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Abstract Bone is a highly vascularized tissue and one of the most dynamic tissues
in terms of self-renewal throughout one’s life. It possesses a high regenerative
capacity, which makes it possible that a majority of bone fractures will heal well
without the need for major intervention. However, some large bone defects and
fractures require medical intervention for bone repair and regeneration. Proteins,
growth factors, and peptides have played a remarkable role in bone regeneration.
However, the use of proteins and growth factors in tissue engineering has several
limitations, such as cost and difficulty in production, immunogenicity, and a short
half-life. In addition to these drawbacks, they have many active domains, which
affect their functionality. Recently, an alternative to proteins and growth factors has
emerged for the use in tissue engineering. This competent approach includes biomi-
metic peptides, which are amino acid sequences derived from the functional domains
of soluble or extracellular matrix (ECM) proteins. Biological materials for tissue
regeneration can be functionalized with these peptides to either mediate the adhe-
sion of cells 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. In this extensive chapter, several of the peptides that have
potential for bone tissue engineering, including those that facilitate cell adhesion,
prompt osteogenic differentiation of progenitor cells, or those that mediate angio-
genesis which is a crucial requirement for proper bone regeneration will be
discussed.
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Introduction

General View of Tissue Engineering

Tissue and organ injury or failure in the human body results in a heavy economic
burden on health care systems worldwide. Existing therapeutic options for tissue/
organ loss include: drugs, replacements through synthetic materials, and organ/tis-
sue transplantation which have significant limitations to prevent mortality or mor-
bidity for many patients every year. These limitations led to the creation of a new
research field, tissue engineering or regenerative medicine, which focuses on assem-
bling functional constructs that can reinstate, maintain, or repair injured tissues or
whole organs. To achieve the goal, new synthetic materials (metals, polymers,
ceramic-based materials, etc.) and their functionalization with various proteins,
combinations of cells, and cell-instructive peptide need to be designed and fabri-
cated [1, 2].

In tissue engineering, there are three general approaches termed as conduction,
induction, and cell transplantation. Conduction includes grafting a construct at the
defect site in the tissue which allows cells to penetrate through the surrounding tis-
sue for the regeneration of the tissue. This phenomenon forms the basis of guided
tissue engineering intervention used clinically in orthopedics and dentistry for bone
healing [3].

The induction approach is placing a peptide or protein-based growth factor using
a scaffold as a carrier, at the site of tissue defect. The cells in the surroundings are
recruited to the site of injury and start proliferation. This recruitment is initiated by
the peptides and proteins that bind to cell surface receptors. This approach is more
attractive than the conductive approach. Inductive approaches are currently in clini-
cal use for bone formation and angiogenesis. The third option in tissue engineering
is the transplantation of particular cell types in the damaged tissues. The population
is generated and multiplied outside the body by taking small starting tissue at the
defect site. Multiplied cells need to be transplanted to form a new tissue replacing
the lost and defective one. This strategy is preferred when inductive molecules are
unknown for the tissue of interest with two applications. One requires transplanting
the target cells directly at the defect site to trigger tissue regeneration. The other one
requires prefabrication of the cells in vitro that are then available to patients for
implantation. The latter approach is currently utilized for cartilage and skin tissue
replacements [1, 4, 5] (Fig. 1).

Bone Tissue Engineering

Bone is a very dynamic tissue with well-developed vascular beds that continue to
self-renew throughout an individual’s lifetime.
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Fig. 1 Major strategies to engineer or regenerate tissues [1]

It is a composite material that is comprised of an organic matrix of type-I colla-
gen and inorganic minerals of calcium phosphate. It plays an essential role in move-
ment. The bone tissue also provides support to the skeleton which acts as a scaffold
for the delicate soft tissue and internal organs with suitable load-bearing capacity.
Besides these structural functions, bone has a storage capacity for Ca and P ions and
arole in regulating the key electrolyte concentrations in the blood, making it crucial
in homeostasis [5-7].

Bone Structure and Properties

The human skeleton consists of 206 bones of strikingly diverse sizes, shapes, and
function. These include short bones in the ankle and writs, long bones of the limbs,
irregular bones of the pelvis and vertebrae, and the flat bones in the skull and ster-
num. Bone tissue is composed of two layers: compact (cortical) and trabecular (can-
cellous) bones. Bone tissue, similar to all the organs in the human body, has a
hierarchical organization spanning several folds of magnitude from the macroscale
to nanoscale components (Fig. 2). For the nanoscale component, the extracellular
matrix (ECM) comprises both a mineralized inorganic (carbonated apatite mineral-
ites, 4 nm in thickness) and non-mineralized organic components (mainly collagen
type I) [5].

Additionally, there are several noncollagenous matric proteins, such as sialopro-
teins, proteoglycans, and glycoproteins, which contribute to signaling in the imme-
diate extracellular environment. The nanocomposite structure composed of flexible
and tough collagen fibers strengthened by hydroxyapatite (HA) crystals, provide the
necessary high fracture toughness and compressive strength of bone [3, 5].
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Fig. 2 The hierarchical organization of human cortical/compact bone [8]

Bone Healing

There are three major processes such as osteoconduction, osteoinduction, and
osteogenesis that need to be considered in bone healing.
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Osteoconduction is the process of bone formation which is marked by the pas-
sive growth of the resident cells, tissues, and blood vessels, supported by a grafted
scaffold. In context to this, osteoconductive materials function as a scaffold for the
response by host tissue to repair or form the new bone. Bone autograft, allograft,
and inert filler structures such as calcium ceramics, and demineralized bone matrix
(DBM) are some examples of osteoconductive materials. Osteoconductive scaffolds
are usually composed of a structured matrix analogous to cancellous bone so as to
assist the ingrowth of host cells and vasculature. Autografts comprised of cancel-
lous bone, therefore, carry the utmost osteoconductive potential as compared to
signaling molecules and growth factors, such as bone morphogenetic proteins
(BMPs) when used alone, as these do not provide any specific physical supportive
structure [9, 10].

Osteoinduction is bone repair and formation through the specific growth factors
provided by a grafted scaffold, thus promoting the differentiation of mesenchymal
stem cells (MSCs) to chondroblasts and osteoblasts. These growth factors can be of
various types such as platelet-derived growth factors (PDGFs), BMPs, fibroblast
growth factors (FGFs), and interleukins. Additionally, bone autografts, platelet-rich
plasma (PRP), and bone marrow aspirate concentrates (BMAC) possess osteoinduc-
tive properties [4, 6] (Table 1).

The process of osteogenesis is hallmarked by new bone formation via specific
cellular components within the graft. Autologous cancellous bone, as it has all the
essential elements required for osteogenic stimulation, offers tremendous osteo-
genic potential. However, with an increase in our understanding of the molecular
and cellular mechanisms involved in the bone repair and formation, alternative
stimulators of osteogenesis have emerged, such as cell signaling proteins, growth
factors, and cell-based treatments [4].

Table 1 Parts of bones and their specific osteoconductive, osteoinductive, and osteogenic
properties [4]

Osteoconductive Osteoinductive Osteogenic
Cortical autograft + + +
Cancellous autograft +++ +++ o+
Cortical allograft + +— -
Cancellous allograft + +/— —
Demineralized bone matrix + ++ —
Calcium ceramics + - —
Bone marrow aspirate - ++ +++
Bone morphogenetic protein — ++ —
Platelet-rich plasma - +++ +

+ activity, — no activity, +/— activity depends on preparation process
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The Role of Biomaterials in Bone Tissue Engineering

Due to the high regenerative capacity of bone, most fractures heal without the need
of any surgery; however, large defects in bone require surgical intervention [5].
Currently, a bone graft is the gold standard treatment for large bone defects.
Clinically, these bone grafts are classified on the basis of their origin into biological
and synthetic grafts. The biological grafts comprise autografts, allografts, and xeno-
grafts. An autograft is the transplantation of bone taken from the patient’s own body.
This offers the greatest clinical outcome as it is compatible with the host bone and
does not elicit any disease or immune-related complications. However, this approach
is limited by donor site morbidity associated with the harvest of the graft bone
which results in damage of the harvest site. Contrarily, an allograft is the transplan-
tation of bone harvested from one individual and transplanted into the other indi-
vidual within the same species. Allografts also have some limitations, such as the
host immune response and potential transmission of pathogens. Xenografts, the
bones harvested from one species and transplanted in another, have severe restric-
tions due to immunogenic barriers between the species. The limitations associated
with biological bone transplants have directed the treatment paradigm toward the
use of synthetic substitutes for bone repair, replacement, and augmentation [6, 11].

Osteoconductive Materials

The ability of the biological scaffolds to support bone formation on their surfaces,
known as osteoconductivity, is one of the crucial prerequisites of biomaterials used
for bone repair [12]. Materials with osteoconductive properties allow proliferation,
migration, differentiation, and ECM deposition from osteoprogenitor cells in the
bone defect, which are key initiators of new bone formation [13].

Biomaterial osteoconductivity during bone regeneration largely depends on their
physicochemical characteristics, which include suitable chemical composition,
architectural geometry, and surface properties [14]. Tricalcium phosphate (TCP)
and hydroxyapatite (HA), both calcium phosphate (CaP) based ceramics, possess
superior osteoconductive properties due to their similarity to natural bone mineral
[15, 16]. Another osteoconductive material, bioglass, is capable of binding with the
bone directly. Moreover, type-I collagen is an osteoconductive material owing to its
structure and composition which is favorable for mineral deposition through noncol-
lagenous matrix protein binding thus initiating and regulating mineralization [17].

Osteoinductive Materials

The capability of biomaterials to prompt the formation of bone at the site of the graft
is known as osteoinductivity. In the past few decades, there have been tremendous
advancements in revealing the role that biomaterials play in bone generation,
although the precise mechanism of osteoinduction still remains to be explored [18].
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Biological scaffolds possessing osteoinductive properties have been shown to
influence the ectopic bone formation at many levels:

1. At the tissue level, the biomaterials actively facilitate the exchange of oxygen,
nutrition, and waste between the material and the tissue. They also promote vas-
cularization within the materials, essential for new tissue formation [19, 20].

2. At the cellular level, the differentiation of stem cells or the osteoprogenitor cells
can be triggered toward the osteogenic lineage by the formation of a biological
carbonated apatite layer [21, 22]. The liberated phosphate and calcium ions also
serve as a potent chemotaxis for cell migration and direct cell growth at the graft
site [23, 24].

3. At the molecular level, these biomaterials may play a role in enriching osteo-
genic proteins such as BMP-2 and BMP-7 owing to their high affinity to these
biomolecules, thus promoting a series of cellular events on the surface of bioma-
terials [25].

Moreover, the released phosphate and calcium ions may accelerate the mineral-
ization in the implanted site by reaching a supersaturation level in the graft void.
The most extensively used osteoinductive materials are CaP-based biological
ceramics. Osteoinduction has been shown on numerous types of CaP materials such
as TCP, biphasic calcium phosphate, and HA. The fundamental element that confers
the osteoinductive capacity to these CaP scaffolds is the presence of calcium and
phosphate. Nevertheless, other materials that do not contain CaP, such as alumina
ceramics, titanium, and poly (hydroxyethyl methacrylate) (PHEMA), have been
found to be osteoinductive under certain conditions [17, 23].

Vascular Materials

Vascularization is a vital process during bone repair as any tissue with sizes beyond
200 pm requires formation of blood vessels for appropriate diffusion of oxygen
through the tissue. Therefore, proper functional bone regeneration necessitates the
close association with the vasculature, which must also properly integrate with the
host blood vasculature [26].

Considering the critical requirement of establishing a functional vasculature dur-
ing bone repair, biological materials that can promote various events of vascular
network formation have been designed and extensively employed for bone tissue
engineering. As the most used biomaterial formulation, hydrogels and scaffolds can
be used as temporal matrix to facilitate progenitor cells and pericyte migration and
to furnish mechanical support for vessel sprouting. Through tuning the architectural
properties of scaffolds during fabrication, the influence of these on tissue-engineered
constructs can be realized [27, 28].

Vascularization is also significantly influenced by the chemical composition of
the biological scaffolds, as they interact with the endothelial cells directly during
vessel formation [29, 30]. Though, most of the materials utilized for bone tissue
engineering such as silk, PCL, collagen, and PLGA have been found to be compat-
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ible with endothelial cells, there are some which have been demonstrated as proan-
giogenic during bone repair [31]. One of such example is the hydrogel made of
dextran, which has demonstrated a remarkable ability to stimulate neovasculariza-
tion resulting in skin regeneration. Akermanite, a silicate bioceramic, has been
shown to effectively induce angiogenesis during bone repair by supplying appropri-
ate Si ion concentrations, stimulating cell proliferation and gene expression of
human aortic endothelial cells [32]. Other biomaterials including heparin sulfate,
fibrin, and hyaluronic acid (HA) also possess the ability to regulate blood vessel
formation through their high affinity to angiogenic cytokines such as endothelial
growth factor (EGD), vascular endothelial growth factor (VEGF), and basic fibro-
blast growth factor (bFGF) [29, 33]. These biomaterials enhance bone regeneration
through vascularization by sequestering endogenous growth factors at the defect
site [34].

Role of Biological Molecules in Bone Tissue Engineering

For the successful implantation of biomaterials, a favorable impact of cellular fate
is a crucial requirement. There are factors including bacteria adhesion, nonspecific
protein adsorption, and poor osseointegration that result in implant mobility, infec-
tion, and eventual failure of the implant. To facilitate various biological events,
directed and selective cell adhesion is crucial after transplantation of the biomate-
rial. Therefore, for effective biomaterial implantation, new strategies are being
developed to improve selective cell adhesion, recruitment of progenitor cells, and
subsequent cellular differentiation. Moreover, the surfaces of the biomaterials are
designed to reduce the nonspecific adhesion of the proteins. There are various bio-
active molecules that have been utilized to resolve the aforementioned critical prob-
lems including: GAGs, proteins, and peptides (Fig. 3).

Proteoglycans

One of the major components of the ECM is proteoglycans, characterized by modi-
fications with GAGs. GAGs mediate and regulate several key functions mainly
through electrostatic interactions with ECM proteins. Therefore, they are a promis-
ing means to improve the biocompatibility of biomaterials. The osteogenic differen-
tiation is influenced tremendously by the degree of sulfation of GAGs [28].
Additionally, the GAGs can regulate the functions of chemokines and growth factors
by sequestering and releasing them [36]. Heparin has an anti-coagulative property,
which is particularly valuable for vascular biomaterials [37]. Moreover, cell mem-
brane proteoglycans interact synergistically with integrins, providing a potential
target for multifunctional coatings. Besides these cell-attracting domains, molecules
rendering cell-repelling properties to the biomaterial coatings are also incorporated.
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Fig. 3 Components of multifunctional coatings. Cellular function can be mediated by different
glycosaminoglycans (GAGs), proteins: VEGF (vascular endothelial growth factor), BMP (bone
morphogenetic protein), TGF-p (transforming growth factor), FGF (fibroblast growth factor),
SDF-1 (stromal cell-derived factor 1, PDB: 1A15), or peptides (sequences are shown by the one
letter code) [35]

One of the most commonly used components to prevent undesirable cell and protein
adhesion is PEG [38].

Proteins

For bone tissue engineering, bone ECM proteins and peptides have been extensively
used to address surface functionalization. Various proteins including vitronectin,
collagen, laminin, and fibronectin are feasible mediators for cellular adhesion to
biomaterials and regulate signaling events as they contain several moieties, such as
proteoglycans or integrin-binding sites [39].

Moreover, growth factors are extensively used to stimulate cell proliferation and
differentiation of primary and progenitor cells to osteoblasts or endothelial cells.
Growth factors also induce other cellular events such as cell adhesion and prolifera-
tion or increase collagen synthesis, which favor implant integration and healing.
Bone morphogenetic protein-2 (BMP-2), a growth factor of the transforming growth
factor § (TGF-B) superfamily, has found its use in dental and orthopedic implants
due to its potent osteoinductive effect [40]. Furthermore, the role of TGF-f1 has
been implicated in the regulation of bone remodeling [41]. Vascular endothelial
growth factors (VEGFs) stimulate angiogenesis and thus can be used for vascular
materials and additionally for bone regeneration. The basic fibroblast growth factor
(bFGF or FGF-2) and other FGFs are proangiogenic and stimulate cellular prolif-
eration [35, 42]. A noncollagenous bone matrix protein, bone sialoprotein, also a
member of SIBLING protein family, promotes migration of osteoprogenitor cells
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through bridging matrix metalloproteinase (MMP)-2 with integrin avfB3 at the cell
surface [40].

Chemokines orchestrate the migration of cells to the site of injury or the bioma-
terial surface. The recruitment of the MSCs and stimulation of osteogenic differen-
tiation employs this phenomenon through SDF-1-gradient [43]. Chemokines are
also involved in the immune response of biomaterials. Human parathyroid hormone-
related protein (PTHrP) plays a key role in the regulation of cell proliferation, dif-
ferentiation, and development of skeleton. The pivotal point of application of growth
factors and chemokines is their steady release from biomaterial coatings. Besides
successful use in tissue engineering, growth factors have some limitations due to
their short circulating half-life, low protein stability, side effects, and rapid cellular
internalization [44, 45].

Peptides

Peptides have emerged as useful alternatives to proteins for bone tissue repair as
evidence suggests that employing smaller growth factor fragments or peptides
prompts receptor-mediated signal transduction [46]. Moreover, these small biomol-
ecules can be custom synthesized to induce directed immobilization and multifunc-
tional properties. This can be achieved by introducing or ligating the immobilization
anchors like dihydroxyphenylalanine (DOPA), basic amino acids, nucleic acids,
thiols, and phosphonic acids to bioactive peptides. Moreover, cell-attracting or
repelling moieties can be integrated [35].

Cell adhesion, migration, proliferation, and differentiation are favored by
binding of the peptides to the receptors in the cell membrane (as illustrated in
Fig. 4). The recent vigorous research in this field has led to the discovery of
numerous peptides involved in the upregulation of bone repair response. The

Natural pept__i_t_l_e

ECM proteins
o\ 3

Other ECM receptor

Y
W EcM proteins

GF

Fig. 4 Main sources of peptides for bone tissue engineering: derived from extracellular matrix
proteins, soluble growth factors or are naturally occurring [47]
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fragments of these peptides are typically derived from the ECM proteins, such as
collagen (DGEA, GFOGER), fibronectin (RGD, PHSRN, LDV, REDV, KRSR),
FGF-2 (TYRSRKY), bone sialoprotein (FHRRIKA, RGD), and laminin (YIGSR,
IKVAV). The RRETAWA motif involved in selective endothelial cell binding
was not derived from a protein associated with the ECM. One of the most fre-
quently used peptides for the improvement of the tissue integration of biomateri-
als and to explore the integrin-mediated cell adhesion on the surfaces is the RGD
motif [47].

Role of Peptides for Bone Tissue Engineering

Extensive research has established that modifying bone repair materials with suit-
able bioactive peptides could further improve their regenerative properties. It has
been particularly noticed that peptide-modified biomaterials could stimulate new
bone formation more efficiently as compared with non-modified materials.

While it has been thought earlier that biomaterials should possess a biotolerant
surface so as to minimize the immune and fibrotic responses, increasingly evidence
now suggests that interactive and biomimetic surfaces often demonstrate superior
performances [48].

The efficacy of osseointegration relies on interactions between osteogenic mac-
romolecules in the blood and implants. There are some biomaterials that do not
readily adsorb plasma proteins to their surface, thus, these do not maintain bone-
related cell activities competently and lead to inadequate bone formation [49].

Peptides Involved in Cell Adhesion

There are various insoluble proteins that reside in the ECM and form the scaffold
for cells to live on. The types of biomolecules constituting the ECM and their spatial
organization significantly govern cell behavior [50]. The organic fraction of the
ECM is 90% type-I collagen and only 5% are noncollagenous proteins: such as
osteopontin, osteocalcin, osteonectin, the adhesion proteins vitronectin and fibro-
nectin, or the proteoglycans decorin, versican, or hyaluronan [51]. Most of these
biomolecules mediate adhesive cell-ECM interactions and also play an active role
in the regulation of osteoprogenitor and osteoblast proliferation, survival, and
differentiation. These processes are mediated by ligand sequences in these proteins
that bind to specific receptors on cell surfaces [47].
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RGD Peptides

The Arg-Gly-Asp (RGD) tripeptide sequence present in fibronectin is a minimal
cell adhesion peptide. It is the most studied and used peptide for biomaterial func-
tionalization pertaining to its binding with multiple integrins stimulating in cell
adhesion and differentiation. In addition to fibronectin, the RGD sequence is also
present in many other ECM proteins, for instance, SIBLING proteins and vitronec-
tin [52]. Several studies have reported enhanced osteoprogenitor cell attachment
and/or differentiation with biomaterials coated with RGD peptides (Fig. 5) [53].
RGD peptides immobilized on diverse biomaterials such as alginate, titanium oxide
nanotubes, or collagen sponges, have demonstrated increased cell adhesion and dif-
ferentiation of MSCs or in vivo bone formation. Several variants of RGD have
shown a similar osteogenesis promoting role [54].

Although categorized separately, many of the peptides discussed below contain
an RGD sequence, which might be responsible partly or entirely for their biological
functions.

Type-I Collagen-Derived Peptides

Osteoblastic cells consistently express major adhesion receptors for type-I collagen,
the a2f1 integrins.

A synthetic triple helical peptide was engineered to contain the GFOGER
sequence corresponds to 502-507 residues of the type-I collagen al chain. This
engineered peptide selectively binds to the a2p1 integrins and promotes density-
dependent cell adhesion and differentiation of MC3T3-El cells [55]. Coating of
titanium surfaces with GFOGER increases the alkaline phosphatase (ALP) expres-
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Fig. 5 Potential pathways and effect of peptides on osteoblastic cell lines [45]
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sion, ECM mineralization, and the expression of osteocalcin, bone sialoprotein
(BSP), and Runx2 in bone marrow stromal cells [56].

Similarly, the DGEA, a four-residue sequence initially suggested to be the recog-
nition site of the a2f1 integrin in type-I collagen, has shown dose-dependent cell
adhesion of murine MC3T3-El cells [57], improved attachment and spreading of
hBMSCs [58], and an increased bone formation in rat tibial osteotomies when
DGEA-immobilized HA was used.

P15 is another extensively studied peptide that is derived for type-I collagen. It is
a 15 amino acid peptide identical to the cell-binding sequence of type-I collagen,
which improves cell adhesion to bone substitutes and increases the production of
ECM. P-15 significantly increases the transcript levels of BMP-2, BMP-7, and ALP
when added to the scaffold (Fig. 5) [59]. It has also increased cell attachment and
differentiation of human osteoblast-like HOS cells, and promoted MC3T3-EI cell
survival when adsorbed onto bovine bone-derived HA (anorganic bone matrix,
ABM) [60].

PHSRN

Bone marrow stromal cells and osteoblasts express the a5p1 integrin during differ-
ent stages of osteogenesis, which mediates cell adhesion to fibronectin and osteo-
genic differentiation. Even though only the RGD sequence can act as the ligand for
a5p1, for a stable binding, both the RGD in the tenth type III repeat and the PHSRN
sequence in the ninth type III repeat of fibronectin are required. A combination of
RGD and PHSRN peptides conjugated to alginate hydrogels stimulated normal
human osteoblasts (hOBs) for osteogenic differentiation and mineralization [61]. It
is evident that the spatial configuration of the sequences in native fibronectin is
crucial for assuring the correct binding as the two peptides interact with the same
integrin.

FGF-2-Derived Peptides

Two peptides obtained from FGF-2 located in the cell-binding domain correspond
to residue 36—41 (F36) and 77-83 (F77). When these peptides were immobilized on
chitosan discs, they enhanced the cellular attachment and spreading of hBMSCs.
Moreover, these peptides encourage a higher transcript level of ALP and promote
ECM mineralization [54].

Laminin-Derived Peptides
Laminins are ECM proteins that bind to cell membranes through integrin receptors

and other plasma membrane molecules. Peptides IKVAV and YIGSR, derived from
the A and B1-chains of laminin, respectively, have shown a capability to promote
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MC3T3-El attachment to plastic dishes coated with these peptides. YIGSR and
IKVAV are peptides derived from the B1 and A-chains of laminin, respectively, have
shown capability of promoting MC3T3-El attachment to peptide-coated plas-
tic dishes.

The greatest osteogenic and adipogenic differentiation effects have been demon-
strated by IKVAV as compared to the YIGSR peptide [62]. A more recently discov-
ered laminin-derived peptide, Ln2-p3, has shown enhanced expression of several
osteogenic markers and increased ALP activity of the cells when coated on titanium
surfaces [63].

Osteopontin-Derived Peptide

Osteopontin (OPN) is a noncollagenous protein of ECM, which has demonstrated
its role in bone mineralization and bone cell adhesion. The osteopontin-derived pep-
tide (OPD) possessing RGD sequence and flanking sequences when conjugated to
oligo(poly(ethylene glycol) fumarate) hydrogels showed a dose-dependent improve-
ment of murine osteoblasts. Osteoblasts when cultured on the modified hydrogels
demonstrated increased levels of secreted osteopontin, ALP activity, and ECM min-
eralization [64].

Heparin-Binding Peptides

Heparin-binding sequences in many ECM proteins interact with the transmembrane
proteoglycans, which might have significant utility in the regulation of osteopro-
genitor cell behavior.

Interactions between transmembrane proteoglycans and heparin-binding
sequences found in many ECM proteins might also be of great importance to con-
trol the behavior of osteoprogenitor cells. Several studies have established that
KSRS-functionalized surfaces increase the adhesion of human osteoblasts than
those displaying RGD, and an increased adhesion of murine pre-osteoblasts and the
expression of osteogenic markers [65].

RGD peptide and a heparin-binding domain (HBD), FHRRIKA, when function-
alized on a scaffold revealed an increased ECM mineralization, and a higher degree
of rat calvarial osteoblast cell and surface interactions [66].

A peptide with HBD in BMP-4 induced osteogenic differentiation of hMSCs
through the ERK1/2 pathway activation. When immobilized in alginate gels, it has
been demonstrated to induce a fourfold formation of new bone when grafted into a
cranial defect model [67].
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MEPE Peptide or AC-100

MEPE and its peptide motif, AC-100, possess an integrin-binding RGD and a con-
sensus binding site for glycosaminoglycans SDGD. It has demonstrated signifi-
cantly improved cell attachment and spreading, increased level of ECM
mineralization, and superior cell differentiation with increased ALP expression in
rat calvarial osteoblasts preincubated with the AC-100 fragment [68].

RRETAWA

Cyclic GA-CRRETAWAC-GA peptide-coated surfaces show an increased Runx2
and type-I collagen expression, and enhanced mineralization of ECM osteoprogeni-
tors [69]. RRETAWA-conjugated PEG scaffolds with different stiffness profiles dis-
played improved MSC adhesion, higher ALP activity, and increased peptide
densities. Moreover, it increased the expression of type-I collagen, osteopontin, and
Runx2 [70].

Peptides Involved in Angiogenesis

During natural bone formation, vascularization is a vital process. After a bone
injury, an inflammation process starts which is characterized by triggering of new
blood vessel formation to recruit stem cells and soluble biomolecules that coordi-
nate osteogenesis. In injuries where bone loss is critical, using only osteoconductive
and/or osteoinductive strategies may result in graft failure due to the insufficient
initial vascularization. Insufficient vascularization will lead to hypoxic conditions in
the biomaterial, lacking essential osteoprogenitor cells and growth factors.
Therefore, the discovery and design of proangiogenic factors and their use along
with osteoinductive biomaterials are a quite appealing strategy for bone tissue engi-
neering [26].

Osteopontin-Derived Peptide (OPD)

OPD mimics the OPN sites that are exposed during wound repair. OPD is capable
of inducing the same number of newly formed blood vessels as VEGF [71]. When
combined with a CO;-apatite-collagen scaffold, OPD enhanced neovascularization
in a tibial defect model [72].
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Osteonectin-Derived Peptides

Osteonectin, also known as secreted protein acidic and rich in cysteine (SPARC),
produces two fragments upon cleavage: SPARC113 and SPARC118. Both of these
fragments contain the multifunctional tripeptide glycine-histidine-lysine (GHK)
and have demonstrated potent angiogenic activity. In an in vivo model, these pep-
tides incorporated into an MMP-degradable hydrogel prompted angiogenesis [73].

Exendin-4

Exendin-4 is an analog of glucagon-like peptide-1 (Glp-1) and it increases human
umbilical vein endothelial cells (HUVECs) migration, sprouting, and tube forma-
tion in vitro and increases the sprout outgrowth from aortic rings [74].

TP508

TP508 is a 23-amino-acid peptide, commercialized as Chrysalin®. TP508, initially
thought of enhancing skin wound repair when topically administered, corresponds
to the receptor-binding domain of the human thrombin [75]. This peptide enhances
the blood vessel formation and fracture healing. TP508 improves VEGF-stimulated
angiogenesis and reduces the effects of chronic hypoxia (Fig. 5) [76].

QK Peptide

A VEGF-derived peptide, known as QK peptide, is the most studied peptide with
proangiogenic properties. It binds with the Kdr and Flt-1 receptors, resulting in the
stimulation of tube formation by HUVECs in Matrigel in vitro and neoangiogenesis
in an ischemic hindlimb model [77].

RoY Peptide

In hypoxic conditions, the RoY peptide has demonstrated angiogenic activity by
binding to a 78-KDa endoplasmic reticulum chaperone on the endothelial cell mem-
brane, known as the glucose-regulated protein (GRP78). Moreover, a single local
dose of RoY was found to normalize blood perfusion in a mouse hind limb ischemia
model [78].
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PBA2-1c

A multi-domain peptide, PBA2- ¢, contains a heparin-binding domain and 159-163
amino acids from PDGF-BB. PBA2-1c binds with the a and P receptors of PDGF,
eliciting cell proliferation, migration, and cell-induced collagen gel contraction,
playing a role similar to that of which a recombinant PDGF molecule does [79].

Peptides Involved in Osteoinduction

BMPs are the main osteoinductive molecules in mammalian cells. BMPs belong to
the TGF-f superfamily and interact with target cells by activating the intracellular
Smad pathway directing gene expression. Out of all the identified 20 BMPs, BMP-2,
BMP-4, BMP-6, BMP-7, and BMP-9 have consistently demonstrated the most
osteogenic properties, being the most explored ones in the field of bone tissue engi-
neering. A majority of the peptide molecules discussed in this section is derived
from the BMPs, however, other sequences identified in the proteins of the ECM
prompting osteodifferentiation have also been enlisted here.

BMP-Derived Peptides

BMPs have two sequences denoted as the “wrist” epitope, which binds to the
BMP receptor type I, and the “knuckle” that binds to the BMP receptor type
II. Contained within the knuckle epitope of BMP-2, a 20-mer sequence
(NSVNSKIPKACCVPTELSAI) has osteogenic activity [80].

Recently, a triple functionalized substrate was generated by incorporating a
BMP-2-derived peptide with an OPD angiogenic peptide on an RGD-conjugated
hydrogel. This substrate induced enhanced mineralization in rat bone marrow stro-
mal (BMS) cells, with increased transcription levels of the vasculogenic markers
VE-cadherin and PECAM-1 in response to the OPD peptide. These properties made
this triple functionalized substrate of particular interest for bone tissue engineer-
ing [81].

A slightly modified version of BMP-2 including the N-terminal phosphoserine
and three C-terminal aspartates is P24 peptide. When this peptide was added to a
porous nano-HA/collagen/poly-L-lactic acid (PLLA) scaffold with controlled
release of the peptide through chitosan microspheres, it promoted the ALP activity
in MSCs [82].

Another peptide of this family, BMP-9, also possess abundant osteogenic activ-
ity. A peptide derived from the knuckle epitope of the BMP-9, known as pBMP-9,
has shown to elicit osteogenic marker mRNAs expression and ECM mineralization
to a slight degree. These effects were not as pronounced as those of the growth fac-
tors at the equimolar concentration. A higher dose could, however, compensate its
lowered activity in prompting transcription of certain markers but not all [83].
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In a study, slightly different variants of BMP-2 (RKIPKASSVPTELSAISMLYL),
BMP-9-derived peptide (RKVGKASSVPTKLSPISILYK), and BMP-7-derived
peptide (RTVPKPSSAPTQLNAISTLYF) were implanted onto RGD-conjugated
polyethylene terephthalate (PET) surfaces and compared. The BMP-2 showed the
highest activity followed by the BMP-7 and the BMP-9-derived peptides in terms of
the expression of osteogenic markers and the ECM thickness [84].

A BMP-2-derived peptide containing the DWIVA pentamer, which corresponds
to the BMP receptors I and II binding site sequences, is known as the osteopromo-
tive domain. This peptide has been shown to elicit the proliferation and differentia-
tion of MC3T3-E1 cells in vitro when conjugated to titanium surfaces [85].

PTH,_;4 or Teriparatide

Teriparatide is the commercialized N-terminal 34-residue fragment of the parathy-
roid hormone (PTH, ;;) which retains the major activities of PTH. Teriparatide
plays a major role in the regulation of the mineral ion homeostasis. It also prompts
osteoblast proliferation, differentiation, and inhibits apoptosis (Fig. 5). In situ bone
growth was significantly enhanced by a synthetic scaffold made of polyethylene-
glycol containing PTH, 3, [86].

Osteogenic Growth Peptide (OGP)

A naturally occurring 14-mer peptide, osteogenic growth peptide (OGP), is primar-
ily found in serum and promotes bone anabolism, leading to increased bone forma-
tion and overall bone mass. OGP has a role in the regulation of osteoprogenitor cell
proliferation, ALP activity, collagen production, differentiation, secretion of osteo-
calcin, and ECM mineralization (Fig. 5).

When dissociated, OGP is exposed to proteolytic cleavage, it produces a
C-terminal pentapeptide YGFGG known as OGP,y ;. This pentapeptide activates
the intracellular Gi-protein-MAP kinase pathway. Both OGP and OGP;,_;, enhance
the early expression of various markers related to osteogenesis, such as Runx2,
ALP, osteopontin, osteoprotegrin, or osteocalcin [87].

Calcitonin Gene-Related Peptide (CGRP)

Calcitonin gene-related peptides (CGRP) have two forms: a and f. «-CGRP, con-
sisting of 37 amino acids, is derived from the Calca gene. f-CGRP is derived from
Calcb gene located in close proximity to the Calca gene. CGRP is found in the
sensory nerve endings in the periosteum, metaphysis, and bone marrow. CGRP
enhances the proliferation and differentiation, and inhibits the apoptosis of osteo-
progenitor cells [88]. It also prompts the production of osteogenic molecules such
as BMP-2 and IGF-1 (Fig. 5) [89].
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Collagen-Binding (CB) Peptide

The collagen-binding (CB) peptide is a 28-residue peptide corresponding to the
hydrophobic sequence of the BSP N-terminal. This peptide interacts with type-
I collagen and stimulates the osteogenic differentiation of osteoblastic cells through
Akt- and ERK-dependent signaling. This results in the increase in type-I collagen,
osteopontin, osteocalcin, and ALP mRNA levels. Moreover, an increase in the ALP
activity and matrix mineralization were observed [90].

Collagen-Binding Motif (CBM) Peptide

A 28-amino-acid fragment in osteopontin, called collagen-binding motif (CBM)
was identified by Lee and coauthors, which is able to bind to type-I collagen. CBM
enhanced hBMS cell differentiation as shown by the ECM mineralization and ALP
expression. The high level of cellular phospho-Smads due to the peptide, was due to
Smad pathway activation. When implanted as a CBM-collagen gel conjugate, accel-
erated calvarial defect repair was noted in rabbits [91].

Substance P

Substance P (SP) has been observed to enhance type-I collagen, Runx2, and osteo-
calcin mRNA expression, and matrix mineralization in murine calvarial osteoblasts
[92]. Moreover, it prompted dose-dependent proliferation along with enhancing the
expression of osteocalcin and ALP at low concentrations and inducing ECM miner-
alization at higher concentrations [93].

Endothelin-1

Endothelin-1 (ET-1) promotes the proliferation and differentiation of murine osteo-
progenitor cells, enhanced formation of mineralized nodules and increased the
activity of ALP in cultures [94]. ET-1 secreted by endothelial cells guides the MSC
osteogenic and chondrogenic differentiation through AKT signaling [95]. It also
plays a crucial role in the regulation of remodeling of the postnatal trabecular bone
[96]. Despite its role in osteogenesis and bone remodeling, it is crucial to exercise
caution when using it in bone tissue engineering as ET-1 also plays an important
part in tumor progression.

BCSP™.-1

A nine-amino acid synthetic fragment from human type-I collagen is known as the
bone and cartilage stimulating peptide (BCSP™.-1). BCSP™-1, when covalently
immobilized on a commercial HA and tricalcium phosphate ceramic, can signifi-
cantly enhance ALP expression by murine calvarial osteoprogenitor cells [97].
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CTC Peptide

A peptide derived from the a-subunit of the collagen III C-terminal is known as the
CTC peptide. It is a 12-mer cryptic peptide, which exerts a chemotactic effect on the
perivascular stem cells (PSCs) and other cells. It also increases the transient expres-
sion of various osteogenic markers, such as osteopontin or type-I collagen. CTC has
also been observed to stimulate ALP activity and accelerate matrix mineralization,
without an increase in proliferation rate [98].

Cathelicidins

Cathelicidins are antimicrobial peptides found in cells of innate defense systems,
various epithelial cells, bone marrow stroma, and MSCs. One of the cathelicidins-
derived peptide, LL-37, has shown to induce monocyte differentiation to novel bone
forming cells. These cells are known as monoosteophils and possess bone forming
capabilities that could enhance the repair of femoral defects in mice [69].

Advantages of Peptides

The therapeutic use of peptides in tissue engineering is growing significantly as
peptides offer several advantages over proteins (Fig. 6).

[ = Higher activity )  Less immunogenic

* Well characterized * Specific
+ Commercially available * Prompts the receptor-mediated

signal transduction

* Custom synthesized

* Chemically defined

* Incorporation of diverse
functionalities

* Precise conjugation with
biomaterials

* More stable, and cheaper

Proteins . Y Peptides @

Fig. 6 Main advantages of proteins and peptides for tissue engineering [47]



Peptide-mediated Bone Tissue Engineering 455
Defined Chemical Properties of Peptides

Peptides are chemically defined, which is the most useful property of these biomol-
ecules. This advantage consequently enables the refinement of their structures, cor-
responding experimental designs for discovering novel peptides or their
combinations, and precise molecular manipulations necessary for mechanistic
studies [99].

Incorporation of Non-native Chemistries and Functions
into Peptides

Due to the possible synthetic methods of production, there are huge prospects of
connecting moieties to peptides that are not routinely accomplished in expressed
proteins or tissue-derived scaffolds. These functional groups can be natural amino
acids apart from the genetically encoded ones, D-amino acids, amino acids with
fluorinated side chains, polymer bioconjugates, fluorescent labels, chemical func-
tionalities for cross-linking or polymerization, and posttranslational modifications.
Chemically derived DOPA containing peptides, peptide-polymers, and peptidomi-
metics have been synthesized to coat and modify various synthetic biomaterials,
thus, furnishing these synthetic scaffolds with adhesive properties [100].

Diverse Functions of Peptides

Peptides can possess a wide variety of functions besides cell binding, growth factor
binding, surface binding, matrix-binding, self-assembly, and specific proteolytic
susceptibility.

The possibility of peptide customization ensures that more efficient discovery
and development of additional moieties is conceivable [99].

There are several functionalities that can be installed within a scaffold through
peptides, though enzyme substrate sequences have been particularly studied, espe-
cially for hydrogels. Scaffolds can be designed that can degrade with controllable
kinetics by various proteases including plasmin or matrix metalloproteinases, using
peptide sequences of varying proteolytic susceptibility [101]. This enables the
custom degradation of biomaterial or release of a matrix-tethered cargo through
proteolysis [102].

Peptides can also be tailored to have growth factor binding abilities. This strategy
has been utilized to identify VEGF-binding heparin-mimicking sulfated peptides by
using bead-peptide libraries of sulfated peptides [103] or via rational design [104].

Peptides can also be engineered to self-assemble, a basic property that is native
to ECM proteins. A number of peptides have been engineered and used in biomate-
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rials for their self-assembling properties. These custom-made peptides include pep-
tide amphiphiles [105], B-sheet fibrillizing peptides [33], short aromatic peptide
derivatives [106], coiled coil peptides [107], f-hairpins [108], and others [109]. In
engineering the custom peptides, design rules have been worked out to achieve pre-
dictable assembly into networks, fibers, gels, and tactics to decking these with func-
tional peptide sequences which continue to be reported [28, 33].

Conjugation Capability of Peptides onto Biomaterials

Peptide conjugation onto or within synthetic scaffolds is achievable. This can be
accomplished through specific chemistries, using a wide range of strategies such as
the Michael addition of cysteine-containing peptides to vinyl sulfones, commer-
cially available cross-linkers, UV-initiated cross-linking, amine/carboxylic acid
coupling, acrylate or maleimide conjugation, and chemoselective chemistries such
as “click” chemistries and native chemical ligation [99].

Enhancing Biofuntionality of Biomaterials Through Peptides

Materials from bioceramics and polymers to peptide-based scaffolds that enhance
bone regeneration are applicable clinically for the treatment of diverse bone frac-
tures and spinal fusions for different parts of the body. Current challenges to engi-
neer materials for bone tissue engineering includes designing new materials
mimicking the mechanical and biological context of bone tissue matrix supported
with a vascularization system. Construction of new topographical features at
nanoscale and functionalization of material surfaces with biological cues from the
extracellular environment or any other biological environment are emerging
approaches to design new biomimetic materials with desirable functions for bone
tissue engineering [5].

Peptides as Coating Materials

Materials, which create a platform for tissue formation, play a significant role in
nearly all tissue-engineering approaches. They are the skeleton of newly forming
tissues with mechanical support. They also deliver inductive molecules or cells,
which have the potential to control the structure and function of newly created tis-
sue, to the site of interest. The interaction of biomaterials with biological systems is
a very critical issue that needs to be considered in the design of any biomaterial.
Features of biomaterials restricting the nonspecific adsorption of proteins on the
surface result in weak interactions with cells for tissue formation. Thus, designing



Peptide-mediated Bone Tissue Engineering 457

new materials which enhance cell attachment and adhesion through the presentation
of peptides, proteins, and GAGs that bind to cell surface receptors and trigger a
desired cell response is essential [1, 35].

In addition, multifunctional coatings with increased specificity and activity are
also required to enhance the function of materials via various kinds of biomolecules.
To maintain multifunctionality, a diverse bio-functional surface has the potential to
control interactions between the surface and the surrounding biological environ-
ment via immobilizing different cell adhesive motifs or molecules [35].

As we mentioned above, biomoleclues especially peptides, are good candidates
for bio-functionalization of materials with their diverse functions. Peptides and pro-
teins, which we also listed above, are classified according to their source. Most
peptides are derived from the ECM that surrounds and organizes cells into tissues or
are derived from secreted proteins or peptides by cells into surrounding fluids.
Proteins purified from a natural source and recombinantly manufactured ones allow
researchers to identify the function and physicochemical properties of proteins for
tissue regeneration regulations. Having knowledge about their critical domains
through biological assays and bioinformatics tools created the possibility of utiliz-
ing synthetic peptides. Their presenting strategy can affect their functions. They can
be presented either in an immobilized form from the surface of a material or releas-
able form for a material to interact with cells. All these surface functionalization
strategies define the quality and functionality of biomaterials. In the following sec-
tion, general techniques utilized for surface functionalization will be discussed [1].

Biomaterial Functionalization Strategies

There are various applicable strategies to functionalize biomaterials with biomole-
cules. The major principle of immobilization strategies is to increase the stability
and functionality of biomolecules. However, the random orientation and structural
deformation can occur during immobilization of molecules. It can cause to diminish
activity of the biomolecules. This challenge becomes critical to differentiate immo-
bilization strategies depending on binding strength, modularity, and complex-
ity [110].

Especially, poor binding affinity, uncontrolled release, or strong attachment are
all factors to determine the efficiency of immobilization strategies. For example,
uncontrolled release of the cell adhesive motif RGD from the surface because of
loose attachment can block integrin-mediated adhesion and thereby provoke apop-
tosis [111]. Conversely, strong anchoring of biomolecules can block biological sig-
nals that cause cell recruitment by chemokines. Hence, a feasible balance between
controlled release and firm attachment is essential for efficient immobilization.

Physical and chemical immobilizations are two major techniques for the biomo-
lecular functionalization of biomaterials. In the following sections, these techniques
will be discussed in detail.
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Physical Immobilization

Physical immobilization or adsorption is a very simple immobilization method per-
formed under mild conditions. Surface functionalization with this methodology
occurs by dipping biomaterials into a solution of proteins. Therefore, experimental
conditions such as pH, temperature, and solvent define biomolecule-binding
strength. These dependencies of experimental conditions determine whether there is
stable attachment or not. However, this method is hardly disruptive to the biomole-
cules. Intermolecular forces, mainly ionic bonds and hydrophobic and polar interac-
tions, specify biomolecular adsorption strength on the surface. Mostly, proteins can
be attached on surfaces via electrostatic, and hydrophobic or hydrogen bond inter-
actions. The forces involved in adsorption are weak which causes reorientation of
molecules through conformational and condition dependent changes [35, 112]. On
the other hand, the optimal conformation for each molecule, which minimizes the
repulsive forces from the surface and previously attached proteins, can regulate to
form a heterogeneous and randomly oriented biomolecule layer on the surface [113].

These conformational changes can be explained through the enthalpic or entro-
pic state of the biomolecule. For example, the net free energy change must be nega-
tive during protein adsorption at a surface. The ordered structural content of many
proteins decrease during the adsorption process through conformational changes.
This fact yields an entropic gain and may act as an adsorption-driving force from an
enthalpic point of view. The adsorption-driving force may originate from the inter-
actions between protein and surface. The most important ones are van der Waals,
hydrophobic, electrostatic interactions, and hydrogen bonding [114].

Surface properties of the inorganic materials lead to physical attachment of pro-
teins. The surface hydrophobicity, charge, morphology, and topography are physical
parameters which have control over a wide range of protein adsorption. For exam-
ple, hydrophilic interactions are more favorable for protein adsorption on to the
surface due to the nature of the protein. In terms of surface physical features, cells
like rough surface topographies and morphologies for their attachment and adhe-
sion [112, 114, 115].

Among all of the inter- and intramolecular forces we mentioned above, electro-
static interactions that are defined via the charge of biomolecules and the surfaces,
can directly control adsorption as the most efficient forces to anchor positively
charged molecules to negatively charged biomaterial surfaces or vice versa.
Therefore, the affinity of electrostatic interactions can be tuned by raising the num-
ber of charged residues such as in poly-lysine or other charged amino acids. Other
such cooperative effects could be coordinative and hydrogen bond interactions [35,
116] (Fig. 7).

Covalent Immobilization for Surface Functionalization

Covalent attachment is frequently utilized and is the most preferable for the immo-
bilization of peptides, enzymes, and adhesive proteins onto material surfaces [1].
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Fig. 7 Surface functionalization for biomolecules [1]

In this section, various chemistries and treatments have been applied so far in
terms of covalent coupling. Alkanethiol, silane, carbodiimide, phenyl azides, acry-
late, DOPA are well-known coupling agents used through chemical and photo
immobilization, plasma treatment, and click chemistry as a treatment method and
have been applied on biomaterial surfaces for the attachment of biomolecules [117].

Among them, carbodiimide-coupling chemistry is one of the most preferable
approaches for conjugating proteins covalently to other molecules. 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) is used as a bioconjuga-
tion agent for the intermediate conjugation reaction to form amide bonds in between
the carboxylic functional groups and the amino groups [117-119].

Silanization is another well-known strategy to introduce functional groups of
molecules to the surface. A surface modified with an alkoxysilane such as
(3-aminopropyl) triethoxysilane (APTES) covered by hydroxyl groups, which will
be attractive for the coupling reaction with amino groups. Subsequently, the surface
can be modified directly or thiol-containing biomolecules as a cross-linker can be
used to enable the immobilization. This covalent strategy has disadvantages as a
complex and sensitive surface treatment and potential hydrolysis of the siloxane
bond, which would result in release of the bioactive moiety [35, 120].

Click chemistry is a new approach other than traditional esterification and ami-
dation conjugation reactions. The basis of the click chemistry relies on regiospeci-
ficity. Small units together with heteroatom links were introduced to the surface
through simple reaction conditions with high yield, and stereospecificity to produce
newly designed materials. This chemistry triggers the reactions that can be selec-
tively performed in the presence of natural occurring functional groups (bioorthog-
onal). The reaction proceeds mostly in water and it results in high yields [121].
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Side and cross-reactions define whether the reactions are carried out simultane-
ously in one pot or stepwise. The reaction conditions and high yields make this
chemistry highly suitable to covalently ligate molecules for biomaterial coatings
[35, 117, 121].

To functionalize a surface with biomolecules is not only dependent on properties
of the coupling agent and biomaterial surface but also functional groups in biomol-
ecules that can be reacted by cross-linking or its derivative reagent. For peptide
conjugation to any biomaterial surface, amino acid side chains are the most signifi-
cant entity for covalent coupling. For example, peptides and proteins are composed
of over 20 amino acids, which are identified by their side chain chemical structure,
charge, hydrogen bonding, and reactivity properties, polymerized together through
the formation of peptide bonds. The side chain of amino acids is free to interact and
react with their environment. However, this interaction is limited by features of the
side chains. For example, the aliphatic and aromatic residues are often located at the
interior of the protein molecules due to their hydrophobic nature. The other amino
acids (Asn: asparagine, Thr: Threonine, and Ser: Serine) are hydrophilic and con-
tain relatively polar residues located near surfaces where they can be interacting
with the surrounding aqueous environment. However, modifying Asn, Thr, and Ser,
which are often posttranslationally modified with carbohydrates, with common
reagent systems under aqueous conditions is difficult. The difficulty of this modifi-
cation relies on the same nucleophilicity for hydroxyl and amide portions [1].

The other amino acids such as aspartic acid (Asp), glutamic acid (Glu), lysine
(Lys), arginine (Arg), cysteine (Cys), histidine (His), and tyrosine (Tyr) have ioniz-
able side chains that are suitable for covalent coupling. Each of these side chains
can be in nucleophile to place in a reaction when they are in an unprotonated state.
For example, Asp and Glu contain carboxylate groups that have ionization capabil-
ity similar to C-terminal alpha carboxylate. Derivatization of carboxylate groups
can be made through the use of amide bond forming agents or through active ester
or reactive carbonyl intermediates. Lys, Arg, and His are good candidates for alkyla-
tion and acylation reactions due to their ionizable amine containing side chains. The
imidazole ring of His makes it reactive species for electrophilic reactions. Cys is the
only amino acid containing a sulfhydryl group, which gives a critical role to Cys in
protein stabilization. The most important modification reaction of peptides and
proteins is the derivatization of the side chain sulfhydryl of cysteine. The functional
groups of side chains together with the N-terminal a-amino and the C-terminal
a-carboxylate form the full complement of polypeptide reactivity [1].

These approaches are more complicated and time consuming than other immo-
bilization methods. A major limitation of this methodology is the loss of protein
mobility when they are immobilized on the surfaces, which is directly affected by
possible representation of unfamiliar protein conformation on the surface. Remains
of toxic monomer residues on the surface may cause biocompatibility problems in
the area of implantation. Toxic monomer residues, which are directly caused by the
instability of the molecules on the surface, are the most challenging issues in the
task of chemical immobilization. Physical adsorption techniques can be addressed
to reduce toxic residues. While it may help reduce the effect of toxic residues, its
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weak immobilization capability brings more problems to surface functionalization
[122, 123].

Therefore, there is a need for alternative methodologies for surface functional-
ization in bone tissue engineering. In the next section, a new strategy based on
peptide-based surface functionalization through material recognition capability will
be discussed more in detail.

Material-Binding Peptides for Surface Functionalization

In recent years, material-binding peptides (MBPs) have shown remarkable potential
in various application areas, taking advantage of molecular biomimetics. The idea
behind this is to discover and design MBPs mainly inspired by nature and a biomi-
metic approach. This approach is revealed at the intersection of different disciplines
such as material science and molecular biology. It mainly covers understanding the
interactions between materials and biomolecules by learning from nature [124, 125].

All biological materials are highly organized often in a hierarchical manner from
the molecular to the nanoscale, with complex nano-architectures [126, 127]. The
contribution of biomacromolecules such as lipids, proteins, glycoproteins, and
phosphoproteins, etc. is a key aspect of this architecture. For example, proteins
control the formation of hard tissues like teeth, bone, and many other hard tissues
occurring in different organisms. Due to the role of proteins for the fabrication of
materials in nature, MBPs can be good candidates to fabricate, design, assemble,
and functionalize many materials from various fields due to their molecular recogni-
tion and binding capabilities [123, 128—130].

Especially in bone tissue engineering, inorganic surface and protein/peptide or
any biomolecule interactions is a key aspect due to bone structure which shows
composite material features. The major concern in bone tissue engineering and
implants is the uncontrolled interactions between synthetic materials and human
tissues. The most successful approach to this issue is functionalization of the bioma-
terial surfaces with different molecules with desired functions including anti-fouling
polymers or cell growth factors. To date, physical and covalent immobilization
methods have been applied onto varieties of biomaterial surfaces. Covalent
immobilization requires the presence of specific functional groups and synthetic
pathways. Moreover, the functional groups used in these strategies have low selec-
tive properties, which restrict their use as we discussed in previous sections [110].

On the other hand, the behavior, stability, and cytotoxicity of the modified sur-
faces for all strategies under physiological conditions are not well understood.
Therefore, material selectivity, coupling efficiency, and flexibility remain a chal-
lenge at the biomaterial interface. MBPs can provide a new platform for surface
functionalization via immobilization of biomolecules with controlled attachment
and assembly on solid surfaces [110, 123, 131].

During the last decade, MBPs have been selected using phage and cell surface
display techniques possessing affinity and specificity to select inorganic surfaces
[132,133].
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Their potential use was shown in many disciplines including surface functional-
ization, and biomineralization for tissue engineering and regenerative medicine
[125]. There has been a great deal of interest in identifying and characterizing pep-
tides that bind to various materials, such as TiO, [134], Au [133], SiO,, and HAP
utilized especially in tissue engineering and regenerative medicine [135].

In this section, two case studies will be demonstrated to give basic perspectives
for the promising potential of MBPs in implantation and hard tissue engineering as
molecular linker and material synthesizer.

In the first example, the capability of MBPs as molecular linkers will be given.
Yazici et al. selected titanium binding peptides (TiBPs) through cell surface display
and conjugated them with RGDS, which is a cell adhesive peptide to show their
molecular linker capability for implant surface functionalization [110, 123].

These peptides can be conjugated with a variety of bioactive molecules to
enhance cell attachment, cell proliferation, cellular spreading, and other cell behav-
iors or creating antimicrobial or anti-fouling surfaces. Therefore, these peptide-
based molecular linkers provide a new platform to conjugate domains with different
functionality. In this case study, TiBP was conjugated with biologically active sig-
naling molecules (RGDS) while retaining their remarkable binding and selectivity
to a solid substrate in the absence of cytotoxicity properties [123]. This study proved
that a TiIBP-RGDS bifunctional peptide enhanced osteoblast attachment and adhe-
sion on a titanium implant surface. The proposed peptide-based surface coating can
be applied on various materials to induce various desired biological activities on any
biomaterial using an easily adaptable single-step biologically relevant set of condi-
tions [110, 123, 128, 129].

In another example, the capability of MBPs as a synthesizer in the biomineraliza-
tion process will be given. In nature, biomineralization, which occurs under mild
conditions to form bone, teeth, sponge spicules, and similar tissues with nanoarchi-
tecture in various organisms, has attracted attention in the field of bionanotechnol-
ogy. Biological organisms have a capability to synthesize their inorganic structures
or hard tissues with unique morphological, structural, and functional properties.
This biological mineralization process usually involves a large number of proteins
with various temporal and spatial distributions. To understand the exact role of pro-
teins in the biomineralization process and biological material synthesis, the
traditional approach, which involves extracting and purifying proteins from the
organism of interest, has been utilized [136]. Although there are exciting examples
for performing biomineralization using isolated proteins, this approach is limited
because of the difficulties involved in the extraction and purification steps of these
proteins from biological systems. De novo design is another approach that stems
from the prediction of functional sequence of proteins using computational meth-
ods. Biomineralization through extracted proteins or de novo designed peptide
sequences remains elusive due to impractical identification of all proteins and their
sequences [137].

MBPs offer a unique and a more practical approach in the biomineralization
process. MBPs have a recognition capability to solid materials; this recognition
capability may influence the fabrication process of inorganic materials as well. To
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prove this, Gungormus et al. have explored the possibility of HA-binding peptides
to regulate calcium phosphate formation in vitro. They found that the formation of
calcium phosphate mineral could be controlled via a strong-binding peptide HABP1.
The rate of mineralization decreased by the addition of HABPI, resulting in the
formation of much larger plate-like particles compared to control samples.
Meanwhile, the rate of transformation of the amorphous phase to the crystalline
phase increased. The transition between the two phases can happen via interactions
of HABPI in the amorphous mineral surface. This interaction may stabilize the
crystal structure by lowering surface energy, therefore, resulting in a growth-
dominated mineralization pathway [137, 138].

As given in the examples above, MBPs have a great potential in biomaterial sur-
face functionalization and the biomineralization process. Biofunctionalization of
biomaterials through peptides with various methodologies are summarized in
Table 2.

Peptides as Scaffold Materials
Self-Assembled Peptides

Self-assembling proteins and peptides have a remarkable potential due to their
unique features as scaffolds for applications in tissue engineering. Their self-
organization capability from basic building blocks to forming supramolecular struc-
tures and simulating the native ECM, make them as preferable scaffold materials for
tissue engineering applications. Favorable properties of self-assembling peptides
are mainly based on their modification capability at the sequence level. Moreover,
their synthesis does not rely on difficulties of a recombinant protein expression and
purification system. They can be easily produced through solid phase peptide syn-
thesis. On the other hand, recombinant technologies can be the only alternative to
solve any homogeneity and standardization issues necessary for applications
[139, 140].

The unique structural properties of the self-assembled peptides are relevant with
alternating hydrophilic and hydrophobic amino acid residues. Under physiological
conditions or mild conditions, these residues spontaneously adopt a (-sheet struc-
ture when exposed to monovalent cation solutions. This process finalizes with the
formation of self-assembled matrices with certain geometries. The RADA-16 series,
which is commercially available (PuraMatrix), ELK, and EAK are well-known
examples for self-assembled scaffolds in the literature. The RADA series is also the
best example for the commercialization of self-assembled peptide-based scaffolds
[141, 142].

Among self-assembling biomolecules, peptide amphiphiles are another class of
peptide-based scaffolds that can enhance osteoprogenitor cells and prompt their dif-
ferentiation. Many studies in the literature revealed the role of peptide amphiphiles
through mineralized matrixes in promoting osteogenic differentiation of hMSCs
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Table 2 Peptides and their assembling methodology and function [35, 110, 123]

Favored cellular

Bioactive Surface | Immobilization | Assembly functions
BMP 4 Ti Carbodiimide Covalent Proliferation,
mediated mineralization
BMP-2 PLGA | Acylate-NHS- | Covalent Mineralization
PEG
BMP-2 derivative Alginate | Carbodiimide Covalent Mineralization
mediated
OGP Si Click Chemistry | Covalent Mineralization
KRSR Ti Silanization Covalent Spreading,
adhesion,
mineralization
RGD + FHRRIKA Si Silanization Covalent Spreading,
mineralization
RGD + PHSRN Ti Thiol Covalent Spreading,
proliferation
RGD + BMP-2 + hydroxyapatite | Ti DOPA Covalent/ Adhesion,
electrostatic | mineralization
RGD + bFGF Si Spin coating/ Covalent/ Spreading, focal
thermal electrostatic | adhesion
annealing
OGP + fibronectin Ti Adsorption/ Electrostatic | Adhesion,
co-precipitation proliferation,
differentiation
Heparin + 1 aminin + bFGF PLLA | Covalent Covalent/ Neurite outgrowth
electrostatic
Heparin + BMP-2 Ti Silanization Covalent/ Anti-
electrostatic | inflammatory,
proliferation,
mineralization
Heparin + VEGF + fibronectin | Ti Electrostatic Layer by Anti-coagulative,
layer adhesion,
electrostatic | proliferation
Heparin + SDF-1 PGS Electrostatic Electrostatic | Progenitor cell
recruitment
GFOGER PEG Covalent Covalent Bone
regeneration,
osseointegration
Chitosan + BMP-2 Ti Covalent Electrostatic | Differentiation
Hyaluronic acid + collagen Ti Silanization Layer by Adhesion,
layer proliferation,
covalent differentiation
Hyaluronic acid + collagen Ti Electrostatic Electrostatic | Non-pathological
smooth muscle
cell phenotype
Collagen binding motif Ti Electrostatic Osteogenic
differentiation

(continued)
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Table 2 (continued)

Favored cellular
Bioactive Surface | Immobilization | Assembly functions
Collagen + lactoferrin Ti Electrostatic Electrostatic | Adhesion,
proliferation,
differentiation
Collagen + CS + BMP-4 PLGA | Electrostatic Electrostatic | Increase of
bone-implant
contact
Fibronectin-derived Ti Covalent, Covalent/ Cell spreading,
electrostatic electrostatic | adhesion

BMP bone morphogenetic proteins, OGP osteogenic growth peptide, FGF fibroblast growth fac-
tor, VEGF vascular endothelial growth factor, SDF-1 stromal cell derived factor, CS chondroitin
sulfate, PEG polyethylene glycol, PGS poly(glycerol sebacate), PLGA poly(lactic-co-glycolic
acid), PLLA poly(lactic-co-glycolic acid)

and bone formation. On the other hand, peptide amphiphile matrices functionalized
with MSCs and platelet-rich plasma were demonstrated to encourage bone forma-
tion and improve angiogenesis [105, 143, 144].

Peptide-Based Biomaterial Scaffolds

Synthetic biomaterials are a necessity for the controlled release of drugs, tissue
restoration, and tissue engineering. One of the most common advantages shared by
all synthetic scaffolds is reducing the possibility of carrying biological pathogens or
contaminants [10]. Moreover, synthetic biomaterials can be engineered to meet par-
ticular needs with their promising in vivo biocompatibility. Recently, newly
designed biomaterials have displayed a tremendous enhancement for in vivo
biocompatibility.

Each synthetic material is composed of different substitutes, such as calcium
phosphate and amino acids are substitutes for ceramics and for peptides, respec-
tively. Some synthetic scaffolds are comprised of molecules that are not found
in vivo such as ceramics or metal-based materials. However, they display desired
features such as high tensile strength (e.g., bone tissue replacement materials).
Other classes of materials that were discussed here are mainly peptide-based mate-
rials that are composed of spontaneously self-assembling oligopeptides and were
discovered recently. One of the advantages of peptide-based scaffolds is their design
flexibility that will allow us to conjugate them with various molecules that have dif-
ferent functions. For example, biological functional domains that enhance cell
adhesion such as the cell attachment motif RGD, an integrin receptor-binding ligand
or any peptide with mineralization and cell differentiation capacity, can be easily
incorporated during synthesis of these peptides. This function allows researchers to
gain various functions in one material. On the other hand, amino acids as a mono-
mer of peptide-based scaffolds display outstanding physiological compatibility and
minimal cytotoxicity. Having a biological substitute is an advantage for a scaffold
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design due to their breakdown products of biologically derived biomaterials and can
be incorporated into synthesized biomolecules or metabolized in the host organ-
ism [142].

As all peptide-based scaffolds, the peptide amphiphiles are also composed of a
unique sequence of amino acids which comprise of repeating units of positively
charged (lysine or arginine) and negatively charged (aspartate or glutamate) amino
acids with hydrophobic residues (alanine or leucine) in between. These self-
complementary peptides consist of 50% charged amino acids. Therefore, their self-
complementary properties rely on the type and sequence of their amino acid
substitute [142, 145, 146].

Among peptide-based scaffolds, RAD16-I, which has the sequence AcN-
RADARADARADARADA-CNH,, and RAD16-II, which has the sequence AcN-
RARADADARARADADA-CNH,, are well-known examples in terms of their
clinical use. Though both of these peptides have the same length and number of resi-
dues, RD16-I possesses a spacing modulus of one based on the formula (RADA)n,
contrarily, RAD16-II has a spacing modulus of two based on the formula
(RARADADA)n, where n denotes any number of repeats.

The self-assembly of peptides depends on various factors, such as peptide and
salt concentration, which may determine the geometry and dimensions of the mac-
roscopic matrices either as tapes, strings, or sheets. Circular dichroism (CD) is one
common technique to define the structure of peptide-based scaffolds. It is a very
important technique to define structure related parameters, which are very crucial
techniques to design peptide-based scaffolds. CD spectroscopy revealed that RAD-,
EAK-, and ELK-based peptides with their representative periodicities displayed
strong p-sheet secondary structure in aqueous solutions. These secondary structures
displayed two distinctive polar and nonpolar surfaces with simple rules of amino
acid sequence and type, which give the structural property of the scaffold [147—
149]. Having defined structural properties through this simple rule should be
explained with some predictions or paradox. For example, the measured p-sheet
secondary structure of RAD, EAK, and ELK peptides opposed anticipations based
on the Chou-Fasman statistical predictions for protein helical preferences.
Glutamate, leucine, and lysine all have high a-helical tendency in the Chou-Fasman
model [13].

The secondary structure of self-assembling synthetic peptides is an outcome of
when local and nonlocal intramolecular influences compete. Generally, local influ-
ences for defining secondary structures include the intrinsic helical propensity of
amino acids. Nonlocal influences are illustrated by the periodicity and positioning
of amino acids in the context of the peptide sequence—periodicity and amino acid
positioning determined secondary structures for all synthetic peptides. Thus, nonlo-
cal effects predominated over local effects [142, 149].

Interestingly, the role of local and nonlocal forces can be affected by environ-
mental conditions in which the self-assembly occurs. Amphiphilic peptides, such as
RADI16 and EAK16, can be solubilized at low millimolar concentrations in salt-free
aqueous solutions. However, the amphiphilic peptides spontaneously form hydrogel-
like matrices when the peptide solutions are exposed to salt solutions or physiologi-
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cal media. The ordered matrix formation is due to millimolar levels of monovalent
cations. The ordered biomatrix comprises a hydrogel with a water content of >99%.

Contrary to the ordered biomaterial matrix that forms when exposed to monova-
lent cations, EAK16 and related peptides form highly disordered materials in the
presence of millimolar levels of divalent cations. This demonstrates that the concen-
tration of salt is critical to trigger a molecular switch to form a matrix. One explana-
tion for this can be that the matrix formation is triggered due to the electrostatic
interactions that occur through the salt between the negatively and positively
charged amino acids of the adjacent peptides. Consequently, promoting the stag-
gered configuration of the individual peptide. Alternatively, as these peptides are
self-complementary in aqueous solutions, monomeric peptides might undergo fold-
ing to form intramolecular electrostatic interactions. However, if salt is added, it
could disrupt the intramolecular electrostatic interactions, directing the peptides to
adopt a configuration that favors intermolecular hydrophobic interactions between
adjacent peptides.

Although salt concentration effects matrix formation, the length of the peptide
and degree of hydrophobicity of the aliphatic amino acids are also critical. For
example, amphiphilic peptides containing alanine (such as EAK16) form a salt-
induced stable matrix when at least 16-mer peptides are present [9]. Amphiphilic
peptides containing leucine (such as ELKS8), by contrast, require eight-mer peptides
to form salt-induced stable matrices. These observations show that increasing the
hydrophobicity of the aliphatic residue contributes to matrix formation. A third hier-
archal model includes features of both earlier models. The matrix could be stabi-
lized as a result of the electrostatic intermolecular interactions between the charged
amino acids of two adjacent peptides after the intermolecular hydrophobic interac-
tions are formed. Moreover, other conditions of the process, such as the temperature
and pH, can be adjusted to direct the resulting self-assembling matrix geometry. All
of these models of peptide-based matrix formation and stabilization require further
direct experimental confirmation to understand the function of each experimental
condition [17, 150]. The sequence of the peptide may not have the only role for gel
formation. For example, the RAD-based amphiphilic peptide sequence shares simi-
larity to the ligand that binds with the cell adhesion receptor integrin RGD. Some of
the ECM proteins contain RAD sequences that can bind to the isoforms of integrin
[151]. The first hypothesis that was tested was if the cells can adhere and grow on
peptide-based scaffolds in an integrin-dependent manner. Cell adhesion to RAD-
and EAK-based scaffolds do not involve integrin binding [152], and both of these
matrices promote cell adhesion and growth. Though the RAD sequence can bind to
certain integrin receptors, the EAK does not bind to integrins. Moreover, high con-
centrations of RGD peptides do not affect cell attachment to RAD- and EAK-based
matrices, which confirms that integrin-based attachment is not crucial for cell adhe-
sion to these peptide-based matrices. The RAD- and EAK-peptide scaffolds support
cell adhesion of diverse types of mammalian and avian primary and transformed
cells [7, 17, 142, 150].
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Conclusion

The expanding need of interventions for bone tissue regeneration can be met with
the use of biomimetic peptides. These peptides have various advantages that render
them useful for tissue engineering including their compact size. These small mole-
cules with simple structures can be customized to include many properties such as
directed immobilization. The peptides can also be used to functionalize the osteoin-
ductive biomaterials which can enhance the cell attachment, differentiation, and
phenotype development. These biomimetic peptides can confer bioactivity that syn-
thetic scaffold lack, which can lead to better biomaterial-host interaction. Numerous
peptides have been developed and explored for bone repair. However, inadequate
verification from clinical trials limits the use of these peptides. These peptides have
potential for tissue engineering, which needs to be explored more. Further investi-
gations will result in biological molecules that can be utilized in the clinical settings
for bone tissue engineering. The areas that need to be explored more in this regard
include one of the most common problem of stability of the peptides resulting in
low bioavailability and short duration of activity due to proteolysis. This can be
achieved by improving the peptide designs incorporating cyclization, nonnatural
amino acids, and stable peptide bonds. Moreover, polytherapy, i.e., combining sev-
eral distinct peptides targeting specific bone repair phase or a specific population of
cells involved in bone healing, should be explored further. This strategy can be used
to couple osteoconductive peptide with another osteoinductive peptide or a vascu-
larization inducing peptide to increase the bone healing. Another field to be expanded
is the scaffolding technologies to incorporate controlled release of peptides to pro-
vide correct signal at the precise stage of the repair pathway. Therefore, further
research in the peptide design and scaffolding technologies aiming for the upregula-
tion of osteoinduction and osteoconduction is desirable to lead to future treatment
involving biomimetic peptides in clinical setups.
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