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Recent advancements in tissue engineering and regenerative medicine have introduced promising
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peptides, particularly their ability to self-assemble into matrices that mimic the extracellular matrix
(ECM). These low molecular weight peptides exhibit target-specific activities, modulate gene expression,
and influence cell differentiation pathways. They are stable, programmable, non-cytotoxic, biocom-
patible, biodegradable, capable of crossing the cell membrane and easy to synthesize. This review
underscores the importance of peptide structure and concentration in directing stem cell differentiation
and explores their diverse biomedical applications. Peptides such as AB1-40, Ap1-42, RADA16, A13 and
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1. Introduction

Stem cell research investigates the fundamental properties of
stem cells and their potential applications in regenerative
medicine."” Current treatment strategies focus on stem cell-
based therapies, aiming to replace damaged or diseased tissues
with healthy cells derived from stem cells.> In the 1960s,
Friedenstein pioneered stem cell research by isolating and
characterizing bone marrow-derived cells from guinea pigs,
demonstrating their ability to differentiate into various cell
types.””® For more than six decades, transplantation of hema-
topoietic stem cells (HSCs) has remained the primary curative
therapy for a wide range of genetic and hematological
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disorders.® Approximately half a century ago, Till and McCul-
loch identified a distinct progenitor cell type within the bone
marrow capable of clonal expansion and differentiation into all
hematopoietic cell lineages, marking a pivotal advancement in
HSC research.” The discovery of mouse embryonic stem cells
(mESCs) revolutionized developmental biology by establishing
mice as invaluable models for studying mammalian stem cell
biology.*® Despite their affordability and genetic manipul-
ability, the utility of mESCs in regenerative medicine remains
limited due to ethical and technical challenges. In 2006,
Yamanaka and Takahashi demonstrated that multipotent adult
stem cells could be reprogrammed into induced pluripotent
stem cells (iPSCs)."® Over time, these breakthroughs have paved
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the way for developing biocompatible cells for therapeutic
applications.

Stem cells play a pivotal role in biomedicine by advancing
regenerative therapies and improving our understanding of
complex human biological processes.’* They serve as a robust
and cost-effective tool for investing disease mechanisms and
discovering new treatments for diseases such as sickle cell
anemia, liver disease and COVID-19 infection.'> However,
stem-cell based approaches face limitations such as immune
rejection, tumorigenicity, and ethical concerns associated with
embryonic stem cells."?

Short peptides have emerged as promising tools in stem cell
research, offering precise control over stem cell behaviour
through modulation of signaling pathways, promoting cell
adhesion, cell growth, and enabling targeted delivery of ther-
apeutic agents.'® Their versatility and ease of synthesis make
peptides valuable in developing safer and more effective stem
cell-based therapies for various diseases and injuries."”> Short
peptides are fundamental biomolecules that constitute pro-
teins and possess unique advantages; rendering them critical
in stem cell-based regenerative biomedicine.'® They can traverse
cell membranes and be easily modified to perform specific
biological functions. Short peptides enhance the adhesion,
growth, and proliferation of stem cells and utilize various
mechanisms to penetrate cell membranes and activate signaling
pathways that regulate gene expression and differentiation.'”

The concentration and structure of short peptides influence
the direction of stem cell differentiation. The highly cationic
nature of short polypeptides enables them to penetrate cell
membranes and facilitate the delivery of other molecules, such
as biological cargos.'® In addition to enhancing the production
of neural differentiation markers, the short peptides including
KE (Lys-Glu), AED (Ala-Glu-Asp), KED (Lys-Glu-Asp), and AEDG
(Ala-Glu-Asp-Gly) peptides can stimulate neural differentiation
in stem cells."” The KED peptide has the ability to promote
neuronal development, which may contribute to its neuropro-
tective effects.’® Research indicates that the KED peptide regu-
lates the expression of genes related to cell aging and death
(p16, p21), neural development (NES, GAP43), and Alzheimer’s
disease pathogenesis (SUMO, APOE, and IGF1).**

Self-assembling peptides (SAPs) are favoured for their nano-
scale porosity and fibrous topographies, which resemble the
natural ECM. In particular, RADA16 has been shown to pro-
mote proliferation and differentiation across various cell types,
including stem cells, progenitors, and established cell lines
from humans, mice, chickens and other animals.’® The self-
assembling property of these peptides and their adaptable
molecular design offer advantages in managing scaffold degra-
dation, enhancing cell adhesion, and controlled delivery of
growth factors within encapsulated cells. These characteristics
make SAPs versatile for improving scaffold-cell interactions in
tissue regenerative applications such as cartilage repair.

In this review article, we provide a comprehensive overview
of the role of short peptides in stem cell research. We discuss
the applications of various short peptides in modulating stem
cell fate, with a focus on recent evidence supporting their roles
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in neuronal differentiation, epithelial differentiation, myocar-
dial differentiation, osteogenic differentiation, pancreatic dif-
ferentiation, and hepatocyte differentiation. By delving into
these diverse applications, we highlight the significance of
short peptides in influencing stem cell differentiation pathways
and their potential for advancing the field of regenerative
medicine. This review aims to offer insights into the chemistry,
design, and functional applications of short peptides in creat-
ing biocompatible microenvironments for effective stem cell
therapy and tissue engineering.

2. Short peptides: characteristics and
advantages as a modulator for stem
cell fate

Peptides are short chains of amino acids, consisting of two
to fifty residues, linked by covalent bonds formed through con-
densation reactions.>® These peptides are fundamental bio-
molecules that play critical roles in various biological processes
and are integral components in fields such as regenerative
medicine and biotechnology.>* One of the many advantages of
short peptides is their ease of synthesis, development, and
analysis.>® They offer a range of possibilities for incorporat-
ing functionality, and exhibit excellent biocompatibility and
biodegradability.”®?” Short peptides have demonstrated neuro-
protective and anti-carcinogenic properties in various experi-
mental models, and they are considered safe for extended
administration in animals.?®

Short peptides can be categorized based on their biological
functions (Fig. 1). Antimicrobial peptides (AMPs) help to fight
against microbial infections by disrupting microbial mem-
branes.>*”*> Bioactive peptides exhibit therapeutic properties
including anti-cancer, immunomodulatory, anti-hyperuricemia,
anti-inflammatory and other human health promoting pro-
perties.**® Molecular self-assembly of peptides refers to the
process by which individual peptide molecules spontaneously
organize into ordered structures through non-covalent weak
interactions.?**” Hydrophobic and hydrophilic amino acids are
present in the structure of small peptides, which have ability to
self-organize into 3D nanofiber structures such as a stable
hydrogel. Self-assembling peptides interact with stem cells to
improve their activity or survival, resulting in intended out-
comes. They help alleviate symptoms of arthritis, heart dys-
function, and neurodegenerative diseases (like Parkinson’s and
Alzheimer’s).?® They help to enhance angiogenesis in the case
of vascular disorders. Neuroplasticity processes can be pro-
moted by neural differentiation of stem cells. Protein and
peptide self-assembly play a role in both biological function
and malfunction. Collagen fibril networks serve as a biochem-
ical framework, controlling the mechanical characteristics and
shape of biological tissue in a variety of ways.?® The pathologi-
cal hallmarks of catastrophic degenerative diseases have long
been thought to be protein misfolding and the production of
amyloid fibrils.*’
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Fig. 1 Classification of short peptides such as N-functionalized, C-functionalized, targeting peptides, fusion peptides, cell membrane penetrating

peptides and Fmoc short peptides based on their function and action.

There are several factors that can affect peptide self-
assembly such as pH and temperature.*' Changes in pH result
in H-bond and salt bridges, which disrupt the structure of
peptides. Protonation and deprotonation can occur due to
changes in pH in the amino acid side chains. pH-responsive
amino acids and chemical linkers can help to modify various
nanostructures by peptides that can undergo self-assembly.*>
These systems are therefore highly biocompatible and easily
adjustable, making them excellent options for drug release as
well as fibrous materials that can imitate the natural ECM.*?
Peptides exist as a monomer initially, but upon heating, they
can convert into various forms such as nanofibers, micelles and
other peptide structures including non-specific aggregate-like
networks depending on the buffer’s pH and calcium content.**
The decrease in temperature promotes the formation of hydro-
gen bonds through constant increasing ionization, leading to
the formation of a nanowire structure and facilitating self-
assembly.*®

Experiments on synthetic peptides and complex peptide
bioregulators have revealed their specific effects and proposed
major molecular mechanisms underlying their biological acti-
vity.*® Research has shown that short peptides influence gene
expression, cell division, apoptosis, differentiation, and organ
function.*”*® Short peptides have been shown to be crucial for
restoring age-related genetically conditioned changes, modu-
lating transcription and facilitating biological information
transfer.*®

Reported studies suggest that peptides also play crucial roles
in stem cell research, particularly in reprogramming and
differentiation processes®>>" (discussed in Section 4 in-depth).
They can act as signaling molecules to induce specific differen-
tiation pathways, regulating stem cells towards certain cell types
such as neurons, cardiomyocytes, or other specific cells.>>
Peptides also enhance the efficiency of reprogramming techni-
ques by influencing gene expression patterns and epigenetic

2576 | J Mater. Chem. B, 2025, 13, 2573-2591

modifications, thereby promoting the development of func-
tional and specialized cell populations in regenerative medi-
cine and disease modeling.’*** These peptides are integral
components of proteins, offering significant advantages for
stem cell-based regenerative therapy.”* They have very low
molecular weight and target specific activity and they are stable,
versatile, cost-effective, non-cytotoxic, biodegradable, biocom-
patible, capable of crossing cell membranes and easy to modify
for specific applications.®”

3. Stem cell niche and the role of short
peptides in modulating signaling
pathways

Stem cells reside in a unique tissue specific microenvironment
known as a niche; a phenomenon originally proposed by
Schofield in 1978 based on studies of hematopoietic stem cells
produced from bone marrow.>® Schofield’s hypothesis empha-
sized the environment created by the cells nearby, which allows
stem cells to continue self-renewal and maintain their indivi-
duality. The stem cell niche encompasses a dynamic ensemble
of physicochemical and biological stimuli that influence
their differentiation, fate and self-renewal potential.’” Key
events related to stem cell survival, proliferation, self-renewal
and differentiation are highly regulated in these niches. The
stem cell niche comprises three main components: cell-cell
interactions, cell-ECM interactions and cell-soluble factor
interactions.” These components provide critical decision-
making information to the cell. For instance, the ECM supplies
topographical, mechanical and biochemical signals while cell-
cell communication can be either heterologous (i.e. signals
from the brain) or homologous as seen with daughter cells.
In the clinical context, alterations in the stem cell niche can
lead to changes in stem cell activity, contributing to the

58
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pathophysiology of various disorders including cancer,>
gliomas,® Crohn’s disease® and leukemia.®>

Short peptides can alter stem cell differentiation by inter-
acting with their microenvironment or stem cell niche. To
successfully use short peptides in stem cell therapy, under-
standing the complex interaction of essential constituents such
as transcription factors, epigenetic regulation, microRNAs, and
signaling pathways that facilitate self-renewal, differentiation,
and pluripotency is important. These interactions involve var-
ious signals like growth factors, cell adhesion molecules
and mechanical signals; all of which can influence stem cell
development. Short peptides can deliver these signals that
promote desired cellular differentiation by activating the
signaling mechanism that controls the expression of differen-
tiation genetic information.®® During development, progenitors
respond to specific morphogen regimens that activate tran-
scriptional networks to define cell fates. Morphogens and
signaling pathways such as TGF-§ superfamily members, ERKs
and canonical WNTs, which are crucial for lineage specification
and differentiation are also necessary for cultured ESCs to
maintain or self-renew. Recent research explores replicating
these signaling pathways in vitro to determine whether ESCs
should self-renew or differentiate. For example, the W9 peptide
stimulated the differentiation to osteoblasts in MC3T3-E1 cells
and MSCs.®** W9 peptide promoted the mineralization of stem
cells derived from human adipose tissues more effectively than
BMP2 or saline treatments in a dose dependent manner. W9
peptide induced higher expression of osteogenesis-related
genes COL1A1, RUNX2 and TGFR2 while decreasing BMPR1B
and BMPR2 expression in adipose stem cells. Study indicates

View Article Online
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that W9-induced osteogenic induction was caused by the
stimulation of the TGF and PI3K/Akt signaling pathway in
human adipose-derived stem cells.®* Evidence also suggests
that short peptides trigger cell differentiation by modulating
the Wnt/p-catenin,®® TGF-B,°**” Notch,*® BMP,*® MAPK’® and
PI3K-Akt”" signaling pathways.

3.1 Wnt/p-catenin signalling pathway

Wwnt peptides are secreted morphogens crucial for embryonic
development, stem cell proliferation, self-renewal of cells,
tissue regeneration and adult tissue remodelling. The aberrant
wnt signalling pathway contributes to solid tumors and hae-
matological malignancies.”” Therefore, activation of the Wnt/
B-catenin protein signalling pathway is of significant use in
stem cell therapy and regenerative medicine.”” The Wnt signal-
ing pathway is categorized into canonical and non-canonical
pathways that are B catenin dependent and P catenin indepen-
dent, respectively.”* The canonical pathway predominantly regu-
lates cell migration, differentiation and proliferation. Wnt family
ligands transmit signals via Frizzled (FZD) receptors and LRP5/
6 co-receptors to activate the Wnt/B-catenin protein signaling
cascade (Fig. 2).

There are 19 Wnt genes, separated in 20 conserved Wnt
subfamilies. Canonical signaling is typically activated by WNT1,
WNT2, WNT3, WNT8 and WNT19 ligands while WNT4, WNT5a,
WNT7 and WNT11 typically activate non-canonical pathways.”*
The transmembrane protein Klotho is crucial in the cellu-
lar process. Chen et al. synthesized Klotho-derived peptide 6
(KP6; QPVVTLYHWDLPQRLQDAYGGWANRALADH) based on
the human Klotho KL1 domain sequence.”” KP6, a 30 amino
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Fig. 2 Peptides with therapeutic effects targeting the Wnt signaling pathway (figure reprinted from ref. 74 with permission, Copyright© 2023).
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acid peptide, contains a Wnt-binding motif within the KL1
domain (Gln 186 to His215) and mimics Klotho’s function. KP6
binds to Wnt, inhibiting its interaction with LRP6 and thereby
blocking the Wnt/f-catenin signaling pathway. KP6 inhibits the
expression of its downstream target genes in tubular epithelial
cells and glomerular podocytes, and it also reduces B-catenin
activation in vivo. Additionally, KP6 promotes survival and
recovery from kidney damage in diabetic mice.””

Low-molecular-mass peptide 2 (LMP2),”® atrial natriuretic
peptide (ANP),”” amyloid B peptide 42 (AB42),”® p'®1%
(sequence: MEENAYQVFLTSDI)’® and C-peptide®® are other
examples of peptides that can modulate the Wnt/B-catenin
signaling pathway. Dietrich L. et al. synthesized a cell penetrating
peptide (NLS-StAx-h), stapled peptide inhibitor of oncogenic Wnt
signaling that effectively disrupts B-catenin-transcription factor
interactions.®” In summary, Wnt proteins are pivotal in develop-
ment and regeneration, with aberrant signaling linked to diseases
such as cancers. The Wnt/B-catenin pathway’s modulation is
crucial in stem cell therapy. Peptides like KP6, ANP, C peptide
and NLS-StAx-h can modulate this pathway, offering therapeutic
avenues for medical interventions.

3.2 TGF-p signalling pathway

The transforming growth factor-p (TGF-B) is a multifunctional
superfamily of cytokines that can both promote and inhibit
cancer progression.®” It regulates cell division, invasion, migra-
tion, apoptosis and proliferation through suppressor of mother
against decapentaplegic (Smad) and non-Smad pathways. TGF-
B, Activin, Inhibins, Nodal, bone morphogenetic proteins
(BMPs), anti-Mullerian hormone (AMH), and growth and differ-
entiation factors (GDFs) are all members of the TGF-§ super-
family, which is highly conserved across species.®* These
cytokines are essential for diverse biological processes such
as growth inhibition, cell migration, ECM remodelling and
immune regulation. Dysregulated TGF-§ signaling contributes
to diseases like cancer, fibrosis and inflammation where it
promotes aberrant cell behaviours.®® Peptide-based drug devel-
opment efforts are increasingly targeting the TGF-p pathway to
mitigate its pathological effects.

TGF-B receptors are categorized into three types: type I (e.g.
TGFRI) also known as activin-like kinases, ALKs, type II (e.g.
TGFRII) and type III (e.g. TGFRIII). Receptor types I and II
possess an intracellular domain with serine/threonine kinase
activity. TGF-B signals primarily through the type I receptor,
specifically ALK5, and the type II receptor, such as TBRII, both
necessary for signalling pathway activation. Ligand binding to
the membrane receptor and receptor phosphorylation triggers
the SMAD signaling pathway.®* TGF-B family ligands activate
these receptors, leading to the phosphorylation of Smad pro-
teins in the cell cytoplasm which then translocate to inside the
nucleus.®” In the nucleus, Smad proteins act as transcriptional
co-factors, activating target genes and determining cell fate
in response to external stimuli. Smad proteins are categorized
into three classes based on their structure and function;
receptor-regulated “R-Smad” such as Smad1, Smad2, Smad3,
Smad5 and Smad8, “Co-Smad” like Smad4 and inhibitory
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View Article Online

Journal of Materials Chemistry B

“I-Smad” including Smad6 and Smad7.?® The TGF-B super-
family comprises two main branches; one includes Activin,
Nodal, myostatin, Leffty and TGF-B, while the other consists
of BMPs (Fig. 3).

According to Jienny Lee et al., soy peptides activate the
mTOR signalling pathway, leading to the synthesis of TGF-B1
and cytokines like VEGF and IL-6 in serum-free conditions.®”
In another study, P. Yu et al. synthesized the RADA-16 peptide
using solid-phase peptide synthesis, generating a well-defined
hydrogel via supramolecular peptide self-assembly.®® TGF-B1
(10 ng mL™") injected in the RADA-16 hydrogel then known as
TGF-B1/RADA-16 hydrogel. This designed hydrogel promoted
chondrogenic development and sGAG formation in BMSCs
while decreasing the production of pro-inflammatory factors.
Additionally, the hydrogel significantly activated the Smad and
ERK/MAPK pathways in BMSCs. M. Pitou et al. synthesized
peptides 90-YYVGRKPK-97 (peptide 8) and 91-YVGRKP-96
(peptide 6) which favor the ERK1/2 and Smad2 pathways,
leading to articular extracellular matrix formation at concen-
trations of 789.06 pg ml~ ' and 562.5 pg ml " respectively in
hDPSCs (human dental pulp stem cells).’ TGF-p1 also
favors the Smad1/5/8 pathway, resulting in the expression of
metalloproteinases ADAMTS-5 and MMP13, leading to a
hypertrophic chondrocyte phenotype. Additionally, TGF-$1 pro-
motes the Smad1/5/8 pathway, which in turn triggers the
expression of metalloproteinases ADAMTS-5 and MMP13,
which in turn produces a hypertrophic chondrocyte phenotype.
Taken together, these two short peptides- especially peptide 8
could be used in conjunction with a scaffold to induce in vivo
chondrogenesis in injured articular cartilage, offering an alter-
native for treating osteoarthritis.® Efforts in peptide-based
drug development are increasingly targeting the TGF-f path-
way, crucial in diverse biological processes and implicated in
regenerative medicine, tissue engineering, cancer, fibrosis, and
inflammation.

3.3 Notch signalling pathways

Thomas Hunt Morgan first identified Notch mutations in
Drosophila over 100 years ago.”® Notch signaling is a highly
conserved pathway that coordinates neighbouring cells during
development and homeostasis.” In the past few years, Notch
signaling has been majorly recognized as a major pathway
coordinating developmental processes in most organs and
tissues of metazoans. Notch signaling is crucial during both
embryonic development of the CNS and postnatally, as it con-
tributes to the maintenance of the stem cell pool and regulates
proliferation, differentiation, migration, and apoptosis.*>

The Notch pathway consists of five ligands such as Delta-like
1, Delta-like 3, Delta-like 4, Jagged 1, and Jagged 2 and four
receptors like Notch1, Notch2, Notch3, and Notch4.”® The
connection between a ligand and a receptor initiates cleavage
of the Notch intracellular domain (NICD) by gamma-secretase,
followed by Notch1 intracellular domain (NICD) binding to the
transcriptional factor CSL expressed by the RBPJ gene to control
downstream Notch-dependent genes such as HEY, HES and
SNAIL (Fig. 4).°> Notch receptors are synthesized as 300-350 kDa

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 The TGF-B/SMAD protein signaling pathway involves ligands like TGF-B, myostatin, and GDF11 binding to cell membrane receptors to
phosphorylate downstream SMAD2/3 (R-SMADs), while BMPs like BMP2, BMP4, and BMP7 phosphorylate SMAD1/5/8 (R-SMADs). Figure reprinted from

ref. 85 with permission, Copyright© 2020.

precursors and processed into two non-covalently linked subunits.
The resulting mature heterodimeric structure of the protein is
displayed on the outer cell surface. The cell extracellular domain
with 29-36 N-terminal EGF-like repeats that are available for
ligand interaction. The activation of Notch receptors is further
regulated by O-fucose, fringe and Rumi glycosyltransferases in
response to certain ligands.”

Molecular studies performed by S. R. Jung et al. demon-
strated that silk peptides inhibit the expression of adipocyte-
specific genes [peroxisome proliferator-activated receptor y
(PPARY)] and its targets [aP2, Cd36 and CCAAT enhancer
binding protein o (C/EBPa)]. Silk peptides reduce adipose
synthesis by suppressing the Notch signalling pathway and
silencing Notch target genes (Hes-1 and Hey-1). Y. Itokazu
et al. investigated the impact of various bioactive amyloid
B-peptides (APs) on neural stem cell (NSC) proliferation. AB1-
42 was found to activate the NICD, leading to increased
expression of Musashi-1 and Pax6, a paired box protein. AB1-
42 stimulates NSC proliferation by influencing the expression
of glycoproteins involved in Notch signaling. Another Jagged1-
mimicking peptide, J1, composed of 17 amino acids (CDDYYY
GFGCNKFCRPR), was synthesized by G. Ferrari-Toninelli et al.
The results demonstrated that the J1 peptide induced Notch
activation, significantly increasing NICD and Hesl1 levels, and
resulting in a dose-dependent increase in SH-SY5Y cell
proliferation.’® This evidence suggests that short peptides have
a pleiotropic effect on stem cell fate, including cell growth
arrest, induction of differentiation, and reduction of cell

This journal is © The Royal Society of Chemistry 2025

motility, which may offer a therapeutic advantage for brain
tumor treatment.

3.4 Bone morphogenetic protein (BMP) signalling pathway

Bone morphogenetic proteins (BMPs) were discovered to pro-
mote ectopic bone growth in the mid-1960s.> Much research
has demonstrated that BMPs may induce MSCs to differentiate
into bone, supporting their significance in bone and cartilage
production. BMP signals play crucial roles during embryogen-
esis, from early pattern related events to tissue specification,
organ development, and germ cell differentiation. BMPs are
members of the TGF-B protein superfamily.®®

When homo- or heterodimeric BMP ligands attach to type I
receptors and form a heteromeric complex with type II receptors,
the BMP signalling pathway can initiate. Type II receptors phos-
phorylate type I receptors, which then activate R-Smads (Smads 1,
5, and 8 for BMP ligands) via serine-threonine phosphorylation.””
Activated R-Smads multimerize and accumulate in the nucleus to
function as transcription factors. BMP receptors transmit signals
not only through Smad phosphorylation but also via p38 activa-
tion.”® Signaling can also occur through repressor-Smads and
Smads specialized for TGF-B signals, such as Nodal.’® BMP signals
are modulated by factors such as receptor oligomerization, degra-
dation, dephosphorylation, endocytosis, interaction with other
pathways, and pseudo-receptor expression. Downstream Smad
proteins are further regulated by interactions with transcriptional
modifiers, nuclear import/export, and dephosphorylation.’”
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Fig. 4 Schematic representation of the Notch signaling pathway (figure reprinted from ref. 93 with permission, Copyright© 2019 Elsevier B.V.).

Tong et al. designed a BMP9 peptide mimic, P3, constructed
from the type I receptor binding region, with millimolar binding
affinities for the receptors activin protein receptor-like kinase 1
such as ALK1, ALK2 and ALK3.'% They discovered that this BMP9-
derived peptide can selectively increase ALK1 mediated BMP9
signaling in pulmonary artery endothelial cells (hPAECs) while
modulating BMP9 and BMP4 signaling in a cell type specific
manner."® In another study, M. Yang et al. examined an osteo-
genic peptide (GETNPADSKPGSIR, P-GM-2) derived from Gadus
morhua peptides.’®® The cell-based studies showed that P-GM-2
enhanced osteoblast proliferation, differentiation and mineraliza-
tion by increasing osteogenic markers. P-GM-2 phosphorylates
GSK-3p, stabilizing B-catenin protein and activating the Wnt/B-
catenin protein pathway. It also activates the BMP/Smad and
MAPK pathways. Validation with specific inhibitors confirmed
P-GM-2’s activation of BMP as well as Wnt/B-catenin pathways,
highlighting its potential as an antiosteoporosis agent.'®" Recent
studies on BMP9 and osteogenic peptides highlight their ther-
apeutic potential in enhancing bone formation and treating
osteoporosis.'** Additionally, BMP-based therapeutic treatments
are being developed for cardiovascular and kidney diseases.’®

3.5 Other signaling pathways

In addition to the discussed signalling pathways such as Notch,
Wnt/B-catenin, TGF-B, and BMPs, other pathways such as MAPK,"*
PI3K,'** Akt,'%° and mTOR" are well-documented for their roles in
peptide-based therapeutic applications including tissue defects,

2580 | J Mater. Chem. B, 2025, 13, 2573-2591

wounds, cancer, cardiovascular disorders, and neurodegenerative
diseases. Collectively, the evidence highlights the potential of short
peptides in regenerative medicine and therapeutic applications
through various signaling pathway cross-talks."®”

4. Biomedical applications of short
peptides in stem cell differentiation

Peptide form and concentration determine the path of cell
differentiation.?® In neural tissue, epidermis and mesenchyme,
pluripotent cells undergo differentiation in response to pep-
tides such as AEDG and AEDP." For example, AEDP (cortagen)
at a dose of 10 ng ml~" induced 80% of the cells in culture to
mesenchyme and epidermis via differentiation. Doses of 2, 20,
and 100 ng ml ' resulted in a 30-48% differentiation rate,
whereas doses of 50 and 200 ng ml ™' had no effect on
pluripotent cell differentiation.’®® Peptides exert their influ-
ence by connecting with histone proteins, thereby modulating
gene accessibility for transcription. They can also directly bind
with DNA, regulating gene expression either by activation or
inhibition. These mechanisms enable peptides to activate
signaling pathways that regulate gene expression during the
process of differentiation. Peptides such as AEDL and KEDW
induce differentiation in pancreatic and lung cells, while KE,
AED, and KED activate neural differentiation. Immune cells diff-
erentiate through KE, KED, or EDA peptides. Table 1 summarizes

This journal is © The Royal Society of Chemistry 2025
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Table 1 Different short peptides used for the modulation of stem differentiation
Sr. In vitro/in vivo
no. Peptide Sequence Differentiation model Brief findings Ref.
1 RAD- Ac-(RADA),-G,- Neuronal Rat Schwann cells ~ Peptides provide 3D environment and enhanced RSC 109
RGI RGIDKRHWNSQ-NH, and neurites adhesion, myelination, and neurotrophic production
RAD- Ac-(RADA),-G,-IKVAV- in vitro and in vivo
IKV NH,
2 RADA RADARADARADARADA Cardiac Human iPSCs In the absence of RAD16-1, ascorbic acid enhances hiPSC 110
16-1 cardiac differentiation by upregulating the expression of
specific cardiac genes and protein
3 RGD' GRGDS Cardiomyocyte Myocardial cells RGD peptides increased cardiomyocyte cell viability and 111
from Wistar rat differentiation of scaffolds
hPSC cell line
4 IVFK, Ac-Ile-Val-Phe-Lys-NH, Osteogenic hMSC cell lines, Peptides promote proliferation and osteogenic 112
IVZK Ac-Ile-Val-Cha-Lys-NH, HUVEC cells differentiation of hMSCs, and promote angiogenesis of
HUVECs
5 BFP-1  GQGFSYPYKAVFSTQ Osteogenic MBSCs or D1 cells  Compared to BMP-7, BFP-1 exhibits greater osteogenic =~ 113
differentiation activity
6 A13 RQVFQVAYIIIKA Hepatocyte Primary rat hepato- Primary hepatocytes cultured on the A13 peptide 114
peptide cytes, male Sprague continued to express hepatic differentiation markers
Dawley rats
7 KEDW  Lys-Glu-Asp-Trp-NH, Pancreatic Endocrine pancrea- Upregulated the expression of PDX1, NGN3, PAX6, 115
tic cell line FOXA2, NKX2-2, NKX6.1, and PAX4 genes, while
downregulating the expression of MNX1 and HOXA3
8 Noggin MQQAALLLGLSLADA Endogenous Mouse spinal cord ~ Combination of noggin and PDGF enhanced overall 116
progenitors injury (SCI) model = myelination of regenerated axons and, significantly
improved functional recovery
9 DEGA  Asp-Gly-Glu-Ala Osteogenic hMSCs DGEA peptide facilitates adhesion, spreading, and early 117
EEE Glu-Glu-Glu commitment to osteogenic differentiation, while EEE
peptide enhances mineralization capabilities
10 ADEL  Ala-Asp-Glu-Leu Bronchial Bronchoepithelial ADEL protects the bronchial epithelium against 118
epithelium human embryonic  pulmonary diseases
cell culture
11 OGP or ALKRQGRTLYGFGG Osteogenic Female hMSCs The incorporation of either OGP or BMP-2 significantly 119
BMP-2  KIPKASSVPTELSAISTLYL enhanced the osteogenic differentiation of hMSCs

a list of short peptides and their mechanisms for stem cell
differentiation.

The detailed mechanisms of these peptides modulating
stem cell fate to specific differentiation are discussed below:

4.1 Ectodermal differentiation

The ectoderm is one of the three primary germ layers formed
during embryogenesis, with the other two being the mesoderm
and endoderm. Each germ layer gives rise to specific tissues
and organs in the developing embryo. Focusing on the ecto-
derm, it can differentiate into two main subdivisions: the
surface ectoderm and neuroectoderm. The surface ectoderm
further differentiates into the epidermis and exocrine glands.
The epidermis forms the outermost layer of the skin and gives
rise to the lining of the mouth, nostril, and anus. The exocrine
gland, derived from the surface ectoderm, includes the mam-
mary glands, sweat glands, and salivary glands. The neuro-
ectoderm, on the other hand, differentiates into components of
the central and peripheral nervous system.'?® We have high-
lighted the role of peptides in neuronal and epithelial differ-
entiation by summarizing recent advances.

4.1.1 Neuronal differentiation. Central nervous system dis-
orders including neurodegenerative diseases, neurodevelop-
ment diseases, traumatic brain or spinal cord injuries and
stroke continue to pose a significant -clinical burden
globally.”*" Due to the complexity of the human neurological

This journal is © The Royal Society of Chemistry 2025

system and its intrinsic lack of regenerative ability many of
these conditions and their associated functional losses are
challenging to treat. Stem cells capable of brain development
have long been regarded as a promising therapeutic option
for several of these disorders.'** Researchers have developed
various bioactive scaffolds for tissue engineering to address
neurological damage and neurodegenerative diseases. These
scaffolds enhance cell viability, adhesion, motility, neurite
elongation and neuronal development aiming to create func-
tional tissue grafts for in vivo applications.* In recent years,
advancements in neuronal differentiation in mammals have
significantly improved our understanding of brain physiology
offering substantial potential for neuro replacement therapies.
Neural stem cells (NSCs) which have the ability of self-renewing
and are multipotent, are able to divide into the three major
cell types of the CNS such as neurons, astrocytes and oligo-
dendrocytes.'**

Maria B. Fonseca et al. examined the role of various Af
fragments in NSC proliferation and differentiation, also inves-
tigating if autophagy is involved in AB-induced alterations of
neural fate.’® The findings show that both AB1-40 and AB1-42
significantly induce neuronal and glial-specific protein mar-
kers; however, AB1-40 preferentially enhances the neurogen-
esis of NSCs while AB1-42 appears to favour gliogenesis. These
results support various important roles for different AB pep-
tides in NSC fate decisions and emphasize the significance of
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autophagy in controlling this activity. S. Yang et al. designed a
self-assembling peptide (SAP) hydrogel nanofiber for peripheral
nerve regeneration.'® The hydrogel was based on the self-
assembling backbone Ac-(RADA),-NH, (RAD), dual-function-
alized with a BDNF-mimetic peptide epitope RGIDKRHWNSQ
(RGI) and a laminin-derived motif IKVAV (IKV) (Fig. 5A).

The formerly mentioned hydrogel provided a three-dimen-
sional (3D) microenvironment for rat Schwann cells (RSCs) and
neurites. The researchers found that the dual-functionalized
SAP hydrogels effectively filled a 10 mm gap representing a

View Article Online
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sciatic nerve lesion in rats in vivo and enhanced RSC adhesion,
myelination, and neurotrophin production in vitro (Fig. 5D).
The outcomes demonstrated how IKVAV and RGI work syner-
gistically to promote axonal regeneration and functional recov-
ery following peripheral nerve damage. In another study, short
peptide PepB (AAAAEK) was designed to deliver retinoic acid
(RA) to human neural stem cells (hNSCs) and enhance neuronal
development.*?® Treatment with 0.1 uM RA or 0.1 uM RA-PepB3
resulted in a 2-2.5-fold increase in B-III tubulin and a 2.5-fold
increase in MAP2 expression compared to the control, with no

Ac-RADARADARADARADA-NH,
A P VaPa? B 5
RAD L S o e U U E
Ac-RADARADARADARADA-GG-IKVAV-NH, £
F. P . D E
RAD-IKV S e 2
v 2
=
Ac-RADARADARADARADA-GG-RGIDKRHWNSQ-NH, ;"5’
RAD-RGI FIF ISV APEST T I 8 "
- e e 8 404 X
PIQIGIQIGI K e *\ﬁ&h_ 3 10
Ac-RADARADARADARADA-GG-IKVAV-GG-RGIDKRHWNSQ-NH, &
P.P.¥.¥ »
RAD-IKV-GG-RGI i s b b bl b s i bbb gl e -20 T T T T
revvvvy S k‘:.\ T 180 200 220 240 260
RAD/IKV

C RAD

RAD/RGI

RAD/IKV-GG-RGI IIKV/RGI

41“

Fig. 5 Characterization of SAP and hydrogels with rat Schwann cell (RSC) adhesion and spreading behavior on the surface of self-assembling peptides
(SAP) and hydrogels: the sequences of the functionalized SAP (A). CD spectra of SAP solutions (B), atomic force microscopy photographs of peptide
solutions and scanning electron microscopy morphologies of hydrogels (C), representative fluorescence microscopy images of rat Schwann cells on
various peptide scaffolds (D). Rhodamine—phalloidin was used to stain B-actin (red) in the cells, while SYTOX Green was used to stain the nuclei (green)

(figures reprinted from ref. 109 with permission, Copyright© 2020).
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significant difference between the RA and RA-PepB3 treat-
ments. Overall, this evidence suggests that bioactive scaffolds
and peptides can enhance cell viability, proliferation, and
neuronal differentiation, aiming to create functional tissue
grafts for in vivo applications, highlighting the potential role
of peptides in the treatment of neurodegenerative diseases.

4.1.2 Epithelial differentiation. Epithelial cells are found
in a variety of organs and tissues throughout the human body
and are responsible for numerous tasks."*® Their pattern varies
by organ, tissue, type and function. Similar important roles are
played by epithelial protection barriers in the skin, gastroin-
testinal tract, and airways. These functions include preserving a
physical barrier against allergens and environmental irritants and
offering a tissue interface that balances communication between
the internal and external environment.'”” The differentiation of
epithelial cells depends on the small molecules that mediate the
epithelium’s cohesion as well as polarization. Distinct molecular
families are responsible for adhesion between adjacent cells as
well as interaction between cells and the substrate.'*® The loss or
damage of essential proteins that make up tight or adherens
junctions, disruption of the barrier due to internal or external
exposure such as protease, chemical injury, trauma, inflammatory
responses including TH2 cytokines, altered central metabolism,
and hormonal imbalances that control epithelial homeostasis are
all suggestive of epithelial dysfunction.

Due to dysfunction in epithelial barriers, the chance of
developing allergic diseases and other disorders including oral
cancer, celiac disease, type 2 inflammatory diseases, asthma,
allergic rhinitis, chronic rhinosinusitis and eosinophilic eso-
phagitis increases.’* S. Raghupathy et al. explored the potential
of the short amino acid containing peptide L-R5 such as partial
inhibitor of protein kinase C zeta to improve epithelial paracel-
lular uptake in a reversible as well as non-toxic manner."*® The
L-R5 structure is a pentapeptide containing a cell membrane-
penetrating group at its N-terminus and the sequence myristoyl-
ARRWR. When administered apically in vitro, L-R5 improved
epithelial uptake ability within minutes enhancing apical-to-
basolateral (AB) transport of 4 kDa dextran (use as model of
peptide and protein) and naloxone (BSC class III drug) in nasal
human primary epithelial cells. Several investigations have shown
that the tetrapeptide Ala-Asp-Glu-Leu (ADEL) is effective in models
of acute bacterial lung inflammation, fibrosis, and toxic lung
injury. V. K. Khavinson et al. reported that tetrapeptide (ADEL)
modulates Ki67, Mcl-1, p53, CD79, and NOS-3 protein levels in
human bronchial epithelial cell cultures at various passages.'*®
The findings demonstrated that the ADEL peptide may provide a
defense mechanism to the bronchial epithelium from pulmonary
disease. Additionally, ADEL may protect bronchial tissue against
aging. Furthermore, enhancing intestinal repair mechanisms
using regulatory peptides or other modulatory factors may provide
future options for treating disorders characterized by epithelial
surface damage.'*!

4.2 Mesodermal differentiation

Human pluripotent stem cells exhibit characteristics similar to
the epiblast, which forms the three germ layers. Using human

This journal is © The Royal Society of Chemistry 2025
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induced iPSCs, mesoderm and endoderm were produced with
over 75% purity. The single-cell dynamics of iPSCs derived
mesoderm as well as endoderm cells were studied using time-
lapse imaging for visualization.’*> Both mesoderm and endo-
derm cells exhibited random migration with short-term direc-
tional persistence, and no significant differences were observed
in their migration patterns. A. Rodaway and R. Patient discov-
ered the existence of mesendoderm in C. elegans to Xenopus,
capable of giving rise to both endoderm and mesoderm."*?
In early zebrafish development, the marginal zone surrounding
the vegetal edge contains both endodermal and mesodermal
precursor cells. This marginal zone co-expresses brachyury and
Gata5, which are distinct markers for mesoderm and endoderm
progenitors, respectively. Mesodermal cells are the most pre-
valent in the human body, contributing to a wide range of cell
types including the musculoskeletal system such as bone,
cartilage, and muscle, cardiovascular systems like the heart,
blood, and blood vessels, and connective tissues found through-
out the body."**

4.2.1 Mpyocardium differentiation. The American Heart
Association states that a major cause of morbidity and global
death is cardiovascular disease. By 2030, heart failure is pro-
jected to affect 8 million individuals over the age of 18, marking
a 46% increase from 2012."*° Both laboratory research and
recent clinical trials indicate that cell-based therapies hold
promise for improving heart function and offering exciting
prospects for cardiac regeneration. Progenitor cells derived
from bone marrow and other sources have demonstrated the
ability to differentiate into various vascular cell types, poten-
tially restoring blood flow."*® Myocardial infarction (MI) is a
major global health concern that is the primary cause of death
and disability in both developed and developing nations. It has
a huge financial impact on human society."*” Patients with MI
frequently suffer from heart failure, which accounts for an
approximate 50% mortality rate within five years of diagnosis.
MI causes cardiomyocyte loss, left ventricular dilation, and
cardiac dysfunction, ultimately leading to heart failure."*® Adult
mammals cannot regenerate enough cells to compensate for
the destroyed cardiomyocytes. Cardiac transplantation is the
only option for final-stage heart failure; however, the scarcity
of available donor organs limits this possibility. Therefore,
developing new therapeutic techniques for heart failure and
alternative treatments has become critical. Among the various
regenerative treatments studied, self-assembling peptide-based
cardiac cell therapy has gained widespread recognition.

Self-assembling peptides have shown considerable promise
for tissue engineering, particularly in healing wounded myo-
cardium. Numerous protein and cellular treatments have been
successfully tested in preclinical animal models.'*® A novel SAP
was designed by modifying a peptide such as RADA16 with a
cell-adhesive motif as well as a BMP-2 binding motif, as
synthesized by H. D. Guo et al.®® The effects of this functiona-
lized SAP on c-kit" MSC adherence, survival and differentiation
were further investigated. Heart function, neovascularization, and
myocardial regeneration were assessed after transplanting SAP
containing BMP-2 and c-kit" MSCs in rat MI models. The cells
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adhered and dispersed readily on the well-organized nanofibrous
scaffolds that the SAP spontaneously created. The SAP protected
the cells from hypoxia and serum deprivation. Following SAP
breakdown, BMP-2 was released continuously, inducing c-kit"
MSCs to differentiate into cardiomyocytes. These findings imply
that functionalized SAP effectively increases stem cell engraftment,
survival, and differentiation. The local continuous release of BMP-
2 with SAP is a promising method for enhancing engrafted stem
cell differentiation and healing of infarcted myocardium.

In another study, Y. Zhang et al. demonstrated the potential
of ECM-derived collagen I hydrogel loaded with molecules such
as histone deacetylase 7 (HDAC7)-derived-phosphorylated
7-amino-acid peptide (7Ap) as a novel candidate for MI
treatment.'® The 7Ap-collagen increased neo-micro vessel for-
mation, improved stem cell antigen-1 positive (Sca-1") stem cell
recruitment and differentiation, reduced cellular apoptosis,
and promoted cardiomyocyte cycle progression. Additionally,
7Ap-collagen reduced LV wall fibrosis, decreased infarct
wall thinning, and significantly enhanced cardiac function at
2 weeks after-MIL.

O. Schussler et al. proposed a novel approach to develop a
highly effective collagen-cell scaffold using arginine-glycine—
aspartic acid-serine (RGD') adhesion peptides cross-linked
to a therapeutically approved collagen matrix."** The primary
advantages were improved cell contractility, cardiomyocyte
viability, and differentiation. V. A. Puig-Sanvicens et al. studied
the cardiac differentiation properties of hiPSCs when cultivated
with and without ascorbic acid (AA) and embedded in peptides
like RAD16-1.""° In adherent cultures and in the absence
of RAD16-1, AA promotes hiPSC cardiac cell differentiation by
upregulating the expression of specific cardiac genes and
proteins, increasing the number of contracting clusters during
differentiation. These findings indicate the potential applica-
tion of SAP and peptide-based scaffolds as a medium for
enhancing cellular transplantation in the heart or designing a
true myocardial equivalent.

4.2.2 Osteogenic differentiation. Bone fractures are com-
mon traumatic injuries caused primarily by accidents, constant
bone strain and falls including falls from heights."*' The
healing process for fractures is complex and prolonged influ-
enced by various factors. Bone injuries and diseases induce
significant changes in the biophysical properties of living bone
tissues, including their electrical and mechanical properties.
Bone is a dynamic organ that continuously replaces old or
damaged tissues through bone remodeling.'** The bone frac-
tures heal through bone remodeling which allows bone to
adapt to mechanical changes necessary for skeletal functions
across various environments. This process helps maintain bone
strength and calcium-phosphorus metabolism, and facilitates
fracture repair.’*® Osteoblasts and osteoclasts are the key cells
in bone turnover; responsible for bone production and resorp-
tion, respectively.'** Osteoporosis is the most common meta-
bolic bone disease characterized by an imbalance in bone
remodeling processes, resulting in increased bone porosity.
Osteoblast formation through the osteogenic differentiation
of mesenchymal stem cells is regulated at multiple stages.
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Osteocytes derived from mature osteoblasts, embedded in the
ECM, regulate the activity of osteoblasts and osteoclasts, which
maintains bone homeostasis.’*®> Alterations in mesenchymal
stem cells during their commitment or development toward the
osteogenic lineage can lead to demineralization or bone loss.

G. Gulseren et al. reported increased bone regeneration
efficiency using alkaline phosphatase (ALP) mimetic peptide
nanofibers that express both activity such as catalytic and
matrix-regulatory capabilities of alkaline phosphatase, which
is an enzyme that regulates phosphate homeostasis and the
synthesis of calcifiable bone matrix."*® Histidine-presenting
peptide nanostructures were designed to act as phosphatases,
catalyzing phosphate hydrolysis while also serving as a scaffold
for the formation of bone-like nodules. These mesenchymal
and osteoblast-like cell lines were stimulated to undergo osteo-
genesis by these alkaline phosphatase-like peptide nanofibers.

Zhou et al. developed peptides derived from the bioactive
domains of BMP-2 (residues 73-92) that were covalently con-
jugated to the surface of mesoporous silica nanoparticles
(MSNs) using an aminosilane linker.'*” These peptides were
loaded with dexamethasone to promote osteogenic differentia-
tion of rBM-MSCs, mitigating the high-dose negative effects of
BMP-2. After 48 hours of incubation, MSNs-pep showed signi-
ficantly higher cell viability than MSNs at doses of 50 and
100 ug mL ™" (P < 0.01), with a cell viability of approximately
93.7% at 100 pg mL~'. The results demonstrated that com-
pared to ungrafted MSNs, MSN-pep exhibited improved cellular
uptake, biocompatibility, and dispersibility. After three weeks,
ectopic bone growth was observed in 4-week-old male SD rats
implanted with this construct. In another study, S. Alshehri
et al. designed SAP-scaffolds to promote the proliferation
and osteogenic differentiation of hMSCs.''> These rationally
designed peptides are synthetic and amphiphilic, containing
self-assembling tetrapeptides composed of four non-toxic
amino acids. They synthesized two self-assembling tetrapep-
tides, aromatic (IVFK) and nonaromatic (IVZK), which formed
hydrogels upon PBS addition (Fig. 6A). SEM micrographs con-
firmed porous fiber networks from entangled peptide nanofibers,
with nanometer-scale pores smaller than cell nuclei, potentially
limiting passive cell mobility. Hydrogel stiffness increased with
peptide concentration. Osteogenic differentiation of bone-marrow
derived mesenchymal stem cells (BM-MSCs) in these hydrogels
was observed through bright-field microscopic images after 7 and
14 days, showing cell shape changes and visible mineralization
after 14 days (Fig. 6B). Cells exhibited a branching “osteocyte-like”
structure, confirmed by confocal fluorescence microscopic images
of the F-actin cytoskeleton, indicating successful differentiation.
Alizarin red staining validated the mineralization process during
differentiation. These tetrapeptide hydrogels promote both osteo-
genic differentiation and angiogenesis, making them suitable
scaffolds for bone tissue engineering.

H. Hosseinkhani et al. designed a three-dimensional network
of nanofibers generated by the self-assembly activity of peptide-
amphiphile (PA) molecules.**® When rat MSCs were seeded into
PA nanofibers with or without RGD, the PA nanofibers containing
RGD showed a higher number of adhered cells. In measuring
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Fig. 6 Self-assembling peptide (IVFK and IVZK) based hydrogels (A), self-assembled peptide in hydrogel in 1x PBS (a). The morphology of IVFK (b) and
IVZK (c) nanofibrous hydrogels using SEM. Porosity of the peptide hydrogels was determined using SEM images (d). Mechanical stiffness values (e);
osteogenic differentiation of MSCs (B), phase contrast images of MSCs cultured in different hydrogels in osteogenic media after 7 and 14 days (a), Alizarin
red-S staining (b) and In vitro morphology of hMSCs after 3 weeks of culturing. Figures are reprinted from ref. 112 with permission, Copyright© 2021.

MSC osteogenic differentiation, the PA nanofibers with RGD
exhibited the highest alkaline phosphatase (ALP) activity and
osteocalcin content compared to those having absence of RGD.
Both values were remarkably higher than those observed
in static tissue culture plates in two-dimensional culture. The
study concluded that PA nanofibers served as a cell scaffold,
influencing MSC adhesion, proliferation, and osteogenic

This journal is © The Royal Society of Chemistry 2025

differentiation. Peptide-based fibrillar hydrogels have been
shown to resemble the structure of the extracellular matrix,
providing a niche for cells to perform their physiological
functions.'*®

A study done by L. A. Castillo Diaz et al. demonstrated that
an ionic-complementary peptide hydrogel, FEFEFKFK (com-
prising phenylalanine, glutamic acid, and lysine), can host
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hMSCs in 3D and stimulate osteogenic development.'*® Over 12
days of growth, hMSCs remained viable and proliferated in the
hydrogel. With osteogenic stimulation, they differentiated into
osteoblasts. These findings indicate that a biodegradable octa-
peptide hydrogel can host and stimulate stem cell differentia-
tion, with potential applications in regenerating hard tissues
like alveolar bone.

Apart from these discussed self-assembled peptides, BMP-2
derived KIPKASSVPTELSAISTLYL'*' and yEPRRYEVCYyEL,'"?
peptide amphiphile (PA) with RGDS/DGEA,"** RGD,"* VN and
BFP-1 peptide,'® hydroxyapatite (HA)-binding peptides,"*® bone
marrow homing peptide 1 (BMHP1),">” RGDS containing biomi-
metic peptide amphiphile (PA)'*® and tenascin-C mimetic
peptide™*® have also been reported as modulators of osteogenic
differentiation. Short peptides may trigger osteogenic cell devel-
opment by activating pathways such as p38/MAPK and PI3K-Akt.
These pathways can be activated either by peptides binding to
signalling cascade components or by regulating the gene expres-
sion code for the p38/MAPK as well as PI3K-Akt proteins.

4.3 Endodermal differentiation

During gastrulation, the endoderm germ layer emerges from
the epiblast. After that, endoderm cells differentiate to form the
embryonic gut’s epithelial lining, which organogenesis devel-
ops into the complete gastrointestinal tract, the glandular
structures of the respiratory system, lungs, and other organs
such as the pancreas and liver.

4.3.1 Hepatocyte differentiation. The burden of liver cir-
rhosis and other chronic liver diseases is growing as average life
expectancy rises and obesity becomes more prevalent.'®® Liver
disease including liver cirrhosis and other chronic liver dis-
eases such as liver cancer poses a significant threat to human
health.'® Currently, liver/hepatocyte transplantation and
bioartificial liver devices are some viable treatments for final-
stage liver disease. However, inherent complications are asso-
ciated with liver transplantation. MSCs can be utilized as an
alternative treatment for liver dysfunction, including cirrhosis,
liver failure, and complications from liver transplantation.
However, MSCs have the potential to cause tumorigenic effects.
Promising research suggests that short peptides can enhance
hepatocyte differentiation, offering another potential therapeu-
tic avenue. Hepatocytes are the most common type of parench-
ymal cell in the liver and are essential to its function.
Hepatoblast-like and definitive endoderm-like cells can be used
to support the in vitro differentiation of iPSCs into hepatocyte-
like cells."®*

Yamato Kikkawa et al. screened hepatocyte attachment
peptides using 25 physiologically active peptides from laminin
a1l and assessed the preservation of hepatic function with
primary rat hepatocytes."'* Peptide A13 contains amino acid
sequence RQVFQVAYIIIKA, which includes mice laminin o1l
chain residues 121 to 133, demonstrated the highest activity.
Additionally, hepatic differentiation markers such as tyrosine
aminotransferase, tryptophan-2,3-dioxygenase, and cytochrome
P450D remained present in primary hepatocytes treated with A13
peptides. C. E. Semino et al. designed a self-assembling peptide
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scaffold in a putative adult rat hepatocyte progenitor cell line-Lig-8
to enhance tissue-like function.'®® Differentiated progeny cells
exhibit hepatocyte maturation markers such as binucleation, up-
regulation of albumin, and expression of cytochrome P450s
CYP1A1, CYP1A2, and CYP2EL. They also express the transcrip-
tion factor C/EBPa. Other peptides, such as myristoylated HBV
preS1-peptides,'®* RAD16-1 combined with RGD (integrin-binding
sequence) and YIG (laminin receptor binding sequence),’®® corn
peptides and the synthetic pentapeptide (QLLPF),"*® were
designed and their effects on hepatocytes were examined. Based
on these studies, short peptides show promise in liver disease
therapy as modulators of hepatocyte differentiation and function.

4.3.2 Pancreatic differentiation. Human pancreases differ-
entiate from the foregut endoderm as dorsal and ventral
outgrowths.’®” Pancreatic differentiation is important for in vitro
synthesis of a large number of pancreatic p-cells, which have the
ability for insulin synthesis, storage, and release. There are some
diseases which can occur due to lack of insulin production such
as type II diabetes. Diabetes affects 4-5% of the global population
and is the most common metabolic condition, with over 90% of
cases being type II diabetes, caused by insulin hormone resis-
tance, pancreatic p-cell failure, or both; it leads to complications
like retinopathy, nephropathy, neuropathy, and heart disease.'®®
Insulin-producing B-cells play an important role in maintaining
systemic glucose homeostasis.'®® Transplantation of insulin-
synthesising cells may provide a cure for type I as well as some
cases of type 1I diabetes. However, this technique is hampered by
lack of materials, though stem cell biology holds promise for
mass-producing pancreatic fB-cells and can overcome these
problems.”””'”! In addition to cell transplantation, peptide hor-
mones also play a significant role in diabetes management.

Glucagon-like peptide 1 (GLP-1) activates pancreatic B-cells
to produce glucose-dependent insulin, suppresses glucagon
secretion, delays stomach emptying, reduces food intake, and
promotes glucose clearance, aiding in type 2 diabetes manage-
ment.'”> GLP-1 agonists enhance p-cell proliferation and
differentiation. Recent research suggests that they stimulate
pancreatic stem cells to develop into B-cells. The gut’s endo-
crine cells release the glucagon-like peptides GLP-1 and GLP-2
in response to food consumption. These peptides control
energy absorption and storage as well as cell survival and
proliferation.'”® GLP-1 increases islet mass by promoting pan-
creatic B-cell proliferation, neogenesis, and the differentiation
of exocrine cells into B-cells. GLP-2 enhances cell proliferation
in the gastrointestinal mucosa, aiding in mucosal growth and
reducing intestinal damage. Both peptides inhibit apoptosis,
preserving p-cell mass and gut epithelium.

Apart from GLPs, peptide KEDW (Lys-Glu-Asp-Trp-NH,) has
been shown to lower blood glucose levels in both in vitro and
in vivo models. V. Kh. Khavinson et al. discovered that the
KEDW peptide stimulates the expression of genes crucial for
the functional activity of endocrine pancreas cells, likely by
binding to DNA and activating gene expression.''®> Due to its
effects on the differentiation and function of pancreatic cells,
the peptide could be used to correct pancreatic cell function,
aiding in developing better treatments for diabetes and other

This journal is © The Royal Society of Chemistry 2025
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pancreatic diseases. Pancreatic cells show decreased expression
of differentiation markers as they age. The tetrapeptide pancra-
gen induces differentiation factors in acinar (Pdx1, Ptfl a) and
islet of Langerhans (Pdx1, Pax6, Pax4, Foxa2, NKx2.2) in both
“young” and ‘“aged” cultures.'”* Additionally, two synthetic
peptides, Spadin and Mini-Spadin, derived from the sortilin
propeptide (PE), replicate the actions of PE, enhance insulin
secretion in response to glucose and protect B cells from
cytokine-induced apoptosis.'”®> This evidence suggests that
researchers are increasingly focused on developing short pep-
tides that specifically target pancreatic B cells to enhance their
survival and regeneration for diabetes management.

5. Challenges and future directions

Despite their potential, short peptides in stem cell research face
several limitations. One major challenge is their susceptibility
to enzymatic degradation, leading to a loss of bioavailability
and effectiveness.'”® This degradation is primarily due to the
presence of numerous proteases that break down peptides or
peptide-conjugated drugs. Additionally, short peptides can
sometimes change conformation and bind to undesirable sites
during stem cell growth, causing unwanted side effects. The
large size of many peptides can also hinder their uptake by
stem cells, complicating the differentiation process. Maintain-
ing cell viability and metabolic activity is another significant
hurdle, as short peptide conjugation can be rejected by the host
immune system, leading to cell death."”” To address these
issues, peptides are often combined with polymers or scaffolds
to prevent early degradation.'”® Improving peptide delivery
systems, creating more stable and bioavailable peptide models,
and understanding the exact mechanisms underlying peptide-
mediated signaling pathways in stem cells are crucial areas for
future research. Advances in peptide engineering, such as the
development of peptide mimetics and peptide conjugates, may
help overcome these challenges and enhance the therapeutic
potential of short peptides in stem cell research.

6. Conclusion

Short peptides have demonstrated significant potential in stem
cell research and regenerative medicine. They can effectively
modulate stem cell activity, enhance cell viability, and direct
differentiation. In cardiovascular diseases, SAP and peptide-
based scaffolds have shown promise in improving heart func-
tion and cardiac regeneration. Similarly, tetrapeptide hydrogels
have been successful in promoting osteogenic differentiation
and angiogenesis for bone tissue engineering. In liver disease
therapy, peptides such as A13 and myristoylated HBV preS1-
peptides have shown potential in enhancing hepatocyte func-
tion and differentiation. Overall, short peptides are promising
modulators of cellular behaviour, offering new therapeutic
avenues for treating a variety of diseases and injuries. Our
review provides a comprehensive introduction to stem cell fate
and differentiation induced through short peptides, emphasizing

This journal is © The Royal Society of Chemistry 2025
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the pivotal role of short peptides. Hence, we present extensive
discussion about how short peptides can modulate critical signal-
ling pathways, such as Notch, Wnt-B-catenin, TGF- and BMP to
facilitate stem cell differentiation. Additionally, we explore their
potential applications in neuronal, epithelial, cardiac, hepatocyte,
pancreatic and osteogenic differentiation, offering significant
insights into advancements in stem cell therapy and tissue
engineering.
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