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Successful regeneration of cartilage tissue at a clinical scale has been a tremendous challenge in the past decades.
Microcarriers (MCs), usually used for cell and drug delivery, have been studied broadly across a wide range of
medical fields, especially the cartilage tissue engineering (TE). Notably, microcarrier systems provide an
attractive method for regulating cell phenotype and microtissue maturations, they also serve as powerful
injectable carriers and are combined with new technologies for cartilage regeneration. In this review, we
introduced the typical methods to fabricate various types of microcarriers and discussed the appropriate ma-

terials for microcarriers. Furthermore, we highlighted recent progress of applications and general design prin-
ciple for microcarriers. Finally, we summarized the current challenges and promising prospects of microcarrier-
based systems for medical applications. Overall, this review provides comprehensive and systematic guidelines
for the rational design and applications of microcarriers in cartilage TE.

1. Introduction

Tremendous progress has been achieved in the field of cartilage tis-
sue engineering (TE), which mainly involves transplanting cell-scaffold
complexes into a cartilage defect site to repair and improve the structure
and function of the damaged tissue [1-3]. Here we review the ad-
vancements and enlightenments of microcarriers in cartilage regenera-
tion from the perspective of cartilage TE development, and envision
directions for future development. The aim of TE is to develop tissue and
organ substitutes that can be transplanted into the diseased or injured
counterparts to maintain, or recover their in vivo functions [4]. Based on
the classic cartilage TE theory [5], in author’s opinions, the key points
for successful regeneration include the following: first, renewable
sources of function cells and/or signaling factors. Second, scaffold with
tunable desired properties (mechanical, chemical and biological
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properties). Third, implanted substitutes that can easily integrate into
the host native tissues with immunocompatibility and biocompatibility.
During the past decade, we have witnessed advanced progress in the
field of cartilage TE, embodied by the following changes: (i) sufficient
seed cell selection for applications (mesenchymal stem cells, induced
pluripotent stem cells) [6-8]; (ii) precise patterning of biomaterials and
novel biomaterials with advanced chemistries (more efficient and ver-
satile biomaterial conjugations) [1,9,10]; (iii) active modulation of
cellular biological functions and behaviors via structure and properties
(e.g., stiffness, viscoelasticity, porosity and degradability) of bio-
materials [11-13]; (iv) combination of biological drugs and factors are
combined to improve bioavailability and bioactivity [14-16]; (v) rapid
development of biofabrication technologies including programmed
self-assembly and three-dimensional (3D) bioprinting [17-23].
Cartilage consists of a dense extracellular matrix and embedded
chondrocytes (the only cell type in the cartilage). According to the
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Abbreviations

3D Three-dimensional

ADSCs  Adipose-derived stem cells
BMSCs Bone marrow-derived mesenchymal stem cells
BMP Bone morphogenetic proteins
ECM Extracellular matrix

EMM Electromagnetic manipulation
GAG Glycosaminoglycan

GelMA  Gelatin-methacryloyl

HA Hyaluronic acid

iPSC Induced pluripotent stem cell
IGF Insulin-like growth factor

MCs Microcarriers

MSC Mesenchymal stem cell

MA Methacrylic anhydride

OPMs Open-porous PLGA microspheres
PLGA Poly Lactic-co-Glycolic Acid
PCL: Poly (e-caprolactone)

PLA Poly (lactic acid)

PLLA Poly (1-Lactide)

RGD Arginine-glycine-aspartic acid
SF Silk fibroin

TNF-a:  Tumor necrosis factor-a

TE Tissue engineering

TGF-f:  Transforming growth factor beta

composition of the matrix especially the fibers, cartilage can be classi-
fied into three main types: hyaline cartilage, elastic cartilage and
fibrocartilage. This review mainly discusses knee articular cartilage,
which is the most common type of cartilage in the human body and has a
semitransparent appearance. As a tough and durable supporting con-
nective tissue, articular cartilage plays supportive and protective roles in
the musculoskeletal system. The main components of articular cartilage
are water (60-85% of total wet weight), collagen type II (15-22% of dry
weight), proteoglycan (15-40% of dry weight), and chondrocytes (2-5%
of total cartilage volume) [24,25]. From its surface to its lowest depth,
articular cartilage consists of the superficial/tangential zone, the mid-
dle/transitional zone and the deep/radial zone. In the superficial zone,
type II collagen fibrils are parallel to the articular surface with flattened
shape chondrocytes, and this layout confers cartilage with high-tensile
stiffness and strength because of the low content of proteoglycans and
the low permeability. This zone maintains the function of joint lubri-
cation [26]. Notably, the collagen fibrils are thick and randomly ori-
ented, and the cells are rounder, in the meddle zone, which provides the
first defense in resisting compressive forces. In the deep zone, the
collagen tough fibrils are perpendicular to the cartilage surface and
contain hydroxyapatite, and the interstitial chondrocytes are aligned
with collagen fibers [2].

The high stiffness of cartilage is attributed to the viscoelastic and
poroelastic dissipation of the tissue networks [27,28]. Abundant strong
collagen fibers interpenetrate with proteoglycan macromolecules in the
articular cartilage, which provides viscoelasticity and poroelasticity for
mechanical dissipation [29,30]. The viscoelasticity of articular cartilage
is mainly due to its rearrangement of aggrecan and the reconfiguration
of collagen, whereas the poroelasticity is mainly associated with the
interstitial fluid movement. Furthermore, articular cartilage is superfi-
cially lubricated and presents the most efficiently-lubricated surface
known in nature. Such low friction is indeed essential for cartilage
well-being. Lubrication minimizes the cartilage degradation associated
with osteoarthritis by reducing shear stress on the mechanotransductive,
cartilage-embedded chondrocytes [31]. Despite so many protective
mechanisms, degenerated articular cartilage, an avascular and aneural
tissue, has a very limited capacity for regeneration after damage.
Additionally, the hypocellular structure (chondrocytes and stem cells)
may also underlie an intrinsic inability to repair [32]. Without appro-
priate and timely intervention, the chondral defect may extend deep into
the subchondral bone [2]. Understanding such composition, structure
and characteristics of articular cartilage, therefore, is of major impor-
tance to slow or even reverse its breakdown by cartilage TE.

Microcarriers are generally described as microparticles made from
natural or synthetic materials with sizes ranging from 1 pm to 1000 pm,
that are widely used in drug/cell delivery, regenerative medicine, and
TE [33,34]. Moreover, microcarriers have been applied as microspher-
ical scaffolds in biological and biomedical applications such as cell
culture, expansion, delivery, modeling for biological studies, biosensor,
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and medical implants [35-38]. To date, a variety of biomaterials have
been developed to fabricate microcarriers using various techniques and
methods, such as bioactive inorganic materials, natural/synthetic
polymers, and their composites [39-41]. A significant advantage of
microcarriers versus bulk scaffolds, hydrogels, or films is that they offer
a large specific surface area for cell growth, facilitation of adhesions and
maintenance of cell differentiation phenotypes. For example, a study
compared cell pellets, collagen hydrogel bulk and collagen hydrogel
MCs with regard to the chondrogenic phenotype and matrix synthesis of
mesenchymal stem cells (MSCs) in vitro, it demonstrated the advantages
of collagen hydrogel MCs microenvironments compared with those of
collagen hydrogel bulk and pellets via an improved mimicking of the
natural MSC proliferation process and enhanced mass exchange [42].
Microcarriers can be divided into solid and porous microcarriers ac-
cording to the surface properties. In the solid MCs, cells only adhere on
the surface of microcarriers as a monolayer, which limits the amplifi-
cation of cell numbers, whereas porous microcarriers can offer a larger
specific surface area and greater volume [43,44]. Furthermore, the open
pore structure facilitates interactions between cells, excretion of meta-
bolic waste, and exchange of nutrients.

Recently, microcarriers have been developed with distinct tech-
niques as candidate materials for cartilage regeneration and have
become research focus. The unique histological characteristics of artic-
ular cartilage result in its limited self-repair ability, to summarize: (i)
cartilage is an avascular and aneural tissue with hypocellular structure
(progenitor cells and chondrocytes); (ii) cartilage possesses a dense
extracellular matrix (ECM) that limits the ability of chondrocytes to
migrate quickly and gather at the damaged site for self-repair; and (iii)
the wet and dynamic mechanical environment affects the therapeutic
efficacy of drugs and implants in the joint cavity [45-47]. Therefore, the
repair of damaged or degenerated cartilage tissue caused by arthritis,
injuries, and many other types of damage remains a challenging obstacle
in clinical medicine. A sufficient quantity of seeded cells is essential for
cartilage regeneration, furthermore, few cell expansion methods are
without problems of differentiation and/or loss of potency, that can be
met by microcarriers. A study showed that monolayer expanded chon-
drocytes lost their native morphology within 1 week. Conversely, the
use of 3D microcarriers can lead to large cellular yields, preserving of the
chondrogenic phenotype for synthesis of cartilaginous tissue in 3 weeks
of expansion [48]. Microcarriers can also be used as injectable carriers to
directly deliver cells to the defect site, combinated with hydrogel scaf-
folds, or embedded in bioinks for 3D bioprinting. With such variety,
microcarriers have been widely used in cartilage TE.

In this review, we concisely outlined the corresponding advantages
and fabrication methods of various types of microcarriers that can be
customized to fulfil different needs of cartilage regeneration. We then
highlighted the recent progress in application of microcarriers in carti-
lage TE, including the carriers for seed cells or cargo, combination
biological scaffold, injectable/bioprinting microcarriers, and
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bioresponsive microcarriers (Fig. 1). Finally, we summarized the current
challenges and promising directions of microcarrier-based systems for
cartilage TE. We hope this review can provide comprehensive infor-
mation and inspire new thoughts to researchers.

2. Fabrication techniques of microcarriers

Microcarriers, which have recently attracted much attention in TE,
are a class of microspherical scaffolds with biofunctional capabilities in
cell culture, delivery and expansion. To date, several methods have been
developed for the fabrication of microcarriers. Here we focus on several
promising techniques, including emulsion-solidication, microfluidics,
the mold method, and more (Table 1). It is extremely important to
choose the appropriate preparation methods, balancing polymerization
conditions and devices as well as low price, and efficiency to meet
different needs. Fig. 2A-D shows typical examples of these microcarriers
preparation strategies.

2.1. Emulsion-solidication

The emulsion-solidification technique is the most commonly
employed method to fabricate microcarriers from different polymers,
various natural biopolymers, including chitosan, alginate, collagen,
hyaluronic acid, and gelatin, and synthetic materials such as poly
(ethylene glycol), inorganic ceramics, and Poly Lactic-co-Glycolic Acid
(PLGA) [49-52]. Polymers usually are classified into two types accord-
ing to their solubility: oil-soluble polymers and water-soluble polymers.
This technique has been described in the literature [37,38,53]. Briefly,
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Table 1
Selected processing techniques for the fabrication of microcarriers.
Technique Advantages Disadvantages Refs.
Emulsion- Easily scaled-up, simple Limited to low viscosity [37,
solidication and convenient, low cost, solutions, suffers from 49-51]
a wide particle size
distribution.
Microfluidics Well adapted to produce Low production rate, [56-58,
monodispersed particles costly and tedious 62,63,
with narrow distribution device preparation 66]
of particle size
Mold methods  Easily scaled-up, simple Low production rate, [68,69]
and convenient, low cost costly and tedious
device preparation
Spray-drying Easily scaled-up, low cost ~ Limited polymer range [73,74]
Electrostatic Small particle size Very low production [76]
spraying rate

the polymer is made into an emulsion of O/W (oil-in water), W/O
(water-in-oil), W1/0/W2 (water-in-oil-in-water) or O/W/O (oil--
in-water-in-oil) using different emulsification processes (Fig. 2A). The
solvent then is removed via different routes depending on the solvent
properties for solidification of the polymer to obtain microcarriers;
simultaneously, MCs also may be synthesized via physical or chemical
cross-linking [54]. In this approach, the stirring speed and emulsifying
speed, significantly affects the particle size distribution of the micro-
carriers (ranging from nanometer to millimeter). Sprio et al. described
biomimetic hybrid MCs made of collagen type I-like peptide matrix
mineralized with Fe?*/Fe3* doping hydroxyapatite by emulsification of
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Fig. 2. Schematic diagram of fabrication techniques
and application of microcarriers. A: emulsion-
solidication, O/W: oil-in water; W/O: water-in-oil;
B: microfluidics. C: Mold method. D: other tech-
niques, including electrostatic spraying, peristatic
pump, and spray-drying. E: The application of
microcarriers, including large-scale cell culture (a);
drugs/factors delivery platform (b); microtissue con-
struction in vitro (c¢); combination with scaffolds (d);
and injectable and three-dimensional (3D) bio-
printing microcarriers (e).

the hybrid slurries in the presence of citrate ions with a surface func-
tionalization and dispersion ability [55]. The emulsification method is
suitable for large-scale production of microcarriers, but limitations exist.
The method suffers from a wide particle size distribution, so it is
necessary to screen out MCs with the same particle size. In addition,
irritating chemical solvents are used in the emulsification process, hence
such solvent should be taken into consideration with regard to the cell
compatibility.

2.2. Microfluidics

Microfluidics, inspired by an extrusion-solidification technique,
perfectly overcome the problem of large particle size caused by injection
needles. The microfluidics technique is based on the operation, and
control of micro-fluids at the micro-scale using micro-pipes [56-58]. In
these techniques, an aqueous polymer solution and typically a nonpolar
oil or other fluids are co-extruded to produce consistently-sized droplets
[59]. Therefore, the microfluidic device produces MCs with high mon-
odispersity and a controllable size and shape, the operation is simple and
superior over conventional emulsification techniques. The production
rate of microcarriers can be adjusted by controlling the size of the orifice
of the microfluidic channel, the viscosity of the immiscible phases, the
hydrophilicity or hydrophobicity of the channel surface, and the ve-
locity ratio of the continuous phase to discrete phase [60]. Currently,
three channel designs exist in microfluidics to prepare microcarriers:
T-junction [61], co-flow [62], and flow-focused geometries (Fig. 2B)
[63,64]. The microfluidics-based procedure typically involves two steps,
the formation of emulsion droplets and the solidification of emulsion
droplets.

By coupling to photo-crosslinking, the microfluidics can generate
cell-laden microparticles with varying sizes and shapes. Lee et al.
fabricated macrophage-laden droplets containing methacrylic gelatin
using a double a microfluidic flow-focusing device, which was devel-
oped a co-culture tissue model to study the mutual effects between
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macrophages in different stages of differentiation and the surrounding
cells [65]. Furthermore, drugs and cells can be loaded at the same time
to achieve a sustained release effect. For example, Zhao et al. presented a
strategy of microfluidics-assisted technology that entrapped cells and
growth factors to generate photo-crosslinkable gelatin (GelMA) MCs
[66]. Similarly, photopolymerizable hydrogels from methacrylated
laminarin were also been proposed as an enabling platform combination
of microfluidics technology [67]. Additionally, microcarriers with su-
perior sophisticated structure can be prepared by microfluidics to mimic
the cell adhesive microenvironment (e.g., stem cell niche) [57]. The
preparation of polymer MCs by microfluidics is influenced by many
factors, including the properties of the fluids and materials, the geo-
metric size and shape of micro-channels, and absolute ratio of liquid
velocity to flow rate. Microfluidics can be well adapted to produce
monodispersed particles with narrow distribution of particle size;
however, the microcarrier production rate is very slow.

2.3. Mold method

In 2014, Liu et al. integrated microfabrication technology with cry-
ogel preparation to develop a microcryogel array chip containing
arrayed microscale PEG-derived cryogels with predefined sizes and
shapes (Fig. 2C) [68]. The microscale and macroporosity of the novel
microcryogels allowed automatic and homogeneous loading of cellular
niche components on the array chip using a simple scraping approach.
The array chip was generally fabricated with a mold that had many
microunits and photo-lithography methods, and the microcarriers with
desired shapes were stripped using a matched ejector chip or other
techniques [69,70]. However, the application of mold methods may be
limited by their low yield and cumbersome steps.

2.4. Other techniques

In addition to the above-mentioned widely used techniques, many
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other techniques are available, such as the spray-solidification technique
[71,72], electrostatic spraying [73-75], and the use of electrostatic
microdroplets [76]. Recently, Costantini et al. reported a highly efficient
method, pulsed electrodripping, to form porous microbeads with tail-
orable dimensions, and modeled the process to predict the size of the
template droplets [56]. Moreover, Zhang et al. designed a simple and
low-cost acid-dissolved/alkali-solidified self-sphering shaping for rapid
and facile production of chitosan/graphene oxide hybrid MCs via a
peristatic pump method (Fig. 2D) [77]. Generally, most fabrication
processes need organic solvents, photoinitiators, chemical crosslinkers,
ultraviolet irradiation, and/or cytotoxic reagents, which may be hin-
dered to their medical application. Herein, Tang and coworker pre-
sented a simple, flexible, biocompatible technique using gas-shearing
strategy to fabricating multifaced MCs [78,79].

The specific surface area and the available cell concentration of solid
microcarriers are low. The cells can be easily damaged by dynamic
factors such as stirring, collision between MCs, and flow shear force.
Macroporous microcarriers can be used widely in a stirred tank
biochemical reactor. In the emulsification process, porous microcarriers
can be prepared by combinatining with porogens, such as sodium
chloride, bicarbonate, ammonium, sodium bicarbonate, gelatin and
water [80,81]. The porogen is usually removed by filtration [81],
gas-foaming [53,82], or other means according to the porogen proper-
ties to desynthesize the porous microcarriers. Huang et al. reported the
formation of highly porous chitosan MCs via an emulsion-based, ther-
mally induced phase separation without the use of toxic crosslinkers and
chemical porogenic agents other than ice [39]. Furthermore, a novel
strategy was presented by Zhang and coworkers that the porogen could
be uniformly distributed using microfluidic technique, and subsequent
removal lead to the formation of porous architectures [44,83,84]. In
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summary, the microstructures of microcarriers can be controlled by
altering the preparation conditions during the emulsification stage.
Functionally, Microcarriers are widely used in medical regeneration,
including use in cell expansion/bioreactors, cargo delivery, micro-tissue
and disease models, scaffold combinations, and injectable/bioprinting
(Fig. 2E). Collectively, each of these preparation methods has its own
features and requirements, and each polymer material has its own spe-
cific properties and characteristics. Specific requirements should be
considered when selecting any of these techniques to fabricate micro-
carriers for the application of TE.

3. Appropriate materials for microcarriers in cartilage TE

Choosing appropriate materials with desirable physical and chemical
properties for fabrication of microcarriers is crucial in microcarrier
cultures, because the porosity, mechanical strength, size, density, and
shape highly affects the cell phenotypes. Notably, the visualized co-
occurrence networks of keywords (VOSviewer version 1.6) indicated
that research focus has changed from cells loading systems to applica-
tions such as tissue engineering, drug delivery, injectable and control-
lable degradation in recent years (Fig. 3A). Various sources of materials,
including the synthetic polymers, polysaccharides, proteins, and an
acellular matrix, can be made into microcarriers (Table 2). Details are
described in the following sections.

3.1. Synthetic polymers
Synthetic polymers, such as poly PLGA [85-92], poly (e-capro-

lactone) (PCL) [93-97], and poly (lactic acid) (PLA) [98-100] are
promising materials for cartilage TE. Generally, synthetic polymers can
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Fig. 3. Appropriate composition and structure of microcarriers for cartilage tissue engineering. A: Summary of the published articles of microcarriers of keywords
evolution over time in cartilage TE (2015-2021). Its research focus changes (keywords of articles) from cells loading systems in the earlier period to applications such
as tissue engineering, drug delivery, injectable and controllable degradation etc. in recent years. B: Schematic illustration for the fabrication and application of open-
porous PLGA MCs in cartilage regeneration. Reproduced with permission [86]. 2021, Wiley Periodicals LLC. C: Schematic illustration of nanofibrous microcarriers
were designed to structurally and functionally mimic extracellular matrix. Reproduced with permission [166]. 2018, Elsevier Ltd. D: Schematic illustration the
emulsification and phase separation techniques to fabricate functional nanofibrous hollow MCs (a) and SEM graphs (b) of functional nanofibrous hollow MCs
fabricated from poly (i-lactic acid)-graft-poly (hydroxyethyl methacrylate)-acrylic. Reproduced with permission [167]. 2014, WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim.

85



S.-L. Ding et al.

Bioactive Materials 17 (2022) 81-108

Table 2
Biocompatible polymer used in microcarriers for cartilage tissue engineering.
Polymer type Polymer Targeted diseases Fabrication Advantages Limitations Refs.
name techniques
Synthetic polymers ~ PLGA Osteochondral defect 1. Emulsion- 1. Good biocompatibility 1. Low bioactivity [85-88,92,
Polysaccharides Osteoarthritis solidcation 2. Ease of functionalization 212-224]
Acute arthritis
PCL Endochondral defect 1. Emulsion- 1. Biodegradability 1. Low bioactivity [93,95,225,
Osteochondral solidcation 2. Good processability and 2. Hydrophobicity 226]
Defects compatibility
3. Long-term mechanical stability
PLA Osteochondral defect 1. Emulsion- 1. Good biocompatibility and 1. Acidic degradation [144,167,
Cartilage defects solidcation biodegradability 2. Low bioactivity 227-231]
Osteoarthritis 2. Electrostatic 2. Low immunogenicity
Degeneration of spraying
articular cartilage
Alginate Intra-articular 1. Manually 1. Fast cross-linking and me- 1. Non-biodegradable and elicit [232-238]
injection dripping chanical strong immunological responses
Osteochondral defect 2. Electrostatic 2. Injectable for 3D bioprinting 2. Low mammalian cell
Osteoarthritis spraying 3. Structural similarity to GAGs adhesiveness and cellular
3. Emulsion- 4. Water-soluble interaction
solidcation 5. Abundant
Hyaluronic Cartilage defects 1. Emulsion- 1. Naturally biocompatibility 1. Lack of cell adhesion sites [95,128,239,
Acid Osteoarthritis solidcation 2. Natural cartilage and tissue 2. Excessive degradation 240]
2. 3D bioprinting component 3. Low mechanical properties
3. Microfluidic 3. Promote chondrogenesis
4. Lubrication function
Chitosan Cartilage defects 1. Emulsion- 1. Drug delivery capacity 1. Potential allergenic risks [241-244]
Osteoarthritis solidcation 2. Structural similarity to GAGs 2. Low solubility and high
3. Low cost viscosity
3. Poor water solubility
4. Low cell matrix interaction
Agarose Cartilage defects 1. Emulsion- 1. Water soluble 1. Mechanically weak [151,164,245]
solidcation 2. Gentle gelation 2. Lack of cell adhesion sites
2. Microfluidic 3. Well-characterized properties
4. Promote ECM secretion
Cellulose Osteochondral defect 1. Emulsion- 1. Low cost 1. Lack of mechanical properties [166]
solidcation 2. Nanofibrils similar to collagen
fibrils of ECM
3. Can be sulfated
Fibrin Osteoarthritis 1. Emulsion- 1. Tunable reactive groups 1. Not chondro-permissive [246]
solidcation 2. Promote MSC chondrogenesis 2. Need proper peptide design,
2. Microfluidic synthesis, and purification
Proteins Gelatin Osteoarthritis 1. Emulsion- 1. Promote cell adhesion 1. Poor mechanical properties [123,181,183,
Cartilage defects solidcation 2. Easy to be modified for UV 2. Low thermal stability 247-249]
crosslinking 3. Rapid degradation
3. Injectable for 3D bioprinting
Collagen Articular cartilage 1. Emulsion- 1. Natural extracellular matrix 1. Limited functional groups for [168,169]
defects solidcation components crosslinking
Osteoarthritis 2. Immunomodulation 2. Low mechanical properties
Osteochondral defect 3. Good cell-matrix interaction 3. Rapid degradation
4. High cost
Silk fibroin Osteochondral defect 1. Emulsion- 1. Mimicking the collagen 1. Limited options for anchoring [250]
Cartilage defects solidcation structure of native cartilage growth factor
osteoarthritis 2. High mechanical strength 2. Low biodegradation of p-sheet
3. Able to 3D printings crystals
4. Good sterilizability 3. Low osteogenic capacity
5. Low cost
ECM-based - Cartilage defects 1. Pulverizing 1. Naturally biocompatibility 1. Limited functional groups for [197,199,200,
materials ECM 2. Component of natural cartilage crosslinking 251,252]
2. Electrostatic and tissue
spraying
3. Emulsion-
solidcation

be processed via many techniques with good physical, mechanical, and
chemical properties that can be modified to improve the parameters of
the microcarriers. Most of these polymers are biocompatible as they can
degrade into components that are metabolizable in the body.

PLGA is a reliable and high-performance copolymer owing to its
biodegradability and biocompatibility. The PLGA matrices ultimately
degrade into lactic acid and glycolic acids by hydrolysis of the ester
linkages, and the acids are then eliminated as carbon dioxide and water
[101]. A suitable degradation that matches the rate neotissue formation
is necessary for tissue regeneration. A recent study demonstrated that
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PLGA-rapamycin MCs could be used successfully not only for sustained
release of rapamycin (more than 3 months) but also be used as cell
carriers for cellular therapy [35]. Another study developed an acellular
agarose hydrogel carrier with embedded dexamethasone-loaded PLGA
MCs to provide sustained release for at least 99 days, which indicated a
better histological score compared with an osteochondral autograft
transfer in a pre-clinical canine model [88]. Apart from the superior
biocompatibility of PLGA, surface structures of opened pores could
enhance metabolic activities and improve tissue regeneration. Qu et al.
modified traditional porous PLGA MCs with NaOH to obtain
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open-porous PLGA MCs (OPMs), in which pore sizes could be large
enough for cellular infiltration and migration into the inner space
(Fig. 3B) [86]. Together, MCs made of PLGA have been extensively used
as cell and/or drug carriers in cartilage TE with excellent performance as
a result of their larger pores, controllable degradation, and increased
surface roughness. However, it has been reported that the acidic
degradation of PLGA can reduce the local pH low enough to create an
autocatalytic environment [102].

PCL is also known as a robust biocompatible and biodegradable
material. It is one of the most commonly used polymers for cartilage
repair and has initial mechanical stability tailored to mechanical prop-
erties [103]. Remarkably, chondrogenic and osteogenic cells have been
successfully co-cultured on porous PCL scaffolds. However, chondrocyte
seeding onto macroporous PCL results in uneven cell distribution, cell
loss, and initial dedifferentiation due to the monolayer-like cell attach-
ment [104]. Lam et al. reported that porous PCL microcarriers coated
with extracellular matrices can be used to efficiently expand a variety of
MSC lines in a cost-effective manner while maintaining surface markers
expression and differentiation capability [97]. Osteochondral defects
involve multiple tissues, and a biphasic scaffold model that combines a
cartilaginous phase and a bony phase is the most common strategy for
cartilage TE. A novel strategy for constructing the hydroxyapatite
(HA)/PCL MCs using a selective laser sintering technique, demonstrated
that the multilayer scaffolds could induce articular cartilage formation
by accelerating the early subchondral bone regeneration [97]. The PCL
polymer has been widely used in cartilage TE; however, its application is
limited by hydrophobicity and the lack of active functional groups.

PLA is approved by the U.S. Food and Drug Administration as a
biodegradable polyester that is used to produce MCs, and it has been
proposed as a support matrix for cartilage TE [105]. Notably, PLA pos-
sesses chirality, which enable the mid-chain residues to exist in three
enantiomeric states, rL-Lactide, p-Lactide, and meso-lactide. The most
widely used PLA is the poly (1-Lactide) (PLLA) [106]. Using star-shaped
PLA technology, Liu et al. have fabricated nanofibrous biodegradable
hollow MCs as injectable chondrocyte carriers for knee cartilage repair.
The self-assembled MCs were designed to mimic the structure of
collagen fibers in the ECM, and the study showed that MCs are an
excellent cell carrier for chondrocytes to facilitate high-quality hyaline
cartilage regeneration [107]. An advantage of PLA-based biomaterials is
their ability of well-established processing technologies with the
appropriate mechanical properties such as injection molding and 3D
printing [108]. For example, it was shown recently by Ghosh et al. that
PLA MCs contained decellularized cartilage matrix, and they success-
fully fabricated a hybrid PCL filament containing MC encapsulating ALP
enzyme as a surrogate via melt extrusion [98].

In summary, the synthetic polymers discussed in this section have
been widely studied for cartilage TE. Despite the high mechanical
strength of these polymers, most are biologically inert. Thus, increasing
works combined natural biological macromolecules with synthetic
polymers to simultaneously provide good mechanical strength and
support biological functions.

3.2. Polysaccharides

Alginates, as anionic natural polysaccharides, are derivated from
bacteria or the cell walls of brown marine algae and possess biocom-
patibility, solubility and hydrophilicity, but do not readily degrade in-
vivo [109]. As per the degradation rate consideration, one study
showed that the degradation rate of alginate microbeads can be
controlled by incorporating alginate-lyase in the hydrogel at 4 °C [110].
Consequently, the controlled degradation MCs could affect cell release
rates and growth factor production [110]. Another experiment with
alginate demonstrated that decreasing alginate molecular weight can
also promote the degradation of alginate MCs [111]. Despite these
credentials, alginates biofunctionality is challenged by the absence of
arginine-glycine-aspartic acid (RGD) molecules, which affects
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interactions with proteins and cells (e.g., adhesion of cells). In 2014,
RGD-modified alginate MCs were prepared by Woo et al. using an
emulsion method, and results indicated that the MCs formed an aggre-
gate in the presence of chondrocytes and effectively regenerated carti-
lage tissues in vivo [112]. The application of alginate is limited by its
mechanical strength. A recent research study using a novel strategy
showed that calcium alginate Janus MCs were made with MSCs in one
compartment and iron oxide magnetic nanoparticles or drug-loading
ability in the other compartment, which showed proper formation of
calcium alginate and displayed mechanical integrity lasting up to 30
days, targeting was controlled using an electromagnetic manipulation
(EMM) device [113]. Alginate can be used in various biofabrication
techniques, including molding, spraying, and 3D bioprinting due to the
ability of physically crosslinks via divalent cations (e.g., Ca®") [114,
115]. Despite these successes, alginate hydrogels have some limitations.
For example, the alginate microcarrier with physical crosslink lacks
long-term stability. Furthermore, alginate lacks a cell adhesive site and
cellular interaction ability, resulting in alginate MCs that are generally
modified with cell adhesion peptide, polymer modifiers, and oppositely
charged polysaccharides [116,117].

Hyaluronic acid (HA), as the most abundant glycosaminoglycan
(GAG) in native cartilage, is a linear biomacromolecule and the
component of articular cartilage in the extracellular matrix (ECM), and
is composed of repeating units of p—1,4-d-glucuronic acid-p—1,3-N-
acetyl-Dglucosamine residues that can maintain cartilage homeostasis
[118]. HA is involved in some key cellular processes of chondrocytes
(including morphogenesis and proliferation) and has stimulatory effects
on chondrocyte metabolism in vitro, which could significantly increase
the synthesis of collagen type II, hydroxyproline, and glycosamino-
glycan [119-121]. HA is also well known for interacting with specific
receptors such as CD44, to regulate signal transduction, cell migration,
and differentiation [122]. Therefore, tissue-mimetic pellets composed of
chondrocytes and HA-graft-amphiphilic gelatin microcapsules can serve
as biomimetic chondrocyte ECM environments with targeting on CD44
receptors, and these MCs can stimulate chondrogenesis and sulfated
glycosaminoglycan synthesis [123]. The injectability of hydrogels
broadens the clinical applications for drug delivery and regenerative cell
therapies. HA has abundant carboxyl and hydroxyl groups that can be
modified by various chemical reactions to control the mechanical
properties of HA, including degradation resistance and elasticity [124].
Additionally, the multifunctionality (e.g., self-healing and
shear-thinning properties) of HA can be obtained by introducing bio-
functional molecules or reactive moieties to provide ease of injectability
[125]. HA-based hydrogel particulates have been developed by incor-
porating bioactive ceramic nanoparticles to enhance the structural sta-
bility of HA under enzymatic degradation. However, a high injection
force resulting from the presence of nanosized ceramic fillers and
nonuniform shapes and sizes of gel granules is unavoidable [126]. To
address this challenge, the injectable HA-based hybrid hydrogel MCs
with nanosized calcium phosphate were fabricated using a W/O emul-
sion process and in situ precipitation process [127]. In clinical practice,
uncross-linked HA is generally mixed as a lubricant. A more recent study
developed an inverse opal-structured MC scaffold for osteoarthritis
treatment, and used the HA microcarrier as a lubricant vehicle to deliver
drugs when the temperature increased in the joint cavity during exercise
or osteoarthritis [128]. In addition, HA can be modified by chemical
reaction of carboxylic group and photo-crosslinkable functional groups
such as methacrylate and glycidyl methacrylate. As a result, a variety of
HA-based microcarriers can be fabricated towards controllable biode-
gradability and improve mechanical properties.

Chitosan is a naturally linear polysaccharide composed of N-
glucosamine and N-acetylglucosamine units from the shells of shrimp
and other crustaceans and the molecule cationic was obtained from the
amino/acetamido group in chitosan [129]. Chitosan has been known as
a promising candidate material in cartilage TE due to its excellent bio-
logical functions, including antibacterial properties, biodegradable,
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affordability, lack of immunogenicity, and biocompatibility that pro-
mote cell adhesion, proliferation, and differentiation [130-133].
Moreover, Chitosan is a repeating glucosamine unit, which is an essen-
tial ingredient for the synthesis of glycoproteins [134,135]. For
example, Sheehy et al. reported that chitosan constructs accumulated
the highest levels of sulfated glycosaminoglycan and collagen compared
with alginate and fibrin [136]. In addition, chitosan has a hydrophilic
surface that it may maintain and attract fluid and cells to defective sites
[137]. Ma and coworker prepared chitosan microcarriers that impreg-
nated with soybean protein isolate, their outcomes show that composite
microcarriers better-supported cell adhesion and proliferation than
chitosan microcarriers [138]. Several chitosan-based scaffolds have
demonstrated good results because of the structural similarities between
SGAG in the articular cartilage and chitosan. These scaffolds can provide
a suitable microenvironment for chondrocytes to maintain the correct
phenotype, to sustain chondrogenesis, and to repair cartilage tissue
defects [139-141]. On the whole, the porous structures in chitosan can
be prepared by freeze-drying acidic solutions or gels. Specifically, Lu
et al. fabricated porous chitosan microcarriers with sizes ranging from
180 pm to 280 pm using an emulsion-solidification technique combined
with freeze-drying [142].

Nevertheless, the mechanical stability of the chitosan scaffold is
inadequate hindering the production of MCs with stable structures and
controlled sizes, thus, the scaffold cannot easily be applied in clinical
cases. To address this limitation, an appropriate strategy for combining
the chitosan hydrogel and solid-state bio-matrix could overtop the
inadequate mechanical stability of chitosan [132,143]. Subsequently, a
novel kind of porous PLGA/chitosan polyelectrolyte complex MC was
developed by electrostatic interaction using the emulsion-solidification
technique combined with freeze-drying for its simple operation and
easy scalability [144]. Another study that attempted to address the poor
mechanical properties of chitosan, involved preparation of
size-controllable chitosan/PEGDA hydrogel MCs using a water-in-oil
approach after photo-crosslinking and physical-crosslinking, results
showed that these cell-laden MCs were self-assembled into a 3D
cartilage-like scaffold [145]. Furthermore, many studies have indicated
that the physical properties of chitosan were mainly affected by the
molecular weight, the sequence of the acetamido/amino groups, and the
purity of the product [146,147]. The poor solubility in water, the low
cellular interaction, and the allergenicity of chitosan may limit extensive
translation of chitosan into clinical use [148,149].

Agarose is extracted from marine red algae composed of alternating
units of 3,6-anhydro-a-i-galactopyranosyl and p-p-galactopyranosyl
units, which is a thermosetting hydrogel that undergoes gelation in
response to a reduction in temperature [150,151]. Specially, agarose
forms a gel when cooled to below an upper critical solution temperature
(UCST), and this process is related to the agarose molecule twisting
[152]. Various factors such as concentration, molecular weight, and
lateral groups significantly affect the melting and gelling temperature
[153]. Therefore. The agarose polymer can be transformed into micro-
carriers by extrusion of droplets hardened when the temperature is
lower than UCST. Furthermore, other preparing methods (e.g.,
water-in-oil emulsion, microfluidics) are also followed by a reduction in
the temperature to allow gelation of the agarose droplets. For example,
Sakai et al. developed agarose microcapsules with a single hollow core
templated by alginate microcarriers, and subsequently the vascular
endothelial cells grew and formed embryoid body-like spherical tissue in
the core [154]. Moreover, agarose is also successfully used as a
biocompatible substrate combined with ceramic contents for augmen-
tation, such as bioactive ceramics or glasses [155]. Composite micro-
spheres were prepared for the first time by agarose enforcement with
combination of biphasic calcium phosphate and calcium sulfate dehy-
drate [156]. In more recent study, Zhao et al. prepared agarose micro-
carriers with a controllable pore structure by varying agarose types and
crosslinking degrees. Various agarose could tailor the gel formation of
microspheres matrix and thus affect the final pore structures [157].
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Agarose hydrogel, along with proper biocompatibility and biodegrad-
ability, can offer a suitable microenvironment for chondrocytes, and
stabilize the chondrocyte phenotype and enhanced the proteoglycan and
glycosaminoglycans precipitation [158]. Particularly, low concentration
agarose increased the deposition of the extracellular matrix, which
improved the mechanical properties [159]. Therefore, the distinctive
advantage of agarose hydrogels is the encapsulation of chondrocytes
which enables 3D culture maintaining the cellular phenotype or
morphology. Collectively, agarose and its composites presented a con-
spicuous role in the cartilage TE due to the excellent characteristics,
such as mechanical properties, biocompatibility, nontoxicity, and high
cell interaction.

Cellulose is a linear chain polysaccharide consisting of p-glucose
units. Notably, bacterial nanocellulose is nanofibrillar material that
combines high flexibility and tensile strength, and it has a nano-network
structure similar to the collagen fibrils in tissue ECM. Cellulose has
various advantages as a nanoscale structure and is available in different
formats for cartilage regeneration [160-163]. Moreover, the production
of cellulose is more economically practicable due to the reasonable cost,
yet approaches are application-dependent and vastly diverse. For
example, porous bacterial cellulose scaffolds, as described by Yin et al.,
were prepared by cultivating Acetobacter xylinum in the presence of
agarose microparticles, which could control the physical dimensions of
the pore network [164]. However, an intrinsic limitation of TE is the
compact structure with the 0.02-10 pm in the fibril network, resulting in
slow biodegradation and limiting cell penetration and migration [162,
165]. To address these concerns, bacterial nanocellulose has been
modified by chemical and physical methods, including modification of
chemical structure and functionalities, changes in porosity, crystallinity,
and fiber density, respectively [161]. In a more recent study, Wang et al.
fabricated the bionic nanofibrous microcarriers to mimic collagen
microfibers, and hydroxylysine and chitosan by crosslinking dialdehyde
bacterial cellulose through electrostatic interactions (Fig. 3C). The
biodegradation rate as well as mechanical properties and porosity could
be regulated by the orthogonal design [166]. Collectively, fibrous
microcarriers may represent real progress in the development of bio-
mimetic MCs. However, it is a challenge to control fiber diameter and
micro-nano structure as well as pore geometry to affect cell attachment
and cell-cell interactions.

Overall, polysaccharides have been used in the field of cartilage TE
because of their high biocompatibility and resemblance to the glycan
constituent of the ECM. However, the presently available polysaccharide
microcarriers exhibit limitations, including the lack of active functional
groups, the low mechanical strength, and fast degradation rate. There-
fore, a reasonable strategy involves combining these polysaccharides
with another category of polymers.

3.3. Protein

Collagen is a type of ECM protein that has low immunogenicity in
native cartilage and can support the proliferation and maturation of
chondrocytes. One study that established 3D collagen MCs, demon-
strated the phenotypic changes of primary human osteoarthritic chon-
drocytes in collagen MCs when exposed to a few external factors [168].
In another study, Yu et al. prepared type I collagen MCs seeded with
chondrocytes for 14 days, which showed the formation of cartilage
particulates in vitro [169]. Notably, another study found that type II
collagen could convert auricular chondrocytes into articular cartilage
after dedifferentiation by a two-step protocol [170]. Collagen reduce the
risk of immune response by ECM formation, and can be used as a coating
material for microcarriers to improve cell adhesion. In natural ECM,
collagen nanofibers are found to improve stem cell attachment, prolif-
eration, and differentiation along various lineages. Zhang et al. suc-
cessfully synthesized a novel functionalized graft copolymer that can
self-assemble into functional nanofibrous hollow MCs (Fig. 3D). The
results showed the nanofibrous structure could enhance the efficacy of
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GF signals in stem cell differentiation [167]. Moreover, collagen can be
combined with other polymers to form hybrid hydrogel scaffolds that
have enhanced properties compared with those of the individual com-
ponents. For instance, collagen-coated PLA microcarriers have been
successfully fabricated, the results indicated that the mechanical prop-
erties of scaffold were substantially enhanced, and formed cell attach-
ment [171]. Type I collagen is widely employed as scaffolds products for
cartilage TE in clinical treatment. Nonetheless, the pure type I collagen
suffers its limited biological activity and weak mechanical properties.
Compared with type I collagen, type II collagen shows better chondro-
genic performance. However, type II collagen is not an ideal polymer for
cartilage TE due to its arthritogenic potency [172].

Gelatin, as a hydrolyzed form of collagen, is famously used for
various medical diseases due to its biocompatibility, proteolytic de-
gradability, and controlled delivery system advantages [173,174]. The
gelatin microcarriers can provide a surface for cellular adhesion and
proliferation, while simultaneously allowing control over the release of
drugs or biological agents [175]. The biodegradability of gelatin
microcarriers can be achieved by collagenase. For instance, Ng et al.
fabricated dissolvable gelatin-based microcarriers for MSC expansion
[176]. Another study showed that the gelatin microcarriers could
enhance the efficiency of chondrogenesis in bone marrow stromal cells
(BMSCs) in vitro [177]. In term of safety, gelatin microcarriers were
seemed to be non-cytotoxic and noninflammatory because of low
immunogenic properties. In terms of efficacy, the gelatin microcarriers
can maintain drug levels in the plasma for more than 48h [178].
Generally, the content and the degree of crosslinking of gelatin could
influence the biodegradation of gelatin microcarrier, resulting in the
rate of drug release. These studies demonstrated that the controlled
release of biologics is vital to ensuring success in tissue regeneration.
Besides, methacrylic anhydride (MA) can be easily modified with gelatin
to form photo-crosslinkable GelMA. Several studies have prepared
GelMA MCs via ultraviolet cross-linking [179-183]. The gelatin MC has
been endorsed for its potential in cartilage TE applications. However,
the major disadvantage of poor mechanical properties limits its appli-
cation for medical purposes [184]. Taken together, the gelatin micro-
carrier not only can provide a platform for cellular and drug delivery,
but also serve as a building block to form a more complex tissue
construct.

Silk fibroin (SF), as a natural fibrous protein, exhibits non-toxicity,
excellent biocompatibility and biodegradability, self-assembly, and
mechanical stability for the development of microcarriers [185,186].
The silk of silkworm cocoons consists of fibroin (a semicrystalline
fibrillar protein) and sericin (a water-soluble glue-like protein) [187].
Singh et al. fabricated an agarose/silk fibroin hydrogel via minimal
secretion of tumor necrosis factor-a (TNF-a) by murine macrophages.
The results demonstrated that silk is an alternative biomaterial with
good immunocompatibility for cartilage TE. Pure silk fibroin-based
microcarriers were fabricated by Wang et al. using a high voltage elec-
trostatic field [188]. Fang et al. prepared silk fibroin porous micro-
carriers containing strontium for injectable bone TE [189]. In addition,
various biopolymers have been combined with silk fibroin to improve its
mechanical and biological properties. For instance, Perteghella et al.
innovatively developed composite microcarriers containing SF and
alginate to realize cell delivery [190]. Conventionally, the SF of com-
posite microcarriers is induced into the p-sheet conformation, which
could provide a more stable, insoluble homogeneous structure by im-
mersion with ethanol [190-192]. Furthermore, the SF could be com-
bined with positively charged polymers, such as chitosan and collagen,
to provide an adhesive microenvironment [193,194]. It is worth noting
that pure SF is difficult to degrade in vivo, and its poor thermal stability
also limits its biological application. Although few studies about
SF-based microcarriers have been reported for cartilage TE, this type of
biomaterial has a great potential biomedical application prospect.
Interestingly, there is still no study to develop serin-based microcarriers
owing to its water solubility and weak mechanical properties [195].
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Proteins are denatured by high temperature, physical stress, or
exposure to strong organic solvents. Furthermore, protein-based
microcarriers may be hampered by its weak mechanical strength, and
shrinkage, which could be optimized through blending with other ma-
terials. Considering the aforementioned works, proteins served as
essential polymers for the next generation of cartilage TE due to their
excellent biocompatibility and biodegradability.

3.4. ECM-based materials

Polymers derived from the cartilage ECM are widely used in cartilage
tissue regeneration, because they can provide a highly biocompatible
environment for proliferation of chondrocytes and MSCs. In a previous
study, cartilage ECM/peptide coating microcarriers could improve MSC
expression of CXCR4, and trigger MSC migration from microcarriers for
cell therapy [196]. Yin et al. proposed a novel cell carrier derived from
natural cartilage ECM, which can support proliferation of MSCs and
facilitate their chondrogenic differentiation without the exogenous
growth factors [197]. ECM not only offers a complex 3D microenvi-
ronment for the survival, organization and differentiation of the cells,
but also accelerates the formation of tissue-engineered cartilage because
of simulating the native osteochondral tissue. In addition, ECM plays a
key role in the transmission of mechanical forces, growth factor release
and signaling [198]. The decellularized extracellular matrix (AECM) can
be termed by all cells and genetic material while maintaining the
physical and biochemical characteristics. Sivandzade et al. introduced
porous injectable microcarriers composed of dECM of cartilage tissue,
which could be a potential candidate to be used in cartilage tissue en-
gineering applications [199]. A more recent study, the bionic cartilage
acellular matrix MCs were prepared for chondrogenic differentiation of
bone marrow cells and combination with microfracture [200]. These
study support that the ECM proteins from cartilage acellular matric may
provide favorable conditions for cells toward chondrogenesis. However,
the disadvantages of using dECM are also obvious, like weak mechanical
properties rapid in vivo degradation, limited source. Hence, standard-
ized decellularization procedures and guidelines primarily need to be
provided in the future.

As mentioned previously, various synthetic and natural biopolymers
have been used for the fabrication of microcarriers. Synthetic materials
provide high reproducibility and tailorability. However, synthetic bio-
polymers exhibit disadvantages that include poor hydrophilicity, cyto-
compatibility, and low biodegradability. Although natural biopolymers
have excellent biocompatibility, there are also limitations such as poor
mechanical properties, low cell adhesiveness and cellular interaction,
uncontrollable degradation, and the inconsistency of source batches.
Therefore, selecting a desirable biomaterial in microcarrier develop-
ment to that will improve the biological properties. The ideal biomate-
rial will provide microcarriers that are similar to native cartilage in
composition and structure.

3.5. Surface biological modification of microcarriers

The interaction between the microcarrier surface, surrounding me-
dium, and cells are critical for the cell cultures, and cell attachment
involves interaction between cell adhesion molecules and various sub-
strates on the surface of the microcarrier [201]. There are a number of
adhesion factors, such as fibroblast growth factor, bone morphogenetic
protein, endothelium, glass fibronectin, which need first be absorbed
before the adhesion of cells to the MC surfaces [202]. Notably, some
protein like collagen, laminin, and fibronectin, can also improve the cell
attachment on microcarriers [203]. For example, Lu et al. modified the
surface of porous carboxymethyl chitosan microcarriers with collagen
for application in cartilage TE [204]. Moreover, the introduction of
collagen can enhance the proliferation, and differentiation of cells in
MCs. Surface modification of MCs with short peptide sequences or
growth factors is an attractive approach to guiding the spatially and
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temporally complex multicellular processes. Dandekar et al. illustrated
the procedure for expansion of human BMSCs on collagen-I-based re-
combinant peptide-based microcarriers [205]. The growth factors paly
crucial roles in situ cell recruitment and attachment. Gelatin micro-
spheres have been used as a method of releasing TGF-p1, which is a
secreted protein to create 3D pieces of cartilage tissue [206]. The growth
factor TGF-p3 has also been explored for cartilage regeneration, other
growth factors, such as bone morphogenetic protein (BMP)-2, have been
utilized in similar degradable microspheres to stimulate chondrocyte
development [207]. One can add surface moieties to the MCs that will
improve cell attachment by tailoring the surface chemistry or functional
molecular. Functional groups such as hydroxyl, carboxyl, and amino
groups can be introduced to the surface modification to obtain hydro-
philicity and positive surface charge [208]. Besides, surface charge and
hydrophilicity can be achieved by incorporating chemical groups, e.g.,
amino groups (-NHj) or carboxyl groups (-COOH), which can also
significantly affect cell attachment and behavior [209]. And several
studies have shown that a better attachment on positively charged
compared to negatively charged microcarriers [210,211]. However, the
charge on the surface of the microcarrier will affect the dispersion be-
tween the MCs and easily adsorb surrounding impurities. The ability of
adhesion and proliferation of cells was clearly improved by modifying
the surface hydrophilicity. It is well-established that slightly hydrophilic
surfaces lead to better cell attachment than hydrophobic (>90°) and
superhydrophobic (>150° contact angle) surfaces [211]. Therefore,
these functional molecules are a common route to improve cell adhe-
sion, proliferation, and differentiation. However, these bioactive moi-
eties are often expensive, and the process of chemically linking them to
microcarriers is very complicated. It is worth considering that
cell-surface, protein-cell interactions as well as protein-surface should
be carefully investigated.

4. Microcarriers design application in cartilage TE

In cartilage TE, two main ways have been proposed for the regen-
eration of cartilage (including at the osteochondral interface and full-
thickness). One method involves preparation of complex scaffolds to
mimic the architectural features, mechanical properties, and biological
functions of native cartilage tissues. The other approach is to develop the
appropriate biomaterials that serve as a temporary 3D microenviron-
ment for chondrogenic cell growth, proliferation, and differentiation to
generate cartilage tissue [253]. To produce desirable engineered carti-
lage, we still need to prioritize three elements of TE: cells, scaffolds, and
growth factors [254,255]. MCs are mainly applied as the form of
hydrogels or sponge scaffolds in drug delivery or cell carriage. In this
section, we summarize advantages of microcarriers as
cell/drug/factor-laden delivery platform, and in combination with bio-
logical scaffolds to achieve efficient chondrogenesis for cartilage
regeneration. Furthermore, we highlight recent advances in bio-
manufacturing technologies (e.g., 3D bioprinting) for the fabrication of
MC-based scaffolds to mimic the native cartilage counterpart. Under-
standing these methods affect MC and scaffold properties, thereby
serving as a valuable guide for the design of microcarriers or MC-based
scaffold for diverse clinical needs.

4.1. Delivery vehicles and scaffold for cargo/cells

Many clinical therapeutics like intra-articular drug injection have
been widely used for treating joint diseases. But some shortcomings still
need to be overcome. First, drugs need to be administered frequently
and repeatedly to reach the therapeutic dose, which may cause the
increasing of drug level. Second, some existing drug delivery systems
released the drugs rapidly and exceed the therapeutic concentration and
the maximum safe level. In past decades, various microcarriers have
been developed for controlled drug delivery to reduce dosing frequency
and to improve the therapeutic effects by minimally invasive Injection.
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In general, drug delivery microcarriers are often prepared by natural or
synthetic polymers. The cargo (e.g., drug and factor) is encapsulated in
MCs to increase the bioavailability and provide a long release period
with constant drug plasma concentration [256]. Moreover, Controllable
MC porosity and pore structure are important properties. In one recent
study, Yang et al. prepared the smart microcarriers that could shrink or
swell to release the drugs with pathological response switches for
treating osteoarthritis [128] (Fig. 4A). Therefore, the release rate of the
delivered drugs can be precisely regulated by controlling the porosity of
the MCs. Similarly, Han et al. successfully developed lubricating MCs
encapsulated with an anti-inflammatory drug of diclofenac sodium
[181]. The result showed that these MCs possessed lubrication and
controllable drug release for the treatment of osteoarthritis. With regard
of releasing drug for a long period, the Immobilizing liposomes, inter-
acted with GelMA microgels by the physical network, were designed to
protect Kartogenin against rapid clearance in the joint cavity [183].
These microgels could extend Kartogenin release for over five weeks
(Fig. 4B). The flowability and flexibility of microcarriers allow them to
disperse adequately in the solution and fulfill the requirement of joint
loading. Additionally, more researchers believe that the functional
microcarriers should be combined with bioactive factors to promote the
growth and differentiation of seeded cells. In more recent study, inspired
by the recruiting of seabirds home to nesting, Lei et al. fabricated cell
island” microgels that encapsulated platelet-derived growth factor-BB
and transforming growth factor-beta3 to recruit stem cells [257]
(Fig. 4C). Collectively, microcarriers, as a carrier for drug delivery, can
be prepared to provide excellent encapsulation performance and
advanced controlled release performance.

The cell delivery efficiency can be adjusted by controlling the
structure and pore size of the microcarrier. For instance, Kim et al.
prepared pocket-type biodegradable PLGA microcarriers with pores
larger than 30 pm for use in cell delivery [258]. The results in this study
indicated that the pocket-type MCs produced differentiation of stem
cells in combination with containing SOX9 pDNA (Fig. 4D). Various
stem cells, such as adipose-derived stem cells (ADSCs), embryonic stem
cells, and bone marrow-derived mesenchymal stem cells (BMSCs), have
been demonstrated pre-clinical or clinical efficacy to improve the out-
comes of cartilage repair [259,260]. However, limitations based on MSC
therapeutic strategies still exist. In particular, results of clinical study
have shown fibrous cartilage formation in repaired joint defects
implanted with MSCs. The most advanced cartilage TE is the matrices
seeded with chondrocytes, which might tend to lose their phenotype,
with dedifferentiation after long term culture in vitro, producing fibro-
blastic type I and III collagens [261,262]. Understanding the suitable
microenvironment for cell-cell and cell-matrix interactions is essential
[51]. In one study, researchers investigated the influence of microen-
vironment on chondrocytes by comparing the collagen hydrogel in bulk
and microspherical forms, the results suggested that chondrocyte
phenotype could be maintained in MCs at an early stage of the in vitro
culture [263]. Zhou et al. reported chitosan microcarriers with an
ECM-mimicking nanofibrous structure that could easily develop a
macroscopic 3D geometrically shaped cartilage-like composite [264].
Furthermore, the chitosan microcarriers provided researchers with
bottom-up cell-carrier components for repairing cartilage defects
(Fig. 5A).

Scaffold with microcarriers, including MC-incorporating scaffolds
and MC-based scaffolds, can serve as TE treatment strategy. Micro-
carriers can be assembled into MC-based scaffolds in three main packing
strategies: random packing, directed assembly, and rapid prototyping
[265]. As described previous studies, articular cartilage is composed of
three layers that have distinct characteristics in terms of cell density, cell
shape, collagen organization and ECM content [266]. The shearing force
and compressional loading could be withstood by the zonal property of
articular cartilage with biphasic mechanical properties. Therefore,
restoration in the zonal hierarchy of natural articular cartilage is
extremely important. Lee et al. has developed a sorting protocol in
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expanding chondrocytes and showed that post-expansion size-based
sorting can be applied on microcarriers-expanded chondrocytes,
generating enriched zonal subpopulations that form phenotypically
distinct cartilage constructs in the 3D hydrogel, these constructs could
support the stratified zonal repair of articular cartilage (Fig. 5B) [267].
The interaction between the biologics and microcarriers can be achieved
by physical encapsulation, physical or chemical immobilization, and
electrostatic interaction [128,182,212]. In addition, the adjacent ECM
that produced by cells on the microcarriers can be able to assemble and
stick MCs together. Traditionally, the majority of studies have followed a
top-down approach by taking a bulk material and degrading sections of
it to create pores scaffolds. Recently, hADSC-loaded GelMA micro-
carriers were induced to form osteogenic and chondrogenic microtissues
through a “bottom-up” method, which presented the capability to ach-
ieve the construction of macrotissues [268] (Fig. 5C). Microfracture
surgery is still considered as the gold standard method for articular
cartilage repair due to its cost-effectiveness, minimally invasive nature,
and technical simplicity, which could trigger the release of BMSCs
[269]. There are tremendous challenges in developing a scaffold with
homogenous materials to work with microfracture for researchers.
Recently, Liu and coworkers have fabricated a biofunctionalized scaffold
with cartilage acellular matrix microcarriers to improve the outcome of
microfracture surgery [200]. This study showed that the cell-free MCs
scaffolds exhibited enhanced both articular cartilage regeneration and
subchondral bone repair (Fig. 5D). Overall, biological scaffold, as a
temporary 3D construct to fill the osteochondral defect, can offer
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mechanical support, promote cell infiltration, and encapsulate drugs/-
factors to form an appropriate microenvironment for -cartilage
regeneration.

4.2. Scale-up cell expansion using microcarriers

Cell therapeutic strategies have been proven to be a well-tolerated,
safe therapy for a variety of indications, which need a target produc-
tion lot size of ~100B cells [270]. Microcarriers have a 3D culture area
that could rapidly expand cells for a sufficient amount and maintain the
phenotype of cells, which have been used commonly in cell-line pro-
duction with oscillating and multiplate bioreactors [271]. Therefore, a
robust suspension bioreactor process that can be scaled-up is crucial to
meet this demand for clinical manufacturing of seeded cells [272].
Furthermore, during the bioreactor manufacturing process, cell quality
and phenotype may be influenced by the key parameters of bioreactor,
such as oxygen concentration (pO), temperature, cell concentration,
pH, agitation and pressure (Table 3). Oxygen is one of the most critical
nutrients for cell expansion, and is continuously added into the biore-
actor via the sparger. Most mammalian cell expansion are performed
with a dissolved oxygen of around 20-50% of the saturation with air. It
is important to maintain a homogenous constant temperature in the
bioreactor. When the temperature is above 38 °C, cellular viability was
significantly reduced. The pH is usually set between 7 and 7.5 and the
pH can be controlled by diluted base, diluted acid and CO, [273]. It is
needed to get a homogenous distribution of the culture, temperature,
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Table 3
Key parameters of scale-up bioreactors.
Key parameters Recommended range Refs.
pO2 Dissolved oxygen of 20-50% of the saturation [280-282]
with air.
Temperature 30 °C-37 °C, it must be tightly controlled to [282,283]
within about 1 °C.
Cell 10*-107 cells/cm3, it needs to reach the minimum [284,285]
concentration inoculation density.
pH 7.0-7.5, it is maintained in the range naturally [286,287]
with correct buffers.
Agitation 10-150 rpm, it depends on the type of cell and [288-290]
bioreactor.
Hydrostatic 30-90 mmHg, cell production can be enhanced [291]
pressure by the moderate hydrostatic pressure.

pH, nutrients, and oxygen in the bioreactor and prevent settling, but on
the other hand, high-speed agitation has demonstrated significantly
higher shear stress, which is the most severe potential damage to cells
[274]. It may be the case that a small percentage of cells (e.g., chon-
drocytes, endothelial cells) need a high shear stress, but the average
shear stress of most bioreactor remains low [275]. Collectively, these
key parameters are very important for the designing of bioreactor that
aims to successfully manufacture a large number of adherent cells.
This way of culturing cells raises additional challenges on the bio-
processing side. These challenges include the separation of cells and
MCs, establishment of the minimum agitation level required, optimi-
zation of the feeding regime and the optimization of the gassing strategy
[276]. The main strategies to separate cells from microcarriers are
enzymatic dissociation combined with high stirring speed or using non
continuous mixing [277]. Moreover, the use of magnetic microcarriers
to separate cells is also an alternative way during culture harvest.
Monitoring seed cell state after expansion whilst maintaining cell
quality presents a key process step. Quality control tests include e purity,
viability, genetic stability and, immunophenotype characterization
[278]. Recently, Gong et al. reported a novel microfluidic approach that
label-free and continuous-flow monitoring of single microcarrier using
co-planar Field’s metal electrodes and can be integrated into bioreactors
for long-term [279]. Taken together, by employing bioreactors and
microcarriers, it is expected that production costs would decrease due to
improved process monitoring and quality control leading to better
consistency and process efficiency, and enabling economies of scale.

4.3. Injectable and 3D bioprinting microcarriers

In general, the direct transplantation of cells sometimes may be
ineffective. Because transplanted cells may be killed by the variable
mechanical pressure, limited nutrient supplies, and shearing force
[292]. It is estimated that only 1-20% of transplanted cells survive or
remain at the site of injection, limiting the cell therapeutic potential
[293]. Microcarriers have proven to be useful method as delivery ve-
hicles through injectable methods due to their small size and spherical
shape [207]. Furthermore, the injectable microcarriers could improve
the delivery of cells with excellent properties, like the physical support.
In addition, they can be performed in a minimally invasive fashion at the
site of the defect and easily conform to any shapes, especially in joint
diseases. This malleability provides a 3D platform for releasing agents,
cell proliferation, and increasing lubricity [294]. In these MCs systems,
viscosity decreases when shear strain is increased, allowing the possi-
bility that MCs could flow during the injection [295,296]. Due to the
limitations of injectable techniques, the issues of layer separation and
weak interface bonding frequently exist. Therefore, Du et al. prepared a
bio-inspired multilayer scaffold with PCL microcarriers for osteochon-
dral repair using an advanced selective laser sintering (SLS) [95].
Compared with the powder form used in conventional SLS strategies,
MC-based SLS technique is utilized to enhance micro-scale porosity
during the sintering process (Fig. 5E).
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Microcarrier-based osteochondral and cartilage constructs with
microarchitectures can be achieved with biomanufacturing technologies
(e.g., 3D printing). Various bioprinting techniques were developed, the
most preferred deposition technique is extrusion because of its conve-
nience, flexibility, precision, and high levels of cell compatibility [297,
298]. However, challenges in fabrication of microcarrier-based inks
include sufficient cells with high cell viability, the ability of extrusion
molding, the stability and resolution of printed constructs and re-
strictions. In bioprinting, these inks should have controlled rheological
properties (e.g., shear-thinning) that can be stabilized after deposition
with both nontoxic and compatible [22,299]. Furthermore, the fila-
mentous inks need rapidly stabilize to preserve fidelity of the printed
structure from a reservoir onto a print surface [300]. Few studies have
reported on bio-inks based on microcarriers so far, especially application
of cartilage repair. In 2014, Levato et al. fabricated bilayer osteochon-
dral models using microcarrier-laden bioink for bone and osteochondral
constructs [301]. In this study, 3D bioprinting of cell-laden micro-
carriers showed the powerful ability to create a precisely-designed 3D
architecture with high cell concentration and viability. Moreover, these
PLA microcarriers provide a mechanical reinforcement to the inks
(Fig. 5F). The result in this study also demonstrated that it is not
advisable to solely use MSCs in MCs-based hydrogels for the cartilage
region, since they can easily differentiate towards osteoblastic lineage.

As a whole, the large aggregates can easily block the injection nozzle
[301]. Microcarriers flow is largely different from the liquid flow of
common continuous bioinks during 3D printing. Unlike traditional
hydrogel boinks, MCs-based inks are usually packed closely together in a
jammed state, they look like a solid, hence their rheological properties
need to be adjusted by chemical or physical modification and a sec-
ondary crosslinking is often required. Besides, the wall of the syringe
and nozzle provide resistance and confine the MC-inks flow because of
the considerable size of microcarriers. And then MCs may present closer
packing to remove the aqueous solutions in the interstitial spaces,
further deforming, squeezing, or sometimes rupturing themselves before
yielding to flow. Moreover, the physicochemical properties of MCs-inks,
like the size and modulus, can influence the dissipation process
(Fig. 5G). The research results of Xin et al. revealed a large enough
opening was required for smooth printing of MCs bioinks, but the shape
and size of the syringe and nozzle as well as the size and polydispersity of
the HMPs must also be considered [302]. Furthermore, the jamming
process within the syringes also affected the printing stability and
cytocompatibility. For instance, Highley et al. developed jammed
microgels inks from norbornene-modified hyaluronic acid with
shear-thinning behavior and short-term stability, and cell viability
within the microgel was generally high (x~70%) [303]. Notably, it is
worthwhile to consider that the post-cross-linking should be tested be-
tween the microcarrier. Nevertheless, the tissue defects usually feature
curved surfaces or even more intricate geometries, where the mismatch
of the shapes may be further worsened by the possible deformation of
the local tissues [304,305]. Therefore, in situ MCs based-bioprinting
address this dilemma to reconstruction of defective tissues in a clinical
setting by handheld approaches. Taken together, extrusion-based bio-
printing technology has progressed substantially and has paved the way
during the last decade for bioprinting of cells and microtissues. The
microcarriers could be performed via the extrusion-based bioprinting
technology, while the orifice could easily be blocked.

4.4. Stimuli-responsive microcarriers

Recently, stimuli responsive microcarriers have attracted particular
interest, which offer great advantages for its nanostructured features
and rapid transitions by the small alterations in the environment. These
smart hydrogels can undergo reversible transitions of chemical/physical
properties in response to various external factors such as physical stimuli
like the magnetic field, temperature, light, and mechanical force, and
the chemical or biochemical stimuli including the pH, solvent
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composition, or chemical triggers like reactive oxygen species and in-
flammatory environment [306]. The drug-releases process in stimuli
responsive microcarrier is activated by external environmental changes,
which not only reduces drug waste and improve drug utilization, but
also improves the safety of treatment as well.

Thermosensitive polymers generally undergo so-gel transition upon
temperature alteration, causing changes in the configuration, solubility,
and hydrophilic-hydrophobic balance [307]. The hydrogel will become
soluble when water molecules form hydrogen bonds with polar groups
during critically low solution temperatures, polymer chains shrink and
become hydrophobic and insoluble above the lower critical solution
temperature. For example, Hydroxypropyl cellulose, a water-soluble
non-ionic polymer, has an adjustable range lower critical solution
temperature value in the temperature range of 41-45 °C in water
because of the existence of hydrophilic and hydrophobic groups [308].
Recently, Isiklan et al. have prepared temperature-responsive chito-
san/hydroxypropyl cellulose blend nanospheres for sustainable flurbi-
profen release [309]. In 2021, Bulut et al. introduced
temperature-responsive hydroxypropyl cellulose-g-polyacrylamide and
chitosan MCs containing amoxicillin trihydrate to ensure the sustained
release of the drug by increasing graft yield [310]. In another study,
Yang et al. introduced poly (N-isopropylacrylamide) microcarriers that
could swell once the temperature increased, and then encapsulated
drugs can be released when temperature rises in the joint cavity during
exercise or osteoarthritis. Thus, the smart microcarrier has the ability of
intelligently releasing [128]. The advantage of temperature-triggered
microcarriers is the ease of fabrication with no need for external
cross-linking agents [311,312]. However, the temperature, and pH of
the polymer solution should be suitable for clinical applications [313,

A

Py c
a ) olylonic

therapy for IWOA

phy ) b) invasive
Y

'
o Gelatin .
iy X
-4 L Te
PIL-10 — 306
1L-13 X o

GelA ' MGS |

Microfluidic devica

Mussel-inspired dopamine MGS@DMA-SBMA

based copalymer coating

Drug loading

b)
Lubricatad

Ball  Grease ball

Intra-articular injection to rat
knee jeint with ostecarthrilis

AKX

Ball bearing

Hydration lubrication .-

Projected Response in OA a)

MGS@DMA-SBMARRDS

Microrabot @ "
/ Mesenchymal

i

Sustainad drug release

Bioactive Materials 17 (2022) 81-108

314].

Articular cartilage-related diseases often lead to changes in the
cartilage microenvironment, including the secretion of inflammatory
cytokines, oxidative stress, and an acidified environment. In one study,
researchers designed a net gelatin MC with negative charge to sequester
cationic anti-inflammatory cytokines that controlled by the crosslinking
density. For example, Park et al. designed gelatin microcarriers that are
responsive to proteolytic enzymes typically expressed in arthritic flares,
resulting in on-demand and spatiotemporally controlled release of anti-
inflammatory cytokines [315]. These MCs are responsive to proteolytic
enzymes and spatiotemporally controlled release of anti-inflammatory
cytokines for cartilage repair (Fig. 6A) [248]. The cartilage also faces
the problem of drug lymph due to the dense structure and the
high-density negative charge. The high-density ECM was formed by the
collagen fiber network with 60-200 nm pore size, and the negative
electrostatic barrier was attributed to abundant negatively charged
chondroitin sulfate mucopolysaccharide chains [316,317]. Feng et al.
introduced an adhesive hydrogel MC characterized with positively
charged nanostructure that allowed it to penetrate deeply into the
cartilage with charge guidance (Fig. 6B) [318]. Articular cartilage le-
sions are often accompanied by the appearance of an acidic environ-
ment. Therefore, pH-responsive hydrogels, consisting of polymers with
acidic or basic groups, display promising properties for biomedical ap-
plications. The mechanism of pH-responsive hydrogels generally in-
volves dissociation and association with hydrogen ions depending on the
pH level. Such as some poly acids that are deprotonated at neutral and
basic pH and protonated at acidic pH [319]. Although several studies
have reported on the use of pH-responsive microcarriers, these micro-
carriers remain rarely used in cartilage TE [320-322].
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Since articular cartilage is constantly under mechanical forces within
the microenvironment, and mechanical forces play a key role in regu-
lating cartilage development and chondrocyte phenotypes, such as the
cell growth and differentiation [323]. Moreover, a range of mechanical
forces can ultimately affect the conformation of hydrogels, and the
mechanical force can cause the hydrogel self-assembly, and stimulate
polymer matrices easily to release drug/growth factors in responsive to
mechanically stressed environments [324,325]. For instance, Yang et al.
fabricated highly monodispersed photo-crosslinkable GelMA MCs con-
taining poly sulfobetaine methacrylate brush, which can reduce the
wear between the sliding cartilage surfaces as well as achieve the sus-
tained release of anti-inflammatory drugs (Fig. 6C) [247]. Furthermore,
mechanical loading may support proliferation and differentiation of
stem cells for cartilage TE application.

To the best of our knowledge, microcarriers with ferromagnetic do-
mains or magnetization have been initially developed and explored for
magnetic responsiveness and/or drug delivery and invasive surgery
applications using magnetic guidance to target the lesion sites [180,
326-328]. Targeted cell delivery is a promising technique to enhance
the low targeting efficiency of cells via magnetization in the cartilage
TE. Go et al. reported findings using a magnetic adipose-derived
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MSC-based microcarrier composed of PLGA for knee cartilage regener-
ation, and they also developed a microrobot system consists an elec-
tromagnetic actuation system and a magnet for fixation (Fig. 6D) [328].
More recently, a magnetic implant system for stem cell-based knee
cartilage repair, which consists of magnetic microcarriers, a portable
magnet array device, and a paramagnetic implant, has been fabricated
[327]. Magnetic responsive drug delivery to and targeting of the injury
site can greatly improve the therapeutic effect in the joint cavity. Ideally,
the magnetic carrier system consists of the cell-loaded magnetic MCs
with biocompatibility and biodegradation and an external magnetic
field generator. With regard magnetic carrier system, the magnetic
actuation is usually developed by electromagnetic actuation using
external magnetic field (controlling multiple coils) to target the desired
position. One reasonable way for MCs to possess magnetization is to
embed magnetic components such as hardmagnetic, soft-magnetic, or
super-paramagnetic particles in the polymer matrices [329]. It should be
noted that some magnetic metals such as cobalt and nickel can cause
substantial acute toxicity [12,330,331]. Additionally, magnetic particles
should be corrosive in the aqueous environments; therefore, the mag-
netic particles can be coated with protective layers (e.g., silica layers) to
enhance their chemical stability [332,333]. In summary, the potential

NCMS-4

Fig. 7. Histological characteristics of microcarriers used for cartilage regeneration. A: the semitransparent cartilage-like composite tissue contained chondrocytes
and nanofibrous chitosan MCs in digital photographs (i) and bright field microscopy images (ii). Scale bar: 2 mm (i), 400 pm (ii). Reproduced with permission [264].
2016 The Royal Society of Chemistry. B: The knee osteoarthritis was treated by liposomes-anchored microgels at week 1, and 8 post-surgeries in X-ray (i) and
micro-CT images (ii). Reproduced with permission [183]. 2020 Elsevier B.V. C: An acellular agarose hydrogel carrier with embedded DEX-loaded poly (lactic-co--
glycolic) acid MCs was developed to provide sustained release. Gross image (i), H&E staining (ii), toluidine blue (iii). Scale bar: 2 mm. Reproduced with permission

[88]. 2019, Elsevier Ltd.
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toxicity and the metabolism of the magnetic particles, as well as the
large volume and limited workspace of the magnetic targeting devices,
remain challenging issues associated with future microcarrier systems
development.

4.5. Evaluation of microcarrier system for cartilage TE

A crucial prerequisite for the successful application of microcarriers
is the careful evaluation of characterization by techniques. In fact, few
histological scoring systems are available to evaluate of cartilage TE.
The assessment of cartilage regeneration and repair mainly analyzes the
structure and composition of the new tissue through histology and im-
aging, including matrix-staining metachromasia, tissue morphology,
immunohistochemical staining, chondrocytes clusters, and glycosami-
noglycan content and collagen [334]. The morphology of cartilaginous
tissue can be adequately preserved. Zhou et al. reported the chitosan
MCs with an ECM-mimicking nanofibrous structure based on physical
hydrogels of chitosan [264]. In this study, macroscopic semitransparent
3D cake-like composites constructed by these MCs were obtained and
bright field microscopy images show the dense cartilage-like composite
consisted of chondrocytes after 2 weeks of agitated incubation (Fig. 7A).

The development of in vitro TE techniques also extends knowledge of
cartilage structure and composition. For example, Yang et al. proposed a
novel strategy for preparing liposomes-anchored microgels that could
achieve controllability of extended drug delivery for treatments of
osteoarthritis [183]. The joint spaces of osteoarthritic models were
evaluated using X-ray imaging and the osteophyte formation and sub-
chondral bone changes were detected using Micro-CT (Fig. 7B). Another
radiographic measurement, like magnetic resonance imaging, is also an
alternative technique analyzing for cartilage quality. Generally,
hematoxylin-eosin staining (H&E) can provide a general overview of cell
distribution and tissue organization. The high-quality cartilage demon-
strated that the intense Safranin-O staining and high amount of matrix as
well as chondrocyte-like cells in the tissue. Additionally, the proteo-
glycan deposition can be evident from toluidine blue staining (Fig. 7C).
Evaluation of cartilage quality through histological analysis signifi-
cantly contributes to the assessment of the extent of cartilage damage or
the success of cartilage regeneration. When evaluating cartilage char-
acteristics, choosing the appropriate histological scoring system is
important for analysis of cartilage pathology, evaluation of results of in
vivo treatment, and determination of additional TE research needs.
Different histological scoring systems exist for each of these categories.

5. Principle for cartilage regeneration using microcarriers

An optimal cell-loaded microcarrier delivery system is critical to
ultimately achieve the promise of cartilage TE. The ideal biomaterial-
assisted cell delivery system needs to satisfy the following re-
quirements [68]: (i) simple ingredient with economical and
cost-effective design along with high microcarrier production rate; (ii)
efficient and reproducible loading of the functional ingredients (matrix,
drug or bioactive factors); (iii) good biocompatibility, ease of processing
into microcarriers, long-term biological stability, and controllable
biodegradability that match to the growth rate of the osteochondral
tissue; (iv) targeted delivery and long-term retention at the therapeutic
site; (v) enhanced integration with the lesion tissue and therapeutic
efficacy with degradable properties; and (vi) ease and readiness for
adaption to existing clinical practices for cell therapy.

A salient feature of articular cartilage is their capability of healing
after mild injury, and the self-healing can provide cartilage with damage
mitigation and long-term robustness. However, this property mostly
relies on the function of chondrocytes and MSCs, and engineering ma-
terials whether to form new cross-link and/or interactions in the vicinity
of damaged regions [335]. Self-healing enables materials to restore their
morphology and mechanical properties after defects, which have been
developed using multiple crosslinking mechanisms with large
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deformation capabilities. The commonly used for healing process is
weak physical cross-links (hydrogen bonds, metal coordinations, ionic
bonds and hydrophobic interactions) and dynamic covalent cross-links
(reversible cross-links) [335-337]. In addition, the self-healing capa-
bility can also be achieved via interdiffusion of polymer chains to form
entangled chains that span the crack surfaces [338].

There are some critical properties that should be carefully taken into
consideration if the clinical success of the technology is aimed. A big
challenge in cartilage TE is to achieve mechanical properties similar to
native cartilage. Articular cartilage displays intensive mechanical
properties such as high fracture energy (toughness)>1000 J/m2, and
stiffness>1 MPa [339]. The Young’s moduli for cartilage are in range of
10-20 kPa [340]. In addition, chondrocytes are surrounded by a peri-
cellular matrix with a stiffness of ~25-200 kPa in vivo, but most existing
3D microenvironmental stiffness (<5 kPa) for cell encapsulation is lower
than cartilage ECM [341]. Mechanical properties of microcarriers, such
as stiffness, elasticity, topography and roughness are important, which
may be commonly controlled by the polymer concentration and degree
of cross-linking. These properties not only to determine the durability
and stability of microcarriers during the production and implantation,
but also affect cell adhesion and phenotypes such as differentiation,
proliferation, and migration. For instance, Donald et al. described pri-
mary chondrocytes maintained high viability in environment of
high-stiffness (~35 kPa) agarose gels [245]. In more recent study, re-
searchers fabricated PLLA porous MCs blending SF and gelatin with
remarkably mechanical properties that promote chondrogenesis [231].
Besides, mechanical properties of MCs were found positively correlating
with chondrogenic differentiation, it demonstrated that the mechanical
property negatively correlates with type I collagen and total collagen
[342]. Current microcarrier technologies typically provide a stiffer
substrate, which may have detrimental effects on cell phenotype and
function [343]. However, extensive studies indicated that the prolifer-
ation and matrix formation of chondrocytes could be limited by the
elastic stress [344,345]. Lee et al. exhibited that fast stress relaxation
could provide a microenvironment that is more conducive to cartilage
matrix formation by chondrocytes [13]. Additionally, recent studies
have found that viscoelastic hydrogels could promote spreading and
proliferation of adherent cells [346,347]. Furthermore, the spectrum of
stiff to soft substrates can alter MSC surface markers, with MSCs lineage
markers primed to neurogenic following growth on low-stiffness sub-
strates, myogenic on medium-stiffness substrates and osteogenic on stiff
substrates. There are several detailed evaluations of mechanical prop-
erties by characterization techniques. Traditional methods mainly pro-
vide information data on the mechanical properties of microcarriers
through compression experiments, such as uniaxial compression tests of
a rheometer [348]. Besides, extensive studies use atomic force micro-
scopy and/or nanoindentation to evaluate the surface modulus of
microcarriers [349-351]. Another effective way is to subject the sample
to a shear-flow, for example, a novel microfluidic method measures the
elastic properties of a population of MCs was presented by Wang and
coworkers [352]. The Young’s modulus of normal articular cartilage is
about 6 MPa, the prepared material prefers to achieve the mechanical
structural parameters. Although the effect of stiffness on cell differen-
tiation pathways are well known, there is a gap in the literature
regarding microcarrier surface effect on MSC secretome, and thus more
researches need to be performed [343]. The small size of the micro-
carriers could be beneficial in medical application, especially for
intra-articular injection. Microcarriers with an inner diameter of
100-300 pm are accepted by most researchers and used in cartilage
repair [292,353]. Besides, the immune reaction was much lower when
employing smaller MCs comparing with bigger size MCs. In overall, the
diameter of the microcapsules should not exceed 400 pm.

Understanding the components and structure of cartilage tissue is
essential for the design and fabrication of cartilage TE-scaffolds. The
bionic principle that mimics the structure and composition of native
cartilage should be the first consideration. A successful microcarrier
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design depends on the interaction between the carrier surface and cells.
Generally, the 3D architecture could provide transient support to cells
for enabling their growth and differentiation, and this support is a
crucial determinant of neocartilage formation. It is difficult to determine
what micro-architecture features could affect cartilage regeneration,
while pore orientation/aspect ratio seems to be a strong architectural
feature that may influence cartilage formation/integration. In addition,
the anisotropic multizonal pore architecture mimics the collagen of
native articular cartilage, and the anisotropic architecture may promote
the integration of these constructs in osteochondral defects. Therefore,
microcarriers should have interconnected open pore structures (high
porosity) with a large surface area. Additionally, change the surface
hydrophilicity and charge characteristics via chemical modification (e.
g., copolymerization and grafting methods) and surface modification
method (e.g., immobilization of collagen, polylysine and RGD) to
improve cell adhesion. Since articular cartilage involves the interface
with bone, the implanting scaffold needs to consider the combination
with subchondral bone and has the stratification to provide appropriate
cushioning. In addition, the degradation rate of microcarrier scaffolds
should match the regeneration speed of cartilage tissue.

Finally, mechanical properties of MCs are crucial to the cartilage
function, and greatly affect the above-mentioned applications. Despite a
number of research on improving the sufficient mechanical properties
and certain functional properties on microcarriers, these systems still
encounter serious challenges within the vibrant and mechanically
demanding environment. In summary, besides biocompatibility and low
content of toxic, porosity, mouldability, injectability, degradability,
controllable swelling, and intensive mechanical properties as well as
accretion with the adjoining native cartilage are attributes to consider-
ation of design the microcarriers for cartilage TE.
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6. Perspectives and challenges
6.1. Promising future directions

Generally, cartilage may not self-repair due to lack of blood vessels,
nerves. At present, the synthesis and application of microcarriers are still
in its infancy and still impeded by several limitations. However, smart
microcarriers should be integrated more functions and be used in
various field for cartilage regeneration, such as stimuli-responsive op-
tions, gene delivery, lubrication, biosensors, and bioprinting (Fig. 8). If
these aspects are thoroughly studied, it will open a new chapter and
confirm their clinical transformation ability for cartilage TE in future.

Smart or stimuli-responsive microcarriers are novel class of materials
used for tissue engineering and drug delivery, which may be used to free
the cell or drugs from their carrier to the local injury sites depend on a
variety of stimuli, including temperature, reactive oxygen species, pH,
light, oxidative stress, and magnet fields. After cartilage injury, the
surrounding microenvironment will change significantly, such as high
oxidative stress level, weak acidity and inflammation environment. For
example, Poly (N-isopropyl acrylamide) (pNIPAM) can make a revers-
ible conformational transition an expanded coil to a compact globule
with temperature increasing in an aqueous environment. Thus, cell
adhesion and detachment may be alternated upon the temperature. The
stimuli can be internal or external, like the pH vary in different severity
of OA. Similarly, magnetic nanoparticles can be incorporated into
microcarriers for cell and drug delivery through the application of a
magnetic field [354]. Moreover, multi-stage responsiveness is emerged
in a complex physiological environment. Even though, while several
different stimuli responsive microcarriers are continuously being
developed, the potential to reach a successful implementation is

esponsive P

" N\ -

> Lubrication

Bioprinting

Fig. 8. Schematic diagram of promising future directions for microcarriers in cartilage TE, including application of stimuli-responsive options, gene delivery,

lubrication, biosensors, and bioprinting.
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excellent.

MCs-mediated delivery systems of small molecules are composites of
a biodegradable polymer that can be formulated to encapsulate drugs or
factors. Similarly, vehicles for gene delivery from microcarriers may
have the potential to overcome extracellular barriers that limit gene
therapy. Their function is home into the local tissue injury sites with
maintaining the gene. In general, the microcarriers cannot be readily
internalized for cells, but retain within the tissue to release DNA.
Moreover, the transfection on a 3D construct may extend transgene
expression due to the distribution of microcarriers in a 3D space.
Articular joints need to withstand millions of motion cycles, but some
implanted hydrogels have shown early loosening and surface wear
[355]. Native articular cartilage has a smooth and shiny surface with
friction coefficients as low as 0.001 that can provide the joints connec-
tions with load transmission capabilities during a range of motions, and
there are few microcarriers with lubrication function applied to cartilage
repair [128,181]. Theoretically, developing microcarriers with appro-
priate tribological properties requires a detailed understanding of the
governing lubrication mechanisms under a range of loading and motion
conditions. The interfacial friction from polymeric interactions should
be highly considered in tribology, and the friction coefficient of hydrogel
systems has been related to the probability of chain—chain interactions
[356]. Recently, inspired by the super lubricated surface of ice that
consists of a contiguous and ultrathin layer of bound water, Yang et al.
developed methacrylate anhydride-hyaluronic acid drug delivery MCs
with satisfying strength and enhanced lubrication from microfluidic
electrospray, these MCs could form a hydrated lubricating layer by
modifying with the positively (NT(CH3)3) and negatively (PO4”)
charged chemical groups [357]. The local water content in the contact of
hydrogels has also been found to affect friction forces. Therefore,
hydrogel with high water content has been proposed for improvement of
lubrication for mimicking the excellent lubrication mechanism of nat-
ural synovial joint. With the support of friction theory, low-friction
microcarriers need to be developed.

Biosensor in cartilage TE have not yet been used by microcarriers,
but the minimal invasiveness is suitable for the joint cavity injection.
Through application of MC-based biosensors, it can bring great possi-
bilities in the field. Smart protein-based biosensor for protein confor-
mation detection using silk MCs have been recently reviewed by Zhang
and coworkers [36]. These microcarriers need to be biocompatible,
sterilizable and nontoxic. Moreover, the inactivation and loss of the
recognition element must be considered, especially with regard to
enzyme-based biosensors [358]. The microcarriers-based 3D printing
has gained much attention. The 3D printing is a pioneering technology
that enables the recapitulation of complex tissues with high process
flexibility and versatility. Since the development of bioprinting tech-
nology can provides the precise dimensional architecture and biological
multifunction to mimic the native cartilage tissues, microcarriers based
inks still face extremely challenges, because microcarriers based inks
lack suitable printability, shape fidelity, and weak mechanical strength.
And the mechanisms of microcarriers jamming within printing nozzles
and yielding to flow remain underexplored. Usually, an ideal bio-ink
should meet the cell compatibility, mechanical property, and inte-
grated printability for cartilage TE. In term of microcarriers based cell
inks, the properties of inks, such as physicochemical characteristics,
rheological, and mechanical, could been well modified by various
strategies and advanced techniques.

With the development of delivery strategy, especially the targeted
delivery systems, a wide range of inorganic materials has been proposed
and studied. Bioactive glasses were originally designed to be an inert
material for biocompatibility. Subsequently, mesoporous bioactive
glasses were served to being using for highly efficient drug delivery
application in various forms, such as micro- or nano-particles, hierar-
chical scaffolds, and fibers [359]. Silica-based mesoporous bioactive
glasses are recognized as most promising candidates for the drug de-
livery with the functionalizing silanol group [360]. All in all, bioactive
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glasses can be used as highly versatile and tailorable platforms for the
controlled delivery of drug. Nanoparticles vectors, with large surface
area and small size, unmatched flexibility and diversity. Carbon nano-
materials have become increasingly popular in the material society
because of the strong plasticity of carbon [361]. For instance, fullerene is
one of the pioneer classes of carbon-based nanoparticles for targeted
delivery with a specific geometry, size and surface characteristics,
possess suitable properties for interaction with the cellular environment
[362,363]. It is composed entirely of carbon with various shapes (e.g.,
spherical, ellipsoidal, cylindrical and tubular) [364]. In addition, ful-
lerenes possess obvious electrophilicity. Researchers found that fuller-
enes with positive charge were used to delivery small molecules owing
to their low cost and high efficacy [365]. Furthermore, the use of non-
covalently adsorbed drugs and fullerenes have been reported; therefore,
they could present acceptable and efficient transdermal drug delivery at
room temperature [366]. With the specific structure and modified group
used to increase delivery efficiency, there is no doubt that
fullerene-based delivery systems offer many opportunities in disease
treatment. However, it is immensely vital to understanding the molec-
ular mechanisms behind the effect of released therapeutical agent from
these inorganic materials to develop safer and more-effective delivery
strategies. Few studies reported the combined application of micro-
carriers and nanoparticles. Incorporating microcarriers and natural
polymers to avoid cytotoxicity, these inorganic materials may provide
new insights into TE.

6.2. Future challenges

In the past decade, considerable progress has been made in cartilage
TE, which offers the opportunity for the translation from the bench to
the bedside in the near future. The translation of microcarrier engi-
neered products, in terms of 3D cell culture, cells that mainly adhere and
grow on the outermost surface or the external pore, resulting in insuf-
ficient and multidirectional cell-cell interactions, low differentiation
efficiency and poor tissue adhesion, which hinders the formation of
high-quality hyaline type cartilage [367,368]. Meanwhile, the micro-
carrier delivery cell platform does not guarantee the accurate shipment
of cells and formation of neocartilage tissue around the injury site. In
addition, synovial fluid may make it difficult for cells to adhere and may
affect cell viability. Mimicking the in vivo environment for the cell cul-
ture system on microcarriers will still be challenging. Forming a cavity
inside the MCs is one option; however, the problem of low nutrient
exchange efficiency needs to be further solved. Combined with macro-
scopic scaffolds, the constructed micro-tissue is more soluble in native
organs and tissues than 2D culture.

Despite the success in preclinical studies, use of microcarriers ther-
apeutics in clinical application require careful consideration; specif-
ically, several critical issues such as (i) production methods,
characterization, and quantification for microcarrier bank, (ii) A high-
quality transportation system from laboratories to hospital, (iii) safety
profile assessments for clinical application. Microcarrier bank is a sys-
tem that includes process preparation, cell culture and cryopreservation,
and quality assessment. The generation of MC banks for cell and gene
therapy, must comply with current good manufacturing practice regu-
lations. The quality of microcarriers and cell lines use as therapeutic
materials, must be also assessed. Several critical issues, including suffi-
cient cells source, standard manufacturing practices, new reasonably
priced chemically defined xeno-free media, and quality inspection, must
be overcome in future (left panel of Fig. 9). Specially, manufacturing
procedures should be validated according to Good Manufacturing
Practices and, for this reason, an assessment of materials’ product
specifications is required during the whole process. Additionally, an
efficient large scale cell harvesting method and the interrelations be-
tween cell expansion and efficiency of differentiation on microcarriers is
very important [369]. Moreover, development of biodegradable
microcarriers can be advantageous as the scaffold for in vivo
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transplantation.

A high-quality transportation system is essential for effective and
safe application of microcarrier-based therapeutics from laboratories to
hospital. The transportation system consists of efficient cryopreserva-
tion, a freeze-thaw process, and a packaging process (middle panel of
Fig. 9). The frozen cell transportation is an ideal method of cell trans-
portation and represents an important way to achieve long-term storage
of cells, tissues, organs, and other biological materials by using a very
low temperature [370]. The formation, growth, and recrystallization of
ice crystals are crucial factors for cryopreserved samples in the process
of cryopreservation with a variety of chemical and physical damage
[371]. Hence, it is fundamental and crucial to control, restriction, and
elimination of ice crystals.

It’s well known that the ice-crystal formation is inevitable regardless
of slow or rapid freezing. It is critical to control and inhibition of the ice-
crystal formation to weaken the effects of ice injury. The ice-inhibition
molecules, including cryoprotectants, antifreeze proteins, synthetic
polymers, nanomaterials, and hydrogels, provide great opportunities to
improve cryopreservation [372]. In addition, the unique biological
structure can also suppress ice and reduce cryoinjury. For example, the
core-shell structure as a barrier to prevent cells direct contact with ice. In
addition to the freezing process, it is well known that the thawing effi-
ciency is also a crucial factor in the survival of cryopreserved cells [373].
One key question is how to achieve fast and uniform recovery during the
thawing process via external physical field technologies (e.g., magnetic
warming). Furthermore, the tubes usually used for frozen transportation
are not completely sealed receptacles, the transported materials should
withstand some external environmental factors, including temperature
changes, micro-organisms, shock, and ultraviolet radiation. Hence, a
standard packaging procedure should be obtained to meet clinical
needs.

The first marketed product sustained-release injectable microcarrier
(Lupron depot) could be traced back to 1985. Currently, about 11 FDA-
approved sustained release microcarriers are available in the market
[374]. PLGA and PLA are most used as synthetic polymers for micro-
carriers because of biodegradable and biocompatible. For example, the
FX006, a novel extended-release PLGA MC containing the triamcinolone
acetonide, which was proved to provide increased therapeutic benefit by
intraarticular Injection for patients with knee osteoarthritis [375-377].
The in vivo use of cells-seeded (e.g., MSC or iPSC) microcarriers for
clinical application has not yet been described; however, these studies
are likely imminent. Currently, the clinically use cell-based micro-
carriers faces potential risks. The following several aspects are consid-
ered to the most important (right panel of Fig. 9). First, significant cell
doses of clinical grade are needed for cellular therapies that need
biocompatibility, it relates not only the interaction between the bio-
materials and the host, but also the interaction between the biomaterials
and the encapsulated cells. Second, the versatility of differentiation
capability to become multiple cell types in the body. Third, the safety
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Fig. 9. Key issues of microcarriers-based tissue en-
gineering from bench to bed-side. Left panel: a stan-
dardized microcarrier cell bank needs to be built,
which was hindered by the cell source, MCs fabrica-
tion, standard procedures, xeno-free media, and
quality control for the MC-based systems. Middle
panel: a high-quality transportation system and cell
cryopreservation and recovery system are essential to
meet current clinic needs. Left panel: The clinical
application of microcarriers requires a combination of
multiple disciplines and technologies, and many
problems need to be solved urgently, such as the
safety issue, quality assessment, tumorigenicity and
the immune rejection of seed cells.

and quality of cells must be systematically assessed, bacteriological tests
should be carefully performed during the various phases of production
and at harvest. Fourth, rejection of the body and immune regulation
function should be required understanding of the biological character-
istic of MC. The clinical transformation of microcarriers requires the
cooperation of many disciplines, including biomaterials, immunology,
tissue engineering, molecular biology, transplantation biology, and stem
cell biology. As an immunomodulator, although MSCs exhibit immu-
noprivileged/immunoreactive properties and can be used in allogeneic
therapies, the microcarriers implanted in the body will lead to the im-
mune response. Microcarriers size and morphology could influence the
immune response against. Bigger size and rough surfaces of MCs may
elicit immunological reaction when implanted [378]. In addition to the
biomaterial’s chemical properties, a clean surface, controlled geometry
and could decrease the acute inflammatory response and minimize
fibrosis formation [379]. Moreover, the efficient purification process of
biomaterial’s components is considered to be a key element for im-
plantation purposes, which include purification of endotoxins, poly-
phenols and certain proteins. The surgical implantation method is
seemed to be an additional parameter that influences the host reaction
or biocompatibility, the surgical implantation mainly activates a
non-specific response against implanted devices. The use of transient
immunosuppressive protocols has been proposed to overcome this
obstacle. Fifth, low microcarrier-derived particulate levels are advisable
to consideration in the original process development. In fact, these four
aspects are combined and overlapped. Based on the continuing study of
dynamic bioreactors operated with microcarriers, certain challenges
remain, further scale-up to produce cells for cell therapy or TE is
possible.

7. Conclusions

During the past several decades, the development of MCs in the
regeneration of cartilage has gained considerable progress. In this re-
view, we summarized the progress and development trends of micro-
carriers for cartilage TE during the past 6 years. We described the main
preparation techniques and advantages of microcarriers. In addition, we
also introduced the application of microcarriers in cartilage TE. Finally,
we identified the design principles as well as promising directions and
challenges for cartilage regeneration using microcarriers. All these
achievements provide an important foundation for widening and
developing the application of porous microcarriers. We sincerely hope
that this review will assist interested readers to understand application
direction of microcarriers in cartilage TE, and improve understanding
for researchers who intend to enter this field. The main conclusions are
as follows:

(1) Several microcarrier preparation technologies provide possibil-
ities for the design of various microcarriers that meet the needs in
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cartilage TE. The fabrication of injectable, well-controlled,
polymer-based porous, and controlled degradation micro-
carriers with cost-effective is the main development trend for its
use in cartilage regeneration. The novel structure design and
superior properties like the stimuli-responsive MCs is the prom-
ising future trends.

Microcarriers are generally applied in the form of sponge scaf-
folds in cargo delivery. And the combination biofabrication
methods and emerging technology are advanced approach in
fabrication of bio-mimicking, heterogeneous, and complex tissue
structures. Nevertheless, clinical applications of MCs may be
limited by the safety and regulatory processes.

The main design principle of microcarriers is mimicking of nat-
ural cartilage in composition and structure. Cellulose is advan-
tageous with respect to biocompatibility and similarities with
nanostructures of the ECM, but its biodegradation is difficult. In
authors’ opinion, the cartilage ECM is a good alternative candi-
date. Porous microcarriers with fibrous architectures could be
regarded as simulation of the physiological microenvironment of
natural cartilage. Porous microcarriers offer larger specific sur-
face areas and higher volumes for cell adhesion, proliferation,
and growth over nonporous microcarriers. However, the porosity
can easily affect the physical properties, mechanical properties,
and degradation rate. Also, these properties can be conveniently
tailored by controlling the synthetic methods and conditions to
meet the need for biomaterials in cartilage TE.

(2

(3)

In summary, the microcarrier platform provides a potential treat-
ment strategy for cartilage TE caused by diseases and trauma. Many
crucial challenges still exist, and microcarriers technologies and the
associated process need to be modified to tailored the requirements of
cell types of interest, and the clinical application. However, micro-
carriers will undoubtedly produce great achievements as biomedicine,
biotechnology and materials science develop.
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