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Introduction

Self-assembly is defined as a process where individual components form organized
structures via specific and local interactions without any external intervention [1].
Molecular self-assembly is a spontaneous process where the molecular components
organize into ordered structures through non-covalent interactions such as van der
Waals, hydrophobic, capillary forces, electrostatic forces, or hydrogen bonds [2].
Although these interactions are relatively weak when compared to covalent bonds,
they form reasonably stable higher-order structures through self-assembly due to the
additive effect of these secondary forces. In other words, these self-assembled
structures are thermodynamically more stable due to lower values of Gibbs free
energy when compared to that of the individual components (building blocks).
Since the underlying interactions are rather weak, any external stimulus can alter
the self-assembled structures. However, once the stimulus is removed, they can revert
back to their original structure. Molecular self-assembly is ubiquitous in nature, and
it has evolved in many areas including chemical synthesis, nanotechnology, polymer
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science and materials science, and engineering [3-9]. The molecular level
self-assembly is a typical example of the ‘bottom-up’ approach where molecules in
the sub-nm range come together to form assemblies that are in nm or bit larger
in dimensions [10, 11]. Numerous self-assembling systems ranging from di-
and tri-block copolymers, complex DNA structures, simple and complex proteins,
and peptides have been developed [12-20]. Complex and intricate monodisperse
structures can be obtained through self-assembly with high precision and
reproducibility.

Self-Assembling Peptides

Biomolecules possess an inherent ability to form hierarchical self-assemblies in
aqueous medium. Biomolecules such as proteins, deoxyribonucleic acid, and
lipids have been widely investigated for their self-assembling properties [21-27].
In fact, these three biomolecules form the ‘molecular trinity’ of biomolecular
self-assembly. Peptide systems have been especially popular self-assembling
systems due to the large number of structures that can be generated by slight
modification of the number and nature of amino acid residues in the sequence
[8, 28, 29]. The stability, ease of synthesis, and controlled self-assembly regulated
by various physicochemical parameters have resulted in the popularity of self-
assembled peptide systems [30]. Since peptide self-assembly is a bottom-up process
where amino acids form the building blocks, it is easy to introduce functionalities
on the carboxyl or amine terminal groups, opening up the possibilities of a wide
range of chemical interactions leading to specific functions. Though peptides
containing naturally occurring L-amino acids have been widely investigated
for their self-assembling characteristics, D-amino acid containing peptide
systems have also been explored due to their stability against proteases [31].
Self-assembling peptides may vary in the number of amino acids starting from
2 to as high as 20. The simplest building block reported thus far is the dipeptide
(diphenylalanine — FF) from the core recognition motif of Alzheimer’s amyloid
beta peptide [32]. This dipeptide is reported to form different structures based
on the pH that is employed (Fig. 8.1). For instance, at a pH lower than the
isoelectric point of the peptide, it forms nanofibrils, whereas at a pH higher than
its isoelectric point, the peptide forms nanotubes [33].

Despite the numerous advantages of self-assembling peptides, there are
several challenges associated with their use in biomedical applications, which
include problems related to processability, control of size, functionalization,
and stability in aqueous media [34]. For example, biosensing platforms
employing self-assembling peptides require electric contacts between the self-
assembled nanostructures and transducers, which become tedious due to the
small dimensions involved. However, with the advancement in micro- and
nanofabrication techniques, such problems are being overcome, paving the way
for use of peptide nanostructures in molecular electronics. Another impediment
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Fig. 8.1 Mechanism of formation of nanotubes by FF dipeptide

relates to the low conductivity of the self-assembled peptide nanostructures, which
limits their use in sensing and diagnosis. However, by the introduction of conductive
polymers, enzymes, and metallic particles, the electrical current conductivity can be
enhanced [31, 35].

Factors Influencing Self-Assembly

The self-assembly process is influenced by many factors that can be grouped into
any of the three categories, namely, environment-driven factors, substrate-driven
factors, and peptide-driven factors.

Environment-Driven Factors
The pH, temperature, solvent, nature of ions, and ionic strength are factors

that influence the self-assembly process. The pH of the medium alters the charge
status on the peptide and hence the electrostatic forces between the peptide
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molecules. For instance, the peptide STVIIE forms beta-sheets when its net charge
is +1, whereas in its zwitterionic state, it forms random coils and it exists as
a mixture of random coils and beta-sheets when the net charge is —1. This is
because when the net charge is zero as in the zwitterionic form, the packing of
the peptides could happen in many ways leading to an amorphous structure. The
presence of a net charge gives directionality to the associations as well as deter-
mines the distance between the peptide chains [36]. The charge distribution in the
peptide also influences the self-assembled structures formed. For example,
when the peptides EAK 16-1 (AEAKAEAKAEAKAEAK), EAK 16-1I
(AEAEAKAKAEAEAKAK), and EAK 16-1V (AEAEAEAEAKAKAKAK) were
self-assembled, it was found that EAK 16-1 and EAK 16-II formed fibrillar
assemblies, while EAK 16-1V formed globular structures between pH 6.5 and 7.5
and fibrillar structures at other pH due to the neutralization of charges in the
beta-sheet structures formed, which promotes aggregation at pH away from the
neutral pH [37]. The nature of anion also was found to influence the structures
formed by the EAK 16-II peptide in the presence of Cu®* ions. While SO,>~ caused
formation of nanofibers, the monovalent CI~ and NO3~ caused formation of short
fibrils with a mixture of alpha helix and random coils. This is due to the ability of
the divalent sulfate anions to act as an electrostatic bridge between two
lysine residues unlike the monovalent ions. Higher ionic strength of the medium
contributes the shielding of the electrostatic charges on the ionizable groups
present in the peptide sequence, thereby altering the critical aggregation
concentration as well as the pH required for association or dissociation of the
self-assembled structure [37]. Factors like the solvent polarity, surface tension,
hydrogen bond-forming ability, and dielectric constant influence the peptide
self-assembly and strength of the self-assembled structures. Introduction of
methanol as cosolvent contributed to the formation of nanofibers
of diphenylalanine (FF) on a glass substrate. This was attributed to the high
hydrogen bond donor and acceptor property of methanol that promoted formation
of highly crystalline nanofibers [38]. On increasing the methanol content,
solvation of the peptide molecules occurred, which prevented aggregation of the
solvated peptide. It was also observed that organic cosolvents with higher surface
tension contributed to reduction in fiber dimensions to the nm range. The dielectric
constant of the solvent has been found to influence the peptide substrate binding
affinities [39].

Substrate-Driven Factors

The surface tension, hydrophobicity, and surface texture of the substrate influence
the self-assembly process. Hydrophobic substrates promote better spreading of
peptide sequences that have greater number of hydrophobic residues. Surface
topography, on the other hand, directs the orientation as well as fiber dimensions.
The dipeptide FF was found to self-assemble into nanofibers with a well-spread
morphology on poly(vinyl chloride), whereas in silicon, which had a periodic rough
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texture, finer fibers were observed along with vertically aligned hollow nanotubes
of larger dimensions suggesting that the rough morphology retards the stacking
interactions between the peptide molecules [34].

Peptide-Driven Factors

Peptide-driven factors that direct self-assembly are the number and nature of amino
acid residues in the sequence, the isoelectric point, and the peptide concentration [40].
Aromatic residues led to the formation of rigid structures that possessed nanotape or
nanoribbon morphology [41]. Reduction in the surface tension of the peptide
molecule can lead to the formation of globular assemblies instead of fibrillar struc-
tures as observed with the peptide EAK 16-IV at neutral pH. Peptide aggregates are
formed above a particular concentration known as critical aggregation concentration
(cac), which in turn is dependent on the peptide sequence. Below the cac, the seeding
and nucleation occur, while above cac, the aggregated ensembles are discernible [42].
In the case of surfactant-like peptide amphiphiles, if the surfactant number is between
Y5 and Y4, then cylindrical micelles and nanofibers are observed (Fig. 8.2). However,
if the surfactant number is between %2 and 1, then bilayer formation occurs. In
the case of micelle-forming peptides, increase in the intermolecular cross-links
has been found to reduce the curvature leading to the formation of cylindrical
micelles as observed in the hexadecyl-modified peptide sequence CCCCGGG
phosphoserine—-RGD [43].

Classes of Self-Assembling Peptides

Peptides that self-assemble are amphiphilic and are classified based on their nature
of self-assembly.

Molecular Lego Peptides

Peptide lego systems consist of both hydrophilic and hydrophobic residues that
form beta-sheet structures and well-defined nanofiber matrices with an average pore
size of 5-200 nm in aqueous solution. These peptides are termed as molecular lego
peptides as they possess alternating charged and hydrophobic amino acids like
the pegs and holes of lego blocks. For example, in the peptide RAD 16-I,
the sequence is RADARADARADARADA, where R (arginine) is a cationic
amino acid and D (aspartate) is an anionic amino acid. These oppositely charged
amino acid residues are separated by a hydrophobic amino acid residue, alanine.
The charge status of the peptide sequence will therefore be represented
as(+ - +—+—+—+ —+ — + — + —), and such sequences are referred
to as modulus I peptides. Similarly, modulus I (++— —++— —) and modulus III
(+++— — —+++— — —) have also been reported based on their charge pattern.
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Fig. 8.2 Influence of surfactant number on the formation of self-assembled nanostructures

These peptides spontaneously form nanofibers of 10 nm length in the presence of
cations of alkaline earth metals due to electrostatic forces. Since ionic interactions
are involved in the self-assembly process, the molecular lego peptides readily form
hydrogels [44]. The hexadecapeptide DAR 16-IV with the peptide sequence
DADADADARARARARA has similar amino acid residues as RAD, with the
only difference that the sequence of the charged amino acid residues varies. This
difference is markedly reflected in the self-assembled structures formed by the two
peptides. The self-assembled structures formed by DAR 16-IV can transform from
an alpha helix to a beta-sheet depending on the pH, ionic strength, and temperature
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of self-assembly. But, RAD 16-I does not form alpha helical structures under any
condition. This is because in the case of RAD 16-1, if the peptide assumes an alpha
helical structure, the positively charged side groups in arginine (R) will be repelled
by the positively charged N-terminus, and the anionic aspartate (D) will experience
electrostatic repulsion from the like-charged carboxylate in the C-terminus. Hence,
it always remains in the beta-sheet form. In the case of DAR 16-1V, the negatively
charged aspartate will stabilize the positive N-terminus, and the positively charged
arginine will exhibit electrostatic attraction with the negative C-terminus when it
adopts an alpha helical form. Thus the nature, number, and sequence of amino acids
are critical parameters that determine the type of self-assembled structures that can
be formed by peptides [45].

The molecular lego peptides are also known as ionic self-complementary pep-
tides due to their pattern of electrostatic association that contribute to their stability.
Zhang and his coworkers identified the first molecular lego peptide EAK-16 from
a Z-DNA binding protein zuotin from yeast [36]. The ionic self-complementary
peptides initially form beta-sheets, which later form a fibrous network, progres-
sively by undergoing sol—gel transition. The substitution of a basic amino acid with
another basic amino acid (for instance R with K) or an acidic amino acid with
another acidic amino acid (e.g. D with E) does not bring about significant changes
in the self-assembly pattern. However, substitution of an acidic amino acid with
a basic amino acid and vice versa was found to alter the self-assembly pattern. Such
structures were found to form beta-sheets but did not form higher-order structures.
Substitution of the alanine residues with more hydrophobic residues such as
leucine, valine, and isoleucine accelerates the self-assembly process [46].

Surfactant-Like Peptides

Surfactant-like peptides self-assemble either into nanotubes or nanovesicles
[47-50] (Fig. 8.3). They are termed as surfactant-like due to the presence of
a hydrophilic head comprising charged amino acids (lysine, arginine, glutamic
acid, aspartic acid, etc.) and a hydrophobic segment comprising nonpolar amino
acids (alanine, leucine, valine, etc.). Intermolecular hydrogen bonding plays
a major role in determining the structures formed by the self-assembly of these
peptides. Vauthey et al. were the first to design a self-assembling peptide that can
self-assemble into nanotubes and nanovesicles [47]. Some common examples of
surfactant-like peptides include A¢D, V¢D, V¢D,, LgD,15, and G¢D,. These pep-
tides initially self-assemble to form a bilayer, which later undergo further associ-
ations to form nanotubes.

The nature of the amino acids in the sequence has an important role in dictating
the type of self-assembled structures formed. The peptide sequences AgK and AcD
both formed nanotubes often exhibiting twisted tape or fibrillar morphology. A
heptapeptide, namely, Ac-GAVILRR-NH,, formed donut-like ring structures [46].
Peptides like V¢D,, VsDVD, and V4D,V have been reported to form fibers, tapes,
and twisted ribbons rather than nanotubes. The differences in the self-assembled
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Fig. 8.3 Self-assembly of surfactant-like peptide amphiphiles (SLPAs) into various nanostructures

structures formed could be attributed to the variations in the packing density of
the peptide aggregates [5S1]. The number of hydrophobic amino acids in each
surfactant-like peptide also influences the final self-assembled structure. Three
peptides AzK, AgK, and A¢K, with different hydrophobic chain lengths were
investigated for their self-assembling properties [52]. While A;K formed stacked
bilayers, AgK formed nanofibers and A¢K formed nanorods. The absence of
higher-order structures in A3zK peptide was attributed to the absence of measurable
critical aggregation concentration (cac), probably due to the short hydrophobic
segment. Several surfactant-like peptides found in nature also exhibit similar
self-assembling characteristics to form vesicular structures that may be relevant to
prebiotic enclosures that sequester enzymes from their environment [53].

Lipid-Like Amphipathic Peptides

The lipid-like peptides are a subtype of surfactant-like peptides and consist of
a hydrophilic head group and a tunable hydrophobic tail. Though the lipid-like
peptides possess different composition, sequence, and packing, they share several
similarities with phospholipids that self-assemble to form lipid bilayers. The length
of the peptide is about 2.5 nm, which is comparable to natural phospholipids. Both
systems self-assemble in water to form nanovesicles with an average diameter of
30-50 nm. A point of distinction between the two systems is in the nature of
association between the individual components. In phospholipids, the acyl chains
in the hydrophobic tails compactly pack together to displace water molecules
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Fig. 8.4 Various self-assembled structures formed by carpet and switch peptides

from the interior and hydrophobic forces drive this process, which impedes
formation of hydrogen bonds. However, in the case of lipid-like peptides, in
addition to the hydrophobic tail packing, intermolecular hydrogen bonds are
formed in the backbone. The presence of charged side chains in these peptides
confers pH sensitivity as well as responsiveness to change in the ionic strength of
the medium.

Carpet Peptides

Carpet peptides also known as molecular paint peptides were first developed by
Zhang et al. [54]. These peptides can undergo self-assembly and form monolayers,
a few nanometers thick on a surface. These peptides thus act as a carpet for the
attachment of cells or they can trap other molecules, thereby providing molecular
recognition (Fig. 8.4). These peptides consist of three segments. The first segment
or head contains ligands that serve as molecular recognition motifs for cell surface
receptors. The middle segment serves as a linker that allows the head to interact
at a distance away from the surface and also provides certain degree of flexibility
to the peptide structure. The last segment or tail enables covalent binding with
the surface. These peptides are widely used to study cell-cell communication.
The peptide sequence RGDAAAAAC is a typical example of a molecular
paint peptide [54]. The RGD segment serves as a recognition motif for the
cell surface receptors integrins and hence can promote cell adhesion. The five
alanine residues (AAAAA) serve as linkers, while the lone cysteine residue can
enable anchoring of the peptide to gold substrates through its sulthydryl
group. Similarly, the tetradecapeptide RADSRADSAAAAAC that also possesses
a ligand (RADS) for cell recognition has been developed for painting gold
surfaces [55].
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Switch Peptides

The switch peptides possess a unique ability to transform its molecular structure in
response to environmental stimuli. For example, the hexadecapeptide DAR16-IV
can form beta-sheet structures at ambient temperatures but transforms to an alpha
helix when the temperature or pH of the system is modified. This suggests that
secondary structures of sequences flanked by the negative charges on N-terminus
and positive charges on C-terminus may undergo drastic changes if the pH and
temperature are changed. These peptides were converted to electronically respon-
sive structures through incorporation of metal nanocrystals [56]. An undecapeptide
with the sequence Ac-QQRFQWQFEQQ-NH, was found to self-assemble into
structures with progressively increasing order — tapes, ribbons, fibrils, and finally
fibers [57] (Fig. 8.4). The side chains of the glutamine (Q) residues involve in
hydrogen bonding and promote formation of [B-sheets. The arginine (R) and
glutamate (E) residues facilitate electrostatic interactions with the complementary
countercharges on the neighboring chains leading to stabilization of antiparallel
B-sheets forming a tape-like structure. The phenylalanine (F) and tryptophan (W)
residues contribute to hydrophobic forces that drive the formation of ribbons.
In the ribbon-like morphology, two tapes associate face-to-face stabilized by
the hydrophobic forces leading to a twist. At higher concentrations of the peptide,
the ribbons stack together to form fibrils. The substitution of the glutamine residues
with glutamate (E) in the peptide sequence induces pH responsiveness in the
peptide. At acidic pH (<2), the glutamate residue is protonated and hence will
exhibit associative interactions promoting the existence of a nematic phase. As the
pH is increased, the glutamate residues get deprotonated, and hence greater
repulsive forces are introduced leading to transformation of the nematic phase to
an isotropic fluid phase. Thus the peptide acts as a molecular switch in response to
pH changes by transforming reversibly between nematic and isotropic fluid phases.

Cyclic Peptides

The design of cyclic peptides, whose dimensions and assembly could be tailored as
desired, was inspired from the tubular pores formed by the tobacco mosaic
virus [58]. Ghadiri and his coworkers were the first to report the self-assembly of
a rationally designed cyclic octapeptide cyclo(L-gln-p-ala-L-glu-p-ala-), [59].
These cyclic peptides have alternating D- and L-amino acids, which interact
through intermolecular hydrogen bonding to form an array of self-assembled
nanotubes with an internal diameter of 7-8 A (Fig. 8.5). The diameter of the
tube depends on the number of amino acid residues forming the cyclic peptide.
At alkaline pH, the carboxylate groups of glutamate residues become negatively
charged as a result of deprotonation and prevent stacking associations due to strong
electrostatic repulsive forces. At acidic pH, the carboxylate groups become proton-
ated and hence favor association through extensive hydrogen bonding between the
amide carbonyl and -NH- groups in the backbone. Each cyclic peptide forms a flat
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Fig. 8.5 Self-assembly of cyclic octapeptide lanreotide into nanotubes

ring that stacked over one another and is stabilized by hydrogen bonding resulting
in a hollow nanotube. The side chains of the amino acids face the exterior of
the tube to minimize steric repulsions. These side chains can also be functionalized
to incorporate desired properties to the nanotubes. The cyclic octapeptide lanreotide
NH,-(D)naphthylalanine-Cys-Tyr-(D) Trp-Lys-Val-Cys-Thr-CONH,, an analogue
of somatostatin 14, also self-assembled into tubular structures with a diameter of
24 nm and length running to several microns [60].

Nucleopeptides

This category of peptides represents a hybrid molecule formed from oligonucleo-
tides and amino acids. The sequence of both components influences the nature of
self-assembly. Gour et al. have reported the self-assembly of a nucleopeptide
formed by grafting the dipeptide FF to the 12-mer oligonucleotide with sequence
CTCTCTCTCTTT [61]. The diphenylalanine (FF) is part of the core recognition
motif of the amyloid peptide and self-assembles to fibrillar structures in its pristine
state. However, the nucleopeptide formed using this peptide motif self-assembled
to spherical structures, which may be attributed to the hydrogen bonding interac-
tions and amphiphilicity of this hybrid molecule. Li et al. had developed
nucleopeptides that self-assemble to form supramolecular hydrogels using the
dipeptide FF conjugated to a nucleobase (A, G, T, or C). These nucleopeptides
served as hydrogelators forming entangled nanofibers in water and could lead to
many interesting biomedical applications [62, 63].
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Peptide Amphiphiles (PA)

Peptide amphiphiles comprise of a hydrophilic head and hydrophobic tail that
self-assemble in aqueous solution to form well-defined nanostructures like peptide
bilayers, micelles, nanotubes, nanorods, and nanovesicles [64—66]. These mole-
cules can be chemically modified easily to tailor their properties for specific
applications such as cell adhesion and internalization. The mechanistic insights
into the self-assembly of peptide amphiphiles using V¢D as a model have suggested
that the peptide amphiphile initially self-assembles into a bilayer and then into
a cyclic vesicular form that undergoes stacking to form nanotubes. It has also been
suggested that higher-order structures could be obtained by interconnection of these
tubes through three-way junctions [67]. Most of the peptide amphiphiles form beta-
sheet containing nanofibrils that can be induced either by addition of divalent salts
or by altering the pH of the solution. The divalent cations form an ion bridge
leading to stronger intra- and interfibrillar associations. Experiments have revealed
a high degree of solvation in the interior of the self-assembled structures formed by
peptide amphiphiles [44]. Incorporation of a cysteine residue in a peptide sequence
promotes reversible cross-linking of the peptide leading to modification of the
stiffness of the peptide chain. Another strategy to impart amphiphilic character to
the peptide sequence is to incorporate a fatty acyl chain to the N-terminus of
a peptide sequence. The acyl chain contributes to the hydrophobic character to
the peptide amphiphile. Using an elegant set of experiments, Lowik
et al. demonstrated the influence of alkyl chain length on the self-assembly of the
peptide GANPNAAG [68]. The peptide molecules modified with Cg, C;q, and C;,
acyl chains self-assembled into random coils independent of temperature, while
those containing C4 and C;¢ acyl chains underwent a transition from B-sheets to
random coils on increasing the temperature. Increasing the acyl chain length
contributes to enhanced hydrophobicity leading to differences in the thermal
stability.

In a seminal work, Hartgerink et al. developed a peptide amphiphile with
four distinct domains that self-assembled into cylindrical micelles in aqueous
solution [69]. The N-terminus of the peptide sequence Cys-Cys-Cys-Cys-Gly-
Gly-Gly-phosphoSer-Arg-Gly-Asp was modified with a 16-carbon alkyl chain
that forms the hydrophobic component. The cysteine residues contribute to the
formation of -sheets and stabilize the self-assembled structure by covalent capture
where superstructures are transformed into a supramolecule through covalent
bonding. The disulphide bridges formed due to the oxidation of the cysteine residues
confer rigidity to the supramolecular structure. Further, stabilization of the structure
is provided through extensive hydrogen bonding. The glycine-rich segment forms
the flexible spacer domain. The phosphoserine residue confers charge and hence pH
responsiveness to the sequence, while the RGD serves as a recognition motif for cell
adhesion. This peptide amphiphile associated at acidic pH and dissociated at alkaline
pH (Fig. 8.6). Similar analogues have now been developed for many biological
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applications. Reverse peptide amphiphiles like C160-VEVE with a free N-terminus
were prepared using unnatural amino acid (ornithine, O) modified with a fatty
acid chain and were mixed with conventional peptide amphiphiles containing free
C-terminus. Such de novo designed peptide amphiphiles formed nanobelts [70].
A twisted nanoribbon morphology was observed when the cell adhesion motif RGD
was incorporated in the C-terminus (C160-VEVEGRGD).

Apart from normal method of peptide synthesis, recombinant DNA techniques
have also been employed to produce two amphiphilic peptides, namely,
Ac-A,V,L3WG,-COOH and Ac-A,V,L3;WG,-COOH, which self-assembled into
nanovesicles [71].

Bolaamphiphilic Peptides

A bolaamphiphilic peptide consists of two hydrophilic terminals linked through
a hydrophobic segment. This class of peptides derives its name from the South
American hunting weapon that consists of two balls linked by a string. Stupp and
his coworkers reported the self-assembly of a bolaamphiphilic peptide consisting of
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glycylglycine (GG) residues at either end linked through a 7-carbon acyl chain [72]
(Fig. 8.7). The bolaamphiphilic peptides were pH responsive and formed helical
ribbon-like structures at alkaline pH. The hydrophobicity of the acyl chain in the
middle influences the twist in the structure so as to minimize contact with the
polar environment. At acidic pH, the peptide self-assembles to form nanotubes
presumably due to the additional hydrogen bonds formed through the protonated
carboxylic groups of the amino acid residues.

Other Self-Assembled Peptide Structures

Crick, in 1953, first reported coiled-coil structures, commonly seen in many
proteins. The major driving force is the hydrophobic interaction among the helices
and a typical coiled structure consists of 2—5 left-handed alpha helices containing
seven amino acid residues (heptad), each wrapped around each other to form a
supercoil. According to the peptide Velcro (PV) hypothesis, there are three major
requirements for formation of such structures [54]. The first and fourth residues
must be hydrophobic to facilitate dimerization of the peptide chains along one face of
the helix. The length of the hydrophobic side chain dictates the formation of dimers,
trimers, or tetramers. Increasing hydrophobicity stabilizes the self-assembled
structure through van der Waals’ and hydrophobic interactions. The fifth and seventh
amino acid residues should have charge to promote electrostatic interactions
between the peptide chains. In order to facilitate attractive associations, it is
important to have an acidic and a basic amino acid residue at these positions. Leucine
zipper proteins and cartilage oligomeric matrix proteins exhibit such type of
coiled-coil structures. A right-handed alpha helical coiled-coil structure has also
been identified in tetrabrachion, a protein from the bacterial Staphylococcus
marinus. This structure contains undecapeptide helices that possess a core filled
with water, thereby exhibiting a different packing pattern with the hydrophobic
and hydrophilic residues in the first, fourth, and eighth positions falling on the
same face [73]. Apart from peptide Velcro where one strand of acidic amino acid
residues mingles with other strand of basic residues to form a parallel heterodimer,
Ryadnov et al. have designed belts and braces where two peptides are bound together
by the third peptide of opposite charge. These belt and braces were used as a template
to form colloidal gold particles and were commonly referred as peptide-mediated
nanoparticle assembly [74]. Other types of self-assembled peptide systems include
amphiphilic peptides in beta strand conformation which self-assemble into twisted
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Table 8.1 List of peptide systems and their self-assembled structures

Peptide sequence

AgD, VD, V¢D,, LeD>
G4D,, G6D,, GgD,, GioD2
V6K, VeKo, V3K

VK2, LeKz, AcK, VeH, VK, HyVe, KVg
Ac-AgD-COOH and Ac-AgK-COOH

Mixtures of Ac-AgD-OH and Ac-AgK-NH,
Ac-GA VILRR-NH,
I6Ks, LeKo, VeKa

V¢D,, VsDVD, V,D,V,

AsK, AgK, AgK

AcK

Ac-A,V,L3;WG,-COOH and
Ac-A,V,L3WG,-COOH

chol-HsR o, chol-H;oR ¢ (chol denotes
cholesterol)

ApHsK o, ApHsK 5, and HsK o
(non-amphiphilic control)
Ac-(AF)gHsK,5-NH,

NH,-IsH4Rg-CONH,, NH,-FsH4Rg-CONH,,
NH,-WsH4Rg-CONH,, NH,-H4Rg-CONH,
chol-G3RTAT, TAT = YGRKKRRQRRR
AgD and AgK

AC-V()Rz-NHz, AC-V6K2-NH2, AC-AGK-NHz,
AC-Ius-NHz, AC-AﬁK-OH, DAs-NHz,
AC-VﬁDz-NHz, AC-A6D-OH, KAG-NHZ
H-K;-[WPL]5-W-NH,, H-CK3-[WPL];-
W-NH2, Ac-[K(Ac)]5-W-[WPL];-W-NH,,
Ac-C[K(Ac)]3-W-[WPL];-W-NH,, Ac-C(sl)
[K(Ac)]3-W-[WDL]3-W-NH2, where sl denotes
the spin label acetamidoproxyl

Study carried out

Formation of nanotubes [47]

Formation of nanotubes and vesicles [48]
Adsorption at air/water interface used for DNA
immobilization [75]

Formation of nanotubes and vesicles [48]
Determination of critical aggregation
concentration (cac) of particles formed during
self-assembly [66]

Formation of twisted fibrils [76]

Formation of ‘nanodonut’ structures [46]

Correlation of secondary structure with the
morphology of nanostructures formed [67]

Influence of sequence and purity on
self-assembly [51]

Determination of cmc, self-assembled
structures, correlation with its antibacterial
activity [52]

Elucidation of nanotube structure and its
mechanism of formation [77, 78]
Formation of vesicles [71]

Vehicles for delivering genes [79]
Vehicles for delivering genes [80]

Vehicles used for delivering both drugs and
genes [81]
Vehicles for delivering genes [82]

Antimicrobial activity [83]

Stabilization of G-protein-coupled receptor
bovine rhodopsin against denaturation [82, 84]
Stabilization of protein complex photosystem-I
and enhancement of activity [64]

Micelle aggregation and formation of particles
and beads [85]

tapes, helical dipolar peptides that undergo conformational change between a helix
and beta-sheet similar to molecular switch, and surface binding peptides that form
monolayers that are covalently bound to a surface. Table 8.1 gives a list of some of
the major peptide systems investigated for their self-assembling properties.
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Structure Manipulation

The formation of nanofibers can be promoted by peptides that have an ability to
form beta-sheets. Presence of branched amino acid residues confers an ability to
transform from a o-helical structure to a B-sheet depending on the nature of the
medium [86]. The propensity of beta-sheet forming ability of peptide sequences
can be retarded by introduction of proline residues at the N- and C-terminals. As
proline lacks hydrogen bond-forming ability owing to its planar ring structure, it
restricts the expansion of the beta-sheet network. This results in formation of
straight nanofibers of about 80-130 nm in diameter and several mm long. The
fine structure will show striations arising due to packing of tightly coiled alpha
helical structures, especially if phenylalanine was one of the amino acid residues in
the sequence. This is due to additional aromatic interactions contributed by
phenylalanine. If phenylalanine was substituted by aliphatic hydrophobic residue
such as isoleucine, the straight fibers formed revealed tape-like inner structures.
Attempts to functionalize these nanofibers to impart biorecognition have been
made using biotin conjugation at their N-terminus [87]. These biotin terminals
can be used to tether molecules linked to anti-biotin molecules. However, such
functionalization strategies resulted in a loss of the supramolecular assembly
formed by the peptide.

Three main forces, namely, hydrophobic, hydrogen bonding, and coulombic
forces, are mostly involved in controlling the self-assembly process [88]. A com-
bination of hydrogen bonding, n—m interactions, and van der Waals’ interactions
promotes formation of columnar, disc-like aggregates, while hydrophobic effects
and m—m stacking favor formation of 2D sheets and rectangular aggregates.
Cross-linking between peptide chains leads to rigid rods, while cross-linking in
micellar assemblies leads to reduction curvature, thereby forming cylindrical
micelles. Rod-shaped structures can further stack to form columnar assemblies as
their elongated, anisotropic geometry permits their preferential alignment along
one spatial direction [89]. Hartgerink had employed three main design principles
for customizing the peptide nanostructures that could be formed from cyclic peptide
sequences [30, 59]. The cyclic peptide should contain only eight amino acid
residues as shorter sequences lead to strained amide backbone, while longer
sequences will be flexible. Steric interactions between the side chain and the
backbone of the heterochiral alignment are prevented by designing the register of
the stack in such a way that the rings will align with homochiral residues as their
neighbors. Side chain—side chain interactions are manipulated using glutamine
residues that play a major role in intra- and intermolecular hydrogen bonding
interactions. Incorporation of non-peptide moieties into a self-assembled ensemble
can lead to emergence of novel properties. For instance, the poor conductivity of
self-assembled peptide nanostructures, which limits their use in sensing and
diagnosis, can be overcome by the introduction of conductive polymers, enzymes,
and metallic particles. Alignment and positioning of the peptide nanostructures on
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a solid surface can be achieved through appropriate chemical modification of the
substrate surface or peptide nanostructures, or both. Atomic force microscopy
(AFM), dielectrophoresis, or optical tweezers have been employed for making
appropriate connection between the self-assembled peptide nanostructures and
transducers [90, 91]. Sedman et al. have used AFM as a thermomechanical
lithographic tool to create indents and trenches in the self-assembled nanotubes
formed by diphenylalanine and dinaphthylalanine, thus utilizing them as
nanobarcodes [92]. Reches and Gazit have also tried manipulation of the peptide
nanostructures using magnetic forces. Apart from modification, functionalization of
the peptide nanostructures has been carried out by Rica and coworkers using
dielectrophoresis (DEP) for the incorporation of antibody-functionalized peptide
nanotube on top of gold electrodes for the development of label-free pathogen
detection chip [72]. Schnarr et al. have created coiled-coil heterotrimeric assembly
by employing electrostatic forces, and this molecular self-assembly is driven by the
hydrophobic forces, while the building blocks were matched via electrostatic
interactions [93].

Improving Stability of Peptide Self-Assembling Systems

Many attempts have been made to improve stability of the self-assembled ensem-
bles through cross-linking or enhancing associative forces. Recently, self-
assembled polymeric vesicles with enhanced stability, specificity, and tunability
were formed from amphiphilic block copolymers with alternating hydrophilic and
hydrophobic segments [44]. Introduction of a polypeptide chain in this amphiphilic
block copolymer results in the formation of peptosomes [57, 94]. The peptide
segments are mostly associated with the hydrophobic segments resulting in the
self-assembly. The peptide WNVFDFLIVIGSIIDVILSE derived from the calcium
channel forming protein CalVS3 exhibits adhesive properties and thereby enhanced
stability [95] due to the cohesive forces between the chains that are responsible for
driving their association even in the absence of water. Gudlur et al. had designed
two amphiphilic peptides with an oligolysine main chain (Ks). The o- and €-amino
groups were both modified with either the hydrophobic nonapeptide FLIVIGSII
(hy) or the hydrophobic pentapeptide FLIVI (hs). These amphipathic lipid-like
peptides when mixed in equimolar quantities (hghs) spontaneously self-assembled
to form vesicular structures in an aqueous medium. Differential scanning calorim-
etry studies on the hohs peptide vesicles indicated good thermal stability over
a wide range of temperature, and no alteration in the structure was observed [95].
A peptide derived from human elastin consisting of hydrophobic repeats PGVGVA
along with the cross-linking regions composed of polyalanine interspersed with
lysine [96] formed highly insoluble nanofibers upon incubation at 37 °C. Once
fibers were formed, the side chain of lysine is converted to an aldehyde by lysyl
oxidase enzyme, which then reacts with neighboring primary amines to form
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dehydrolysinonorleucine that then forms desmosine cross-links. These cross-linked
fibers formed from a small peptide fragment of elastin exhibit good mechanical
properties like resilience and strain at breaking point. Covalent capture is a recently
developed strategy that integrates the design and synthesis features offered by
non-covalent self-assembly along with structural integrity. This approach involves
covalent bond formation for stabilizing the self-assembled supramolecular ensem-
bles without significantly affecting their structure. The formation of covalent bonds
can occur before or after self-assembly. The order of self-assembly and the covalent
bond formation play an important role in determining the physical structure of
the aggregate formed. If the covalent bond is formed before self-assembly, either
there will be low yield or the desired molecular aggregate will not be formed.
However, if the covalent bond is formed after self-assembly, the pre-organization
of reacting species happens, and the covalent bond formation is also enhanced.
Bilgicer et al. have employed the covalent capture method to dimerize two
coiled peptides — one containing a leucine residue and the other an unnatural
amino acid hexafluoro leucine at the same specific site [97]. The dimerization
of the two peptide sequences containing the natural leucine and unnatural
fluorinated leucine hydrophobic residues was achieved by incubating them in
a glutathione buffer.

Characterization Tools

Characterization of the self-assembled peptide structures for their electrical,
physical, and chemical properties is essential to determine their potential in
applications. A wide range of characterization tools have been employed to elicit
such information on the self-assembled structures (Table 8.2). This effort is
intensifying as newer customized protocols become available with time to evaluate
the performance and properties of novel peptide ensembles.

Microscopic Techniques

Different types of microscopic tools have been used to visualize the self-assemblies
formed by peptides. Apart from forming nanostructures, self-assembled
peptides also form micrometer scale structures that can be analyzed using polarized
light, epifluorescence, and confocal microscopy [98]. While polarized light
microscopy deals with birefringence and is employed to investigate the behavior
of light-crystalline phases, epifluorescence and confocal microscopy are specific
for the peptidic structures involving the fluorophores. Polarized light microscopy
is used to identify various mesophases like nematic, cholesteric, and cubic
involved in the lyotropic behavior of the nanostructures formed from the amino
acid units.
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Table 8.2 Information obtained from various characterization tools for peptides

Characterization technique  Information obtained

Dynamic light scattering Size of the nanostructures formed and investigation of the kinetics

(DLS) of self-assembly

Thioflavin T fluorescence ~ Determination of presence of beta-sheet structures. Employed in
studying the mechanism of amyloid fibril formation

Surface plasmon resonance Measurement of fibril growth and elongation

spectroscopy

Atomic force microscopy Investigation of the kinetics of self-assembly, conduct structure
manipulation, determine the size and morphology of the
nanostructures formed during the self-assembly

Diffraction studies Nanofiber alignment and determination of cross B-sheet structures
Electron microscopy Morphology of self-assembled structures
Gel electrophoresis Determination of monomers and its subsequent polymerization into

dimers, tetramers, and oligomers

Circular dichroism Determination of secondary structure and transition between
secondary structures during self-assembly process

Fourier transform infrared ~ Determination of beta-sheet structures
spectroscopy

Epifluorescence Microscopy

Epifluorescence microscopy is a technique that is widely applied to biological
systems. The sample is irradiated with electromagnetic radiation of a particular
wavelength known as excitation wavelength and the longer wavelength that is
emitted from the sample is then detected. In epifluorescence microscopy, both
excitation and observation of the emission occur from above (‘epi’) the sample.
This technique has been applied to detect both intrinsic fluorescence of the peptide
structures and the emission from fluorophores linked to the peptide chains.
The topography of the self-assembled structures formed by two amphiphilic
peptidolipids derived from the 31-35 residues of the amyloid beta peptide
(C13-IIGLM-OH and C,3-IIGLM-NH,) was observed using this technique [99].
Studies on the association between the FF nanotubes and pyrenyl derivatives have
revealed that the final structure and its photophysical response are found to
be dependent on the pH and the fluorophore concentration. When the pyrenyl
concentration is low and when the pH is less or equal to 7, the structures formed
are shorter and thinner, while at higher peptide concentrations and at alkaline pH,
the fibrils formed are thicker [100]. These findings confirm that the final structure is
due to the balance between electrostatic and hydrophobic forces. At lower pH,
protonation of carboxyl groups of either pyrenyl chromophore or FF molecules
occurs, and hence electrostatic interactions become weakened, while the aromatic ©
stacking between the aromatic rings of the pyrenyl structure dominates. At neutral
pH, though the amino groups are protonated, the carboxyl groups of FF and pyrenyl
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are not protonated, and hence only weak induced dipole interactions are favored. At
alkaline pH, both carboxyl and amino groups are deprotonated, and hence electro-
static forces cannot compete with the hydrophobic forces resulting in side-chain
contacts to form thicker fibrils [100].

Thioflavin Binding Assay

Thioflavin T (ThT) is a fluorescent molecule that binds to beta-sheet structures of
peptide assemblies. The binding results in a red shift in the emission of thioflavin
T from 342 to 442 nm. The presence of aromatic residues that contribute to m—n
stacking interactions of the aromatic rings in ThT with the peptide causes a change
in the charge distribution of ThT in its excited state causing the red shift [101].
The rigidity of the peptide structure and its flatness are additional factors that
contribute to ThT binding. One of the limitations of ThT is its poor solubility in
aqueous solvents. To overcome this issue, a sulfonated analogue thioflavin S (ThS)
has been introduced with sulfonated groups [102]. Congo red is yet another
fluorescent probe that has exhibited selective binding to the beta-sheets of amyloid
and amyloid-like fibrils [103].

Confocal Laser Scanning Microscopy

Confocal laser scanning microscopes (CLSMs) provide high in-plane resolutions
by restricting entry of out-of-focus light by employing a pinhole for illumination of
a sample, thus making it an attractive tool for investigating peptide self-assemblies.
They are mainly used in 3D reconstruction of images recorded at different
slices along the z direction. The imaging of the peptide nanostructures formed has
been accomplished by using confocal laser scanning microscopy (CLSM).
FF microtubes labeled with thodamine B were imaged using CLSM [104], and this
technique has been used to identify the hydrophobic-rich and hydrophilic-rich
regions by labeling FF structures with two fluorescence dyes, namely, rhodamine
and phthalocyanine. Since rhodamine is relatively hydrophilic, it was localized in the
inner core of the peptide assembly, which consists of hydrophilic clusters. Phthalo-
cyanine was found in the hydrophobic external wall of FF nanostructures. The
CLSM enabled visualization of both the hydrophilic and hydrophobic clusters by
reconstructing the images in 3D. Similarly, the distribution of the peptide amphi-
philes C;c-VVVAAAGGKLAKKLAKKLAKKLAK and C;,-VVVAAAKKK in
a hyaluronic acid membrane was imaged using CLSM [105]. The peptide amphi-
philes were modified with a fluorophore at the N-terminus to enable imaging. The
z-sectioning served to understand the localization of the peptide self-assemblies
within the membrane. The effect of the nanofibers formed by the self-assembly of
glucagon-like peptide 1 (GLP-1) mimetic peptide amphiphiles on the cell viability
and proliferation of rat insulinoma cells were investigated using CLSM. The CLSM
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technique has been extensively used as a powerful tool to investigate cell morphol-
ogy, migration, and proliferation. The influence of a self-assembled scaffold formed
from an ionic complementary peptide modified with biorecognition motifs on the
cell morphology, spreading, and migration was investigated using CLSM. The
results indicated that the designer peptides modified with cell adhesion motif from
osteopontin and signaling motif from osteogenic signaling peptide promoted
excellent growth and proliferation of osteoblasts.

Atomic Force Microscopy

Scanning probe microscopies, especially the atomic force microscopy (AFM), have
been widely used to investigate the geometry of the self-assembled nanostructures,
to measure their conductivity, and to determine the Young’s modulus and thermal
stability of the structures under dry conditions. The AFM contains a probe attached
to a flexible cantilever, and as the probe moves over the sample at a preset rate, the
force of interactions between the probe tip and the sample surface is measured, and
the topography of the sample is constructed. The deflections in the cantilever are
recorded by monitoring the reflection of a laser beam focused on the cantilever and
recorded through a photosensitive photodiode. This technique offers atomic level
resolution and can be a very valuable tool in research on self-assembled structures.
The probe tip, generally in the range of 10 nm, can be conducting or nonconducting
and can be functionalized to investigate specific interactions. The material of the
probe and its geometry are vital in determining its performance. The data
acquisition in AFM can be made in the contact mode or noncontact mode or tapping
mode. One of the challenges involved in using AFM technique is to study peptide
self-assembly in solution as it requires sufficient adhesion with the substrate.
Generally, AFM had been extensively employed to study the morphology of
the aggregates formed by the self-assembly of peptides. Chaudhary et al. had
investigated the propensity of two sequences derived from the amyloid tau
protein Ac-VQIVYK-amide and Ac-QIVYK-amide to form beta-sheets in the
presence of different solvents using AFM [106]. The results revealed that
the Ac-VQIVYK-amide existed both as alpha helices and beta-sheets and the
nature of the solvent was a key determinant of the form in which the peptide
aggregates existed. The formation of the supramolecular assemblies by the
peptide can also be monitored in a time-dependent manner using the AFM probe.
Time-lapse liquid imaging of amyloid fibrils has been employed for kinetic
studies on the rate of formation as well as morphological changes introduced in
the amyloid peptide during the aggregation process under various self-assembling
conditions [107].

For the determination of Young’s modulus, the AFM tip is positioned on the top
of the structure and pressed. From the force—distance curves, the Young’s modulus
can be directly derived using the theoretical model proposed by Niu
et al. [108]. However, this model has a limitation since it depends on the type of
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structure that can be assumed. For example, if it is a hollow structure rather than
a solid, then the Young’s modulus calculated using this model will exhibit signif-
icant deviations from the actual value. Knowles et al. have used another approach to
understand the rigidity and mechanical strength of the self-assembled amyloid
fibrils on mica substrate [109]. The topography of more than 900 fibrils was imaged
using AFM and the shape fluctuations were used to compute the bending rigidity
(Cg) of the fibrils. The cross-sectional moments of inertia (I) were computed for
each fibril based on their height measured using AFM. The Young’s modulus
(Y) was then computed as Y = Cg/I. These values range between 2 and 14 GPa
for most protein fibrils. The Young’s modulus for the completely self-assembled
amyloid fibrils falls in the range 13 and 42 GPa. The elastic modulus of the peptide
assemblies can be further dissected into contributions from the backbone as well as
the side chains, i.e. Y = Ypg + Ygc where Ygg and Ygc are contributions from the
peptide backbone and side chains, respectively. The computed results suggest that
the contribution of the backbone interactions towards the elastic modulus is more
than twice that of the side chains. In the case of amyloid fibrils, the contribution of
Ygpg is about 74 %. It is also postulated that peptide structures with moduli greater
than 22 GPa have significant contributions from the involvement of side chains in
hydrogen bonding. In the absence of significant intermolecular hydrogen bonding
in the peptide structures, the surface tension arising due to the hydrophobic and
hydrophilic residues can also be employed to determine the Young’s modulus using
the relation Y = 2y/h where 7 is the surface tension and h is the inter-sheet spacing
with values in the range of 8 and 12 A. For the observation of thermal stability of
the nanostructures under dry conditions, the AFM tip is positioned above the
structures and the position of the tip is monitored with increase in temperature.
At a particular temperature, as the structure degenerates, the tip will move down-
ward which gives an indication of the maximum temperature beyond which the
nanostructure will lose its stability. Transthyretin fibrils have been examined for
their stability after prolonged exposure to high temperatures using AFM, and it was
found that the thermal stability of the pre-fibrillar aggregates was poor when
compared to the fibrillar assemblies [110].

Electron Microscopy

Electron microscopic techniques, which include scanning and transmission electron
microscopy, are commonly employed tools for imaging self-assembled structures.
Focused ion beam milling techniques were also recently employed to characterize
the nanostructures. Scanning electron microscopy (SEM) is usually used to deter-
mine the geometry of the nanostructure. However, the presence of any defects or
cavities in the structure can be better visualized using transmission electron micros-
copy (TEM) where high-energy electrons pass through the nanostructures and the
final image is reconstructed by mapping the intensities of electrons from each point
in the sample. The more conducting regions in the sample will therefore appear
dark when compared with regions with some resistance to the passage of electrons.
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The imaging is usually done in ultrahigh vacuum of the order of 10~ Pa. The main
advantages of electron microscopy techniques when employed for visualizing the
morphology of the peptide structures are ease of implementation, high magnifica-
tion, resolution, and its ability to image a range of dimensions ranging from
sub-nanometric to micrometric scales. These prospects are possible due to the
smaller wavelength of electrons employed when compared to the visible light.
The scanning electron microscopic technique when applied to nonconducting
samples such as peptide nanostructures requires a thin coating of an inert metal
such as platinum or gold to enable generation of the image. Otherwise, the electrons
will remain on the surface of the sample making the visualization of the finer
structures on the sample impossible. In the case of transmission electron
microscopy, there is a restriction in the thickness of the sample that can be imaged.
Samples less than 0.1 pm alone can be imaged using transmission electron micros-
copy, as thicker samples will not permit transmission of the electrons. It is not
advisable to use accelerating voltages beyond 10 kV in scanning electron micros-
copy for analyzing peptide nanostructures. Similarly, in transmission electron
microscopy, very high voltages will lead to damage of the peptide structures.
Apart from giving information on the morphology of the aggregates, the dimen-
sions of the individual self-assembled structures can also be obtained from the
electron microscopy techniques. The thermal stability of the structure can also be
investigated using SEM where after exposing the nanostructure to particular tem-
perature, the structures can be imaged to observe any deformations postexposure to
high temperature. The strength of the structure can be determined using SEM
combined with FIB source (FIB — focused ion beam). The nanostructure is placed
inside FIB SEM and the time taken to mill the sample is analyzed [111]. By
comparing the time with the standard materials, the stability of the structure can
be determined. The incorporation of metallic compounds in the peptide assemblies
can be imaged using TEM. For instance, TEM was employed to determine
the presence of CuO within the nanotubes due to the enhanced contrast provided
by the metallic compounds [112]. Recently modified FF peptide nanotubes were
used for the determination of the neurotransmitter dopamine. The FF nanotubes
were modified with cyclic-tetrameric copper (II) species containing the ligand
(4-imidazolyl)-ethylene-2-amino- 1-ethylpyridine [Cu4(apyhist)4]4+ (apyhist refers
to the ligand 2-(1H-imidazol-4-yl)-N-(1-(pyridin-2-yl)ethylidene)ethanamine) in
Nafion membrane on a glass carbon electrode. The morphology of the modified
tubes imaged using scanning electron microscopy revealed tubular structures of
thickness around 350-500 nm. The deposition of the Nafion membrane on the
nanotubes was also clearly distinguished [113].

Circular Dichroism
Circular dichroism (CD) is a technique that is applied to optically active chiral

molecules such as proteins and peptides. It is based on the principle of differ-
ential absorption of right and left circularly polarized light by the chiral
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molecule. CD spectroscopy is an invaluable tool to identify the secondary
structures adopted by a peptide during the self-assembly process. The exact
location of the alpha helices or beta-sheets or random coils can be identified
by this technique, and it provides information on the structural transformations
that can occur during the self-assembly process under different conditions.
Hauser et al. have used this technique to show that the self-assembly process
proceeds through structural transition that may occur in three possible steps
based on the peptide concentration [114]. The peptide monomers interact via
antiparallel pairing which is followed by a structural transition to o-helical
conformation. The peptide pairs assemble to form fibers and condense to form
fibrils. The assembly of the peptide monomers serves as the nucleation step,
which then proceeds to form fibrils via nucleation-dependent polymerization
mechanism. The assembly of peptide monomers, however, requires a transition
from random coil to o-helical conformation. Though it is reported that short
peptides of 3—6 amino acids cannot form o-helical conformation, it is indeed
possible above a threshold concentration. The CD spectra also demonstrated that
at low concentrations, the peptides were stable up to 90°C and changed its
random coiled structure as the temperature is increased from 25°C to 90°C. This
change was reversed on cooling. However, once the fibril is formed, the peptide
ensembles adopt B-turn structures, and no reversal in conformation is observed
upon changing the temperature. Circular dichroism has also been widely used to
study the kinetics involved in the formation of a peptide network. It was used to
show that the beta-sheet structures progressively increase with concomitant
reduction in helical coils in peptides with a propensity to form fibers [114].
Zhang et al. had reported that the ionic complementary peptide EAK16 formed a
macroscopic membranous structure due to extensive beta-sheet formation [56].
The membrane formation propensity was retarded in the dodecapeptide
EAK12, while the octapeptide EAK8 did not form membranous structure.
Investigations with CD spectroscopy revealed that the EAKI16 formed
beta-sheets extensively, while EAK 12 had both alpha helix and beta-sheets
and EAKS8 had only random coils. Similarly CD spectroscopic studies on
the self-assembly of KFE8 (FKFEFKFE) revealed the presence of left-handed
double helical beta-sheets that could represent a new category of molecular
materials.

X-Ray Diffraction

The properties of the peptide bond can be studied using X-rays. Linus Pauling
and Robert Corey were the first to report the length of C—N bond in the peptide
link. They also found that the peptide bond is planar, i.e. all the four atoms in
the peptide bond are located in the same plane and the a-carbon atoms attached
to the C and N are in frans conformation. The structural and functional
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relationships in the fibrous protein in wool were established using X-ray diffrac-
tion patterns by William Astbury [115]. X-ray diffraction has been now
employed to determine the crystal structure of any newly synthesized peptide.
It has also been used to calculate the bond distances and bond angles between
the moieties in the peptide. Based on the torsion angle measurements, it is also
possible to predict the secondary structure conformation adopted by the peptide.
Moreover, the forces that stabilize the crystal structure such as van der Waals
and hydrogen bonding interactions can also be predicted. X-ray diffraction
technique is also employed to determine the ultrastructural organization found
in self-assembled peptide structures. Nanofibrillar arrangement results in char-
acteristic diffraction patterns that reveal the presence of cross -sheet structures.
The meridional and equatorial reflections have been used to identify the amyloid
structure. The spacing between the hydrogen-bonded B-strands results in merid-
ional reflection at 4.7-4.8 A and the distance between the B-sheets contributes to
an equatorial reflection at 10 and 11 A [116]. The main challenge in employing
X-ray diffraction techniques is that it is difficult to obtain pure crystals of many
self-assembled structures. The X-ray data is usually obtained using a beam
wavelength of 0.975 A and an extremely small beam size of about 5 pm.
Generally, the crystals need to be cooled to about 100 K for data recording.
Localized radiation damage to the crystals could be avoided by illuminating the
peptide crystals at different locations.

Computational Studies

Due to the high degree of complexity involved in understanding the mechanism
of self-assembly, various theoretical and computational methods have also been
employed. These techniques not only help in understanding the mechanism but
also to design the new sequences with the selected properties for nanobiotech-
nological applications. In particular, molecular dynamic simulations have been
used to monitor the dynamics and investigate the influence of mutations and
solvent effects in the conformational transition from alpha helices into beta-sheet
structures [117]. Various algorithms and theories have been developed to inves-
tigate the properties of complex biomolecular systems at different levels. Due to
the high degree of complexity involved along with the small time scales, coarse-
grained models were used to follow the actual process [118]. However, in this
model, fine atomic details are neglected and only relevant degrees of freedom of
peptide molecule are retained. Activation relaxation technique is a subcategory
of the coarse-grained model, where the interactions among several peptide
chains were simulated ab initio with no bias in original orientation and confor-
mation. Molecular dynamics studies have now been employed to address peptide
self-assembly [119]. These simulations have certain advantages such as ability to
mimic the actual self-assembly of the peptide residues, reveal the structural
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information at an atomic level of the peptide, and provide a dynamic molecular
model at atomic level of ordered assembly. However, there are certain limita-
tions associated with this technique, too, such as a limited resolution, strong
dependency of the quality of predictions on the size of the peptide, and the
limited number of peptide residues for which such predictions could be made.
Several computational approaches have been used to predict the aggregation
propensity of the proteins. For example, a computer program named
TANGO considers the secondary structure and the desolvation penalty of the
residues for calculating the aggregation propensity [120].

Other Techniques

All the techniques discussed thus far are used to characterize the nanostructures in
dry conditions. However, stability of the structures differs when they are analyzed
in wet conditions. To determine the stability of the nanostructures in wet condi-
tions, they are submerged in aqueous solution, and the concentration of monomers
is monitored with time using high-performance liquid chromatography (HPLC).
The increase in the concentration of monomers with time is an indication that the
nanostructures are dissolving in the medium and are, therefore, not stable.
High-performance liquid chromatography has also been employed to identify
impurities associated with the peptide after synthesis [121]. Microrheometry
technique is widely used to perform measurement on weak hydrogels without
affecting their structural components. The measurements are very fast, and the
experiments are not affected by external factors as they carried out in a closed
chamber. Recently, multiple particle-tracking microrheology experiments were
used to follow the hydrogel formation by the peptide KFES [122]. Fourier trans-
form infrared spectroscopy (FTIR) analysis reveals the presence of parallel or
antiparallel beta-sheets and nature of hydrogen bonds in the self-assembled struc-
tures. Differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) are used to determine the effect of temperature on the self-assembled
structures. While DSC gives information on the phase transition temperatures of
the peptide assembly, TGA provides information on the degradation profile of the
assemblies. Crystallographic studies have also been carried out to understand the
mechanism of self-organization. Biocompatibility and immunogenicity of the self-
assembled peptide structures have to be evaluated before their use in biological
systems. Both in vitro and in vivo studies need to be carried out to evaluate the
biocompatibility of a peptide assembly. The self-assembled structure fabricated
using the Fmoc-diphenylalanine peptide was used as a scaffold to grow Chinese
hamster ovary (CHO) cells. The cell viability analyzed using MTT assay showed
that 90 % of the cells were viable, suggesting that the peptide scaffold is biocom-
patible. More in-depth biocompatibility and immunogenicity assessment is how-
ever necessary to eliminate any potential risk of using these structures for
biomedical applications [123].
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Applications of Self-Assembled Peptides

The unique reproducible structures obtained through self-assembly of peptide
sequences have many interesting applications in biological and nonbiological
fields. Figure 8.8 depicts multiple applications that can arise from a cyclic peptide.
A few of them are highlighted in the following sections.

Peptide Nanostructures as Model Systems

Peptide systems that form nanofibrils similar to those formed by the amyloid beta
peptide have been investigated extensively to understand the mechanism of
formation of amyloid fibrils. Amyloid fibril formation has been implicated in
a wide range of degenerative diseases like Alzheimer’s, Parkinson’s, type II
diabetes, and other prion-related diseases [124—127]. The switch peptides have
also been employed to find information about the interactions between the various
proteins involved in the pathology of protein conformation diseases like scrapie,
kuru, Huntington’s, Parkinson’s, and Alzheimer’s disease [128, 129]. Amyloid
fibrils are formed by various peptides such as the full-length human islet amyloid
polypeptide (hIAPP), NFGSVQ peptide fragment from medin, and FF peptide
from Alzheimer’s amyloid beta peptide. NFGAIL a hexapeptide fragment
from islet amyloid polypeptide is reported to form well-ordered amyloid fibrils
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which exactly mimics those formed by the parent peptide [130]. Two active
amyloidogenic peptides, namely, NFLVH fragment of hIAPP and NFGSVQ
fragment derived from aortic medial amyloid, also formed fibrils. Another peptide
from the human calcitonin, namely, NH,-DFNKF-COOH, is also reported to form
amyloid fibrils similar to those formed by the parent protein [56]. A short truncated
tetrapeptide, namely, NH,-DFNK-COOH, also formed fibrils, which clearly shows
there is no correlation between hydrophobicity and amyloidogenic potential since
most of the short peptides are relatively hydrophilic. These results were further
supported by Johansson et al., who studied charged tetrapeptides and
proved hydrophobicity is not sufficient for fibril formation [131]. Peptide legos
(RADA, EAK), peptide amphiphiles, bolaamphiphiles, peptide conjugates, ionic
self-complementary peptides, and long-acting gonadotropin-releasing hormone
have all been reported to self-assemble into amyloid fibril structure. Many peptides
derived from the Alzheimer’s amyloid beta peptide also been shown to form
fibrils. These include AAKLVFF, KLVFFAE, BABAKLVFF, YYKLVFFC,
FFKLVFF-PEG, FFKLVFF, Ac-KLVFFAE-NH,, FF, and YYKLVFF-PEG
[132-135]. It has been concluded that alternating binary patterns and the peptides
with high beta-sheet propensity are prone to form amyloid structures. Gazit and
coworkers have identified that aromatic amino acids play an important role in
amyloid fibril formation through m—r stacking interactions [136]. Custom-made
peptides used as model systems should possess strong electrostatic binding with
the negatively charged lipid membranes and should exhibit structural transition
from random coil to beta-sheet on binding to lipid membranes which initiates
the association and the formation of oligomers and larger aggregates.

Apart from utilizing the self-assembling peptides to understand the pathological
mechanism, it is also used to understand the functions and mechanisms of assembly
of proteins like collagen. Tobacco mosaic virus (TMV) is also a form of supramo-
lecular structure assembled from a single strand of mRNA along with many copies
of identical coat proteins, which organize to form rod-like shape. This TMV has
been used by Schlick et al. for the construction of nanoscale materials without
disrupting its self-assembly [137]. Peptide molecules also have the ability to
self-organize at the air—water interface, which are widely used for mineralization
studies because of its resemblance to insoluble proteins found in nature.

Tissue Engineering Applications

Self-assembling peptides have gained considerable interest in the field of tissue
engineering because functional tissue recovery has been observed in brain and
heart lesions [138, 139]. One common example is the incorporation of cell
adhesion motif RGD in the peptide sequence, which improves the cell
adhesion onto the self-assembled structures formed by peptide amphiphiles.
Collagen-mimetic peptide amphiphiles, which self-assemble into nanofibers that
exactly mimic the structural and biological properties of the native collagen, have
been widely used in tissue regeneration as natural collagen is immunogenic and
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difficult to process [140]. Molecular lego peptides, such as RAD 16-1 and EAK 16,
have been used as scaffolds for neurite outgrowth, hepatocyte regeneration,
etc. [146]. Chondrocytes encapsulated in a peptide scaffold using a self-assembled
peptide with the sequence (Ac-KLDLKLDLKLDL-NH,) exhibited excellent
phenotype and secreted its own growth factors within 4 weeks of culture [147].

Drug Delivery Systems

Peptide nanovesicles have been employed as drug carriers and it is believed that
these nanovesicles enter the cells via endocytosis mechanism and thus can deliver
drugs, genes, etc. [95]. Hydrogelating self-assembling fibers (hSAFs) designed by
Woolfson and group using coiled-coil assemblies had limited use as a drug delivery
system due to the limitation of rapid drug release. However, this was overcome by
incorporating an anionic polyelectrolyte in the cationic peptide [148]. Ghosh
et al. designed a smart self-assembling peptide amphiphile that transforms
from a linear or spherical form to fibrous form upon altering the pH for drug
delivery and in vivo imaging applications [149].

Peptide Assemblies as Therapeutic Agents

The nanotubes formed by cyclic peptides comprising D- and L-amino acids serve as
ion channels and form pores in the membranes leading to disruption of the cell
architecture. As D-amino acids are taken up preferentially by microbes, these
systems can function as effective antimicrobial agents which kill the microorgan-
isms through formation of pores in the cell membrane, thereby causing osmotic
collapse [150]. MacKay et al. have created a chimeric polypeptide consisting of an
elastin-like polypeptide (ELP) fragment and a short cysteine-rich fragment for
the treatment of cancer [151]. The drug conjugated with the cysteine residue
drives the self-assembly that finally forms a drug-rich core and a hydrophilic
peptide corona. Instead of a drug, the self-assembly can also be triggered by linking
the hydrophobic cholesterol moieties with hydrophilic cell penetrating peptides
consisting of six arginine residues. These peptide nanoparticles have antimicrobial
properties and were shown to effectively terminate the bacterial growth in the
infected brains of the rabbits. Beta-sheet-rich peptide nanofibers functionalized
with B-cell and T-cell epitopes have been developed for immunization
[152]. These functionalized nanofibers developed antibodies in mice when injected
with saline, and the levels were comparable with those injected with complete
Freund’s adjuvant. Protection against the beta-sheet-rich peptide nanofibers lasted
for a year and the antibody response is T-cell dependent. Recently, self-assembling
peptide/protein nanoparticles have been used as antigen display systems for
the development of vaccines. For example, a fragment of the surface protein of
severe acute respiratory syndrome coronavirus (SARS-CoV) was incorporated in a
self-assembling peptide nanofiber in the native trimeric coiled conformation [153].
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Antibody formation was elicited when these peptide structures were injected into
the mice, and the antibodies were conformation specific as determined by
qualitative enzyme-linked immunosorbent assay.

Sensors

Peptide nanofibers have been extensively investigated as the next-generation
biosensors where they are used both as a fabrication material and also as
a component in the final system (BioFET) [86]. Nanotubes coated with proteins,
nanocrystals, and metalloporphyrins by hydrogen bonding have been employed as
chemical sensors. These nanotubes also served to improve the catalytic activity of
the enzymes like lipase. Apart from using FF nanotubes as a template for the
fabrication of nanowires, they have also been used for biosensing where FF
nanotubes are deposited on the surface of screen-printed graphite and gold
electrodes for improving the sensitivity. It is also reported that these electrodes
exhibit greater sensitivity compared to those electrodes modified with carbon
nanotubes. The possible reason may be that the FF nanotubes increase the func-
tional surface area of the electrode. Electrical and magnetic fields have been used to
align FF nanotubes. Apart from this, patterning of the FF tubes has been carried out
using inkjet technology, machined by thermomechanical lithography via atomic
force microscopy, manipulated and immobilized using dielectrophoresis, and
arranged on the surfaces by low electron irradiation [31]. Nanotubes are also used
in the detection of pathogens, neurotoxins, glucose, ethanol, and hydrogen peroxide
and as an immunosensor [72]. Peptide nanofibers have been reported for the detection
of copper, dopamine, Yersinia pestis, glucose, etc. [141, 154-155] (Fig. 8.9).

Other Applications

Amyloid-forming peptides are used in the field of nanoelectronics as nanowires.
For example, FF nanotubes are used as a template for silver nanowires of diameter
of approximately 20 nm. Switch peptides find application in molecular electronics
by serving as a nanoswitch [142]. Ryu et al. developed photoluminescent peptide
nanotubes by incorporating luminescent complexes composed of photosensitizers
like salicylic acid. Kasotakis et al. employed self-assembled peptides as a scaffold
for the introduction of metal-binding residues at specific locations within the
structure [143]. An octapeptide from the fiber protein of adenovirus was used to
design cysteine-containing octapeptides that can bind to silver, gold, and platinum
nanoparticles. These metal-decorated fibers were employed in photodynamic therapy
and also used in the development of surface-enhanced Raman-scattering biosensors
for detecting DNA. Lipid-like peptides find application in solubilizing, stabilizing,
and crystallizing membrane proteins, used for drug formulations and also as model
systems for studying protein conformational diseases [144]. Velcro peptides
have been mainly used to study cell-cell communication and cell behavior [145].
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FF nanotubes are used as an etching mask for the fabrication of silicon nanowires. It
reduces fabrication time, cost, and use of aggressive chemicals. It is also possible to
scale up these arrays of FF nanotubes by vapor deposition methods.
Self-assembling peptide nanostructures have also been used as photosynthetic
devices, and the peptide Ac-KLVFFAE-NH, is reported to form nanotubes.
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Precise ordering of strong chromophores along the inner and outer walls of the
nanotubes enables utilization of this peptide structure as nanoscale antennas and
photosynthetic device [156]. The peptide nanofibers can also serve as a template for
the growth of inorganic materials such as silver, gold, platinum, cobalt, nickel, and
various semiconducting materials (Fig. 8.10).

Conclusions

An in-depth understanding of the molecular self-assembling mechanism of peptides
and various stabilizing forces associated with the overall stability of the
nanostructures formed by them is essential to design novel applications using
these peptides. Various classes of self-assembling peptides have been developed
that have led to emergence of novel applications in the fields of tissue engineering,
drug delivery, electronics, etc. Different characterization tools have been designed
to decipher the structural and functional aspects of the self-assembled peptide
structures. The field of self-assembly continues to expand and has opened up new
vistas for further research.
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