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ABSTRACT

Peptide chemistry has emerged as one of the growing fields of research. Peptide chemistry has positively impacted
various areas, including biochemistry, medicine, hormonal therapy, drug delivery, food and the cosmetic industry, mate-
rials science, and nanotechnology, via the development of ways to change and imitate the shape and function of peptide
structures. The structural changes of peptides and the employment of innovative synthetic techniques have left an indeli-
ble mark on a number of scientific disciplines. Numerous nanostructures based on simple and complicated peptides have
been constructed so far; however, cyclic peptides have attracted a great deal of interest from the scientific community
due to their wide range of applications and distinctive properties. These properties include self-assembly, morphogene-
sis, and charge distribution, among others. In addition, nanostructured cyclic peptides offer increased and effective per-
formance due to their high stability, prolonged plasma half-life, membrane permeability, and efficient transport, among
other attributes. Recent work indicates the manufacture of nanostructured cyclic peptides by chemical means. In this
review, a brief investigation of the morphology of cyclic peptides was conducted. In addition, the therapeutic potential
of these nanostructured cyclic peptides and the prognosis for a variety of potential applications are also discussed.
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ARTICLE INFO 1. Introduction

The human body is composed of proteins with monomeric
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relevant research fields are gaining widespread awareness now-
adays. Today, research in these areas is of the utmost importance

mechanisms. Peptides are utilized as promising biomaterials for
disease diagnostics™. Peptides can attach to specific targets, such
as those present within cancers tissues, bones, muscles, and other
human tissues. Due to their short plasma half-life and propensity
to be proteolyzed and eliminated from the body"’, peptides have
limited clinical applicability. As opposed to linear peptides, cyclic
peptides are invulnerable to proteolytic degradation and have a
longer half-life due to their more resilient molecular arrangement

constraints'*. As a result of their multiple properties, such as bi-
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odegradability, biocompatibility, and bioactivity,
these biomolecules are likely to perform a variety
of biological functions or activities and form com-
plex biological material®™. Cyclic peptides exhibit
intramolecular hydrogen bonding'”, reduced peptide
polarity and increased membrane permeability'”.
Nanostructured cyclic peptides (NCPs) possess
stratified superstructures and desirable biological
properties, hence enhancing therapeutic efficacy,
targetability, and blood circulation time. Self-as-
sembling NCPs are more stable and effective than
native peptides in targeting processes and medicinal
applications”. Supramolecular self-assembly of
peptides and nanomaterials is regarded as one of the
most advantageous techniques for the formation of
very stable peptide-based nanostructures™'”. Cyclic
peptide nanoparticles may be well utilised in drug

delivery systems'"'?, biosensors'*'"

[15]

and drug re-
generation

Nanocarriers’ physiochemical characteristics
are notoriously difficult to alter, however self-as-
sembled nano-based peptides can be easily modi-
fied with functional groups to alter their biological
activity'”. These can be generated using a straight-
forward technique known as solid-phase peptide
synthesis and purified using normal HPLC".
Peptide-based nanostructures are constructed using
a variety of interactions, including electrostatic con-
nections, stacking, and hydrogen bonding"”. Figure
1 depicts several peptide self-assemblies, including
hydrogels, nanotubes, nanospheres, nanowires, and
nanogels'*. Peptides are organised into nanostruc-
tures with diverse interactions.

NANOFIBRILS

HYDROGELS

Figure 1. Self-assembled nanostructures of cyclic peptides.
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2. Synthesis of cyclic peptides

Cyclic peptides are polypeptide chains con-
taining amino acids arranged in a circular or ring-
like structure!"”’. In comparison to linear peptides,
they are more stiff and proteolytically stable. Fig-
ure 2 demonstrates the various categories of cyclic
peptides which are classified into groups””. Head
represents amine group of peptides and tail repre-
sents carboxylic group. Cyclic peptide is generated
by linking an amine functional group to a carboxyl-
ic functional group from one end to the other. These
peptides have intramolecular hydrogen bonding or
n-1 stacking which is responsible for their self-as-

[17-20]
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Figure 2. Different types of methods for cyclization of linear

peptides, i) R, = Amino acid 1 and R, = Amino acid 2, vary
according to different amino acid side chains.
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Mandal et al.”"! published the synthesis of a
cyclic octapeptide [WR],. The synthetic process
comprises solid-phase synthesis using Arg(pb-
f)-2-chlorotrityl resin (1 equiv.) swollen in DMF
under an atmosphere of nitrogen. In the presence
of DIPEA, Fmoc-Trp(Boc)-OH (2 equiv.) and
Fmoc-Arg(pbf)-OH (2 equiv.) were alternately load-
ed (4 equiv.). For elimination of N-terminal Fmoc, a
solution of piperidine (20% v/v) was utilised. Using
a combination of TFE/acetic acid/CH,Cl, (2:2:6 v/
v/v) for 2 h, the whole peptide chain was isolated
from the resin without eliminating the side chain
protections. The cyclization of the resin-cleaved
and side chain-protected peptide was carried out
using DIC (1.5 equiv.) and HOAT (1.5 equiv.) in
dry DMF/DCM (2:1% v/v) for 12 h with continual
stirring in a nitrogen environment. The side chain
protections of the cyclized peptide were removed by
treating it with a combination of TFA/thioanisole/
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Figure 4. Mechanism of self-assembled nanostructure of cyclic peptide.

were synthesized by Mandal et al.*"] they have
done the selection of amino acid residues based on
the hydrophobic nature and charged nature. Cy-
clic peptides do not show cytotoxicity. Now, for
self-assembly of cyclic peptides, 2 mm solution was

anisole/EDT (90:5:2:3, v/v/v/v) for 2 h, followed by
precipitation in precooled diethyl ether. They syn-
thesized many other cyclic peptides, one of them is
[WR], which has been illustrated in Figure 3.

2.1 Nanospheres produced using distilled water and incubated for 48

Nanospheres are a class of nanoparticles hav- h at room temperature. To analyse the nanostruc-
ing the size of a few nanometres and of spherical ture formation, different analytical techniques were
shape. For their synthesis, initially cyclic peptides used for characterization of peptide solution. Oth-
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er characterizations were done by TEM, FESEM,
AFM. Panigrahi ez al.”” synthesized different kinds
of cyclic peptide nanospheres which were found to
have a size of approximately 400 nm. Here, in this
work, initially nanotubes were prepared which later
on converted to nanospheres. As depicted in Fig-
ure 4, a cyclic peptide undergoes a self-assembling
mechanism. Subsequently, they are converted into
nanotubes, followed by conversion into nanosphere
or vesicles. Nanotubes, nanowires and nanospheres
are interconvertible to each other.

Kumar ez al.* prepared Tryptocidine C (TpcC),
rich in Trp amino acid having cyclodecapeptide.
This has high inclination to oligomerize in solution
and its dried form attains different self-assembled
nanostructures. Its nanospheres have a diameter of
around 24.3 nm. Figure 5 illustrates Tryptocidine C
self-assembled into nanospheres with various types

of interactions™”,

2.2 Nanotubes

Cyclic peptides were prepared via the process
of solid-phase peptide synthesis. Glu and Lys ami-
no acids were used to form nanotubes because they
attain antiparallel B-sheet type interactions in long
chain”**”, The visualization of nanotubes was done
on mica surface, the mixture of peptide and ACN/
H,O (3:2) were settled down on mica surface for
1 h. Now, the surface was cleaned using Milli-Q
water then the obtained sample was dried. AFM
topographic analysis helped in finding the size of
nanotubes to be ~2.4 nm"®,

Figure 6 shows hydrogen bonds between pep-
tide backbone functions and stacking interactions
with pyrene moieties which assist in self-assem-
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bly and nanotubes deposition over mica surface.
Consequently, this is followed by covalent bond
hydrolysis which accelerates the removal of pyrene
moieties. Nanotubes produced via this process were
of size 2.2-2.6 nm"®,

Katouzian et al.”” synthesized nanotubes from
cyclic peptides by using different types of methods.
However, Ghadiri and co-workers were the first
to carry out synthesis of nanotubes of cyclic pep-
tides™. They concluded that peptides form B-turns
which stack over each other making a hollow nano-
cylinder. The obtained nanotubes from cyclic pep-
tides were found to be of diameter 7-8 A. Figure 7
and Figure 8 show different setups for formation of
nanotubes of given sample peptides or proteins. In
pulse electric field process, pump was used through
which peptide gets inserted, undergoes treatment
chamber connected to a high voltage generator and
produces nanotubes. While, by Template-based lay-
er by layer deposition process, layers were formed
over one another, absorbed on a surface and after
mixing with specific solvent, peptide layer gets con-
verted to nanotubes”’. Also, the nanotubes’ capaci-
ty was analyzed to transfer or hold tiny compounds
selectively™".

Suris-Valls et al.!
cyclic peptides and applied in inhibition of ice

*! prepared nanotubes from

recrystallization, persuaded by the achievements of
Ghadiri e al”®. They synthesized staggered forms
such as L and D-amino acids octapeptide named Ly-
s2CP8 by inducing m-n stacking of cyclic peptides
into antiparallel B-sheets"™".

The linear peptide prepared via solid-phase
peptide synthesis was taken into RB (round bottom)

flask using septum, which was purged with argon

Self-Assembly

Figure 5. Systematic diagram of self-assembly (nanospheres) of Tryptocidine C.
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Figure 6. (a) Pyrene moiety incorporated with cyclic peptide 2 and its description via a ring. (b) Formation of nanotubes from self-as-

sembly of pyrene moiety with cyclic peptide, CP2 = cyclic peptide 2, SCPN2UMica = self-assembled cyclic peptide nanotubes 2 on
mica surface, SCPN1UMica = self-assembled cyclic peptide nanotubes 1 on mica surface.
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Figure 7. Pulse electric field method or setup for formation of nanopeptides from cyclic peptides.
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Figure 8. Template-based layer by layer deposition methods for formation of protein nanotubes.

and then the linear peptide was dissolved in DMF.
DMTMM-BF, and added to the above solution, then
stirred magnetically in presence of argon pressure
overnight. Washing of sample was done with deion-
ized water, the sample was purified and dried. Then
obtained cyclic peptide underwent self-assembly
or scaffold creation for formation of nanotubes”".
The obtained nanotubes of this cyclic peptide were
of size 200 nm. Ghadiri ez al.” showed that the cy-

clic closed rings stack into nanotubes via hydrogen
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bonds and form dihedral B-type angles. Figure 9
shows structure of cyclic peptide Lys2CP8"",

2.3 Nanowires

Self-assembly is a pervasive and very attrac-
tive strategy for fabricating nanomaterials. There
are two types of nanostructures formed by cyclic
peptides. One of them is D,L-cyclic system, pro-
duced by Ghadiri ez al. in 1993, This type of cy-
clic peptide foregathers within empty tubes through



Figure 10. SEM images of self-assemblies of peptides into nanorod-like structures. Reproduced from [32]. Copyright © 2016

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

stacking. These cyclic peptides are associated with
different advantages, like flexible external function-
alities and internal diameter. These pipe-like struc-
tures are used as antibacterial agents, in molecular
electronics and in ion channels. Konda et al.”* syn-
thesized modulated self-assembled hydrogen-bond-
ed tripeptides forming nanorods. Figure 10 shows
the self-assembly of peptides transformed into
nanorods having a width of 3 um and the length of
around 20 pum"?.

Zhao et al."’¥ synthesized nanowires from

Diketopiperazines which are the smallest cyclic
peptides found in bacteria and human beings. Cy-
clic dipeptides were synthesized via solid-phase
peptide synthesis completed with cleavage induced
cyclization of linear dipeptide. These cyclic diketo-
piperazines rings have several bonding connections
like covalent, intramolecular hydrogen bonding
and 7-m stacking which are responsible for self-as-
sembly. These cyclic peptides are self-assembled
into various nanostructures, and nanowires are one
of them. In this paper, nanowires obtained were
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Figure 11. SEM images of two different cyclic dipeptides. Reproduced with permission from [34].Copyright © 2018, The Author(s).

Table 1. Cyclic peptide-based nanostructures and their particle sizes

Cyclic peptides-based nanostructures Sizes of particles Bonding interactions Reference

Nanospheres 400 nm Hydrogen bonding [21], [23]
24.3 nm (intramolecular)

Nanotubes 2.4 nm n- stacking interactions [26], [27]
7-8 A

Nanowires 40 pum, 300 nm n-n stacking, hydrogen bonding [33]

of size 40 um for cyclo-FW peptide and 300 nm
for cyclo-WW peptide. Figure 11 shows two cyc-
lo-peptides transformed into nanowires of different

sizes!,

3. Applications of nanostructured
cyclic peptides

NCPs have emerged as versatile materials in
various applications due to their proteolytic stabil-
ity, hydrophobicity, charge, stability and ease of

B3 Current research trends

self-assembly formation
have seen a rise in the usage of NCPs in therapeutic
applications, imaging, food industry, cosmetics and
pharmaceuticals. Some of these important applica-
tions have been further discussed briefly in the fol-
lowing section.

Fluorescent cyclic peptides (FCP) have scaf-
folds that act as optical agents for cell imaging"®.
FCP focuses on biological target receptors that
have high proportions in tumour tissues. The cyclic
peptide (WXEAAYQKFL) was coupled with a car-
boxyfluorescein next to the NH, group of the D-ly-
sine residue side chain. FCP has a great advantage
of detecting breast cancer cells in human blood.
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The other derivatives of this cyclic peptide convey
advantages as theranostic probes linked with chem-
otherapeutic drugs, which increases its target effica-
cy. These types of peptides targeting cell receptors
as oxytocin receptors have an important role in re-
productive system; for detection Nile Red dye and a
PEG spacer were used to produce activated fluores-
cent probe with upgraded abilities for oxytocin im-
aging””. In vivo imaging applications of FCP with
different probes and also real-time intraoperative
tumour detection in liver and lung of mouse model
was analyzed by Tapia ez al.”®”.

Probe I illustrates zwitterionic form of mole-
cule to balance its charge. These different near-in-
frared (NIR) fluorescent probes were introduced
before 4 h of imaging within each mouse veins.

Cyclic peptides are permeable to plasma mem-
branes via passive diffusion due to their hydropho-
bic residues. These molecules bind with cell surface
protein transporters which directly haul them to

cells™

. Cell penetrating property of cyclic peptides
emerged as boon to therapeutic industry and in cell
imaging. Table 2 illustrates various cyclic peptides
and their applications or activities based on tested

organisms. There are further diversification and ap-



Table 2. Cyclic peptides and their applications

Cyclic peptides Applications Remarks Reference
Enterocin AS—48 Vegetable food preservation or  This cyclic peptide derived from enterococcus bacteria [39]
beverage preservation
WXEAAYQKFL Tumour cell imaging Observed on human breast cancer cells [37]
Lactocyclicin Q Antimicrobial activity Animals like cow, buffalo (derived from cheese) [40]
Uberolysin Anti-bacterial activity Tested organisms Streptococcus uberis (lips and skin ~ [40]
of cows)
Cycloviolacin O2 Anti-microbial activity Tested species Pseudomonas aeruginosa, E. Coli, S.  [41], [42]
Cyclopsychotride A aureus
Kalata B1, Kalata B2
Cycloviolacin O2 Anti-cancer MCF-7 species tested for anti-cancer activity [43]
Ribifolin Anti-malarial Plasmodium falciparum tested species for anti-malarial [44], [45]
Curcacycline B activity
Chevalierin A
Kalata B1 Uterotonic Application observed for human myometrium extract [41]
Kalata B7
Table 3. Food diversification based on different sources and their applications
Proteins Sources Applications Reference
Keratin Sweet potato, garlic, mango, salmon  Helps in tissues of hair, nails and in lining of skin [51]
Casein Milk, eggs Building of muscles [52]
Actin Fish, meat Cell motility [53]

Muscle contraction
Cell signalling

plications of other cyclic peptides.

Antimicrobial activity is one of the important
applications of nanomaterials of cyclic peptides,
delivery of drugs becomes effortless with the nano-
materials, they enhance stability and bioavailabil-
ity. Antimicrobial peptides are dragging attention
nowadays in place of conventional antibiotics™***".
Antimicrobial peptides are attached to the surface
of porters to be delivered. These peptides are used
as adjuvants in cancer chemotherapy'”. These were
also applicable in delivery of nucleic acids since
they exhibit large proportions with NH," amino acid
residues like lysine, histidine and arginine which
bind with COO™ nucleic acids very efficiently. Anti-
bacterial photodynamic therapy turns up as a better

treatment of bacteria without persuading remarka-
[49]

ble resistance to drugs

Wang et al.") highlighted that food ingredients
have forged with materials science and engineering
fundamentals associated with various applications.
Food classifications are huge, biocompatible, bio-
degradable and economical to produce novel food
ingredients. pH-cycle is a green and facile passage
to generate self-assembled nanostructures. There

are many types of bacteriocins having variety of ap-
[501

[50]

plications in food industry
Sulthana and Archer
several bacteriocins which are applicable in food

elaborately reviewed
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preservation from various researches. For instance,
pediocin as gold nanoparticles with adhesion pro-
tein and nisin as carbohydrate nanoparticle have
applications in food preservation.

Abriouel er al.” illustrated vegetable food
preservation and beverage applications using cy-
clic peptide Enterocin AS—48. This bacteriocin also
shows antimicrobial activities. Peptides constitute
proteins which in turn can be outsourced from
various food sources. Table 3 lists the numerous
proteins and the multiple application in food diver-
sification.

4. Conclusion

The cyclic peptides themselves have many
remarkable applications due to their proteolytic sta-
bility and constrained architectures. Cyclic peptides
when turned into nanoparticles, their usefulness
is substantially enhanced. The uses of these nano-
materials vary due to their distinct morphologies.
Structural morphologies of all of these nanomateri-
als can be converted into one another under certain
conditions. Applications of cyclic peptide nanotubes
in the food sector, pharmaceuticals, cosmetics, and
cell imaging are expanding quickly. This review
discusses the detailed study of the synthesis, design,
and bonding interactions of cyclic peptide-based
self-assembled nanomaterials, including stacking,



hydrogen bonds, and covalent interactions. These
nano vehicles save time and money and pave the
way for the most effective treatments for a variety
of diseases, and also have applications in the food
industry as preservatives.
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Abbreviations

AFM = Atomic field microscopy

DIC = N,N’-diisopropylcarbodiimide

DIPEA = N,N-diisopropylethylamine

DMF = N,N-dimethylformamide

DMTMM BF4 = 4-(4,6-dimethoxy-1,3,5-triaz-
in-2-yl)-4-methylmorpholinium tetrafluoroborate
EDT = 1,2-ethanedithiol

FESEM = Field emission scanning electron micros-
copy

Fmoc = N-(9-fluorenyl) methoxycarbonyl
H-Arg(pbf)-2-chlorotrityl resin = Ng-(2,2,4,6,7-pen-
tamethyldihydrobenzofuran-5-sulfonyl)-L-argi-
nine-2-chlorotrityl resin

HBTU = 2-(1H—Benzotriazole-1-yl)-1,1,3,3-te-
tramethyluronium hexafluorophosphate

HOAt = 1-hydroxy-7-azabenzotriazole

HPLC = High-performance liquid chromatography
TFA = Trifluoroacetic acid

TFE = Trifluoroethanol
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