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A B S T R A C T

Articular cartilage regeneration is one of the challenges faced by orthopedic surgeons. Microcarrier applications
have made great advances in cartilage tissue engineering in recent years and enable cost-effective cell expansion,
thus providing permissive microenvironments for cells. In addition, microcarriers can be loaded with proteins,
factors, and drugs for cartilage regeneration. Some microcarriers also have the advantages of injectability and
targeted delivery. The application of microcarriers with these characteristics can overcome the limitations of
traditional methods and provide additional advantages. In terms of the transformation potential, microcarriers
have not only many advantages, such as providing sufficient and beneficial cells, factors, drugs, and microenvi-
ronments for cartilage regeneration, but also many application characteristics; for example, they can be injected to
reduce invasiveness, transplanted after microtissue formation to increase efficiency, or combined with other stents
to improve mechanical properties. Therefore, this technology has enormous potential for clinical transformation.
In this review, we focus on recent advances in microcarriers for cartilage regeneration. We compare the char-
acteristics of microcarriers with other methods for repairing cartilage defects, provide an overview of the ad-
vantages of microcarriers, discuss the potential of microcarrier systems, and present an outlook for future
development.
Translational potential of this article:We reviewed the advantages and recent advances of microcarriers for cartilage
regeneration. This review could give many scholars a better understanding of microcarriers, which can provide
doctors with potential methods for treating patients with cartilage injure.
Introduction

Articular cartilage plays a vital role in the human body. However,
because of the avascular nature of articular cartilage, its intrinsic healing
ability is limited. Thus, the management of articular cartilage defects is a
challenge for doctors [1]. If left untreated, joint cartilage damage can
easily cause or exacerbate osteoarthritis (OA) [2]. OA is one of the most
common degenerative joint diseases, and it is characterized by limited
joint mobility and pain. Current methods for clinically treating cartilage
damage include microfracture and surgical lavage [3]. The classic repair
techniques in clinical treatment include bone marrow stimulation
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techniques, synthetic or metal-based techniques and pharmacologically
stimulated techniques. However, the application of these technologies
often has limiting factors, such as the inability to repair large-area de-
fects, high revision surgery rates, and poor treatment effects [4]. In recent
decades, tissue engineering (TE) technology has developed rapidly [5–8],
thus providing new methods for cartilage defect repair. In the field of TE
designed to repair cartilage defects, many advances have been made in
the use of microcarriers for repair [9,10]. A microcarrier is a micropar-
ticle approximately 100–300microns in diameter that can be loaded with
other substances, such as cells, cytokines or drugs [11,12]. Microcarriers
have unique advantages as cartilage damage repair materials (see Fig. 1
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Figure 1. Applications of microcarriers.
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for the schematic diagram) and thus provide some alternative ideas for
the clinical treatment of OA caused by cartilage damage.

The PubMed database was searched for relevant papers. As previously
mentioned, a microcarrier is a kind of particle that can be loaded with
cells, drugs or other material. Microcarriers are called microspheres,
microbeads, and microparticles in some studies. Therefore, our search
strategy included these four keywords, and then the searched documents
were individually judged to determine whether they focused on micro-
carriers. The search strategy included the following keywords ((micro-
carriers OR microspheres OR microparticles OR microbeads OR
microcapsules) AND (cartilage)) AND (((damage OR defects) AND
(repair OR treatment)) OR regeneration). The relevant literature from the
six years prior to January 2020 was obtained. Then, we checked whether
all papers related to the field of study were included and read and
evaluated these papers and their references carefully. We found that the
literature obtained after searching all included preclinical studies. In this
review, we outline the advantages and characteristics of various types of
microcarriers in the field of cartilage damage repair as well as the pros-
pects for the widespread use of microcarriers in the future, and we
compare the microcarrier applications with traditional treatment
methods.

Characteristics of traditional methods and microcarrier methods
for treating cartilage damage

With increasing age, the function and quality of cartilage will worsen.
From a spatial perspective, cartilage damage usually progresses from the
articular cartilage surface to the subchondral bone, thus leading to the
development of OA [13]. OA poses an enormous economic and social
burden [14]. Degenerative joint damage is associated with the extent of
the cartilage loss. Studies have reported that cartilage defects are prone
to progression in patients with OA who have had symptoms for more
than 2 years [15].

Therefore, the treatment of articular cartilage defects is particularly
important. Some commonly used traditional techniques for cartilage
defect treatment are as follows:

Commonly Used Traditional Techniques.

● Bone marrow stimulation (BMS) techniques [16,17];
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● Biological tissue to fill cartilage defect repair sites [18];
● Repair by chondrocyte implantation [19,20];
● Metal or other man-made material repair [21];
● Cells for the treatment of cartilage defects [22,23];
● Drug to stimulate cartilage regeneration [24].

Microfracture technology is one of the most commonly used tech-
niques for repairing cartilage damage among BMS approaches, and it is
performed to repair bone marrow defects by migrating bone marrow-
derived mesenchymal stem cells (BMSCs) from the bone marrow to the
surface of the cartilage defect via fracture drilling. However, the cartilage
potential of this kind of stem cell in elderly individuals is greatly reduced
[25]. If the state of the disease is added, then the repair ability will be
greatly weakened. This method has a limited therapeutic effect for pa-
tients with large-scale cartilage damage. Therefore, “vibrant” BMSCs are
the core of microfracture technology approaches to repair cartilage.

Autologous cartilage transplantation is a representative way to repair
cartilage damage by using biological tissue to fill cartilage defects [25].
Osteochondral transplantation is an effective method for treating mutual
friction damage of knee joint cartilage. The rate of reoperation and
failure is high for this approach, although the clinical symptoms of pa-
tients with successful transplantations are significantly improved. How-
ever, in addition to the high failure rate of surgery, autologous cartilage
transplantation itself is a method of “robbing Peter to pay Paul” via the
repair of damaged cartilage through the destruction of healthy cartilage.
Fresh osteochondral allografts are often used to rescue young patients
with severe articular cartilage degenerative diseases [26]. Although
allogeneic cartilage transplantation has been reported to effectively
alleviate the symptoms of cartilage damage such as pain, the donor
source is very limited, which makes the application of this technology
extremely limited.

Finding an effective way to repair damaged cartilage before the onset
of OA has become one a global issue. Cartilage TE technology is emerging
as a new treatment, and it has brought hope to those in need of treatment
for this common injury. Cartilage TE involves culturing and expanding
cartilage seed cells in vitro with the participation of some cell differen-
tiation and proliferation factors, coculturing a certain amount of seed
cells with biological scaffold materials, and reshaping them into areas
with damaged cartilage to form new cartilage tissue integrated with body
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tissues to repair damaged cartilage.
In the field of TE, microcarriers [11] are a class of functional small

particles with diameters of approximately 100–300 microns. Currently,
these particles are composed of a variety of materials with good
biocompatibility. Microcarriers are proper supportive matrices capable
of enhancing seed cells in bioreactor systems [27].

Compared with the traditional methods mentioned above, the use of
functional TE microcarriers to repair cartilage damage can not only
integrate and capitalize on the advantages of traditional methods but also
avoid some of the limitations of traditional methods.

Characteristics compared with those of traditional technology.

✓ One of the important advantages of microcarriers is that they can be
loaded with a large number of seed cells, which also pushes the
method of cell treatment for cartilage damage to a new level [28].
Compared with BMSCs released by BMS, more BMSCs can be loaded
on microcarriers. If electrospray fabrication is adopted, a large
number of BMSCs can be encapsulated in theory [29,30].

✓ Microcarriers made of high-quality biomaterials fully exploit the
traditional method of filling cartilage defects with biomaterials. For
example [31], alginate-based microcarriers may be similar to the
extracellular matrix (ECM), even without seed cells.

✓ Broadly speaking, microcarriers are also artificial materials. Notably,
this method is not limited by the source of the implants. Excellent
microcarriers with chondrocyte are dynamically cultured to form
tissue-engineered microtissues that can mimic cartilage tissue. The
microtissue [32] is similar to the cartilage tissue provided by the
cartilage transplantation method. The application of microcarriers
has greatly broadened the treatment methods for traditional artificial
material implantation.

✓ Some drugs, such as glucosamine sulfate and chondroitin sulfate, are
very effective in treating cartilage damage [33]. Microcarriers can act
as a porter for site-specific drug delivery [34]. These effective drugs
are loaded on microcarriers with biological compatibility, nonaller-
genic properties, and biodegradability and thus are well-suited for the
treatment of cartilage diseases [35].

Overview of the advantages of microcarriers in the treatment of
cartilage defects

The goal of TE is to develop biological alternatives to restore the
function of damaged tissue. Current TE strategies for cartilage regener-
ation rely heavily on synthetic or natural implants. Seed cells, effective
cell modification and proper supportive matrices are the three founda-
tions of TE [36]. In the field of TE for the repair of cartilage damage,
microcarrier applications have enormous potential because they have
advantages in all three aspects. The following summarizes the advantages
of microcarriers from these three aspects.

Sufficient and high-quality seed cells

Sufficient and high-quality seed cells are one of the important ele-
ments of TE [37]. Microcarriers can be loaded with seed cells and deliver
the seed cells to the damaged site to complete the repair [38].

BMSCs have been extensively studied [39–42], and a number of
scholars are committed to their application in cartilage regeneration.
BMSCs have been demonstrated to have immunomodulatory properties,
multilineage potential [43] and tissue homing properties. Moreover,
notably, even BMSCs isolated from patients with advanced OA have
chondrogenic ability and can synthesize cartilage-specific ECM [44].
Reports [30,32,45,46] have noted that a large number of BMSCs can be
carried by microcarriers and successfully differentiated into chondrocyte
for cartilage TE. These experiments indicated that microcarriers con-
taining BMSCs have the potential to be used in cartilage defect repair in
vitro and in vivo.

Human adipose-derived stem cells (hADSCs) are a type of
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mesenchymal stem cells (MSCs) with chondrogenic differentiation abil-
ity [47]. Previous studies [48,49] have reported that the amplification of
ADSCs on microcarriers followed by implantation has great benefits for
cartilage regeneration. One study [50] proved that microcarriers support
cartilage regeneration because microcarriers that degrade too quickly
facilitate the production of immature bone-like tissue. Another study
[51] explored the importance of the cell density and differentiation status
of MSCs in microspheres for cartilage regeneration. This study shows that
regardless of the differentiation status of MSCs, a locally high cell density
is conducive to cartilage repair and the differentiation status of MSCs has
a crucial effect on regeneration. In another experiment [52] investigating
treatments with rabbit OA models, the combined use of hADSCs and
transforming growth factor-β (TGF-β) 3 microspheres promoted cartilage
regeneration better than microspheres containing only one material.

The role of chondrocyte in cartilage regeneration is clear [48]. Some
microcarriers deliver seed cells that are chondrocyte [42,53], and
chondrocyte produced in dynamic microcarriers and tissue culture plates
have similar yields [28].

Moreover, a unique advantage is that the seed cells carried by
microcarriers can stay in the defect area for a relatively long time. A
color-enhanced overlay of the image from one study [32] showed that
the cells or their progeny cells carried by the microcarriers were still
detectable at week 6.

Microenvironment

The microenvironment is another important factor in TE. Micro-
carriers can provide a good microenvironment that is conducive to
cartilage defect repair, such as a unique culture method that promotes
cell growth; provides an appropriate matrix to promote cell adhesion and
proliferation; can mimic cartilage; and allows for the addition of cyto-
kines to promote chondrogenic differentiation. The microenvironment
provided by microcarriers can also affect some protein levels [54,55],
and it can indicate how seed cells integrate into the tissue matrices and
then utilize these cells to successfully restore the function of the damaged
area.

For cultured chondrocyte, genetic analysis results show that a dy-
namic microcarrier culture can maintain the chondrocyte phenotype
while expanding chondrocyte. The dynamic microcarrier amplification
method on chondrocyte has shown that compared to monolayer ampli-
fication, it can improve general hyaline cartilage protein levels, such as
Col2 and Agg [28].

The microenvironment provided by certain biological materials can
promote cell proliferation and adhesion, such as gelatin [56]. Studies
[30,57] have reported that microcarriers containing gelatin can promote
cell proliferation and have the potential to repair cartilage damage.

Some cytokines, such as TGF-β1, can induce MSC chondrogenic dif-
ferentiation [58]. Research by Agata Zykwinska confirms that micro-
carriers based on marine exopolysaccharide (EPS) can encapsulate
TGF-β1, which has potential in future applications for repairing cartilage
defects [59]. These microcarriers based on EPS act as reservoirs of
growth factors to retain them in a targeted location and can induce
regenerative responses. Because these microcarriers based on EPS can
mimic the function of glycosaminoglycans (GAGs), they can prevent the
loaded growth factor from being destroyed by some enzymes.

In addition to TGF, ECM protein is also one of the key factors in
promoting cartilage regeneration [31]. The microenvironment main-
tained by high-quality biomaterials also has characteristics similar to
natural ECM, such as alginate hydrogel for cartilage regeneration.
Biomaterial-based approaches, such as the use of preformed hydrogel
matrices, are often supplemented with biochemical incentives to main-
tain chondrogenic differentiation while providing mechanical stability.
Alginate is an excellent material for making microcarriers. A previous
study [60] clarified that alginate hydrogel microspheres provided supe-
rior natural ECM in chondrocyte cultures compared to monolayer cul-
tures with or without the addition of TGF-β1. As an artificial ECM
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implanted in the area of cartilage defects, high-quality microcarriers
should also resemble the features of natural ECM as much as possible in
their internal structure.

The purpose of the application of matrix-assisted strategies is to
create a good microenvironment for cell growth [61,62]. In Ramkumar’s
scientific research [46], BMSCs were embedded in modular microspheres
composed of agarose (AG) and collagen type II (COL-II) at different
concentrations. COL-II can promote chondrocyte cell proliferation, ECM
deposition and tissue wound healing [63]; therefore, microspheres pre-
pared with COL-II are designed to mimic proteoglycan and some protein
components of the cartilage ECM. The 80–100 micron microspheres the
authors prepared do not exactly match the size of the defined micro-
carriers but produced effects similar to those of lineage-specific differ-
entiation of embedded BMSCs, which can be maintained in culture.
Importantly, microbeads prepared with COL-II promote the chondro-
genic phenotype; in addition, these microspheres are very robust and
support cell viability. Similarly, scholars [64] have applied a cell-free
COL-I plug with poly (L-glutamic acid) (PLGA) microspheres containing
bone morphogenetic protein-7 to successfully repair knee joint cartilage
defects in Goettingen minipigs. In another study [65], Paulomi Ghosh’s
team encapsulated decellularized cartilage in microspheres. The advan-
tage of this encapsulation is that decellularized cartilage itself has a large
number of proteins, cytokines, GAGs, and TGF that are beneficial to
chondrocyte, and when combinedwith microspheres, these materials can
provide a good microenvironment for chondrocyte. Moreover, it was
proven that the protein carried by this microsphere retains its function
after filament production by melt extrusion, which shows that filaments
containing chondroinductive microspheres can be produced via this
method to better repair cartilage.

In summary, various components that are beneficial to cartilage
defect repair can be integrated in microcarriers to provide a microenvi-
ronment that is beneficial to the growth, differentiation, and prolifera-
tion of seed cells and promotes the secretion of cartilage-related proteins.

Proper supportive matrices

Proper supportive matrices are another extremely important condi-
tion in cartilage regeneration TE. Ordinary microcarriers are generally
divided into synthetic microcarriers and natural microcarriers. Synthetic
microcarriers include polyacrylamide microcarriers, glucose micro-
carriers, polystyrene microcarriers, etc. However, their biocompatibility
is not good and almost all of them lack cell recognition sites, thus
affecting cell growth to a certain extent [66]. Therefore, scientists are
now using natural polymers as materials for preparing microcarriers that
facilitate good biocompatibility, such as chitosan, gelatin, alginate, and
others [53,60,67]. Different kinds of microcarriers constructed by re-
searchers do not have the same properties as supportive matrices.

A research report in 2018 [32] stated that microcarriers by crocodile
dialdehyde bacterial cellulose with DL-allo-hydroxylysine and complex-
ing chitosan can induce cell proliferation, regulate cell function, and
promote cell growth and migration. Hydroxylysine is an amino acid with
excellent properties, such as low immunogenicity, suitable biodegrad-
ability, and good compatibility [68]. Hydroxylysine is an abundant and
important component of type II collagen. Especially in cell culture,
hydroxylysine promotes cell differentiation and chondrogenesis [69]. In
addition, the material composition of the microcarriers also contains
oxidized bacterial cellulose, which can accurately mimic the structural
characteristics of the natural ECM and has sufficient mechanical strength
[70].

Moreover, other researchers have combined natural materials with
synthetic materials to make microcarriers. Researchers produced PLGA
microspheres and chitosan polyelectrolyte complex (PEC) microspheres
and compared the cartilage damage repair abilities of the two types of
microspheres [53]. Chondrocyte-loaded PEC microspheres produced
more cartilage matrix than chitosan microspheres.

If biomaterials have potential application value in repairing cartilage
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defects, they must be able to promote cell growth and differentiation,
have degradability and have sufficient mechanical properties. Many
scholars have performed ongoing research towards achieving these goals.
Some scholars [71] have reported that porous PLGA microcarriers can
induce MSC chondrogenesis. The biocompatible scaffolds prepared by E
Filov�a’s team [72] show improved biomechanical properties, and they
developed a porous scaffold of poly-epsilon-caprolactone (PCL) with
incorporated chitosan microparticles. The microparticles constructed via
PCL have advantages in mechanical strength and porosity for cartilage
regeneration, and PCL microspheres can better repair cartilage if they
contain chitosan, with the repair effect positively related to the concen-
tration of chitosan.

In addition to the three key factors of TE described above, micro-
carriers have many other unique advantages.

Microtissue formation

Studies [73] have shown that host-implant integration and graft
maturation will be better improved if the scaffolds are continuously
cultured in a perfusion culture system with exogenous stimulation prior
to implantation.

In the construction of tissue-engineered cartilage, the ECM secreted
by microcarrier-loaded cells binds each of these particles together, which
can accelerate the formation of tissue-engineered cartilage [74]. Micro-
carriers containing seed cells are transplanted to a custom bioreactor for
dynamic culture [32]. After the microcarriers secrete the ECM, micro-
tissue can be obtained [75]. Moreover, the microtissue has another
benefit because functional microtissue can be easily placed at the site of
cartilage defects by implantation, which prevents cell damage and loss
caused by the digestion of the cells before being transferred from a
monolayer culture in a flask [76].

Injectable microcarriers

Most TE technology for treating articular cartilage defects requires
opening the joint cavity to place a biological scaffold, which inevitably
causes great damage to the surrounding tissues of the joint [77]. How-
ever, due to its unique size advantage, microcarriers can be localized to
cartilage defect sites that contain biologically active microtissues or seed
cells by injection, which can reduce trauma caused by large-scale in-
cisions [78–80].

However, for injectable microcarriers, one problem that cannot be
ignored is how to affix the microcarriers to the cartilage defect for a long
time after implantation for cartilage regeneration. Part of the studies [32]
used bioprotein glue for adhesion fixation. Although this method is not
inappropriate, the injected microspheres need to be accurately placed at
the tissue defect site, which creates certain difficulties for clinical sur-
gery. Notably, researchers have developed magnetic actuation micro-
spheres [81], with a body composed of PLGA and a surface coated with
magnetic nanoparticles. This microcarrier contains cells that can
pinpoint the cartilage defect site by a magnetic field. Additional research
has focused on this magnetically actuated microsphere [82]. Researchers
also prepared Janus microspheres based on alginate for encapsulating
MSCs in one compartment and iron oxide nanoparticles (IONPs) in
another. Because the toxicity of IONPs to cells is controversial [83], the
cells in this microsphere are separated from the IONPs, which can pro-
hibit potential damage to cells. In addition, the high load capacity of such
microspheres to IONPs results in easier movement after magnetization,
which is another advantage. These magnetic microcarriers are of great
significance for cartilage regeneration.

Combined with a biological scaffold

Microcarriers with cells can also be used in conjunction with bio-
logical scaffolds for cartilage regeneration [84,85]. PLGA microspheres
combined with collagen/silk fibroin composite scaffolds can effectively



Table 1
Recent examples of microcarriers for cartilage regeneration (Research reported from January 2014 to January 2020).

Matrix Cells Drugs/proteins/factors/others Composite other scaffolds Animals (cartilage
regeneration in vivo)

Refs.

a agarose and collagen type II BMSCs / / / [46]
PLGA ADSCs TGF-β3 / rabbits [52]
aPLGA MC3T3-E1 preosteoblasts and

ATDC5 prechondrocytes
BMP-7 multichannel biphasic calcium

phosphate granule-hyaluronic
acid-gelatin

/ [95]

dialdehyde bacterial cellulose -
DL-allo-hydroxylysine - chitosan

BMSCs / / mice [32]

Alginate ADSCs / / rabbits [50]
Collagen BMSCs / / rabbits [51]
PLGA BMSCs / collagen-silk fibroin rabbits [84]
aPLGA BMSCs bovine serum albumin and TGF-β1 ε-caprolactone / [85]
a chitosan and ECM chondrocyte / / / [78]
a PLGA BMSCs decellularized cartilage and

chondroitin sulfate
/ / [42]

a PLGA and chitosan
polyelectrolyte

chondrocyte / / / [53]

a poly (lactic acid) MSCs decellularized cartilage matrix / / [65]
PLGA BMSCs pilose antler polypeptides silk fibroin/collagen/hyaluronic

acid
rabbits [86]

a PCL chondrocyte Chitosan / / [72]
PLGA / chondroitin sulfate and

β-tricalcium phosphate
/ sheep [92]

PLAG, collagen, chitosan and
hyaluronic acid sodium

BMSCs kartogenin and polylysine-heparin
sodium nanoparticles containing
TGF-β1

/ rabbits [96]

a collagen hMSCs TGF-β3 / / [38]
PCL and the hydroxyapatite MSCs / / rabbits [97]
PLGA / BMP-7 / minipigs [64]
PLGA chondrocyte / poly (vinyl alcohol) hydrogel rabbits [98]
a gelatin and alginate BMSCs / PCL / [30]
Alginate ADSCs / / sheep [29]
a poly (lactic acid) BMSCs decellularized cartilage matrix poly (caprolactone) filaments / [99]
a glycosaminoglycan ADSCs TGF-β1 / / [59]
a PLGA and decellularized
cartilage

BMSCs TGF-β / / [100]

PLGA BMSCs BMP-2 PLGA thin polymeric membrane rabbits [101]
a chitosan chondrocyte / / / [102]
a PLGA BMSCs / collagen/chitosan/hyaluronic

acid sodium
/ [103]

a polyurethane BMSCs chemokines SDF-1, and Y27632 polyurethane / [104]
PLLA/chitosan BMSCs / poly (L-lactic acid) (PLLA)

membrane
rabbits [105]

a methacrylated hyaluronic acid BMSCs decellularized cartilage/
devitalized cartilage

/ / [106]

PLGA / BMP-2 and TGF-β1 segmented polyurethane rabbits [107]
Chitosan BMSCs BMP-2 and TGF-β3 demineralized bone matrix pigs [90]
a alginate chondrocyte arginine-glycine-aspartic acid / / [79]
a PLGA MSCs TGF-β3 and SOX9 / / [54]
alginate-PCEC chondrocyte / / rabbits [80]
alginate-PLGA BMSCs BMP-2 or TGFβ1 / rabbits [108]
a poly (L-lactic acid) ASCs TGF-β3, collagen II, magnetic

nanoparticles
/ / [109]

a PLGA MSCs magnetic nanoparticles / / [81]
a PLLA-based copolymers with
acrylic

BMSCs cytomodulin, BMP-2 / / [110]

attapulgite, collagen I / naringin, TGF-β1 / rabbit [111]
a agarose MSCs chitosan-chondroitin sulfate / / [112]
a PLGA MSCs BSA, TGF-β3 / / [113]
a PLGA bone marrow cells IGF-I / / [114]
a PLGA MSCs BMP-7 and TGF-β3, heparin and

Tetronic 1107
/ / [115]

a chitosan MSCs Kartogenin / / [116]
a gelatin ADSCs TGF-β1 / / [57]
a PCL chondrocyte / / / [117]
a poly (L-lactic acid) ADSCs collagen II-TGF-β3 / / [49]
a gelatin ADSCs TGF-β1 / / [118]
a poly (alanine ethyl ester-co-
glycine ethyl ester)
phosphazene

BMSCs TGF-β1 or IGF-I demineralized bone matrix / [119]

a PLGA-nanohydroxyapatite BMSCs or chondrocyte / / / [120]
a gelatin / IL-4 and IL-13 / / [121]
a alginate ADSCs / / / [122]
Gelatin / IGF-1 and BMP-2 / rabbits [55]

(continued on next page)
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Table 1 (continued )

Matrix Cells Drugs/proteins/factors/others Composite other scaffolds Animals (cartilage
regeneration in vivo)

Refs.

a poly-L-arginine chondrocyte C-type natriuretic peptide / / [123]
PLGA chondrocyte cartilaginous hydrogel hydrogel conjugated to PLGA rabbits [124]
a PCL MSCs (bone marrow, cord

blood, fetal and Wharton’s
jelly)

/ / / [125]

a PLGA BMSCs chondroitin sulfate and tricalcium
phosphate

/ / [45]

a hyaluronan MSCs TGF-β3 / / [126]
PLGA / Dexamethasone / canine models [127]
a collagen chondrocyte Insulin / / [128]
a PLGA ADSCs TGF-β1 / / [128]
a alginate ADSCs iron oxide nanoparticles / / [82]

PCEC: amphiphilic poly(ε-caprolactone)-b-poly(ethylene glycol)-b-poly(ε-caprolactone)
BMP: bone morphogenetic protein
ASC: adipose stem cell
BSA: bovine serum albumin
IGF-I: insulin-like growth factor I

a Studies without animal models indicated
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repair cartilage and promote integration between the repaired cartilage
and surrounding normal tissues [84]. The combination of cold atmo-
spheric plasma (CAP)-modified electrospun scaffolds and embedded
microspheres used as a TE material has been reported. CAP and micro-
spheres can synergistically promote stem cell growth and improve the
chondrogenic differentiation of BMSCs [85].

Similarly, another report [86] described similar stents. Compared
with the abovementioned collagen/silk fibroin scaffold, this microcarrier
also contains hyaluronic acid, which presents the following advantages:
ability to regulate the surrounding environment, maintain structural
integrity [87], and produce anti-inflammatory and analgesic effects [88].
In addition, these researchers also inserted the components of pilose
antler polypeptides (PAPs), which can promote cartilage healing, into
PLGA microspheres without cells [89]. The authors demonstrated that
PAP microspheres with this scaffold can promote cartilage regeneration.

Drug loading

In addition to the factors and proteins described above and the ability
of microspheres to deliver seed cells, microspheres can also be effective
for drug delivery. Scholars have used sustained-release microspheres to
deliver BMP-2 and TGF-3 to repair cartilage in pigs [90]. Chondroitin
sulfate is an most important drug that has been shown to contribute to
cartilage regeneration [91]. A long-term, large animal study [92] clari-
fied that chondroitin sulfate-containing microspheres have a better effect
on cartilage regeneration than microfracture techniques.

This drug delivery system is often placed at the cartilage defect site by
injection, which is convenient and presents low invasiveness. Studies
[93,94] have also reported the use of microcarriers as transporters for an
injectable drug delivery system. These studies use injectable micro-
spheres that reduce cartilage degradation to treat OA, which is notable in
cartilage regeneration. The authors [93] impregnated PLGA micro-
spheres with fluvastatin, a drug with anabolic and anticatabolic effects on
chondrocyte, to reduce cartilage degradation in rabbits and achieved
excellent results. They [94] infused tumor necrosis factor-alpha stimu-
lated gene-6, a protein that inhibits plasmin, into PLGA degradable 10 wt
% heparinmicroparticles to treat OA in rats and achieved positive results.

In summary, microcarriers have considerable advantages for cartilage
regeneration. These microcarriers differ in seed cells, proteins, factors
and drugs, matrices and other aspects. The microcarriers related to
cartilage regeneration that were developed in recent years (these
microcarriers were reported in articles screened by the aforementioned
methods) are summarized in Table 1.
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Prospects for the application of microcarriers in the treatment of
cartilage defects

The microenvironment provided by microcarriers composed of
different materials is crucial for repairing cartilage defects. As mentioned
earlier [59], microcarriers based on EPS with GAG-like functions can
effectively encapsulate growth factors that promote cartilage regenera-
tion. Moreover, many studies [32] have confirmed that microcarriers
with a structure more similar to that of the natural ECM of cartilage tissue
present better cartilage defect repair results. Moreover, a study [78] has
shown that microcarriers containing 1% ECM of cartilage tissue have
higher chondrocyte attachment. Therefore, we suspect that if a natural
ECM can be directly produced in microcarriers that present appropriate
pore sizes, mechanical properties and porosity characteristics, the pro-
tection of growth factors associated with the microenvironment will
more easily promote cartilage regeneration. In the future, additional
research in this direction would be welcome.

Choosing appropriate materials to prepare microcarriers is also one of
the important conditions for effectively repairing cartilage damage. The
appropriate biomaterial has good biocompatibility and other advantages.
For instance, alginate hydrogel microspheres can effectively increase
ECM protein expression [60]. However, few studies have investigated
whether microcarriers prepared by composite materials can effectively
promote the growth of seed cells. In a study by Yichi Xu in 2019 [30],
alginate-gelatin microspheres were produced that can promote cell
growth more than microspheres of a single alginate material can. How-
ever, such microspheres have not been tested in vivo. If the results of in
vivo experiments prove its effectiveness, then the argument that this
microsphere repairs cartilage damage will be more reliable. As previ-
ously mentioned, nanofibrous cellulosic material can provide a natural
nanofibrous structure similar to a natural ECM. The microcarriers of this
structure made with oxidized bacterial cellulose have sufficient me-
chanical strength to prevent the microstrand from collapse due to the
contraction forces of the loaded cells [129]. Whether other nanofibrous
cellulosic materials can better mimic a natural ECM requires further
research by scientific researchers.

We found that microcarriers made from natural materials still have a
shortcoming: if the volume of the microcarriers is too large, then the
diffusion of oxygen and nutrients will be insufficient [130], which may
lead to the death of deep seed cells. Therefore, the volume of micro-
carriers is also very important for cell proliferation. Another factor for the
diffusion of oxygen and nutrients is the porosity of the microcarriers.
Porosity and volume have become the key factors affecting seed cell
proliferation. The future development direction of microcarriers should
be the identification of appropriate porosities and volumes, which will
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play an important role in TE.
The cell source is also an important issue in the application of

microcarriers. Chondrocyte-bearing microcarriers can certainly treat
cartilage defects [53]. However, to avoid rejection, these chondrocyte
are often isolated from cartilage tissue in patients. Even though more
chondrocyte can be proliferated in vitro, the cartilage in the area of the
cell source must be damaged. Compared to cartilage damage, adipose
tissue damage is more easily accepted. ADSCs also present chondrogenic
differentiation [47] and thus can be used as seed cells. Future applica-
tions of microcarriers in this direction will have clinical significance.

Notably, injectable microcarriers can create a minimally invasive
surgical method for cartilage regeneration. More importantly, the study
and development of magnetic microcarriers has greatly transcended the
application limitations of injectable microcarriers [32,82]. This kind of
magnetic microcarrier not only is implanted into the cartilage damage
site at one time similar to traditional TE materials but also can be injected
multiple times because only a magnetic field is required to target joint
cartilage regeneration. If this aspect is thoroughly studied, then it will
open a new chapter in cartilage regeneration.

Although some microcarriers have been proven to have excellent
repair effects based on in vivo and in vitro experiments, reliable clinical
studies have not bene performed to research their ability to repair human
articular cartilage damage. Hopefully, orthopedic surgeons seeking a
method of quickly relieving the pain of cartilage injury patients will focus
on the advances of microcarriers in repairing cartilage and confirm their
clinical transformation ability through clinical studies in the future.
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