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Osteoarthritis leads to the progressive decay of articular cartilage. Due to its intrinsic avascular character, cartilage
shows an inadequate capacity for regeneration. Cartilage loss may result in chronic pain, movement disorder and
morbidity, which lack effective treatments except for joint replacement for late-stage osteoarthritis. To overcome this
challenge, tissue engineering has emerged as a promising method. Scaffolds provide mechanical and biochemical
support to stem cells that undergo differentiation and secrete a cartilage-specific matrix, and this strategy has been
proven to have positive results. The ideal 3D scaffolds need to have versatile properties to mediate cell—cell
signalling and cell-matrix interactions for controlling the cellular behaviour of MSCs, specifically: (1) sufficient
mechanical strength; (2) biocompatibility; (3) suitable surface morphology for cell attachment; (4) appropriate
porosity and pore size to allow the cells to infiltrate as well as nutrients and waste to diffuse; (5) promoting cell
proliferation, differentiation and maintenance of a chondrogenic phenotype of seeded cells; (6) capability of

integrating with native tissues; and (7) controlled degradation without toxic byproducts.

osteoarthritis cartilage repair biomaterial

| 1. Introduction

All of the criteria are for a successful scaffold that promotes sustained ECM deposition and integrates neocartilage
into the surrounding native cartilage. Scientists have studied how to improve the chondrogenic properties of
scaffolds by means of various methods and have obtained some encouraging results. However, the correlating

mechanisms are not fully understood. Until now, the optimal material and technique have yet to emerge.

| 2. Composition of the Scaffold

The composition of the ECM that encloses stem cells illustrates the pivotal influence on directing cell differentiation.
Matrices offer biochemical and physical cues to drive stem cells to a particular lineage . For example, cells
produced type Il collagen on type |l scaffolds and type | collagen on type | scaffolds [2. The possible mechanism by
which the composition modulates differentiation is cell-matrix interactions, including integrin expression and
cytoskeleton organisation. First, different types of ECM stimulate cells to express different integrins on the cell
membrane and transmit various chemical and mechanical signals into cells through integrins, which elicits a
cascade of gene translational events, thus influencing cell adhesion, migration, proliferation and differentiation [E14],
Second, cytoskeletal organisation regulates chondrogenesis via changes in microfilaments (consisting of actin) and
microtubules (consisting of tubulin) 4. Hence, the properties of scaffolds can benefit greatly from mimicking the

natural composition of ECM. This strategy leads researchers to find a suitable material from or similar to the ECM.
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Articular cartilage is predominantly composed of type Il collagen and GAGs. Knowing this, many researchers have
utilised these materials to fabricate scaffolds to direct MSC differentiation. Murphy et al. & investigated murine
BMSC-seeded scaffolds made of collagen and two types of GAGs, either chondroitin sulfate or HA. The collagen-
HA scaffolds promoted higher SOX9 expression than collagen-chondroitin sulfate scaffolds; in contrast, collagen-
chondroitin sulfate scaffolds expressed higher RUNX2 expression than collagen-HA scaffolds, which indicated that
HA had a chondrogenic influence, while chondroitin sulfate had an osteogenic influence on murine BMSCs. In
some cases, the mixed composition did not increase ECM production; for example, incorporating HA into chitosan
scaffolds displayed no significant impact on enhancing chondrogenesis. This phenomenon may come down to a
low dose of HA (0.01%) added to the mixtures [€l. Nevertheless, materials with high water uptake and swelling

ratios act as physical cues to promote chondrogenic differentiation [,

| 3. Stiffness of the Scaffold

When MSCs anchor onto the substrate surface through integrin-mediated adhesion, the substrate stiffness
reorganises ligands and modulates integrin binding. Meanwhile, cells reshape cytoskeletal organisation by sensing
substrate stiffness and transferring mechanical signals into cells via nonmuscle myosin 11 B2l A study reported that
MSCs exhibited different morphologies and behaviours on gels with different stiffnesses; MSCs aggregated into
clusters in round shapes on soft gels, spread out in elongated shapes, proliferated rapidly on stiff gels, and partially
aggregated on medium-stiff gels [, The condensation and spherical shape are highly relevant to chondrogenesis
(201 Similarly, Wang et al. 14 reported that chondrogenesis relied on the interaction of matrix stiffness and
biochemical cues. Wu et al. 12! also indicated that chondrogenesis and ECM accumulation depended on matrix
stiffness, and soft scaffolds promoted better chondrogenesis in a dose-dependent manner, and vice versa. These
findings illustrate that MSCs are extremely sensitive to stiffness, which could significantly affect stem cell fate 28],
especially for the first 1-2 weeks of the early stage of chondrogenic differentiation. As mentioned above, the
compression modulus of cartilage is ~1 MPa, with dynamic compressive stiffness at ~10 MPa. Hence, a soft
scaffold with a similar compressive stiffness would promote chondrogenesis, and the mismatch of scaffold stiffness
and adjacent native tissues may result in unexpected differentiation and the failure of the long-term integration of
implants. For instance, the literature revealed that MSCs differentiated into osteoblasts when cultured on a matrix
that stiffened at later time points 23!,

Regarding some natural polymers that have insufficient stiffness, adding some synthetic polymers can improve
mechanical properties. For example, the incorporation of HAp into Alg improved the integral stiffness of the scaffold
(241 |n another aspect, a study illustrated that scaffold stiffness is integrally influenced not only by the robust elastic
modulus of the composition but also by the porosity and topology (interconnection and shape of pores) 13, Another
study reported that not only would the cross-link density increase stiffness and result in the formation of
fibrocartilage (28], but also that newly deposited cartilage matrices would gradually heighten the stiffness 4. When

researchers are designing scaffolds, they should consider these parameters and situations.

Unlike differentiation, whether stiffness impacts cell proliferation remains controversial. Wu et al. 12 found that the

proliferation rate remained similar across PCL, PLA and PGA scaffolds with different stiffnesses. In contrast, some
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studies showed a higher proliferation rate and larger spreading area on stiffer substrates [18119],

| 4. Porosity, Pore Size and Pore Shape of the Scaffold

Porosity has also been known as a regulator of cellular behaviours. It is an essential parameter because it
guarantees the viability of the cells on the scaffold before expansion and differentiation. High porosity and
interconnected inner structure ensure that nutrients and gases diffuse inward into the deep zone of the scaffold and
remove metabolic wastes inside-out &, allowing the cells to migrate deep into the scaffold. Porosity was found to
decrease with increased cross-link density, but the pore size was not affected 29, It has been reported that a
minimum of 50% porosity is adequate for the attachment, migration and proliferation of cells on scaffolds 2122 put

a more significant porosity (more than 90%) is more favourable 23],

The pore size affects initial cell adhesion and subsequent events, including proliferation, migration and
differentiation. If the pore size far exceeds the dimensions of MSCs, it will influence MSC migration ability and
speed. On the flip side, the pore size should not be too small; otherwise, it would be easily blocked by expanded
cells, leading to a limitation of cell infiltration and apoptosis [24l. For cartilage regeneration, an article pointed out
that collagen scaffolds with pore sizes of 50-300 um are generally favourable to stimulate cartilaginous tissue
formation 23, consistent with another study indicating that collagen-HA scaffolds with pore sizes of 90-300 pym
promoted chondrogenesis. In addition, among them, the largest mean pore size (300 uym) displayed significantly
higher cell proliferation, cartilage-specific gene expression, cartilage-like matrix deposition, and compressive
modulus compared to other smaller sizes [28]. The reported maximum pore diameter was approximately 500-550
pm in SF scaffolds, which showed not only the best cell adhesion and cell proliferation but also facilitated
chondrogenic differentiation 2728 Hereto, the literature showed that the pore size suitable for chondrogenic
differentiation is not limited to a specific figure, but rather a wide range from 50 um to 550 pum is acceptable. It is
presumed that the optimal pore size may change from material to material, and the possible mechanism for this
may be that porosity and pore size simultaneously affect both substance exchange and mechanical properties 22!
to different extents in different materials, finally showing an overall effect on cell behaviour. Collectively, a pore size
between 200 and 500 pm for chondrogenesis is recommended. For microparticles, the literature usually
recommends a bead diameter in the range of 100-500 pm 389 which ensures that the maximum substance

diffusion distance is within the range of metabolically active tissues 13,

| 5. Surface Properties of the Scaffold

MSC attachment to the surface of the scaffold is the first step prior to subsequent cellular activities. Apart from the
surface roughness facilitating cell adhesion, nonreceptor mediation (weak chemical bonding), such as electrostatic,
hydrogen or ionic bonding, also achieves adhesion. However, this type of adhesion lacks cell-matrix signal
transmission, which is vital for the viability of cells and ECM secretion. In contrast, receptor-mediated adhesion via
ECM molecules, including FN or collagen, allows cells to receive physiological signals [22!. These specific adhesion
motifs on ECM molecules contain at least three amino acids symbolised by Arg-Gly-Asp (RGD) Bl RGD is
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commonly used to assist cells in adhering to scaffolds without intrinsic binding sites. When RGD is integrated onto
the surface of the scaffold, it can work as a ligand and specifically bind with integrin of receptor cells. In this way,
cells can anchor to the surface of the scaffold and sense cell-matrix signal transmission. Scaffolds made from
natural materials (e.g., collagen, AG, and fibrin) naturally possess RGD sequences, but synthetic polymers (e.g.,
PCL, PLA, and PLGA) may require deliberately incorporating RGD through protein adsorption or other methods
(131 The literature reported that hPDC-embedded PEG hydrogels combined with RGD promoted higher GAG
deposition and chondrogenic gene expression than RGD-free PEG hydrogels 2. Another study indicated that the
E7 peptide (an RGD sequence) could significantly enhance murine BMSC aggregation, viability and chondrogenic
differentiation 23, RGD density is another crucial indicator that influences MSC focal adhesion, spreading and
proliferation. Lower RGD density has been shown to enhance chondrogenesis of hMSCs on electrospun
methacrylated HA scaffolds (24!,

Apart from RGD, selective specific chemical groups can be an alternative. Commonly, plasma surface modification
is used to introduce chemical groups onto scaffolds. Some chemical groups, such as the carboxyl (~COOH) group
and —OH, present on the scaffold surface have been shown to upregulate chondrogenic marker gene expression in
MSCs in the absence of GFs 3338l while —NH, facilitates osteogenesis 2. For instance, cellulose comprising
three —OH groups per repeat could facilitate chondrogenic differentiation 7. PLGA scaffolds that originally had
poor bioactivities were activated by introducing —COOH groups and heparin onto the surface. This method finally
formed —CONH- and showed binding affinity to MSCs and TGF-B1. As a result, modified PLGA scaffolds with GFs
sharply increased the expression of cartilage-specific markers, along with type 1l collagen production 28l The
plasma surface treatment of scaffolds with N,, O, and NH3; endowed the construct surface with more hydrophilicity

and more bioadhesion B4,

The abovementioned RGD or chemical groups belong to surface chemistry. On the other hand, surface physics
and the nanoscale topography, including patterns of the surface, influence chondrogenesis. They affect cellular
processes through changes in focal adhesion and the actin cytoskeleton. Currently, nanoscale surface modification
is attracting increasing interest in tissue engineering. Specifically, a nanopillar surface facilitated hyaline-like
cartilage, while a nanograting surface tended to induce fibro/superficial zone-like cartilage 22 BMP-2-coated TiO,
nanotubes 100 nm in size strongly supported chondrogenic differentiation, while 15 nm nanotubes greatly
facilitated osteogenic differentiation, which showed fewer focal contacts and stress fibres but allowed cell
aggregation to facilitate chondrogenesis 49, Nevertheless, matrix stiffness still showed a far more dominant effect

than surface patterns on differentiation (221411,

| 6. Hydrophilicity and Electric Charge of the Scaffold

The moderate hydrophilicity and positive charge of the scaffold are considered to represent the optimal adhesive
properties for cells 42, The ability to retain water and a high swelling rate have been shown to promote cell
infiltration, proliferation and differentiation 22!, The underlying mechanism is that adhesion molecules are adsorbed
in a favourable geometry in this situation, making it easier for ligands to bind with cell receptors 24, SF is quite

hydrophobic in the dry state, but it becomes hydrophilic when wetted with a water contact angle of 0°, which
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successfully induces chondrogenesis 43, Synthetic polymers usually exhibit intrinsic hydrophobicity that goes
against cell attachment 8!, For instance, the hydrophobicity of PLGA limits the adhesion and proliferation of

osteoblasts, chondrocytes and MSCs (47,

The cell membrane has a negative charge that results in a difficulty in attaching to negatively charged materials but
an affinity to positively charged surfaces 8. CS showed an intrinsic high positive charge density in acidic solution
due to primary amine groups. Thus, CS can easily facilitate cell adhesion and consequent chondrogenic
differentiation 42, To enhance the affinity of intrinsically negatively charged materials such as PLGA, it needs to
integrate another cationic or absorb some specific proteins onto the scaffold surface, to which the cells attach via
integrin receptors B9 For example, after combining P188, PLGA-P188-PLGA microbeads showed a positive

charge, which facilitated the adhesion of cells B9[31],

| 7. Anisotropic Structure of the Scaffold

Anisotropic structures of collagen in cartilage have remarkable effects on the mechanical properties of the cartilage
52l and the differential fate of MSCs, similar to scaffolds. For instance, adding aligned nanofibers parallel to the
direction of the hydrogel surface would significantly enhance the superficial zone, similar to the differentiation of
hBMSCs 231, Chou et al. 4 indicated that a bovine type | collagen scaffold containing parallel micrometre-wide
channels displayed enhanced compressive properties (elasticity modulus ranged from 1.2 to 2.1 MPa) compared to
control constructs without these channels in mechanical testing, along with extensive GAG and type Il collagen
deposition. These channels were in favour of cell localisation, aggregation and rounding, facilitating aligned neo-
cartilage formed perpendicularly along the length of guidance channels, similar to the deep zone of native articular
cartilage. Scaffolds fabricated using natural materials through gelatinisation and other methods typically form
unoriented and disarrayed matrices. On the other hand, synthetic materials are more accessible to form oriented
structures via precisely controlled 3D printing or woven methods, which endows an advantage to synthetic

materials for customisation.

| Abbreviations

Abbr. Full Name

GFs growth factors

ACI autologous chondrocyte implantation
MSCs mesenchymal stem cells

hBMSCs human bone marrow-derived MSCs
2D two-dimensional

3D three-dimensional
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3D-TIPS 3D printing-guided thermally induced phase separation

GAGs glycosaminoglycans

SF silk fibroin

HA hyaluronic acid

Alg alginate

HAp hydroxyapatite

Cs chitosan

PLA poly(lactic acid)

PGA poly(glycolic acid)

PLGA poly(lactic-co-glycolic acid)

PUU poly(urea-urethane)

POSS polyhedral oligomeric silsesquioxane

PEG polyethene glycol

AG agarose

MOCART magnetic resonance observation of cartilage repair tissue

MNPs magnetic nanoparticles

GO graphene oxide

TGF transforming growth factor

BMP bone morphogenetic protein

IGF insulin-like growth factor

-OH hydroxyl group

-COOH carboxyl group

HP hydrostatic pressure
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