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Peptides are intriguing building blocks for a variety of applications in bionanotechnology. Peptides can self-

assemble into well-ordered nanostructures. Among the various nanomorphology forms, peptide
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1. Introduction

Peptides, both natural and synthetic, are amino acids linked
by peptide bonds. They play important roles in many
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nanoprobes will be illustrated. This review article describes di-, tri-, tetra-peptides because they are
cost-effective, simple to prepare, and amenable to production on a large scale.

biological processes, acting as biological catalysts, biological
messengers, chemical messengers, and intracellular and
intercellular mediators. Some peptides such as vasopressin,
which are enzymes, are biological catalysts. Other peptides
such as insulin, which are hormones, are biological messen-
gers. Their unique biological functions may be defined by their
specific structure. Peptides are intriguing building blocks to
form nanostructures with distinct biological functions. For
example, type I collagen is an important component of extra-
cellular matrix (ECM). Its building blocks are G-P-X or G-X-
O." These peptide building blocks form triple helix nanofiber
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structures, which enable collagen to achieve high mechanic
strength. Besides nanofibers, peptides can self-assemble into
many forms of well-ordered nanostructures via non-covalent
interactions. These interactions including electrostatic inter-
actions, hydrogen bonding interactions, hydrophobic inter-
actions, van der Waals interactions, and m-m stacking
interactions. The well-ordered nanostructures can be nano-
belts,> nanodoughnuts,® nanoparticles,®
nanorods,® nanoropes,® nanotubes,” and nanovesicles?® (Fig. 1).
Depending on their amino acid sequence and nanostructure,
peptides may perform different biological functions. Peptide
self-assembly can form hydrogels either by physical entan-
glement or chemical crosslinking. These self-assembled,
nanostructured hydrogels are of great interest as biomate-
rials for applications in cell culture, drug delivery, immune-
engineering, regenerative medicine and tissue engineering.’
Furthermore, peptide based nanomaterials are used as probes
for bioimaging applications.'*** Based on these, researchers
are interested in studying peptide-based biomaterials, espe-
cially for their applications in bionanotechnology.

Among all the peptide based biomaterials, ultrashort (=4
amino acids) peptides are of great interest in recent years
because they are cost-effective, simple to prepare, and
amenable for production on a large scale. In this review, we
describe several types of linear ultrashort peptides (dipep-
tides, tripeptides and tetrapetides). These ultrashort peptides
can self-assemble into well-ordered nanostructures, such as
nanotube or nanofiber, then form a three-dimensional
network, such as hydrogels. These ultrashort peptide hydro-
gels can then be applied in bionanotechnology as bioimaging
probes, bioprinting inks, cell culture scaffolds and drug
delivery vehicles (Fig. 2).
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Fig. 1 Different peptide nanostructures.
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2. Dipeptides
Diphenylalanine (FF) nanostructures

FF has been suggested to be the core recognition motif of the -
amyloid polypeptide. It has been well studied as an ultrashort
peptide for decades. Reches and Gazit first reported the
synthesis of FF nanotubes.” The dipeptide building blocks self-
assemble into nanotubes possibly by -7 stacking and B-sheet
secondary structure formation. First, researchers use it as
a model to study amyloid aggregation. Later on, other applica-
tions of FF nanotubes in bionanotechnology were exploited.
These nanotubes are chemically and thermally stable, having
extraordinary mechanical strength. They have been used as
a mold to cast silver nanowires, which enables its applications
in the bioelectrical field.” Gazit and coworkers®® achieved two-
dimensional nanotube arrays (nanoforest) with either vertical
or horizontal patterns. Vertical patterns of FF nanotube arrays
were achieved via rapid evaporation. Horizontal patterns of FF
nanotube arrays were achieved by first coating FF nanotubes
with magnetic particles and then applying an external magnetic
field. FF nanotubes have unique optical properties. Kol et al.*?
found FF nanotubes illuminate blue fluorescence in 2005.
Handelman et al.'* found FF nanotubes show second-order
nonlinear optical response in 2013. These unique optical
properties enable FF nanotubes to be used for nanophotonic
devices. Moreover, cationic FF nanotubes were synthesized.
These nanotubes can pass through cell membranes and thus
make them useful for intracellular delivery vehicles.'® Another
strategy for drug delivery application is to directly conjugate
drugs to FF." Silva et al.'” applied this method to load rhoda-
mine B within FF nanotubes and study its drug release kinetics
and cytotoxicity. FF nanotubes also showed piezoelectric and
ferroelectric properties, which makes them very interesting as
functional biomaterials.” Depending on the preparation
conditions, FF can also form nanospheres rather than nano-
tubes.' Gazit and co-workers® used FF nanospheres to modify
electrodes for environmental monitoring. Spoerke and co-
worker modified FF with boronic acid (BA)-functional group.*
These BA-functioned FF formed nanoribbons in response to pH
change or adding salt.

Other dipeptide nanostructures

Dileucine (LL) can form nanotube similar to FF."* Unlike
aromatic FF peptides, aliphatic LL peptides are self-assembled
into nanotubes as a result of intrinsic hydrophobic interac-
tions.”” LL nanotubes show similar blue and green fluorescence
as that of FF nanotubes.™ Kirkham et al. used fluorescein iso-
thiocyanate (FITC)-labelled LL for bioimaging applications.>
These FITC-labelled LL showed cytocompatible and can be
easily uptaken by fibroblasts. Dipeptide nanoparticles (DNPs)
were exploited for bioimaging applications. Fan et al.™* reported
that dipeptide WF can complex with zinc(i) ions and form DNP
that can emit bright and stable fluorescence. These fluorescent
nanoparticles can further be functionalized with the MUC1
aptamer (MUC is overexpressed in some cancers) and loaded
with an anticancer drug doxorubicin, making them an effective
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Fig. 2 Ultrashort peptide applications in bionanotechnology.

theranostic (therapeutic + diagnostic) agent. Such applications
of dipeptide nanostructured materials provide us a direction for
the future research and development of ultra-short peptides.

FF hydrogels

Besides nanotubes and nanospheres, fluorenylmethoxycarbonyl-
diphenylalanine (Fmoc-FF) can first form nanocylinders by anti-
parallel B-sheets stacking and then self-assemble into hydro-
gel.”*” Xu and coworkers® used enzymes to trigger and control
the self assembly of small molecules (including FF) to form
hydrogel. Fmoc-FF hydrogels were used as three-dimensional cell
culture scaffolds. Several cell lines were used to assess the cyto-
toxicity of Fmoc-FF hydrogels, including Chinese hamster ovary
(CHO) cell line,*® bovine chondrocytes,” human colorectal cancer
(Caco) cell line,*® human cervical cancer cell line HeLa, and
human gingival fibroblasts.?® In addition to in vitro cell assays, in
vivo studies showed Fmoc FF hydrogel was not harmful to
animals.?® Gazit and coworkers® loaded doxorubicin and 5-
fluoro-uracil into Fmoc-FF hydrogel nanoparticles to study its
release profile. All these results further confirmed that Fmoc-FF
hydrogel can be used as biomaterials for cell culture and drug
delivery applications.

Other dipeptide hydrogels

Janmey and co-workers® reported Fmoc-LD dipeptide can form
hydrogels at peptide concentrations as low as 2 mg mL™ " in
PBS. This is the first known example of dipeptide hydrogel. It is
a thermal-reversible hydrogel and was used as a carrier for the
delivery of antigens. Xu and co-workers® reported Fmoc-"APA
(°-form amino acids are unnatural) dipeptide can form hydro-
gels via ligand-receptor interaction. In this case, vancomycin
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acts as ligand, peptides serve as receptors. By varying the
concentration of vancomycin, researchers can control the sol-
gel transition process.

Ulijn and co-workers* constructed a library of seven Fmoc-
dipeptides (Fmoc-GG, Fmoc-AG, Fmoc-AA, Fmoc-LG, Fmoc-
FG, Fmoc-GF, Fmoc-FF) made up of the combinations of the
four amino acids: G, A, L and F and examined their nanofiber
dimensions, gelation behaviors and whether they can support
cell culture. They found those dipeptide hydrogels were stable
under cell culture conditions and can support bovine chon-
drocytes culture. Later on, Ulijn and co-work*®® developed several
types of hydrogels by mixing Fmoc-FF and Fmoc-X (X = K, or S,
or E). They found those hydrogels have different mechanical
properties and different compatibility with different cell types.
Fmoc-FF hydrogels showed the highest mechanical strength
among those mixtures. Ulijn and co-workers** summarized the
dipeptide hydrogels in an excellent review article. Many dipep-
tides form hydrogels, such as Fmoc-FG, Fmoc-LG. Dipeptides
often self-assemble to form B-sheets via aromatic stacking
interactions and hydrogen-bonding and then aggregate into
macroscopic hydrogel. Capping peptides with Fmoc functional
groups plays an important role in hydrogel formation process.
However, Fmoc contains aromatic ring which may lead to side-
effects in vivo. Long term biocompatibility studies of Fmoc-
capped peptides should be documented.

Another strategy to form dipeptide hydrogel is to use dehy-
dro (A) amino acids. For example, AF is the dehydro from of
phenylalanine (F). As it can be seen in Fig. 3, its chemical
structure is different from F by changing single bond to double
bond between C, and Cg atoms. This change introduces
conformational constraint in the peptide backbone and
provides increased resistance to enzymatic degradation.

This journal is © The Royal Society of Chemistry 2019
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Dipeptides FAF forms hydrogels.*> Later on other AF dipep-
tides, such as LAF, also show hydrogel forming capability.*® LAF
hydrogel is transparent, self-supportive, mechanically strong,
non-toxic, injectable, proteolytically stable and responsive to
external stimuli like ionic strength, pH and temperature. It was
used to encapsulate and release various hydrophobic and
hydrophilic drug molecules in a controlled manner.** AF
dipeptides, like FAF, IAF, LAF, MAF and RAF, can also form
nanoparticles and be used as drug carriers loaded with various
of drug-like molecules.*** Another interesting strategy to use
dipeptide hydrogel as drug delivery vehicles is to directly
complex dipeptides with small molecular drug. For example, 5-
fluorouracil (5-Fu) is an antimetabolite drug and it can self-
assemble with Fmoc-KK dipeptides into nanotubes or nano-
fibers and then form hydrogel.*® Their results showed 5-Fu was
released in a sustained manner and able to kill three types of
human cancer cells in vitro (human non-small cell lung cancer
cell lines A549, H460, and H23).

3. Tripeptides
Tripeptide nanostructures

FFF tripeptide building blocks form larger sizes of B-sheet-like
structures (up to 13 chains) in comparison to FF dipeptide
assembly (up to 7 chains). It can form nanorods, nanospheres,
nanotubes and nanovesicles, based on a molecular dynamic
simulation study.*” FFF nanobelts and nanospheres also
showed second-order nonlinear optical response® and visible
(blue and green) fluoresce.™*

Tripeptide hydrogels

Several tripeptides were found to be able to form hydrogels in
water. Chronopoulou et al** used Fmoc-FFF as cell culture
scaffolding materials. Marchesan et al.** found that uncapped
tripeptides "VFF and PFFV (° is un-natural form of peptide) can
self assemble into B-sheet fibrils that further entangle to form
stiff hydrogels. On the contrary, the corresponding natural L-
form peptides VFF and FFV failed to do so. This is because
DVFF contains phenylalanine zippers. The m-m interactions
between F allow for molecular stacking and lead to the B-sheet

This journal is © The Royal Society of Chemistry 2019
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secondary structure.”® Capping with functional groups is also
used to as a strategy to form tripeptide hydrogel. For example,
tripeptide FFA capped with tert-butyloxycarbonyl (Boc) func-
tional group has been found to form a translucent, self-
supporting gel in aqueous solutions.** Hauser and coworkers*
found that tripeptide IVD and IID can form hydrogels. This
class of peptides contain three to seven amino acids. They share
a characteristic peptide sequence: it is amphiphilic, consisting
of an aliphatic amino acid tail of decreasing hydrophobicity and
a hydrophilic head. These peptides self-assemble most likely via
parallel-antiparallel o-helical pair formation and subsequent
stacking into fibers that condense to B-turn fibrils.****¢ Ulijn
and co-workers*’ systematically studied 8000 tripeptides and
their nanostructure formation via molecular dynamic simula-
tion. Four full L-form tripeptides, KYF, KYY, KFF and KYW, were
found to form a hydrogel in the absence of organic solvents.
Similarly, Hauser and co-workers*® applied both computational
and experimental methods to screen a smaller sized library of
tripeptides and found MYD and VIE formed hydrogels. The
twenty amino acids building blocks can provide us unlimited
supply of peptide biomaterials in theory.

The tripeptide RGD is known to facilitate cell adhesion, and
then spreading. Consequently, it facilitates the cytoskeleton
organization of osteoblasts and many cell types. Therefore,
researchers are interested to develop RGD-based hydrogel
scaffolds (e.g Fmoc-RGD) for cell culture.”* However, as
mentioned previously, Fmoc groups are not normally found in
the ECM. Fmoc-RGD hydrogel may not be an ideal three
dimensional cell culture scaffold.*® In addition, Fmoc-RGD
peptide can be used as drug delivery vehicles due to Fmoc-
RGD hydrogel forming a B-sheet fibril network. It can host
hydrophilic drugs. Recent report showed it can slowly release
a number of molecules.®

The ubiquitous tripeptide glutathione (y-GSH) is present in
nearly all known aerobic organisms. Its oxidized disulfide form,
GSSG, is shown to produce transparent, thermo-reversible gels
in aqueous solutions of dimethyl sulfoxide (DMSO), dime-
thylformamide (DMF), and methanol.”> GSSG contains y-glu-cys
linkage and can self-assemble into an extended network of B-
sheet like structures.

4. Tetrapeptide hydrogel

Tripeptide RGD is found in extracellular matrix (ECM) and can
promote cell adhesion via integrin binding. Therefore, it is
widely employed in the development of biomaterials for appli-
cations in cell culture or tissue engineering.”® Moreover, the
RGDS tetrapeptide has antithrombotic activity because it is
a fibrinogen recognition sequence and can inhibit platelet
aggregation.”® Fmoc-RGDS form sfB-sheets and then form
hydrogels.*® The hydrogel was used to culture corneal stromal
fibroblasts within collagen-based substrates.**

Chronopoulou et al® investigated the rheological and
chemico-physical properties of Fmoc-FGFF hydrogels. They
showed that this hydrogel can be used to culture mammalian
fibroblasts without cytotoxic effect. Luo et al.*® used Nap-GFFY-
NMe (naphthylacetic acid modified tetrapeptide of GFFY with C

RSC Adv., 2019, 9, 844-852 | 847
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terminal methyl amide group) as vaccine adjuvants, potentially
to treat human immunodeficiency virus (HIV) patients. Naskar
et al.® found that tetrapeptide GAIL and tetrapeptide GFIL,
without having any capping groups, can form hydrogels at
physiological pH. They also investigated the potential of these
hydrogels as drug delivery vehicles.

Gao et al. reported tetra-peptide, YYYY, can be used as
a controlled release vehicle for anti-cancer drugs.®® Ac-YYY,Y-
OMe (Ac =N-terminal acetylation, OMe = C-terminal methyl
ester group) is a phosphatase responsive peptide and can form
supramolecular hydrogel via enzyme catalyzed molecular self-
assembly. The symbol , denotes phosphorylated peptide.
Similarly, Nap-GFF,Y-OMe (Nap = naphthyl) forms enzymatic
responsive hydrogel.®* These hydrogels could be used for cell
cultures, tissue engineering, and drug delivery. Recently, the
same group reported Nap-GPFPFPY hydrogel that is responsive
to CD8" T cells, which could lead to new vaccines against
infection diseases and cancers.*

Similar to tripeptides, Hauser and coworkers* found that
uncapped IVAD, IIID and IIIK can form hydrogels. However,
mainly hexapeptides were studied in their group for various
applications (i.e. wound dressing and drug delivery) in biona-
notechnology. Hexapeptides are beyond the scope of this
review.

5. Applications of ultrashort peptides
in bionanobiotechnology
Ultrashort peptides for cell culture

Peptide based biomaterial are intriguing because they can be de
novo designed at molecular level to mimic the natural tissue." As it
can be seen in Table 1, one of the most common applications in
bionanotechnology for ultrashort peptides is for cell culture. From
the very beginning when researchers started to manipulate cell in
vitro, various materials have been used, such as glass, tissue
culture polystyrene (TCPS) and silicon wafers. To make these cell
culture substrates suitable for growing various types of cells, it is
important to introduce cell adhesive cues to these substrates to
guide cell attachment and maintain their functions. Typically,
extracellular matrix protein, such as fibronectin and laminin, are
applied as surface coatings to improve cell adhesion. Amino acid
sequences of RGD and YIGSR are derived from fibronectin and
laminin.*”® Instead of immobilizing the whole protein, researchers
prefer to immobilize short peptides on the cell culture substrates
as it is easy to control these peptides’ orientation on culture
substrate at a lower cost. As mentioned previously, both tripeptide
RGD and tetrapeptide RGDS hydrogels were used for cell
culture.”** However, using peptide hydrogels is still expensive in
comparison to immobilizing peptides on the existing cell culture
substrates. Alternatively, researchers are using self-assembling
peptide amphiphiles (PA) as biomaterials for cell culture.*”* PA is
not covered in this review. Other ultrashort peptide hydrogels such
as FF and FFF support many types of cell growth.”*?”*>*! One thing
worth noting is that FF is a core recognition motif of the p-amyloid
polypeptide but is not present in extracellular matrix. This limits
their in vivo bionanotechnology applications.

848 | RSC Adv., 2019, 9, 844-852
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Table 1 Types of ultrashort peptides and their applications
Type of peptide Type of applications Reference
Dipeptide FF Bioelectric wires 7
Bioimaging nanoprobes 12-14
Cell culture scaffolds 26, 27 and 29
Drug delivery vehicles 16, 17 and 30
2D printing inks 69
Dipeptide LD Drug delivery vehicles 31
Dipeptide LL Bioimaging probes 14
Dipeptide WF Theranostic agents 11
Dipeptide FAF Drug delivery vehicles 35
Dipeptide LAF Drug delivery vehicles 36
Tripeptide FFF Cell culture scaffolds 41
Tripeptide FFF Bioimaging nanoprobes 12 and 14
Tripeptide RGD Cell culture scaffolds 50
Drug delivery vehicles 51
Tetrapeptide RGDS Cell culture scaffolds 56
(with collagen)
Tetrapeptide FGFF Cell culture scaffolds 57
Tetrapeptide GFFY Vaccine adjuvant 58
Tetrapeptide GAIL Drug delivery vehicles 59

Tetrapeptide GFIL

Ultrashort peptides for drug delivery

Ultrashort peptides are commonly used as vehicles for drug
delivery (Table 1). Drug delivery basically faces two hurdles:*
targeting both in vitro and in vivo. Ultrashort peptides are
a perfect choice in this regard. For example, Fan et al.** used WF
dipeptide functioned with the MUC1 aptamer and doxorubicin
to target cancer cells. Sun et al.*® directly conjugated 5-Fu (an
antimetabolite drug) to a ultrashort peptide and achieved sus-
tained release over time. Peptide can form various nano-
morphologies, such as nanotubes. Emtiazi et al® used
diphenylalanine nanotubes (FNTs) to release 5-Fu in
a controlled release manner. Ultrashort peptide hydrogels can
be designed to encapsulate hydrophobic drug molecules
through physical or covalent bonds.®” One problem associated
with peptide-based drug delivery vehicles is their susceptibility
to enzymatic degradation in vivo.”” As mentioned previously,
introducing the dehydro form of phenylalanine, AF can provide
resistance against enzymatic degradation. Another strategy to
solve this problem is to partially substitute L-form to D-form
amino acids.***® As shown in Table 1, several dipeptides, FF,
LD, FAF, LAF and tripeptide RGD were successfully used as
drug delivery vehicles.

Ultrashort peptides for bioprinting

Inkjet printing, present in households and most offices, is
a common method for transferring digital data to paper or
transparencies. As previously discussed, the aromatic dipep-
tides, FF, can form both spherical and tubular nanostructures.
These structures were used as bioink to be efficiently printed on
surfaces via a desktop inkjet printer (two-dimensional, 2D).*
Previously, it was shown that a variety of cells can be encapsu-
lated into the peptide hydrogel. Therefore, in principle, cell-
containing peptide hydrogels can be printed on the surface
either by soft lithography or inkjet printing (i.e. bioprinting). In

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Schematic illustration of an experimental set-up showing peptide nanoparticles with fat tissue from a rat, sandwiched between glass
slides (left). 3D image of the peptide nanoparticles as a SHG z-stack (right). Figure reproduced from ref. 10. Copyright 2016 IOP Publishing.

2015, Loo et al.” reported using ultrashort peptide hydrogels as
bioink for three-dimensional (3D) bioprinting. These peptide
hydrogels undergo instantaneous gelation under physiological
conditions, resulting in peptide hydrogel scaffolds. Further-
more, the hydrogel scaffolds support long-term 3D cultures of
encapsulated human stem cells, as well as primary cells. The
cells were further differentiated and grew into organotypic
structures (skin and small intestine), which could be a useful
platform for drug screening and diagnostics. Although hex-
apeptides were used by Loo et al., in principle, di-tri- and tetra-
peptides can be used as bioink as well. Recently, Arab et al. used
two tetra-peptides, CH-01 and CH-02, as bioinks for 3D culture
of C2C12 mouse myoblasts.”™

Bioimaging nanoprobes

Bioimaging refers to any imaging technique used in life
sciences. It uses light, fluorescence, electrons, X-rays, ultra-
sound, magnetic resonance as sources for imaging. Among
them, optical imaging techniques are widely used because they
provide high-resolution, three dimensional images at cellular
and sub-cellular level.”””* Fluorescence microscopy is
commonly used as it provides structural and dynamic infor-
mation about biological systems at single cell level. However, it
relies on labelling with fluorescent probes.” Label-free optical
imaging techniques are thus superior to the conventional
fluorescence-based imaging technique. Second harmonic
generation (SHG) is such a label-free technique. SHG was
demonstrated by Franken et al. in 1961.” It is a nonlinear
optical (NLO) process in which two incident photons (w;)
interact with an NLO medium, and then are converted into one
new photon. This combination generates a new photon with
twice the energy, twice the frequency (2w,), and half the wave-
length (Asg = A/2) of the original photons. Fibrillar collagen is
the most abundant protein in mammals and is extremely bright
under SHG microscopy.”® Previous studies have shown that SHG
can be used to differentiate collagens subtypes (i.e. type I vs.

This journal is © The Royal Society of Chemistry 2019

type II) and discriminate myosin and collagen.” SHG has been
successfully applied in diagnosis diseases, such as liver fibrosis
and epithelial cancers.” Other than collagens peptides can be
seen under an SHG microscope. Aromatic ultrashort peptides,
such as FF and FFF, are SHG-active.'>* Besides these, aliphatic
ultrashort peptides showed similar brightness as collagen type I
under an SHG microscope (Fig. 4)."° In the near future, we
expect more ultrashort peptides to be applied as bioimaging
nanoprobes for SHG or other non-linear optical microscopy.
Koizumi et al.”” showed dipeptide derivatives have strong SHG
signals and these materials can be used as electro-optical
switch. Besides the development of nanoprobes for non-linear
optical microscopy, ultrashort peptides can be used photonic
crystals. Arnon et al. reported that fluorenylmethoxycarbonyl-
B,B-diphenyl-A-OH amino acid can form colorful crystals,
similar to opal.”®

6. Perspective

In this review article, we discussed three types of ultrashort
peptides (dipeptides, tripeptides and tetrapeptides, (=4 amino
acids)). They can form various types of nanostructures and
possess interesting electrical, mechanical and optical proper-
ties. These ultrashort peptides can be applied as bioimaging
probes, bioprinting ink, tissue culture scaffolds, and drug
delivery vehicles. One of the future directions is to develop
theranostic agents. These agents serve as both bioimaging
probes and molecular therapeutics (i.e. DNPs). In the near
future, more studies are expected to be done in this direction.
Another interesting topic is to design new peptide-based
biomaterials. Such work relies on computational simulation
and experimental validation (e.gz works from Ulijn and
coworkers, Hauser and co-workers). Besides the well-studied FF,
more ultrashort peptides are emerging in the field of peptide
science and biomaterials. The ultrashort peptides discovered by
Hauser and co-workers are an excellent example in this regard.
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These ultrashort peptides are purely synthetic, cost-effective,
and easy to make. These peptide-based biomaterials are non-
hemolytic, non-immunogenic, and can support many cell
types growth and differentiation. They have been successfully
applied as cell culture scaffolds, 3D bio-printing ink, bioimag-
ing probes, and vaccine adjuvants. More applications of these
peptide biomaterials can be expected in the near future.
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