanostructures with  well-defined spatial
hierarchy.® Moreover, with the inherent biocompatibility of
peptide frameworks, these peptidic nanocomposites may
bridge the gap between organic and inorganic regimes,’ thus
exerting usage in disparate fields ranging from biomedical
formulations'®™** to energy conversion and storage
devices.»'>'* The purpose of this review is to survey strategies
to construct nanostructures from amphiphilic building blocks,
particularly from amphiphilic peptides and/or peptide
derivatives. In addition, resulting nanostructures can serve as
supramolecular frameworks to regulate the incorporation of
other functional components in nanoscale precision, thereby
producing multicomponent nanocomposites with a well-
defined spatial organization. To fully reflect advances in the
preparation of well-defined nanostructures involving assembling
peptide factors, nanocomposites discussed in this review are not
restricted to pure peptide/peptide derivative assemblies but
encompass complex hybrids that may also contain proteins,
oligonucleotides, polymers, carbon nanotube, even metallic
additives. The task execution of these multicomponent nano-
composites that closely correlates with the spatial arrangement
of functional constituents is highlighted as well.
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The desirable functioning of living systems, such as photo-
synthesis and immune response, depends on the synergism of
multiple subunits integrated within biological structures with a
finely tuned spatial arrangement.’® For example, adenosine
triphosphate (ATP) synthase consists of two subunits, F, and
F;, working in a rotational motor mechanism to produce energy
storage molecules ATP. Within the ATP synthase, the spinning of
its F,, region, driven by the proton (H') concentration gradient in
the cellular environment, causes the conformational changes of
its F; region, which propel the dehydration between adenosine
diphosphate (ADP) and inorganic phosphate to yield ATP. As F,
and F; regions act in concert, ATP synthase store energy for the
consumption of living cells in ATP molecules consecutively.'®"”
Inspirations from biological machinery motivates the preparation
of functional nanomaterials by spatially integrating monomeric
building blocks into well-defined nanostructures.'® However, the
structural complexity of current artificial nanoassemblies is still
hardly comparable with the exquisite organization of biological
machinery, which compromises their functional competence
to perform structure-determined complex tasks. Therefore,
integrating multiple components into one comprehensive,
hierarchical structure with nanoscale precision has garnered grow-
ing attention, as the chemical diversity of such multicomponent
nanostructures may contribute to a larger structural tunability and
complexity to replicate natural processes.

Nanocomposites consisting of multiple components may
provide access to emerging properties that cannot be achieved
by individual components acting in isolation.*'® For instance,
through the orthogonal assembly of electron donors (D) and
acceptors (A), individually continuous electron-sufficient and
deficient channels can be produced and brought into intimate
contact to construct the supramolecular p-/n-heterojunction
(SHJ).>>?" At the D/A interface within SHJ, photo-generated
excitons quickly dissociate into charge carriers as electrons
and holes that transport to corresponding electrodes to
produce the photocurrent.”” While segregated D and A domains
in close proximity are indispensable to achieve efficient photo-
induced charge separation, strong charge-transfer interactions
between D-A pairs can be detrimental for the preferential
recognition of self-species during the orthogonal assembly of
D-A mixture, thus resulting in the formation of their alternating
stacks instead.”>** To circumvent this undesirable alternating
complexation, D and A chromophores are conjugated with
additional segments capable of highly tunable association,
such as peptides or peptide derivatives,** to mitigate the
charge-transfer interactions between D-A pairs. By tailoring the
peptide sequence, attractive and repulsive interactions can be
programmed into D/A-peptide conjugates, which enable the
construction of well-defined nanostructures integrated with
segregated domains that synergistically act to produce a higher
level of functional competence.***”

The hierarchical organization of multicomponent structures
closely correlates with self-sorting, a phenomenon that
produces preferential homo-/hetero-association of monomers
within a multi-component mixture (Fig. 1).>® According to the
potential energy of the assembling system, self-sorting can be
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Fig. 1 Co-assembly of amphiphilic building blocks, including peptides
and peptide derivatives. A scheme illustrates the positioning of sorted
subunits within multicomponent nanostructures that may induce structural
synergism, which impacts the functioning of the resulting materials.

achieved under thermodynamic or kinetic control. While most
early self-sorting studies are under thermodynamic control,>*?°
kinetic factors such as time, temperature and concentration
have been recognized as decisive conditions to achieve hetero-
geneous microstructures integrated with sorted components.** >
Given the complex synergism of kinetic and thermodynamic
preferences during multi-component assembly, the construction
of nanocomposites with well-defined spatial organization
necessitates a thorough understanding of the fundamental
mechanisms of molecular self-assembly. Multicomponent
assembly shares fundamental concepts and well-established
theories with single-component systems, although the simulta-
neous involvement of several types of monomers inevitably
diversifies the assembly pathway.'®** The Gibbs free energy
(AG) of growing assemblies evolves with the addition of each
monomer,**3*73¢ and theoretical models deriving from AG along
with monomer association give rise to assembly mechanisms as
isodesmic, cooperative and anti-cooperative.****?>37-*1 Although
multicomponent systems bear more variabilities on their pathway
selection, theories of single component assembly may still be
instructional, especially given that each respective component in
the assembling mixture can be separately integrated into the
growing nanostructure in a stepwise manner.*>*® Studies on
thermodynamics and mechanisms of monomer association have
deepened our understanding of the intrinsic physical aspects of
self-assembly and motivate multicomponent co-assembly toward
designable and predictable patterns.

Peptides typically comprise 2-50 amino acid residues and
serve as the most common sub-segments of proteins."*”*
Through well-established solid-phase synthesis, various residues
with ionizable or aromatic pendants can be precisely pro-
grammed into the peptide sequence, thus imparting positive/
negative, polar/non-polar sites to peptides.””*® The highly
designable sequence of peptides renders them versatile building
blocks capable of hydrophobic, electrostatic, hydrogen bonding,
or van der Waals interactions, and these abundantly available
interactions motivate peptides to assemble into o-helices,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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B-sheets, and other higher-order protein complexes. Also, the
integrity of resulting peptide-based constructs is maintained by
non-covalent interactions,**® which generates the adaptable
structure of assembled peptides sensitive to physiological
changes including temperature, pH, ionic strength, etc.*"
The programmability of peptide sequences and the structural
flexibility of peptide assemblies toward potential physiological
cues permit the versatile applications of peptide derivatives
in nanotherapies. Moreover, dimensions of peptide-based
constructs cover a continuum of length scales ranging from
nanoparticles, nanotubes to micrometer-long fibers and injectable
bulk hydrogels, which suggest their applications beyond the
cellular level.”* Recently, peptidic assemblies have been utilized
to construct the device-tissue interfaces where biocompatibility
is highly desirable.® Given the natural origin of assembling
peptides, they have been explored to bridge the gap between
innovative bio-products and traditional electronic devices.

This review survey strategies to integrate multiple components,
mostly including amphiphilic peptides or peptide derivatives, into
one nanostructure to produce spatially organized nanocomposites.
The spatial arrangement of functional subunits establishes the
sophisticated function of biomolecules, likewise, the precise
integration of segregated domains into one comprehensive
structure determines the performance of artificial nanomaterials.
In order to achieve the fidelity binding between desired species
within a complex mixture of monomers, a thorough understanding
of the mechanistic aspects of supramolecular self-assembly
becomes highly desirable. There are some in-depth reviews that
illustrate the assembly mechanisms of synthetic building blocks
and the applications of relevant materials across various
fields.>***3%3537 Instead of giving an exhaustive compilation of
existing works, our discussion starts from the fundamental kinetic
and thermodynamic principles of supramolecular polymerization.
While these principles arise from studies on pure synthetic
systems, they are of use in guiding the assembly of amphiphilic
building blocks with natural origins, such as peptides or peptide
derivatives. Taking the mechanistic aspects of supramolecular self-
assembly into consideration, we critically review some innovative
strategies to construct multi-component nanocomposites whose
spatial organization is largely influenced or entirely directed by
assembling peptide domains. Following these co-assembly
strategies wherein every individual component is finely positioned
with nanoscale precision, the task execution of resulting nano-
composites that requires the synergistic action of all functional
constituents is presented.

2. Mechanistic aspects in
supramolecular polymerizations

Supramolecular self-assembly involves spontaneous monomer
association that can be either more enthalpy- or entropy-driven.
Comparing with synthetic monomers performing organization
in apolar environments, the self-assembly of amphiphilic
building with natural origin, including amphiphilic peptides
and peptide derivatives, usually results from the synergistic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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action of hydrophilic and hydrophobic domains, which
produces its unique thermodynamic preference deviated from
typical synthetic systems.*"**>> While amphiphilic systems
discussed in this review exhibit special entropic tendencies
during monomer association, their assembly processes are
still subjected to the same kinetic factors also encountered
by synthetic monomers. Therefore, the growth mechanism of
supramolecular polymerization, in particular the cooperative
mechanism, may still apply to the description of amphiphilic
systems and guide the pathway control of peptide/peptide
derivative involved assembly.

This section starts from the comparative discussion on
various growth mechanisms of supramolecular polymerization.
To coordinate with later examples involved, the molecular
origin, the rationale of monomer design, available kinetic
interventions, and characteristic experimental phenomena of
cooperative assembly are highlighted. In addition, our discussion
about the cooperative mechanism is coupled with associated
pathway complexity, which completes the necessary theoretical
context for the following examination on assembling events
involving peptide factors. Finally, we combine well-established
theories of peptide assembly with the thermodynamic
considerations of amphiphilic peptides and peptide derivatives.
Despite the differences in intrinsic thermodynamics, the
cooperative mechanism arising from synthetic systems can be
used to interpret the seeding assembly of peptide derivatives,
supported by examples at the end of this section.

2.1 Growth mechanisms of supramolecular polymerization

The self-assembly of peptide-based building blocks shares
fundamental concepts and theories with general supramolecular
monomer associations. The well-documented, quasi-one-
dimensional assembly growth can be simplified as chain
propagation to generate theoretical models of monomer association.
Due to their resemblance to covalent polymerization, these
spontaneous association processes are referred to as supra-
molecular polymerization and the growth mechanisms are
generally categorized as isodesmic, cooperative and anti-
cooperative.’®?'**?3 Isodesmic assembly is characterized by
the monomer association that is energetically identical and
independent of the degree of aggregation (Fig. 2a). For synthetic
monomers governed by the isodesmic mechanism, their assembly
usually involves a single type of non-covalent interaction and no
steric hindrance due to crowded monomers builds up throughout
the assembly process.*” In contrast to the identical binding
constant of each monomer addition of isodesmic mechanism,
cooperative and anti-cooperative processes follow the nucleation—
elongation model, which has a smaller (for cooperative
mechanism) or larger (for anti-cooperative mechanism)
association constant of nucleation than that of elongation.**"®
The anti-cooperative process usually emerges from an energeti-
cally favorable dimerization or oligomerization at the initial stage
of assembly, which is subsequently coupled with steric congestion
among monomers within growing nanostructures.”””® As a
consequence, the energy diagram of anti-cooperative assembly
exhibits fast nucleation followed by a relatively slow elongation

Mater. Adv.,, 2021, 2, 5803-5823 | 5805
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Fig. 2 (a) Qualitative energy diagram of cooperative (red), isodesmic
(blue) and anti-cooperative (grey) assembly systems, as a function of the
degree of aggregation. (b) Description of cooperative and isodesmic
assemblies, defined by the fraction of aggregated species (x) upon cooling
down from their monomeric hot solutions.

(Fig. 2a). In contrast, the cooperative assembly shows a
decelerated nucleation until the formation of a nucleus with the
critical size capable of initiating rapid elongation (Fig. 2a).
This energetically unfavourable nucleation phase is commonly
encountered in self-assembly processes driven by a combination
of multiple non-covalent interactions,******% as such systems
need the synergism of these non-covalent interactions, enhanced
by growing degree of aggregation, to countervail adverse kinetic
factors at an initial stage. The cooperative process is frequently
encountered in self-assembly and applies to many cases involving
amphiphilic peptides or peptide derivatives,*" " largely because
these amphiphilic building blocks possess both hydrophilic and
hydrophobic moieties responsible for monomer association
through various non-covalent interactions.

The kinetically suppressed nucleation of cooperative
assembly can be identified by the emergence of a thermal
hysteresis between the heating- and cooling-cycle during variable
temperature spectral studies.*>*>”>”* For most synthetic monomers
following the cooperative mechanism, their supramolecular
polymerizations are enthalpy-driven processes and thus occur
upon cooling.>* Assuming there is no kinetic barrier on the
assembly route, heating-aggregated structures and cooling
molecularly dissolved monomers at a constant rate should
generate the identical temperature-dependent curve. However,
the heating and cooling curves of a cooperative system usually
fail to overlap each other, as only the heat-induced disassembly
normally proceeds under thermodynamic control. As a result,
the fraction of aggregated species on the cooling curve corres-
ponding to a specific temperature is smaller than that on the
heating curve. Such hysteresis between temperature-dependent
curves indicates that opposing reactions fail to equilibrate, due
to the existence of a kinetic barrier for the monomer association
in the initial stages of cooperative growth.>® As the nucleation-
elongation model of cooperative assembly is coupled with
a kinetically suppressed initial nucleation, the monomer
association to long aggregates is energetically preferred over
the monomer self-nucleation. Given the energetically preferred
elongation phase, equilibrium aggregates under the thermo-
dynamic control are fragmented through sonication or mechanical
agitation, and the resulting structures, relatively longer than the
critical nucleus, can serve as seeds to enchain monomers in the
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cooperative growth. By avoiding the formation of high energy
nucleus and pre-nucleus oligomers, this seeding method can divert
the cooperative association to the elongation phase directly, thus
speeding up the monomer conversion toward the final equilibrium
structure.®®”*7¢

2.2 Cooperativity among multiple non-covalent interactions
and associated pathway complexity

The cooperative monomer association arises from the cooperativity
of noncovalent interactions, including polarization, electrostatic,
and hydrophobic effects, that are dictated by the short- and long-
range organization of monomers.*® For example, the isodesmic
assembly of perylene-bisimide (PBI) derivative PBI-C1 (Fig. 3a) in
methylcyclohexane (MCH) was purely driven by the n—r stacking
of PBI cores,”””® and its degree of aggregation derived from
temperature-/concentration-dependent measurements displayed
sigmoidal curves which are indicative of the isodesmic mechanism
(Fig. 3b).>**? In contrast, the PBI cores of PBI-C2, PBI-C3, and PBI-
C5 were tethered with amide substituents, thus resulting in folded
molecular conformations through intramolecular hydrogen bonds
(Fig. 3a and b). This H-bonding induced conformational restriction
sequestered the planar PBI cores of PBI-C2, C3, and C5 from n-n
stacking, and the synergistic effect of intramolecular hydrogen
bonds and m-m stacking interactions resulted in the cooperative
assembly.***%*7 Folded PBI-C2, C3, and C5 monomers need to
break their intramolecular hydrogen bonds to re-expose their
aromatic cores for n-n stacking. Accordingly, this energetically
unfavored conformational change resulted in the slow nucleation
of the cooperative assembly. As nucleation proceeded, however,
extended monomers upon assembly formed multiple hydrogen
bonds with neighboring units, which promoted a higher order of
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Fig. 3 (a) Chemical structures of PBI derivatives following isodesmic
(PBI-C1) or cooperative (PBI-C2, C3, and C5) assembly mechanisms.
(b) Proposed conformation of folded PBI-C2, C3, and C5 due to intra-
molecular hydrogen bonds. Adapted with permission from ref. 60. Copyright
2016 American Chemical Society.
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n-n stacking.** With the formation of a critical nucleus, the
enthalpic gain of monomer addition favored by multiple
associations eventually offsetting the concomitant conformational
penalty, which shifted the assembly of PBI-C2, C3, and C5 to the
elongation regime.

In addition to the dictates on the assembly mechanism, the
occurrence of cooperativity between assembling monomers may
also exert influence on the assembly pathway. Synthetic
monomers capable of multiple non-covalent interactions with
cooperativity tend to generate kinetically preferred, non-
equilibrium structures rather than the equilibrium structure
under thermodynamic control.”>®*' Due to the inherent lability
of a non-equilibrium state, kinetic species always exhibit a
conversion trend toward the thermodynamic equilibrium
structure over time. However, activation barriers between kinetic
and thermodynamic structures can significantly retard this spon-
taneous conversion, thus resulting in the pathway complexity
of self-assembly.*® To overcome the activation barrier, external
stimuli such as sonication,”® agitation,”* irradiation, and adding
seeds”’® have been applied on kinetic intermediates to achieve
the thermodynamic structure situated in the global minimum of
the energy landscape. It is noteworthy that the transformation
from kinetic species to the thermodynamic structure can be
distinguished in two situations: the consecutive pathway and
the competitive pathway (Fig. 4).>® Along the consecutive pathway,
non-equilibrium, kinetically trapped species directly build the
equilibrium thermodynamic structure by reorganizing initial
assemblies into higher-ordered architectures.*® Such kinetic spe-
cies are on-pathway aggregates toward the final thermodynamic
outcome (Fig. 4a). In contrast, kinetic species arising from the
competitive pathway must disassemble into monomers before
engaging in the thermodynamic state, and such kinetic
intermediates are off-pathway aggregates with respect to the
thermodynamic structure (Fig. 4b). Given building blocks con-
jugated with spectroscopic labels, the kinetic/thermodynamic
transformation in the competitive pathway will be accompanied
by the emergence of isosbestic points in UV-vis spectra and/or
isodichroic points in CD spectra, indicating the transformation
between structurally defined species.*>*

2.3 Thermodynamic considerations on the assembly of
amphiphilic peptides and peptide derivatives

So far, our discussion on self-assembly has largely focused on the
mechanistic aspects of synthetic monomers whose n-conjugated

monomer

a monomer b
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Fig. 4 Energy landscape of (a) consecutive and (b) competitive pathways.
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domains determine their enthalpy-driven association characterized
by a ceiling temperature.>**> Such cooling-motivated association
originates from the enthalpic dispersion of synthetic monomers in
apolar environments. Upon cooling, monomer associations driven
by non-covalent bond formation are of an enthalpic nature and give
off energy in the form of heat (AH < 0). The enthalpic gain arising
from non-covalent interactions countervail the entropic loss of
associated monomers with reduced degrees of freedom, thus
resulting in the enthalpically dominated assembly. In contrast
to the enthalpic assembly of synthetic monomers, amphiphilic
peptides and peptide derivatives often exhibit an entropy-driven
aggregation in aqueous media, which is accompanied by a floor
temperature.® In aqueous environments, hydrophobic domains of
peptidic amphiphiles cluster together to situate the charged and
polar peptide segments toward water. Otherwise, the exposure of
hydrophobic domains incapable of forming hydrogen bonds
would force surrounding water molecules into highly directional
arrangements, which results in significant entropy losses of the
system.>*> As peptide amphiphiles reveal a strong aggregation
tendency to minimize the disruptive effect of nonpolar solute
on reducing the mobility of water molecules, their assembly is
principally driven by the entropic force. Given the entropic nature
of amphiphile assembly, heating enhances the contribution of
entropic gain (AS > 0), therefore promoting the assembly of
amphiphilic peptides and peptide conjugates. It is noteworthy that
overheating peptidic assemblies breaks hydrogen bonds and
destroys the hydration shell maintaining even dispersion, which
leads to the precipitation of assembled structures.®

Our early thermodynamic interpretations on peptide
self-assembly are largely derived from empirical observations
on biomolecules in nature.®*®® peptides in biological contexts
go through spontaneous self-association to form secondary
structures like o-helices and f-sheets, which constitute the
complex tertiary structure of proteins.®® f-Sheets are of special
importance among other secondary structures, as their
presence often indicates the formation of amyloid fibers which
closely correlate with protein misfolding diseases such as
Alzheimer’s  disease.*”*°*"®>  Canonical B-sheet-forming
peptides comprise alternatingly arranged hydrophobic and
hydrophilic residues and these peptide segments undergo
spontaneous association in water as stretched strands.”* ®°
Due to the directional constraints from hydrogen bonds along
peptide backbones, multiple peptide strands are lined up next
to each other to form the extended planar arrangement
of peptide strands as P-sheets. Within these B-sheets, the
orientation from N- to C-terminus of adjacent peptide
strands may adopt the same or opposite directions, thus
offering parallel or antiparallel PB-sheets, respectively.®>!
B-Sheet peptides have been recognized as the most effective
programmable building blocks to construct nanostructures
coupled with biocompatibility, biodegradability, as well as ease
of large-scale synthesis.”® Previous studies brought reliable
strategies to achieve spatial and temporal control over the
morphology of peptidic assemblies.>”**°” For example, Grover,
Lynn and co-workers demonstrated that changing pH altered
the strength of salt bridge between charged termini of A

Mater. Adv.,, 2021, 2, 5803-5823 | 5807
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peptide Ac-KLVFFAE-NH,, the nucleating core of Alzheimer’s
disease, which produced peptide assemblies as nanofibers or
nanotubes, respectively.’

Despite advances in modulating the assembly of peptides
with natural design, the fundamental relationship between
peptide sequence and corresponding assembly outcome
remains elusive.”®'°® To unambiguously determine essential
motifs for peptide assembly, the systematic truncation and
sequence modification on assembling peptides, assisted by
well-established peptide synthetic approaches, become highly
desirable.”**" Through a reductionist approach, Gazit and
coworkers identified diphenylalanine (FF) as the minimal
self-assembling motif of f-amyloid, evidenced by the formation
of well-defined FF nanotubes upon diluting the monomeric
hexafluoroisopropanol (HFIP) solution with water.'*'% Such
initial studies on diphenylalanine-involved assembly demon-
strate the crucial role of aromatic moieties in peptide/peptide
derivative association.'””'** Meanwhile, based on simple and
engineerable short peptide sequence, Ulijn and coworkers
proposed more guiding principles for peptide assembly through
computation and these principles can be experimentally verified
as well.*®*°>'">716 por instance, tripeptides containing two
neighboring aromatic residues exhibit high assembly propensity
and this propensity can be further enhanced when the N- and
C-terminus of tripeptides are coupled with residues carrying
complementary charges.’®"'”"''® In addition, nuances of peptide
structure may cause the inversion of supramolecular chirality of
peptide assemblies, despite the intrinsic chirality of amino acid
residues. For instance, pH, terminal charges, and the sequence
of peptide isomers have been demonstrated to determine the
eventual handedness of peptide superstructures.””**%7'*?

Amphiphilic peptides and peptide derivatives simultaneously
contain hydrophilic and hydrophobic domains, both of
which contribute toward the spontaneous monomer association
synergistically. This synergism usually arises from the cooperativity
among multiple non-covalent interactions, which suggests
a cooperative mechanism, followed by the assembly of
amphiphilic monomers. For instance, taking advantage of
the monomer-buffering effect of kinetic intermediates,
Hamachi et al. synthesized boronophenyl (BPmoc)-protected
triphenylalanine peptide BPmoc-F; capable of seeding-initiated
fiber growth (Fig. 5). The growth of BPmoc-F; nanofiber
followed the cooperative mechanism, as the temperature-
dependent CD measurements on the fiber growth revealed a
non-sigmoidal curve fitting well with cooperative model.
Fully developed nanofibers at the thermodynamic state were
fragmented by vortexing and sonication, and the resulting
nanofiber segments were demonstrated to be seeds to provide
active ends for the subsequent monomer association. As these
seeds were fragmented from thermodynamic structures, the
monomer addition on seeds avoided energetically disfavored
self-nucleation of monomers. Therefore, the seeding assembly
eliminated the energy barrier of kinetic-thermodynamic
conversion and hence speeded up the nanofiber growth.®
Accordingly, the growing peptidic nanofibers stained by fluor-
escent probes were visualized using confocal laser scanning
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Fig. 5 (a) Molecular structure of BPmoc-protected triphenylalamine
BPmoc-F3 and its aggregation degree (x,44) as a function of temperature,
which was calculated from the temperature-dependent CD measurements.
(b) Time-lapse CLSM images showing the growth of BPmoc-Fz nanofibrils
after adding seeds for 0, 10, 70, 130, and 190 s. As a comparison, the image
at 300 s without adding seeds shows hardly any assembled structures.
Adapted with permission from Macmillan Publishers Ltd: Nat. Chem., from
ref. 68, copyright 2016.

microscopy (CLSM) and revealed a seeding-accelerated fiber
growth as expected (Fig. 5b).

3. Strategies to construct
multicomponent nanostructures
containing peptides/peptide
derivatives

3.1 Programming functional chromophores into
nanostructures by pre-linking with peptides

There are twenty amino acids in nature, encoded by a gene, that
makeup proteins across all living systems.?*#%12% According to
the water affinity of their side chains, these natural amino acids
can generally be divided into hydrophilic and hydrophobic.’®
Hydrophilic amino acids usually carry polar or ionizable moi-
eties, particularly, Asp, Glu, Lys, Arg, and His are electrically
charged at physiological pH, which renders them prevailing
constituents in biomedical materials."**'* Hydrophobic
amino acids are featured by the presence of aromatic or
aliphatic moieties and peptides consisting of aromatic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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residues, identified from B-amyloid, have been elucidated as
important assembling motifs by extensive early studies.?*%%°

Through well-established methods of peptide synthesis,
amino acid residues can be integrated into the peptide chain
in a predetermined sequence. The programmability of peptide
materials establishes their tunable properties, such as solubility,
conductivity, and pH/thermal responsiveness,”**°® which make
them versatile segments in tailoring the intrinsic properties of
functional chromophores through peptide modification.'*¢™
For instance, n-conjugated chromophores are frequently used in
organic optoelectronics,'**™*' however, the poor water solubility
due to aromatic structure hampers their usage in polar
environments.>** Accordingly, these semiconductive aromatic
chromophores are conjugated with hydrophilic peptides to
ameliorate their solubility, as well to achieve peptide-assisted
self-assembly."**™*” The aqueous self-assembly of resulting
amphiphilic conjugates are largely determined by the hydro-
phobic effects of n-conjugated domains, as hydrogen bonding
and permanent dipole-dipole interactions between hydrophilic
peptide segments are attenuated in aqueous environments.’**°
However, with the presence of the electrically charged amino
acid residues that produce strong electrostatic repulsion, the
previously overwhelming attractive hydrophobic effects from
n-conjugated chromophores can be significantly mitigated.”"**
As a consequence, the balance between hydrophobic effects
and opposing electrostatic repulsion within assembling
amphiphilic conjugates can be finely tuned, which enable the
positioning of m-conjugated chromophores into well-defined
nanoarchitectures."**'%°

Despite the success in the self-assembly of D-A conjugates,
the complex synthesis of desired peptidic monomers retards
the progress of this strategy, which in turn motivates the
exploration of the sorted co-assembly of simple peptidic
building blocks. For example, Adams et al. demonstrated that
by slowly decreasing the solvent pH, the mixture of two
naphthalene-functionalized dipeptide hydrogelators, NAPH-AV
and NAPH-AA, coupled with different pK, achieved spatially
resolved, self-sorted gelation networks (Fig. 6)."*° This pH-
triggered self-sorting emerged from the gradual acidification
on the binary mixture that sequentially approached different
pK, values of hydrogelators, thus triggering the gelation of
corresponding components in sequence (Fig. 6b and c).'*
Following this sequential gelation strategy, D and A chromo-
phores were, respectively, conjugated with various peptides to
construct sorted nano-assemblies allowing efficient photo-
induced charge separation.”® These studies highlight the
great potential of kinetic factors, such as time, temperature,
concentration, solvent composition, and mechanical agitation,
on spatially engineering multiple components into one global
complex integrated with sorted domains.

3.2 Supramolecular block copolymers through hetero-seeding

On a molecular level, monomers capable of co-assembly should
possess geometrical resemblance on their structural motifs and
display similar association behavior coupled with comparable
free energy gains of homo-association, otherwise, they are likely
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Fig. 6 (a) Chemical structures of dipeptide gelators NAPH-AV and NAPH-AA.

(b) Degree of assembly derived from integration of NMR data, revealing the
sequential gelation of NAPH-AV followed by NAPH-AA. (c) The decreasing pH,
due to the hydrolysis of glucono-d-lactone to gluconic acid, gradually
approached the pK, of each component and triggered the assembly
of NAPH-AV (blue building blocks) and NAPH-AA (red building blocks)
in sequence. Adapted with permission from Macmillan Publishers Ltd:
Nat. Commun., from ref. 140, copyright 2013.

to produce independently self-sorted homo-aggregates.>***!

Given co-assembly systems whose homo-association of
respective monomers is energetically more favorable than
hetero-association, the formation of the supramolecular
block copolymer as heterogeneous nanostructures integrated
with segments of homo-associated monomers may prevail.
The construction of supramolecular block copolymer
emerges from the development of living supramolecular
polymerization.”>”>3514%143 Ag an early example, Sugiyasu,
Takeuchi, and co-workers synthesized amides and
tridodecylbenzene-bearing porphyrin derivatives capable of n—
7 interactions and intra-/intermolecular hydrogen bonding.”***
These porphyrin derivatives were prone to form kinetically
trapped, off-pathway J-aggregates over thermodynamically
equilibrated H-aggregates (Fig. 7), as assembling molecules
prefer to form the kinetic intermediate with the lowest activation
barrier regarding their predecessor,>*®® the monomeric
porphyrin derivatives in this case. For the assumed consecutive
pathway, increasing the concentration of starting monomers

Nucleus
Nucleation regime

Monomer Elongation regime

Competitive route

/,/'/Block copolymer ™-.__
via hetero-seeding

J-aggregates

Energy

H-aggregates

Fig. 7 Schematic illustration of the construction of supramolecular block
copolymer through hetero-seeding strategy.
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should shift the assembly equilibrium toward its thermo-
dynamic end, however, it failed to accelerate the formation of
H-aggregates here. Because J-aggregates of these porphyrin
derivatives are off-pathway species with respect to thermodynamic
H-aggregates.
encouraged the formation of J-aggregates, which entrapped

Accordingly, larger monomer concentration

monomers from engaging in the thermodynamic state. Therefore,
increasing the monomer concentration enhanced the kinetic
preference here on generating off-pathway structures, which
in turn retarded the formation of thermodynamic aggregates.’*®
To stimulate the kinetic-thermodynamic transition, the authors
added seeds, externally segmented from thermodynamic
H-aggregates, to kinetically entrapped J-aggregates, which avoided
the energetically suppressed reformation of monomers and
nucleation and shifted the divergent assembly pathway to the swift
elongation phase directly (Fig. 7). Moreover, this seeding strategy
allows structural nuances of monomers, thus applicable to
co-assembly systems.”>”*'*> Therefore, sequentially feeding the
living ends of growing seeds with nonself-monomers (hetero-
seeding) produces supramolecular block copolymers (Fig. 7).

Taking advantage of the hetero-seeding strategy, growing
assemblies of amphiphilic peptide derivatives can be fed with
nonself-monomers and these freshly added monomers may
associate with preformed assemblies to produce heterogeneous
block architectures.'**'*® Otto, van der Gucht et al. studied the
cooperative fiber growth of macrocyclic hexamers of SH-Ph
and SH-Cy and prepared triblock copolymers by treating the
preformed hexamer seeds of SH-Cy with non-assembling
trimers or tetramers of SH-Ph (Fig. 8).°® The peptide-
decorated dithiol monomers SH-Ph and SH-Cy in this study
contained similar peptide segments for the B-sheet formation
and used disulfide chemistry to construct the same hexametric
core. As peptidic building blocks here possessed geometrical
resemblance on their structural motifs, they were able to co-
assemble with each other through a hetero-seeding approach.
When segmented hexamer nanofibers of SH-Cy were treated
with trimers and tetramers of SH-Ph, these non-assembling
trimers and tetramers spontaneously rearranged to hexamers
to associate with preformed nanofibers, thus generating
triblock nanofibers. The formation of hexamer fibers started
from the oxidation of peptide-functionalized dithiol-building
blocks of SH-Ph or SH-Cy upon air exposure, which yielded
macrocyclic disulfides as trimers and tetramers (Fig. 8b).
While these metastable trimers and tetramers were incapable
of forming nanofibers, applying mechanical agitation on them
causing the dynamic exchange of reversible disulfide bonds and
thus producing hexamers serving as the starting nuclei to initiate
the following hexamer stacking (Fig. 8c). Moreover, continuous
agitation caused fragmentation of growing fibers, which
produced more active ends for hexamer stacking and resulted
in the exponential elongation of hexamer nanofibers.*®®”

3.3 Peptide assemblies coated by polyelectrolytes

Despite the desirable features of peptidic assemblies such as
self-correcting, adaptable, and stimuli-responsive properties,
their susceptibility toward environmental changes weakens
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Fig. 8 (a) Molecular structures of peptide-functionalized dithiol monomers
SH-Ph and SH-Cy. (b) Oxidation-triggered cyclization of peptide—dithiol
monomers yields a mixture of trimers, tetramers, and hexamers capable of
constant disulfide exchange. (c) Hexamers of peptide—dithiol molecule
assemble into nanofibers through the B-sheet formation of peptide
segments (arrow parts). Upon mechanical agitation, the fragmentation
of hexamer fibre generates more active ends for further elongation.
Figure adapted with permission from ref. 66. Copyright 2015 Wiley-VCH.

fragmentation

their structural integrity against adverse environmental
which compromises their performance in
practical utilizations. Stupp and coworkers synthesized a set
of peptide amphiphiles (PA) by conjugating B-sheet forming
peptides with hydrophobic tails and these PAs self-assembled
into one-dimensional fiber-like nanostructures in aqueous
As long PA nanofibers were superior to shorter
ones in supporting cell adhesion, the thermodynamic and
kinetic factors regulating fiber growth were explored to preserve
their longitudinal dimensions with bioactivity.”*'** For example,
above the critical ionic strength (I.) of 6 mM, the alkyl (Cy¢)-
conjugated peptide sequence V3;A;K; spontaneously achieved
its thermodynamic structure as ultralong nanofibers.”® Upon
dilution, however, the ionic strength dropped down below I,
which largely removed the previous charge-screening effect on

circumstances,

environments.”®
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lysine residues of V;A;K;. As weakened charge screening effect,
in turn, strengthened the charge repulsion on peptide sequence,
the assembly of alkyl-conjugated V;A;K; was attenuated, which
converted the previous thermodynamic structures as ultralong
fibers into kinetically trapped species. Accordingly, heating these
kinetically trapped ultralong fibers upon dilution resulted in
their dissociation and generated monodispersed short segments
instead.”® Notably, the energy barrier of this ionic strength-
induced kinetic-thermodynamic transition was calculated as
171 kJ mol™',”° indicating high structural integrity capable of
counteracting competitive effects as strong as electrostatic inter-
actions or hydrogen bonds. Therefore, well-defined, peptide-
based nano-assemblies may serve as stable frameworks allowing
the sequential positioning of distinct components through
multiple non-covalent interactions.

To improve the structural integrity of peptidic assemblies,
Parquette and co-workers created conformal polydopamine
(PDA) coating around self-assembled nanofibers of naphthale-
nediimide-dilysine NDI-KK, which rendered the resulting
nanofibers impervious toward adverse changes in pH and
temperature (Fig. 9)."*> The self-assembly of NDI-KK in water,
driven by the B-sheet formation of dilysine and J-type n-n
stacking of NDI, generated 1D helically twisted nanofibrils
(Fig. 9a)."** Also, the self-assembly of NDI-KK was carried out
at pH 8.0 to attenuate the unfavorable electrostatic repulsion
for fiber growth due to the protonation of lysine residues.
After 12 h of incubation, the resulting nanofibers were treated
with dopamine, a common hormone capable of oxidative self-
polymerization in alkaline solutions, to produce a crosslinked
PDA coating around them,'**'*” thus generating the PDA/NDI-KK
composite. The starting NDI-KK nanofibers were susceptible
to external stimuli and dissociated after heating or under
acid conditions, in contrast, the PDA/NDI-KK composite
with the protective, conformal PDA coating exhibited much-
strengthened resilience toward adverse environmental factors.
As demonstrated by circular dichroic (CD) spectra and dynamic
light scattering (DLS) measurements, the chiral stacking of NDI
chromophores within PDA/NDI-KK withstood acid pH as low as
3.0 and the overall dimension of PDA/NDI-KK remained stable
from 25-70 °C (Fig. 9b).**

3.4 Entrapping carbon nanotubes with amphiphilic peptide
derivatives

Single-walled carbon nanotubes (SWNTs) are expected as
ideal candidates for optoelectronic applications due to
their unique electronic properties emerging from continuous
1D structures.'*® However, SWNTs exhibit strong insolubility
in polar environments, which causes detrimental bundling of
SWNTs and restricts their processability in device fabrication.
Early studies demonstrate surfactants and synthetic lipids
can form stable and organized coating layers on the surface of
SWNTs,'*® through a spontaneous process modulated by
the interplay between repulsive electrostatic interactions
and attractive van der Waals force.>® With the presence of
aromatic residues capable of hydrophobic interaction with
SWNTs, amphiphilic peptides and peptide derivatives are also
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Fig. 9 (a) TEM image of PDA/NDI-KK nanofibers and the chemical structure
of peptide amphiphile NDI-KK. On the right panel, the photo of PDA/NDI-KK
hydrogel after incubation at pH 8.0 for 24 h. (b) CD spectra of PDA/NDI-KK
composites at pH 3.0 and 8.0 in water. As a comparison, NDI-KK at pH 3.0
showed no CD signature. Reproduced with permission from ref. 145.
Copyright 2020 Wiley-VCH.

employed to exfoliate and stabilize SWNTs under aqueous
conditions.”®>***> In addition, thiol-containing peptides
capable of reversible cyclization around SWNTs'>**** and cyclic
peptides appended with pyrene moieties'>® have been used to
functionalize SWNTs and achieve their aqueous solubilization
as well. Recently, Thomas, Kruss and coworkers demonstrated
that a coiled-coil peptide rendered SWNTs water-soluble by
forming heptamer peptide barrels to encapsulate SWNTs."®
This coiled-coil peptide, by itself, formed peptide barrels with
channel cavities accessible to hydrophobic molecules."” Upon
mixing with SWNTs, the coiled-coil peptide barrels by heptamer
generated a channel with a pore dimension compatible with
the diameter of typical SWNT species. Therefore, multiple
peptide barrels encapsulated SWNTs and produced a coaxial
peptide coating layer along the length of SWNTs.'*® This
strategy can tailor the surface of SWNTs via non-destructive
modification, thus preserving the optical properties of SWNTs.
Moreover, coiled-coil peptides can form well-defined tubular
structures with tunable diameters, which envisage their
potential in discriminating SWNTs according to the dimension.

Parquette and co-workers encapsulated single-walled
carbon nanotubes (SWNTs) with self-assembled nanotubes of
naphthalenetetracarboxylic acid diimide-lysine bolaamphi-
phile, NDI-bola (Fig. 10)."*® The preformed NDI-bola nanotubes
were segmented by sonication prior to mixing with SWNTs to
reduce potential steric congestion upon entrapping carbon
nanotubes. The resulting nanotube segments encapsulated
SWNTs via electrostatic and cation-n interactions, meanwhile,
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00400j

Open Access Article. Published on 11 August 2021. Downloaded on 1/21/2026 12:01:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

a

®

8 Q O NHj
)\(\/\/N Nl W0
[¢] 0@
NH
®° o © NDI-bola

NDI-bola nanotube tubular hybrid SWNT/NDI-bola

Fig. 10 (a) Chemical structure of the bolaamphiphile NDI-bola, schematic
graphics of NDI-bola nanotube and the co-axial tubular nanohybrid
of SWNT/NDI-bola. (b) TEM image of the co-axial SWNT/NDI-bola nano-
hybrid. (c) Schematic presentation of the electrostatic and cation—m inter-
actions between the inner channels of NDI-bola nanotubes and SWNTs
after sonication-assisted progressive encapsulation. Adapted from ref. 158
with permission from the Royal Society of Chemistry.

the inherent thermodynamic propensity of supramolecular
structures on self-healing"®*'®"  re-combined nanotube
segments along the length of SWNTs to form the continuous
coaxial coating (Fig. 10b and c)."®* Notably, the encapsulation
of SWNTs by NDI-bola nanotubes resulted in the overlap of
their electrical double layers (EDL), which reduced the surface
charge of the outermost layer of lysine residues and redistributed
monomeric bola amphiphiles from solvent to aggregates
according to the colloidal particle theory.'®*'®* To mitigate
the compromised dispersibility due to reduced surface charge,
monomeric NDI-bola formerly dispersed in solvent engaged in
the formation of the bilayer wall of SWNT/NDI-bola hybrids.
In addition, the surface of SWNT/NDI-bola hybrids were
wrapped by various conjugated polyelectrolytes through electro-
static interactions'® to achieve three-component, coaxial
tubular nanohybrids for potential optoelectronic applications.

3.5 Welding heterogeneous tubular segments

Non-specific interactions with few directional constraints, such as
the electrostatic interaction, may also assemble heterogeneous
subunits into hierarchical composites with nanoscale
precision. Kameta and co-workers synthesized two undecyl
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lipids Phe-C;;-Gly-COOH and Phe-C4,-Gly-NH, that, respectively,
assembled into nanotubes with matched diameters and wall
thicknesses in water."® Both lipids carried an uncharged terminus
of phenylalanine derivatives that constituted the neutral exterior
of resulting lipid nanotubes; the carboxyl glycine head of Phe-C;;-
Gly-COOH and the amino glycine head of Phe-C;;-Gly-NH, made
up the negatively and positively charged nanotube interiors,
respectively (Fig. 11). These oppositely charged interiors arose
attractive electrostatic interactions over cross-sections of these two
nanotubes, which combined these tubular segments at open ends
(Fig. 11a)."° After the electrostatic combination, tubular segments
with oppositely charged interiors adopted an alternating
arrangement to create heterogeneous nanotubes with blocked
inner channels where amine and carboxylic sections were
alternately distributed. When a pH-responsive fluorophore
CypHer5 with a pK, of 6.1 traversed these blocked nanochannels,
the ionization of amine/carboxylic interiors caused the deprotona-
tion/protonation of CypHer5 and thus resulting in its intermittent
fluorescence emission.*

3.6 Peptide assembly directed by complementary base pairing

Synthetic oligonucleotides can achieve stoichiometric complexa-
tion through complementary base pairing. As supramolecular
templates, single-strand oligonucleotides successfully modulated
the fine positioning of functional chromophores capable of
complementary base pairing with nucleotidic templates to form
uniform nanohybrids.'***®” Chau and Ni synthesized a series of
tri-segmented peptides which were constituted by an N-terminal
oligocation for DNA binding, a middle amyloid-derived segment for
f-sheet formation, and a C-terminal hydrophilic segment for water
solubility. In aqueous environments, DNAs entrapped by cationic
segments were segregated from environmental surroundings by
laminated B-sheet layers to form viral capsid-like nanofibrils/
nanoribbons. The resulting capsid-like structures are then con-
verted into higher-ordered assemblies through lateral association,
which can be useful in constructing gene delivery vehicles.'®*7°
Taking advantage of the reversible Watson—Crick base pairing,
Stupp and coworkers studied the reversible intertwining and
bundling of alkylated peptide nanofibrils with a surface distribution
of complementary oligonucleotides (Fig. 12)."”* In water, peptide
amphiphile (PA) of alkyl (C;e)-conjugated V;AsE; self-assembled
into nanofibers by projecting their peripheral hydrophilic B-sheet
segments from their hydrophobically collapsed alkyl cores. Based
on this self-assembling PA precursor, complementary oligonucleo-
tides were covalently attached on PA, respectively, thus yielding
complementary conjugates PA-DNA-1 and PA-DNA-1’ (Fig. 12a).
As PA co-assembled with PA-DNA-1 or PA-DNA-1’ in molar
percentages from 0.1% to 10%, the resulting PA/PA-DNA-1 and
PA/PA-DNA-1"  nanofibrils randomly distributed with
complementary oligonucleotide sequences on their surfaces.
Due to the DNA hybridization between PA/PA-DNA-1 and PA/PA-
DNA-1’ fibers, their aqueous dispersions produced gelation after
mixing, which generated a nanofibrous network embedded with
micrometer-sized bundles of intertwined filaments (Fig. 12b and
¢)."”" Confocal optical microscopy revealed DNA-containing
PA-DNA-1 and PA-DNA-1/, labeled with a fluorescent dye Cy3, were

were
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Fig. 11 (a) Chemical structures of undecyl lipids Phe-Cy;-Gly-COOH and
Phe-Cy;-Gly-NH,, and their nanotubes with oppositely charged interiors which
can be combined at open ends. (b) Scanning electron micrograph (SEM) image
of heterogeneous nanotubes after mixing dispersions of Phe-Cy;-Gly-COOH
and Phe-Cy;-Gly-NH,, and the photograph of the resulting hydrogel. Adapted
from ref. 46 with permission from the Chemistry Society of Japan.

enriched in twisted bundles. Considering PA-DNA-1 and PA-
DNA-1’ were evenly distributed in the starting PA/PA-DNA-1
and PA/PA-DNA-1’' nanofibers, the author reasoned that the
formation of DNA-rich bundles was due to the redistribution of
DNA-attached monomers within and among neighboring fibers.
To demonstrate how the electrostatic interactions between
nucleotides affected the growth of the superstructure, nucleotide
sequences in PA-DNA-1 and PA-DNA-1’ were replaced by shorter
counterparts to attenuate their charge repulsion. Moreover, one
of the short nucleotide sequences was converted to peptide
nucleic acid (PNA) sequence to completely remove the charged
phosphate-sugar backbone, thus generating PA-PNA conjugate
PA-PNA-2 and PA-DNA conjugate PA-DNA-2’ (Fig. 12a). PA-PNA-2
assembled into well-defined nanofibers, in contrast, the overwhelm-
ing charge repulsion of PA-DNA-1, PA-DNA-1’ and PA-DNA-2’
precluded the formation of any higher-order nanostructures on their
own but simple spherical aggregates. Finally, the hybridization
between complementary PNA and DNA sequences produced inter-
twined PA-PNA-2/PA-DNA-2" nanofibers with regular pitches, and
further hybridization among these intertwined fibers produced
twisted bundles over time (Fig. 12d and e)."”*

3.7 Nanostructures constituted by cyclic peptides

Studies on cyclic peptides propose well-defined peptidic
building blocks to the construction of tubular nanostructures.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Chemical structures of peptide amphiphile (PA) of alkyl (Cy¢)-
conjugated VzAszEs, complementary pairs of conjugates PA-DNA-1/PA-
DNA-1" and PA-PNA-2/PA-DNA-2’. (b) PA/PA-DNA-1 and PA/PA-DNA-1
nanofibers combined by DNA hybridization. (c) SEM image reveals bundles
of intertwined filaments within the gelation network of individual nanofibers.
(d) Simulation snapshot of intertwined PA-PNA-2/PA-DNA-2’ nanofibers.
(e) TEM images of intertwined PA-PNA-2/PA-PNA-2’ nanofibers evolved
into twisted bundles over time. Adapted from ref. 171 with permission from
AAAS.

Early studies by Granja, Ghadiri and co-workers showed
that hollow tubular nanostructures could be achieved
from the extended ring-stacking of cyclic polypeptides.'”>*">
For instance, a cyclic octapeptide consisting of alternating
p- and r-amino acid residues adopted a free-energy-optimized
flat conformation to situate its backbone amides perpendicularly
with respect to the cyclic plane. With the protonation of glutamic
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acid residues, multiple cyclic peptides stacked with each other
via PB-sheet-like intermolecular hydrogen bonding, therefore
producing hundreds nm long tubular structures with internal
diameters of 7-8 A.'”?

Smaller peptide rings, as simple as cyclic dipeptides were
demonstrated, by Govindaraju et al., to form various nano-
architectures, including nanotubes, nanospheres, and
nanosheets through tailoring the length of alkyl appendants
on dipeptide rings."”®'’”” The geometry of cyclic dipeptides
enables them to project their appended side groups toward
the peripheral. Accordingly, the self-assembly of cyclic
dipeptides tethered with fluorescent chromophores regulated
these chromophores into restricted stacking, which produced
strong aggregation-induced emission (AIE)."”® Moreover, with
the presence of butyloxycarbonyl (¢Boc) group capable of host—
guest interaction with B-cyclodextrin (B-CD), the self-assembly
of ¢Boc-cyclo-dipeptide was regulated by the addition of a
competing guest molecule, adamantane carboxylic acid.'”’

Recently, Perrier and co-workers demonstrated that polymers
conjugated with cyclic peptides allowed further modification/
complexation, which generated the tubular nanostructure owing
to functional polymeric corona.'®*® For instance, through
reversible addition-fragmentation chain transfer (RAFT), the
block copolymer poly(acrylic acid)-polyisoprene was grafted onto
a cyclic octapeptide.'®® Along with the stacking of cyclic peptide
cores, this block copolymer-cyclic peptide conjugates assembled
into tubular structures consisting of multiple polymer shells.
Moreover, through the selective crosslinking of the outer acrylic
acid shell and ozonolysis removal of the inner polyisoprene
shell, the previous tubular assemblies could be converted
into nanotubes with tunable dimensions of the inner core.'®®
The presence of polymer side chains can also provide extra
control on the extent of cyclic peptide stacking.'®* For instance,
cyclic peptides were conjugated with pH-responsive poly
(dimethylamino ethyl methacrylate) (pDMAEMA) to produce
cylindrical polymer brushes under basic conditions.*®* However,
reducing environmental pH enhanced the protonation
of pDMAEMA arms, which gave rise to stronger electrostatic
repulsion between cyclic peptide-pDMAEMA conjugates, thus
attenuating their propensity on aggregation.'® In addition, the
cyclic peptide core could be appended with hydrophobic or guest
groups, thus providing extra stabilization'®® or embedding the
host-guest switch'® to the assembly of cyclic peptide-polymer
conjugates, respectively.

4. Functioning of peptide/peptide
derivative-containing nanocomposites
modulated by the spatial organization
4.1 Positioning silver nanoparticles into ordered arrays

Controllable nucleation of heavy metals establishes the
preparation of functional metallic nanoparticles applicable to
tunable plasmonic resonance, catalysis, antimicrobial, etc.
However, metal nanoparticles, with high surface energy,
usually exhibit a strong propensity for aggregation, which
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severely compromise their intrinsic properties.'®” Given amino
acid residues accessible for further functionalization, peptide
derivates carrying nucleation/binding sites are employed
to construct well-defined biotemplates for the preparation
of stably dispersed metal nanoparticles. Liu and coworkers
synthesized a fluorenylmethoxycarbonyl (Fmoc)-peptide amphi-
phile, which assembled into fibrous structures.® The surface
of the resulting nanofibers was distributed with carboxylic acid
and thiol groups. Upon reduction by sodium borohydride,
silver ions adsorbed by carboxylic moieties nucleated into
silver nanoparticles (AgNPs) and these AgNPs were further
stabilized by thiol groups through the formation of coordinate
covalent bonds.™® Stupp and co-workers developed an aldehyde-
attached peptide-amphiphile capable of forming high-aspect-
ratio nanofibers with a complete surface coverage by aldehyde
moieties.'®® As one aldehyde moiety can stoichiometri-
cally reduce two silver ions to Ag, cluster via the Tollens’
reaction,'® the aldehyde surface of resulting nanofibers
enabled the site-specific nucleation of silver ions along the
longitudinal axis, which produced metallic peptide nanofibers
exhibiting antimicrobial effect and less toxicity toward eukar-
yotic cells."®®

Despite the stable dispersion of AgNPs along with peptide
frameworks, the spatial arrangement of nanoparticles largely
remains poorly ordered. Employing phenylalanine-based
amphipathic self-assemblies of enantiomeric .-NAPH-Phe and
p-NAPH-Phe as chiral templates, Srivastava et al. successfully
prepared helical tapes of polydopamine (PDA) to position
AgNPs into the specific chiral arrangement. (Fig. 13)."%°
In sodium bicarbonate solution (pH 10), L-NAPH-Phe and
p-NAPH-Phe with primary amine residues spontaneously
assembled into (P)- and (M)-helical tapes, respectively. Poly-
merized dopamine contains electrophilic catechol quinones,
which create its inherent reactivity toward the nucleophilic
amines.’® Therefore, treating amine-contained L-NAPH-Phe
and p-NAPH-Phe helical tapes with dopamine resulted in the
formation of covalent PDA coatings over helical tapes via the
in situ, oxidative self-polymerization of dopamine in alkaline
solutions (Fig. 13a). Presumably, due to the pH-dictated ionization
of catechol residues, PDA-coated helical tapes, which completely
rolled up into nanotubes at pH 7 were re-opened into loose
helices as pH increased from 7 to 10 (Fig. 13b). Moreover, the
polyphenolic PDA served as mild reducing agents'®> for AgNP
nucleation and the resulting AgNPs were preferentially positioned
along the edge of PDA-coated helical tapes, thus integrating
AgNPs into supramolecular architectures with predefined chirality
(Fig. 13c).

4.2 Immobilizing multiple functional proteins on peptidic
assemblies

The functional competence of synthetic proteinaceous materials
highly hinges on the integration of multiple proteins into
hierarchical architectures in optimized combinations, as well
as in well-defined ratios. Collier and coworkers prepared
fluorescent composites by incorporating multiple fluorescent
proteins with B-sheet fibrils, and the color of the resulting
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Fig. 13 (a) Chemical structures of enantiomeric amphiphiles L-NAPH-Phe
and p-NAPH-Phe. Self-assembled L-NAPH-Phe and p-NAPH-Phe were
treated with dopamine at pH 10, forming (P)-helical PDA/L.-NAPH-Phe
tapes and (M)-helical PDA/p-NAPH-Phe tapes, respectively. (b) pH-
Controlled deformation of PDA-coated helical tapes. (c) The helical
arrangement of AgNPs along the edge of helical tapes at pH 10. Repro-
duced with permission from ref. 190. Copyright 2019 Wiley-VCH.

composites was highly tunable by modulating the ratio of
incorporated proteins (Fig. 14)."** The incorporation of fluores-
cent proteins started with the co-incubation of -sheet-modified
green fluorescent proteins (GFP-Ptail) with B-sheet-forming
peptides (QQKFQFQFEQQ, Q11) at physiologic pH (Fig. 14a).
As the peptide tail of GFP-Btail had slow fibrillization kinetics,
GFP-Btail underwent a gradual transition from o-helix to B-sheet
upon incubating with Q11. After co-incubation, the resulting
GFP-Btail/Q11 nanofibers were sedimented by centrifugation
and exhibited tunable fluorescence whose emission intensity
was proportional to the concentration of GFP-Btail relative to
Q11 at the onset of incubation.

It is noteworthy that due to the non-specific interaction
between protein cargos and peptidic fibrils, other B-sheet-
forming peptides in addition to Q11 were able to co-assemble
with mutated GFP-ftail, whose peptidic tails incapable of
inserting into growing fibrils, which suggested the generality,
yet empiricism to some extent, of this protein integration
strategy. After demonstrating the co-assembly of GFP-ftail
and Q11, another two f-sheet-tailed fluorescent proteins,
eGFP-ftail and dsRED-ftail, were successfully integrated with
growing Q11 nanofibers to achieve blue and red fibrillar
composites, respectively. Under mild agitation, resulting nano-
fibers with different colors were associated into microgels at
predetermined ratios to produce composites with various
fluorescent colors including pink, orange, and turquoise
(Fig. 14b). Finally, statistically mixing B-sheet-forming peptides
with B-sheet-modified fluorescent proteins was further applied
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Fig. 14 (a) Schematic illustration of the incorporation of fusion proteins

consisting of B-sheet formation domains into growing B-sheet nanofibers,
which generate peptide nanofibers carrying multiple fluorescent proteins in
precisely controlled ratios. (b) Modulating the colour of fibrillar microgels by
changing the relative molar ratio of various fluorescent protein/Q11 peptide
nanofibers. Adapted with permission from Macmillan Publishers Ltd: Nat.
Mater., from ref. 193, copyright 2014.

on the incorporation of other functional fusion proteins to
achieve adjustable enzymatic activities and antibody responses.'*?

The charged surface of some peptide-based nanostructures
provides abundant binding sites for multiple enzymes capable
of sequential chemical conversions, thereby creating peptidic
nano assemblies integrated with multienzyme cascades.'®*
Tibita, Parquette and co-workers immobilized CO,-fixing
enzyme, RubisCO, and the associated assimilatory pathway
enzymes of carbon fixation upon self-assembled Ac-KK(CPT)-
NH, or NH,-KK(CPT)-NH, nanotubes (Fig. 15). These enzyme-
loaded peptide nanotubes produced ribulose 1,5-bisphosphate
(RuBP), the substrate for RubisCO, from ribose-5-phosphate
(R-5-P) or glucose and continued the subsequent CO,-fixation
catalyzed by RubisCO to yield the product as 3-phosphoglyceric
acid (3-PGA)."®® Due to the positively charged surface of nano-
tubes, form II L, dimeric RubisCO (from Rhodospirillum
rubrum, RubisCO 1II) or form I LgSg hexadecameric RubisCO
(from Ralstonia eutropha, RubisCO I) were able to be deposited
on the nanotube surface through electrostatic interactions.'*
The RubisCO enzymes were tagged with gold nanoparticles to
render these enzymes observable by TEM imaging (Fig. 15c).
In the resulting enzyme-nanotube hybrids, RubisCO II
immobilized on NH,-KK(CPT)-NH, nanotubes exhibited
much-enhanced resilience toward proteolysis, as RubisCO II
enzymes embedded in nanotubes were sequestered from
protease. Moreover, RubisCO I immobilized on NH,-KK(CPT)-
NH, nanotubes exhibited a significantly enhanced selectivity
toward CO, from O,, which was attributed to the electro-
chemical microenvironment of immobilized RubisCO I prefer-
entially occluded paramagnetic O, molecules from entering its
active sites."®”
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Fig. 15 (a) Chemical structures of dipeptide-conjugates Ac-KK(CPT)-NH,
and NH,-KK(CPT)-NH, and the TEM images of Ac-KK(CPT)-NH, nano-
tubes assembled in Bicine buffer. (b) lllustration of RubisCO deposited on
Ac-KK(CPT)-NH,/NH,-KK(CPT)-NH, nanotubes through electrostatic
interactions. (c) TEM images of gold-nanoparticle-tagged RubisCO |
immobilized on Ac-KK(CPT)-NH, nanotubes. Adapted from ref. 195 with
permission. Copyright 2017, Springer Nature.

4.3 Serving as drug carriers

Owing to the inherent biocompatibility of peptidic assemblies,
they have been extensively studied as drug carriers to
accommodate the complicate extracellular environment under
therapeutic conditions. Natural amphipathic peptide sequences
capable of forming B-sheets often comprise alternatingly arranged
hydrophobic and hydrophilic residues,® likewise, many assem-
bling peptide amphiphiles contain conjugated alkyl segments
that serve as the hydrophobic drug loading domain. Upon self-
assembly, the alkyl segments are embedded in the peptidic
periphery and sequestered from water, thus creating a hydro-
phobic phase to noncovalently entrap drug molecules lacking
water solubility.*>"**'*” To further improve the structural stability
of drug-loaded peptide nanoassemblies and guarantee the repro-
ducibility in their loading contents, drug molecules are covalently
attached with assembling peptide amphiphiles to achieve
therapeutic peptide conjugates as nanomedicines.'"'?2!

Cui and co-workers constructed anticancer drug amphiphiles
by conjugating four camptothecin (CPT) molecules with various
B-sheet-forming sequences (GNNQQNY) bearing diglutamic
acid (CPT-Sup35-E,) or dilysine (CPT-Sup35-K,) residues on the
C-terminal (Fig. 16)."°® The resulting therapeutic amphiphiles
CPT-Sup35-E, and CPT-Sup35-K, individually assembled into
nanofilaments with diameters ~6 nm. In contrast, mixing
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CPT-Sup35-E, CPT-Sup35-K,

Fig. 16 Chemical structures of CPT-bearing amphiphiles CPT-Sup35-E,
and CPT-Sup35-Ks.

oppositely charged CPT-Sup35-E, and CPT-Sup35-K, at molar
ratio 3:1 (n/n) produced their co-assembled structures as nano-
tubes with external diameters of ~123 nm and wall thicknesses
of ~25 nm. The large hydrophobic segments of CPT-Sup35-E,
and CPT-Sup35-K, containing four CPT molecules were crucial
to creating the packing geometry of curved nanotube walls, in
contrast, their amphiphilic analogues with only one or two CPT
appendants were incapable of forming tubular structures.
Additionally, decreasing the concentration of amphiphile
mixture revealed not fully developed nanotubes as helical
ribbons, which demonstrated that the growth of nanotubes
underwent the widening of helical precursors. Although the
unfavorable dimension and surface charge of CPT nanotubes
in this study prohibited their administration on tumor-bearing
mice through tail-vein injection, locally injected CPT-bearing
amphiphilic nanotubes exhibited a prolonged retention time
on tumor sites, which may support the sustainable CPT release
benefitting the local tumor treatment.'%®

4.4 Photophysical processes regulated by the spatial
arrangement of chromophores

Within photonic/electronic nanostructures, effective and
long-range charge delocalization is a direct consequence of the
supramolecular arrangement of chromophores. Accordingly,
electron donors and/or acceptors have been conjugated with
assembling peptides to construct semiconductive hydrogels.>**®
With the formation of peptide frameworks, conjugated donor
and acceptor chromophores are positioned into nanostructures
with high spatial precision. Resembling the organized light-
harvesting chromophores within bacteria and green plants
capable of photosynthesis, electron donors (p-type) and
acceptors (n-type) organized by assembling peptides can
replicate their natural counterparts to support highly efficient
photophysical energy-/electron-transfer events.'*>%20>203
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Ulijn and coworkers synthesized an n-type naphthalenediimide-
dipeptide conjugate acceptor, NDI-YF-NH,, thorough the
thermolysin-catalyzed condensation between NDI-tyrosine
(NDI-Y) and phenylalanine amide (F-NH,) (Fig. 17a).>** This
enzymatic amide condensation is reversible, which permits the
exchange of F-NH, by various amino acid amide derivatives
and thereby generating a dynamic peptide library capable of
self-assembly.?>2°” While the peptide bonds within these
n-type NDI-appended peptide conjugates were of a dynamic
nature, the consequent amide hydrolysis was able to be
mitigated by forming alternating stacks with p-type donor
chromophores, such as 1,5-dialkoxy naphthalene (1,5-DAN)
(Fig. 17a).2°4%%” Because this alternate donor-acceptor stacking
generated strong charge-transfer interactions, which was
reasoned to produce favorable free energy change to attenuate
the enzymatic amide bond exchange.?®” In addition, the closely
packed donor-acceptor chromophores in alternating fashion
allowed long-range charge delocalization, which resulted in
the significant enhancement in conductivity of resulting
co-assembled nanostructures.

Tovar, Adams, and coworkers synthesized two peptidic
n-electron conjugates: oligo(p-phenylenevinylene) flanked by
B-sheet-forming peptides, OPV3, and quaterthiophene flanked
by naphthalenediimide-appended peptides, OT4-NDI (Fig. 17b).
As these two peptidic m-electron conjugates had different pkK,,
controlling the rate of acidification on their mixture triggered
the gelation of these two conjugates stepwise or simultaneously,
which produced self-sorted or co-assembled hydrogel networks,
respectively.”® In order to avoid the instant pH decrease by
adding HCI, the slow hydrolysis of glucono-8-lactone (GdL) was
employed to achieve gradual acidification on the assembling
conjugates. With the hydrolysis of GdL, ionized carboxylic
groups on OT4-NDI with a larger pK, were further protonated
than OPV3, which accordingly induced the preceding gelation
of OT4-NDI. Therefore, GAL hydrolysis-induced acidification
triggered the orthogonal assembly of OPV3 and OT4-NDI
in the presence of each other, which eventually produced
a self-sorted gelation network from their binary mixture. In
contrast to hydrolysis-induced acidification, adding HCI caused
absolute protonation and charge screening on all peptidic con-
jugates immediately, which in turn yielded the co-assembled
network containing both OPV3 and OT4-NDI in a random
arrangement. Comparing with the self-sorted network, co-
assembled OPV3 and OT4-NDI supported more efficient
energy-/electron-transfer from oligo( p-phenylenevinylene) to
quaterthiophene and naphthalenediimide chromophores,
demonstrating the influence of spatial organization of chromo-
phores on the photophysical processes within nanoassemblies.*®

4.5 Integrating artificial photosynthesis with peptide
nanotubes

Diphenylalanine (FF) can spontaneously assemble into high-
aspect-ratio nanotubes that may serve as stable supramolecular
frameworks to template the deposition of extra-functional
constituents on the nanotube surface.”®® Park and co-workers
created artificial light-harvesting hybrids by depositing
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Fig. 17 Chemical structures of donor and acceptor peptide conjugate
pairs: (a) NDI-YF-NH5/1,5-DAN, (b) OPV3/OT4-NDI.

J-aggregates of tetra(p-hydroxyphenyl) porphyrin (THPP) and
platinum nanoparticles (PtNPs) on the surface of self-
assembled FF nanotubes (Fig. 18). Given the high specific
surface area of resulting nanohybrids, THPP and PtNPs immo-
bilized on nanotube surface participated in the formation of
biomimetic redox gradient, which established the chemical
basis of artificial photosynthesis (Fig. 18).>°° The preparation
of light-harvesting hybrids started from mixing molecularly
dissolved FF and THPP in 1,1,1,3,3,3-hexa-fluoro-2-propanol
(HFIP), which was then diluted by phosphate buffer (pH 6.0)
to induce coaggregation of FF and THPP as a green precipitate.
The absorption spectra of the resulting FF/THPP precipitate
exhibited a prominent red-shift from monomeric THPP,
demonstrating the J-aggregation of protonated THPP
(H,THPP*") in the FF/THPP hybrid which was also consistent
with the rough THPP coating on FF nanotubes. Assuming the
negatively charged surface of FF nanotubes bound protonated

FF nanotube — ?

HO, OH

oISl

y Pt nanoparticles
s P

o ¢ NADH*

NADH

redox
| ‘ enzyme
I substrate )
T product
O O [ yvisible light
HO OH £
THPP aggregates / 8 TEOA

Fig. 18 Light-harvesting peptide nanotubes capable of artificial photo-
synthesis. Figure adapted with permission from ref. 209. Copyright 2012
Wiley-VCH.
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THPP aggregates through electrostatic interactions,”'® the
metal precursor (K,PtCl,) mixed with FF/THPP was photo-
reduced to PtNPs to generate the ternary FF/THPP/PtNPs
hybrids. Within the ternary hybrids, THPP aggregates and
PtNPs supported strong exciton coupling and efficient charge
separation, respectively. Therefore, the FF/THPP/PtNPs hybrid
enabled consecutive electron transfer from the starting electron
donor, triethanolamine (TEOA), to THPP, then to PtNPs and
finally reached the electron mediator ([Cp*Rh(bpy)(H,0)]*",
Cp* = CsMes, bpy = 2,2/-bipyridine). Moreover, to simulate the
photophysical process in photosystem I, the artificial photo-
system in this study was coupled with NADH regeneration
to drive the enzymatic conversion (glutamate dehydrogenase)
of a-ketoglutarate to r-glutamate upon visible light exposure.>*’

4.6 Supercapacitor electrodes constructed by peptide
nanotubes

Electron-rich moieties conjugated with peptides can be positioned
into densely arranged nanostructures along with the self-assembly
of peptides. These organized moieties in proximity may support
the delocalization of m-electrons, which underlies the semi-
conductivity of such peptide assemblies.>'"?'> Biocompatible
diphenylalanine (FF) nanotubes contained quantum-confined
regions for electron transfer, accordingly, biosensor electrodes
decorated with FF nanotubes owned an enlarged effective surface
area, which enabled ultrasensitive detection of ethanol, phenol,
and antigen.”*'® Given the great success of peptide nanotubes

Fig. 19 (a) Preparation of supercapacitor electrodes decorated with ver-
tically aligned cyclo-FF nanotubes through vapor deposition. (b) Top-view
and (c) side-view SEM images of vertically aligned cyclo-FF nanotubes.
Reproduced with permission from Macmillan Publishers Ltd: Nat. Nano-
technol., from ref. 216, copyright 2009.
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in the surface modification of high-surface-area electrodes, they
were subsequently explored to create a patterned and homo-
geneous coating on the electrode of the supercapacitor to achieve
bio-modified energy storage devices.'**'® Gazit, Rosenman, et al.
created a dense coating of vertically aligned peptide nanotubes
over supercapacitor electrodes through the vapor deposition of
cyclo-diphenylalanine (cyclo-FF) (Fig. 19).>'® By modulating the
supply of cyclo-FF for deposition, aromatic peptide nanotubes
grew into nanoforests with tunable height over electrode surface,
thereby producing high-surface-area supercapacitor electrodes
(Fig. 19b). The dense and homogeneous alignment of peptide
nanotubes significantly enlarged the interface between electrode
and electrolyte solution, resulting in a larger capacitance than
capacitors constituted by standard or CNT-modified carbon
electrodes. Moreover, the highly reproducible electrostatic charge/
discharge processes of such nanotube-modified supercapacitors
suggested their structural stability and excellent endurance toward
potential sweeps.

5. Conclusions and perspectives

Benefiting from the diversity of chemical composition, multi-
component nanocomposites can be imparted with greater
tunability and synergism on their hierarchical structures, thus
more closely replicate the functional competence of naturally
occurring materials and organisms. In the review, we have
illustrated the fundamental kinetic and thermodynamic
principles of supramolecular polymerization, which establish
various strategies to construct multi-component nanostructures
from amphiphilic building blocks. Most of these strategies
involve monomers consisting of assembling peptide factors,
which accordingly generate supramolecular frameworks to
regulate the following incorporation of functional components.
Moreover, these strategies enable the incorporation of every
individual component with high spatial precision, therefore,
producing well-defined nanocomposites whose functional
competence originates from the synergistic interplay between
spatially organized constituents.

Despite tremendous advancements in the construction of
peptide-based nanohybrids, studies on multicomponent assembly
largely remain as semi-empirical exploring. Resembling classic
supramolecular systems, peptide-based structures are commonly
prepared in solution. Peptidic monomers retain their spatially
defined aggregation by one or more noncovalent interactions,
including hydrogen bonding, n-stacking, hydrophobic effects, and
charge-transfer interactions. The strength of these noncovalent
interactions, typically within 10-100 k] mol '>"7 is similar
to those between solute and solvent, which renders the micro-
structure of peptide-based nanocomposites highly fluxional
toward external factors and stimuli.*® Particularly, in contrast to
synthetic monomers assembling in organic media, the critical
role of hydrophobic collapse in initiating peptide-involved
assembly results in larger susceptibility of structural integrity to
temperature, concentration, and other instinct properties of
aqueous solvents. Therefore, revisiting the knowledge of physical
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chemistry provides us new insights into the relationship between
solute and solvent that correlates with self-assembly.>*%>'?

Moreover, recent progress of supramolecular polymerization
brings new theoretical models to unravel the coassembly
mechanism of multicomponent system.>***® Quantitative
spectroscopic studies, including UV, CD, and fluorescence,
combined with morphology imaging through AFM, TEM, and/
or super-resolution fluorescence microscopy, set up powerful
experimental techniques to resolve the composition of complex
coassembly system. Hopefully, future efforts will convert
current heuristic studies of peptide-involved assembly to stoi-
chiometric and designable research, which eventually enables
us to unambiguously interpret the correlation between
monomer structure, arrangement of aggregated species, and
functioning of the resulting materials.
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