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Short peptides have attracted significant attention from researchers in the past few years due to their easy
design, synthesis and characterization, diverse functionalisation possibilities, low cost, possibility to make
a large range of hierarchical nanostructures and most importantly their high biocompatibility and biode-
gradability. Generally, short peptides are also relatively more stable than their longer variants, non-immu-
nogenic in nature and many of them self-assemble to provide an exciting range of nanostructures, includ-
ing hydrogels. Thus, the development of short peptide-based hydrogels has become an area of intense
investigation. Although these hydrogels have a water content of greater than 90%, they are surprisingly
highly stable structures, and thus have been used for various biomedical applications, including cell thera-
peutics, drug delivery, tissue engineering and regeneration, contact lenses, biosensors, and wound
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healing, by different researchers. Herein, we review the progress of research in the rapidly expanding field
of short to ultrashort peptide-based hydrogels and their possible applications. Special attention is paid to
address and review this field with regard to the stability of peptide-based hydrogels, particularly to enzy-

rsc.li/biomaterials-science matic degradation.

1. Introduction

Molecular self-assembly, which is the spontaneous arrange-
ment of individual molecules into ordered structures through
non-covalent weak interactions, has become an attractive tool
for generating different hierarchical structures such as tubes,
spheres, films, tapes and fibrils from nano to microscale sizes
using monomeric polymer molecules for biomedical
applications.””” Molecular self-assembly and its application
are an outcome of chemistry, materials and polymer science,
molecular biology, and engineering. Molecular self-assembly
can be classified into two types, intramolecular self-assembly,
in which complex polymers assemble from random coil con-
formations into stable secondary and tertiary structures, and
intermolecular self-assembly, in which molecules assemble to
form well-ordered supramolecular structures, such as micelle
formation by surfactant molecules.®® Currently, inter-
molecular self-assembly is of great interest because scientists
are using this tool for generating different structures for bio-
medical applications including drug delivery, biosensing,
tissue engineering, disease diagnosis, and bioimaging.®’
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Besides polymers based on high molecular weight natural
polymers such as polysaccharides (amylose, chitin, dextran,
cellulose and glycosaminoglycans), proteins (gelatin, fibrino-
gen, silk, and collagen), and polynucleotides (RNA and DNA),
and synthetic polymers such as poly(lactic-co-glycolic acid
(PLGA), polyglycolic acid (PGA) and polylactic acid (PLA), self-
assembling, natural and synthetic peptides have attracted sig-
nificant attention from researchers in this field."®"® The
advantages of peptide-based self-assembling systems such as
ease of synthesis and characterization, high stability, chemical
diversity, relatively low cost, inherent biocompatibility, and
biodegradability have made them attractive candidates for
applications in drug delivery, tissue engineering, diagnostics,
biosensing, and drug development (Fig. 1). In the last few
decades, the finding that relatively short peptides (di-, tri- and
tetra-peptides) can self-assemble into ordered nanostructures,
such as nanospheres, nanotubes and fibrillar gels, has made
this area of research even more active and exciting.'*>°°

Hydrogels, a network of three dimensional (3D) self-
assembled polymer fibrillar chains, are soft semi-solid-like
materials containing large amounts (>90%) of water. The self-
assembly of peptides and proteins into fibrils in in vitro and
in vivo conditions is well known and has been the subject of
many reviews,'>'* 17202224 Baged on the aggregation of pro-
teins in in vivo conditions such as the amyloid beta polypep-
tide (APa4,), tau proteins, TAR (trans-activator regulatory) DNA-
binding protein-43 (TDP-43), and islet amyloid polypeptide
(IAPP) indicated in Alzheimer’s disease, researchers have

This journal is © The Royal Society of Chemistry 2020


www.rsc.li/biomaterials-science
http://orcid.org/0000-0001-9875-9549
http://crossmark.crossref.org/dialog/?doi=10.1039/c9bm01304k&domain=pdf&date_stamp=2019-12-16
https://doi.org/10.1039/c9bm01304k
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM008001

Published on 22 October 2019. Downloaded on 1/20/2026 9:07:03 AM.

View Article Online

Biomaterials Science Review
Drug Delivery \
o Bioimaging
Vesicles
Biosensors
Molecular self- I Biomedical | Wound healing
interactions assembly lapplications
Tubes
heli Three
ochelbc dimensional
%\é ﬁ Culture
Fibrils Tissue
\ Randomcoils / \_ engineering /)
Fig. 1 Schematic representation of the self-assembly of peptides into different nanostructures and their possible applications.
identified many small sequences responsible for the assembly stable frameworks of structural architectures.””* Self-assembly

these proteins in their native form.>*** The shortest peptide

sequence identified from these studies was a dipeptide, Phe-
Phe, corresponding to the 19™ and 20™ residues of the central
hydrophobic cluster of the highly amyloidogenic peptide
AB4,.>7**¢ Although many small peptide sequences have been
identified in various disease conditions, the development of
peptide-based therapeutics has remained a challenge primarily
due to their inherent susceptibility to proteases. Considering
that more than 500 putative proteases are present in the
human body, peptide-based drugs and drug delivery systems
generally suffer from very low bioavailability."”>* Thus,
researchers have tried many strategies in peptide design to
resolve this problem, such as the introduction of confor-
mationally restricted amino acids, p-amino acids and non-
protein amino acids.”>®* In this review, we focus on the pep-
tides that readily form hydrogels and their possible appli-
cations in the biomedical field.

2. Peptide based hydrogels

Many short peptides have been found to self-assemble into
hydrogel-like structures. The self-assembly of short peptide
sequences (>8 amino acids) can be categorized into two major
classes, i.e. amphiphilic peptides and self-complementary pep-
tides. Ultrashort peptides (<8 amino acids) have also been
found to self-assemble into different nanostructures due to the
amphiphilicity and/or self-complementarity of their peptide
sequences. Hydrophobic stacking interactions (mn-n inter-
actions) due to aromatic residues and bulky protecting groups
such as fluorenylmethyloxycarbonyl (Fmoc) have also been
found to play a crucial role in their self-assembly.®*”">

2.1 Self-assembly of short peptides into hydrogels

2.1.1 Non-covalent interactions. Many non-covalent inter-
actions including hydrogen bonding, n-n, van der Waals,
electrostatic and hydrophobic interactions have been shown to
be responsible for the self-assembly of peptides into different
nanostructures. The combination of these weak forces and the
synergy among them result in chemically and structurally

This journal is © The Royal Society of Chemistry 2020

depends on the chemical complementarity and structural com-
patibility of individual components with properties such as
polarizability, surface charge and surface functionalities.®”*”>
Out of all the possible non-covalent interactions, hydrogen
bonding is the most important and prevalent interaction parti-
cipating in the self-assembly of peptides and proteins, which
stabilizes key secondary structures such as alpha helix and
beta sheets in polypeptides and proteins. In nature, biological
molecules including proteins, peptides, carbohydrates, lipids,
nucleic acids and other components combine to self-assemble
into a basic biological unit, the cell, while the formation of
amyloid fibrils, chromatin assembly and antigen-antibody
recognition are other examples of self-assembly.® In the last
few decades, many researchers have shed light on non-covalent
interactions to better understand the mechanism of the self-
assembly process and design new self-assembling peptides.®”*””

In the case of ultrashort peptides containing aromatic resi-
dues, the -7 interactions among their aromatic residues have
been found to greatly influence the self-assembly of these pep-
tides.”” As some important examples emphasizing the role of
n-n interactions in the formation of stable hydrogels, Janmey
et al. reported the formation of hydrogels from Fmoc deriva-
tives of different dipeptides, i.e. Fmoc-Leu-Asp, Fmoc-Ala-Asp
and Fmoc-lle-Asp,”® Gazit et al. used Fmoc-Phe-Phe-COOH,
Boc-Phe-Phe-COOH and Z-Phe-Phe-COOH?” and Chauhan
et al. used Phe-APhe and Leu-APhe.”®®° A study carried out by
Ulijn et al. also showed the presence of a high degree of n-n
stacking of fluorenyl groups upon hydrogelation of Fmoc-
Phe-Phe.*!

2.1.2 Amphiphilic peptides. As their name specifies
(amphi- both and philia- love), amphiphilic peptides contain
both hydrophilic and lipophilic regions, and include long-
chain alkylated peptides, peptide phospholipids, and peptide-
co-polymers.’*® Berndt et al. synthesized peptide amphi-
philes as dialkylated chain amphiphilic peptides, for the first
time in 1995, which were derived from extracellular matrix col-
lagen. Peptide amphiphiles containing peptide fragments
from collagen as the hydrophilic component (head) and
dialkyl or diacyl chains as the hydrophobic component (tail)
were synthesized and characterized.®® Nowak et al. designed
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Fig. 2 Hydrogelation of diblock copolypeptides. (A) Common molecular structure of amphiphilic peptides. (B) Confocal microscopy image showing
hydrogel formation from a polypeptide, Kigolao, at 1 wt% concentration. (C) Gel strength of polypeptide amphiphiles (represented by G' — storage
modulus) at different peptide concentrations, where filled circles, Kigolao; Open circles, Kigolao; filled down triangles, Kig0V40; open down triangles,
K1g0V2o0; filled diamonds, Kigp(rac-L)40; and open up triangles, E1gol40. ¢ = [(grams of polymer/grams of sample) x 100%]. Reprinted with permission
from A. P. Nowak, et al., Rapidly recovering hydrogel scaffolds from self-assembling diblock copolypeptide amphiphiles, Nature, 2002, 417(6887),

424, Copyright (2002) Nature Springer.

and synthesized diblock co-polypeptide amphiphiles. These
peptides contained poly(i-lysine-HBr) and poly(i-glutamate
sodium salt) domains as charged polyelectrolytes to induce
water solubility and hydrophobic domains such as poly-i-
leucine and poly-i-valine to induce water insolubility and
aggregation of the peptides. Different peptide analogs such as
Ki6oLao, KigoVao, Kigolao, KooL10, Kjgo(rac-L)sg, and KigoVag
were synthesized and tested for their self-assembly into hydro-
gels (Fig. 2). It was found that the presence of highly charged
segments in the peptide sequence is very important for hydro-
gel formation.®” The characteristics of these peptide amphi-
philes such as the formation of hydrogels at low peptide con-
centration (~1 wt%), high thermal stability up to 80 °C, high
mechanical strength and recovery of get strength after defor-
mation make them attractive for further development.®”

He et al. investigated the self-assembly of two peptide
amphiphiles based on the AP(;_40) polypeptide associated with
Alzheimer’s disease, i.e. 2C;,-Lys-AP(1-17) and Ci5-AB(11-17yC12,

A
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and showed the importance of the alkyl chain positions in
their self-assembly behaviour and stability.*®*® 2C,-Lys-
AB(12-17) was found to self-assemble into long fibrillar struc-
tures with micrometer length and 25 nm diameter in aqueous
solution, while C;,-AP(11-177C1> self-assembled into short
ribbons and lamellae with a length of ~100 nm (Fig. 3). These
results clearly indicate that small but subtle changes in the
hydrophobic chain positions and charge of peptide sequences
can control self-assembly behaviour of peptide amphiphiles
into different nanostructures.®

Similarly, Hartgerink et al. investigated the self-assembly of
12 variants of the peptide amphiphile [CCCCGGGS(PO,)RGD]
with changes in its alkyl tail length, polymerizable regions,
and C-terminal extensions through pH changes. They also
showed an alternative mode of peptide self-assembly triggered
by divalent ions such as calcium to promote self-assembly at
physiological pH, which may be relevant for biomedical appli-
cations where gel formation at physiological pH is required.”®

Fig. 3 Self-assembly of peptide amphiphile Ci»-f (11-17) into nanofibrils. (A) Chemical structure of peptide amphiphile, Ci>-p (11-17). (B) TEM
images showing the self-assembly of C;,-Ap (11-17) into nanofibrils at different pH, at pH 3.0 (top) and pH 10 (bottom). (C) Schematic illustration of
the intermolecular interaction within the C12-Ap (11-17) self-assemblies at different pH, at pH 3.0 (top) and at pH 10.0 (bottom). Reprinted with per-
mission from “M. Deng, et al., Self-assembly of Peptide Amphiphile C12-Ap (11-17) into Nanofibrils, J. Phys. Chem. B, 2009, 113(25), 8539-8544".
Copyright (2009). American Chemical Society.
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2.1.3 Ionic complementary peptides. Ionic complementary
peptides comprise sequences of ordered charged amino acid
residues to induce electrostatic interactions in addition to
interactions such as hydrogen bonding and van-der Waals
forces, which ultimately result in the self-assembly of these
peptides into three-dimensional supramolecular structures
such as nano-tapes, nanotubes, nanospheres, and fibrillar
hydrogels.”®°*¢ The charge distribution in the peptide
sequence plays an important role in the self-assembly of these
peptides. Three types of charge distribution patterns are
widely studied and used for designing self-complementary
peptides, including type-I: — +, type-Il: —— ++ and type-III:
———— ++++ (Fig. 4).°"°* Many ionic self-complementary pep-
tides have been designed using these charge distribution pat-
terns and/or combining them in a single sequence, which
show high self-assembling properties.”**'*® Zhang et al
reported the first self-assembling ionic self-complementary
peptide, EAK16, a 16-residue peptide (AEAEAKAKAEAEAKAK),
in 1993 derived from zuotin, a yeast protein.”® EAK16 spon-
taneously self-assembled into a macroscopic membrane in the
presence of Dulbecco modified Eagle’s medium/calf serum
(DMEM) and phosphate-buffered saline (PBS). In addition to
the interactions between the alternating hydrophobic and
hydrophilic chains of amino acid residues in the sequence of
EAK16, self-complementary pairs of positively charged lysine-
and negatively charged glutamic acid-side chains played an
important role in its self-assembly.'® The self-assembled
membranes were found to be stable to heat, chemical dena-
turation agents such as guanidine hydrochloride, sodium
dodecyl sulphate and urea, and degradation by proteolytic
enzymes such as protease K, trypsin, papain, a-chymotrypsin,
and a commercially available mixture of proteases (Pronase),
and to changes in pH (1.5-11) and temperature up to 90 °C.%°
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In 1995, Zhang et al. designed a new peptide (RAD16) based
on the EAK16 template by substituting positively charged
lysine with arginine and negatively charged glutamic acids
with aspartic acids. RAD16 also self-assembled into a membra-
nous matrix in water and physiological buffer solutions con-
taining salts. Both EAK16 and RAD16 were tested for cell
attachment and their growth using a number of cell types
including primary cultures.'”! Several other designed peptides
(RAD16-I, RAD16-1I, and RAD-IV) based on the EAK16 ionic-
complementary peptide by changing its charge distribution
pattern were prepared and characterized for their self-assembly
by Holmes et al'°>'*> These fibrillar membrane/hydrogel-
forming peptides (RAD16-I, RAD16-II) were then used as
scaffolds for the culture of neuronal cells, and supported their
attachment and differentiation with extensive neurite out-
growth, indicating the potential of these peptide-based
scaffolds for use in tissue engineering applications.'*> Many
other ionic self-complementary peptides were identified to
self-assemble into fibrillar hydrogels together with other nano-
size structures for various biomedical applications including
drug delivery, imaging and tissue engineering.”®?'"%*9>% A
series of short self-assembling designed peptides using these
mechanisms or their combinations for self-assembly into
fibrillar hydrogels will be discussed in detail in the following
sections.

From the above described studies, it is quite clear that
based on the general principle of designing peptides contain-
ing charge entities and hydrophobic regions it is possible to
generate a wide variety of self-assembled peptide-based hydro-
gels. Further, given the wide choice of diverse amino acids,
with both charged as well as hydrophobic residues, and a wide
variety of hydrophobic alkyl groups, it should be possible to
develop different types of hydrogels with specific designer pro-

246 255
220

311 320
414

— T

TDP-43 CTF (220-414)

Short peptides derived from the two
fibrillizing domains of TDP-43 have a
propensity to form hydrogels

Fig. 4 Hydrogel formation by short fragments derived from TDP-43 CFT (246—255) and TDP-43 CFT (311-320). Tube inversion test showing the
formation of self-supportive hydrogels and their respective TEM images showing the presence of dense fibrillar mesh. Reprinted with permission
from “A. Saini and V. S. Chauhan, Self-assembling properties of peptides derived from TDP-43 C-terminal fragment, Langmuir, 2014, 30(13),

3845-3856". Copyright (2014). American Chemical Society.
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perties. Likewise, using design principles from the principles
that emerged from the examples described above under ionic
peptide, a variety of hydrogels may be generate based on
charge-charge interaction.

2.2 Self-assembly of ultrashort peptides into hydrogels (less
than 8 amino acids)

In search of ultrashort self-assembling synthetic peptides,
Chauhan et al. demonstrated the self-assembling properties of
short peptide sequences derived from EDLIIKG and
MNFGAFS, the shortest fibrillogenic peptide sequences from
the TDP-43 protein (a 414-residue DNA/RNA binding nuclear
protein) indicated in neurodegenerative diseases such as
amyotrophic lateral sclerosis and frontotemporal lobar
degeneration. C-terminal and N-terminal deletions of amino
acid residues from MNFGAFS and EDLIIKG resulted in a series
of peptides (Table 1), and their self-assembling properties
were investigated using static light scattering studies, thiofla-
vin T fluorescence assay, TEM, CD and rheology. Among the
peptides, a tetrapeptide, DLII, and a pentapeptide, NFGAF,
were found to form self-supportive translucent hydrogels
(Fig. 4).**'9 CD spectroscopy of the peptides showed clear sec-

Table 1 Peptide sequences derived from self-assembling peptide
sequences of TDP-43 (246-255) and TDP-43 (311-320)°%

Peptides derived from TDP-43  Peptides derived from TDP-43

S.no. (246-255), i.e. MNFGAFSINP  (311-320), i.e. EDLIIKGISV
1. MNFGAFS EDLITKG
2. MNFGAF EDLIIK
3. MNFGA EDLIT

4. NFGAF DLIT

5. FGAF LIT

6. GAF i

7. AFGAF ALII

8. NAGAF KLIT

9. NFGAA NLIT

0.  — YLII

1. — LIID

2. — DAII

3. — DLAI

14, — DLIA
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ondary structure changes with time during the self-assembly
process, changing from a-helix to f-sheet post hydrogelation in
24 to 48 h.

Banerjee et al. reported the self-assembly of a tetrapeptide,
GAIL (peptide 1), leading to hydrogel formation.
Hydrogelation of peptide-1 occurred at a very high peptide con-
centration i.e. 17% w/v. An analogue of peptide-1 was prepared
by replacing alanine at the 3™ position in the peptide-1
sequence with phenylalanine, which formed a hydrogel at a
relatively low concentration of 2.65% wi/v (peptide-2).'** CD,
FTIR and X-ray diffraction studies showed the presence of anti-
parallel B-sheet arrangements in both gels. X-ray diffraction
studies also showed the presence of n-n packing interactions
in the peptide-2 gel. The anticancer drug doxorubicin was
entrapped in both hydrogels and the release kinetics was
determined. Both gels showed sustained drug release up to
45 h. However, no in vivo studies have been reported by these
authors."**

Hauser et al. reported the self-assembly of small aliphatic
peptides of 3-6 amino acids long into s hydrogel. These
designed peptides consisted of a hydrophilic head with
charged nonaromatic amino acids (polar) at the C-terminal,
followed by a tail of aliphatic chain of amino acids at their
N-terminal. Both, the length of the peptide sequence and the
polarity of the peptide head group influenced hydrogel for-
mation. A decrease in non-polar character from the N- to
C-terminal in the peptides led to the formation of cone-like
structures, which were prone to self-assemble in a parallel anti-
parallel stacking pattern (Fig. 5).'°> These authors also showed
that the ultrashort sequences can also form a-helical confor-
mations from random coils upon crossing a threshold concen-
tration. CD and X-ray diffraction studies revealed the presence
of a combination of o-helical and poly-L-proline-like helical
conformations. Among the peptides investigated, two hexapep-
tides (LIVAGD and AIVAGD) and a tripeptide (IVD) were found
to from stable hydrogels at a relatively low concentration and
were investigated extensively.'”” Following leads from the
above described work, Floudas et al. synthesized a series of
peptides based on the theoretical calculation of fold specificity
and association affinity of new peptide sequences. Among the

A sepl Stepl Stepll
Pair formation, Assembly Condensation
Change to a-helical to fibers of fibers
conformation

agef € —

> Hydrophilic headgroup
—

Decreasing hydrophobicity

Fig. 5 Self-assembly of peptides, tri to hexa-peptides, into amyloid p-type fibrillar structures. (A) Proposed mechanistic representation for the self-
assembly of peptide monomers into ordered dense fibrillar network. (B) FESEM images of the trimer, ID3, into fibrillar hydrogels at different peptide
concentrations, at 15 mg mL™* (left) and at 20 mg mL™* (right). Reprinted from “C. A. E. Hauser, et al., Natural tri-to hexapeptides self-assemble in
water to amyloid B-type fiber aggregates by unexpected a-helical intermediate structures, Proc. Natl. Acad. Sci. U. S. A., 2011, 108(4), 1361-1366".
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computationally predicted peptide analogs, two peptides,
namely VIE and MYD, readily formed hydrogels and the
number of their sequence variants was investigated.'*®
Consequently, the authors of this study were able to introduce
a computational de novo peptide design strategy for self-associ-
ating peptides, which may help researchers to design new self-
associating peptides and understanding the mechanism of
their self-assembly process.

Gazit et al. investigated the self-assembly of short fragments
of human calcitonin, a 32 amino acid polypeptide hormone
(hCT), hCT,5_, (DFNKF), hCT;¢_19 (FNKF), hCT,5_,5 (DFNK),
and hCT,5_;; (DEN) together with hCT;5 19 (r—a) (DANKA) into
amyloid fibrillar structures.** Among them, the pentapeptide
DFNKF formed fibrillar structures similar to the native hCT
polypeptide. The tetrapeptide, DFNK, also self-assembled into
fibrils, but its fibrillar structures were less dense compared to
that of the pentapeptide, DFNKF. Since amyloid formation in
hCT occurs under acidic pH conditions,"® the authors
suggested that the negatively charged residues present in
hCT;5_1 undergo protonation, resulting in amyloid formation.
The presence of two phenylalanine in hCT;5_,4 also plays a key
role in its self-assembly. DFNKF showed clear and strong green
birefringence in the Congo Red birefringence study, one of the
properties of amyloid fibrils. The Fourier transform infrared
(FTIR) spectrum of DFNKF showed double minima at 1639
and 1669 cm™', which indicated the presence of antiparallel
sheet-like conformations, similar to the amyloid-forming hexa-
peptide fragment of human islet amyloid polypeptide
(hIAPP,, ,,: NFGAIL).*>* Although it is generally believed that
amyloidosis in proteins occurs due to the exposure of the
hydrophobic patches embedded in the hydrophobic core of
the protein structure, the above studies demonstrated that the
short hydrophilic sequences in the protein sequence can also
induce amyloidosis as efficiently as the hydrophobic
sequences. Taken together, these studies have made a major
contribution in understanding the fibrilization mechanisms of
various amyloidogenic proteins and the design of other fibril-
lar hydrogel-forming peptides.*?*4103:103.106

The development of hydrogels based on ultrashort peptide
sequences is a rapidly expanding field of research. Many single
amino acids, dipeptides and tripeptides conjugated with bulky
aromatic groups such as fluorenylmethyloxycarbonyl (Fmoc),
pyrene, naphthalene, cinnamoyl, carboxybenzyl and phe-
nothiazine have been reported to self-assemble into various
structural assemblies, especially fibrillar hydrogels, and have
received much attention recently.®36466769,71,72,81,107-109
However, these bulky, mostly aromatic groups are generally
toxic in nature, increase the flexibility of the peptide
backbone and block N- or C- or both the terminals of the
peptides, especially the N-terminal, which hamper their
functionalizability.'*

Vegners et al. demonstrated for the first time in 1995 that
three Fmoc-based dipeptides, Fmoc-Leu-Asp, Fmoc-Ala-Asp
and Fmoc-Ile-Asp, formed viscoelastic hydrogels by boiling
peptide solutions at 100 °C in 10 mM phosphate buffer (pH
7.4) followed by vigorous stirring and cooling.”® The Fmoc-

This journal is © The Royal Society of Chemistry 2020
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Leu-Asp hydrogel was used as an adjuvant to deliver antiviral
adamantanimine derivatives, 3,5-dimethyl-adamantylamine
hydrochloride and 5-methyl-1-adamantine 3-carboxylic acid, to
produce specific antibodies against these drugs, which
remained non-antigenic unless injected with the hydrogel
adjuvant or coupled to protein carriers. The antiviral drugs
entrapped in the peptide hydrogels when injected in rabbits
showed the generation of antibody titers as high as in animals
immunized with bovine serum albumin (BSA) conjugated drug
molecules using Freund’s adjuvant, which indicated the poss-
ible use of these ultrashort peptide hydrogels for a number of
practical applications in biomolecular delivery.”®

Xu et al. showed the formation of a self-assembled hydrogel
using a mixture of three individual components having two
Fmoc-based amino acid derivatives, i.e. Fmoc-Leu-OH, Fmoc-
lys-OH with a bisphosphonate drug, and pamidronate.
Heating the mixture at 70 °C and then cooling to room temp-
erature resulted in the formation of a fibrillar hydrogel in
aqueous media at pH 9-10.4. Fmoc-Leu-OH and Fmoc-lys-OH
were used as hydrogelators, while pamidronate was reported to
act as both a hydrogen acceptor and donor to promote hydro-
gelation though hydrogen bonding. Application of this hydro-
gel matrix in mice bearing uranium-infected skin wounds
resulted in significant recovery.'"*

In an outstanding study, Gazit et al. identified the shortest
fibrillogenic sequence, a dipeptide, Phe-Phe, of the amyloid
polypeptide AB-42 and showed that it formed nanotubes
similar to Ap-42 itself.>” Further, in 2006, Gazit and co-workers
showed the gelation of a derivative of diphenylalanine, Fmoc-
diphenylalanine, into a hydrogel and used it as a scaffold for
three-dimensional culture of Chinese Hamster Ovary (CHO)
cells for tissue engineering applications. The cells grown in
the hydrogel matrix were alive, healthy and similar to the cells
grown in the control two-dimensional non-hydrogel-coated
surfaces.®® Inspired by these studies on Phe-Phe, Groot et al.
substituted the N-terminal Phe of the dipeptide with 19 amino
acids and investigated its effect on fibrilization. All the substi-
tutions except isoleucine substitution resulted in low aggrega-
tion propensities compared to the native peptide. In a further
study, de Groot et al. found that Ile-Phe self-assembled into a
transparent and thermoreversible fibrillar hydrogel.*> The
earlier hypothesis that head-to-tail interactions between the
amino and carboxyl-terminus of peptides stabilize the overall
peptide assembly may not explain self-assembly of Ile-Phe
since an analogous dipeptide, Val-Phe, with a small difference
in the side chain of the N-terminal did not self-assemble, even
at high concentrations.”” Clearly, even small changes in the
size and hydrophobicity of the N-terminal of X-Phe (X = Ile,
Val, etc.) can significantly affect its self-assembly behaviour.
Yan et al. designed a hydride hydrogel using Fmoc-FF and Cgq
pyrrolidine tris-acid-based fullerene derivative nanoparticles
for photodynamic antibacterial applications. Incorporation of
fullerene nanoparticles in the peptide hydrogel resulted in
improved mechanical hydrogel properties. Enhanced photo-
dynamic antibacterial activity was observed in in vitro and
in vivo conditions for the hybrid hydrogel.'** In a recent study,
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Yan et al. also showed the self-assembly of a cyclic-dipeptide,
Leu-Phe (CLP), into strong hydrogels in both physiological and
harsh conditions, including water, Dulbecco’s Modified
Eagle’s Medium (DMEM), phosphate buffer saline (PBS),
aqueous solutions of different pH (pH 3, 5, 9 and 11) and
trypsin. The gelation of CLP was driven by hydrogen bonding,
which was confirmed by FTIR and computation simulation
analysis.'"?

During the last two decades, a large number of studies have
suggested that ultrashort peptides, particularly di- and tri-pep-
tides, can form hydrogels as stable and useful as many longer
peptides. However, the ease of synthesis of ultrashort peptides,
their relatively higher stability to enzymatic degradation and
high biocompatibility make them much more attractive candi-
dates for creating hydrogels for multiple biomedical appli-
cations. Further, these small peptides can easily be prepared
in laboratories that are not necessarily equipped for peptide
synthesis, thereby opening the door for other chemists to enter
this exciting field of nanomaterial science.

2.2.1 Self-assembly of ultrashort peptides containing non-
natural amino acids. One of the main hurdles in developing
peptide-based therapeutics and nanostructures for in vivo
applications is their instability to proteolysis, and therefore
low in vivo stability and bioavailability."”*®°%°*7>% The use of
non-protein amino acids in peptide sequences, which may
also impart conformational constraints in the peptide back-
bone, has been used to address these concerns.>®* In particu-
lar, Ca-substituted non-protein amino acids such as
a-aminoisobutyric acid (Aib) and other a-substituted amino
acids as well as a,p-dehydro amino acids have been shown to
impart both conformational rigidity as well as enzymatic stabi-
lity."™* Modifications or substitution at Ca introduce structural
changes that are not recognised by naturally occurring
enzymes in biological systems.''® Chauhan and co-workers
over several years developed design principles for making pep-
tides with conformational preferences using a noncoded,
a,B-dehydrophenylalanine residue (APhe), an analog of the
naturally occurring phenylalanine amino acid, with a double
bond between the Ca and CB atoms.>*''°'*> Using these
design principles, this research group developed biologically
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active peptides with various possible therapeutic applications.
After the discovery of the dipeptide Phe-Phe as the main and
shortest fibrilizing peptide sequence of the a,f-amyloid
peptide, Chauhan et al. in 2007 replaced the C-terminal Phe
with the conformation restricting residue APhe and studied
the self-assembling properties of Phe-APhe.”*'*® Phe-APhe
was found to self-assemble readily into distinct tubular struc-
tures of ~30 nm, which were stable in a broad pH range and
treatment with proteases (Fig. 6).* X-ray crystallography
studies showed different torsion angles for PheAPhe (149.70°)
compared to Phe-Phe (40.2°).>* PheAPhe entrapped drug such
as molecules and other biomolecules in its tubular structures
and delivered them in a slow and sustained manner.
Subsequently, these researchers synthesized and investigated a
set of dipeptides (X-APhe) containing natural amino acids at
their N-terminal and APhe at C-terminal. Depending on the X
residue at the N-terminal, these dipeptides self-assembled into
highly stable nanostructures such as nanotubes, nanospheres
and hydrogels (Fig. 7).

They also found that Phe-APhe can self-assemble into
highly stable, and mechanically strong hydrogels at higher
peptide concentrations, 0.2-1.0% w/v, in 0.8 M acetate buffer
at pH-7 upon boiling and cooling the solution to room temp-
erature (Fig. 8).”° The dipeptide hydrogel had significantly
higher mechanical strength of 209 kPa (storage modulus) com-
pared to other peptide-based hydrogels such as MAX1 (2.5
kPa),"*® Fmoc-Phe-Phe (10 kPa),*’ and tetrapeptide peptide-
2 hydrogel."””” The TEM images of the Phe-APhe hydrogel
revealed the presence of a network of long fibrils with a
micrometer length and 15-30 nm diameter (Fig. 8). The
thermal circular dichroism (CD) spectra of the hydrogel
showed no change with temperature up to 50 °C, indicating
the stability of the hydrogel at physiological temperatures. The
gel could entrap a number of drug-like molecules of different
molecular weights and physicochemical properties and release
them in a sustained gradual manner. pH-Sensitive drug
release (~3 times increased) from the hydrogel was observed
when the environmental pH of the gel was changed from
neutral (pH 7) to acidic (pH 2) and basic (pH 10).”° The dipep-
tide, Phe-APhe, hydrogel was used as a scaffold for the three-

Fig. 6 Self-assembly of a dipeptide containing a conformation restricted residue, a,p-dehydrophenylalanine at its C-terminal, Phe-APhe, into nano-
tubes. (A) Crystal structure showing the involvement of four Phe-APhe molecules to form nanotubes. (B) TEM image showing the morphological
characteristics of the Phe-APhe nanotubes. Reprinted with permission from “M. Gupta, et al., Self-assembly of a dipeptide-containing conformation-
ally restricted dehydrophenylalanine residue to form ordered nanotubes, Adv. Mater., 2007, 19(6), 858—-861". Copyright (2007). Wiley.
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Fig. 7 TEM images showing the self-assembly of dipeptides containing a conformation-restricted residue, o,p-dehydrophenylalanine at their
C-terminal. Formation of self-assembled nanostructures by modified dipeptides (XAPhe) depending on their X-residue.

Fig. 8 Hydrogel formation by a modified dipeptide, Phe-APhe (A) chemical structure of Phe-APhe and schematic representation for hydrogel for-
mation by Phe-APhe. (B) Tube inversion test showing the formation of self-supportive hydrogel. (C) TEM image showing the formation of a dense
fibrillar network by the dipeptide after its self-assembly. Reprinted with permission from “J. J. Panda, et al., Stimuli responsive self-assembled hydro-
gel of a low molecular weight free dipeptide with potential for tunable drug delivery, Biomacromolecules, 2008, 9(8), 2244—-2250". Copyright

(2008). American Chemical Society.

dimensional (3D) growth of cells."”® Due to the availability of

free N- and C-terminal groups (-NH, and -COOH) in the Phe-
APhe hydrogel, the gel was easily functionalized covalently
with a peptide ligand, RGDGG, containing the well-known cell
adhesion motif, RGD, the shortest sequence of fibronectin,
which binds to aVp3 integrin proteins on the surface of cells.
The functionalized dipeptide hydrogel showed enhanced cell
growth of cervical cancer cells, HeLa and subcutaneous areolar
and adipose tissue cells, L292, in its matrix compared to the
non-functionalized gel and two-dimensional (2D) culture of
cells (Fig. 9)."*® These characteristics of the Phe-APhe hydrogel
highlight its suitability for possible use in drug delivery and
tissue engineering applications.

As a follow up of the Phe-APhe study, the same research
group screened a set of 16 dipeptides (Table 2) containing

This journal is © The Royal Society of Chemistry 2020

different N-terminal t-amino acids together with APhe at their
C-terminal, for self-assembly into hydrogels. They found that
only two dipeptides, Trp-APhe and Leu-APhe, formed gel-like
structures under physiological conditions (Fig. 10).%° However,
the gel formed by Trp-APhe was significantly weaker than that
of Leu-APhe, which self-assembled instantaneously into a
highly stable and biocompatible hydrogel under physiological
conditions. The Leu-APhe hydrogel showed a peptide concen-
tration-dependent increase in mechanical strength (5.46 + 0.58
kPa at 0.4 wt% to 136.0 + 29.8 kPa at 1.0 wt%) in the rheology
studies. Also, the hydrogel showed self-healing properties after
structural disruption, indicating its injectable nature, a highly
desirable characteristic required for the development of hydro-
gels as platforms for various biomedical applications. The
hydrogel entrapped a number of drug-like molecules with
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Fig. 9 Hydrogelation of PheAPhe and its functionalization with a tripeptide cell adhesive motif, RGDGG (GG as spacer), to promote cell growth in
its matrix (RGDGG-FAF) and three-dimensional growth of cells in. (A) TEM image showing the formation of fibrillar network by FAF. (B) TEM image
showing the stability of FAF hydrogel after functionalization with the peptide motif. Confocal images showing the three-dimensional growth of (C)
Hela cells and (D) L929 cells in the functionalized hydrogel matrix. (E) Viability of cells, HeLa and L929, cultured on hydrogel matrices of FAF and
RGDGG-FAF. Z-Stack confocal images of L929 cells cultured in RGDGG-FAF hydrogel. (F) Stack 63 with 55 viable cells, (G) stack 115 with 74 viable
cells, and (H) stack 140 with 79 viable cells. Reprinted with permission from “J. J. Panda, et al., 3D cell growth and proliferation on a RGD functiona-
lized nanofibrillar hydrogel based on a conformationally restricted residue containing dipeptide, ACS Appl. Mater. Interfaces, 2010, 2(10),

2839-2848". Copyright (2010). American Chemical Society.

Table 2 List of AF (a,p-dehydrophenylalanine)-containing dipeptides
screened for their self-assembly into hydrogels®®

Peptide

S. no. Peptide name sequence
1. Arginine-o,p-dehydrophenylalanine RAF

2. Leucine-a,-dehydrophenylalanine LAF

3. Phenylalanine-a,-dehydrophenylalanine FAF

4. Glutamic acid-o,f-dehydrophenylalanine EAF

5. Threonine-a,f-dehydrophenylalanine TAF

6. Serine-a,p-dehydrophenylalanine SAF

7. Tyrosine-a,-dehydrophenylalanine YAF

8. Aspartic acid-a,f-dehydrophenylalanine DAF

9. Glutamine-a,f-dehydrophenylalanine QAF
10. Valine-a,f-dehydrophenylalanine VAF
11. Tryptophan-a,p-dehydrophenylalanine WAF
12. Glycine-a,-dehydrophenylalanine GAF
13. Proline-o,f-dehydrophenylalanine PAF
14. Asparagine-u,f-dehydrophenylalanine NAF
15. Isoleucine-a,B-dehydrophenylalanine IAF

16. Methionine-a,p-dehydrophenylalanine MAF

different physicochemical properties and released them in a
much more sustained manner than other polymer and
peptide-based hydrogels.””**'** A change in environmental
pH, from neutral to acidic and basic resulted in faster drug
release, which indicated stimuli-responsive drug release from
the hydrogel matrix. Furthermore, the hydrogel was completely
non-toxic in in vitro and in vivo conditions. An increase in the
regression of tumor size (tumor volume) was observed when
the hydrogel entrapped with an anticancer drug, mitoxan-

92 | Biomater. Sci., 2020, 8, 84-100

trone, was injected in mice bearing B;sF;, melanoma tumor.®°
The Leu-APhe hydrogel exhibited all the expectations of an
ideal hydrogel system and its gelation represented an unusual
and intriguing example of peptide-based self-assembly consid-
ering the fact that very similar dipeptides, Ile-APhe and Val-
APhe, did not form hydrogels under the same conditions.
These studies suggest that the use of non-protein amino
acids, particularly those modified at the a-carbon of their
amino acids, may offer additional attractive choices in the
toolbox of researchers interested in designing novel self-
assembled peptide-based structures, particularly hydrogels.

3. Strategies to enhance the
biostability of peptide-based
hydrogels

Peptide-based drugs and delivery vehicles are attracting
increasing interest because of their easy design, synthesis and
characterization, low cost, diverse functionalisation possibili-
ties, possibility to make a large range of hierarchical nano-
structures and their inherent biocompatibility. However, a
major hurdle in the development of these peptides as possible
drug and/or drug delivery vehicles is their inherent suscepti-
bility to proteolytic degradation, which limits their biomedical
application. Thus, there have been huge efforts by researchers
to stabilize peptides against enzymatic degradation, including
the use of Ca amino acids with the p-configuration, i.e.
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Fig. 10 Tube inversion test showing the self-assembly of a set of modified dipeptides, XAPhe, into a hydrogel. A dipeptide LeuAPhe, instan-

taneously self-assembled into a self-supporting hydrogel.8°

p-amino acids, Ca substituted amino acids such as Aib,
a,p-dehydro amino acids, Co-fluoroalkyl substituted amino
acids, N-alkyl-Ca amino acids (peptoids), polymer linked pep-
tides and cyclic peptides."*®

All amino acids, except glycine, due to the chirality at its Ca
carbon, exist in two isomeric forms, i.e. D and L forms, and
almost all naturally occurring peptides, proteins and synthetic
peptides made via the recombinant method contain r-amino
acids. In biological systems, enzymes recognise only r-amino
acids as their substrate for peptide or protein degradation pur-
poses. p-Amino acids can easily be incorporated at defined
positions in any peptide using standard chemical peptide syn-
thesis methods. Xu et al. reported the self-assembly of a
p-tripeptide (PheP-Phe-Tyr”) by enzymatic dephosphorylation
and utilized this hydrogel to inhibit the growth of cancer cells
(HeLa cells).>>"*'™'*3 Ding et al. also showed the self-assembly
of a p-peptide (8 residues, Nap-G°FP’FP’YGRGD) into biostable
hydrogels, which were used as delivery vehicles for an anti-
cancer drug, 10-hydroxycamtothecin, for cancer therapy.'**
However, although the stability of these peptides to enzymatic
degradation was enhanced, there was significantly reduced cel-
lular uptake in case of these peptides.>>"?"!3>

Peptides containing «-substituted
a,a-disubstituted glycine have shown stability towards proteo-
lytic degradation. Many naturally occurring peptides have been
identified, which contain Ca substituted amino acids such as
antimicrobial peptide-alamethicin."?**3°
Co-substituted amino acids such as Aib introduces confor-
mational constraint in the peptide backbone and provides
stability against enzymatic degradation.”””'*° Recently,
Chaudhary et al. described the self-assembly of different
dipeptides, including Asn-Gly, Aib-Pro”, and Pro°-Gly. They
demonstrated drug (doxorubicin) entrapment and the three-
dimensional growth of cells (rat pancreatic cell line, RIN-5F
and human embryonic kidney cells, HEK-293) in the peptide
hydrogel matrices, but did not compare their enzymatic stabi-
lity with their natural 1-amino acid-containing analogs.'*!

Chauhan and co-workers showed that the introduction of a
noncoded a,p-dehydro amino acid, namely a,pf-dehydrophenyl-
alanine, induced conformational constrain both in the peptide

amino acids or

The introduction of

This journal is © The Royal Society of Chemistry 2020

backbone and the side chain as well as enhanced resistance to
enzymatic degradation. Using these design principles, this
research group developed conformationally restricted and bio-
logically active peptides with various possible therapeutic
applications."'®'"%'?>>1* They also showed the self-assembly
of a series of dipeptides containing APhe at their C-terminal
(XAPhe) into different hierarchical nanostructures and investi-
gated their possible use in biomolecular delivery and three-
dimensional growth of cells. Out of a panel of twenty dipep-
tides, two dipeptides, namely Phe-APhe and LeuAPhe, self-
assembled into mechanically strong hydrogels with enhanced
enzymatic stability. Drug delivery and tissue engineering appli-
cations were also investigated by this group.””®" The above
described studies have attracted keen interest and enhanced
efforts in developing more stable hydrogels.

4. Biomedical applications of
peptide-based hydrogels

As mentioned earlier, peptide-based hydrogels, especially
short peptides, due to their high biocompatibility, biodegrad-
ability and ease of synthesis have attracted significant interest
in the biomedical field and have been used for different appli-
cations including drug delivery, scaffolds for wound healing,
bioimaging, bioprinting and tissue engineering.

4.1 Drug delivery

Administration of drugs conventionally generally suffers from
various drawbacks, including solubility issues, burst release,
low bioavailability due to high clearance or metabolism, high
degradation and nonspecific distribution. To overcome these
problems, many researchers have tried drug delivery tech-
niques to deliver drugs using different polymer-based nano-
structures. Both hydrophilic and hydrophobic drugs can be
encapsulated in polymeric nanostructures depending on their
properties, which protect them from the outer environment
and deliver them in a controlled manner. Peptide-based nano-
structures, especially injectable hydrogels, have attracted great
interest in this field and many researchers have used them as
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delivery vehicles. Banerjee et al. showed the entrapment and
sustained release of an anticancer drug, doxorubicin, from
tetrapeptide (GAIL and GFIL) hydrogels in in vitro studies.'®*
Xu et al. showed the controlled delivery of a drug, pamidro-
nate, using a hydrogel formed from two Fmoc-based amino
acid derivatives, Fmoc-Leu-OH and Fmoc-Lys-OH. They
showed significant recovery of uranium-infected skin wounds
in mice treated with the hydrogel matrix entrapped with pami-
dronate."'! Chauhan et al. showed the entrapment and sus-
tained release of a number of drugs, both hydrophilic and
hydrophobic, from two chemically modified dipeptide hydro-
gels, Phe-APhe and Leu-APhe. These hydrogels showed pH-
sensitive drug release. Mitoxantrone, an anticancer drug,
entrapped with Leu-APhe hydrogel, when injected in tumor-
bearing mice showed significant regression of the tumors.®°
Vegners et al. used an Fmoc-Leu-Asp hydrogel to deliver anti-
viral adamantanimine derivatives, 3,5-dimethyl-adamantyl-
amine hydrochloride and 5-methyl-1-adamantine 3-carboxylic
acid, to produce specific antibodies against these drugs and
showed the generation of antibody titers as high as in rabbits
immunized with bovine serum albumin (BSA) conjugated drug
molecules.”®

4.2 Three-dimensional growth and tissue engineering

Hydrogels mimicking the extracellular matrix of cells are
promising materials for tissue engineering and 3D cell culture.
There is much evidence to support the fact that the extracellu-
lar matrix plays a key role in regulating cell behaviour, and
therefore many researchers have used different hydrogel
matrices to culture cells in the 3D environment of hydro-
gels."*? Cells cultured in hydrogels provide the growth of cells
in all directions, allow multiple cell-cell and cell-matrix inter-
actions, normal cell cycle, 3D fluid perfusion, complete cellu-
lar polarization and protein and gene expression similar to
that in in vivo conditions.®*?*° Zhang et al. used EAK16- and
RAD16-based hydrogels for cell attachment and growth.'*!
Both peptide hydrogels were found to support the attachment
of diverse cell types, including hepatocytes, keratinocytes and
fibroblasts. In addition to supporting cell growth, hydrogels
have been shown to maintain differentiated morphologies and
functions of cells."® Many analogues of EAK16 were made and
tested for 3D cell culture. Holmes et al. used RAD16-1- and
RAD16-1I,, new analogues of EAK16, based hydrogels as
scaffolds for the culture of neuronal cells. Both hydrogels sup-
ported cell attachment and differentiation with extensive
neurite outgrowth.'®> Pilocci et al showed an enzyme,
P. cepacian, catalysed the hydrogelation of a tripeptide, Fmoc-
Phe-Phe-Phe, and used this peptide hydrogel as a 3D matrix
for the growth of microglial cells."** Puramatrix, a commer-
cially available polypeptide hydrogel, is also intended for use
in various 3D growth and tissue engineering applications.'*’
Chauhan et al. used a dipeptide, Phe-APhe, hydrogel for 3D
cell culture and functionalized it with a ligand, the Arg-Gly-Asp
motif, the shortest sequence of fibronectin required for attach-
ment to cell surface integrins, to enhance cell attachment and
growth (Fig. 9). The authors showed the enhanced cellular
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growth of HeLa (ovarian cancer) and L929 (mouse fibroblast)
cells in the functionalized hydrogel and indicated its potential
for further development for tissue engineering applications."®
In a recent study, Chauhan et al. used two ultrashort peptide-
based hydrogels, a dipeptide, Leu-APhe, and a tetrapeptide,
Asp-Leu-Leu-lle, for the 3D growth of cells and used them as
scaffolds for tibial bone defects and showed that the healing
of bone defects was significantly higher in rabbits treated with
peptide hydrogels compared to the PBS treatment group
(unpublished). Hauser et al. showed the self-assembly of two
hexapeptides, ILVAGK and LIVAGK, into dense fibrillar struc-
tures and made hydrogel patches (25 mm in diameter) for
their easy applicability on skin wounds. They showed the sig-
nificantly higher recovery of partial thickness burn wounds in
rats treated with the peptide hydrogels compared to the PBS
and Mepitel, a silicone-coated polyamide matrix, groups.'*®
Hauser et al. also used peptide, LIVAGKC and LK¢C, hydrogels
as dressings for full-thickness excision wounds in mice and
found that the wounds treated with the hydrogel dressing
potentiated complete re-epithelialization compared to the
control non-treated group.'”” These studies clearly suggest that
peptide-based hydrogels, especially ultrashort peptides, can
further be developed as platforms for tissue engineering and
regeneration, bioinks and scaffolds for wound healing appli-
cations in clinic.

4.3 Antimicrobials and wound healing

Presently, microbial infections are among the most prevalent
cause of death worldwide. Disease conditions such as diabetic
foot ulcers, where healing is very slow and chances of getting an
infection are very high, are very difficult to treat. Also, the exces-
sive use of antibiotics has resulted in the occurrence of drug-
resistant microbial strains and several pharmaceutical indus-
tries have now stopped their antibiotic research, which has
made this problem even more serious. Many naturally occurring
and synthetically designed antimicrobial peptides have been
identified by researchers in the past few years.'*® Peptide-based
antimicrobials due to their unique mechanism of action seem
promising candidates for treating multidrug resistant infec-
tions."*® Antimicrobial peptide hydrogels can be applied to
injured areas as would dressings, implant coating and/or
creams and have been used by many researchers. Christman
et al. developed a synthetic cell-adhesive polypeptide hydrogel,
poly(lys)so(Ala)sy and its conjugated version with polyethylene
glycol-amide succinimidyl glutarate, with antibacterial activi-
ties."”™® Recently Li et al. investigated the self-assembly of a
series of cationic peptide amphiphiles (PA) into pH-responsive
hydrogels with a varying number of lysine (PA-Kn, where n is the
number of lysine, which was 0-3). An increase in the number of
lysine resulted in reduced self-assembling properties, and as
expected, the lysine-containing PA showed higher antibacterial
activity than the control PA without lysine."’

4.4 Biosensors

The development of peptide hydrogel-based biosensors is a
rapidly expanding field of research due to the low biocompat-
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ibility and difficult and costly synthesis of other polymer-based
hydrogels. Yang et al. used a self-assembled hydrogel of the
Fmoc-Phe-Phe dipeptide to construct a smart biointerface,
which was used for enzyme-based electrochemical biosensing
and cell monitoring purposes. The authors used this hydrogel
as a host for horseradish peroxidase and showed the detection
of H,O, levels released from HelLa cells in in vitro con-
ditions."”* Similarly, Park et al. utilized Fmoc-Phe-Phe dipep-
tide hydrogel encapsulating enzyme bioreceptors (e.g., glucose
oxidase or horseradish peroxidase) and fluorescent reporters
(e.g., CdTe and CdSe quantum dots) to make enzyme-
based optical biosensors. The authors reported the detection
of different levels of glucose and phenolic compounds
using the dipeptide-based hydrogel biosensor.'”* Alves et al.
also used an Fmoc-Phe-Phe hydrogel containing an antigen,
i.e. Leishmania infantum chagasi, for the detection of
Leishmaniasis disease in patient samples.”®* Miller et al.
developed an octapeptide-based hydrogel in combination with
a DNA aptamer as a biosensor to identify single or multiple
nucleotide polymorphisms, aiming to recognise susceptibility
to certain monogenic or complex diseases in patients.'>>

Many peptide-based hydrogels such as Puramatrix and
Matrigel are already in use and commercially available, while
many others are in clinical trials.">>*” It is clear from the
reviewed literature that in general, peptide-based, short and
ultrashort, hydrogels represent nanostructures having better
chemical, biophysical, biocompatible characteristics than syn-
thetic organic and inorganic polymers with potential appli-
cations in drug delivery, tissue engineering, bioprinting, bio-
imaging and many other biomedical applications. Considering
the significant interest in this field of research, it will not be
surprising to see many novel peptide-based hydrogels being
developed for various biomedical purposes.

5. Current challenges and the way
forward

Molecular self-assembly has become an attractive tool for gen-
erating different hierarchical structures such as tubes, spheres,
films, tapes and fibrils from nano to microscale sizes for bio-
medical applications. Peptide-based self-assembled nano-
structures are inherently more attractive due to their easy and
inexpensive synthesis, easy functionalisation with site-specific
ligands, biocompatibility and biodegradability. The findings
that ultrashort peptides (<8 residue) including even di- and tri-
peptides can self-assemble to form nanostructures such as
hydrogels have made this area of research more active and
exciting. Ultrashort self-assembled peptide-based hydrogels
are being developed for various biomedical applications,
including drug delivery, scaffolds for wound healing, bio-
imaging, bioprinting and tissue and engineering. However,
although these developments are very exciting, several issues
such as resemblance of extracellular matrices in tissue engin-
eering, lack of information on the pharmacokinetics of
peptide-based hydrogels in in vivo conditions, issues of desir-
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able mechanical properties in the case of their use as bio-
molecular delivery and tissue engineering platforms, and
careful study of their in vivo toxicity have yet to be resolved. As
these hydrogels are further developed for their practical use in
biomedical applications, their long-term stability will also
need to be established. Also, although the preparation, charac-
terization and in vitro use of peptide-based hydrogels and their
possible use in biomedical applications have been described,
there is little information on their clinical trials in humans.
Thus, there is an urgent need to take some of the promising
peptide-based hydrogels on a translational path and to carry
out careful studies under GLP conditions to finally develop
them for their intended use.
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