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ABSTRACT

The repair of articular cartilage defects is still challenging in the fields of orthopedics and maxillofacial surgery
due to the avascular structure of articular cartilage and the limited regenerative capacity of mature chondrocytes.
To provide viable treatment options, tremendous efforts have been made to develop various chondrogenically-
functionalized biomaterials for cartilage tissue engineering. Peptides that are derived from and mimic the
functions of chondroconductive cartilage extracellular matrix and chondroinductive growth factors, represent a
unique group of bioactive agents for chondrogenic functionalization. Since they can be chemically synthesized,
peptides bear better reproducibility, more stable efficacy, higher modifiability and yielding efficiency in com-
parison with naturally derived biomaterials and recombinant growth factors. In this review, we summarize the
current knowledge in the designs of the chondroinductive/chondroconductive peptides, the underlying molec-
ular mechanisms and their-functionalized biomaterials for cartilage tissue engineering. We also systematically
compare their in-vitro and in-vivo efficacies in inducing chondrogenesis. Our vision is to stimulate the develop-

ment of novel peptides and their-functionalized biomaterials for cartilage tissue engineering.

1. Introduction
1.1. Articular cartilage defects

Articular cartilage defects can be resulted from trauma, degeneration
or systemic immune diseases, leading to the loss of articular structure
and functions [1]. The avascular property of articular cartilage leads to a
lack of classic healing cascade, such as coagulation, inflammation, blood
invasion, and accumulation of multipotent mesenchymal stem cells
(MSCs) [2], which largely limits the self-healing potential of adult
articular cartilage. When defects further enlarge and affect subchondral
bone tissues, the blood supplies from bone tissues may, to some extends,
trigger classic healing pattern and enhance MSCs’ migration [3,4].
However, thereby-generated blood supply and migration of MSCs are
too limited to facilitate the complete repair of osteochondral defects [5].
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In addition, nearly no self-healing activities can be achieved from the
adjacent cartilage tissue since mature chondrocytes have limited ca-
pacities of migration and proliferation [6]. Consequently, the repair of
articular cartilage defects is highly challenging in the fields of ortho-
pedics and oral and maxillofacial surgery.

In clinic, microfracture method triggers the self-healing capacity of
subchondral bone tissue and bears inexpensive, short and simple nature
as well as a quick recovery time, which makes it attractive for the repair
of small articular cartilage defects (less than 2 cm?) [7]. However, its
clinical efficacy can be potentially compromised by the formation of
intralesional osteophetes and biomechanically-vulnerable fibrocartilage
[8]. The small to medium defects (1-4 c¢cm?) can be treated using
mosaicplasty that harvests numerous small, cylindrical and
full-thickness tissue blocks from a non-load-bearing donor site to fill
cartilage defects [9-11]. However, such autologous osteochondral

* Corresponding author. 195 Dongfeng Road (West), Yuexiu District, Guangzhou, Guangdong Province, China.
** Corresponding author. Gustav Mahlerlaan 3004, 1081LA Amsterdam, the Netherlands.
E-mail addresses: doctorqingbin@hotmail.com (Q. Zhang), g.wu@acta.nl (G. Wu).

https://doi.org/10.1016/j.bioactmat.2021.07.004

Received 19 February 2021; Received in revised form 19 May 2021; Accepted 5 July 2021

Available online 14 July 2021

2452-199X/© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:doctorqingbin@hotmail.com
mailto:g.wu@acta.nl
www.sciencedirect.com/science/journal/2452199X
https://www.sciencedirect.com/journal/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2021.07.004
https://doi.org/10.1016/j.bioactmat.2021.07.004
https://doi.org/10.1016/j.bioactmat.2021.07.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2021.07.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Zhu et al.

transplantation is also associated with a series of major drawbacks, e.g.
the lack of available tissue, the donor site morbidity, and infections [12].
The inconsistent outcomes of microfracture prompted the development
of autologous chondrocyte implantation (ACI), the gold-standard
treatment for large-size cartilage defects (up to 12 cm?) or when
microfracture fails [13]. This technique involves the harvest of chon-
drocytes from a low-weight-bearing region of the joint by biopsy punch
in the first operation, in-vitro amplification of cell population, and
transplantation into the debrided cartilage defects in the second oper-
ation. This treatment benefits the healing of articular cartilage defects
by providing autologous and thus non-immunogenic chondrocytes with
minimized complications in donor sites [8]. Clinical evidence has
proved the long-term (more than 10 years) efficacy ACI in repairing
large cartilage lesions [14,15]. Albeit so, ACI still bears intrinsic short-
comings, such as additional surgery and the risk of dedifferentiation and
compromised chondrogenic capacity of chondrocytes during in-vitro
expansion [9]. In the last decades, to provide alternative treatment
options to these clinical techniques, enormous efforts have been made to
develop cartilage tissue engineering techniques, which show promising
application potential [16].

1.2. Cartilage tissue engineering

Cartilage tissue engineering is a promising technique that elabo-
rately combines three major elements, such as biomaterial scaffolds,
chondrogenic cells and bioactive agents [17]. Biomaterial scaffold is an
indispensable element in tissue engineering. The scaffolds for cartilage
tissue engineering should be biodegradable and biocompatible for
biomedical application [18]. Furthermore, biomaterial scaffolds are also
designed to mimic both compositions and architectures of articular
cartilage extracellular matrix (ECM) so as to support the adhesion,
migration, proliferation, and differentiation of chondrogenic cells [19].
The recent advances in the biomaterial scaffold for cartilage tissue en-
gineering have already been extensively reviewed elsewhere [9,16,20].
However, the biomimetic property of biomaterial scaffolds is not suffi-
cient yet to facilitate the complete repair of large cartilage or osteo-
chondral defects, they still need to be functionalized by incorporating
chondrogenic cells or bioactive agents or their combinations into the
scaffolds [21].

Due to the lack of self-regenerative cells in the articular cartilage
defects, chondrogenic cells are highly important for the repair of carti-
lage defects. Hitherto, a large variety of cells have been attempted for
cartilage tissue engineering, such as fibroblasts, perichondrial cells,
periosteal cells, genetically modified cells, chondrocytes and stem cells
[22]. Bone marrow-derived MSCs (BMSCs) are commonly used for the
repair of both osteochondral and chondral defects as they can release
proliferative and regenerative factors directly into lesions and they are
capable of differentiating into both cartilage and bone. A recent review
has given a brief summary of MSCs for cartilage regeneration [23]. The
authors point out that the major functions of MSCs (without chon-
droinductive growth factors) are to prevent chondrocyte apoptosis and
delay cartilage deterioration, while they fail to induce cartilage regen-
eration. Consequently, various chondroinductive growth factors have
been adopted to enhance the proliferation, differentiation and metabolic
activity of MSCs, thereby facilitating cartilage regeneration [23].

Proteinous growth factors are also important elements for cartilage
tissue engineering. The widely used growth factors include transforming
growth factor-ps (TGF-fs), bone morphogenetic proteins (BMPs), fibro-
blast growth factors (FGFs) and insulin-like growth factors (IGFs), which
have already been reviewed and discussed elsewhere [24,25]. The
supplementation of growth factors can promote proliferation and dif-
ferentiation of chondrogenic cells, as well as prevent hypertrophy,
dedifferentiation, or transdifferentiation [26]. On the other hand, the
use of these proteinous growth factors is also associated with various
limitations, such as low production yield, high cost, and potential
immunogenicity [27]. As promising alternatives to proteinous growth
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factors, peptides can be chemically synthesized, thus bearing higher
yielding, lower cost and immunogenicity [25], which present an
attractive group of bioactive agents to chondrogenically functionalize
biomaterials for cartilage tissue engineering [23].

1.3. Peptides

Peptides are a unique class of bioactive agents to functionalize bio-
materials for tissue engineering [28]. In human body, more than 7000
naturally occurring peptides have been identified as hormones, neuro-
transmitters, growth factors, ion channel ligands, or anti-infectives to
regulate a large variety of physiological events [29-32]. In contrast to
proteinous growth factors, peptides can be chemically synthesized by
solid phase peptide synthesis (SPPS), solution phase coupling, and ROP
of a-amino acid NCAs, with much higher efficiency, quantity and purity
[28,33]. Furthermore, peptides can be easily modified to improve their
functions and to conjugate to biomaterials. These properties confer
peptides very promising potential for pharmaceutical application [34].
Over the past two decades, nearly more than 60 peptide drugs have been
approved worldwide [35]. A global industry analysis on peptide thera-
peutics in 2016 estimates the sales of peptide drugs more than 70 billion
USD in 2019 with a compound annual growth rate (CAGR) of 9.1% to
2024 [36].

Peptides also show promising potential in the field of cartilage tissue
engineering  [37]. Through  mimicking the actions of
chondrogenesis-related ligands, cell-cell junction molecules and ECM
compositions, a large variety of peptides have been designed to trigger
desired cellular signaling pathways [38-43]. These peptides are applied
to functionalize biomaterial scaffolds so as to facilitate the adhesion,
migration, proliferation and differentiation of chondrogenic cells
[38-43]. A recent review has given a brief summary of peptides for
cartilage repair [21]. However, this review mainly focuses on the
knowledge of cell-matrix interactions to inspire the design of new pep-
tides. In our current review, we wish to systematically and compre-
hensively summarize the design, compare their in-vitro and in-vivo
efficacies and analyze the underlying molecular mechanisms of the
chondroinductive/chondroconductive peptides for cartilage tissue
engineering.

2. The physiological properties of articular cartilage

Articular cartilage is a thin-layer, highly hydrated, aneural, avas-
cular, and viscoelastic connective tissue, containing only one cell type —
chondrocytes [9]. It covers on the epiphyseal surface of the articulating
bones to provide a lubricated surface for articulation and transmit me-
chanical loading to underlying subchondral bone [44].

The ECM of articular cartilage is a specialized and viscoelastic con-
nective tissue and is composed of three major macromolecules: fibers
(collagen and elastin), proteoglycans, and glycoproteins. Collagen is the
main fiber in ECM (75% of the dry weight) [45], being the most
important constituent to provide tensile strength [44]. The classic
fiber-forming collagens include collagen I, II, III, V, and XI, all of which
comprise a right-handed triple helix of three a-chains, and a left-handed
polyproline II-type helix of three parallel peptides [46]. Collagen I,
containing a heterotrimer of two identical al(I)-chains and one a2
(D)-chain, is the most abundant collagen in bone tissue. Collagen II is the
main collagen type in articular cartilage, forming a homotrimeric
molecule with three al (II) chains, which can play an important role in
regulating the mechanical transduction of chondrocytes [46]. Articular
cartilage also contains collagen III, collagen IX, collagen XI, and collagen
VI [47]. Collagen X is only present in the articular cartilage of the
calcified layer [48]. Non-collagenous elements such as glycosamino-
glycans (GAGs), proteoglycans and glycoproteins, contribute to two key
mechanical properties: viscosity and compressive resistance of ECM [49,
50]. The viscoelastic properties of the ECM depend on the relative ratios
of elastic (e.g., elastin and fibrillin) and inelastic (e.g., collagen)
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elements [50]. Hyaluronan is a linear polysaccharide (a non-sulfated
GAGs, or GAGs) as a part of the nascent cartilage ECM and influence
neocartilage formation via its principal cell-surface receptor CD44 and
CD168 [51-53]. Hyaluronate chain also functions as backbone to bind
aggrecan molecules, forming high-molecular-weight aggregates [54],
which contributes to compression resistance and shock absorption in the
joint [55]. The interaction between aggrecan and hyaluronan is stabi-
lized by a link protein, thereby generating a more stable aggregate
structure [55]. Furthermore, the link protein "locks’ proteoglycans onto
the hyaluronate chain that provides more protection to proteoglycans
against proteolytic degradation, thus extending its useful life in matrix
[54]. All these components of articular cartilage ECM form a complex
and dynamic meshwork to support cell polarization, functions, tissue
organization and homeostasis [50,56,57].

3. The biology of chondrogenesis

Chondrogenesis is an extremely complex physiological process with
both morphological and biochemical changes of chondrocytes and ECM.
This process is elaborately regulated by a set of cytokines, growth factors
and signaling pathways [25].

3.1. Cellular changes during chondrogenesis

Chondrogenesis is divided into two main stages: condensation and
differentiation [25]. Condensation begins with cell movement followed
by an increase in cell-packing density. This process is related to
enhanced cell-cell contact and interaction mediated by adhesion mole-
cules, such as Ca?'-dependent N-cadherin, Ca?*-independent N-cad-
herin and gap junctions. During the condensation stage, the
precartilaginous mesenchyme is divided into chondrogenic and
non-chondrogenic domains [58]. The differentiation stage includes
cell-matrix interactions. The increased cell proliferation and ECM
remodeling are associated with the appearance of tenascin, thrombo-
spondins (such as cartilage oligomer matrix protein, COMP) and the
disappearance of collagen I, fibronectin and N-cadherin. These ECM
conditions stimulate the transformation of the elongated and
fibroblast-like chondroprogenitor cells into fully differentiated spherical
chondrocytes, while the prechondrogenic clusters develop into the ECM
components, including collagen II and aggrecan [59]. The most suitable
markers of the stages in this process are the expression of various types
of collagen. For example, collagen II, IX and XI specifically indicate the
differentiation of chondroprogenitor cells; collagen VI indicates the
proliferation of chondrocytes and collagen I, III and V reveal the
condensation of MSCs [25,59].

3.2. Growth factors and signaling pathways to regulate chondrogenesis

The process of chondrogenesis is mainly regulated by growth factors
and signaling pathways. The principal regulators of chondrogenesis are
TGF-fs and BMPs, FGFs, IGFs and members of the Wingless-type (Wnt)
signaling pathway.

The TGF-f superfamily consists of approximately 30-35 multifunc-
tional molecules. TGF-p is the prototype of the TGF-f family of growth
and differentiation factors, which is encoded by 33 genes in mammals
and comprises homo- and heterodimers [60,61]. Human TGF-p super-
family peptides include three TGF-p isoforms (TGF-f1, -p2 and -p3),
activins, nodal, BMPs, and growth and differentiation factors (GDFs)
[62]. TGF-B1 is the first validated chondrogenic differentiation factor of
MSCs and TGF-B2 and TGF-p3 are also proved to be effective in inducing
chondrogenesis of MSCs [63]. TGF-§ initiates its signaling by binding to
the TGF-f receptor II and recruiting receptor I, which then phosphory-
lates its targets Smad2 and Smad3 [64]. The phosphorylated (p-) Smad2
and p-Smad3 form a complex with Smad4 and translocate to the nucleus
where they interact with other actors to stimulate the transcription of
chondrogenic genes, such as collagen II [65,66]. TGF-p1 also initiates
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Smad-independent signaling pathways, resulting in the activation of
mitogen-activated protein kinase (MAPK) pathways such as the p38,
c-Jun N-terminal kinase (JNK) and extracellular signal-related kinase
(ERK) pathways [67].

BMPs are a group of proteinous growth factors in the TGF-f super-
family, consisting of dimerized monomers linked by disulfide bonds.
[68]. In 1965, BMPs were discovered by Urist in the pioneering work,
representing a landmark in the development of bone tissue engineering
[69]. The classical role for BMPs is considered to be the induction of
(ectopic) cartilage and bone formation [69,70]. BMPs play a pleiotropic
role in promoting the differentiation of multipotent stem cells along
different directions, e.g. osteogenesis [71], adipogenesis [72] and
chondrogenesis [73]. Similar to other members of the TGF-§ super-
family, BMPs bind to transmembrane serine/threonine kinase receptors
on the cell membrane, thereby triggering specific intracellular signaling
pathways to activate and affect gene transcription [74]. There are two
types of BMP receptors: type I and type II. Each type includes three
types. Type I receptors include activin receptor type-IA (ActR-IA or
Alk-2), BMP receptor type-IA (BMPR-IA or Alk-3) and BMP receptor
type-IB (BMPR-IB or Alk-6). The type II receptors include BMP receptor
type-II (BMPR-II), activin receptor type IIA (ActR-IIA) and activin re-
ceptor type IIB (ActR-1IB) [74,75]. Receptors of both types are needed to
form a functional complex to initiate further signaling events [76]. Upon
ligand binding, type I receptor is phosphorylated by the constitutively
active type II receptor at the GS box (glycine/serine-rich region), which
enables the release of BMPR-IA-bond protein casein kinase II (CK2) to
activate the smad 1/5/8 pathway [39]. P-smadl/5/8 (receptor-regu-
lated Smads, R-Smads) assemble into a complex with Smad4 (com-
mon-partner Smad, Co-Smad) and translocate into the nucleus to
regulate the transcription of target genes, such as osteogenic-related
genes-inhibitor of DNA binding 1 (Id1), distal-less homeobox 5 (DIx
5), runt-related transcription factor 2 (Runx2), osterix and
chondrogenic-related genes-Sox9 (sex determining region Y box 9) [77].
In addition, the BMP also initiates Smad-independent signaling path-
ways [78-81], at least partially, through BMP-induced receptors [76].

The Wnt signaling pathway is also a classic signaling pathway related
to chondrogenic differentiation, which can be divided into canonical
and noncanonical Wnt pathways [82]. Wnt ligand binds to the seven
transmembrane receptors frizzled (Fzd) and the co-receptor lip-
oprotein-related proteins 5 and 6 (LRP-5/6) in the canonical Wnt
pathway, whereas the noncanonical pathway does not require LRP-5
and -6 [82]. The activation of canonical Wnt signaling leads to the
inactivation of GSK-3p that phosphorylates p-catenin and facilitates its
degradation [83]. The inactivation of GSK-3f results in reduced degra-
dation of B-catenin, which accumulates and transfers into the nucleus to
trigger downstream transcription through the LEF-1/TCF complex [83,
84]. The canonical Wnt signaling is known to promote osteogenesis by
upregulating Runx2 expression [85] and to inhibit the chondrogenesis of
hMSCs by repressing Sox9 transcription through Wnt-inducible Twist-1
[86,87].

The main transcription factor Sox9 is absolutely required for cell
survival in precartilaginous condensations and for chondrocyte differ-
entiation in cartilage primordia. Sox9 plays an important role in cell
survival and controls cell morphology required for the transition of
mesenchymal cells to chondrocytes [88]. The regulation of Sox9
expression by BMP signaling pathway plays an important role in the
early stage of cartilage embryo development [89]. TGFB/BMP activity
directly controls the expression of Sox9 during cartilage formation, and
controls downstream factors of the Sox9 enhancer, such as Smads and
TAK1 (TGFp activated kinase) [89,90]. In addition to Sox9, other
members of the Sox family transcription factors (Sox5 and Sox6) are also
involved in early chondrogenic differentiation and expression of ECM
molecules [91].
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4. Bioactive peptide to promote chondrogenesis

According to the original resources, the current chondroinductive/
chondroconductive peptides can be divided into two large categories: 1)
growth factor-derived peptides, 2) cell-cell adhesion molecule/ECM-
components derived peptides (Fig. 1). BMP signaling-derived peptides
include CK2.1, BMP peptide and B2A. SPPEPS is a common sequence of
TGF-f3 and aggrecan. ECM-derived peptides include cell-cell adhesion
molecule-derived peptides and ECM derived peptides. N-cadherin
mimetic peptide is derived from a cell-cell adhesion molecule — N-
cadherin. ECM components-derived peptides include RGD, collagen
mimetic peptide (CMP), GFOGER peptide, glycopeptide and Link Pro-
tein N-terminal Peptide (LPP). In addition, there are a group of peptides
that can self-assemble into hydrogels for tissue engineering. These
peptides include RADA16 (AcN-(RADA)4-COHN,), KLD-12 (AcN-
KLDLKLDLKLDL-CNHj), PS-b-PEO-Ada, palmitoyl-V3AsKs-Am and
HSNGLPL [37,92,93]. The self-assembled peptides gelate through non-
covalent self-assembly mechanisms, and these noncovalent interactions
are useful for the attachment of bioactive groups that replicate the
functions of proteins [37]. The self-assembling peptides mainly function
as scaffolds and have been reviewed elsewhere [19]. On the other hand,
another group of peptides can form thermosensitive hydrogels for
cartilage tissue engineering. Polyalanine (PA), poly
(alanine-co-phenylalanine) and poly(alanine-co-leucine) conjugated to
PEG or poloxamer are thermosensitive copolymers. The strong hydrogen
bonds or ionic interactions between peptide chains contribute to the
gelation process [94,95]. A series of peptide-based thermosensitive
hydrogels, such as PEG-b-PA, graphene (GO)/PEG-b-PA, reduced
GO/PEG-b-PA, PEG-b-PA-b-poly(r-aspartate) (PD), poly(r-alanine-co-L--
phenylalanine) (PAF)-b-PEG-b-PAF and PA-b-poloxamer (PLX)-b-PA
[96,97]. Recently, Liu et al. show that BMSCs within the PAF-b--
PEG-b-PAF produced more GAGs and collagen II and less collagen I than
PA-PEG-PA and control after 12 weeks injection into rabbit cartilage
defects in rats [96]. The peptide-based thermosensitive hydrogel has
been reviewed elsewhere [97]. In this review, we mainly focus on the
chondroinductive/chondroconductive peptides.
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4.1. Growth factors-derived peptides

4.1.1. BMP signaling-derived peptides

BMPs, especially BMP-2, drive the development of cartilage and in-
duces the differentiation of mesenchymal progenitor cells (MPCs) into
chondrocytes [39,98]. Consequently, a series of peptides are designed to
mimic the promoting effect of BMP-2 on chondrogenesis (Fig. 1).

4.1.1.1. CK2.1. CK2 is a highly conserved and ubiquitously expressed
enzyme with more than 300 substrates [39]. Three peptides CK2.1,
CK2.2, and CK2.3 are designed to activate the BMP signaling pathway in
the absence of BMP ligand through inhibiting the binding of CK2 to the
corresponding binding sites on BMPR-IA [39]. Among these three pep-
tides, CK2.1 is derived from CK2 phosphorylation sites generated by
BMPR-IA at amino acids 466-469 (SYED) and has shown to be an
effective inducer of cartilage formation [99] (Fig. 2). In the micromass
chondrogenesis model of C3H10T1/2 cells, CK2.1 at its optimal con-
centration (100 nM) significantly enhances the Alcian blue staining and
SBE (Smad binding element) luciferase activity by 3.7 folds and 3.2
folds, respectively, which is comparable with 40 nM BMP-2 for 3 weeks.
Furthermore, the potency of CK2.1 (100 nM) in increasing the protein
expression of collagen II (5.3 folds) is significantly higher than BMP-2
(3.0 folds). An advantageous property of CK2.1 over BMP-2 is that it
does not lead to hypertrophy or mineralization, which is evidenced by
no induction of collagen X and osteocalcin expression by CK2.1 [99,
100]. When injected into the tail vein and knee cartilage defects of
C57BL/6J mice [99,100], CK2.1 significantly increases cartilage width,
collagen II and IX expression in femoral articular cartilage, but not
collagen X or trabecular bone mineral density. In contrast, BMP-2
significantly enhances cartilage width, collagen X and trabecular bone
mineral density, but not collagen II and IX expression [99] (Fig. 5).

4.1.1.2. BMP peptide. BMP peptide is derived from residues 73-92 of
the knuckle epitope of BMP-2 [101] and consists of 20 amino acids
(KIPKASSVPTELSAISTLYL) (Fig. 2). It does not require additional pro-
cessing such as disulfide bond formation or complex folding regimens
like BMP-2 [102]. The BMP peptide is reported to have osteogenic
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activity in human BMSCs [40], progenitor bone marrow stromal (BMS)
cells [103] and murine C3H10T1/2 cells [101]. Hitherto, most studies
focus on its function of inducing osteogenesis and only one publication
reports its effect on cartilage formation [104]. Renner et al. find that the
BMP peptide shows significant activity in inducing chondrogenesis
when its concentration reaches 100 pg/mL [104]. In the micromass
chondrogenesis model of human BMSCs cells, the BMP peptide at 100
pg/mL can significantly enhance GAGs production by 1.8 folds, which is
equivalent to the BMP-2. In contrast, the efficacy of BMP peptide to
enhance total collagen content (1.7 folds) is significantly lower than that
of BMP-2 (7.8 folds) at 3 weeks post-incubation. The BMP peptide
stimulates the expression of Sox9, aggrecan and COMP at day 3 by are
1.2, 1.8, and 3.7 folds respectively. Furthermore, BMP peptide signifi-
cantly increases ALP activity and collagen X by 3.8 folds, 9.2 folds
respectively at 4 weeks post-incubation, which is much lower than
BMP-2. These findings suggest that the BMP peptide promotes the pro-
duction of GAGs without extensively upregulating hypertrophy as
BMP-2 [104]. Furthermore, the BMP peptide is associated with a more
homogeneous matrix molecular distribution than BMP-2. Hitherto, there
is still a lack of in-vivo study to investigate the effect of BMP peptide on
cartilage formation.

4.1.1.3. B2A. B2A is a designed and chemically synthesized peptide
containing two major functional domains: BMP receptor-targeting
domain and heparin-binding domain [38,105], which is linked by a
hydrophobic spacer domain (KK-[NH(CH3)sCOl3 [38]) [106]. The
heparin-binding sequence (RKRKLERIAR) is derived from c-jun/jun D,
which conforms to the canonical XBBBXXBX heparin-binding motif,
wherein B represents a hydrophilic amino acid with a basic charge,
usually arginine or lysine, and X represents an uncharged or hydro-
phobic amino acid [107]. The BMP receptor-targeting domain
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(AISMLYLDENEKVVL) is derived from the amino acid residues 91-105
of mature human BMP-2 [108]. The hydrophobic spacer and
heparin-binding domain form a linear backbone chain and the BMP
receptor-targeting domain is grown off the backbone at the N-terminal
lysine [38] (Fig. 2). B2A is designed with an original aim to promoting
osteogenesis. As a co-factor of BMP-2, B2A significantly amplifies
BMP-2-induced ALP activities in C3H10T1/2 cells and C2C12 cells by
5-40 folds with an optimal concentration of B2A at 5-10 pg/mL [38]. In
contrast, the B2A peptide alone only marginally influences ALP activity
in these cells [38]. Mechanistically, the B2A peptide is a positive
modulator of recombinant BMP-2 receptor modulator, by binding to
type I and type II receptors, preferentially BMIPR-IB and ActR-II (as well
as other isoforms in the following order: BMPR-IB = ActR-II » BMPR-IA
= ActR-IIB > BMPR-II) [38]. Lin et al. show that B2A alone significantly
enhances ERK1/2 activation (11.7 folds), while inhibits p-Smad1/5/8 in
C2C12 cells. In contrast, the addition of BMP-2 turns off p-ERK activa-
tion and significantly enhance the p-Smad1/5/8 by 6.2 folds [38]. They
also find that B2A shows a strong specificity to BMPs since it does not
respond to other growth factors, such as FGF-2 (basic fibroblast growth
factor-2), TGF-f1, VEGF (vascular endothelial growth factor) [38]. In
clinic, B2A-coated ceramic granules are used as a bone substitute ma-
terial to treat end-stage hindfoot arthritis [106].

B2A is also shown to enhance chondrogenesis. In the micromass
chondrogenesis model of C3H10T1/2 cells, microarray analysis shows
that B2A significantly enchances the mRNA expression of Sox9, collagen
II, Fgf1, Fgfrl, Fgfr2, Twistl and PDGF AA [109]. Consistently, B2A en-
hances protein expression of collagen II and PDGF AA in murine
C3H10T1/2. In a rat mono-iodoacetate (MIA)-induced osteoarthritis
(OA) model, B2A treatment significantly enhances cartilage GAGs and
cartilaginous cells density [109].
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4.1.2. TGF-p3-derived peptides

The SPPEPS peptide is a common sequence of two molecules TGF-f3
and aggrecan. In TGF-$3, the SPPEPS sequence is located in the latency-
associated protein region [110] — a ligand for a number of integrins
[111]. SPPEPS at its optimal concentration (100 ng/mL) significantly
enhances the expression collagen II in rat BMSCs by 1.6 folds compared
to the negative control group after 3 days [110]. Furthermore, at 7 days,
KEGG analysis of the proteomics data shows that SPPEPS can activate
“Insulin Signaling’’ pathways through an essential gene for cartilage
development (i.e., GSK-3f). In addition, SPPEPS can also significantly
upregulate the expression of collagen XIa1, which plays a critical role in
cartilage formation [110]. Gene ontology analysis indicates that SPPEPS
can also upregulate chondrogenesis-related genes such as ENPP1 and
CLIC4 [110]. The pentenoate-functionalized hyaluronic acid (PHA)
hydrogels with the functionalization by the conjugation of both SPPEPS
and RGD can significantly enhance the expression of collagen II in rat
BMSCs by about 300 folds than control group [110]. However, there is
still a lack of data to investigate the in-vivo efficacy of SPPEPS.

4.2. Cell-cell adhesion molecule/ECM-derived peptides

The coordinated relationship between cell-ECM and cell-cell adhe-
sion has become a common theme in various development and regen-
eration processes. Cell-cell adhesion is typically mediated by a
multiprotein complex that is made up of three general classes of pro-
teins: ECM proteins, adhesion receptors and cytoplasmic plaque mem-
brane proteins [112,113]. ECM proteins are typically large
glycoproteins, including the collagens, fibronectins, laminins, fibrin,
vitronectin and proteoglycans that assemble into fibers or other complex
macromolecular arrays. They can bind to adhesion receptors and also be
tightly associated with the cell surface [113,114]. Adhesion receptors
are usually transmembrane glycoproteins that play a crucial role in
mediating cell-cell and cell-ECM signaling. Adhesion receptors are
divided into four categories: cadherins, integrins, selectins and immu-
noglobulins [112,113]. They can recognize and interact with either
other cell adhesion receptors on neighboring cells or with ECM proteins
[113]. Cytoplasmic plaque membrane proteins are located on the
intracellular surface of the plasma membrane, associating with cell
adhesion receptors. They can link the adhesion systems to the cyto-
skeleton, regulate the functions of the adhesion molecules and transduce
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the signals that are initiated at the cell surface by the adhesion receptors
[113]. Mimicking natural ECM is now one of the crucial strategies of
cartilage tissue engineering. Peptides derived from ECM can induce cell
proliferation, differentiation, and production of cartilage-like ECM
[115]. The peptides derived from cadherins and integrins are mostly
used for chondrogenic differentiation (Fig. 3).

4.2.1. Cell-cell adhesion molecule-derived peptide

Cadherins are Ca?* dependent type-1 transmembrane glycoproteins
that mainly mediate cell-cell adherence junctions and communicate
with a group of connexins called catenins so as to mediate the functions
of cadherins. The different types of N-, P-, R-, B- and E—cadherins all
play important roles in tissue formation and signal cascade regulation
[116,117]. N-cadherins play an essential role for mesenchymal cell
condensation during chondrogenesis through mediating the aggregation
of progenitor cells and promoting cell-to-cell interactions [118].

N-cadherin contains a conserved three-amino acid sequence, His-
Ala-Val (HAV), which provides a homophilic cell adhesion recognition
site and mediates cell-to-cell adhesion [118]. Optimized synthetic pep-
tides (N-Ac-CHAVDC-NH,) containing the HAV domain have been
shown to govern the specificity of cadherin binding and possess
N-cadherin-like binding activity [119,120]. HAV is incorporated to HA
hydrogel to form a functionalized HA hydrogel with N-cadherin mimetic
peptide [41,53,121] (Fig. 3). Functionalization of HA hydrogels with
N-cadherin mimetic peptides (Ac-HAVDIGGGC) increases GAGs and
total collagen content by 1.5 folds and 1.8 folds in encapsulated hMSCs
at 28 days compared to HA hydrogels functionalized with scrambled
N-cadherin mimetic peptides (Ac-AGVGDHIGC) (by 0.9 folds and 1.3
folds). Furthermore, the mean intensities of chondroitin sulfate (CS) and
collagen II staining are significantly higher for the N-cadherin mimetic
peptides (1.39 folds and 1.63 folds) compared with the scrambled
N-cadherin mimetic peptides. Implanting the hMSC-laden MeHA
hydrogel disks in subcutaneous pockets of nude male mice for 28 days.
GAGs and collagen content are increased by 1.8 folds and 1.3 folds in the
group of N-cadherin mimetic peptides in comparison with the control
group after 28 days of culture. Immunohistochemical staining also
shows more intense and distributed collagen II and CS staining in the
N-cadherin mimetic peptides by 1.62 folds and 1.59 folds compared
with the scrambled N-cadherin mimetic peptides [53]. On the other

hand, Li et al. show that N-cadherin mimetic peptide
Glycopeptide
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Fig. 3. Schematic illustrating the activation pattern of cell-cell adhesion molecule-derived peptide (N-cadherin mimetic) and extracellular matrix (ECM)
components-derived peptides (Link Protein N-terminal peptide (LPP or link-N), GFOGER peptide, RGD, collagen mimetic peptide (CMP) and glycopeptide) to

promote chondrogenesis.
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(Ac-HAVDIGGKLDLKLDLKLDL) significantly elevates the expression of
collagen II, Aggrecan, Sox9 genes (1.4, 1.8 and 1.7 folds, respectively) on
3 days and GAGs content on 14 and 28 days of chondrogenic culture in
hMSCs, compared with scrambled control peptide (Ac-AG-
VIDHGKLDLKLDLKLDL) [41]. The sequence of KLDLKLDLKLDL is a
self-assembling peptide and functions as a 3D scaffold for encapsulation
of chondrocytes [92]. Furthermore, the expression level of collagen II
from N-cadherin mimetic peptide group is significantly lower (by
27.98%) and Runx2 and collagen X are not significantly different when
compared with that of scrambled control peptide group on 14 days [41].
In a very recent study, Guo et al. have developed a bi-layered, modular
hydrogel system to generate tissue-specific and cell-encapsulated
hydrogel layers targeting the cartilage or bone. The system is fabri-
cated by conjugating the polymeric hydrogel crosslinker, poly (glycolic
acid)-poly (ethylene glycol)-poly (glycolic acid)-di(but-2-yne-1,
4-dithiol) (PdBT), with chondrogenic N-cadherin mimetic peptide
(GGGHAVDI) and osteogenic GHK peptide (GGGGHKSP), followed by
mixing MSCs at physiological temperature. After a 12-week implanta-
tion in rabbit femoral condyle defects, the hydrogel system with
N-cadherin mimetic peptide is associated with significantly higher his-
tological measures of overall defect filling, cartilage surface regularity,
GAGs/cell content in newly formed and adjacent cartilage compared to
control [122]. Their results establish the utility of the functionalized
bi-layered hydrogel system for the repair of the osteochondral defects.
N-cadherin peptide hydrogels suppress canonical Wnt signaling in
hMSCs by increasing GSK-33 and GSK-3f-mediated degradation of f-
catenin so as to decrease the nuclear translocation and of the associated
transcriptional activity of p-catenin/LEF-1/TCF complex, thereby
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enhancing the chondrogenesis of hMSCs [41]. Specifically, the expres-
sion level of Wnt (Wnt-2, Wnt-6), Wnt-related genes (f-catenin, LEF1),
Wnt receptor genes (LRP5, Fzd6, Fzd1), and non-chondrogenic marker
genes (Runx2, Alp, collagen I) are down-regulated in the presence of
N-cadherin peptide, while the expression level of Wnt inhibitory factor
(WIF1, DKK1, GSK-3p) and chondrogenic marker genes (aggrecan, Sox9)
are upregulated in the presence of N-cadherin mimetic peptide group
compared with the scrambled control peptide group [41] (Fig. 4). After
3 days of chondrogenic culture, GSK-3p expression is significantly
upregulated by 22.16% and the expression of p-GSK-3, p-catenin and
LEF-1 are decreased by 49.90%, 34.15% and 49.62% respectively in
N-cadherin mimetic peptide group when compared to the scrambled
control peptide group in hMSCs [41].

4.2.2. ECM components-derived peptides

Integrins mainly mediate cell-ECM adhesion and function as cell
receptors for ECM proteins. The structure of each integrin consists of one
o and one p subunit. There are at least 16 a subunits and 8  subunits and
different o and B subunits can form a complex. Both subunits are
composed of three domains: an extracellular domain, a cytoplasmic
region, and a transmembrane domain [123,124]. RGD and GFOGER are
derived from specific ECM proteins that rely on integrins to promote
chondrogenic differentiation.

4.2.2.1. RGD. RGD was first discovered in fibronectin in 1984 [125]
and is later recognized as a common cell adhesion motif in adherent
ECM, blood and cell surface proteins [126]. RGD binds to integrin on cell
membrane to mediate cell adhesion, spreading and other cell activities
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Fig. 4. Schematic illustrating the molecular mechanism of the N-cadherin mimetic peptide to induce the chondrogenesis of mesenchymal stem cells or chondrocytes
by inhibiting the Wnt signaling.
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Fig. 5. (A) Bone morphogenetic protein (BMP)-signaling derived CK2.1 peptide induces the expression of collagen II in the micromass chondrogenesis model of
C3H10T1/2 cells in an even higher efficacy than BMP-2, while CK2.2 and CK2.3 do not significantly enhance the expression of collagen II. BMP-2 but not CK2.1
significantly induce the expressions of (B) collagen X and (C) osteocalcin in C3H120T1/2 cells. In contrast, CK2.2 and CK2.3 significantly enhance the expression of
(C) osteocalcin. (D) When injected into the tail vein of the mice, CK2.1 promotes the articular cartilage width in an even higher efficacy than BMP-2. © 2016

Reprinted with permission of John Wiley and Sons [99].

[127] (Fig. 3). RGD is the minimal sequence and is normally combined
with different amino acid linkers to form RGD peptide, such as
GGGGRGDY [128,129], GCGYGRGDSPG [130,131], GRGDSP [132] and
GGGGRGDSY [127]. RGD peptide must be combined with biomaterials
to exert the above functions, since soluble RGD prevents cell spreading
and proliferation in a dose-dependent manner [127]. In the field of
cartilage tissue engineering, synthetic RGD-containing peptides have
widely used to functionalize a large variety of biomaterials, such as
microcavitary alginate hydrogel (MA), sodium alginate, agarose
hydrogel, biodegradable polyethylene glycol (PEG), cellulose-binding
domain (CBD) (come from the cellulobiohydrolase I (CBHI) of the
modified fungus Trichoderma koningii) [42,128-131]. RGD incorpora-
tion has been shown to significantly increase chondrogenesis as indi-
cated by enhanced mRNA expression of Sox9, collagen II and aggrecan as
well as the expression of aggrecan and collagen II. The presence of RGD
in alginate does not directly enhance chondrogenic differentiation,
instead, it dramatically amplifies TGF-p1-induced key chondrogenic
signaling molecules, such as p-Smad2/3 (by 16 folds) and p-ERK1/2 is
(by 3 folds), thereby promoting chondrogenesis [128].

On the other hand, the same integrin heterodimer can recognize
several ECM proteins, and a particular ECM ligand may be recognized by
more than one integrin [133]. Numerous integrin receptors including
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avp3 and a5B1 recognize and bind directly to the RGD motif [134].
Different integrin receptors mediate different effects. For example, avp3
plays distinct roles in adhesion and spreading while a5p1 is more
important for differentiation [135]. And cell spreading can be signifi-
cantly down-regulated by anti-avp3 antibody, but up-regulated by
anti-p1 antibody and anti-a5 antibody [127,132]. These findings indi-
cate that the receptors compete with each other for RGD ligands. It
seems that avp3 integrin is particularly involved in cell spreading and
cartilage formation [132].

4.2.2.2. Collagen mimetic peptide. Collagen mimetic peptide (CMP) with
a specific amino acid sequence —(P(hydroxyl)PG)x —, exhibits strong
affinity to both native and gelatinized collagen I under controlled
thermal conditions and forms a triple helix conformation that resembles
the native protein structure of natural collagens [136] (Fig. 3). The triple
helix structure of CMP — (P(hydroxyl)PG); — can be further stabilized
by attaching a T (tyrosine), thereby elevating its melting temperature
[136]. The conjugation of ((P(hydroxyl)PG)-T) to poly (ethylene oxide)
diacrylate (PEODA) hydrogel can change the bioinertia and
non-cell-adhesive property of PEODA, thereby creating a suitable
bioactive microenvironment, and facilitating the efficient chondrogenic
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differentiation of MSCs [137,138]. After a 3-week culture, immuno-
staining analysis shows that the MSCs in CMP/PEODA hydrogels are
associated with significantly enhanced expression of collagen II (1.8
folds) and significantly reduce expression of collagen X (0.4 folds) than
those in PEODA [137,138]. Furthermore, the MSCs in CMP/PEODA
hydrogels are also associated with significantly enhanced expression of
GAGs (2.5 folds), total collagen content (2.0 folds), aggrecan (2.5 folds)
and collagen II (2.0 folds) than those in PEODA hydrogels [137,138].
However, there is still a lack of data to identify the in-vivo efficacy of
CMP.

4.2.2.3. GFOGER peptide. In 2000, the GFOGER peptide sequence was
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identified by Knight et al. as an integrin apf; (a major integrin collagen
receptor) recognition site in residues 502-507 of the collagen I oy(I)
chain [139] (Fig. 3). GFOGER-containing collagen mimetic peptide
(sequence: (GPO)4GFOGER(GPO)4GCG, CMP) is chemically incorpo-
rated into PEG hydrogels to form GFOGER-modified hydrogels through
Michael addition chemistry to functionalize PEG [43,140]. Michael
addition chemistry does not require any catalysts or initiators and is
used to form hydrogels from aqueous solutions in the presence of cells,
which avoids the problems associated with UV exposure and toxic ini-
tiators in the photo polymerization process [43,141]. The hMSCs exhibit
a highly spread morphology within the GFOGER-functionalized hydro-
gels, but a star-like morphology in RGD-functionalized hydrogels. Cell
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Fig. 6. (A) Fluorescent micrographs showing that after fixation and staining for nuclei (DAPI, blue) and actin filaments (phalloidin, red), cells in RGD containing gels
display starlike morphologies with thick, individually discernible actin fibers, while GFOGER-modified gels induce a more homogenous spreading of cells with
thinner and more dispersed actin filaments. (B) Figure showing that the gene expression of collagen II is highest in GFOGER-Deg when compared with No peptide and
RGD-Deg after 7 days in culture. (C) GAG synthesis is confirmed qualitatively using Alcian blue staining. In GFOGER-Deg, the staining is strongly distributed
throughout the whole sample compared with other groups. Deg: degradable gels; Non Deg: nondegradable gels. © 2014 Reprinted with permission of Mary Ann
Liebert [140]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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proliferation in GFOGER-functionalized hydrogel is 2.0 folds than that
in RGD-functionalized hydrogel. Furthermore, in comparison with
RGD-functionalized hydrogels, GFOGER-modified hydrogels are asso-
ciated with a much higher expression of collagen II and aggrecan mRNA
and GAGs content in hMSCs on 7 days (by 6.25, 10 and 1.2 folds,
respectively) and 21 days (by 1.7, 1.3 and 1.3 folds, respectively) [140].
These findings suggest that the GFOGER peptide enhances cell spreading
and proliferation in PEG hydrogels and provides a better chondrogenic
microenvironment than the RGD peptide (Fig. 6).

4.2.2.4. Glycopeptide. Glycopeptides are comprised of a polypeptide
backbone with pendant carbohydrates [142] (Fig. 3). As simplified an-
alogues of glycoproteins, glycopeptides are biodegradable and easy to
prepare as well as maintain the ability to fold into well-defined sec-
ondary structures [142]. Yaylaci et al. synthesize Glc-PA, a
self-assembled supramolecular GAG-like glycopeptide nanofiber by
conjugating a Ser-linked p-p-glucose containing amphiphilic glycopep-
tide and a carboxylic acid bearing peptide amphiphile (PA) [143].
Positively charged Glc-PA is mixed with negatively charged E-PA to
form 3D networks (Glc-PA/E-PA) as a result of interactions such as
hydrogen bonding, van der Waals, and electrostatic forces. On 7 days,
the mMSCs on Glc-PA/E-PA shows significantly higher amounts of
collagen II, aggrecan and Sox9 gene expression in chondrogenic medium
by 10, 14 and 38 folds, respectively in comparison with the control
[143]. Furthermore, in a rabbit full thickness osteochondral defect
treated with microfracture model, Glc-PA/E-PA shows that a strong and
evenly distributed staining of collagen II and Safranin-O and relatively
low staining of collagen I within a 12-week period [143] (Fig. 7). Ren
et al. synthesize the glycopeptide PPLG-g-Man/HPPA hydrogels by
conjugating poly(g-propargyl-i-glutamate) (PPLG) with azido-modified
mannose and 3-(4-hydroxyphenyl) propanamide (HPPA) [144]. In
comparison with the control, rabbit chondrocytes in the glycopeptide
hydrogels are associated with significantly enhanced gene expression of
aggrecan (4 folds) and collagen II (20 folds) as well as significantly
decreased expression of collagen I (0.1 folds) at 14 days after incubation
[144]. In line with the in-vitro data, after implanting the
chondrocytes-laden glycopeptide hydrogel disks in subcutaneous
pockets of nude male mice for 14 days, the glycopeptide hydrogel is
associated with time-dependent increased chondrocyte density and
GAGs biosynthesis as well as increased gene expressions of collagen II
and aggrecan of chondrocytes in the glycopeptide hydrogels during the
incubation period, while an obvious decrease in the gene expression of
collagen I is detected after an incubation for 21 days [144].
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4.2.2.5. Link protein N-terminal peptide (LPP). Link Protein N-terminal
Peptide (LPP, also referred to as link-N) is a cleaved N-terminal 16-
amino peptide (DHLSDNYTLDHDRAIH) from link protein [54,145].
Both native LPP and its biochemically synthesized form can stimulate
the synthesis of aggrecan and collagen II in cartilage stem/progenitor
cells (CSPCs) [146-148] and intervertebral disc (IVD) cells [149,150].
Wang et al. link LPP to RADAl6 [151,152] to construct a
functionalized-nanofiber hydrogel scaffold (LN-NS) [153]. The LN-NS
significantly promotes the adhesion but not proliferation of BMSCs.
Furthermore, compared with RADA16 hydrogel, LN-NS also signifi-
cantly upregulates the expression of chondrocyte-related genes in
BMSCs, such as collagen II and aggrecan on day 7 (increased by 1.8 folds
and 1.5 folds, respectively) and on day 14 (increased by 2.8 folds, 2.0
folds, respectively) [153]. In primary chondrocytes, LPP directly binds
to BMPR-II but not with BMPR-I through a direct peptide-protein asso-
ciation, thereby stimulating a production of endogenous BMPs, such as
BMP-4 and BMP-7 [55] (Fig. 3). The thereby newly produced BMP-7 but
not BMP-4 activates p-Smadl/5 and subsequent expression of
chondrocyte-specific transcription factor Sox9 so as to stimulate
downstream aggrecan and collagen II expression [55]. In contrast,
PI3K/AKT inhibitor LY294002, p38 MAPK inhibitor SB203580, or
ERK1/2 inhibitor U0126 fail to suppress LPP-induced production of
aggrecan, collagen II, and Sox9 [55]. The levels of Runx2 and collagen X
are not affected by LPP, which indicates that LPP has no effect on
osteogenic induction [55,154]. LPP at its optimal concentration (50
ng/mlL) stimulates the expression of Sox9, aggrecan and collagen II by
2.34, 1.58, and 1.32 folds, respectively at 7 days. Similarly, LPP
significantly increases Sox9 and aggrecan in protein level, while
collagen II is only enhanced in 100 and 500 ng/mL [154]. However,
there is no in-vivo study to further investigate its efficacy.

5. Discussion: categorization, summary and prospective research direction

5.1. Categorization of peptides for cartilage tissue engineering

In the field of cartilage tissue engineering, the terms chon-
droinductive, chondroconductive and chondrogenic are frequently used
to define, categorize and characterize the chondrogenesis-related bio-
activities of biomaterials, cells and growth factors [9,23,25,155,156].
Similarly, these terms are also used to describe the bioactive properties
of peptides for promoting or inducing chondrogenesis. However, similar
as the terms, such as osteoinductive, osteoconductive and osteogenic in
the field of bone tissue engineering, these terms are not always used
correctly and consistently [157]. Therefore, it is highly important to

Cartilage-specific protein expressions by immunolocalization
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Fig. 7. Schematic illustrating that the supramolecular glycosaminoglycan (GAG)-like self-assembled glycopeptide nanofibers mimics hyaluronan and induces in-vitro
chondrogenic markers, such as aggrecan, collagen II and Sox9 in mesenchymal stem cells (MSCs) as well as the cartilage regeneration in a microfracture-treated
osteochondral defect model. © 2016 Reprinted with permission of American Chemical Society [143].
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clearly define these terms so as to correctly categorize the bioactive
peptides for cartilage tissue engineering. By summarizing the most
commonly usage of these terms, we give the following definitions of the
terms as follows:

Chondroinductive: to describe a property to induce the differentia-
tion of primitive, undifferentiated and pluripotent cells to develop into
the cartilage-forming cell lineage. This term is mainly used to describe
exogenous or endogenous growth factors (e.g. BMPs [158-160]) and
other bioactive agents (such as Kartogenin [161]) and
their-functionalized biomaterials. The most critical criterion for this
term is that the bioactive agents or biomaterials can induce an in-vivo
cartilage in ectopic (e.g. subcutaneous or intramuscular [53,144,162])
sites.

Chondroconductive: to describe a property to favor the adhesion,
spreading, migration and differentiation of chondrogenic cells as well as
ingrowth of cartilage tissue into a 3D porous scaffold. This term is
mainly used to describe the property of a biomaterial scaffold (e.g.
hydrogel [9,16]) and the bioactive agents to improve such a property of
biomaterial scaffold.

Chondrogenic: to describe a property to form cartilage, such as
producing ECM and zonal structure, etc. This term is mainly to describe
the various types of cells (e.g. chondrocytes and MSCs [23,163]), which
can develop the property of chondrocytes to form cartilage. This term
may also be used to describe tissue engineered constructs to form
cartilage.

In the following summary, we will briefly review the properties of
the peptides and use the above terms to categorize them so as to sys-
tematically compare their efficacies in inducing in-vitro and in-vivo
chondrogenesis (Tables 1-3).
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5.2. Summary of current research progress of bioactive peptides for
cartilage tissue engineering

5.2.1. Growth factor-derived peptides

Chondroinductive growth factors (e.g. BMP-2) and their signaling
pathways are one of the major sources to design and develop chon-
droinductive peptides for cartilage tissue engineering. BMP-2 is a highly
chondroinductive, but it also bears a major disadvantage — inducing
hypertrophy and mineralization of cartilage, finally leading to bone
formation. Until now, there are three BMP-signaling derived peptides,
such as BMP peptide, B2A, and CK2.1. The BMP peptide (KIPKASSVP-
TELSAISTLYL) is derived from residues 73-92 of the knuckle epitope of
BMP-2 [101] (Fig. 2). Since the BMP peptide has been shown to induce
ectopic bone formation [101], it can also be very promising chon-
droinductive peptide for cartilage tissue engineering. Unfortunately,
there is, hitherto, only one publication reporting its effect on cartilage
formation [104]. In comparison with BMP-2 protein, the efficacy of BMP
peptide in inducing chondrogenic differentiation is much lower than
BMP-2, whereas its efficacy in inducing hypertrophy/mineralization is
also much lower than BMP-2. And there is a lack of data to show its
capacity of inducing ectopic cartilage formation. The B2A peptide con-
taining a BMP receptor-targeting domain (AISMLYLDENEKVVL) has
been previously used only as a co-factor of BMP-2 to significantly
amplify BMP-2-induced osteogenesis [38] (Fig. 2). For chondrogenesis,
only one article shows that B2A alone enhances protein expression of
collagen II and PDGF AA in murine C3H10T1/2 as well as enhance
cartilage GAGs and cartilaginous cells density in a rat OA model [109].
There is still a lack of comparison with BMP-2 and the data of inducing
ectopic cartilage formation. In contrast to BMP peptide and B2A, BMP
signaling-derived peptide CK2.1 is designed to activate the BMP
signaling pathway through inhibiting the binding of CK2 to the corre-
sponding binding site (amino acids 466-469 (SYED)) on BMPR-IA [39],
which is independent of BMP ligand (Fig. 2). 100 nM CK2.1 bears an

Table 1
The origins, amino acid sequences and molecular mechanisms of chondroinductive/chondroconductive peptides for cartilage tissue engineering.
Category Sub-category Name Origin Acid sequence Molecular mechanisms Refs.
Growth factor BMP signaling- CK2.1 The amino acid SYED Inhibition of the CK2-BMPR-IA [99,104]
derived peptide derived peptide residues 466-469 of interaction led to the activation of
BMPR-IA the Smad signaling pathway
BMP peptide The amino acid KIPKASSVPTELSAISTLYL Activation of the BMP signaling [101,104,
residues 73-92 of pathway through BMP type I and 165]
the knuckle epitope type II receptors
of BMP-2
B2A The amino acid AISMLYLDENEKVVL; Activation of the ERK1/2, while [38,109]
residues 91-105 of RKRKLERIAR inhibition p-Smad1/5/8 through
BMP-2; heparin- binding to BMPR-IB and ActR-II
binding motif
TGF-p derived SPPEPS The latency- SPPEPS Activation Insulin signaling [110]
peptide associated protein pathways through GSK-3f
region in TGF-f3
Extracellular Cell-cell adhesion N-cadherin mimetic ~ N-cadherin contains Ac-HAVDIGGGC; Ac- Suppression of canonical Wnt [41,53,
matrix (ECM)- molecule-derived peptide a His-Ala-Val (HAV) HAVDIGGKLDLKLDLKLDL; signaling by increasing GSK-3p, 118,121,
derived peptide peptide sequence GGGHAVDI then GSK-3p-mediated 122]
degradation of f-catenin/LEF-1/
TCF complex
ECM components- RGD Integrin binding GGGGRGDY, GCGYGRGDSPG, Activation of the Smad2 and [42,
derived peptide epitope in many GRGDSP, GGGGRGDSY ERK1/2 signaling pathways 127-130,
ECM proteins under the induction of TGF-p1 132]
Collagen mimetic ECM (P(hydroxyl)PG)x Lacking [137,138]
peptide (CMP)
GFOGER peptide The amino acid GFOGER Lacking [43,140,
residues 502-507 of 166]
the collagen I o (1)
chain
Glycopeptides ECM - Lacking [143,144]
Link Protein N- A cleaved N- DHLSDNYTLDHDRAIH Activation of p-Smad1/5 through [55,153,
terminal Peptide terminal 16-amino binding to BMPR-II and 154]

(LPP or link-N)

peptide from link
protein

stimulating BMP-7
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Table 2
The optimal dosage and the efficacies of chondroinductive/chondroconductive peptides and their-functionalized biomaterials in inducing the in-vitro and in-vivo
chondrogenesis.
Name Dosage In-vitro efficacies Functionalized In-vivo efficacies Refs.
material
CK2.1 50 nM or At 3 weeks: Alcian blue staining 1.1 folds, pSBE Hyaluronan The tail vein of C57BL/6J mice injection, [99,104]
100 nM (Smad binding element) luciferase activity 1.0 C57BL/6J mice knee cartilage defects
folds, collagen II 5.3 folds injection: increasing cartilage width,
collagen II and IX expression
BMP peptide 47 uM At 3 weeks: glycosaminoglycans (GAGs) Lacking Lacking [101,104,
production 1.8 folds, total collagen content 1.7 165]
folds, Sox9 1.2 folds, aggrecan 1.8 folds, COMP
(cartilage oligomer matrix protein) 3.7 folds
B2A 0.075-10 At 7 days: Sox9 1.3 folds, collagen II 1.6 folds Lacking Rat mono-iodoacetate (MIA)-induced [38,109]
pg/mL osteoarthritis (OA) model injection:
increasing cartilage GAGs and cartilaginous
cells density
SPPEPS 100 ng/mL At 3 days: collagen II 1.6 folds Pentenoate- Lacking [110]
functionalized
hyaluronan (PHA)
hydrogel
N-cadherin 2 mM At 3 days: collagen II 1.4 folds, aggrecan 1.8 folds, = MeHA hydrogels, Subcutaneous implantation in nude male [41,53,
mimetic peptide Sox9 1.7 folds; at 28 days: GAGs 1.5 folds, total KLD-12 hydrogel mice: increasing GAGs and collagen content 118,121,
collagen content 1.8 folds, chondroitin sulfate by 1.8 folds and 1.3 folds and more intense 122]
(CS) 1.39 folds, collagen II staining intensity 1.63 and distributed collagen II and CS staining by
folds 1.62 folds and 1.59 folds; implantation in
rabbit femoral condyle defects: promoting
higher histological measures of overall defect
filling, cartilage surface regularity, GAGs/
cell content of neocartilage and adjacent
cartilage
RGD 1 mM or At 28 days: collagen II 1.3 folds, aggrecan 1.8 folds ~ Microcavitary Lacking [42,
1.97 mM alginate (MA) 127-130,
At 3 weeks: Sox9 10 folds, collagen IIA 8.7 folds, Sodium alginate 132]
collagen IIB 6 folds
At 3 days: Sox9 20 folds Polyethylene glycol
(PEG)
At 7 days: Sox9 1.2 folds, collagen II 1.9 folds, Cellulose-binding
aggrecan 3.1 folds domain (CBD)
Collagen mimetic 250 pM or At 3 weeks: GAGs 2.5 folds, total collagen content  Poly (ethylene oxide) Lacking [137,138]
peptide (CMP) 500 pM 2.0 folds, aggrecan 2.5 folds and collagen II 2.0 diacrylate (PEODA)
folds hydrogel
GFOGER peptide 15 pM or 50 At 7 days: collagen II 6.25 folds, aggrecan 10 folds, = PEG and CMP Lacking [43,140,
pM or 100 GAGs content 1.2 folds; at 21 days: collagen I 1.7 166]
pM folds, aggrecan 1.3 folds, GAGs content 1.3 folds
Glycopeptide 10 mM At 7 days: collagen II 10 folds, aggrecan 14 folds, Glc-PA/E-PA Rabbit the full thickness osteochondral [143]
Sox9 38 folds defect treated with microfracture model:
distributing the staining of collagen II and
Safranin-O and relatively low staining of
collagen I
0.6 mL, 6% At 14 days: aggrecan 4 folds and collagen I 20 folds ~ PPLG-g-Man/HPPA Subcutaneous implantation in nude male [144]
w/v) hydrogel mice: increasing chondrocyte density and
GAGs biosynthesis as well as increasing gene
expression of collagen II and aggrecan
Link Protein N- 50 ng/mL At 7 days: collagen II 0.9 folds, aggrecan 0.6 folds; ~ RADA16 hydrogel Lacking [55,153,
terminal Peptide at 14 days: collagen II 2.0 folds, aggrecan 1.1 folds 154]

even higher capacity of inducing chondrogenesis in both in-vitro
(micromass model) and in-vivo (mice knee cartilage defects) in com-
parison with 40 nM BMP-2 [99]. Furthermore, the CK2.1 does not lead
to hypertrophy or mineralization [99,100]. Interestingly, in comparison
with BMP signaling-derived peptides, only one peptide SPPEPS has been
found to adopt or develop peptides from another well-established
chondroinductive growth factor TGF-$3. TGF-f3 can induce ectopic
cartilage formation and is a major chondroinductive component in
chondrogenic medium [162]. The SPPEPS peptide is derived from the
LAP but not the critical binding domain of TGF-p3. Therefore, its po-
tency in inducing chondrogenesis is very mild and only effective in
inducing in-vitro collagen II

In summary, BMP signaling-derived peptides have the following
characters: 1) In comparison with BMP-2, CK2.1 bears a higher capacity
of inducing chondrogenesis and does not induce any hypertrophy or
mineralization of cartilage, which is very promising for cartilage tissue
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engineering; 2) BMP peptide is less effective in inducing chondrogenesis
or hypertrophy than BMP-2; 3) However, there is still a lack of in-vivo
data to prove their chondroinductivity and further experiments are
highly needed to systematically evaluate their efficacies in cartilage
tissue engineering; 4) B2A peptide and SPPEPS peptide seem more
chondroconductive rather than chondroinductive.

5.2.2. Cell-cell adhesion molecule/ECM components-derived peptides

HAV is the conserved motif of N-cadherin and forms the key domain
for various N-cadherin mimetic peptide (Fig. 3), such as Ac-
HAVDIGGGC, N-Ac-CHAVDC-NHj;, N-Ac-CHAVDIC-NH; and N-Ac-
CHAVDINC-NHjy. N-cadherin mimetic peptide-conjugated materials
only promote the in-vitro or in-vivo chondrogenesis in the presence of
TGF-f3, which proves the chondroconductivity of N-cadherin mimetic
peptides.

The bioactive domains on extracellular macromolecules of cartilage
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Table 3
The combination method of chondroinductive/chondroconductive peptides
with biomaterials.

Name Biomaterial Method How Ref.

CK2.1 Hyaluronic acid [100]
(HA)-based
hydrogel
particles

(HGPs)

Conjugate  Conjugation with the
HGPs via Michael
addition using
cysteine-tagged
peptide and acry-lated
HGPs

PHA is conjugated to
GCGYGSPPEPS

SPPEPS Pentanoate Conjugate [110]
functionalized
hyaluronic acid
(PHA)

KLD-12
hydrogels
MeHA

hydrogels

Self-
assembled
Conjugate

N-cadherin Not identified
mimetic

peptide

[41]

N-cadherin mimic
peptide (Ac-
HAVDIGGGC) with a
cysteine residue at the
C-terminal end to
permit Michael
addition with MeHA
hydrogels

PEODA conjugated
with ACRL-PEG-CMP
by
photopolymerization
of aqueous macromer
solution

Conjugation with the
PEG and CMP peptide
via Michael addition
Glycopeptide or
peptide amphiphiles
are mixed to charged
supramolecular gels
Conjugation of PPLG
with HPPA by enzyme-
catalyzed crosslinking
reaction

GGGGRGDY peptide is
conjugated to alginate
via an amide bond

[53]

CMP PEODA Conjugate [138]

GFOGER PEG and CMP Conjugate [43]

Glycopeptide Glc-PA/E-PA Mix [143]

PPLG-g-Man/
HPPA

Conjugate [144]

RGD Sodium

alginate

Conjugate [128,

129]

between the terminal
amine of the peptide
and the carboxylate on
sodium alginate
GCGYGRGDSPG
peptide is conjugated
to PEG via Cystein (C)
introduced into the
sequence using PEG-
dithiol crosslinker

The C-terminal of CBD
is linked with
proline-threonine (PT)
to promote the
exposure of
GGGGRGDSY peptide
to the outside structure
of the chimeric protein.
Using the
heterobifunctional
sulfo-SANPAH cross-
linker to react the
primary amines on the
peptides with the NHS-
ester group of sulfo-
SANPAH to conjugate
the GRGDSP peptide to
agarose hydrogel

RLN peptide powder
mixed with RADA16
solution

PEG Conjugate [130]

Cellulose-
binding domain
(CBD)

Conjugate [42]

Agarose [132]

hydrogels

Conjugate

LPP RADA16 Mix [153]

233

Bioactive Materials 9 (2022) 221-238

ECM are the main resource to design and develop bioactive peptides for
cartilage tissue engineering. Similar as the structural and biochemical
supporting function of ECM, most of ECM components-derived peptides
are not chondroinductive. Instead, they are excellent candidates to
modify and improve the chondroconductivity of biomaterials. For
example, the soluble form of fibronectin-derived RGD motif inhibits cell
adhesion and chondrogenesis, while various RGD peptides are active in
promoting chondrogenesis when conjugated to biomaterials. RGD takes
effect by binding integrin oyf3 [134] (Fig. 3) and can dramatically am-
plifies TGF-p1-induced key chondrogenic signaling pathways, thereby
promoting chondrogenesis [128]. In comparison, collagen type
I-derived GFOGER peptide binds to integrin azf; (Fig. 3) and shows even
higher activity in improving the chondroconductivity of hydrogels than
RGD peptide [140].

Different from the integrin-binding peptides, CMP exhibits strong
affinity to collagen I and forms a triple helix conformation that re-
sembles the native protein structure of natural collagens [136] (Fig. 3).
The co-conjugation of CMP and GFOGER to hydrogel significantly pro-
motes chondrogenesis and reduces cartilage hypertrophy. Unfortu-
nately, there is still a lack of data to show its in-vivo efficacy.

Among the ECM-derived peptides, LPP is the only one to activate
BMP signaling so as to promote chondrogenesis. LPP binds to BMPR-II
and stimulates a production of endogenous BMP-7 [55] (Fig. 3),
thereby activating BMP signaling and chondrogenesis [55]. Further-
more, LPP has no effect on osteogenic induction [55,154]. However,
there has been no study to show it in-vivo efficacy in promoting
chondrogenesis.

Glycopeptide mimics natural glycoprotein in cartilage ECM, and has
been shown to significantly enhance chondrogenesis when conjugated
to biomaterials. However, there is a lack of data to clearly show its
molecular mechanisms and its subcutaneous implantation does not
induce de novo cartilage formation, which indicates its chon-
droconductive property.

In summary, cell-cell adhesion molecule/ECM components-derived
peptides have the following characters: 1) RGD is the most investi-
gated and well-established ECM-derived peptide to improve the chon-
droconductivity of biomaterials; 2) Another integrin-binding peptide
GFOGER shows a better bioactivity for such an application; 3) Only one
article shows the effect of co-conjugation CMP and GFOGER to bioma-
terial without the control with a single conjugation of either peptide,
which makes it difficult to perform further comparison; 4) LPP can
activate endogenous BMP synthesis to promote chondrogenesis without
enhancing osteogenesis, while its effect hasn’t yet been investigated in-
vivo; 5) Glycopeptide is also a good candidate to promote chon-
droconductivity of biomaterials. However, further studies should be
performed to elucidate its molecular mechanisms and the effect on
osteogenesis.

5.3. The association between bioactive peptide and biomaterial

One advantage of peptide over proteinous growth factor is its
modifiability, which allows an easier conjugation to materials. Most of
the current chondroinductive/chondroconductive peptides, such as
CK2.1, SPPEPS, N-cadherin mimetic peptide, GFOGER, glycopeptide
and RGD are chemically conjugated to biomaterials for functionaliza-
tion. The chemical conjugation methods include Michael addition and
the use of various crosslinkers with temperature changes or UV irradi-
ation. On the other hand, LPP and glycopeptides are mixed with bio-
materials, while N-Cadherin and biomaterials are self-assembled
(Table 3).

5.4. Advantages/disadvantages of chondroinductive/chondroconductive
peptide and their-functionalized biomaterials

Growth factors, such as BMP-2 and TGF-f3 have been proven to be
potently chondroinductive [24,25]. In comparison with the proteinous
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growth factors, the use of chondroinductive/chondroconductive pep-
tides are associated with various advantages, such as lower cost, higher
yield, lower immunogenicity, more stable structure, more modifiable
and easier conjugation to materials [25]. Some peptides, such as CK2.1
bears an even higher efficacy in inducing chondrogenesis in comparison
with BMP-2. Furthermore, the peptides induce no or much less hyper-
trophy and mineralization [27], which is highly important to maintain
the hemostasis of newly formed cartilage. In comparison with naturally
derived materials, peptide-functionalized synthetic materials bear more
reproducibility, controllable immunogenicity, desirable complex struc-
tures and predictable biological functions. On the other hand, most of
these peptides are chondroconductive rather than chondroinductive. For
most of the peptides, there is still a lack of studies to reveal their
mechanisms and systematically optimize their in-vitro and in-vivo effi-
cacies, which hinders their clinical application.

5.5. Prospective research direction

Chondroinductive peptide-functionalized biomaterials are supposed
to induce de novo cartilage formation, which is highly important for
cartilage tissue engineering. In fact, there are also many other BMP
peptides, such as BMP97 peptide (KIPKASSVPTELSAISMLYLDENEK)
and BMPchim peptide (KIPKASSVPTELSAISMLYLGPGGDWIVA)
(Fig. 8), whose chondroinductive potentials haven’t been investigated.
The BMPchim peptide is much more potent in inducing osteoblasto-
genesis and activating BMP signaling than the BMP peptide (KIP-
KASSVPTELSAISTLYL) [164]. Of course, such a property may also raise
the concern of inducing hypertrophy and mineralization of cartilage.
Further studies are highly needed to evaluate the application potential
of these BMP peptides in cartilage tissue engineering.

On the other hand, designing and developing novel and potent
chondroinductive peptide is always a major research direction. As above
mentioned, there is still no peptide mimicking the critical binding
domain of TGF-p3. In our ongoing study, by mimicking the critical
binding domain of TGF-p3 with its type II receptor, we have designed in
total 10 peptides, one of which with collagen membrane as carrier can
induce ectopic cartilage formation after implantation in erector spinae
of Sprague-Dawley (SD) rats (Fig. 9). We are now performing in-vitro
cellular experiments and in-vivo study to systematically characterize its

\
o\’ .
©
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Fig. 9. Light micrographs of hematoxylin-eosin (HE) stained cross-sections of a
TGF-p3-derived peptide-containing collagen membrane that was implanted in
erector spinae of Sprague-Dawley (SD) rats for 21 days. Tremendous amount of
de novo cartilage was induced by the TGF-p3-derived peptide. (C: cartilage; M:
muscle). Scale bar = 200 pm.

chondroinductive effects of this peptide and hope to present the data in
our near-future publication. In addition, FGFs and IGFs can also be the
source to design chondroinductive/chondroconductive peptides.

To promote the clinical application of peptide-based biomaterials,
the selection of biomaterial is also important. It is much more advan-
tageous in the regulatory aspect to adopt the clinically available and
chondroconductive biomaterials, such as collagen, gelatin, etc than
novel biomaterials. Furthermore, extensive studies should be performed
to systematically investigate and optimize in-vitro and in-vivo efficacies
of peptide-based biomaterials to promote their clinical application.

6. Conclusions

Cartilage tissue engineering techniques are promising alternatives to
current clinical treatment options. In comparison with proteinous
growth factors, the application of chondroinductive/chondroconductive
peptides are associated with various advantages, such as higher pro-
duction yield, lower cost, lower immunogenicity, more stable structure,
more modifiability and easier conjugation to materials. Hitherto, there
two large categories chondroinductive/chondroconductive peptides: 1)
growth factor-derived peptides and 2) cell-cell adhesion molecule/ECM
components-derived peptides. In comparison with BMP-2, CK2.1 bears

Fig. 8. Ribbon representation of the BMP-2 dimer
(pdbcode 2h62, chains A and B), with the two
monomers colored in gold and orange, respectively.
The wrist and knuckle regions, responsible for the
binding to the type I and II receptors, are schemati-
cally indicated. At the bottom, both the primary and
secondary structures of the BMP-2 monomer are re-
ported. The purple-colored BMP-2 fragments are
selected to design various BMP-derived peptides, such
as the BMP peptide: K”°IPKASSVPTELSAISMLYL®?;
BMP97 peptide: K’*IPKASSVPTELSAISMLYLDE-
NEK®’; BMPchim peptide: K’°IPKASSVPTELSAISM-
LYL2GPGGD*®WIVA. © 2015 Reprinted with
permission of John Wiley and Sons [164]. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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an even higher efficacy in inducing chondrogenesis and does not induces
any hypertrophy or mineralization of cartilage, which is very promising
for cartilage tissue engineering. Most of the other bioactive peptides are
chondroconductive, which can be used to improve the chon-
droconductivity of biomaterials. According to the limited data, GFOGER
seems more effective in improving the chondroconductivity of bio-
materials than RGD. For some peptides, such as glycopeptide, the mo-
lecular mechanisms for their biological effects are not revealed. Further
research may focus on the evaluation, design and development of more
potent chondroinductive peptides and their-functionalized biomaterials.
More systematic studies should be performed to investigate and opti-
mize the in-vitro and in-vivo efficacies of chondroinductive/chon-
droconductive peptide-based biomaterials for cartilage tissue
engineering.
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