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Abstract

There have been remarkable advancements in regenerative medicine for bone regeneration, tackling the worldwide
health concern of tissue loss. Tissue engineering uses the body’s natural capabilities and applies biomaterials and bioactive
molecules to replace damaged or lost tissues and restore their functionality. While synthetic ceramics have overcome
some challenges associated with allografts and xenografts, they still need essential growth factors and biomolecules.
Combining ceramics and bioactive molecules, such as peptides derived from biological motifs of vital proteins, is
the most effective approach to achieve optimal bone regeneration. These bioactive peptides induce various cellular
processes and modify scaffold properties by mimicking the function of natural osteogenic, angiogenic and antibacterial
biomolecules. The present review aims to consolidate the latest and most pertinent information on the advancements in
bioactive peptides, including angiogenic, osteogenic, antimicrobial, and self-assembling peptide nanofibers for bone tissue
regeneration, elucidating their biological effects and potential clinical implications.
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Bone defects resulting from trauma, infection, inflamma-
tion, tumors, or chronic diseases can have severe physical
and  psychological consequences for  patients.
Reconstructing and repairing critical bone defects poses
significant challenges, mainly when they are located deep
within the body and have irregular shapes.' Bone fractures
can result in work absenteeism, decreased productivity,
disability, impaired quality of life, health loss, and high
healthcare costs. They also significantly impact individu-
als, families, societies, and healthcare systems. According

to a meta-analysis of 113 studies, the average cost of hos- ~ Corresponding author:
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pital treatment for a hip fracture was estimated at
US$10,075, and the total cost of health and social care for
one hip fracture after 12 months was a global average of
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$43,669.2 Bone grafts and artificial materials (Alloplastic)
are substitutes for reconstructing such fractures. While
autografts are considered the most effective treatment,
allografts, and xenografts are also employed for bone
regeneration. However, these methods have certain limita-
tions, including donor site morbidity, graft rejection, and
insufficient bone formation, all of which are influenced by
the patient’s general health status.* Researchers in the
medical field are currently emphasizing the development
of treatment strategies to improve the process of bone
healing. These approaches involve integrating specific
molecules that enhance bones’ responsiveness to healing,
thereby addressing the limitations and concerns associated
with other grafting materials.* In recent decades, there has
been significant expansion in research related to bone tis-
sue engineering and biomolecules such as peptides.
Bioactive peptides are short sequences of amino acids
commonly extracted from the active regions of proteins.
The analogs of biologically active proteins can influence
crucial biological and physiological processes, regulate
cell activities, and modulate intercellular communication.
These bioactive molecules are readily producible, process-
able, and modifiable and can be prepared under well-
defined and controlled conditions. The primary origins of
peptides comprise extracellular matrix proteins (e.g. col-
lagen, fibronectin, bone sialoprotein, and laminin), soluble
growth factors (GFs), and engineered and natural pep-
tides.> Most peptides function similarly to their original
proteins, triggering signaling pathways through direct
engagement with cell receptors. Other peptides are used to
modify biomaterials, enhancing their regenerative attrib-
utes.® It is worth mentioning that different bioactive pep-
tides show considerable potential for in vitro and in vivo
bone formation; some have even found clinical applica-
tions in tissue engineering.” Many peptides have been
developed and investigated as potential candidates for the
upregulation of bone healing response. Among all the pep-
tides that have been extensively researched significant
focus has been directed toward angiogenesis, osteogene-
sis, antimicrobial peptides (AMPs) and self-assembling
peptide nanofibers. They are considered promising targets
for bone regeneration due to their crucial role in cell pro-
liferation, differentiation, extracellular matrix synthesis,
biomineralization, and angiogenesis. Besides, these pep-
tides have demonstrated their ability to support and stimu-
late bone healing, making them highly suitable for clinical
use as therapeutic options.®

The focus of this analysis is to explore the recent
advancements in the development of bioactive peptides for
the purpose of enhancing bone regeneration. Additionally,
this review aims to gather the most significant data on bio-
active peptides concerning bone regeneration, angiogene-
sis, antimicrobial, and self-assembling peptide nanofiber
properties, as well as their biological effects and clinical
implications.

Cell signaling cascade in normal
osteogenesis

The BMP/TGF-J3 signaling pathway

Peptides serve various functions in cell communication
pathways and are vital for regulating cellular functions and
promoting tissue regeneration. Consequently, having a
deep understanding of the intricate molecular signaling
pathways at play is imperative for the advancement of
bone implants, alternatives, and scaffolds using cells for
bone regeneration. Key molecular signaling pathways in
bone regeneration include transforming growth factor 3
(TGF-B) and bone morphogenetic proteins (BMP) that are,
both members of the multifunctional TGF-B superfamily.
These proteins influence cell behavior by binding to their
receptors in a particular manner. The TGF-f pathway
begins with the release of ligands near the bone extracel-
lular matrix (ECM). The binding of TGF-B to the tetra-
meric receptor, consisting of two subunits of TGF-f3 types
I receptors (TPRI) and two subunits of TGF-B types II
receptors (TPRII), or binding of BMP2 to type BMP recep-
tors leads to transphosphorylation of type I receptor lead-
ing to transphosphorylation of the receptor components
(Figure 1).°

This activation can occur through two pathways:
Smad-dependent signaling and non-Smad-dependent
signaling.”!! In the Smad-dependent pathway, regulatory
Smads (R-Smad) such as Smad1/5/8 (BMP signaling path-
way) or Smad 2/3 (TGF-f signaling pathway) are phos-
phorylated and combine with Smad4 to create a complex
known as Co-Smad Then, the complex is transported to the
nucleus, and regulates the process of transcribing target
genes such as Runx2, Osx, and DIx5 (Figure 2).? In this
pathway, Smad 6 and Smad 7 act as inhibitory biomole-
cules by ubiquitinating R-Smads and inhibiting BMP/
Smad and TGF-B signaling pathways, respectively.'?
However, histone deacetylases (HDACs) such as HDAC9,
HDRP, HDAC10, HDACI11, HDAC7, and HDACG6 inhibit
Runx2’s activity.'*!* In the non-Smad-dependent pathway,
phosphorylated TGF-f activation kinasel (TAKI1), with
the help of TAKI1 binding protein 1 (TABI), initiates
MKK-P38. This pathway then activates either P38 or
ERK1/2, which enhances the transcriptional ability of
Runx2 through phosphorylation. The non-Smad-depend-
ent pathway promotes the proliferation of mesenchymal
stem cells and advances the early stages of differentiation
into osteoblasts. Moreover, TAK1 influences the activa-
tion of Smad1/3/5, as well."!

Role of angiogenesis in bone regeneration

Bone is a highly vascularized connective tissue, and the vas-
culature within the skeletal system plays a crucial role in
ossification, regeneration, and remodeling processes.'
Approximately 10%—-15% of the total cardiac output is
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Figure 1. TGF-f signaling in bone. TGF-f binds to a tetrameric receptor complex consisting of two TGF-f type | receptors
(TBRI) and two type Il receptors (TBRII). The binding of TGF-$ to TPRII leads to the transphosphorylation of TPRI, resulting in
the activation of downstream signaling pathways. There are two main signaling pathways activated by TGF-f3: the Smad-dependent
pathway and the non-Smad-dependent pathway. In the Smad-dependent pathway, the phosphorylated R-Smad (Smad2 or Smad3)
forms a complex with Smad4 and translocates into the nuclei. The non-Smad-dependent pathway involves the phosphorylation of
TAKI, which then recruits TABI. This initiates a signaling cascade involving the activation of MKK-p38 MAPK or MKK-ERK /2,
leading to the regulation of gene expression. Figure was reused from Wu et al.’

directed toward the human skeletal system.'® In addition to
supplying oxygen and nutrients and removing metabolites
from bones, blood vessels also significantly function in
delivering specific hormones, GFs, and neurotransmitters
secreted by other tissues, such as brain-derived serotonin, to
support the survival and activity of bone cells.!” Osteoblasts,

which differentiate into osteocytes, develop from precursor
mesenchymal stem cells capable of osteogenesis through
two distinct mechanisms: endochondral ossification or
intramembranous ossification.'® In intramembranous ossifi-
cation, mesenchymal condensate cells directly differentiate
into osteoblasts, forming flat bones like the skull and facial
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Figure 2. BMP signaling pathway in bone regeneration. BMP signaling is regulated by various binding proteins, such as Noggin,
Grem|, Chordin, CHL, and Fellistatin, which act as antagonists to BMP activity. BMPs bind to type Il receptors, leading to the
transphosphorylation of type | receptors. This transphosphorylation event triggers both Smad-dependent and non-Smad-dependent
signaling pathways. In the Smad-dependent pathway, phosphorylated R-Smad proteins (Smadl, 5, or 8) form complexes with Smad4
and translocate into the nuclei. Once in the nuclei, these complexes recruit co-factors and Runx2, a transcription factor that
regulates osteogenic gene expression. Figure was reused from Wu et al.?

bones. These flat bones consist of compact bone layers with
bone marrow in between. The differentiating mesenchymal
cells release proangiogenic factors including Vascular
Endothelial Growth Factor-A (VEGF-A) and osteogenic
factors that support the growth of osteoprogenitors and oste-
oblasts, ultimately forming ossification centers. Also, the
blood vessels are drawn to ossification centers, which in
turn promotes the process of osteogenesis.'” On the other
hand, endochondral ossification is responsible for forming
long bones through an intermediate stage of chondrocyte
differentiation and avascular cartilage formation. This pro-
cess is involved in the development of most bones in the

body, including the femur and tibia long bones, as well as
vertebral bodies. Mesenchymal condensates undergo differ-
entiation into avascular cartilage, which is finally get
replaced by bone tissue.?’

Crosstalk between osteogenesis and
vasculogenesis

The development of vascular networks in organs and tis-
sues involves two main processes: vasculogenesis and
angiogenesis. Vasculogenesis refers to the formation of
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Figure 3. Cross-talk of osteogenesis and angiogenesis. During the process of osteogenesis, there is a significant cross-talk between
vascular and bone cells. Type H vessels, which are specialized vascular structures, have a crucial function in the regulation of bone
formation. Within the microenvironment that promotes bone formation, various cell types must synchronize their activities, and
this coordination is achieved through a complex network of molecular signals. Several well-studied interactions are particularly
noteworthy in this context, including VEGF, RANK/RANKL, Sema3A, DIl4/Notch, and BMP signaling (Noggin). Figure was reused

from Di Maggio and Banfi.”®

blood vessels from progenitor cells, while angiogenesis
involves the creation of new blood vessels from existing
ones through sprouting or splitting.?! During embryonic
development, this process can also happen in adults under
certain conditions, such as wound healing, tissue regen-
eration, or tumor growth. However, mature endothelial
cells (ECs) and smooth muscle cells (SMCs) remain
inactive in adults unless these conditions arise.?> Blood
vessel formation during embryonic development depends
on interactions between developing tissue and the vascu-
lature. It starts with mesodermal stem cells differentiat-
ing into hemangioblasts, which then cluster to form blood
islands. These blood islands give rise to hematopoictic
stem cells and angioblasts, also known as endothelial
progenitor cells (EPCs).?® Angiogenesis is a complex
process involving multiple steps heavily influenced by
cell interactions and ECM. These interactions are medi-
ated by the expression of VEGF and the activation of
various signaling pathways. New blood vessels can form
through the division of existing vessels (splitting angio-
genesis or intussusception) or through the sprouting of
ECs from existing vessels after the degradation of the
basement membrane. These mechanisms are followed by
the formation of lumens and the maturation of blood ves-
sels.?* In the initial phases of sprouting angiogenesis,
blood plasma proteins and extracellular matrix (ECM)
components like fibronectin, vitronectin, fibrinogen, and

collagen form a provisional ECM. This environment
encourages the growth and movement of endothelial cells
(ECs), which help develop lumens and vascular tubes
(Figure 3).% The final step is blood vessel stabilization,
achieved by recruiting pericytes and other stromal cells
and forming the basement membrane.?*?° It is important
to note that timely and abundant blood vessel growth
(angiogenesis) is essential for healing common bone
injuries and effectively using engineered tissues to repair
bone defects. Two types of vascular ECs have been iden-
tified in developing bone structures, each with distinct
physical, molecular, and functional characteristics. These
types are known as type H vascular ECs, which have high
levels of CD31 and EMCN (types of EC proteins) expres-
sion, and type L vascular ECs, which have lower levels of
CD31 and EMCN.?” Type H vessels tend to differentiate
into arteries, unlike type L vessels. This suggests a strong
connection between type H vessels and the formation of
new vessels, particularly arteries. Located mainly in the
metaphyseal region of bone, type H vessels are sur-
rounded by osteoprogenitors that express Runx2+ and
Osterix+. Additionally, factors like hypoxia-inducible
factor-1a (HIF-1a), Notch, platelet-derived growth fac-
tor type BB (PDGF-BB), and slit guidance ligand 3
(SLIT3) all play essential roles in coordinating the link
between type H vessel development and bone
formation.?®
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Peptides
Peptides involved in angiogenesis

Efficient regulation of angiogenesis is crucial for success-
ful bone repair and restoration of mature and functional
bone. As a result, a viable strategy for bone regenerative
medicine could be targeting the angiogenic regulation of
lineage cells can that form bone tissues.?’ Incorporating
pro-angiogenic molecules into biomaterials and scaffolds
holds excellent promise in bone engineering. In addition to
well-known angiogenic GFs like VEGF, fibroblast growth
factor 2 (FGF-2), and PDGEF, several peptides have been
discovered in recent years that can induce endothelial cells
to promote angiogenesis. These peptides can originate
from GFs mentioned earlier, fragments of ECM proteins
unveiled during the healing process, or innovative designs.
It is important to note that angiogenic motifs, specific
sequences found in various angiogenic factors, are critical
in initiating specific events in the angiogenesis pathway.
These motifs contribute to the process of angiogenesis by
facilitating specific events that lead to the formation of
new blood vessels*? (Figure 4(b)).

Biological motifs in angiogenesis
RDD

AGGF1, a protein that stimulates the formation of new
blood vessels, is a key player in various cellular processes.
Its interaction with integrin a53 1 through a specific region,
the angiogenic domain, located between the 604th and
613th amino acids of AGGFI1, with the sequence
FQRDDAPAS, is a fascinating aspect. This region is not
only crucial for endothelial cell attachment, movement,
and the formation of tube-like structures lining blood ves-
sels but also activates AKT, a protein involved in cell sur-
vival and growth, adding to the intricate web of cellular
interactions. In an attempt to delve deeper into the signifi-
cance of the angiogenic domain, a 15-amino acid peptide
was engineered with a single amino acid mutation from
-RDD- to -RGD- (a well-known integrin-binding motif).
However, this mutated peptide proved to be ineffective in
blocking the function of AGGF1, highlighting the intricate
and complex nature of the RDD motif in the angiogenic
domain and its crucial role in the activity of AGGF1.
Furthermore, research using a mouse model for peripheral
artery disease (PAD) called hindlimb ischemia C57BL/6N
mice, a widely used model for studying PAD due to its
similarity to human PAD in terms of disease progression
and response to treatment, has demonstrated that the func-
tional angiogenic domain of AGGF1 is essential for
AGGF1-mediated therapeutic angiogenesis. This suggests
that the angiogenic domain of AGGF1 is crucial for its
potential use in promoting the growth of new blood vessels
as a treatment for PAD.?!

TRAP

Tyrosine-rich amelogenin peptide (TRAP) is a unique
short fragment of 45 amino acids. It is derived from the
low molecular weight Fraction C of enamel matrix deriva-
tive (EMD), a complex mixture of proteins and peptides
involved in tooth development. TRAP, the primary com-
ponent responsible for the vasculogenic activity of EMD,
has been found to have distinct properties. In laboratory
studies using human periodontal ligament cells (HPC) in
vitro, TRAP has been found to stimulate the expression of
endothelial markers and induce the differentiation of HPC
cells into angiogenic cells. Additionally, synthetic TRAP
peptide has demonstrated the unique ability to promote
cell migration, tube formation, and blood vessel formation
in both in vitro experiments using human umbilical vein
endothelial cells (HUVEC) and ex vivo studies using a
chick embryo chorioallantoic membrane (CAM) model.
Nevertheless, it has been shown that TRAP enhances the
expression of specific genes in HPC cells. These genes
include VEGFR2, a tyrosine kinase receptor for VEGF
ligand, and Tie-1 and Tie-2, which are tyrosine kinase
receptors for angiopoietin and are exclusively expressed
by endothelial cells. TRAP also increases VE-cadherin
expression, an adhesion molecule specific to endothelial
cells. However, the early endothelial gene VEGFRI1
remains unchanged by the TRAP peptide. According to the
findings presented, TRAP and its modified derivatives can
stimulate the formation of new blood vessels and facilitate
wound healing in vivo, suggesting their potential applica-
tion as an angiogenic biomolecule. However, it is impor-
tant to note that (potential risks or limitations associated
with the use of TRAP), which should be taken into consid-
eration when exploring its applications.*

cC

C-C motif ligand 2 (CCL2) is a type of chemokine that
participates in various biological processes, including
inflammation and immune response. Research has demon-
strated that CCL2 can stimulate angiogenesis in vitro. In
the presence of CCL2, specific genes associated with angi-
ogenesis, such as VEGF A, VEGFR-2, and matrix metal-
loproteinases 9 (MMP9), are overexpressed. These genes
are crucial for neovascularization. CCL2 induces the for-
mation of tube-like structures by HUVECs when cultured
with ECM. The increased expression of VEGF, as trig-
gered by CCL2, likely contributes to the enhanced forma-
tion of these tubes and the promotion of angiogenesis. The
study suggests that CCL2 exhibits a more significant
potential for angiogenesis at 50ng/ml concentration in a
co-culture system of human adipose-derived stem cells
(hADSCs) and HUVECs. This finding implies that the
paracrine regulation of hADSCs, which produce VEGF,
may play a role in this process. These results could have
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Figure 4. Market analysis of therapeutic peptides and their applications in bone regeneration (a) Market overview and
therapeutic peptide indications. The overall figure highlights the market relevance of therapeutic peptides, and their diverse
applications and status in market (withdraw, approved, discountined, and active). (b) Peptides for bone regeneration: This
section depicts the application of peptides in bone regeneration, illustrating the overlap between osteogenesis, angiogenesis, and
bactericidal activities. Specific peptides are listed within each category Osteogenesis such as NBD, BMHP-1, P-15, AC-100, and
OPD. These peptides are associated with bone formation. Angiogenesis such as UN3, QK, RDD, C-C, and ROY. These peptides
are associated with blood vessel formation, crucial for bone healing. Bactericidal/Antimicrobial such as LL-37, GLI-3k, HHC-36,
and LFI-11. These peptides exhibit antimicrobial properties, important for preventing infection at the bone regeneration site.
The figure shows the overlap between the three activities, indicating that some peptides may contribute to multiple aspects of
bone regeneration.
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significant implications for the development of therapeutic
interventions targeting angiogenesis-related conditions.>3

Qk

QK peptide, known to have similar properties as VEGF,
promotes the growth of new blood vessels in vitro. It
induces the formation and organization of capillaries.
Notably, previous studies on rats have consistently shown
that QK has similar effects on blood vessel dilation as
VEGF. It also consistently promotes the growth of new
blood vessels in different models of angiogenesis, includ-
ing ischemic hindlimb, wound healing, and Matrigel plugs.
In the ischemic hindlimb model, treatment enhances blood
flow and increases capillary density to a greater extent
than treatment with VEGF 15, providing reassurance about
its potential effectiveness. The practical implications of
QK are evident in the wound healing model, where it
accelerates the closure of full-thickness punch biopsy
wounds, hinting at its potential in clinical wound healing
applications. In the Matrigel plug model, QK treatment
outperforms VEGF15, leading to a more significant infil-
tration of peripheral capillaries. These compelling findings
underscore the proangiogenic properties of QK, compara-
ble to the complete VEGF protein. Consequently, QK
shows promise for clinical applications in conditions such
as chronic ischemia.>*

Comb| and UN3

Combl and UN3 peptides have been demonstrated to be
effective in improving wound healing in mice with
impaired healing abilities and in a pre-clinical swine
model. They enhance angiogenesis, granulation tissue for-
mation, and re-epithelialization in these models. In dia-
betic porcine wound tissues, Combl and UN3 peptides
stimulate the same processes after injury. They interact
with proteins found in human keratinocytes, dermal micro-
vascular endothelial cells, and fibroblasts. The specific
binding patterns of these interactions depend on how the
cells respond to injury. In diabetic pig tissues, these pep-
tides significantly increase the production of mRNA for
pro-angiogenic GFs and their receptors, as well as factors
that attract immune and stem cells and re-epithelialization.
Furthermore, Comb1 and UN3 enhance mRNA expression
for GFs and cytokines involved in various healing pro-
cesses, such as angiogenesis, mobilization of progenitor
cells, epithelialization, activation of fibroblasts, and
remodeling of ECM in diabetic porcine wounds. They also
promote a balanced expression of MMPs and tissue inhibi-
tors of metalloproteinases (TIMP), which play a crucial
role in the turnover of ECM and wound resolution. Lastly,
in granulation tissue, peptides promote mRNA expression
of key angiogenic mediators, including VEGFA, FGF2,
and VEGFR1/2. This suggests that Comb1 and UN3 have
a therapeutic potential for improving wound healing, par-
ticularly in diabetic conditions.?

KRX-725

KRX-725, a short peptide of 9 amino acids, is derived
from the second intracellular loop of S1P3 (sphingosine
1-phosphate). It activates a Gi-dependent MEK-ERK sign-
aling pathway, triggering a pro-angiogenic response. The
angiogenic effects of this peptide were examined using an
ex vivo aortic ring model, where it stimulated the growth
of sprouts with multiple layers and a lumen, mirroring the
effects of the natural ligand S1P. KRX-725 promotes the
formation of dense and extensive vascular sprouts, includ-
ing the organization of endothelial and smooth muscle lay-
ers and the development of a lumen. It also has synergistic
effects when combined with pro-angiogenic factors like
VEGEF, SCF (stem cell factor), and bFGF, highlighting its
capacity to boost neovascularization. In vivo studies using
a mouse corneal pocket assay revealed that KRX-725 initi-
ates neovascularization and works synergistically with
bFGF. Given its ability to stimulate extensive angiogenesis
and synergize with pro-angiogenic factors, KRX-725,
despite being a short peptide, holds the potential for treat-
ing pathological conditions like peripheral vascular dis-
ease, cardiac ischemia, or tissue grafts.>

PRG and KLT

PRG (PRGDSGYRGDS) and KLT (KLTWQELY
QLKYKGI) peptides significantly improve cell adhesion
and proliferation. PRG contains two RGD binding
sequences, PRGDS and YRGDS, while KLT acts as an
agonist for VEGF, activating the VEGF-dependent signal-
ing pathway. Both PRG and KLT play essential roles in
promoting the migration of endothelial cells, forming
angiogenic sprouts, and developing capillary lumens.
These peptides are incorporated into self-assembling pep-
tide scaffolds called RAD/PRG and RAD/KLT, which act
as functional motifs. These scaffolds have been shown to
enhance endothelial cell migration, sprouting wildly, and
the formation of capillary vessels both in vitro and in vivo.
The functional motifs PRG and KLT augment the respon-
siveness of endothelial cells to VEGF, thereby leading to
enhanced sprouting. Notably, the RAD/KLT scaffold
exhibits superior angiogenic activity, promoting tissue
invasion and the formation of new capillary vessels in the
chorioallantoic membrane, even in the absence of VEGF.
These findings suggest that RAD/PRG and RAD/KLT
scaffolds could have broad potential applications in tissue
regeneration, including bone regeneration, where angio-
genesis is critical.’’

SDKP

SDKP, a tetrapeptide, acts as a negative physiological
regulator of hematopoiesis. It is found in plasma at
nanomolar concentrations and widely distributed in tis-
sues, with a higher level in hematopoietic organs like the
thymus, spleen, and bone marrow. In vitro studies have
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shown that SDKP stimulates the migration and differen-
tiation of endothelial cells, forming capillary-like struc-
tures. This suggests its potential role in modulating
endothelial cell function. It also enhances the secretion of
MMP-1, an enzyme crucial for ECM remodeling and pro-
moting angiogenesis. In vivo experiments have provided
concrete evidence of SDKP’s effects, showing that it pro-
motes angiogenesis in various models. These include
CAM, rat abdominal muscle, and subcutaneously
implanted Matrigel plugs in rats. These findings indicate
that SDKP directly affects endothelial cells, triggering an
angiogenic response both in vitro and in vivo. The poten-
tial of SDKP role in regulating hematopoiesis and the
engraftment of bone marrow, possibly through interac-
tions with angiogenic and hematopoietic pathways, is also
highlighted. The data strongly suggests that SDKP could
be a potential therapeutic agent for diseases associated
with impaired angiogenesis.?®

YR or RoY

RoY, a synthetic peptide consisting of 12 amino acids
(YPHIDSLGHWRR), binds specifically to the 78 kDa
glucose-regulated protein (GRP78) receptor. This receptor
is excessively expressed on the surface of vascular
endothelial cells during hypoxic conditions. In vitro stud-
ies have shown that the RoY peptide boosts angiogenic
activity by improving the proliferation, migration, and
tube formation of vascular endothelial cells under hypoxia.
Combined with chitosan chloride (CSCI) hydrogel, the
RoY peptide further enhances angiogenesis under hypoxia
following a myocardial infarction (MI). As compared whit
the CSCI hydrogel alone, the CSCI-RoY hydrogel per-
forms better in promoting the survival, proliferation,
migration, and tube formation of HUVECs under hypoxic
conditions. The CSCI-RoY hydrogel also influences the
expression of the GRP78 receptor on the membrane sur-
face of HUVECSs under hypoxia. It activates the Akt and
ERK1/2 signaling pathways involved in cell survival and
proliferation, thereby enhancing the angiogenic activity of
HUVECs under hypoxia. In vivo studies using a rat model
of MI have demonstrated that the CSCI-RoY hydrogel
improves angiogenesis in the MI region, reduces the size
of the infarct, increases the thickness of the heart wall, and
enhances cardiac function. These findings suggest that the
CSCI-RoY hydrogel has potential applications in injecta-
ble cardiac tissue engineering.>

GHK

The GHK peptide, derived from collagen breakdown,
plays a significant role in angiogenesis, forming new
blood vessels. This peptide and its derivatives are used in
biomaterials like cryogels to boost angiogenic properties
and facilitate the transformation of endothelial cells into
specialized phenotypes with altered morphology. When

combined with the RGD peptide, the GHK peptide stimu-
lates the production of proangiogenic factors, including
FGF-2, VEGF, IL-6, IL-8, and MCP-1, in endothelial
cells. This combination results in a synergistic effect. The
GHK peptide and its copper complex, GHK-Cu, have the
ability to promote cell adhesion, viability, and prolifera-
tion in human skin fibroblasts (HSF) and HUVEC.
Furthermore, GHK-Cu has been shown to regulate the
balance of redox reactions and increase the content of
glutathione (GSH) in ECs, which may contribute to their
regenerative effects. The angiogenic activity of the GHK
peptide is enhanced when it is complexed with copper
ions (GHK-Cu), promoting the formation of tubular
structures by endothelial cells. The incorporation of GHK
peptide and its derivatives into biomaterials has yielded
promising results in promoting angiogenesis, indicating
their potential for use in tissue regeneration and vascular
tissue engineering.*’

Exendin-4

Exendin-4 (Ex-4) is a GLP-1 receptor agonist with prom-
ise for type 2 diabetes mellitus treatment. Its extended
half-life and unique anti-oxidative and anti-inflammatory
properties make it a potential game-changer in wound
healing. Beyond these benefits, Ex-4 has demonstrated
cardioprotective effects in a murine MI model and angio-
genic effects, as confirmed by both in vitro and in vivo
studies. By enhancing the proliferation and differentiation
of endothelial progenitor cells through increased VEGF
generation, Ex-4 has shown potential in promoting angio-
genesis. A study on hindlimb ischemic injury revealed the
protective role of Ex-4 by stimulating angiogenesis. The
topical application of Ex-4 or the local injection of ADSCs
has been proven to be effective in treating skin wounds in
diabetic mice.*!

OPD or SV

The SV peptide has shown comparable angiogenic activity
to VEGF, making it beneficial for promoting angiogenesis.
It has been observed to stimulate the migration and motil-
ity of oral fibroblasts and keratinocytes, possibly by acti-
vating the TGF-b1 receptor. The SV peptide also enhances
the proliferation of fibroblasts and myofibroblasts, con-
tributing to the healing of oral wounds. It supports the pro-
duction of ECM by fibroblasts, a crucial component for
maintaining tissue integrity and organ structure during
wound healing. By boosting angiogenesis, increasing the
proliferation of fibroblasts and myofibroblasts, and acti-
vating the TGF-b1 receptor, the SV peptide may accelerate
the healing of mucosal wounds. Thus, it holds the potential
for treating persistent mucosal wounds caused by trauma
or surgery, including oral cancer.*? Table 1 represents sum-
mary of the most relevant bioactive peptides used in
angiogenesis.
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In summary, the pursuit of effective therapies for tissue
regeneration and the treatment of diseases caused by insuf-
ficient blood vessel formation motivates research into
angiogenic peptides. These peptides, derived from various
sources, have significant potential in regenerative medi-
cine due to their ease of development, cost-effective syn-
thesis, and favorable safety profiles. Their role in
promoting angiogenesis is crucial, as inadequate blood
supply can hinder tissue regeneration, particularly in bone
where a lack of vascularization can lead to cell deficiency
and insufficient GFs. Angiogenic peptides, such as RDD,
TRAP, QK, Combl, and UN3, act by binding to endothe-
lial cell receptors, triggering processes that lead to the for-
mation of new blood vessels. While they offer potential
benefits like improved wound healing and bone regenera-
tion, challenges remain in addressing potential off-target
effects, immunogenicity, and limited stability. Current
trends in angiogenic peptide research involve developing
more stable and targeted peptides, exploring their syner-
gistic effects with other GFs, and incorporating them into
biomaterials for localized delivery.

Biological motifs in osteogenesis

While GFs, serving as molecular signals, play a vital role
in regulating cell behavior, their use in tissue engineering
comes with certain limitations, including high production
expenses, high required dosage, intricate manufacturing
processes, immunogenicity, as well as a short half-life. In
addition, many of molecular signals are pleiotropic, and a
single GF may have various active domains, making their
effects challenging to control.’ An exciting alternative
recently emerged is using biomimetic peptides in soluble
form or as self-assembling peptide nanofibers.***> These
new osteogenic peptides allow for a higher density of
active sites to be exposed to target cells, as more molecules
can be grafted per unit area on a biomaterial. Furthermore,
peptides have the practical advantage of enhancing cellu-
lar processes such as adhesion, proliferation, differentia-
tion, and angiogenesis.*® To date, several peptides have
been developed to regulate the osteogenic response and
bone healing (Figure 2).

Various osteogenic ECM-derived peptides are used for
bone tissue repair such as Arg-Gly-Asp (RGD) and Lys-
Arg-Ser-Arg (KSRS) from fibronectin, vitronectin, bone
sialoprotein (BSP), Asp-Gly-Glu-Ala (DGEA) from col-
lagen, and Tyr-Ile -Gly -Ser -Arg (YIGSR) and Ile-Lys-
Val-Ala-Val (IKVAV) from laminin and also, osteogenic
GFs, such as BMPs, FGF, PDGF, TGF-§3, VEGF, and insu-
lin-like growth factors (IGFs). These factors are applied to
scaffolding materials to enhance their ability to regenerate
bone.**** The ECM-derived peptides, GFs-derived pep-
tides have been discussed, as follow.

ECM-derived peptides

ECM is a collection of molecules that provide biochemical
and structural support for various cells. Within ECM protein
chains, amino acid sequences interact with cell membrane
receptors. ECM-derived peptides have been used in many
studies for surface modification.** Most peptides incorpo-
rated into the scaffolds contain integrin-binding RGD
sequences that bind to integrins and improve cell attachment
to scaffolds. Additionally, incorporating other ECM pro-
teins like bone sialoprotein (BSP), osteopontin (OPN), or
osteocalcin (OCN) has been found to enhance mineraliza-
tion, accelerate bone healing, and induce angiogenesis.*

Collagen derived peptides

The primary mechanism for cell adhesion and subsequent
cellular control is integrin-ECM protein interactions.
Human osteoblasts express a variety of integrin subunits,
including al, 2, 3, 5,and B1. The a1B1- and a2 1-integrins
have been identified as the primary adhesion receptors for
collagen and are likely responsible for the regulatory activ-
ity of collagen.>® One or both of these receptors, DGEA,
mediate the recognition motif for a2f1 is agen on osteo-
blasts; this motif is unique to fibrillar collagens.’! In vitro,
DGEA-coated HA disks enhanced osteoblast marker
expression in MSCs and encouraged cell adhesion.*?
Culpepper et al.>* demonstrated that the E7 domain facili-
tates the retention of DGEA peptides for at least two months
in vivo on dense HA and nano-HA-containing degradable
matrices. Furthermore, enhanced loading and retention of
E7DGEA resulted in increased cell adhesion and osteoblas-
tic differentiation in vitro, as well as increased bone
formation and bone-implant contact in vivo. The a2p1
integrin recognizes the Gly-Phe-hydroxyPro-Gly-Glu-Arg
(GFOGER) motif in residues 502—507 of the a1 (I) chain
of type I collagen.’! In light of this, Reyes and Garcia
developed a synthetic triple helical peptide containing the
GFOGER sequence that selectively binds to o2f1-
integrins. While their initial research only revealed that this
peptide could support cell density-dependent adhesion and
differentiation of MC3T3-E1 (mouse calvaria-derived pre-
osteoblast) cells, they subsequently showed that applying
GFOGER to titanium surfaces increased the expression of
ALP and ECM mineralization, as well as the transcript lev-
els of Runx2, OCN, and BSP in bone marrow stromal
cells.** SVVYGLR peptide-containing collagen sponge or
PBS (control) was used to fill standardized bone defects in
rat calvaria. After 3weeks, the peptide group had fewer
TRAP-positive osteoclasts at the grafted sites. The syn-
thetic SVVYGLR peptide suppresses osteoclast formation
and could contribute to effective bone regeneration at an
early stage.” In the following, BCSP-'™, RGD, P-15 and
CTC have been discussed.
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RGD

Various peptides have been isolated from type I collagen,
which makes up about 90% of the organic material in
bone. These peptides, including RGD, GFOGER, DGEA,
BCSPTM-1, and P15, have been studied for their specific
bioactivity. RGD, in particular, is a cell-binding domain
commonly used to improve cell adhesion to biomaterial
surfaces.” RGD sequences are found in several molecules
and contribute to cell surface signaling. In the process of
signaling at the cell surface, RGD peptides play a crucial
role in enhancing the expression of ALP, Runx2, OCN,
OPN, and BSP. This helps in promoting osteoblasts prolif-
eration, differentiation, and mineralization. The RGD
peptide sequence is part of the cardinal integrin-binding
domain in many ECM proteins like fibronectin (FN), vit-
ronectin (VN), and collagen. Several studies have sug-
gested that RGD peptides enhance cell attachment and
may increase angiogenesis and other fundamental cellular
functions.® It can be categorized as linear or cyclic, with
cyclic RGD (cRGD) peptides showing more significant
activity. The 3D structure of cRGD peptides is thought to
increase their affinity for integrin receptors and make
them more resistant to proteolysis.’® Likewise, in vivo
studies have shown that cRGD is more effective than lin-
ear RGD for bone repair.’” According to a model involv-
ing spinal fusion in sheep, a mineralized collagen matrix
coated with cRGD was found to be as effective as
rhBMP-2 in promoting osteogenesis.’® A recent study
conducted by Kim et al.’ revealed that the use of an
injectable hydrogel composed of MPEG (methoxy poly-
ethylene glycol)—PCL-RGD can significantly enhance
the osteogenic differentiation of stem cells. The research-
ers suggested that key proteins such as focal adhesion
kinase (FAK), protein kinase B (AKT), and FAK extracel-
lular signal-regulated kinase (ERK) are involved in the
osteogenic differentiation process through the RGD-
integrin-mediated pathway. Likewise, the incorporation
of RGD-functionalized alginate-PEG hydrogels has been
shown to lead to faster relaxation, ultimately improving
the osteogenic differentiation of mesenchymal stromal
cells (MSCs).%0

BCSP-1tm

BCSP-1TM is a peptide composed of nine amino acids
derived from human type I collagen, originating from the
prodomain of BMP-7, a potent inducer of bone formation.
Upon binding to their receptors, BMPs activate the Smad
signaling pathway, specifically Smad1/5, which translo-
cate to the nucleus to initiate the expression of essential
osteogenic transcription factors such as Runx2 and Osterix.
When this peptide is chemically bound to a commercial
ceramic (Skelite™) made of HA and silicon-stabilized tri-
calcium phosphate, rat calvarial osteoprogenitor cells
express specific ALP much more frequently. The research-
ers did not evaluate the initial attachment of the cells,

although they did observe a reduction in cell count after 6
and 10days on the modified surfaces in comparison with
the standard ceramic. This could be the result of cell dif-
ferentiation that lowers the proliferation rate. However, the
initial attachment of the cells was not evaluated.®'

P-15

A biomimetic bone graft PepGen P-15 (mineral-P-15 pep-
tide) has been developed in which P15 stimulates bone
regeneration. P-15 is a synthetic peptide consisting of 15
amino acids, identical to the sequence (766
GTPGPQGIAGQRGVV-780) found in the al (I) chain of
type I collagen. Numerous studies have demonstrated its
ability to promote bone regeneration by stimulating the
proliferation and differentiation of osteoblasts, enhancing
their attachment to bone repair materials, and increasing
the production of ECM.% The effect of P-15 on the osteo-
genic potential has been effectively examined in both in
vitro and in vivo investigations. ABM-P-15 scaffolds
demonstrated increased adhesion, proliferation, differen-
tiation into bone-forming cells, and production of bone
tissue when compared with ABM alone. Following
8 weeks of in vivo implantation using a diffusion chamber
model, HDPSCs (human dental pulp stem cells) cultured
on ABM-P-15 scaffolds exhibited a substantial and well-
organized collagen matrix deposition that positively
stained for collagen I (COL-I) and osteocalcin (OCN) in
contrast to ABM alone. ABM-P-15 use resulted in
enhanced effectiveness in bone regeneration, suggesting
the promise of using a combination of HDPSCs and
ABM-P15 to improve the efficacy of bone tissue engi-
neering for addressing challenges such as non-union frac-
tures, critical bone defects, and implant failures in the
fields of orthopedics and dentistry.®> Moreover, the P15
peptide was covalently linked to surfaces of titanium alloy
(Ti-P15 surface) and incubated with osteoblast-like cells
(pre-osteocyte  MLO-AS cells (Murine Long bone
Osteocyte-AS) and C3H10T1/2 (clonal mouse embryo
cell line)), resulting in a notable increase in cell adhesion,
spreading, expression of osteogenic genes, and differen-
tiation. The Ti-P15 surface promotes the attachment of
precursor cells involved in bone formation and facilitates
their transformation.®* Despite this, in a rabbit model of
bone defect utilizing polyetheretherketone (PEEK) scaf-
folds, P-15 peptide administration resulted in a demon-
strable reduction in the inflammatory cytokines IL-1f3,
IL-4, and IL-6, suggesting a potential acceleration of the
transition from the inflammatory phase to the osteogenic
phase of bone healing.%

CTC peptide

The CTC peptide derived from the a-subunit of collagen
IIT C-terminally is known for its cryptic 12-mer structure.
This peptide has been found to have a chemotactic effect
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on perivascular stem cells (PSCs) and other cells. It also
increases the transient expression of osteogenic markers,
such as OPN or type I collagen. Interestingly, CTC peptide
has also been shown to stimulate ALP activity and acceler-
ate matrix mineralization without affecting cell prolifera-
tion rate.®® In vitro, studies have demonstrated that when
combined with an osteogenic medium (containing -
glycerophosphate and ascorbic acid but not dexametha-
sone), the CTC peptide enhances the short-term expression
of osteogenic markers like type I collagen or osteopontin
by PSCs. It also increases ALP activity in the cell cultures
and accelerates ECM mineralization without positively
affecting proliferation. Furthermore, in an adult mouse
model of middle-second phalanx amputation, the CTC
peptide was found to promote the formation of a bonelike
nodule at the amputation site within 14 days.®” Table 2 pro-
vides an overview of the most relevant biomimetic pep-
tides used in bone regeneration applications.

In summery collagen derived peptides promote osteo-
genesis through several cascade including MAPK/ERK
pathway: This pathway is crucial for cell proliferation, dif-
ferentiation, and survival. Activation of ERK promotes
osteoblast differentiation and bone formation. PI3K/Akt
pathway: This pathway regulates cell survival, growth,
and metabolism. Akt activation promotes osteoblast sur-
vival and enhances bone formation. Wnt/B-catenin path-
way: This pathway plays a crucial role in osteoblast
differentiation and bone formation. Some CDPs may mod-
ulate Wnt signaling, either directly or indirectly, by influ-
encing the expression or activity of Wnt ligands or their
receptors. TGF-B/SMAD pathway: Transforming growth
factor-beta (TGF-f) signaling is involved in bone forma-
tion and remodeling. CDPs might modulate TGF-f3 signal-
ing, influencing osteoblast differentiation and matrix
production. Other pathways like the NF-kB pathway
(involved in inflammation and bone remodeling) may also
be influenced by CDPs, depending on the specific peptide
and cellular context. These pathways lead to increased
proliferation, enhanced differentiation, stimulated matrix
production and improved mineralization. The specific bio-
logical effects of CDPs are highly dependent on their
amino acid sequence. Slight variations in sequence can
significantly alter their activity and the pathways they
engage. This highlights the importance of studying indi-
vidual collagen derived peptides and their specific mecha-
nisms of action.

Laminin-derived peptides

Laminin, a major glycoprotein in basement membranes,
plays a crucial role in cell adhesion and migration. It inter-
acts with cells through at least four types of integrins
(alpl, a2PB1, a3B1, and a6B1), which are transmembrane
receptors that mediate cell-extracellular matrix interac-
tions. Additionally, a 32/67kDa laminin-binding protein

acts as a receptor, further enhancing the specificity and
strength of the cell-laminin interaction.'”’ In a ground-
breaking study by Frith et al., the impact of a non-fouling
polystyrene-block-poly  (ethylene  oxide)-copolymer
(PS-PEO) surface on the differentiation of hMSCs using
cell-binding motifs (RGD, IKVAV, and RETTAWA) was
explored. The hMSCs cultured on these peptides exhibited
distinct morphologies and demonstrated varying capaci-
ties for differentiation into osteogenic and adipogenic line-
ages. Notably, IKVAV emerged as the most influential
motif, significantly affecting the osteogenic and adipo-
genic differentiation of hMSCs compared with YIGSR and
the previously mentioned o581 integrin-directed
RRETAWA sequence.'” Research indicates that IKVAV
has the capacity to inhibit the pro-inflammatory M1 phe-
notype while promoting the anti-inflammatory M2 pheno-
type in macrophages. This shift is facilitated by its
interaction with integrin a2f1; blocking this receptor
reduces M1 activation and enhances the expression of M2
markers.'” Furthermore, the potential of another laminin-
derived peptide, Ln2-p3, to boost the expression of several
osteogenic markers and increase the ALP activity of cells
when applied to titanium surfaces has been demonstrated,
opening up promising avenues for future research and
applications.!” Diverse laminin peptides and fragments
potently modulate osteogenesis through integrin-mediated
signaling. Specifically, LN-111, LN-211, and LN-332
stimulate osteogenic differentiation in various cell types
(mesenchymal stem cells, bone marrow progenitor cells,
bone-marrow-derived MSCs, and dental follicle cells) pri-
marily via integrin-al, aV, o6, pl, a3p1/a3p3, and
a2/Bl, leading to FAK/ERK pathway activation.
Furthermore, LN-332 and other laminin fragments (LN-
111, LN-211, iMatrix-411, iMatrix-511, LN-a2-LGl,
LN-a2-LG3, and LN-a3 LG3) activate Wnt5a and BMP
signaling pathways, while LN-511 and LN-521 uniquely
maintain pluripotency in stem cells via integrin-
a6B1/aVP1 and PI3k/Akt pathways. These findings col-
lectively demonstrate the significant role of laminin-derived
molecules in regulating osteogenic differentiation through
a complex interplay of integrin-mediated signaling and
downstream pathways.'%

Fibronectin derived peptide: PHSRN. PHSRN (Pro-His-Ser-
Arg-Asn), a peptide derived from fibronectin, while ineffec-
tive on its own, has been demonstrated to work in concert
with RGD to boost cellular activity through facilitating the
binding of 5B 1-integrin.'® Cell attachment to FN is medi-
ated by the a5B1-integrin, which is expressed by osteoblasts
at different stages of the osteogenic process.'” Bone mar-
row stromal cells are crucial for the osteogenic differentia-
tion of these cells.'” While the RGD sequence alone can
bind a5p1, stable binding necessitates the PHSRN sequence
in the 9th III repeat of fibronectin in addition to the RGD
found in the 10th III type repeat.'® The combination of
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RGD and PHSRN peptides linked to alginate hydrogels
enhanced the osteogenic differentiation and mineralization
tendency of normal human osteoblasts (NHOsts) as long as
the RGD content was above 33%.'%’ A careful biomimetic
approach can yield productive results, as enhanced attach-
ment, proliferation, and differentiation demonstrate. These
effects are not only attributable to the synergistic effect of
RGD and PHSRN but also to the extended RGD chain,
which replicates the natural spacing between RGD and
PHSRN. Notably, when the peptides were used in a more
natural configuration, the synergistic effect of combining
PHSRN and RGD improved the results.*

ECM phosphoglycoprotein peptide: MEPE
peptide or AC-100

Dentonin, also known as AC-100, is a 23-amino-acid syn-
thetic peptide that originates from the central segment of
the matrix extracellular phosphoglycoprotein (MEPE)
protein, specifically residues 242-264. This peptide
includes an RGD, a glycosaminoglycan attachment
sequence (SGDG), and a calcium-binding motif.!* MEPE,
a key regulator of bone formation, has been the focus of
extensive research. Studies on MEPE-null mice have
revealed that the absence of MEPE leads to significant
changes in bone mass and trabecular structure, underscor-
ing the importance of MEPE in maintaining bone health.!
The inhibitory effect of this molecule is primarily attrib-
uted to its C-terminal. The AC-100 peptide has shown
promising effects on osteoblasts with its integrin-binding
RGD and SDGD, a consensus-binding site for glycosami-
noglycans. Preincubation of rat calvarial osteoblasts with
the AC-100 fragment has demonstrated its potential in
enhancing adhesion and proliferation compared with cells
treated with truncated peptide forms. This effect is further
evidenced by increased differentiation, as indicated by
higher ALP expression and a greater extent of ECM miner-
alization after 14 days in culture.”

Other ECM-derived peptides: FHRRIKA and KRSR

In addition to integrin binding, transmembrane heparan
sulfate proteoglycans interact with heparin-binding
sequences in numerous proteins linked to bone tissue to
facilitate osteoblast cell attachment. Given that heparan
sulphate has been found immunohistochemically on the
membranes of osteogenic cells attached to the formed
bone matrix, these extra interactions are also believed to
have a major impact on osteoblast attachment behavior.”
FHRRIKA and KRSR could have a clinical impact due to
their positive publication histories and complementary
effects. The Phe-His-Arg-Arg-Ile-Lys-Ala (FHRRIKA) is
a putative heparin-binding domain of bone sialoprotein. In
a report published by Gentile et al.,''! FHRRIKA and
KRSR peptides were attached to polyhedral oligomeric
silsesquioxane (POSS) nano-particles crosslinked with

polycarbonate-based urea urethane (PCU, UCL-Nano™),
functionalized through plasma polymerization of acrylic
acid and subsequent carboxyl activation via EDC/NHS. In
this study, the peptides enhanced the attachment of MSCs.
The FHRRIKA peptides resulted in a notable increase in
ALP production, indicative of cell differentiation.
However, the KRSR peptides did not result in more sig-
nificant differentiation than that observed with plasma
treatment alone. In particular, the combination of the two
peptides demonstrated suitability for inducing osteoblastic
differentiation. FHRRIKA primarily interacts with integ-
rin receptors, particularly f1 and B5 integrins. Upon bind-
ing to these integrins, FHRRIKA initiates intracellular
signaling cascades, notably the Gi-protein-MAP kinase
pathway. This activation plays a crucial role in regulating
various cellular functions, including the proliferation, dif-
ferentiation, and mineralization of osteoblasts. As a result,
the FHRRIKA peptide signaling pathway is essential for
enhancing osteogenic activities through integrin-mediated
signaling, making it a significant asset in regenerative
medicine focused on bone repair.*’

A heparin-binding site known as the KRSR (Lys-Arg-
Ser-Arg) sequence is present in five distinct bone-related
adhesive proteins: FN, VN, BSP, OPN, and thrombospon-
din. Notably, KRSR may boost the expression of osteo-
genic genes and osteoblast adhesion.’>? KRSR plays a
critical role in promoting osteoblast-specific adhesion by
binding to heparin on the cell surface, which is essential
for its functionality. Its strong positive charge significantly
enhances the adhesion of preosteoblasts. Upon interacting
with integrins, KRSR activates intracellular signaling
pathways that govern osteogenic processes, including the
upregulation of genes that facilitate cell spreading, adhe-
sion, and mineralization."">!"3 Currently, KRSR, BMP
mimetic peptides, and FHRIKKA were successfully inte-
grated into the outer, middle, and inner layers of PLGA
and nanohydroxyapatite electrospun membranes through
layer-by-layer (LbL) assembly, thereby creating peptide
gradients to modulate cellular responses at the nanoscale
level and induce faster bone formation by enhancing cell
attachment, differentiation, and mineralization. The func-
tionalized membrane induces a favorable in vivo response
after implantation for 4 weeks in a non-healing rat calvaria
defect model. Furthermore, the peptide incorporation
enhances cellular processes with good viability, a signifi-
cant increase in alkaline phosphatase (ALP) activity, and a
quantitative expression of two major bone-specific pro-
teins, osteopontin and osteocalcin.''*

Peptide derived GFs
Bone morphogenetic protein (BMP)

Bone morphogenetic proteins (BMPs) are versatile GFs
belonging to the TGF-f superfamily. They are the main
osteoinductive molecules in mammals. BMPs have various
multifunctional activities, such as hepatocyte proliferation,
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adipogenesis, and angiogenesis. However, their primary
role is in the formation and regeneration of bone and carti-
lage.""> Among the BMP family, BMP-9 stands out for its
unique ability to prevent the inhibition of the cellular Smad
pathway induced by Noggin, a property not shared by other
members like BMP-2 and BMP-7. This distinct feature of
BMP-9 has shown promising results in bone healing.''® Of
the 14 known BMPs, BMP-9 is particularly promising. Its
unique ability to derive osteoprogenitor cells from stem
cells through differentiation is a significant advancement in
the field of bone tissue engineering.!'” Research has une-
quivocally demonstrated the superiority of BMP-9 over its
counterpart BMP-2. Its ability to facilitate the nuclear
translocation of Smad 1/5/8 and its resistance to the inhibi-
tory action triggered by Noggin are clear indicators of its
potential in bone tissue engineering and regeneration.''®
Various delivery systems have been used to effectively
deliver BMPs, including BMP-9. In a recent study, lipid
nanoparticles incorporating histidine-modified octadecyl
amine and pBMP-9 demonstrated enhanced osteogenic dif-
ferentiation and bone growth in an osteoporosis-induced
ovariectomized (OVX) rat model, showcasing the effec-
tiveness of BMP-9 in bone regeneration.’! A collagen-
based 3D scaffold, nHA/Col-BMP-9/gelatin microsphere
(GM), was developed by a combined fabrication method of
mixing, crosslinking, and freeze-drying. The data presented
that applying the nHA/Col-BMP-9/GM scaffolds with the
desired mechanical strength and good biocompatibility in
vitro and in vivo could be a promising strategy for bone
tissue engineering to treat bone defects.!"’ In a follow-up
study, researchers combined a peptide derived from BMP-2
with an angiogenic peptide from osteopontin (OPD) on an
RGD-conjugated inert hydrogel. This unique substrate, tri-
ple-functionalized, improved the mineralization process in
rat bone marrow stromal (BMS) cells. Furthermore, the
cells showed increased expression of vasculogenic markers
PECAM-1 and VE-cadherin when exposed to the OPD
peptide.” Nevertheless, specific BMPs were used by graft-
ing small peptides covalently onto PET, which mimicked
various mimetic peptides. These mimetic peptides, respon-
sible for adhesion and osteo-induction, imitated fibronec-
tin, BMP-2, BMP-7, and BMP-9 proteins, respectively. The
biomimetic modification of the PET surface demonstrated
the effectiveness of these mimetic peptides in inducing cell
activity, as evidenced by the increased expression of Runx2
and the remarkable production of E. Furthermore, examin-
ing cell morphology on different surfaces revealed a corre-
lation between cell morphology and cell function.®?

BMP-2 derived peptide: Osteopromotive
domain (OPD)

The osteopromotive domain (OPD) is a specific sequence
within BMP-2 that contains the DWIVA pentamer. This
sequence overlaps with the binding sites of BMP receptors
I and I1.° Lee et al.'*° demonstrated that OPD may facilitate

osteogenic differentiation through an intracellular signal
transduction cascade. Significantly, when attached to tita-
nium surfaces, OPD promoted the proliferation and differ-
entiation of MC3T3-E1 cells in vitro and showed potential
for practical applications.®” Additionally, when used to coat
bovine bone mineral granules for filling calvarial defects in
rabbits, the authors observed accelerated osteogenesis in
the group treated with the peptide, further highlighting its
practical relevance.'?!

Osteopontin-derived peptide: GRDGS

Osteopontin in humans has a specific motif known as
GRDGS binding to integrin and is accompanied by a hid-
den sequence with angiogenic properties. The angiogenic
peptides associated with this motif were documented in a
previous study.'?? Although the amino acid residues flank-
ing the GRGDS motif are mostly conserved in rat osteo-
pontin, some variations exist. Shin et al.* studied the
impact of peptide density on the differentiation and miner-
alization of MSCs in hydrogels modified with GRGDS.
The proliferation of osteoblasts on these hydrogels
depended on the concentration of GRGDS peptide, with
higher concentrations promoting increased proliferation at
carlier stages of culture. The GRGDS peptide-modified
hydrogels induced osteoblast differentiation and minerali-
zation, as shown by the expression of ALP, OPN, and cal-
cium deposits. Notably, the peptide concentration greatly
influenced the activity of ALP and the deposition of cal-
cium, with higher concentrations accelerating the differen-
tiation and mineralization of MSCs.

Osteopontin derived peptide: Collagen-binding
motif (CBM)

The collagen-binding motif (CBM), a fragment derived
from OPN, has been rigorously studied and found to pro-
mote osteogenic differentiation and migration through acti-
vating distinct signaling pathways.!?* For instance, the
research conducted by Shin et al.3 provides robust evidence
that CBM enhances osteogenic differentiation in hMSCs by
activating the Ca>*/CaMKII/ERK/AP-1 signaling pathway.
Furthermore, the role of CBM in stimulating the migration
of hMSCs by suppressing cell proliferation is a testament to
the scientific rigor of these findings. Remarkably, collagen-
binding motifs (CBMs) in an ovariectomized rat model
demonstrably increased bone mineral density and bone vol-
ume fraction. This finding holds significant implications for
postmenopausal women, whose reduced estrogen levels
predispose them to osteoporosis. 24

Bone sialoprotein derived peptide: The
collagen-binding peptide (CB)

The collagen-binding peptide (CB) is situated at the
N-terminus of rat BSP and binds with type I collagen. It is
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a sequence with 28 hydrophobic residues. This peptide has
been found to enhance the process of osteogenic differen-
tiation in human osteoblast cells by activating certain sign-
aling pathways like ERK- and Akt-dependent.®’ It increases
the mRNA level of ALP, collagen type I, OCN, and OPN,
enhancing ALP activity and matrix mineralization.
Furthermore, when applied to deproteinized bone parti-
cles, the CB peptide improved early bone growth in a rab-
bit skull defect compared with a nonfunctionalized
scaffold. It is important to note that the osteogenic differ-
entiation induced by the CB peptide was blocked when
specific inhibitors for ERK1/2 and Akt were used.®

Fibroblast growth factor (FGF)

The FGF family, a diverse group of 22 polypeptides
from FGF1 to FGF22, each with unique biological func-
tions, includes FGF-2. This member is a dynamic player
in regulating cellular processes like proliferation and
differentiation, achieving this by binding to FGF recep-
tors (FGFRs) on the cell surface in the presence of hepa-
rin proteoglycans. FGF-2, a heparin-binding GF, is a
subject of ongoing exploration, with the precise location
of its heparin-binding site yet to be fully uncovered,
promising exciting discoveries in the future.’” Lee
et al.3*% investigated two potential heparin-binding
sequences of FGF-2, specifically residues 105-111 and
119-135. Their peptide sequences are F105, YKRSRYT,
and F119, KRTGQYKLGSKTGPGQK, respectively.
Their findings have implications that are not just theo-
retical but also practical. When these peptides were
attached to poly-L-lysine-coated culture plates, they
enhanced the adhesion and proliferation of human bone
marrow-derived mesenchymal stem cells (h(BMSCs) and
increased the expression of ALP and ECM mineraliza-
tion in these cells. This suggests a potential avenue for
enhancing stem cell research and applications.

Calcitonin gene-related peptides (CGRP)

Calcitonin gene-related peptides (CGRP) are present in o
and B. a-CGRP is derived from the Calca gene and con-
sists of 37 amino acids.'?® What is truly fascinating is the
non-uniform distribution of CGRP in bone. It is localized
in sensory nerve endings in specific areas such as the peri-
osteum, bone marrow, and metaphysis, offering a distinct
perspective on its intricate role in bone physiology and
healing.'?® CGRP plays a pivotal role in bone physiology
and healing. It is not just a bystander but an active partici-
pant, stimulating proliferation and differentiation and sig-
nificantly reducing cell death.®!27128 Significantly, CGRP
levels surge in patients with bone fractures, underscoring
its crucial role in the inflammatory phase of bone healing
and overall tissue repair.'?

Parathyroid hormone [-34 peptide
(teriparatide)

PTH plays a crucial role in maintaining the metabolic
homeostasis of calcium and phosphorus in mammals.
PTHI1-34, a short peptide composed of 34 amino acids, is
biologically active and used for systemic osteoporosis
treatment and bone formation regulation. It also stimulates
bone tissue repair through various cellular mechanisms,
making it a promising candidate for treating bone healing
and radiation-induced bone loss.!*° A study, conducted on
amurine closed fracture model, was meticulously designed
to eliminate surgical artifacts. This precision allowed us to
closely observe the early stages of callus formation in
response to varying doses of PTH1-34. The impact of
PTHI1-34 on callus formation, a pivotal phase in fracture
consolidation, was determined through rigorous histomor-
phometric and microhardness assessments over the first
4weeks post-fracture. The remarkable findings revealed
that daily administration of 40pug/kg PTH1-34 signifi-
cantly enhanced callus mineralization during the initial
phases of bone healing (up to day 18). Moreover, after just
15days of treatment, the callus microhardness mirrored
that of bone. This underscores the potential of PTH1-34 in
expediting the consolidation of the callus, with the highest
new bone formation observed in the control group (after
18 days) occurring as early as 13 days in the treated ani-
mals.'3! Moreover, strontium-substituted hydroxyapatite
(HA) composites incorporating strontium and PTH1-34
exhibit sustained teriparatide release and demonstrate sig-
nificant osteogenic potential.!*? Notably, the administra-
tion of PTH1-34 has shown promising results in protecting
rats from radiation-induced bone loss. This treatment has
been found to preserve all trabecular elements in irradiated
bone and significantly increase bone mass and strength.
These findings hold significant implications for the poten-
tial use of PTH1-34 in osteoporosis treatment, instilling a
sense of hope in the medical community.'3

Other osteogenic peptides: Non-ECM
or non-growth factors

NEMO-binding domain peptide (NBD)

Nuclear factor kappa B kinase inhibitor (IKK) is a large
complex made up of two catalytic subunits (IKK-1 and
IKK-2) and a regulatory subunit called NF-kB essential
modulator (NEMO or IKK-y). NEMO interacts with
both IKK subunits through a region known as the
NEMO-binding domain (NBD) located at amino acids
737-742.13* Additionally, studies by Li et al.®! and Jimi
et al.!3% have shown that this peptide can promote cell
differentiation into osteoblasts and inhibit bone resorp-
tion. In other words, it has demonstrated that NBD pep-
tide has strong therapeutic effects in many inflammatory
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and degenerative disease models in various animal mod-
€ls.!3 137 Li et al.”! examined the impacts of TNF-a,
NF-xB, and NBD on the differentiation of osteoblasts
using C2C12 mouse myoblast cells. The findings dem-
onstrated for the first time that NF-xB activation sup-
presses BMP-2-induced osteoblast differentiation by
reducing Smadl activity. Importantly, the application of
NBD peptide counteracts this inhibitory effect.
Additionally, the NBD peptide inhibited NF-xB activity
and mitigated the suppression of osteoblast differentia-
tion caused by TNF-a, indicating its potential use in
treating inflammatory bone damage associated with
rheumatoid arthritis.

Cell penetrating peptides (CPPs)

Cell-penetrating peptides (CPPs) protein composed of a
small-peptide tag that promotes translocation of the pro-
tein into the cells, termed low-molecular-weight prota-
mine (LMWP; VSRRRRRRGGRRRR), can be directly
applied to target cells. LMWP with a high arginine con-
tent and significant sequence similarity to TAT (Trans-
Activator of Transcription) protein, can conjugate with
therapeutic anticancer protein and even with solid nano-
particulates for stem cell labeling/trafficking pur-
poses.'3%13% CPPs show promise in transporting various
cargoes, such as nanoparticles, oligonucleotides, and pro-
teins, across cell membranes and into the cytoplasm. This
ability allows CPPs to act as a delivering factor involved
in hard tissue repair, such as BMP-2, into MSCs to pro-
mote bone formation.'>> CPPs can be derived from bacte-
ria and viruses or synthesized in the laboratory.'*" In a
study using a rabbit calvarial defect model, it significantly
increased bone formation by treating CPPs containing a
fusion protein of a transcription factor.”? In a study the
protein fusion of TAZ (A transcriptional coactivator with
a PDZ-binding motif) with cell-penetrating LMWP
(LMWP-TAZ) was prepared and applied in combination
with alginate for specific bone formation in vitro and in
vivo. The LMWP-TAZ fusion protein-loaded alginate gel
matrix not only showed an ability to increased expression
of osteoblastic genes and protein, but also blocked adipo-
genic differentiation simultaneously.*?

Thrombin peptide 508 (chrysalin)

The synthetic peptide TP508 is a noninvasive solution
made up of 23 amino acids. It represents the receptor-bind-
ing domain of thrombin and does not require proteolysis.
This unique characteristic of TP508 provides reassurance
about its potential safety. Furthermore, it has been found to
promote the growth of human osteoblasts, bone-forming
ability, and angiogenesis.'*"!¥> Animal studies have shown
that TP508 may positively impact bone healing. Two
experiments conducted on rabbits with segmental bone

defects showed a significant increase in bone formation
and improved torsional strength of the bone when TP508
was used in PPF composite and microsphere scaffolds.’!43
It seems that the osteogenic effects of Chrysalin to be
mediated via the Wnt/B-catenin signaling pathway.'*

Substance P

As a natural neurotransmitter, substance P (SP) is periph-
erally released by the sensory neurons innervating perios-
teum, bone marrow, and vascular channels.'*® SP is an
11-amino acid neuropeptide that is part of the tachykinin
family and primarily signals peripherally through the neu-
rokinin 1 receptor (NK1R), which is found on various non-
neuronal cell types. It activates the Wnt signaling pathway
in bone marrow stromal cells (BMSCs). This activation
promotes their osteoblastic differentiation, enhances their
migratory capacity, and stimulates the expression of vas-
cular endothelial growth factor (VEGF). These effects
may be associated with angiogenic potential of BMSCs.**
In vitro studies show that SP promotes the proliferation of
osteoblast precursors in a dose-dependent manner, enhanc-
ing both cell activity and bone formation in differentiating
osteoblasts. Furthermore, SP stimulation aids in the osteo-
clastogenesis of isolated bone marrow macrophages and
increases the bone resorption activity of mature osteo-
clasts.*" 148 Neuropeptide SP has been shown to play a
role in bone growth by promoting the proliferation and dif-
ferentiation of BMSCs. Studies indicate that SP enhances
BMSC differentiation by activating gene and protein
expression through the Wnt signaling pathway and facili-
tating the translocation of fB-catenin. This process can be
inhibited by treatments with Wnt signaling blockers or
NK-1 antagonists. Additionally, SP can elevate levels of
BMP-2. It also improves the migratory capacity of BMSCs,
and research has explored how SP promotes the expression
of VEGF. These findings suggest that the use of vascular-
ized and neurotized bone tissue engineering is theoreti-
cally viable.**

Endothelin-1 (EDN-1)

EDN-1, a multifunctional vasoconstrictor of 21 amino
acids, was first isolated from porcine aortic endothelial
cells.' Tts receptors, endothelin A receptor (ETAR) and
endothelin B receptor (ETBR) are structurally similar
G-protein-coupled receptors. The interaction between
EDN-1 and these receptors is a fascinating example of
complex signaling pathways. ETAR is responsible for
transmitting most of the biological effects of EDN-1,
while ETBR acts as a clearance receptor, adding another
layer of intricacy to this process.!** Also, EDN-1 is known
to play a fundamental role in regulating bone metabolism,
particularly in stimulating new bone formation.'>! The
EDN-1/ETAR pathway, a key player in bone metabolism,
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regulates osteoblast activity and trabecular bone remode-
ling. EDN-1, in particular, is instrumental in promoting
the proliferation of osteoprogenitor cells and facilitating
their differentiation into mature bone matrix-secreting
osteoblasts, a crucial step in the process of bone remode-
ling.'3? It is worth noting that ET-1 secreted by endothelial
cells plays a significant role in the osteo- and chondro-
genic differentiation of MSC. This is achieved through the
activation of the AKT pathway, a crucial signaling path-
way involved in cell survival, growth, and proliferation.
The activation of this pathway by ET-1 is a key step in the
regulation of bone and cartilage formation.®

Osteogenic growth peptide (OGP)

OGP, a native molecule, holds a primary structure that mir-
rors the C-terminus of histone H4. This structure encom-
passes a highly conserved 14-amino acid motif
(NH2-ALKRQGRTLYGFGG-OH). The peptide was ini-
tially isolated by Bab et al.'** from blood during the osteo-
genic remodeling of rat bone marrow regeneration
post-ablation, marking a significant breakthrough in our
understanding of bone regeneration. Additionally, the OGP
peptide, when proteolytically cleaved, generates the
C-terminal pentapeptide (NH2-Y GFGG-OH), named OGP
(10-14), which activates an intracellular Gi-protein-MAP
kinase signaling pathway. A newly published article by
Zhao et al. demonstrated the stable physical and chemical
properties, excellent biocompatibility, and osteogenesis-
promoting capacity of injectable OGP-based self-assem-
bling supramolecular hydrogels. F- and G-sequence
hydrogels are named after the specific sequences of amino
acids in their structure. “Hydrogelator” refers to a mole-
cule that can self-assemble into a hydrogel. In this study,
the hydrogelator used was Nap-Phe-Phe-Tyr. In vitro anal-
yses showed that hydrogels could effectively upregulate
the expression of osteogenic factors, including RUNX2,
BMP2, OCN, and OPN, to promote osteogenesis differen-
tiation. Experimental outcomes in vivo illustrated the
remarkable therapeutic effect of hydrogels in inducing
bone formation and promoting bone regeneration in a rat
bone defect model in the early stage of bone defect heal-
ing. Moreover, NapFFY-OGP, a supramolecular hydrogel
(Nap-Phe-Phe-Tyr as a hydrogelator), effectively regener-
ated and reconstructed bone defects in situ. Human bone
marrow stromal cells (HMSCs) were recruited to the
defect site, and their differentiation was promoted.
Following this, the bone regeneration process was initi-
ated. Specifically, following the application of NapFFY-
OGP hydrogels to the rat skull defect area, a bone
regeneration rate of 37.54% bone volume fraction (BV/
TV) was observed, surpassing that of the NapFFY hydro-
gel group (25.09%). The potential of NapFFY-OGP hydro-
gel in the clinical repair of bone defects is highly promising
for future applications.'>*

The goal of all regenerative approaches is the enhance-
ment of osteogenesis. Many studies are being conducted to
find biological agents that can reduce healing time and
increase the quality of regenerated bone. The use of bio-
molecules such as peptides with osteoinductive properties,
which are derived from natural peptides, has been sug-
gested to be beneficial for guided bone repair. Biological
materials for tissue regeneration can be functionalized
with osteogenic peptides to either mediate cell adhesion,
migration, proliferation, and differentiation, or to be
released as soluble ligands. These short peptides are easy
to design and synthesize, facilitating their use as cost-
effective and efficient scaffolds for regenerative medicine.
It has been particularly noted that peptide-modified bio-
materials could stimulate new bone formation more effi-
ciently compared to non-modified materials.

Bone marrow homing peptide |: PFSSTKT

Cao et al.”® pioneered the investigation into the osteogenic

capacity of the Bone Marrow Homing Peptide 1 (BMHP1)
motif, derived from a phage display library targeting bone
marrow stem cells. Their findings demonstrated that
BMHPI significantly promoted mesenchymal stem cell
(MSC) adhesion, proliferation, and osteodifferentiation
under both basal and osteogenic induction conditions.
Conversely, a cyclic BMHP1 analog exhibited markedly
diminished osteogenic potential. Subsequent research by
Tavakol et al.”” corroborated these observations in vivo,
showcasing enhanced osteogenesis and bone regeneration
in a rat model following the administration of BMHP1 inte-
grated into a self-assembling peptide scaffold. Molecular
docking analyses revealed that the BMHP1 sequence, par-
ticularly lysine 24, formed stronger electrostatic interac-
tions with BMPR1A than BMP2, mediated by arginine
within the RADA core sequence. Comparative studies
employing an alternative KSL core structure indicated that
the RADA-BMHP1 elicited superior osteogenic differenti-
ation, characterized by augmented expression of osteogenic
genes, ALP activity, and matrix mineralization. This
enhanced efficacy was attributed to the RADA-BMHP1
construct’s superior protein-binding affinity and hydropa-
thy than KSL, thereby optimizing interactions with osteo-
genic proteins. In vivo assessments using a rat bone defect
model confirmed the improved bone regeneration capacity
of both peptide nanofiber constructs, with the RADA-
BMHPI1 conjugate demonstrating significantly enhanced
bone formation compared to its KSL counterpart.'3

In summary, this part comprehensively explores the
diverse roles of biological motifs in osteogenesis, high-
lighting their potential to overcome limitations associated
with traditional GF-based therapies. Several key signaling
pathways are consistently implicated in the osteogenic
effects of these peptides, demonstrating a complex inter-
play of molecular mechanisms. The peptides discussed
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engage multiple pathways to promote bone formation.
Integrin-mediated signaling is central, with peptides like
RGD, GFOGER, IKVAYV, and the combination of RGD
and PHSRN, activating integrin receptors (alfl, a2p1,
aSB1, aVB1, a6Bl, and a3pB1/a3p3) leading to down-
stream effects. This often involves the FAK/ERK pathway,
crucial for cell adhesion, proliferation, and differentiation.
The PI3K/Akt pathway, regulating cell survival and
metabolism, is also frequently activated, particularly by
laminin-derived peptides and RGD-containing sequences
within hydrogels. Furthermore, several peptides influence
the Wnt/pB-catenin pathway, a master regulator of osteo-
blast differentiation. While not explicitly stated for all pep-
tides, the enhanced osteoblast differentiation observed
strongly suggests its involvement. The TGF-B/SMAD
pathway, essential for bone formation and remodeling, is
also modulated by some peptides, notably BMP-derived
sequences and possibly certain ECM-derived peptides
through indirect mechanisms. Finally, the MAPK/ERK
pathway, promoting cell proliferation and differentiation,
is consistently activated by collagen-derived peptides.

Comparing the pathways activated by different peptide
groups reveals some commonalities and distinctions.
Collagen-derived peptides (RGD, GFOGER, DGEA,
BCSP-1™_ P-15, and CTC) primarily activate the MAPK/
ERK, PI3K/Akt, and potentially Wnt/B-catenin pathways,
emphasizing their role in cell proliferation and differentia-
tion. Laminin-derived peptides (IKVAV and Ln2-p3)
strongly activate PI3K/Akt and potentially Wnt/B-catenin
pathways, highlighting their influence on cell survival and
differentiation. BMP-derived peptides (OPD) directly
engage the intracellular signaling cascades downstream of
BMP receptor activation, while osteopontin-derived pep-
tides (GRDGS and CBM) demonstrate effects on integrin
signaling and unique pathways like Ca?'/CaMKII/ERK/
AP-1, linking them to both osteogenesis and angiogenesis
(Supplemental Table 1s). The synergistic effects of com-
bining peptides, such as RGD and PHSRN, underscore the
complexity of the system and the potential for enhanced
osteogenic outcomes through combinatorial approaches
that mimic the natural ECM environment. The success of
these biomimetic peptides in preclinical studies suggests
significant promise for their translation into clinical appli-
cations for bone tissue engineering and regeneration,
offering a safer and more cost-effective alternative to tra-
ditional GF therapies. Further research focusing on opti-
mizing peptide sequences, delivery methods, and
understanding the precise interplay of these signaling
pathways is crucial for maximizing their therapeutic
potential. Current trends involve developing more stable
and targeted peptides, incorporating them into biomateri-
als for localized delivery, and exploring their synergistic
effects with other GFs. The study of osteogenic peptides is
driven by the need for effective therapies to promote bone
regeneration and treat various bone-related conditions,
such as osteoporosis and non-union fractures

Antimicrobial peptides

The treatment of bone fractures is associated with the risk
of infection. This risk can disrupt bone regeneration and
impose a significant economic burden on patients and
society.!’® Bone infections can arise from three main
mechanisms: contiguous contamination, hematogenous
spread, and vascular/neurologic failure. Depending on the
type and location of the fracture, the incidence ranges from
1.8% to 27%.'57 At present, antibiotics stand as the main-
stay for treating bone defect infections. However, the ram-
pant use and inappropriate prescription of antibiotics have
paved the way for the gradual rise of antibiotic-resistant
bacteria, leading to recurrent infections and escalated med-
ical expenses. This situation underscores the pressing need
to develop effective antimicrobial agents that can curb the
proliferation of these resistant pathogens.'>® Antimicrobial
peptides (AMPs) offer a promising approach to preventing
bone infections during bone defect repair. In addition to
their versatile properties, AMPs are biocompatible and can
be locally administered to promote regenerative effects
such as cell proliferation, migration, and angiogenesis.
These characteristics make them a unique and potentially
powerful tool in combating bone infections.!>® AMPs are a
group of oligopeptides consisting of 10 to 60 amino acids
that play a vital role in the innate immune system by inhib-
iting the growth of bacteria, fungi, parasites, and viruses.!*
While most AMPs are cationic due to the presence of
lysine, arginine, and histidine residues and carry a net pos-
itive charge ranging from +2 to +13, there are also ani-
onic AMPs that contain acidic amino acids like aspartic
acid and glutamine.!*-!%° Both synthetic and natural AMPs
exhibit broad-spectrum antimicrobial activity.!s! Despite
their various applications, natural antimicrobial peptides
(NAMPs) have limited stability, high extraction costs,
short half-lives, and host toxicity. To address these chal-
lenges, synthetic antimicrobial peptides (SAMPs) are
used.!®2163 Ag of Jan 2024, the Antimicrobial Peptide
Database (APD) contains 3940 peptides, including 3146
NAMPs from the six life kingdoms (383 bacteriocins/pep-
tide antibiotics from bacteria, 5 from archaea, 8 from pro-
tists, 29 from fungi, 250 from plants, and 2463 from
animals), 190 predicted and 314 synthetic antimicrobial
peptides with the main functions following activity such
as: antibacterial peptides (83.42%), antifungal peptides
(30.83%), anti-Candida peptides (18.68%), anti-MRSA
Peptides (11.03%), antiparasital peptides (7.16%),
Anticancer (antitumor) peptides (6.33%), antiviral pep-
tides (5.14%) and etc.

Types of AMPs

Four primary categories of AMPs are based on their major
secondary structures: helical, sheet-based, and coil-based
(lacking both helical and p-sheet structures), and compos-
ite AMPs. In nature, various types of helical structures
exist, such as a-helix, collagen triple helix, and B-spinal
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helix. Most structures are based on a-helix, with 3.6 amino
acids connected through hydrogen bonds per turn. These
helical structures are typically rich in leucine, lysine, ala-
nine, and glycine, which do not cause spatial interfer-
ence.'* Sheet-based structures found in nature include
parallel B-sheet, anti-parallel B-sheet, and B-hairpin. Most
structures are similar to -hairpin and contain protected
cysteine residues that form disulfide bonds. Extended-
based AMPs are peptides that do not have a specific struc-
tural motif but are characterized by a high concentration of
specific residues, such as histidine, arginine, glycine, or
tryptophan.'9>1% In contrast to the previous three types of
AMPs, which have distinct secondary structures, compos-
ite AMPs possess multiple structures.'>® Furthermore,
while most AMPs are being investigated in clinical trials
for repairing soft tissues, they show promising potential
for regenerating bone tissues as well. They can influence
bone repair through targeting cell structures, intracellular
molecules, immunomodulation, and action on biofilms.'®?

Cell signaling by AMPs

AMPs, in the context of wound healing, play a crucial role
in several vital processes. They regulate the polarization of
macrophage types (M1 and M2), thereby facilitating
wound healing through the expression of cytokines. AMPs
also activate receptor signaling mechanisms responsible
for cell proliferation and migration, aiding in re-epithelial-
ization and wound closure. These peptides enhance wound
healing and support angiogenesis by promoting the forma-
tion of endothelial cell tubes, regulating angiogenic pro-
teins, increasing the production of vascular endothelial GF,
and activating the formyl peptide receptor-like 1 pathway.
Additionally, AMPs are involved in the synthesis of ECM
components, such as collagen, in the vicinity of the wound
area. This detailed understanding of the actions of AMPs
in wound healing underscores their importance in the pro-
cess.'®” Table 3 provides a comprehensive overview of the
key properties of antimicrobial peptides and their relevant
applications. The various mechanism of AMP are as
follows.

Cell structure targeting such as membrane permeabiliza-
tion. Bacterial homeostasis depends on the integrity of the
membrane, and most AMPs work against bacteria by
destabilizing the membrane, which has negative charge
because of anionic lipids, such as lipopolysaccharides for
Gram-negative bacteria or teichoic acids for Gram-posi-
tive bacteria. A cationic AMP and an anionic bacterial
membrane typically initiate electrostatic interaction at first
contact. A transmembrane pore model and a non-mem-
brane pore model have been proposed to interpret antimi-
crobial mechanisms when AMPs aggregate on the surface
of bacterial membranes.'>®!? According to transmem-
brane pore models, pores in bacterial membranes can be

induced by AMPs. Non-membrane pore models describe
AMPs as promoting micelle formation instead of pore for-
mation.'%192193 In contrast to most AMPs that exert their
antimicrobial activity through membrane lysis, some
AMPs destroy cell wall integrity by affecting cell wall
synthesis. The genetic modulation of AMPs can also affect
the synthesis of cell walls. It is possible for some AMPs to
target intracellular organelles as well as membranes and
cell walls, 156194195

Intracellular molecule targeting. In addition to damaging cell
structures, especially membranes, some AMPs target intra-
cellular molecules to kill microbes after translocation.
Molecules such as nucleic acid are common targets of
AMPs."*° There is one AMP known as buforin 11, which
mainly binds to DNA and RNA to disrupt the functions of
cells without lysing their membranes.'?®!*” Furthermore,
AMPs can indirectly inhibit DNA replication or transcrip-
tion in addition to directly binding to DNA and causing
damage.!*®!” Additionally, proteins are also important
intracellular targets for AMPs. For instance, LL-37 trans-
locates bacterial membranes and binds to Francisella cyto-
plasmic acyl carrier protein (AcpP), thereby changing fatty
acid profiles.?®® A number of AMPs are capable of target-
ing intracellular enzymes in order to exert antimicrobial
effects. For instance, microcin J25 (MccJ25) and capist-
ruin (Cap) can inhibit RNA polymerase’s biological action
by binding to the second channel of the enzyme.?! In E.
coli, HNP1 penetrates the outer and inner membranes and
represses DNA, RNA, and protein synthesis. The lethal
event appears to be inner membrane permeabilization.
Consequently, HNP1 interacts with lipid II and inhibits
cell wall synthesis by binding to lipid II and lipid III, pre-
cursors of cell wall teichoic acid.?0%2%3

Immunomodulation. AMPs can also modulate the immune
system to enhance microbe clearance and reduce diverse
types of inflammation. The actions of AMPs include
recruiting multiple immune cells, modulating neutrophil
functions, initiating antigen-presenting cells, and activat-
ing T cells and B cells, which are primarily involved in
both the innate and adaptive immune systems.?** The
mechanisms of AMP-related immunomodulation can be
explained by their interaction with membrane receptors
and intracellular receptors on immune cells.?? It has also
been shown that AMPs can inhibit pro-inflammatory
cytokines and promote anti-inflammatory cytokines to
control inflammation. Inflammatory inducers are inter-
cepted and directed to related sensors by AMPs, and
inflammation-related signaling pathways and transcription
factor expression can be suppressed by AMPs.2%

Action on biofilms. Biofilms make conventional antimicro-
bials harder to work against. In fact, biofilm microorgan-
isms can tolerate high concentrations of antimicrobials,
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thanks to transcriptional regulatory mechanisms, even
though they are totally sensitive in planktonic condi-
tions.??” Some AMPs have been shown to inhibit the adhe-
sion of bacteria to surfaces by decreasing certain types of
motilities such as swarming and swimming. AMPs can
prevent different stages of biofilm formation. Addition-
ally, they are capable of stimulating “twitching”, a type of
motility known to facilitate the disassembly of
biofilms.?%8

Bone regenerative functions

AMPs have been locally used in clinical settings to repair
soft tissues, including diabetes-related foot ulcer, skin
infection, and burn wound. Numerous studies have also
examined the topical application of AMPs for wound and
bone healing.!3%!1582% Ongoing research on AMPs has
resulted in a significant amount of data being stored in
AMP databases. Recently, AMPs have been confirmed
to apply regenerative functions for bone tissue engineer-
ing by stimulating angiogenesis, osteogenesis, and
inhibiting osteoclastogenesis such as LL-37,!56.168.169.170
GL13K’156,171—173 HBD-?J,ISG’”AF]W Mel4,178’179 LF1-11,156’170’108
KR-12,156’181’182 Pac_525’183—185 MBD-14,186’187 HI_IC_36’188—190
and Tet-213.1%41! A unique study evaluated the effective-
ness of a composite scaffold comprising PSeD/hADSCs/
LL37 in repairing bone defects using a rat calvarial defect
model. The concentration of LL37 was found to signifi-
cantly influence the osteogenic potential of hADSCs, with
the most favorable results observed at a concentration of
4 ug/ml. This optimal dose of LL37 also demonstrated
potent antibacterial activity against Escherichia coli and
Staphylococcus anurans. In comparison with other scaf-
fold types, the composite scaffold showed superior osteo-
genic characteristics, indicating its strong potential for
bone regeneration in the rat calvarial bone defect model.?!?
While LL37 has shown promise in enhancing bone pro-
duction when used with titanium implants, its precise role
in the bone formation process remains unclear. This under-
scores the need for further investigation to fully under-
stand the potential of LL37 in restoring craniofacial bone
defects, paving the way for future research.?!'2!3 The
hydrogel release system is developed to carry the antimi-
crobial peptide GL13K on a titanium surface. It exhibits
antibacterial and anti-inflammatory properties, as well as
the ability to induce a shift in macrophage polarization
from the M1 to M2 phenotype is crucial in establishing a
conducive environment for bone formation, especially in
the presence of infections. Additionally, the modified tita-
nium surface has been shown to decrease the expression of
pro-inflammatory cytokines IL-1f3, TNF-a, and iNOS
while increasing the levels of anti-inflammatory cytokines
Arg-1, IL-10, and VEGF-A.2!* Furthermore, bifunctional
titanium materials have been developed to slow the release
rate of HBD-3 and BMP-2 in treating bone fractures. This

controlled release mechanism leads to prolonged resist-
ance against biofilms and improved osteogenesis.'>%!74

Clinical trial studies and approved osteogenic
and AMP peptides (2000 to present)

Tracking recent research trends (within the past 5years)
can be achieved through two primary approaches: a com-
prehensive review of relevant research publications, or,
more efficiently, by analyzing the status and results of
ongoing and completed clinical trials. 109 clinical trials
have been registered in www. clinicaltrials.gov and www.
irct.behdasht.gov.ir with the phrase of bone and peptide, of
which 7 studies is relared to the bone fracture. Of the
numerous angiogenic, osteogenic and AMP peptides dis-
cussed, only abaloparatide, RGD peptides, P-15, PTH134,
TP508 (as osteogenic agents), and LL-37 and Reltecimod
(as an antimicrobial peptide) have progressed to clinical
investigation (Tables 4 and 5). These findings highlight the
considerable translational challenges inherent in peptide
therapeutics, despite extensive preclinical research. This
protracted development pathway is likely attributable to
the substantial research and development expenditures
associated with peptide-based products. Our experience
developing NMImETIC Peptide Nanofibers and
NMImETIC NanoBone, encompassing over 14years of
continuous research and development, exemplifies this
protracted timeline. This extended timeframe contributes
to market entry barriers, prompting researchers and com-
panies to prioritize established alternatives, such as
ceramic and polymeric materials, to minimize the risk of
market failure. This preference stems from the general
reluctance toward novel products within the surgical com-
munity, where risk aversion is a significant factor influenc-
ing material selection.

Methods to prepare peptide-modified bone
repair materials

Three principal methodologies exist for peptide synthesis:
solid-phase peptide synthesis (SPPS), liquid-phase peptide
synthesis (LPPS), and hybrid-phase peptide synthesis. In
2023, liquid-phase peptide synthesis (LPPS) commanded
a dominant market share exceeding 45.02%, driven by the
increasing demand for high-purity peptides in advanced
therapeutic development. The hybrid technology segment,
leveraging the combined advantages of LPPS and solid-
phase peptide synthesis (SPPS), is projected to exhibit the
most rapid growth. This is fueled by ongoing research and
development initiatives focused on cost-effective and
environmentally responsible solutions that integrate the
strengths of both methodologies. The capacity of hybrid
technology to mitigate impurity issues within peptide syn-
thesis is expected to generate substantial market expan-
sion. Furthermore, the growing prominence of hybrid


www. clinicaltrials.gov
www.irct.behdasht.gov.ir
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Table 5. Osteogenic peptide drugs approved (2000 to present).

Trade name Mimic First approval Mode of action Sequence
(P-15) iFactor and Collagen 1999 Bone regeneration;  GTPGPQGIAGQRGVV
Cerapedics?'® implantation
(Teriparatide) Forteo/ PTHI receptor 2002 Treatment of SVSEIQLMHNLGKHLNSMER
Forsteo®?'¢ osteoporosis VEWLRKKLQDVHNF
(Abaloparatide) 2017 AVSEHQLLHDKGKSIQDLRRR
Tymlos®?'® ELLEKLLXKLHTA
NMImETIC®Peptide Self-assembling peptide 2024 Bone regeneration; -
Nanofibers nanofibers implantation
NMImETIC®NanoBone Self-assembling peptide 2024 Bone regeneration; -

nanofibers implantation
Reltecimod?!’ CD 28 T-lymphocyte Under approval  Antibacterial ASPMLVAYDA

receptor

peptides in organic and biomolecular applications is a key
driver of this segment’s accelerated growth trajectory.>'® A
significant impediment to solid-phase peptide synthesis
(conventional peptide synthesizing method) is the inherent
toxicity and environmental impact of the solvents tradi-
tionally employed. Recent efforts to mitigate these con-
cerns have involved the substitution of tetrahydrofuran
(THF) for dimethylformamide (DMF).2"” However, this
alternative is not universally applicable to all amino acids
and may compromise peptide yield in certain instances.

The application of peptides to enhance the biological
activity of biomaterials has become increasingly impor-
tant in recent years. When compared to naturally sourced
materials, synthetic materials that are functionalized with
peptides offer greater reproducibility, manageable immu-
nogenic responses, attractive complex structures, and
more predictable biological functions.??*??! The method
used to prepare peptide-modified bone repair materials
influences how the peptide attaches to the substrate and
greatly impacts the composite’s final osteogenic activity.
Common preparation techniques include physical adsorp-
tion, covalent immobilization, encapsulation within a
polymer matrix.4-???

Physical adsorption refers to the phenomenon wherein
molecules or ions are attracted and attached to the surface
of substrates in liquid or gaseous environments through
mechanisms such as electrostatic forces, hydrophobic
interactions, van der Waals forces, or hydrogen bonding.?%*
The kinetics of release for biomolecules that are immobi-
lized through physical adsorption is contingent upon their
affinity for the material of the implant and is subject to
modulation by various parameters, including temperature
and pH levels. To improve the adsorption of biomolecules
onto biomaterials, the surfaces can be pre-treated with
charged molecules, such as amino acids (e.g. serine and
asparagine) or acids (e.g. pyrophosphoric acid and mer-
captosuccinic acid). Surfaces of biomaterials that possess a
charge can selectively attract target molecules of interest
(e.g. lysozyme and BMP-2), while molecules with oppo-
site charges are subjected to repulsion.?>+2%’

A more stable attachment of biomolecule to the scaffold
surface can be achieved through chemical conjuga-
tion.>”-#2822° This method relies on the creation of covalent
bonds between biomolecules and biomaterials via chemi-
cal reactions such as carbodiimide-mediated amidation,
esterification, or click reactions.®*%?3! Many materials
used in regenerative bone therapies, like polyesters, are
inert and require surface functionalization before biomol-
ecule attachment. The goal of surface functionalization is
to introduce or reveal reactive functional groups (such as
amines, carboxyls, or hydroxyls) that can form covalent
bonds with the functional components of biomolecules.
This functionalization can be accomplished through tech-
niques like plasma treatment, chemical etching, and oxida-
tion. Biomolecules can then be grafted directly onto the
functionalized surfaces or attached using linker molecules
(spacers), such as silane or PEG molecules.?3?33

Biomolecules utilized in bone regeneration often face
challenges related to low stability and a short half-life in
vivo. These problems are particularly common with pro-
tein biomolecules (such as BMPs, OPN, and OC), whose
bioactivity relies on their three-dimensional structure,
which can be easily compromised in vivo due to hydroly-
sis, proteolysis, and endocytosis.?** A disrupted protein
structure not only results in a loss of biological activity but
also increases immunogenicity and implant rejection by
the host.?*> One potential strategy to extend the biological
efficacy of biomolecules in vivo is to immobilize them
within controlled/sustained release delivery systems by
physically encapsulating biomolecules within a matrix
material, such as PEG hydrogel, gelatin, or collagen-HA
matrix. In this method, the biomolecule is incorporated
into the polymer solution before scaffold fabrication,
which may be followed by covalent cross-linking of the
biomolecules to the polymer matrix. The ease of this
approach has led to its widespread application in bone tis-
sue engineering for entrapping biomolecules like
BMPS.236—238

Three-dimensional (3D) printing has emerged as a flex-
ible technique that significantly enhances our ability to
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create intricate scaffolds for tissue engineering With the
help of computer-aided design (CAD) and computer-aided
manufacturing (CAM). This method allows for the precise
placement of biomaterials, biomolecules, and even living
cells in designated areas, layer by layer, while customizing
their structural, mechanical, physical, chemical, and bio-
logical properties.?3*?* Successful bone regeneration
relies on effective osteogenesis and vascularization.
Therefore, it is highly beneficial to equip scaffolds with
both strong bone-forming capabilities and favorable angi-
ogenic properties to enhance bone regeneration alongside
necessary vascular development. Research has demon-
strated that 3D-printed constructs are well-suited for bone
regeneration because of their outstanding pore intercon-
nectivity, which supports the revascularization crucial for
osteogenesis.’*! Traditional methods like pore-forming
agent leaching, gas foaming, and phase separation often
lead to significant variations in pore geometry and size dis-
tribution, as well as generally low levels of interconnectiv-
ity.2#22%3 The primary 3D printing methods employed to
produce these composite scaffolds include extrusion-based
printing (EBP), selective laser sintering (SLS), and stereo-
lithography (SLA).?**2% Drawing inspiration from the
natural structure of bone tissue, researchers have explored
composites consisting of inorganic components like nano-
silicate particles, calcium phosphate, and bioactive glasses,
paired with biopolymer matrices (Natural or Synthetic
polymers) as foundational materials for biofabricating
bone constructs. In addition to mimicking aspects of the
bone’s physiological architecture, these inorganic-organic
composites can be tailored for specific cohesiveness, rheo-
logical characteristics, and mechanical properties, with
both the inorganic and organic components enhancing the
composite’s bioactivity. Incorporating inorganic fillers
into soft biopolymers has ultimately improved the bioac-
tivity and printability of composite biomaterial inks, while
also allowing for adjustments to their mechanical
properties.?*’

Pros, cons, and outlook for peptides

Market size value of peptide in 2023 is $4345 billion and it
is estimated to reach $66,41 bilion in 2030 with a growth
rate of 6.2%.2'® In other words, peptides constitute 5% of
the global pharmaceutical market, with 4% specifically
dedicated to osteological applications.'”” A March 2017
dataset details 484 therapeutic peptides, categorized as fol-
lows: 68 approved, 155 currently in active clinical devel-
opment, 261 discontinued prior to approval, and 8
withdrawn post-approval. The rate of peptide entry into
clinical trials exhibited a gradual upward trajectory from
1980 to 2010, reaching a 5-year rolling average exceeding
22 peptides per annum in 2011 (Figure 4(a)).2* The extant
literature on osteogenic peptides published within the last
Syears is limited, with research predominantly concentra-
ting on RGD peptides, CGRP, OGP, teriparatide,

cell-penetrating peptides (CPPs), substance P, laminin-
derived motifs, and P-15, respectively.

According to the Food and Drug Administration data-
base, 87 alloplastic bone graft products have been approved
in the United States since 1996. The Pharmaceuticals and
Medical Devices Agency database indicates 10 alloplastic
bone graft products approved in Japan since 2004. The
Ministry of Health and Welfare database shows 36 allo-
plastic bone graft products approved in South Korea since
1980. Among the products manufactured in the USA,
TRICOS contains a fibrin matrix; SynOss collagen syn-
thetic material (SynOss Putty) contains collagen; Easy-
graft contains PLGA; Healos dental bone graft substitute
contains bovine collagen; ReOss contains PLGA;
Mastergraft contains collagen; NovaBone Dental contains
polyethylene glycol; PerioGlas contains gelatin; and
Osteocaf contains PLGA. The polymeric components of
these products include collagen, gelatin, polyethylene gly-
col, and PLGA that are not strongly osteoinductve and
multipotential when are not applied multi-peptide form.
The incorporation of peptide, synthesized purely without
animal-derived sources, represents a significant advance-
ment in the alloplastic industry. Korean products, such as
Ossbone Collagen, DualPor Collagen D-Injection, and
Osteon II and III Collagen, contain porcine and bovine
collagen, which retain the inherent challenges associated
with animal tissue extraction, including the complexities
of isolation procedures and the risks of disease transmis-
sion and infection.?*” Osteoinductivity capacity of miner-
alized allografts, xenografts, and synthetic ceramics
through the incorporation of biomimetic motifs that reca-
pitulate the angiogenic and osteogenic properties of natu-
rally occurring biomolecules presents a promising strategy
in bone tissue engineering.

While the manufacturing costs of synthetic peptide
pharmaceuticals may not undercut those of their small-
molecule analogs, the overall research and development
expenditure for peptides is anticipated to be lower. This
stems from their inherent synthetic tractability, facilitat-
ing rapid and comprehensive structure-activity relation-
ship (SAR) studies for lead optimization, and a reduced
propensity for off-target effects, potentially resulting in
enhanced clinical trial success rates. However, it is crucial
to acknowledge the unique biophysical and pharmaco-
logical properties of peptides; paradigms effective for
small molecules or biologics may not be directly transfer-
able to peptide drug development. Furthermore, unmet
revenue projections contribute to the often-underesti-
mated prioritization of peptide drug development. It is
nonetheless imperative to recognize that production costs
constitute a relatively minor fraction (approximately 3%—
5%) of the total research and development, and distribu-
tion costs associated with a novel pharmaceutical agent.
Technological advancements in recombinant peptide ther-
apeutics production, encompassing unnatural amino acids
and modifications, offer a potential mitigation strategy for
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this limitation. Despite recognized obstacles, a burgeon-
ing market for peptide drugs exists, prompting pharma-
ceutical developers to critically assess the therapeutic
domains where peptides may offer superior efficacy com-
pared to small-molecule drugs.

Peptides possess a significant advantage over small
molecules due to their increased surface area and enhanced
chiral and structural complexity. This characteristic allows
for exploitation in targeting scenarios demanding multi-
site interactions across extended distances for effective
target activation. The distinction between agonism and
antagonism is a critical consideration in peptide drug
development. The comparatively delayed market entry of
peptide antagonists is attributable to historically elevated
production costs and the inherent difference in receptor
occupancy requirements: agonists necessitate only modest
receptor occupancy (5%-20%) for activation, whereas
antagonists must compete with endogenous ligands,
requiring occupancy exceeding 50% for efficacy. More
fundamentally, allosteric receptor interactions can achieve
antagonism, where the expansive surface area of peptides
may not confer a substantial advantage over competing
small-molecule drugs. An exception arises with antago-
nists targeting receptors requiring extensive surface area
and structural complexity for subtype selectivity and the
avoidance of off-target effects. The tertiary structure of
peptides frequently exhibits evolutionarily conserved
motifs, including a-helices, B-sheets, B-turns, and y-turns,
which are paramount for receptor recognition, potency,
selectivity, and proteolytic stability. This intricate struc-
tural and chiral complexity is often absent in small-mole-
cule drugs, a consequence, in part, of the now-contested
paradigm shift away from natural product discovery
toward combinatorial libraries in the 1980s. The predomi-
nant action of peptide therapeutics involves the modula-
tion of peripheral extracellular targets, a consequence of
their limited cell membrane permeability. The engagement
of intracellular targets remains a significant challenge for
peptide-based drugs, notwithstanding recent encouraging
advancements in cell-penetrating and stapled peptide tech-
nologies. The inherent limitations of peptide-based bioma-
terials, namely suboptimal bioavailability and short
half-life, are mitigated by in situ application at the bone
defect site. While these pharmacokinetic parameters are
not critically restrictive for osteogenic peptides integrated
within scaffolds, various peptide modifications exist to
enhance their stability and resist proteolytic degradation.
These include, but are not limited to N-terminal acetyla-
tion or C-terminal amidation, Alkylation of nitrogen
atoms, a-carbon modification, carbonyl thionation, glyco-
sylation, PEGylation, and cyclization.?'®

The development of peptide drugs, while facing chal-
lenges like higher initial production costs and the need for
higher receptor occupancy for antagonists compared to
agonists, offers advantages over small molecule drugs due

to their larger surface area and structural complexity, ena-
bling interaction with multiple distant sites on target recep-
tors. This complexity, often including conserved motifs
crucial for receptor binding and stability, is frequently
absent in small molecules. While most peptide drugs target
extracellular sites due to limited cell membrane permeabil-
ity, advancements in cell-penetrating peptides are address-
ing this limitation. In conclusion, despite manufacturing
cost considerations, the unique biophysical properties of
peptides make them a promising therapeutic modality, par-
ticularly for targets requiring high selectivity and complex
interactions, and ongoing technological advancements are
continually expanding their therapeutic potential.

Conclusions

A significant number of alloplastic bone graft products
have been approved globally, utilizing materials like col-
lagen and PLGA, but often lacking strong osteoinductive
properties unless in multi-peptide form. The field is ripe
for innovation, with the incorporation of synthetic pep-
tides offering a solution to limitations of animal-derived
proteins, including disease transmission risks. While pep-
tide drug development faces challenges including high
initial production costs and the unique biophysical prop-
erties requiring specialized development strategies, the
lower overall research and development costs, coupled
with the potential for enhanced efficacy due to their struc-
tural complexity and ability to interact with multiple tar-
get sites, make them a promising area of research,
particularly in bone tissue engineering. The past few dec-
ades have witnessed a remarkable surge in the volume of
research dedicated to the use of peptides in the realm of
bone tissue engineering. This upward trend in peptide-
based biomaterials and scaffolds is promising for bone
regeneration. The application of bioactive synthetic pep-
tides in bone regeneration brings with it a host of benefits.
These peptides, with their heightened specificity, compact
size, excellent safety profile, reduced immunogenicity,
impressive stability, low risk of systemic toxicity,
extended half-life, and lower cost, offer a compelling
case. Furthermore, a variety of bioactive peptides can be
amalgamated with scaffolds and cells to trigger crucial
cellular processes for bone tissue formation, such as adhe-
sion, proliferation, migration, differentiation, angiogene-
sis, biomineralization, and bacteriostatic/bactericidal. It is
important to note that extensive research endeavors have
been dedicated to uncovering, developing, and optimizing
biological motifs derived from the active sites of special-
ized proteins to overcome their limitations. While many
bioactive peptides are currently undergoing investigation,
some have shown promising results both in vitro and in
vivo, thereby justifying further preclinical investigation.
As a result, more studies are needed before these peptides
can be used clinically to repair and regenerate bone
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defects. Furthermore, there is a need for more exploration,
and bioactive peptides involved in neurogenesis and
immune regulation during bone regeneration must be har-
nessed. The ability of these substances to provide precise
control over immune response and neurogenesis in terms
of space and time requires further investigation. This
comprehensive review brings together the most relevant
information on the advancements in bioactive peptides for
bone tissue regeneration, shedding light on their biologi-
cal effects and potential clinical implications.
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