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Due to the lack of blood vessels, nerves and lymphatic vessels, the capacity of

articular cartilage to heal is extremely limited. Once damaged, it is urgent for

articular cartilage to repair the injury. In recent years, there has been an increase

in cartilage tissue engineering studies. Self-assembling peptide hydrogel as a

kind of hydrogels composed of peptides and water is widely used in cartilage

tissue engineering. Under noncovalent interactions such as electrostatic

interaction, hydrophobic interaction, hydrogen bonding and pi-pi stacking

force, peptides self-assemble into three-dimensional (3D) structures that

mimic the natural extracellular matrix and allow cells to grow, proliferate

and differentiate. Because SAPHs have excellent biocompatibility and

biodegradability, variable mechanical properties, low immunogenicity,

injectability, and the ability to load cells and bioactive substances, many

researchers utilized them to promote the repair and regeneration of articular

cartilage after damage. Therefore, the purpose of this review is to sum up the

composition, injury characteristics, and treatments of articular cartilage, as well

as the action of SAPHs in repairing articular cartilage damage.
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1 Introduction

Articular cartilage is located throughout the body and performs various functions.

However, it is often damaged as a result of trauma, aging, and disease (Guo et al., 2022).

Articular cartilage injury frequently leads to progressive tissue degradation, joint pain,

dysfunction, and degenerative arthritis (Borrelli et al., 2019; Stefani et al., 2020).

According to the World Health Organization, symptomatic osteoarthritis affects an

estimated 240 million people worldwide (Allen et al., 2022). Nevertheless, because

cartilage lacks blood vessels, nerves, and lymph tissue, it is difficult for cartilage to

repair itself after injury (Azami and Beheshtizadeh, 2021; Gorronogoitia et al., 2022;

Huang et al., 2022). At present, clinical treatment methods mainly include microfracture
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surgery, osteochondral autograft transfer (OAT) or

osteochondral allograft transplantation (OCA), autologous

chondrocyte implantation (ACI), joint replacement, etc.

Nevertheless, these therapies have limitations, such as the

inability to reverse cartilage degeneration, fibrocartilage

regeneration, donor site complications, immune rejection,

prosthesis loosening, and joint infections, making articular

cartilage repair ineffective (Redondo et al., 2018; Yan et al.,

2021; Gan et al., 2022). Cartilage tissue engineering has thus

emerged, combining physical and chemical stimuli with scaffolds

that mimic the extracellular matrix (ECM) to reconstruct

cartilage (Payam et al., 2021; Yang et al., 2021).

In recent years, injectable, highly adjustable cartilage tissue

engineering and drug delivery compound hydrogels have been

considered ideal for invasive treatment (Ziadlou et al., 2021).

Hydrogels are three-dimensional (3D) hydrophilic networks of

natural or synthetic polymers that are physically or chemically

crosslinked and can be designed with different mechanical,

physical and chemical properties for various applications (Yu

et al., 2020; Sreekumaran et al., 2021). With a similar structure to

natural ECM, hydrogels support cell migration, adhesion,

proliferation, and differentiation (Liu et al., 2017; Tomic et al.,

2021). Most hydrogels are formed by covalent crosslinking, such

as polyethylene glycol diacrylate (Zhang et al., 2021b), polyvinyl

alcohol (Nazouri et al., 2020), and polyethylene glycol (Zeng

et al., 2021). Although these chemically cross-linked hydrogels

are inexpensive, the safety of their long-term use is unclear

because of trace amounts of harmful reagents, including

initiators or catalysts, which limit their application in the field

of tissue engineering (Dou and Feng, 2017). Other natural

polymers such as hyaluronic acid (HA) and collagen are also

studied extensively (Ha et al., 2015; Cai et al., 2020). However,

uncontrollable gelation process, rapid degradation, potential

immunogenicity, and some unidentified enzymes in natural

polymers hinder their clinical applications (Yang et al., 2018).

Self-assembling peptide hydrogel (SAPH) consists of amino

acids and requires few crosslinking reagents or organic solvents

for manufacture (Fu et al., 2021; Matsugami et al., 2021).

Noncovalent interactions, such as electrostatic interaction,

hydrophobic interaction, hydrogen bonding, and pi-pi

stacking force, are what primarily drive the self-assembly

process. These interactions have a number of advantages over

covalent bonding, including reversibility, high synthetic

convergence, and precise design (Whitesides and Grzybowski,

2002; Sun et al., 2017). The reactivity of SAPHs to external

stimuli including pH, temperature, ionic strength, or enzymes is

another characteristic that they share (Chassenieux and

Tsitsilianis, 2016; Sarkar et al., 2019; Wang et al., 2022b). As a

result, SAPHs have a wide range of applications in tissue

engineering due to their superior biocompatibility,

biodegradability, changeable mechanical properties, minimal

immunogenicity, and injectability (Thomas et al., 2021;

Zanotto et al., 2021; Wang et al., 2022a; Zhu et al., 2022).

Additionally, there have been a large number of studies on

the use of SAPHs in the treatment of articular cartilage injury

in recent years, but there are few reviews in this field. Therefore,

thorough research must be done on SAPHs’ ability to repair

articular cartilage damage.

2 The basic information of articular
cartilage

According to the composition of ECM, cartilage can be

divided into three categories: hyaline cartilage, elastic cartilage,

and fibrocartilage (Wachsmuth et al., 2006; Zhang et al., 2018;

Wu et al., 2020). The hyaline cartilage matrix is rich in

glycoaminoglycans (GAGs) and highly adherent collagen

fibers (mainly type II collagen), which are mainly found in

joints called articular cartilage, and in the ribs, nose, etc. In

elastic cartilage, type II collagen and elastic fibers are densely

distributed in multiple directions and exist in meniscus, external

ear, and eustachian tube. The matrix in fibrocartilage consists of

tightly woven collagen fibers (mainly type I collagen), which

makes fibrocartilage highly resistant to compression. And

fibrocartilage can be found in the pubic symphysis, ear, and

temporomandibular joint. Interestingly, hyaline cartilage has

lower collagen content and higher proteoglycan (PG) content

than fibrocartilage, while elastic cartilage and fibrocartilage have

more mature collagen crosslinking structure than hyaline

cartilage (Bielajew et al., 2021). Hyaline cartilage is widely

distributed in the body, so the disability caused by hyaline

cartilage injury accounts for a high proportion of the world,

and in the United States alone, more than 250,000 patients

require knee replacement surgery each year to treat articular

cartilage injury (Milena et al., 2013; Parto et al., 2017). Therefore,

this review mainly focuses on articular cartilage. Meanwhile, the

treatment methods of articular cartilage can also be used as a

reference for other hyaline cartilage treatments.

2.1 Composition and structure of articular
cartilage

Articular cartilage is connective tissue covering the surface of

the synovial joint epiphysis and is composed of chondrocytes and

ECM, which is highly hydrated, nerveless, and bloodless

(Figure 1A) (Mow et al., 1992; Goldring, 2012; Yao et al.,

2022). As the only cell resource in cartilage tissue,

chondrocytes occupy 5% cartilage tissues, having the function

of synthesizing and secreting ECM (Servin-Vences et al., 2018;

Zhang et al., 2021b). ECM is mainly composed of water, collagen,

and PGs. Water accounts for about 65–80% of ECM wet weight,

compared with 22–25% to collagen and 10–15% to PGs (Sophia

et al., 2009). It should be pointed out that type II collagen

accounts for 90–95% of collagen. Collagen is mainly related to
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the structural framework and tensile strength of cartilage, while

PGs provide compressive recovery of articular cartilage (Gottardi

et al., 2016; Tanska et al., 2018).

According to the arrangement and density of collagen fibers

and PGs, articular cartilage can be divided into four distinct

regions: the superficial layer, middle layer, deep layer, and

calcified layer (Figure 1B) (Becerra et al., 2010; Danalache

et al., 2021). The superficial layer is covered with synovial

fluid, and type II collagen is densely distributed, while GAGs

are least distributed in this layer (Muir et al., 1970). Chondrocytes

located in the superficial layer are small and flat, and the cells and

collagen fibers are arranged parallel to the surface of cartilage

(Takagi et al., 1998; Elhamian et al., 2014; Elhamian et al., 2015).

In the middle layer, chondrocytes are flattened and round, and

collagen fibers arranged irregularly (Elhamian et al., 2014;

Elhamian et al., 2015; Yin et al., 2018). The density of

chondrocytes is lower than that of the superficial layer, while

the distribution of GAGs is higher (Stockwell, 1967).

Chondrocytes in the deep layer are oval and columnar in

arrangement (Takagi et al., 1998; Yin et al., 2018). Collagen

fibers are arranged perpendicular to the subchondral bone

surface, among which type II collagen is the least distributed

in the deep layer, while GAGs are the most distributed (Elhamian

et al., 2014; Elhamian et al., 2015). There is a tide line transition

from the deep layer to the calcified layer (Jiang et al., 2008).

Hypertrophic chondrocytes are distributed in the calcified layer,

and type X collagen is only visible in this layer, which contributes

to the mineralization of articular cartilage (Shen, 2005; Antons

et al., 2018). The calcified layer is connected to the subchondral

bone downwards (Jiang et al., 2008).

2.2 Characteristics and challenges of
articular cartilage injury

According to the International Cartilage Research Society

(ICRS) Cartilage Defect Grading System, articular cartilage

injuries can be divided into four grades: Grade 1 “superficial,

blunt notch and superficial cracking”; Grade 2 “lesions extending

down to <50% of cartilage thickness”; Grade 3 “cartilage defects

extending down >50% of cartilage thickness but not up to

subchondral bone”; Grade 4 “full thickness tear with

subchondral bone exposure extending to the subchondral

boneplate or deeper defect to the trabecular bone” (Merkely

FIGURE 1
The basic information of articular cartilage. (A) The composition of articular cartilage. (B) The structure of articular cartilage. (C) The
classification of articular cartilage injuries. (D) The treatments of articular cartilage injuries.
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et al., 2018). Furthermore, articular cartilage injury can also be

divided into simple cartilage injury (superficial cartilage injury

and full layer injury) and osteochondral combined injury,

according to the depth and level of involvement (Figure 1C)

(Deng et al., 2019).

Superficial cartilage damage only affects three layers of

articular cartilage surface and has not yet crossed the tide line.

Due to the absence of blood vessels and lymphatic vessels, once

superficial cartilage injured, other cells such as blood cells, bone

progenitor cells, and mesenchymal stem cells (MSCs) cannot

enter defect sites (Buckwalter, 1998). Repair can only be carried

out by proliferation and migration of surrounding chondrocytes.

Nevertheless, this kind of repair fails to restore the morphology

and function of the defect, thus leading to permanent coloboma

and degenerative osteoarthritis (Grenier et al., 2015; Hoelzl et al.,

2022). The full-layer cartilage injury involves the entire cartilage

that crosses the tide line and calcified layer to the subchondral

bone. In addition to chondrocytes, other cells can also be

recruited to repair this injury on account of the neurovascular

network in the subchondral bone. Whereas, the cartilage

produced is mainly fibrocartilage, and the functional recovery

of the defect is not satisfactory (Hanie et al., 1992). The

osteochondral injury penetrates the subchondral bone,

resulting in damage to the cartilage and bone simultaneously

(Berninger et al., 2013; Nie et al., 2020). The interaction between

articular cartilage and subchondral bone ensures the homeostasis

of the internal environment. But when injury occurs, achieving

favourable repair of articular cartilage and subchondral bone is

the biggest challenge facing the treatments of cartilage defects at

present.

2.3 Treatment of articular cartilage injury

Microfracture is an arthroscopic procedure used to treat

small and medium-sized cartilage defects (Figure 1D) (Weber

et al., 2018). Debridement is performed first, and then holes are

produced by puncturing the subchondral bone layer, enabling the

inflow of blood (Liu et al., 2021; Medina et al., 2021). However,

the newly generated cartilage is fibrocartilage, which has poor

mechanical properties compared with the primary structure

(Ebihara et al., 2012). Furthermore, abnormal cartilage tissue

growth may occur in defect areas, resulting in an unsatisfactory

long-term prognosis (Ebihara et al., 2012; Solheim et al., 2020).

Healthy cartilages derived from patients themselves or from other

individuals can be grafted into regions of cartilage degeneration

(Figure 1D). OAT is appropriate for tiny defects, although it has

the probability to damage normal cartilage, and a secondary surgery

may carry additional risks (Alonso-Polo et al., 2020; Deng et al., 2020;

Shi et al., 2022). OCA is commonly used to treat severe osteochondral

defects. But it is limited by the source of normal cartilage tissues and

bears significant risks of immune rejection and disease transmission

(Yang et al., 2020; Wang et al., 2022d).

ACI requires chondrocytes, which are extracted in vivo, to

culture and amplify in vitro, and then chondrocytes are

implanted to the damaged areas of articular cartilages to

restore the defects (Figure 1D). The lesions > 2cm2 are

appropriate for ACI (Matthews et al., 2022). ACI may,

however, generate the same complications as OAT, and

complete recovery of structure and function for the injured

section is unrealistic (Hirschmueller et al., 2011; Su et al., 2021).

When the above treatments are ineffective, artificial joint

replacements, which are made of titanium metal, ceramics, and

other materials, can be implanted to relieve pain and restore the

motor function of the joint (Figure 1D) (Meding et al., 2000;

Kuroki et al., 2017; Aurich et al., 2018). Nevertheless, joint

replacement is frequently limited by abrasion, the service life

of prosthesis and infection (Batailler and Neyret, 2018).

In recent years, emerging tissue engineering techniques for

cartilage have largely made up for the shortcomings of the above

treatments (Figure 1D). And by combining tissue engineering

cartilage with existing treatment methods, better morphological

and functional recovery can be achieved. A 3D ECM-like scaffold

structure can be constructed by using cells, scaffold materials,

growth factors, etc. It is propitious to recruitment, proliferation

and chondrogenic differentiation of chondrocytes and MSCs,

thus promoting the repair of damaged cartilage (Bauza-Mayol

et al., 2022; Mao et al., 2022; Yang et al., 2022). Among them,

SAPHs offer significant advantages and application possibilities.

3 Self-assembling peptide hydrogels

In 1951, Pauling et al. first discovered self-assembling

peptides (SAPs) and their fundamental molecular motifs of

protein, namely α-helix and β-sheet (Pauling and Corey, 1951;

Pauling et al., 1951). Under different conditions, α-helix and β-
sheet could be converted into each other (Davidson and Fasman,

1967; Brack and Orgel, 1975; Yanagawa et al., 1984). The concept

of peptides as well-defined nanostructures was not

acknowledged, however, until the inadvertent discovery in

1990 that a SAP was a repeating segment in the yeast protein

Zuotin, at which point the concept was adopted (Zhang et al.,

1993). Since then, peptide nanofiber scaffolds have been

developed as 3D scaffolds for a variety of applications in

tissue engineering, cell culture, and repair and regenerative

medicine (Li et al., 2019; Xu et al., 2019; Redondo-Gomez

et al., 2020).

Self-assembly can be defined as disordered components

forming hierarchically organized structures or patterns

spontaneously and reversibly via specific, local interactions

with the components themselves. At the molecular level, self-

assembly is the organization of molecules without external

guidance or management (Koutsopoulos, 2016). SAPs can

spontaneously form ordered nanostructures such as

nanotubes, nanoparticles, nanofibers, and nanoribbons, which
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eventually form SAPHs through noncovalent interactions

including hydrogen bonding, electrostatic interaction,

hydrophobic interaction, and pi-pi stacking force (Fan et al.,

2017; Karavasili et al., 2017; Mijiddorj et al., 2020; Rani et al.,

2020; Wang T. et al., 2022).

3.1 Noncovalent interactions of self-
assembling peptides

SAPs self-assemble into 3D structures mainly through

noncovalent interactions, including electrostatic interaction,

hydrophobic interaction, hydrogen bonding, and pi-pi

stacking force. According to Diaferia et al., hydrogen bonding,

electrostatic interaction, and pi-pi stacking in peptide sequences

played significant roles in the overall stability of peptides

(Diaferia et al., 2021). In addition, pi-pi stacking is essentially

a special hydrophobic interaction (Hu et al., 2009). Therefore, all

four of the aforementioned intermolecular forces are essential for

SAPs to maintain their own structures. Due to hydrophobic

interaction, peptides composed of hydrophobic amino acids self-

assemble to form SAPHs (Figure 2A). Polar amino acids with

charged functional groups can also form SAPHs by means of

hydrogen bonding and electrostatic interaction. Aromatic amino

acids are capable of self-assembly by superimposing the pi-pi

stacking force.

3.1.1 Electrostatic interaction
Electrostatic interaction, primarily between positive and

negative ions, plays a crucial part in the self-assembly process

of SAPs. Peptides with charged functionalities generate ion

bonds by virtue of electrostatic interaction, and then self-

assemble to form a secondary structure, maintaining the

nanostructures’ stability. For instance, RADA16 nanofibers,

which possess a hydrophilic surface composed of alternating

arginine (R, positive charge) and aspartic acid (D, negative

charge) residues, can intertwine to form a SAPH under the

influence of electrostatic interaction (Nagai et al., 2006).

External conditions, like pH, can affect electrostatic

interaction. Consequently, modulating pH can achieve the

influence of SAPH structures (Nagai et al., 2006; Zhang M.

et al., 2021). Along with playing a role in the self-assembly of

homogeneous SAPHs, electrostatic interaction also drives the

self-assembly of heterotypic SAPHs. Shy et al. discovered that

heterotypic SAPHs could be produced after mingling two

solutions of peptides with opposite charges (Shy et al., 2021).

FIGURE 2
The basic structures of building components for SAPs. (A) The basic structures of human amino acids. (B) The basic structures of Fmoc and
BPAA.
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3.1.2 Hydrophobic interaction
Depending on the characteristics of their side chains, amino acids

can be classified as hydrophilicity or hydrophobicity. In aqueous

solution, their hydrophobic portions move inward, while their

hydrophilic portions move outward. In the process of movement,

peptides assemble in an irregular manner. Following that,

hydrophobic and other interactions drive peptides to permute

orderly and eventually shape a hydrogel (Criado-Gonzalez et al.,

2020; Ruter et al., 2020; Yu et al., 2022). For example, MAX1 peptide,

which in aqueous solution offers a hydrophobic interface of valine

(V) residues and a hydrophilic interface of lysine (K) residues,

conducted lateral assembly through hydrophobic interaction

among side chains, finally generating a noncovalent crosslinking

network (Lin et al., 2011). Meanwhile, Saini et al. also demonstrated

that self-assembly of aliphatic peptides was mostly driven by

hydrophobic interaction, and their designs based on hydrophobic

Leucine-Isoleucine-Isoleucine (LII) motifs and a single residue polar

terminus facilitated hydrogelation (Saini and Chauhan, 2014). Ren

et al. found the enhancement of hydrophobic interaction between

SAP molecules also contributed to the increase in the stiffness of

hydrogels (Ren et al., 2020).

3.1.3 Hydrogen bonding
In the process of peptide self-assembly, the carbonyl and

amide groups in the peptide backbone contribute to the

formation of hydrogen bonding, which causes the peptides to

align in a particular orientation and produce functional

nanostructures. Since molecules that rely solely on hydrogen

bonding for self-assembly are prone to undergo solution (sol)

rather than gelation (gel), most hydrogels assembled by hydrogen

bonding are amphiphilic (Omar et al., 2022). In proteins and

peptides, hydrogen bonding is essential for the formation of

secondary structures and super secondary structures. Wang et al.

confirmed that the insertion of uncharged polar residues into the

hydrophobic or hydrophilic interface of peptides could facilitate

the emergence of super secondary structures via side-chain

hydrogen bonding among β-sheet, eventually forming unique

nanoribbon structures (Wang M. et al., 2018). Clarke et al.

reported that the antiparallel β-sheet structure formed by

lateral connection could enhance the strength of hydrogen

bonding (Clarke et al., 2018). Additionally, adjusting hydrogen

bonding of peptides could be realized through substitution of

amino acid residues and strong intermolecular hydrogen

bonding is conducive to instantaneous self-healing of

hydrogels (Ren et al., 2020). And the incremental density of

hydrogen bonding in peptides can strengthen the stiffness of

nanofibers (Godbe et al., 2021). Among noncovalent interactions

of biomolecules, hydrogen bonding is probably the most critical

link in peptide self-assembly (Xing et al., 2022).

3.1.4 Pi-pi s tacking force
Pi-pi stacking mainly exists in aromatic amino acids, such as

phenylalanine (F) and tryptophan (W), and is the driving force

behind self-assembly of aromatic amino acids and 9-

fluorenylmethyloxycarbonyl (Fmoc) modified aromatic amino

acids (Figure 2B) (Bian et al., 2017; Koshti et al., 2022). For

instance, the diphenylalanine (FF) sequence could provide

sufficient pi-pi stacking force to allow self-assembly of 4-

diphenylacetate-glycine-diphenylalanine (BPAA-GFF) and 4-

diphenylacetate-alanine-diphenylalanine (BPAA-AFF), while

the other two phenylalanines (BPAA-FGF and BPAA-FAF)

could not develop a hydrogel owing to the absence of FF

structure (Sun et al., 2022). In addition, pi-pi stacking force

can affect the release rate of molecules carried by aromatic amino

acids, so that controlled drug release can be actualized by

modifying its magnitude (Qian et al., 2019).

3.2 Formation of self-assembling peptide
hydrogels

The formation of SAPHs includes two stages: 1) Peptides self-

assemble to form secondary structures and nanofibers; 2)

Nanofibers elongate, combine and tangle to form a 3D

network. Secondary structures mainly involving α-helix, β-
sheet, β-turn and β-hairpin assemble into nanotubes,

nanoparticles, nanofibers, and nanoribbons, which crosslink to

produce ECM-like hydrogels (Figure 3) (Fu et al., 2021; Hao

et al., 2022).

The α-helix, which is self-assembled by hydrophobic

interaction, is one of the main secondary structures. The α-
helical coiled coil is also known as hydrogenated self-assembled

fibers (Ryadnov and Woolfson, 2003; Papapostolou et al., 2007).

A typical α-helical peptide is composed of repeated amino acid

sequences, with a sequence of seven residues (abcdefg) as its basic

unit (Banwell et al., 2009; Fletcher et al., 2011). The a and d

positions (hydrophobic residues) and the e and g positions

(charged residues) are responsible for directing the dimer

interface between adjacent α-helical peptides (Fu et al., 2021).

Meanwhile, amino acids with a high helical tendency, especially L

and A, are often placed at sites a and d as hydrophobic amino

acids (Chen and Zou, 2019; Fu et al., 2021). Residues at positions

b, c, and f, which are often occupied by hydrophobic A or

glutamine (Q) with a tendency to form hydrogen bonding, are

exposed to the surface of the component and vary from design to

design (Chen and Zou, 2019). The composition of the α-helical
coiled coil can be controlled by changing environmental

conditions such as concentration, pH, and ionic strength

(Fletcher et al., 2011; O’Leary et al., 2011; Kornmueller et al.,

2015; Huang et al., 2014).

The β-sheet is composed of almost completely extended

peptide chains. Peptides with β-sheet structures are composed

of 12–16 alternating hydrophilic (R or K as positive groups,

Glutamic acid (E) or Aspartic acid (D) as negative groups) and

hydrophobic residues (A or L group), and in the aqueous

medium, their hydrophilic portions are distributed on one
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side, hydrophobic portions on the other side under the effect of

hydrophobic interaction (Chen and Zou, 2019). According to the

arrangement of the charge on the hydrophilic side, β-sheet
structures can commonly be divided into four moduli:

modulus I “- + - + - + -+“; modulus II “--++--++”; modulus

III “---+++”; and modulus IV “----++++” (Zhang, 2003). The

formation of β-sheet structure is the result of hydrophobic

interaction and electrostatic interaction (Barco et al., 2018;

Zhang et al., 2020). Meanwhile, intermolecular hydrogen

bonding is the main driving force for β-sheet stability (Godbe

et al., 2021). It has been found that the structure of SAP layered

supramolecules depends on the number of β-sheet formed (Barco

et al., 2018). Moreover, Clarke et al. found that by altering the

density and concentration of β-sheet peptide grafted into the

polymer network, the mechanical properties of the composite

hydrogel could be regulated in the range of 10–200 kPa (Clarke

et al., 2017).

The β-turn is also a simple secondary structure of peptides. The

β-turn usually consists of four amino acid residues, each of which is

represented as i, i + 1, i + 2 and i + 3, and the distance between i and i

+ 3 residues is less than 7 Å(Panasik et al., 2005; Fu et al., 2009; Yu

et al., 2018). The specific conformation of β-turn depends on its

constituents to some extent, and amino acids such as G and Proline

(P) are often present in the β-turn (Fu et al., 2009; Zhang R. et al.,

2022). G lacks side chains, merely one hydrogen atom, so it can

splendidly modulate the spatial obstruction of other residues in the

β-turn. P has a ring structure and fixed angle, which can constrain

the formation of β-turn. Although tetrapeptides are the most

common structure, dipeptides and tripeptides can form β-turn as

well (Boussard and Marraud, 1985). Yu et al. described how the

secondary structure of peptides realized the transformation from β-
sheet to α-helix and β-turn in the process of SAPH formation, and β-
turn was pivotal to stabilizing the SAPH (Yu et al., 2022).

The β-hairpin structure consists of two inversely parallel β-
sheet components and a β-turn region. The formation of the β-
hairpin structure is derived from hydrophobic interaction and

electrostatic interaction (Zhang et al., 2020). Altering the

hydrophobic properties of β-hairpins structures can be

employed to control the temperature at which peptide folding

and self-assembly are triggered (Rughani and Schneider, 2008).

Furthermore, Haines et al. incorporated a charged residue into

the hydrophobic surface, which caused a shifty electrostatic

interaction and disrupted the hydrophobic interaction, thus

inhibiting the folding and self-assembly of β-hairpin peptides

(Haines et al., 2005). Therefore, it is possible to modify the self-

assembly characteristics and properties of β-hairpin peptides by

changing the sequence of hydrophilic and hydrophobic amino

acids and the number of charged residues (Branco et al., 2009).

3.3 Classification of self-assembling
peptide hydrogels

Different researchers have classified SAPHs differently. For

example, Hao et al. thought that SAPs included iterative peptides,

amphiphilic peptides, and multi-repeating helical peptides,

among others (Hao et al., 2022). Based on the selection and

distribution of hydrophilic amino acids, the first subtype can be

classified into ionic-complementary peptides, self-repulsive

peptides, multidomain peptides, β-hairpin peptides and β-tape
peptides. The second subtype is distinguished by its long

hydrophobic tail and its hydrophilic head. According to the

composition of hydrophobic tails, amphiphilic peptides can be

divided into four categories: peptide amphiphiles, aromatic

peptide amphiphiles, ultrashort peptides, and aromatic short

peptides (Hao et al., 2022). The last multi-repeating helical

peptides made from repeating units include α-helical coiled-
coil peptides, β-spiral elastin-like polypeptides, and triple-helical

collagen-mimetic peptides (Hao et al., 2022).

3.4 Influence factors of self-assembling
peptide hydrogels

Peptide-based hydrogels undergoing sol-gel transformations

in response to external stimuli such as temperature, pH, and ionic

strength are known as stimulus-responsive or “smart” hydrogels

(Figure 4) (Katyal et al., 2020; Ligorio et al., 2022). In addition,

enzymes can influence the assembly of SAPHs (Shy et al., 2019;

Wu et al., 2019). Changes in temperature regulate the mechanism

FIGURE 3
The process of peptide self-assembly.
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and process of peptide self-assembly by primarily disrupting

hydrogen bonding and altering hydrophobic interaction in SAPs

(Jalali et al., 2022). Among the amino acid residues in SAPs,

pH mostly affects the carbonyl and amide groups. As a

consequence, the self-assembly of SAPs can be administrated

by modulating the competitive solvation between the donor and

acceptor sites of the hydrogen bonds. Besides, the pH of the

solution can influence the charges to modify electrostatic

interaction in SAPs (Nagai et al., 2006; Zhang M. et al., 2021).

Similarly, ionic strength functions in electrostatic interaction

(Barco et al., 2018). Enzymes can make precursor molecules

convert into SAPs, and then peptides self-assemble into SAPHs

under the influence of various intermolecular forces.

3.4.1 Temperature
Temperature is the most prevalent approach for achieving

reversible self-assembly of peptides. Different temperatures will

lead to sol-gel transition of SAPs, and this transformation is

reversible within a specific temperature range (Panda et al., 2008;

Zhu et al., 2021). At a critical gel concentration of 5 mM, the

solution of BPAA-FF developed a homogeneous and transparent

hydrogel by a heating and cooling process, and after damage by

external pressures, the hydrogel could be restored in the same

manner (Bian et al., 2017). The current research focus is to

achieve controlled release of therapeutic drugs by adjusting the

gelation temperature of SAPHs. For instance, Li et al. utilized

SAPHs to encapsulate doxorubicin, which could be released to

kill tumors via shifting temperature (Li B. et al., 2022).

Meanwhile, temperature is an essential stimulant for the

formation of β-sheet peptide nanofibers. RADA16 could retain

46% β-sheet structures during thermal denaturation from 25 to

70°C, but at higher temperatures, it would assemble into small

spherical aggregates (Ye et al., 2008). As the density of β-sheet
affects the stiffness of SAPHs, temperature regulation is critical in

preparing peptide-based biomaterial scaffolds.

3.4.2 pH
Altering pH is a common, convenient, and direct method to

prepare supramolecular hydrogels. The sol-gel transition of

SAPHs could be achieved by adjusting pH of the solution

(Sun et al., 2022). pH mainly affects charged amino acids and

hydrogen bonding, resulting in self-assembly of SAPs (Lopez-

Silva et al., 2019). For example, Dehsorkhi et al. found the

structure of SAP transformed from spherical micelles to

nanofibers, when the pH of the solution increased (Dehsorkhi

et al., 2013). Furthermore, Zhang et al. demonstrated in acidic

microenvironments (pH 6.5) that negative charged

pharmaceutical peptides could be activated to be positive

charged and self-assemble into SAPH with a prominent

capability of cell uptake and endocytosis (Zhang J. M. et al.,

2022). The change of repulsion force between charges caused by

adjusting pH can affect the sol-gel transition of SAPH and the

quantity of electrostatic charge can also affect the pH of the

environment in the process of self-assembly (Fletcher et al., 2011;

Kaur et al., 2020).

3.4.3 Ionic strength
Ions can affect the formation of β-sheet through electrostatic

interaction, and SAPHs with diverse structures and properties

can be produced under different ion concentrations (Barco et al.,

2018). Although hydrophobic interaction and hydrogen bonding

are considered to be the dominant forces for self-assembly, it is

now known that the introduction of additional ionic groups into

gel designs can create highly stable supramolecular structures

(Kaur et al., 2020). For example, the introduction of biologically

relevant metal ions (Ca2+/Mg2+) into the SAP enables it to self-

assemble at physiological pH, and achieves tunable mechanical

strength and improved cellular response (Pal and Roy, 2022).

Furthermore, the SAPs synthesized by the Stupp group could

achieve the sol-gel transition by adding Ca2+, mainly by

eliminating electrostatic repulsion between nanofibers (Matson

et al., 2012).

3.4.4 Enzyme
Enzymes can specifically degrade the target groups in peptide

chains to form SAPs, which self-assemble into nanofibers, thus

converting them into SAPHs. Enzymatic reactions usually

involve enzyme-catalyzed chemical bond breaking, the most

common of which is the dephosphorylation of phosphate by

phosphatase (Hu et al., 2022; Runser et al., 2022). For poorly

soluble SAPs, it is possible to synthesize precursors with high

solubility and then form SAPHs with the help of enzymes (Li X.

et al., 2022). Enzymes can also catalyze the binding of

compounds to peptides, hence improving the weak

mechanical properties of SAPHs (Okesola et al., 2020). In

addition, Guilbaud et al. found that FEFK tetrapeptide was

hydrolyzed by a protease enzyme to develop two kinds of

octapeptides, FEFEFKFK and FEFKFEFK, which were prone

to self-assembly, and the presence of the enzyme led to the

FIGURE 4
The influence factors of SAPHs.

Frontiers in Materials frontiersin.org08

Wang et al. 10.3389/fmats.2022.1022386

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1022386


improvement of mechanical properties of SAPHs as well

(Guilbaud et al., 2013). Yu et al. found that after 120 or

150 min of hydrolysis by alkaline protease, buckwheat

proteins could self-assemble into a SAPH without any

chemical induction or treatment (Yu et al., 2022).

3.5 Advantages of self-assembling peptide
hydrogels

Firstly, SAPs consist of natural amino acids, which do not

interfere with the body’s normal metabolism and undergo a sol-gel

transition without the need for any toxic cross-linkers that are usually

needed for natural and synthetic hydrogels (Pan et al., 2016; Fu et al.,

2021;Matsugami et al., 2021).Moreover, based on their compositions,

SAPs can be well biodegraded by various proteases in vitro and in vivo

and exhibit superior biocompatibility with tissues (Kim et al., 2015; Lu

et al., 2018; Ishikawa et al., 2021). In addition, various studies showed

that SAPs did not elicit an immunogenic or inflammatory response

in vitro or in vivo (Miller et al., 2010; Lv et al., 2020; Dufour et al.,

2021). Along with their biocompatibility and biodegradability, SAPHs

are highly hydrated (>95%) and composed of a nanofibrous

microenvironment that imitates the native ECM and creates an

appropriate platform for cell encapsulation and 3D culture (Miller

et al., 2010; Recha-Sancho et al., 2016; Mohammed et al., 2021).

Through noncovalent interactions, especially electrostatic interaction,

some bioactivemolecules including growth factors, Decorinmolecules

and Chondroitin Sulfate (CS) can be encapsulated in SAPHs and

released for several days (Kopesky et al., 2014; Recha-Sancho and

Semino, 2016a). SAPHs are shear thinning and can transform from

solid to the low-viscosity or liquid state under the high shear rate,

mainly due to the long peptide nanofibers and their noncovalent

interaction (Jonker et al., 2012; Yamada et al., 2019). Therefore,

SAPHs can be easily injected via syringes or catheters, with the

ability to recover their bulk properties after injection/transplant with a

few seconds due to their fast self-assembled speed, which makes them

an ideal candidate for non-uniform cartilage defects (Sun et al., 2016;

Dufour et al., 2021). Natural materials including collagen, fibrin,

alginate or HA among others present variability from batch to

batch, while SAPHs are reproducible, controllable and

customizable (Recha-Sancho and Semino, 2016a; Recha-Sancho

et al., 2016). Moreover, mechanical properties of SAPHs can be

modulated by changing the peptide sequence, concentration and

external conditions (Fernandez-Muinos et al., 2015; Li et al., 2019).

Nowadays, some SAPHs are readily available in the market and have

found their way into clinical products (Gelain et al., 2021).

4 Self-assembling peptide hydrogels
in repairing articular cartilage defects

Some studies have shown that SAPs could promote the

regeneration of cartilage by promoting cell proliferation and

differentiation (Kisiday, 2002; Kisiday et al., 2019). However,

other studies have found SAPs exhibit insufficient contribution

to articular cartilage regeneration due to the lack of specific

motifs in their native sequences (Li et al., 2017; Lu et al., 2018).

Therefore, binding some short functional peptides to SAPs to

form new functionalized SAPHs becomes an alternative

treatment. Along with SAPHs themselves, cells and bioactive

substances such as growth factors and miRNA also play a

significant role in cartilage repair. By embedding them into

SAPHs, cells or bioactive substances can play the effect of one

plus one more than two. Since some researchers reported SAPHs

were in poor mechanical properties, adding other materials can

meet the clinical need of cartilage repair (Figure 5; Table 1)

(Ishikawa et al., 2020; Ishikawa et al., 2021).

4.1 Self-assembling peptide hydrogels
alone

In SAPHs, KLD-12 peptide is often used as a scaffold

material for cartilage defect repair. Kisiday et al. reported that

KLD-12 hydrogel could maintain the phenotype and facilitate

ECM secretion of chondrocytes (Kisiday, 2002). Furthermore,

the stiffness of SAPH increased with the accumulation of ECM

(Kisiday, 2002). Kisiday et al. also confirmed that culturing

BMSCs in KLD-12 SAPH supported their differentiation into

chondrogenic mesenchymal stem cells (CMSCs) (Kisiday et al.,

2019). In vivo, Miller et al. used KLD-12 hydrogel to treat critical

size lesions involving full-layer of rabbit cartilage, and it filled

defects in situ, facilitating cartilage repair (Miller et al., 2010).

When applied to equine cartilage defect, it could also prevent

morphological changes in the defect regions compared with

microfracture treatment alone (Miller et al., 2014).

Some short functional peptides can bind to the C-terminus of

KLD-12 to form new functionalized SAPHs, without eliminating

the biological function of the short peptides themselves. As one of

the link protein degradation products, link protein N-terminal

peptide (LPP) played an important role in regulating the

proliferation and ECM synthesis of chondrocytes as well as in

inducing directional migration of cartilage-derived stem cells (He

et al., 2018). LLP was bound to KLD-12 to obtain KLD-12-LPP

SAP, which was mixed with KLD-12 SAP in 1:1 to self-assemble

into KLPP hydrogel. The KLPP hydrogel ameliorated the

interface integration of cartilage defects and boosted cartilage

regeneration by promoting the recruitment of endogenous

chondrocytes and BMSCs(Lv et al., 2020). N-cadherin, a

major component of adhesion junctions, was a

transmembrane protein that mediated intercellular

interactions and intracellular signal transduction, which was

essential for the development and formation of articular

cartilage (Gao et al., 2010). Li et al. synthesized n-cadherin

functionalized peptide hydrogels (KLD-Cad), which could self-

assemble in phosphate buffered saline at 37°C, by combining a
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simulated peptide (HAVDI) with KLD-12 peptide (Li et al.,

2017). KLD-Cad hydrogel could enhance the chondrogenesis

of encapsulated human mesenchymal stem cells (hMSCs) via

inhibiting the typical Wnt signaling pathway in hMSCs (Li et al.,

2017). Substance P (SP) was an endogenous neuropeptide

consisting of 11 amino acids that increased the proliferation

rate of chondrocytes in a dose-dependent manner, and promoted

tissue regeneration through recruiting endogenous stem cells and

angiogenesis (Sook et al., 2009; Opolka et al., 2012; Muhammad

et al., 2015). KLD-12-SP SAP was synthesized by combining SP

neuropeptide with KLD-12 (Kim et al., 2016). KLD-12-SP SAPH

could improve cartilage regeneration by influencing the anti-

inflammatory effect of cytokines, inducing endogenous MSC

recruitment, and inhibiting chondrocyte apoptosis in rat knee

osteoarthritis for 28 days (Kim et al., 2016).

Aromatic short peptides have nanofiber structures like

natural collagen fibers and can be used as cell carriers to

construct bionic ECM scaffolds for cartilage tissue

engineering. BPAA-β alanine-FF tripeptides (BPAA-βAFF)
could self-assemble into a hydrogel with β-sheet by

temperature transformation, ion induction, and pH change,

and could be preserved in rabbit articular cartilage defects by

injection (Li et al., 2021). In vitro BPAA-βAFF facilitated

chondrocyte proliferation, GAGs and collagen secretion

(especially type II collagen) by simulating natural collagen

environment (Li et al., 2021). Another n-cadherin

functionalized peptide containing His-Ala-Val (HAV) motifs

could not develop a hydrogel at pH 7.4, but via the usage of

Fmoc-FF which could generate tremendous pi-pi stacking force,

HAV peptides self-assembled into SAPH (Mohammed et al.,

2021). The SAPH enhanced the differentiation of hMSCs into

chondrocytes through stiffness regulation of the matrix, thus

promoting the formation of cartilage (Mohammed et al., 2021).

Other SAPHs also assist in the repair of cartilage defects.

Bovine chondrocytes were cultured in FEFEFKFK SAPH under

two-dimensional (2D) and 3D conditions for 21 days (Mujeeb

et al., 2013). It was found that 2D culture resulted in type I

collagen deposition, while 3D culture kept good morphology of

chondrocytes and a large amount of type II collagen deposition

(Mujeeb et al., 2013).

4.2 Growth factors

Growth factors are soluble bioactive molecules capable of

inducing specific cellular responses in the biological

environment, so as to stimulate the growth of natural tissues.

Cellular responses primarily include differentiation,

proliferation, and survival (Ren et al., 2019; Nima et al.,

2021). The administration of growth factors, however, has

been a technical challenge due to their fragile structures and

short half-life. Nowadays, their sustained effects can be achieved

by employing scaffold materials loaded with growth factors.

Transforming growth factor β (TGF-β) belonged to the TGF

superfamily and were cytokines that could induce the

differentiation of MSCs and promote the secretion of type II

collagen of MSCs (Ghandforoushan et al., 2022; Ye et al., 2022).

Kisiday et al. found that compared with the agarose hydrogel

FIGURE 5
The treatments of articular cartilage with SAPHs.
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TABLE 1 Peptide characteristic and applications of various SAPHs.

SAP Sequence Gelation
condition

Second
structures

Combination
therapy

In vitro/in vivo
experimental
model

Applications References

KLD-12 KLDLKLDLKLDL pH, ionic
strength

β−sheet itself chondrocytes Maintain chondrocyte
morphology; develop a
cartilage-like ECM

Kisiday, (2002)

itself BMSCs Develop a cartilage-like ECM Kisiday et al. (2019)

itself a full-layer rabbit
cartilage defect model

Fill defects in situ; promote
cartilage-like ECM deposition

Miller et al. (2010)

itself a full-layer equine
cartilage defect model

Provide improvement in clinical
symptoms; fill defects in situ

Miller et al. (2014)

LPP BMSCs
and chondrocytes; a
rabbit osteochondral
defect model

Facilitate simultaneous
recruitment of endogenous
chondrocytes and BMSCs

Lv et al. (2020)

neuropeptide SP MSCs; a rat knee
osteoarthritis model

Accelerate tissue regeneration
by anti-inflammatory
modulation; promote the
recruitment of MSCs

Kim et al. (2016)

TGF-β1 BMSCs Stimulate chondrogenesis of
BMSCs

(Kopesky et al., 2014),
(Kopesky et al., 2011)

TGF-β1 and PDGF-BB BMPCs Stimulate migration of BMPCs Liebesny et al. (2016)

PDGF-BB, HB-IGF-
1 and enzymatic trypsin
pre-treatment

a rabbit osteochondral
defect model

Improve cellular morphology,
cluster formation, subchondral
bone reconstitution and basal
integration

Zanotto et al. (2019)

PDGF-BB, HB-IGF-
1 and enzymatic trypsin
pre-treatment

a horse osteochondral
defect model

Form restorative cartilage-like
tissue

Zanotto et al. (2021)

BMSCs BMSCs Generate full-length monomers,
longer GAG chains and greater
stiffness of the BMSC-aggrecan

Lee et al. (2010)

KLD-Cad HAVDIGGKLDLKLDLKLDL pH, ionic
strength

NR HAVDI MSCs Promote the chondrogenesis of
MSCs; develop a cartilage-
like ECM

Li et al. (2017)

KLD12-CMP7 KLDLKLDLKLDLGGPOGPOGPOGPOGPOGPOGPOG pH, ionic
strength

β-sheet PLCL and BMSCs BMSCs; the
subcutaneous dorsum of
nude mice

Promote chondrogenic
differentiation of BMSCs;
develop a cartilage-like ECM

Kim et al. (2015)

RADA16 RADARADARADARADA pH, ionic
strength

β-sheet CH/PEG-PLA-PEG Chondrocytes Support the viability of
chondrocytes; promote
cartilage-like ECM deposition

Ishikawa et al. (2021)

CH/PEG Chondrocytes Ishikawa et al. (2020)

(Continued on following page)
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TABLE 1 (Continued) Peptide characteristic and applications of various SAPHs.

SAP Sequence Gelation
condition

Second
structures

Combination
therapy

In vitro/in vivo
experimental
model

Applications References

Support the viability of
chondrocytes; promote
chondrogenesis of chondrocytes

PCL Expanded
dedifferentiated
chondrocytes

Re-establish the chondrogenic
phenotype of expanded
dedifferentiated chondrocytes

Recha-Sancho et al.
(2016)

PLGA-PLL and the
hTGFβ3 plasmid DNA

Precartilaginous stem
cells

Promote chondrogenic
differentiation of cells

Pan et al. (2016)

CS or Decorin Chondrocytes and
ADSCs

Stimulate chondrogenic
differentiation of ADSCs;
develop a cartilage-like ECM

Recha-Sancho and
Semino, (2016a)

hNDFs hNDFs Promote SAPH to form a
chondrocyte-like construct

Bussmann et al. (2016)

HB-IGF-1 Chondrocytes Enhance matrix production and
integration with native tissue

Florine et al. (2015)

the bimolecular heparin Dedifferentiated
chondrocytes

Re-establish the chondrogenic
phenotype of dedifferentiated
chondrocytes

Recha-Sancho and
Semino, (2016b)

heparin sodium salt ADSCs Promote proliferation and
chondrogenesis of ADSCs;
develop a cartilage-like ECM

Fernandez-Muinos
et al. (2015)

Icariin BMSCs Promote chondrogenic
differentiation of BMSCs;
develop a cartilage-like ECM

Wang et al. (2018b)

RAD-SKP RADARADARADARADA-GG-SKPPGTSS pH, ionic
strength,
temperature

β-sheet miR-29b-5p Chondrocytes and
SMSCs; a rat knee
osteoarthritis model

Inhibit chondrocyte senescence;
promote recruitment and
chondrogenesis of endogenous
SMSCs

Zhu et al. (2022)

RAD/PFS PFSSTKTRADARADARADARADA pH, ionic
strength,
temperature

β-sheet ACM MSCs; a full-layer rabbit
cartilage defect model

Stimulate proliferation,
attachment and chondrogenic
differentiation of MSCs

Lu et al. (2018)

PRG (RADA)4-GPRGDSGYRGDS pH, ionic
strength

NR LAP-MMP-mTGF-
β3 and ADSCs

ADSCs; the back subcutis
of nude mice

Facilitate chondrogenic
differentiation of ADSCs

Zheng et al. (2015)

4-biphenylacetic
acid (BPAA)-
tripeptide

BPAA-βAFF-OH pH, ionic
strength,
temperature

β-sheet itself Chondrocytes Promote proliferation of
chondrocytes; develop a
cartilage-like ECM

Li et al. (2021)

His-Ala-Val
(HAV) peptides

Fmoc-GGHAVS pH, Fmoc-FF β-sheet itself MSCs Promote chondrogenic
differentiation of MSCs

Mohammed et al.
(2021)

KFE8 FEFEFKFK pH, ionic
strength

β-sheet itself Chondrocytes Mujeeb et al. (2013)

(Continued on following page)
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group

TABLE 1 (Continued) Peptide characteristic and applications of various SAPHs.

SAP Sequence Gelation
condition

Second
structures

Combination
therapy

In vitro/in vivo
experimental
model

Applications References

Support the viability of cells, the
retention of cell morphology
and collagen type II deposition

PCL Chondrocytes and
BMSCs; a rabbit
osteochondral defect
model

Promote the proliferation and
chondrogenic differentiation of
BMSCs and maintain the
chondrocyte phenotypes;
promote cartilage-like ECM
deposition

Li et al. (2019)

IEIK13 EIKIEIKIEIKI ionic strength β-sheet BMP-2, insulin and
triiodothyronine

chondrocytes Promote chondrocyte growth
and survival; develop a cartilage-
like ECM

Dufour et al. (2019)

BMP-2, insulin and
triiodothyronine

chondrocytes; a full-
layer, monkey cartilage
defect model

Support the viability of
chondrocytes and the repair of
cartilage defects

Dufour et al. (2021)

EFK KFEFKFEF pH, ionic
strength

β-sheet PAM the chondrogenic cell line
ATDC5

Support the viability of ATDC5 Sun et al. (2016)

P11-X QQRFEWEFEQQ (P11-4); QQRFOWOFEQQ (P11-8) pH, ionic
strength,
temperature

β-sheet CS no vivo and vitro
experiments

Supplement the depleted GAGs
on the surface of damaged
cartilage

Barco et al. (2018)

ECM, extracellular matrix; BMSC, bonemesenchymal stem cell; LPP, link protein N-terminal peptide; SP, Substance P;MSC,mesenchymal stem cell; TGF-β, transforming growth factor β; PDGF-BB, platelet-derived growth factor-BB; BMPC, bone-marrow

progenitor cells; HB-IGF-1, heparin-binding insulin-like growth factor one; GAG, Glycosaminoglycan; HAVDI, N-cadherin mimetic peptide; PLCL, poly (L-lactide-co-caprolactone); CH/PEG-PLA-PEG, chitosan cross-linked with poly (ethylene glycol)-

block-poly (DL-lactide)-block-poly (ethylene glycol); CH/PEG, chitosan cross-linked N-hydroxysuccinimide ester-terminated poly (ethylene glycol); PCL, Polycaprolactone; PLGA-PLL, poly L-lysine-coated poly (lactic-L-glutamic acid); CS, Chondroitin

Sulfate; ADSC, adipose derived stem cell; hNDF, human normal dermal fibroblast; SMSC, synovial-derived mesenchymal stem cells; ACM, acellular cartilage matrix; LAP-MMP-mTGF-β3, recombinant transforming growth factor-b3 fusion protein; BMP-

2, bone morphogenetic protein two; PAM, polyacrylamide; NR, not reported.
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equipped with TGF-β, the gene expression of type X collagen of

CMSCs in SAPH alone group was 65 times higher, and 7% of

CMSCs expressed histocompatibility complex II (MHCII),

resulting in immunogenicity (Kisiday et al., 2019). Therefore,

Kisiday et al. concluded that TGF-β should be incorporated into

SAPHs to diminish the generation of type X collagen andMHCII

(Kisiday et al., 2019). When TGF-β1 was encapsulated into KLD-
12 SAPH, the retention rate of TGF-β1 was 5 times higher than

that of the agarose hydrogel, and the initial release rate was

slower (Kopesky et al., 2011; Kopesky et al., 2014). Furthermore,

TGF-β1-loaded KLD-12 hydrogel could stimulate

chondrogenesis of horse BMSCs (Kopesky et al., 2011;

Kopesky et al., 2014). KLD-12 SAPH equipped with TGF-β1
and platelet-derived growth factor-BB (PDGF-BB), which

possessed chemotactic effect, could migrate bone marrow

progenitor cells in the SAPH to defect areas and recruit more

endogenous cells to aid microfracture surgery for cartilage repair

(Ponte et al., 2007; Liebesny et al., 2016).

Bone morphogenetic protein 2 (BMP-2), a member of TGF-β
superfamily, plays an important role in cartilage development.

Dufour et al. cultured nasal chondrocytes pretreated with BMP-2,

insulin, and triiodothyronine in IEIK13 SAPH, which could

effectively promote proliferation and cartilage formation of

nasal chondrocytes (Dufour et al., 2019). In addition, it was

found to accelerate cartilage production when applied to monkey

articular chondrocytes, and in vivo, IEIK13 hydrogel could

promote cartilage repair and regeneration by recruiting

surrounding BMSCs to the defect (Dufour et al., 2021).

Insulin-like growth factor 1 (IGF-1) facilitates the

production of aggregation proteins and reduces their

catabolism, but unmodified IGF-1 has a short half-life and

can easily diffuse outside of the joint, leading to unfavorable

side effects (Tyler, 1989; Shi et al., 2020; Prabhath et al., 2022).

Sustained and local delivery of IGF-1 to cartilage can come true

by combining the heparin-binding epidermal growth factor-

like growth factor (HB-EGF) with IGF-1 to generate heparin-

binding insulin-like growth factor 1 (HB-IGF-1) (Mujeeb et al.,

2013; Sarkar et al., 2019; Zhang X. et al., 2021). Via electrostatic

action, HB-IGF-1 was adsorbed into RADA16 SAPHs

contributing to cartilage repair by enhancing ECM

production and boundary integration with natural tissues

(Florine et al., 2015). Zanotto et al. utilized KLD-12 SAPH

equipped with PDGF-BB and HB-IGF-1 to treat cartilage injury

in the equine femoral patella joint with pancreatic enzyme

pretreatment and microfracture technology (Zanotto et al.,

2021). Although complete regeneration of hyaline cartilage

could not be achieved, compared with microfracture

technique alone, the PDGF-BB/HB-IGF-1/KLD-12 hydrogel

group acquired more restorative healing (i.e., more type II

collagen and PG content in the repaired tissue), more

favorable cartilage histological results, and stronger

biomechanical properties (Zanotto et al., 2021). Similar

results were obtained by using PDGF-BB/HB-IGF-1/KLD-

12 hydrogel accompanied with pancreatic enzyme

pretreatment in rabbit cartilage defect (Zanotto et al., 2019).

4.3 Composite scaffold

Sometimes, the mechanical properties of SAPHs cannot meet

the needs of clinical treatment. The use of multi-component

composite scaffolds can not only enhance the mechanical

strength of SAPHs, but also further simulate the ECM

environment through multiple functional segments of several

components.

An interpenetrating polymer network (IPN) hydrogel was

synthesized by chitosan cross-linked with poly (ethylene glycol)-

block-poly (DL-lactide)-block-poly (ethylene glycol) as the

covalent cross-linked networks with hydrolysis properties and

RADA16 peptides as the self-assembling networks (Ishikawa

et al., 2021). Based on the hydrolysis of the poly (DL-lactide)

domain, the IPN hydrogel showed overall degradability, and the

increase in spatial structure caused by degradation could

promote the production and accumulation of ECM of

chondrocytes in the hydrogel (Ishikawa et al., 2021). And the

scaffold induced chondrocytes to express hyaline cartilage-

related genes, preventing the expression of fibrocartilage-

related genes, which benefited the repair of articular cartilage

(Ishikawa et al., 2021). Another IPN hydrogel formed by the

covalent network of chitosan cross-linked

N-hydroxysuccinimide ester-terminated poly (ethylene glycol)

and RADA16 peptide self-assembly network could also promote

cartilage repair, but the repair was more oriented to fibrocartilage

(Ishikawa et al., 2020; Ishikawa et al., 2021).

Polycaprolactone (PCL) scaffolds also have high mechanical

strength, but due to their structural and functional

characteristics, it is difficult for PCL scaffolds to imitate the

3D microenvironment of cells in vivo, thus restraining from the

purpose of cell culture. A composite scaffold composed of

FEFEFKFK SAPH coating and 3D-printed PCL scaffold could

promote chondrocyte proliferation and cartilage regeneration

in vitro, and in addition, significantly induced cartilage and

subchondral bone regeneration after 8 and 12 weeks of

implantation in rabbit femoral condyle (Li et al., 2019). PCL/

RADA16 complex, which combined RADA16 SAP with PCL

scaffold, was used to culture dedifferentiated human articular

chondrocytes and provided important mechanical requirements

for cartilage replacement and a biomimetic microenvironment to

re-establish the chondrogenic phenotype of human expanded

articular chondrocytes (Recha-Sancho et al., 2016).

Other polymer synthetic materials can also be integrated with

SAPHs as scaffold materials for cartilage tissue engineering.

Polyacrylamide and EFK were covalently combined to develop

a polymer double network gel (PS-DN gel), which was suitable

for the culture of the chondrogenic cell line ATDC5 due to its

adjustable mechanical properties (Sun et al., 2016). The
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composite scaffold, which could promote the expression of genes

and proteins related to cartilage formation in rat precartilaginous

stem cells, was synthesized by RADA16, poly L-lysine-coated

poly (lactic-L-glutamic acid) (PLGA) and plasmid DNA

containing hTGFβ3 and may be a scaffold suitable for

cartilage repair (Pan et al., 2016). The KLD12-CMP7 SAP was

synthesized by combining KLD-12 with collagen mimetic

peptides (CMPs), which could bind to intracellular collagen

and promote rapid accumulation of ECM (Lee et al., 2008).

To compensate for the weak mechanical properties of KLD12-

CMP7 SAPH, poly (L-lactate-co-caprolactone) (PLCL) scaffold

was added to produce PLCL-SAP hydrogel complex, and rabbit

BMSCs were also encapsulated in the system as a whole (Kim

et al., 2015). Researchers confirmed that this PLCL-SAP hydrogel

complex could effectively promote chondroblast differentiation

of rabbit BMSCs in vivo and in vitro, resulting in repairing

cartilage defects (Kim et al., 2015).

In addition to synthetic polymers, some natural bioactive

substances can also be combined with SAPs to form composite

scaffolds that can restore cartilage damage. A composite hydrogel

scaffold by uniting acellular cartilage matrix (ACM) with a bone

marrow homing peptide (PFS)-functionalized SAP could

facilitate the proliferation, adhesion, and chondrogenic

differentiation of rabbit MSCs in vitro (Lu et al., 2018). In

vivo, the ACM/SAP scaffold promoted endogenous MSCs

recruitment and cartilage-like tissue formation at defects as

well, and the quality of cartilage repair was higher than that

in the microfracture group (Lu et al., 2018). Recha-Sancho et al.

mixed RADA16 with CS or Decorin to develop two bioactive

materials to imitate the native ECM respectively, in order to

induce redifferentiation of human articular chondrocytes and

differentiation of human adipose-derived stem cells (ADSC) into

chondroblasts (Recha-Sancho and Semino, 2016a). Results

showed that both bioactive materials could induce

chondrogenic differentiation and mature cartilage ECM

synthesize (Recha-Sancho and Semino, 2016a). Barco et al.

found that SAP P11-X family (P11-4, P11-8) with CS might

supplement the depleted GAGs on the surface of damaged

cartilage by mimicking the surface environment of cartilage

under physiological conditions, and be used as one of the

potential therapies for minimally invasive treatments of early

osteoarthritis (Barco et al., 2018). But Barco et al. did not conduct

experiments to prove.

4.4 Cell

Chondrocytes are the only resident cells in mature

articular cartilage and are therefore responsible for the

synthesis and remodeling of ECM. In the therapy of

chondrocyte-based cartilage injuries, the therapeutic effect

is limited by the number of chondrocytes, and therefore,

cell expansion in vitro is required. However, chondrocytes

tend to lose their phenotype and develop hypertrophy in the

process of expansion, causing them to be characterized by

decreased synthesis of PGs and type II collagen, and increased

secretion of type I and X collagen (Chung and Burdick, 2008;

Bian et al., 2013; Demoor et al., 2014; Recha-Sancho and

Semino, 2016b). Consequently, the current strategy is to use

tissue-engineered scaffolds to maintain the differentiated state

of chondrocytes and impel cells to chondrogenesis (Liu et al.,

2019). In a prospective multicenter phase III clinical study,

hydrogels with autologous chondrocytes were implanted to

treat knee articular cartilage defects, and over a 2-year follow-

up, repair tissues matured, recombined, and integrated with

surrounding tissues, demonstrating that hydrogel-based ACI

was a valuable measure for the treatment of knee cartilage

defects in patients (Niemeyer et al., 2022). Other exogenous

MSCs could also play a similar role in the treatment of

cartilage defects as autologous chondrocytes.

Bussmann et al. used RADA16 SAPH with human normal

dermal fibroblasts to build the 3D structure of cartilage

(Bussmann et al., 2016). In the process of culture, the change

of cell morphology first occurred, followed by an increase in the

expression of cartilage-related proteins, confirming that the

system could form cartilage-like structures, and there was a

prospect as a treatment for cartilage defects (Bussmann et al.,

2016). BMSCs were cultured in KDL-12 SAPH, and after 21 days

of chondrogenic induction, the biomechanical properties of the

aggregation proteins produced by BMSCs were superior to those

of horse articular cartilage at the corresponding age, supporting

the use of adult BMSCs for cartilage defect repair (Lee et al.,

2010). Kim et al. utilized PLCL-SAP hydrogel complex loaded

with rabbit BMSCs as a composite material, and the

differentiation of rabbit BMSCs into chondroblasts was

observed both in vivo and in vitro (Kim et al., 2015). Zheng

et al. devised a lentiviral vector of LV-mTGF-β3 to direct the

long-term stable release of TGF-β3 with matrix

metalloproteinase (MMP) so as to facilitate the differentiation

of encapsulated ADSCs within RPG SAPH scaffold into

chondrocytes, and similar conclusions could obtain in vivo

(Zheng et al., 2015).

Some researchers have also compared the therapeutic effects

of different cell types on cartilage repair. Kisiday et al. found that

compared with ADSCs, BMSCs encapsulated in SAPH had a

stronger potential for chondrogenic differentiation (Kisiday et al.,

2008). Erickson et al. demonstrated that ECM produced by

chondrocytes in Puramatrix SAPH had better mechanical

properties than that from MSCs in SAPH (Erickson et al.,

2009). Other researchers, however, have confirmed that when

KDL-12 hydrogel coated equine chondrocytes and MSCs of

different ages for chondroblast induction, MSCs in SAPH

contributed to favorable mechanical stiffness of the new

generated cartilage tissue compared with the chondrocyte

group (Kopesky et al., 2010). In addition, the aggregation

proteins produced by MSCs had more phenotypic
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characteristics of young tissue, indicating better chondrogenic

performance of MSCs (Kopesky et al., 2010).

4.5 Other biologically active molecules

In addition to carrying cytokines and cells to treat cartilage

defects, SAPHs can load some other bioactive molecules as well,

such as miRNA and heparin, for therapeutic purposes.

An aging-related miRNA, miR-29b-5p, upregulation of which

could inhibit the expression of MMPs and aging-related genes

(P16INK4a/P21), was significantly down-regulated in

osteoarthritis cartilage (Zhu et al., 2022). By hydrogen bonding

and electrostatic interaction, miR-29b-5p could attach to a stem cell

homing peptide SKPPGTSS for recruiting endogenous synovial-

derived mesenchymal stem cells (SMSCs), and then SKPPGTSS was

bound to RADA16 sequences, forming a SKP@miR SAP (Sun et al.,

2018; Zhu et al., 2022). On the one hand, the sustained release of

miR-29b-5p could inhibit chondrocyte senescence to protect the

joint, thereby alleviating the imbalance of matrix catabolism and

anabolism to avoid excessive or accidental clearance of damaged

chondrocyte population caused by senolytic therapy (Zhu et al.,

2022). On the other hand, SKPPGTSS peptide in SKP@miR

augmented the number of new chondrocytes by recruiting

endogenous SMSCs and inducing differentiation into

chondrocytes, which further contributed to the rejuvenation of

aging joints (Zhu et al., 2022).

After using RADA16 SAP with heparin sodium salt, the

material enhanced the specific binding and release capacity of

growth factors due to the presence of heparin portion, and

researchers found that this novel scaffold could improve

ADSCs survival and chondrogenesis capacity (Fernandez-

Muinos et al., 2015). Other researchers applied

RADA16 SAPH loaded with bilayer heparin as a platform for

3D culture of dedifferentiated human articular chondrocytes, and

after a period of culture, the scaffold material promoted

phenotypic remodeling and ECM secretion of articular

chondrocytes (Recha-Sancho and Semino, 2016b).

Icariin, as the main active component of Herb Epimedium,

could boost the proliferation of chondrocytes and the synthesis of

ECM (Kankala et al., 2018; Wang et al., 2020). The usage of

RADA16 SAPH equipped with icariin promoted chondrocyte

aggregation and secretion of ECM including type II collagen, and

further increased mRNA expression of chondrogenic specific

genes involving col2α1 and early chondrogenic marker SOX9

(Wang et al., 2018b).

4.6 The possible mechanism

4.6.1 The cell-cell and cell-ECM interactions
Cell-cell and cell-ECM interactions play a significant role in

signal transduction pathways that further regulate the

proliferation of chondrocytes and chondrogenic differentiation

of stem cells. Since SAPHs are formed by weak noncovalent

interactions, which allow cells to freely migrate, interact and

extend different cellular processes, the nanofiber network of

SAPHs promotes cell-cell and cell-matrix interactions (Recha-

Sancho et al., 2016). Although some studies showed that SAPs

such as RADA16 and KLD-12 had insufficient contribution to

articular cartilage regeneration due to the lack of specific motifs

in their native sequences and can be defined as “non-instructive”

from the point of view of cell receptor recognition/activation,

new functionalized SAPHs can be generated by binding some

short functional peptides, which had been widely used as targeted

ligands to guide drug delivery based on ligand-receptor-specific

binding, to SAPs (Fernandez-Muinos et al., 2015; Li et al., 2017;

Behrendt et al., 2018; Lu et al., 2018).

The bone marrow homing peptide PFS can home to bone

marrow and bind to stem cells (Lu et al., 2018). By introducing

the functional motif PFS to the RADA16, a functionalized SAP

was prepared, which could stimulate rabbit MSC proliferation,

attachment and chondrogenic differentiation during in vitro

culture (Lu et al., 2018). Other short peptides including HAV,

HAVDI, Arg-Gly-Asp (RGD), SP and LPP also show a similar

function (Zheng et al., 2015; Kim et al., 2016; Li et al., 2017; Lv

et al., 2020; Mohammed et al., 2021). Therefore, they can be

utilized to modify SAPs or design new functionalized SAPs to

promote chondrogenesis. At the same time, SP can have an anti-

inflammatory role in osteoarthritis by increasing anti-

inflammatory factor IL-4 and reducing the levels of pro-

inflammatory cytokines such as IL-2 and TNF-α (Kim et al.,

2016).

4.6.2 Mechanical properties
Since articular cartilage need serve as the “shock absorber” to

protect the joints frommechanical hurt, the resulting mechanical

stress is essential in maintaining chondrocyte cell variability and

synthesizing cartilaginous matrix (Sun et al., 2016). Previously

researchers have described materials with storage modulus (G′)
values in the range 10–100 kPa that are known to promote

chondrocyte attachment and G′ of 1–25 kPa is ideal for

chondrocyte differentiation (Jayawarna et al., 2009;

Mohammed et al., 2021). The G’ value of FEFEFKFK SAPH

ranging from 10Pa to 35 kPa can be tunable by adjusting SAP

concentration and pH and increase with the deposition of ECM

inside (Mujeeb et al., 2013; Li et al., 2019). Fmoc-GGHAVDI

exhibited the storage modulus of 21 kPa, which is also propitious

to the attachment and differentiation of chondrocytes

(Mohammed et al., 2021). Therefore, SAPHs may maintain

the chondrocyte phenotype and stimulate chondrogenesis of

MSCs partly via mechanical capacity.

4.6.3 ECM-like structure
SAPHs is composed of abundant amounts of water, even

accounting for 99.6% and have well-defined nanostructures
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such as nanofibers ranging from 5 to 200 nm that partially

resemble physical characteristics of the native ECM, which

guides the cells during tissue remodeling and provides a highly

defined microenvironment (Miller et al., 2010; Mohammed

et al., 2021). In addition, SAPHs closely mimic the porosity

with sizes in the range of 100–500 nm and gross structure of

the native ECM from cells which enable them to reside and

migrate in a microenvironment (Miller et al., 2010; Kim et al.,

2016; Zhu et al., 2022). And then SAPHs such as KLD-12 and

RADA16 can promote ECM secretion including aggrecan and

collagen type II content and stimulate chondrogenesis,

resulting in improved cartilage healing as compared with

empty controls (Miller et al., 2010; Florine et al., 2015;

Zanotto et al., 2021).

5 Conclusion

Articular cartilage often has difficulty in repairing itself after

injury due to the lack of blood vessels, nerves, and lymphatic

vessels. Although small lesions can be treated with microfracture

surgery, medium-sized lesions are treated with ACI, OAT, or

OCA; a wide variety of serious defect are addressed with ACI or

OCA; and those who are difficult to treat are given joint

replacements. However, the above therapies have various

defects, so articular cartilage repair cannot achieve a

satisfactory therapeutic effect. Therefore, treatments that

achieve superior repair are urgently needed. At present,

cartilage tissue engineering is developing rapidly. Hydrogels

are widely used in tissue engineering because of their

similarity to ECM. Among hydrogels, SAPHs are composed of

amino acids and possess excellent biological characteristics,

adjustable mechanical properties, and injectable ability, and

are appropriate for cartilage tissue engineering.

They, SAPHs, play a therapeutic role primarily by

maintaining cell morphology and viability, promoting the

secretion of a cartilage-like ECM and filling defects in situ.

However, because of their limited therapeutic effects, other

molecules or compounds are added to function together. For

instance, through binding some short functional peptides, which

can facilitate simultaneous recruitment of endogenous

chondrocytes and BMSCs, to SAPHs to form new

functionalized SAPHs, more powerful therapeutic effects can

be achieved. Furthermore, cells and cytokines participate in the

process of repair when cartilages damage. The composite SAPHs

with encapsulated cells or cytokines can enhance therapeutic

actions of hydrogels themselves and promote the proliferation

and chondrogenic differentiation of surrounding cells.

Nevertheless, the weak mechanical properties of hydrogels

limit their application in cartilage injury. Therefore, many

researchers alter SAPHs via the incorporation of other

scaffolds in order to exploit their specific properties to either

modify the performance of the hydrogel or add functionality.

Indeed, many peptide systems are now readily available in the

market, including PuraMatrix (from 3-D Matrix, Japan),

PuraStat (from 3-D Matrix, Japan), Sciobio (from Chengdu

Sciobio Biotech, PR China) and PeptiGels (from Manchester

BIOGEL, United Kingdom), which are approved for use in

accelerated wound healing, hemostasis, uterine repair and

myocardial infarction repair. Therefore, SAPHs have great

potential to be exploited in the treatment of articular cartilage

defects by themselves or in combination with other molecules

and can be applied to the clinic in the near future after more

research.
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