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Cardiovascular diseases are the leading cause of death worldwide, claiming millions of lives every year.
Cardiac tissue engineering has emerged as a versatile option for repairing cardiac tissue and helping
its regeneration. The use of nanomaterials, particularly nanofiber-based scaffolds combined with
biomolecular cues like peptides, has significantly improved the compatibility and efficacy of the scaffolds
for cardiac tissue regeneration. By utilising the self-assembly properties of peptides to create nanofiber
scaffolds, we can achieve stability that closely mimics the natural components of cardiac tissue, making
them perfect for cardiac tissue regeneration. In this review, we highlighted the dynamic process of
self-assembly into nanofibers and the use of various self-assembled nanofibers for cardiovascular tissue
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regeneration, focusing on their roles in antithrombotic, angiogenic, differentiation, proliferation, and

rsc.li/materials-b anti-atherosclerotic interventions.

Open Access Article. Published on 10 Dezember 2024. Downloaded on 29.01.26 15:42:27.

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

(cc)

1. Introduction

Globally, cardiovascular diseases (CVDs) are the leading cause
of death, accounting for 32% of all deaths in 2019 (17.9 million
people) and approximately 19.1 million in 2020."* In the
European Union, CVDs contribute to over 1.8 million deaths
annually,® with an economic cost projected to be 210 billion
euros.” In the United States, heart diseases affected nearly
695,000 lives in 2021, with a cost larger than $239.9 billion
annually between 2018 and 2019.° Despite significant advance-
ments in prevention and treatment, CVDs, which encompass a
variety of disorders of the heart and blood circulatory system,
substantially increase morbidity and mortality and place a
considerable financial burden on society.*” There are currently
a variety of clinical and surgical therapeutic options accessible,
such as medication-based revascularisation, surgical proce-
dures including heart transplantation, and installation of med-
ical devices. Emerging regenerative medicine approaches also
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represent potential management options for CVD treat-
ment.®*® However, due to the poor ability of the heart to
regenerate, injured tissues are primarily replaced by a scar that
differs greatly from the original tissue in terms of biophysical
characteristics. Scar tissue can cause life-threatening arrhyth-
mias and aneurysms as well as seriously impede cardiac func-
tion, depending on the extent of the injured area."
Furthermore, limited biological effects and resistance to con-
ventional medications hinder the success of typical
therapeutics-based treatment. To tackle these obstacles,
sophisticated early disease detection and treatment methods
are needed.

Ischemic heart disease, particularly myocardial infarction
(MI), is a major cause of death of cardiomyocytes. The limited
healing capacity of cardiomyocytes and the formation of fibro-
tic scar tissue leads to the loss of heart function.? Therefore,
regeneration after MI aims to target the infarcted area and
promote the regeneration of myocardial and vascular tissues
with tissue engineering methods. Cell therapies, biomaterials
or hybrid materials, and direct reprogramming of fibroblasts
into cardiomyocytes are current strategies to treat infarcted
areas.'” One of the solutions for MI is to develop a cellular
patch of myocardial tissue that can aid in healing and regen-
erating the cardiac tissue. These scaffolds are designed to
eventually integrate into a native myocardium tissue and can
be surgically implanted in the patient’s heart.* In regenerative
medicine, scaffolds are aimed to have a cellular microenviron-
ment like the extracellular matrix (ECM) of natural tissues/
organs which can support cellular adhesion, differentiation,
proliferation, communication as well as assist in the transportation

This journal is © The Royal Society of Chemistry 2025
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of nutrients and waste to/from the cells. For this purpose, it is
important to select biomaterials that can direct the course of
the therapeutic or diagnostic procedure through interactions
with the living systems. The ideal biomaterial is the one that
can mimic the corresponding extracellular matrix and thereby
help in tissue regeneration.'>"> Moreover, cells and bioactive
molecules enhance endogenous and exogenous therapeutic
components and biomaterials can provide mechanical support
for cell regeneration."®

The use of nanomaterials for tissue repair and regeneration
is a very promising approach.'”'® The relative ease with which
we can fine-tune their properties and combine natural and
synthetic components in the scaffold material has opened
innumerable possibilities in tissue regeneration. Among various
nanostructure-based scaffolds, nanofiber-based scaffolds have
proven to be better and more cytocompatible. Moyer et al. demon-
strated that cylindrical self-assembling peptides show better affi-
nity and selective binding to the site of injury in the arterial tissue,
while spherical peptides show no binding.'® This can be attributed
to the similarity in the structure of the nanofiber morphology and
the ECM, a naturally occurring framework that supports the
tissues. Carefully designed nanofibers, composed of biocompati-
ble materials that can mimic the complex structure of native
cardiac tissue, have been shown to promote the growth of new
cells."” The production of nanofibers can be achieved via techni-
ques such as electrospinning, emulsion freeze-drying, and self-
assembly.”

The addition of biomolecular cues, such as peptides, to the
scaffolds, can enhance the regeneration process.”’>* Peptides
are small protein fragments which can mimic the bioactivity of
large protein molecules, thereby assisting in the targeting of
protein-protein interactions in the cellular environment. The
excellent bioactivity of peptides along with biocompatibility,
bioresorbable nature, and commercial availability make them a
suitable candidate for advanced medical applications. However,
they display poor stability and undergo rapid degradation outside
the cellular physiological environment.* Peptide-based tissue
scaffolds can modulate cell behaviour as they provide the bio-
chemicals and signalling cues needed for the cell in the native
tissue.”® Peptides can self-assemble into well-defined structures,
such as nanofibers, nanotubes, nanospheres and hydrogels under
favourable thermodynamic conditions.>® Supramolecular scaffolds
formed by self-assembling peptides (SAP) hold great promise in
cardiac regenerative medicine. These scaffolds mimic the structure
and function of natural tissue components like the extracellular
matrix, making them suitable for various tissue engineering
applications. Peptide-based scaffolds can form high aspect ratio
nanofibers via molecular stack motifs through non-covalent inter-
actions. These nanofibrous scaffolds offer advantageous properties
such as delayed degradation, hypo-immunogenicity, high biocom-
patibility, and the ability for prolonged release of specific growth
factors immobilized by covalent bonding.*”

Recently, a perfusable, multifunctional epicardial device
consisting of a biodegradable elastic patch (BEP), permeable
hierarchical microchannel networks (PHMs) and a system
to enable the delivery of therapeutic agents were designed.

This journal is © The Royal Society of Chemistry 2025
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The BEP’s biomimetic elasticity and strength provide mechan-
ical cues to infarcted myocardium while biomimetic PHMs
facilitate angiogenesis, induce infiltration of reparative cells
and enable to reserve therapeutic agents.® Both SAP nanofiber
and this cell-free novel device share several key features that
provide an interconnected microporous environment for cells
and cargo molecules as a reservoir. This novel approach
emphasizes mechanical stimuli and matching besides struc-
tural enhancement. Even though SAP nanofiber may enable
mechanical support they differ in their bioactivity and biocom-
patibility. They differ not only in biological properties but also
in the way to tune and enhance the regeneration process. SAPs
nanofiber scaffolds enable to have flexibility at the molecular
level by different bioactive motifs such as modulating cell
behaviours, cell signalling, binding, and niche properties.
On the other hand, invasive surgical implantation and fixation
of patches are still challenges. Patches need to be placed and
fixed on damaged areas invasively whereas SAP can be delivered
by local or systemic injections. Another novel cardiac patch was
recruited for revascularization and magnetic accumulation of
therapeutic agents for the treatment of MI. Unlike the previous
design, these patches demonstrate and focus on a promising
targeted delivery of therapeutic agents and cells by creating a
local magnetic field to form rapid vascularization. Although
this magnetic epicardial patch has similar invasive placement
and needs crucial mechanical features, providing sufficient cell
and therapeutic agent accumulation by magnetic force at the
infarcted area and bypassing systemic delivery obstacles are
exciting.”® It is believed that the integration of SAP into this
design as a coating material might increase their efficiency and
functionality due to their bioactive motif frame.

In this comprehensive review, we focus on the dynamic
process of the general self-assembly mechanism, followed by
a detailed compilation of the self-assembling peptides with
different bioactivities within cardiovascular regeneration, dis-
tinct self-assembly mechanisms to elucidate their capacity to
form nanofibers through non-covalent interactions and the
recent studies in synthesizing self-assembling peptide nanofi-
bers for addressing the challenge of cardiovascular tissue
regeneration. This review will provide knowledge on the self-
assembly of peptide nanofibers to contribute to the ongoing
evolution of innovative solutions in the field of cardiovascular
tissue engineering.

2. Self-assembly

Self-assembly is defined as a spontaneous organization of
components into ordered structures without human interven-
tion, applicable across scales from molecular to planetary. It is
a key to understanding biological processes such as cell repli-
cation, plays a crucial role in nanotechnology, improves auto-
mated systems in manufacturing and robotics, and bridges
reductionist and emergent perspectives in complex systems.
Processes ranging from the non-covalent association of organic
molecules in solution to the growth of semiconductor quantum
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dots on solid substrates have been called self-assembly. Self-
assembly can be classified into two main types: static and
dynamic. Static self-assembly occurs at equilibrium and does
not require energy dissipation, forming stable structures like
molecular crystals and proteins. In contrast, dynamic self-
assembly relies on continuous energy dissipation to form and
maintain structures, as seen in oscillating chemical reactions
and biological cells, though its study is still in its early stages.*

Uncontrolled protein aggregation can lead to diseases like
Alzheimer’s, making it crucial to understand the self-assembly
mechanism. Supramolecular nanofibrils form through a
nucleation-dependent polymerization process. This involves
an initial nucleation event, followed by the growth and multi-
plication of structures.>® Theoretical studies suggest these
nuclei can form either through a direct single-step process or
a two-step process involving a metastable phase, resulting in
various transient intermediates due to weak noncovalent inter-
actions and flexible conformations.*>™*

Recent research by Yaun et al. showed that liquid-liquid
phase separation (LLPS) into solute-rich and solvent-rich
phases is the initial step before peptide self-assembly nuclea-
tion. The mechanism of LLPS depicts that the formation of
peptide-rich droplets from a homogeneous solution is an
entropy-driven process and is mainly attributed to solvent
release from bound peptides to the bulk. The transition from
these liquid droplets to nanofibrils is mediated by enthalpic
interactions and structural reorganization, requiring complete
depletion of the solvation shell through multiple desolvation
steps.®” In contrast, traditional self-assembly involves one-step
nucleation from supersaturated solutions, where peptides
undergo near-complete desolvation in a single step (Fig. 1).*"*°

The role of desolvation in LLPS-mediated peptide self-
assembly is a multistep desolvation, it is crucial in triggering
LLPS and the subsequent formation of peptide clusters (Fig. 2).
The process begins with partial desolvation, followed by solvent
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removal from aromatic groups, leading to LLPS. Further deso-
Ivation of the LLPS-formed droplets then initiates peptide self-
assembly. Unlike the one-step desolvation in classical nucleation,
modulating desolvation dynamics at different stages enables con-
trol over the formation of various peptide structures, such as
nanodroplets, nanobelts, nanotubes, nanoribbons, and helical
nanofibers. These insights highlight a pathway to precisely control
biomolecular self-assembly through desolvation modulation.
Understanding the dynamics of these mechanisms is key to
leveraging the unique properties of self-assembling peptide nano-
fibers for applications in drug delivery, tissue engineering, and
other technologies.*®

3. Peptide-based nanofibers for
cardiovascular tissue regeneration

3.1. Antithrombotic peptides

The intricate native microenvironment of the heart is essential
for supporting the growth, health, and equilibrium of cardiac
tissue. The cardiac environment, comprising a variety of cell
types including immune cells, fibroblasts, endothelial cells,
and cardiomyocytes, enables a symphony of interactions that
are critical to the heart. These cells work together in harmony
in the heart, carefully forming the blood channels, myocardial
fibres, and extracellular matrix (ECM) framework. The extra-
cellular matrix (ECM), a dynamic structure made up of proteo-
glycans, glycosaminoglycans, and many proteins such as
collagen, elastin, and laminin, is fundamental to structural
integrity. As a physical anchor for cells, the ECM also facilitates
critical cell-matrix interactions that are essential for cellular
communication and function.®”

In tissue engineering, integrating anti-thrombotic agents for
cardiovascular regeneration is crucial to ensure the success
and long-term functionality of the engineered tissue. This is
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Fig. 1 A schematic comparison of the self-assembly of supramolecular nanofibrils from amino acids or short peptides via the traditional and the liquid—
liquid phase separation (LLPS) nucleation—elongation mechanism. In contrast to the traditional approach, LLPS involves the separation into solute-rich
and solute-poor phases as a crucial step before nanofibril nucleation. The solute-rich droplets serve as nucleation precursors, with hydrated nanoclusters
acting as nucleation sites. Subsequently, the nanofibrils elongate from metastable intermediates following Ostwald’s step rule. Copyright 2019,
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Previous notion:

Traditional self-assembly triggered by single-step desolvation
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Fig. 2 Schematic representation of traditional vs. LLPS-mediated self-assembly. Traditional self-assembly occurs via single-step desolvation. LLPS-
mediated self-assembly, however, involves multistep desolvation, leading to peptide-rich droplets that form nuclei, followed by nanofibril growth.
This figure has been published in CCS Chemistry 2024; multistep desolvation as a fundamental principle governing peptide self-assembly through
liquid—-liquid phase separation is available online at https://doi.org/10.31635/ccschem.023.202302990.%°

particularly relevant in the context of bypass surgery, one of the
most effective strategies for treating cardiovascular and periph-
eral vascular diseases. There are two main treatments for
patients: human vascular grafts including autografts or allo-
grafts, and prosthetic vascular grafts. While autografts and
allografts exhibit excellent biocompatibility, their availability
is limited and they may not always be clinically feasible due to
the risk of immune rejection, pre-existing medical condition of
the patients or their advanced age. In contrast, prosthetic
vascular grafts can be immobilized with biochemical cues to
promote endothelialization and long-term functionality.*®?°
However, the need to prevent the incidence of acute thrombosis
at the site of the graft-blood interface remains a major
challenge.

The peptide Ac-(RARADADA),-CONH, which is a derivative
of the yeast protein zuotin repeat [Ac-(AEAEAKAK),-CONH,],
has marked a significant advancement in the field of peptide
engineering.*® (RADA), is a 16 amino acids peptide sequence
that self-assembles into stable B-sheet structures with alternat-
ing hydrophilic (R as positive residues, and D as negative
residues) and hydrophobic residues (A or L residues) in aqu-
eous conditions. As a result, nanofibers are formed through
non-covalent electrostatic interactions. The charge arrange-
ments on the hydrophilic side vary across designs, classified
into four main moduli: modulus I (— + — + — + — +), modulus II
(—— ++ —— + +), modulus III (——— + + +), and modulus IV
(—=——— + + + +). The self-assembly is initiated by introducing
electrolytes to reduce electrostatic repulsions among peptide
monomers, followed by hydrophobic interactions that exclude
the surrounding aqueous media between adjacent hydrophobic
faces. This process leads to the formation of B-sheet bilayers,
and the parallel or anti-parallel alignment of peptides results in
fibrils through intra and intermolecular hydrogen bonds
and electrostatic interactions.*’ The mechanism of self-
assembly of Ac-(RARADADA),-CONH, is similar to that shown

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Self-assembly of the peptide Ac-(AEAEAKAK),-CONH,
nanofibers.** Copyright 2018, Elsevier.

into

for Ac-(AEAEAKAK),-CONH, in Fig. 3. Tissue culture studies
demonstrated that (RADA), is compatible as a scaffold
for various cell types such as myocardiocytes, neural cells, mesen-
chymal stem cells, chondrocytes, hepatocytes, skin epithelial, and
endothelial cells.***>

Applying this concept, Li et al. designed and synthesized the
peptide (RADA),-GGGG-U which comprises the active centre
selenocysteine of glutathione peroxidase (GPx). This peptide
self-assembles into nanofibers that form a hydrogel, which
serves as an anticoagulant coating that promotes the antith-
rombotic activity of blood-contacting medical devices used in
cardiovascular therapies. The anticoagulant activity of the hydrogel
results from the breakdown of S-nitrosothiols (RSNOs) and its
capability to stimulate in situ catalytic release of nitric oxide (NO),

J. Mater. Chem. B, 2025,13, 844-857 | 847
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which can inhibit aggregation and activation of platelets. SAP
nanofiber-based hydrogel scaffolds were obtained by dissolving
(RADA), (hereinafter referred to as RADA) and (RADA),-GGGG-U
(hereinafter referred to as U) separately in water and later mixing
them to obtain U&RADA peptide mixture (20% v/v). After that,
the mixture was diluted with PBS and sonicated for 30 min at
25 °C to have SAP nanofiber scaffold hydrogel matrices (herein-
after referred to as UKRADA hydrogel matrices). A surface of
stainless steel was coated separately with RADA, U and U&RADA
hydrogel matrices. The presence of the coating was confirmed by
SEM, grazing incidence reflection absorption Fourier transform

View Article Online
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infrared (GIRA-FTIR) spectroscopy and XPS. NO release was
detected by the NO chemiluminescence analyser and demon-
strated as tunable by U peptide solution proportion. In vitro
studies with fibroblast cells showed that U&RADA nanofiber
hydrogel matrices did not have a cytotoxicity effect. In addition,
this hydrogel can inhibit platelet adhesion by inducing NO
generation. Antithrombogenic features of U&RADA hydrogel
matrices were evaluated by using an arteriovenous extracor-
poreal circuit with New Zealand white rabbit animal model
(Fig. 4(A)). After 2 hours of blood perfusion through samples,
it was noticeable that U&RADA hydrogel matrices prevented

316L SS
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Fig. 4 Ex vivo hemocompatibility evaluation for the hydrogel coating. (A) Representation of the rabbit arteriovenous extracorporeal circuit model.
(B) Thrombi formation on the catheter inserted with samples. (C)—-(F) Evaluation of occlusion rate, and blood flow rate of the catheter containing formed
thrombi, and thrombus weight statistic. (G) SEM images of the thrombi on the hydrogel-coated and uncoated surfaces. Reproduced with permission.

Copyright 2022, Elsevier.
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clogging significantly compared to uncoated and RADA-coated
SS foils (Fig. 4(B)). Moreover, quantitative evaluations showed
that UXRADA hydrogel matrices caused the lowest occlusion
rate, 25.61%, where the occlusion rate of RADA coated sample
was 56.39% and the uncoated sample displayed a complete
occlusion (Fig. 4(C)). Moreover, the blood flow rate percentage
was compared, and it was increased to 69.85% =+ 7.17% by
coating SS with U&RADA hydrogel matrices while flow rates were
found 11.77% £ 1.79% and 42.76% =+ 3.22% with uncoated and
RADA coated samples respectively (Fig. 4(D)). In Fig. 4(E),
thrombi formation was observed inside of uncoated SS foil
and RADA coated which were 41.10 £+ 6.88 mg and 13.08 +
2.02 mg respectively although SS with U&RADA hydrogel
matrices had only 4.40 + 1.07 mg thrombosis in Fig. 4(F).
Furthermore, thrombi formation was evaluated deeply by SEM.
Uncoated SS foil showed abundant erythrocytes and leukocytes
covering the coating of fibrin. Similarly, RADA-coated SS foil was
possessed by a fibrin network enveloping activated platelets and
several erythrocytes. In contrast, SS foil coated by U&RADA
hydrogel matrices showed slight fibrin presence but not acti-
vated platelets Fig. 4(G).** Ex vivo investigations revealed that
SAP-based nanofiber hydrogel had a remarkable antithrombotic
activity. SAP, (RADA), and (RADA),s, have been evaluated pre-
viously for their hemostatic effect.*>*® On the other hand, this
study presented that a bioactive motif can provide flexibility
to have SAP nanofiber-based hydrogel scaffolds with desired
features while preserving their scaffold features. It showed great
promise for blood-contacting devices to overcome potential
blood clogging and offered lumen patency without direct antic-
oagulant addition beside allowing to a tuneable NO generation
consequently antithrombotic activity.**

3.2. Angiogenic peptides

Angiogenesis is pivotal for cardiac regeneration, ensuring the
crucial supply of nutrients and oxygen. These blood vessels not
only transport oxygen and nutrients but also assist in faster
immune response and disposal of metabolic waste."® The rapid
migration and proliferation of endothelial cells (EC) helps in
angiogenesis. During the embryonic stage, ECs undergo rapid
proliferation, however, their proliferation is extremely low in
adults. This process of proliferation is mediated by interactions
between the vascular growth factors and its receptors present
on the cell walls.”’” Pal et al. developed injectable vasculogenic
hydrogels by conjugation of the peptide QK with a copolymer
hydrogel of poly(N-isopropyl acrylamide) and thiol-modified
gelatine. QK, a 15 amino acids long peptide (KLTWQELYQLK-
YKGI), is a VEGF mimicking proangiogenic sequence with
better stability when compared with the VEGF molecule in
solution. It exhibits better angiogenic bioactivity as it can bind
to VEGF receptors (VEGFR-1 and 2).*® Unlike self-assembling
peptides that form nanofibers and mimic extracellular matrix
(ECM) components, the QK peptide does not self-assemble but
stimulates angiogenesis through receptor interactions. Using
QK in combination with self-assembling peptide-based nano-
fibers provides a versatile method for tissue regeneration. The nano-
fibers can provide structural support and a growth-friendly

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry B

environment, while the QK peptide enhances angiogenesis.
This combined strategy addresses both structural and func-
tional aspects of tissue repair, potentially improving overall
regenerative efficiency. Furthermore, reestablishing blood per-
fusion is important for preserving cardiac function after acute
myocardial infarction (AMI). Activation of hepatocyte growth
factor precursor (pro-HGF) has a major impact on both anti-
apoptosis and angiogenesis. Ineffective pro-HGF activation is
implied by the poor prognosis of AMI. Improving pro-HGF
activation efficiency might have a beneficial effect on AMI
therapy. A novel molecule called Nap-FFEG-IVGGYPWWMDV
was produced by combining the self-assembled peptide Nap-FF
with the bioactive zymogen activator peptide IVGGYPWWMDV.
This compound showed a strong pro-HGF activation that
encouraged pro-angiogenesis and anti-apoptosis.*® Nap-FF pro-
motes self-assembly by largely stabilizing hydrogen bonds
between the peptide moieties, which leads to an anti-parallel
arrangement (Fig. 5(A)).>° The glutamic acid (E) was used for
modulating the balance of hydrophilicity-hydrophobicity and
glycine (G) acted as a linker to connect the two moieties, that is
Nap-FFE with IVGGYPWWMDV. Resulting in Nap-FFEG-IVGGY
PWWMDV that self-assembles into nanofibers with a -sheet
secondary structure (Fig. 5(B)). This structural organization
through supramolecular self-assembly may address the chal-
lenges of unordered aggregation and random distribution of
bioactive peptides in aqueous solutions.*® This approach
improved the efficiency by utilizing self-assembled bioactive
peptides to activate the endogenous growth factor instead of
directly administering them, hence providing a new strategy for
the therapy of AMI. It effectively reduces treatment costs and
improves safety, providing excellent prospects for clinical
application.*’

Rufaihah et al. presented a glycosaminoglycan (GAG)
mimetic peptide nanofiber scaffold to enhance neovasculariza-
tion after MI damage. The synthesised peptide, rich in sulfo-
nate, hydroxyl, and carboxylic acid groups mimics heparan
sulphate glycosaminoglycans without the addition of growth
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Fig. 5 Hydrogel formation by Nap-FFEG-IVGGYPWWMDV (A) Illustration
of the Nap-FF packing modes during aqueous self-assembly.>® Copyright
(2021) Royal Society of Chemistry. (B) The chemical structure of
FFEG-IVGGYPWWMDV. Reprinted (adapted) with permission from ref. 49,
Copyright (2021) American Chemical Society.

J. Mater. Chem. B, 2025, 13, 844-857 | 849


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb01235f

Open Access Article. Published on 10 Dezember 2024. Downloaded on 29.01.26 15:42:27.

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

(cc)

Journal of Materials Chemistry B

K-PA, Lauryl-VVAGK-Am e
-

o Y 0 o
/\/\/\//\/\J\HI orﬂu/\.;\)\n)\gn\/kn/(r)l"z

o

GAG-PA, Lauryl-VVAGEGD-K(p-sulfobenzoyl)-S-Am
no"o o
o LA AT CA I CR AL
oo ok N o8 L No';l"‘o
X
o,;l#:‘

Fig. 6 Chemical structures of the GAG peptide amphiphile.?’

factors, stem cells or other biologically derived molecules. The
nanofibers were formed by mixing two peptide amphiphiles
(PAs) characterized by different charges particularly lauryl-
VVAGEGDK (p-sulfobenzoyl)-S-Am (GAG-PA) and oppositely
charged lauryl-VVAGK-Am (K-PA) (Fig. 6).>” This charge inter-
action neutralized the net charges, facilitating self-assembly to
form higher-order nanofibers.”* This PA molecule featured a
hydrophobic alkyl tail and a hydrophilic head. In an aqueous
environment, these molecules are self-assembled into nanofi-
bers with the hydrophobic tails clustered inward and the
hydrophilic heads oriented outward. Lauric acid was added to
the hydrophobic driving force of the self-assembly. The peptide
portion has charged amino acids for solubility and four non-
polar residues that form a PB-sheet structure. K-PA (lauryl-
VVAGK-Am) was specifically designed with a lysine residue,
which remains positively charged under acidic conditions.”*
Morphological investigations showed that uniform nanofibers
with approximately 7.5 nm in diameter were formed and they
created an ECM-like porous structure. Activity of these nano-
fiber gel-based scaffolds was evaluated by injection to the
infarct site in rat myocardial infarction model intramyo-
cardially and the results indicated improved cardiac function
and neovascularization with a high level of VEGF-A and Ang-1
expression. Although the treatment time considered in this
work was limited, the results are noteworthy. The efficacy and
safety of a new biomaterial based on SAP aimed to promote
angiogenesis and cardiac regeneration after MI was success-
fully demonstrated in the pre-clinical small animal study,
however, deep studies on the mechanism of differentiation
raised by GAG mimetic nanofibers and affected signal pathways
should be investigated.””

Recently, Wang et al. proposed enzyme-instructed self-
assembly (EISA) in situ (Fig. 7) to obtain a slow release of the
basic fibroblast growth factor (bFGF) in ischemic myocardium.
They exploited the increased expression of matrix metallo-
peptidase 9 (MMP-9) enzyme that may be present at high levels
up to 15-28 days after MI. Furthermore, the typical vascular
leakage following MI results in an enhanced permeability and
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Fig. 7 Schematic illustration of bFGF@Nanofibers formation. (A) Chemical
structure of the MMP-9-responsive peptide K2. (B) Transformation of
bFGF@K2 micelle to bFGF@Nanofiber upon MMP-9 cleavage. Reproduced
from ref. 53.

retention (EPR) impact of ischemic myocardium, which is
advantageous for nanostructure accumulations. First, they
synthesized a precursor with KKPLGLAGFF (K2) for micelle
formation containing a PLGLAG sequence for MMP-9 cleavage.
bFGF was encapsulated into the hydrophobic core of K2
micelles successfully (bFGF@K2 micelles) to protect it from
enzymatic degradation in blood circulation. The amphiphilic
property of the K2 peptide causes it to form micelles in vitro,
with bFGF loaded into the core. In situ when bFGF@K2 micelles
are exposed to MMP-9, the K2 peptide is cleaved, enabling the
micelles to change into nanofibers.”® In the presence of MMP-9,
micelles underwent a shape conversion into nanofibers (bFGF@
Nanofiber) and further authors investigated their potential in MI
conditions. bFGF@ K2 micelles were incubated in a solution
prepared by extracted serum of rats at 36 h post-myocardial
ischemia-reperfusion (MI/R) injury and PBS but, the formation
of nanofibers occurred after 16 h incubation. In vivo studies carried
out with a rat model 24 h post-MI/R demonstrated that bFGF@K2
micelles accumulated in the infarcted area due to the EPR effect
after 24 h intravenous injection and transformed to bFGF@Nano-
fibers which subsequently increased retention time of bFGF.
Nanofiber formation at the target area was confirmed under bio-
TEM and found in the ischemic myocardium of MI/R rat 24 h post
bFGF@K2 micelle injection. Moreover, a higher angiogenesis
effect of bFGF@micelles than free bFGF was assessed by staining
vascular endothelial and vascular smooth muscle in the ischemic
myocardium of the rats after MI/R. Also, they were found the most
effective for inhibiting cardiomyocyte apoptosis, myocardial fibro-
sis and remodelling in MI/R model rats. Overall, bFGF@K2 micelle
transformed into bFGF@Nanofiber on-site with the help of EPR
effect of ischemic myocardium and MMP 9-based EISA strategy,
then slowly releasing bFGF from nanofiber hydrogel for effective
promote heart repair of MI/R rats.>®> Growth factors are one of
the powerful aspects of restoring infarcted areas however, their
poor half-life and rapid degradation limit their use. Although
the implementation of nanofibrous materials locally provides
enhanced retention time of biological cues by their excellent
loading capacity, it might be risky and practically not suitable.
This novel on-site transformation into nanofibers might reduce
systemic administration disadvantages and allow us to take

This journal is © The Royal Society of Chemistry 2025
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advantage of and prolonged release of growth factors by fibrous
features consequently improving repair.

3.3. Differentiation, proliferation and cell adhesion
enhancing peptides

One of the main aims of cardiovascular tissue regeneration is to
develop a scaffold capable of directing the stem cells present in
the scaffold to migrate to the site of injury and differentiate into
cardiac cells.>® The cardiac tissue is majorly composed of
cardiomyocytes supported by the fibrous cardiac skeleton of
elastic fibres and other types of cells like endothelial cells,
progenitor cells, smooth muscle cells, etc. The interaction of
the integrins on the surface of cardiomyocytes with the extra-
cellular matrix components like collagen, fibronectin, fibrino-
gen, and vitronectin have shown to modulate a wide range of
cellular functions like cell differentiation, proliferation, apop-
tosis, migration, and adhesion. This signalling usually takes
place in the form of a cascade signalling caused due to
confirmational change in integrin structure on binding with
intracellular molecules, ie., protein—protein interactions. The
integrin uses this type of signalling event as they do not possess
enzymatic activities.>>™” Table 1 lists the bioactive peptides for
enhancing cell adhesion, differentiation, and proliferation.
Bioactive peptide sequences like RGD, IKVAV, etc. have
shown to enhance the proliferation, differentiation, migration,
and adhesion of cells. RGD sequence is found in a wide range
of extracellular matrix proteins like fibronectin, fibrinogen,
collagen and vitronectin has shown to aid in cell adhesion.®*
It has affinity towards a wide range of integrins like asB4, otsf1,
aBs, oPBs, owPe, oPBs, and ogP;.*> Immobilizing the RGD
sequences in the tissue scaffold has shown to promote the
cell-scaffold interaction as well as the biocompatibility of the
scaffold.®’ Clauder et al. demonstrated that simultaneously
functionalizing the TiO, surface with the peptides RGD,
SIKVAV and VGVAPG significantly enhanced endothelial cell
adhesion, proliferation, viability, and angiogenesis.®® Likewise,
Kanda et al. developed a 3D hydrogel scaffold, namely CPCs-
PRGmx containing cardiac progenitor stem cells (CPCs), PRG
peptide conjugated to Puramatrix (PRGmx) and insulin-like
growth factor 1 (IGF-1). PRGmx is a self-assembling peptide
consisting of Puramatrix (PM) conjugated with PRGDSGYRGDS
(PRG) motif. PRG motif consists of a two-unit RGD-binding
peptide which is derived from collagen VI functional sequence.
PM composed of alternating hydrophilic and hydrophobic
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amino acid residues, undergoes self-assembly into B-sheet
structures, forming a stable 3D hydrogel with over 99.5% water
content. This self-assembling property of PM allows it to be
decorated with various bioactive motifs, enhancing its func-
tionality for cell culturing and tissue engineering. When trans-
planted into cardiac tissue immediately after a myocardial
infarction, the CPCs-PRGmx scaffold significantly improved
vascularization, thereby demonstrating its potential to support
angiogenesis.®

Angiogenesis can also be stimulated by triple-helical pep-
tides (THPs), such as GFOGER and GLOGEN, which play a
crucial role in cardiac tissue regeneration. These peptides can
be used for two main functions either (1) to create anchor
points for endothelial cell adhesion or (2) to instigate platelet
aggregation. GFOGER, present in collagen, interacts with the
a2B1 and o11P1 integrins, while GLOGEN binds to o131 and
a10B1. By incorporating THPs, the mean cell surface area is
increased, which significantly enhances the functional associa-
tion of cells with collagen scaffolds. This improved integrin-
THP binding promotes the projection of filopodia and lamelli-
podia, as well as actin polymerization, providing essential
anchoring sites for endothelial cells during the process of
cardiac tissue regeneration.'>'* Sun et al. demonstrated the
self-assembly of GFOGER into nanofibers under specific pH
conditions in the presence of lanthanide ions (La*‘). They
synthesized GFOGER to include negatively charged amino acids
like aspartic acid/glutamic acid at both the N- and C-terminals,
which facilitates radial and head-to-tail assembly into nanofi-
bers resembling native collagen. This peptide-La®*" system
mimics the pH-dependent fibrillogenesis of type I collagen,
with peptide assembly driven by pH-induced changes in
charged amino acid binding. At neutral pH, deprotonated amino
acids strongly bind with La®*, promoting self-assembly, while
acidic pH reduces this binding, disrupting the self-assembly
process. The lanthanide ions also impart luminescent properties,
making the nanofibers suitable for imaging and diagnostics. These
sophisticated pH-responsive luminous nanofibers offer significant
potential for developing functional biomaterials, especially in
tissue engineering, as well as for applications in drug delivery
and medical diagnostics.®®

Cardiac cell therapy involves myocardial regeneration of
infarcted cardiomyocytes by using cell sources such as cardiac
progenitor cells, mesenchymal stem cells (MSCs), or their
paracrine effect. Clinical trials on MSCs treatment for MI have

Table 1 The summary of the peptide sequences is mentioned below for enhancing cell adhesion, differentiation, and proliferation in cardiovascular

tissue scaffolds

Peptide sequence Location of peptide Receptor Function Ref.
RGD Fibronectin, fibrinogen, o5P1, 0gB1, WPszs oBs, oPes Cell adhesion 14
vitronectin, collagen oyBs, and oyPs
GFOGER Collagen o,B1, and o44B4 Enhances cell proliferation 15,24
YIGSR Laminin a3p1, a6p1, a7p1, and a6p4 Endothelial cell-adhesive ligand 58
VGVAPG Elastin 67-kDa elastin-binding protein Cell proliferation, chemotactic activity 59
and metalloproteinase upregulation properties
EPLQLKM Human bone marrow Bone marrow-derived Cell adhesion and proliferation of BMSCs 60
mesenchymal stem cells
This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. B, 2025, 13, 844-857 | 851
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been conducted. However, low engraftment, retention and
viability are major problems of cardiac therapy due to insuffi-
cient nutrition in the damaged areas.®® The heart’s reparative
response can be influenced by communication between cell
types through physical contact and paracrine signals.®” Cell
spheroids offer an adaptable 3D habitat with strong cell-cell
contact. 3D cell spheroids can boost the secretion of bioactive
factors needed for cell survival, angiogenesis, and immunomo-
dulation. This effect is enhanced by the diverse distribution of
oxygen, nutrients, and signalling molecules within cell aggre-
gates.®® Recently, Fan et al. utilized SAP nanofibers to induce
mesenchymal stem cell spheroids formation. The final aim was
to exploit the paracrine effect of MSC spheroids on MI-affected
tissues. They designed a phosphatase-responsive peptide (Nap-
pD-E7) with MSCs anchoring motif which self-assembled into
a fibrillar matrix, providing a dynamic microenvironment
where MSCs can form 3D spheroids. As shown in Fig. 8(A),
the Nap-pD-E7 consists of three main components: (i) a well-
established self-assembling backbone (Nap-"F"F), (ii) an enzy-
matic trigger with phosphatase responsiveness (phosphotyro-
sine, PpY), (iii) an anchoring motif with MSC surface targeting
attribute (EPLQLKM, E7). In the presence of phosphatases,
the phosphopeptide underwent a partial dephosphorylation
at the intercellular space. This enzymatic trigger created a
dynamic microenvironment conducive to the formation of a
fibrillar matrix through instructed intercellular self-assembly.
The fibrillar matrix modulated by cell-cell adhesive forces,
prompted MSCs to aggregate into spheroids. This process
mimics the natural cell-mediated unfolding of fibronectin,
leading to the formation of 3D spheroids. The incorporation
of the MSC-anchoring motif E7 ensured robust adhesion and
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Fig. 8 Schematic demonstration of enzymatic self-assembly nanofibers
to enhance paracrine function for Ml treatment (A) structural formula of
Nap-pD-E7 to Nap-D-E7 by enzymatic transformation and images of the
solution and hydrogel (B) illustration of the procedures of Nap-pD-E7 to
induce MSC spheroids and transplantation of MSC spheroids carried by
Nap-pD-E7 hydrogel. Reproduced with permission.°8 Copyright 2022,
Elsevier.
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interaction with MSCs, distinguishing the synthetic peptide’s
adhesive properties from those of endogenous ligands such as
RGD or YIGSR. The Nap-pD-E7 peptide successfully formed a
hydrogel in the presence of alkaline phosphatase (ALP) and
exhibited similar mechanical stiffness to two other control
hydrogel groups lacking either the phosphate group or the E7
motif. After gelation, self-assembled fibrillary structures were
observed from Nap-pD-E7 peptide hydrogel by TEM. Then, MSC
spheroids formation was evaluated in vitro and after treatment
with Nap-pD-E7 for 24 h, MSC aggregated from a 2D cell sheet
to form 3D cell spheroids while MSC in the standard medium
without Nap-pD-E7 remained as a 2D sheet. Resulted cell
spheroids mimic the dynamic of ECM remodelling as shown
in Fig. 8(B). The gene expression levels of associated angiogenic
growth factors, including VEGF, IGF, and HGF, were assessed
using real-time PCR to investigate the paracrine action of
Nap-pD-E7-induced MSC spheroids. They concluded that their
peptide assembly could improve mRNA levels of angiogenic
factors. Furthermore, in vivo studies showed that Nap-pD-E7
hydrogel-encapsulated MSC spheroids could improve cell
retention, promote tissue angiogenesis, and attenuate ventri-
cular remodelling.®® In tissue engineering, it is aimed to mimic
native structures and benefit their unique features as much as
possible. MSCs bring great promise to regenerative medicine
especially on ischemic diseases due to their self-renewal capa-
city and paracrine effect. However, cell senescence, loss of
stemness, limited resources and reduced paracrine ability
resulting from MSCs expansion in vitro require preserving them
and promoting their function. Here, SAP showed excellent
potential to induce MSCs spheroids by forming a fibrillar
matrix at intracellular and consequently reveal their paracrine
and recovery features which are already in MSCs nature.
Moreover, self-assembled peptides are utilized to functiona-
lize electrospun nanofibers and develop a biomimetic hybrid
nano matrix. The combination of electrospinning with SAPs
results in unique polymer structures. Electrospinning is simple,
inexpensive, and reliable involving high voltage, a syringe
pump, a nozzle, and a collector. Here, a polymer solution
or melt droplet is subjected to electrostatic forces that form a
conical Taylor cone. After that, a jet is ejected from the Taylor
cone when accumulated charges overcome surface charge
toward the collector and solidification occurs by rapid solvent
evaporation.®®”® The viscosity of the polymer solution is cru-
cial; too high a viscosity hinders extrusion, while too low a
viscosity disrupts filament stability.”" As the viscosity of the
polymer solution is related to molecular weight, higher mole-
cular weight is desired because longer polymer chains entangle
better and facilitate nanofiber production.®® This cutting-edge
technology has been used to manufacture nanofibers with
biomedical purposes to utilize these fibres’ high surface area
to volume ratio which remarkably affects cell behaviours.”?
For instance, Andukuri et al. designed a hybrid scaffold
using electrospun PCL (ePCL) nanofibers and PAs, including
C16-GTAGLIGQ-YIGSR (PA-YIGSR) and C;4-GTAGLIGQ-KKKKK
(PA-KKKKK), which were mixed in a 90: 10 ratio to form PA-YK.
The PAs include matrix metalloprotease-2 (MMP-2) degradable

This journal is © The Royal Society of Chemistry 2025
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sites GTAGLIGQ. PAs also contain cell-adhesive sequences such
as YIGSR, promoting endothelial cell adhesion and spreading
and the polylysine (KKKKK) sequence acts as an NO donor,
which is crucial for reducing smooth muscle cell proliferation
and platelet adhesion. The PA-YIGSR and PA-KKKKK were then
reacted with nitric oxide (NO) to produce PA-YK-NO. The PA-YK-NO
was self-assembled onto ePCL nanofibers at pH 7 to create a hybrid
nano matrix, ePCL-PA-YK-NO. The self-assembly of these SAPs
into nanofibers is driven by their amphiphilic nature as men-
tioned above. The ePCL scaffolds were coated with PAs and
shaken for 24 hours to allow them to self-assemble onto ePCL
nanofibers through solvent evaporation and drying in a
chemical hood. The results showed that hybrid scaffolds pro-
moted endothelialization and on the contrary, limited platelet
adhesion and smooth muscle cell proliferation. This combi-
nation of SAPs and nanofibers could be promising for cardio-
vascular use such as heart valves and grafts.”*

3.4. Anti-atherosclerotic peptides

Stem/progenitor cells, while holding promise for tissue revas-
cularization, also contribute to atherosclerosis progression,
plaque destabilization, and vessel remodelling. This impedes
cardiovascular regeneration through chronic inflammation,
endothelial dysfunction, and tissue damage, hampering natural
healing processes in affected arteries.”* Another key player in
atherosclerotic plaque development is the PCSK9 enzyme. The
proprotein convertase subtilisin/kexin type 9 (PCSK9) enzyme plays
a crucial role in regulating hepatic low-density lipoprotein (LDL)
receptors. By promoting the degradation of these receptors, PCSK9
effectively reduces their availability on hepatocyte surfaces, result-
ing in elevated serum levels of low-density lipoprotein cholesterol
(LDL-C). This dysregulation of LDL-C is a key pathogenic factor in
the development and progression of atherosclerosis. Harbour et al.
proposed a short self-assembling peptide, EPep2-8 comprising of
E2 domain and Pep2-8, as a possible PCSK9 inhibitor. EPep2-8, a
multidomain peptide, consists of a bioactive domain (Pep2-8)
attached to the C-terminus of the canonical self-assembling E2
domain. The E2 domain facilitates the self-assembly of EPep2-8
into long, nanofibrous polymers characterised by a supramolecu-
lar B-sheet secondary structure, while peptide Pep2-8, comprising
of 13-amino-acids, binds to PCSK9 and inhibits its interaction with
LDL receptors (Fig. 9). The E2 sequence (EESLSLSLSLSLSLEE)
contains terminal glutamic acid residues (E) which sandwich
amino acid repeats of hydrophobic (L) and hydrophilic (S) residues
that eventually undergo neutralization in the presence of charge-
shielding ions such as Ca**, allowing nanofibers to self-assemble.
Upon the addition of calcium chloride, EPep2-8 changes into a
viscous hydrogel made of nanofibers. The self-assembly process is
predominantly propelled by hydrophobic residues (L), forming a
compact structure that avoids water, while the hydrophilic resi-
dues (S) are exposed to the aqueous environment in an entropically
favourable manner. The polymer elongates and adopts an inter-
molecular B-sheet secondary structure as the packing expands.
This innovative approach holds promise in addressing the chal-
lenge of high LDL cholesterol levels and provides a potential
avenue for mitigating the risk of cardiovascular diseases.”

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 3D illustration of the nanofiber self-assembled by the peptide
EPep2-8. EPep2-8 comprises the PCSK9 binding domain, Pep2-8 (shown
in green carbons) and the fibrillating domain E2 (shown in grey carbons).
These multimers combine to form extended nanofibers, which in turn
entangle to create hydrogels. Reprinted (adapted) with permission from
Copyright (2020) American Chemical Society.”®

Another study recruited by Mansukhani et al. shows us the
versatility of SAP-based nanofibers, for atherosclerosis treat-
ment. Apolipoproteins, the key component in high-density
lipoprotein (HDL), are naturally capable of promoting choles-
terol efflux from atherosclerotic plaques. However, their hydro-
phobicity and size limit their use as therapeutic agents. Here,
they developed Apo-1 mimicking peptide 4F (Ac-D-W-F-K-A-F-Y-
D-K-V-A-E-K-F-K-E-A-F-NH,), which has a higher affinity towards
the oxidized lipid than the ApoAl protein. Additionally, liver X
receptor agonists (LXR) can reduce atherosclerosis by promoting
cholesterol efflux. However, liver toxicity can occur by systemic
administration of LXR. Therefore, in this study, Mansukhani et al.
used a peptide amphiphile covalently linked 4F peptide (ApoAl
PAs) to target an atherosclerosis plaque and aimed LXR agonist
delivery to reduce its toxicity. These SAPs nanofibers acted as a
nanocarrier (ApoA1-LXR PAs).”® The ApoA1 peptide amphiphile
(PA) was meticulously designed with a C,¢ aliphatic tail, a f-sheet-
forming sequence (V,A,), two negatively charged glutamic acid
residues, a glycine spacer, and the 4F ApoA1l mimetic sequence
(DWFKAFYDKVAEKFKEAF-NH,). The addition of the glutamic
acid residues imparts a negative charge to the PA, enhancing its
solubility and uptake by macrophages in physiological conditions.
Given the correlation between oxidized LDL and atherosclerosis
severity, the ApoA1l PA targets atherosclerotic plaques through its
high-affinity binding to oxidized lipids. Hence, we developed the
ApoA1 PA as a platform to use oxidized-lipid binding to selectively
target atherosclerotic plaques. The ApoAl PA formed aggregated
mesh-like networks instead of nanofibers. By successfully co-
assembling with a diluent PA (C;6V,AE,-NH,), ApoAl PA natu-
rally forms long nanofibers. This co-assembly process involved
dissolving the PAs in HFIP, a solvent that disaggregates peptides,
followed by solvent evaporation to achieve the desired nano-
fibers.”” Nanofiber formation was confirmed by conventional
and cryogenic transmission electron microscopy except for 4F
and 4F-LXR groups as expected. The median nanofiber length for
ApoA1l, ApoA1-LXR, scrambled, and diluent PAs was found 616,
712, 258, and 2541 nm, respectively. In vivo, results showed that
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nanofibers were accumulated at the targeted area in 24 h,
maintained a high concentration for two days and eliminated
10-14 days post-injection. It was found that ApoA1-LXR PAs and
ApoAl PAs did not cause liver toxicity in male mice on the
contrast LXR and scrambled PA. In the scope of plaque
reduction, their outcomes depended on gender and control
groups. They reported that ApoA1-LXR PAs have a significant
effect on plaque reduction in comparison to the scrambled
PAs in male mice, but not in females while they showed a
similar reduction size in comparison to LXR in both genders.
As a result, this study demonstrated the safety and effective
potential of SAP-based nanofibers as a nanocarrier. However,
their drug release mechanism and circumstances within blood
should be investigated in detail.”®

4. Conclusion

The past decades have seen growing research in the area of tissue
regeneration at both clinical and preclinical levels. Specifically,
studies on cardiovascular regeneration are desperately needed,
as cardiovascular disorders account for the majority of fatalities
in humans. Biomimetic scaffolds promise great opportunities
to enhance cell proliferation, differentiation, etc., by triggering
cell signalling, thereby promoting tissue regeneration.

Peptide-based tissue scaffolds are a promising candidate as
they are an efficient method to enhance the functional proper-
ties of inert and synthetic materials. The knowledge of the
assembling mechanism of the peptides can be used to create
new scaffolds by self-assembly of bioactive peptides or a
combination of self-assembling peptides with the bioactive
peptide. SAP-based nanofibers are favourable scaffolds as their
morphological features are similar to ECM and versatile. They
are capable of influencing and customising for specific assign-
ments including signalling pathways, angiogenesis, cell prolif-
eration as well as cargo other biomolecules. Their utilities are
valued to develop scaffolds and may meet with requirements of
cardiovascular tissue regeneration.

5. Future perspectives

Research on SAPs materials is rapidly increasing, and it has
shown the potential of SAPs in medicine. SAPs are defined as
the spontaneous formation of well-ordered and fairly stable
structures under specific conditions, and studying this pheno-
menon is crucial for understanding molecular interactions
within biological systems.”® Although self-assembly is preva-
lently involved in various biological functions, this field is still
developing. SAP nanofibers are biocompatible and biodegrad-
able but often lack mechanical strength. This limitation can be
addressed by blending or conjugating peptides or by encapsu-
lating peptides with nanofibers made of synthetic polymers.
Improving the stability in physiological environments such as
in vivo studies, and understanding the underlying mechanisms
are vital for advancing their biomedical applications. Introducing
inorganic molecules may enhance both stability and mechanical
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strength by stable interactions between the peptide and the
inorganic ion. Also combining peptides with other biomolecules
could further increase their stability and target selectivity.
However, without a clear understanding of the fundamental
molecular events driving self-assembly, these techniques have
limited applications and hinder the rational design of new
peptides with desired properties. Computational tools such as
molecular dynamic simulations can help predict peptide beha-
viour, and mechanism of assembly and guide the design for
more stable sequences, ultimately improving nanofibers for
biomedical applications, especially in cardiovascular diseases.
However, their conceptualization of cardiovascular regenera-
tion needs to be deeply evaluated. The aforementioned studies
highlight the promising role of SAPs in cardiovascular regen-
eration, emphasizing the need for safety and scalability to
facilitate their transition into further preclinical and clinical
applications. While most of the SAP-based scaffolds discussed
in this review are primarily studied at the laboratory level,
however, some SAPs such as RADA16, have shown significant
potential in clinical trials and have been successfully commer-
cialized.”> Despite the various peptide synthesis methods
available—such as fermentation, chemical synthesis, and enzy-
matic synthesis—there is a pressing need for greener, faster,
and optimized synthesis techniques. Innovations in these
synthesis methods could greatly enhance the development of
peptide materials, improving their efficacy and applicability in
clinical settings. By advancing these methodologies, we can
better harness the regenerative capabilities of SAPs and move
toward more effective therapeutic solutions.

Additionally, the use of external forces for the formation of
peptide-based nanofibers is particularly promising. The electro-
spinning technique can be used to enhance or induce assembly in
peptides that do not naturally self-assemble into fibres.””*® SAPs
can be directly electrospun due to their high anisotropic nature®
or mixed with polymers before electrospinning to improve the
mechanical and thermal stability of the resulting functionalized
nanofiber scaffolds.®®'# Electrospun peptide scaffolds are pro-
mising in tissue engineering due to their biocompatibility; how-
ever, an effective strategy needs to be developed to overcome
challenges like low viscosity, low solubility, and lack of molecular
entanglement which can impede fibre formation.*> Yet, the
biggest challenge in peptide electrospinning is the need for a
highly viscous solution (often 1 to 10 Pa s), which can only be
reached by high concentrations of 10-50 wt%. In addition to
being prone to affect by environmental factors such as tempera-
ture and humidity, suitable solvents are restricted.”

Although the electrospinning of peptides has been widely
studied and explored,®*®¢%® further research is needed to
integrate SAPs with electrospinning techniques and to evaluate
their potential in cardiovascular applications more deeply.
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