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KEYWORDS Abstract Bearing compression from adjacent joints, the articular cartilage is cumulatively
Autologous pressured in daily life, thus making it prone to injuries; however, once damaged, the self-

chondrocyte healing capacity of articular cartilage is limited owing to its low metabolic property. Autolo-

implantation; gous chondrocyte implantation, a three-step repairing technique for articular lesions, has
Scaffold; received satisfactory short-term clinical outcomes, whereas its long-term effect remains
Stem cell; controversial. Currently, improved stem-cell therapies and novel biomaterials have shed
Nanotechnology new lights on autologous chondrocyte implantation. We would, therefore, synthesize these

optimization strategies in order of their presences in the three-step protocol, seeking to find
and amplify synergic effects between these strategies.

The translational potential of this article: Autologous chondrocytes implantation serves as an
alternative for the treatment of articular cartilage lesions to avoid potentially detrimental ef-
fects of applying microfracture. The optimized ACI should improve the cost-effectiveness of
repairing articular cartilage while circumventing latent complications like osteophyte. This
article synthesized optimization strategies for ACl and provided appropriate applying ap-
proaches to maximize their synergic effects. It will be a pioneering trial for combinedly using
stem cells and nanotechnology to regenerate cartilage.
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Introduction Overview of ACI procedures, strengths, and

Articular cartilage is a type of hyaline cartilage covering
the synovial joints. It acts as a fulcrum to bear compres-
sion forces resulted from muscle lever systems; moreover,
shearing forces induced by joint movements further
abrade the articular surface [1,2]. However, in the
absence of vasculatures, lymphatics, and neural in-
nervations, articular cartilage lacks reservoirs for stem
cells and growth factors. Therefore, articular cartilage is
barely capable of regenerating itself, making most injuries
irreversible [2,3].

Many surgical interventions, such as osteotomy, osteo-
chondral transplantation, and microfracture, have been
applied clinically to stop or reverse articular cartilage
degeneration previously [4,5]. These methods partially
restore the function of articular cartilage and prevent
further degeneration. However, they are associated with
significant short-term (1- to 2-year follow-up) or long-term
(9- to 15-year follow-up) clinical defects [2]. For instance,
life-long pain and potential immune response have been
reported to occur after osteotomy [4]. Also, microfracture
is reported to predispose the affected joints to intralesional
osteophyte because of subchondral penetration (51.5% of
all cases) [5]. Above all, none of these methods mentioned
previously could generate mechanically functional articular
cartilage [5,6].

Autologous chondrocyte implantation (ACI), a three-step
regenerative therapy, is reported to effectively repair
articular cartilage and restore its biomechanical function
(85.1% successful cases in 4291 patients) [7,8]. It mainly
involves extracting chondrocytes from the host, expanding
them in vitro, and reintroducing them back into the lesion
sites (the three-step protocol). The postoperative follow-up
studies revealed that ACI minimized surgery lesions,
generated more hyaline-like cartilage with better anti-
compression properties, and had little postoperative virus
infections. However, the drawbacks of ACI have also been
abundantly indicated, for instance, the requirement of two
surgeries, the long intraoperative time, poor tissue inte-
gration, and the emergence of biomechanically compro-
mised fibrocartilage [2,3,7,9].

Nine hundred ninety-six studies have been conducted
during the past decades to improve the clinical outcomes of
ACl  further. Nevertheless, controversies and in-
consistencies between these improving strategies emerge
continuously. Here we categorize these optimization stra-
tegies according to their presences in the three-step pro-
cedure, comparing strategies within the same procedure
and figuring out potential additive or synergic effects of
different strategies. Apart from the three-step protocol,
actions taken after implantation would be discussed as
well.

weaknesses

ACl, the first cell-based treatment of articular cartilage
defect, was applied clinically in 1994 by Britterg’s team
[10,11]. The procedure includes, first, harvesting chon-
drocytes with a full-depth biopsy punch at the joint region
where the weight-bearing function is lowest [2]. Chon-
drocytes are then cultivated and expanded in vitro for
14—21 days to generate a mass of hyaline cartilage with
12—48 million chondrocytes [2,10—12]. Eventually, a sec-
ond operation is performed to debride the injured tissue
and implant neocartilage back into the defect joint;
furthermore, to stabilize the newly implanted hyaline
cartilage, the periosteum is used to cover the chondrocyte
suspension [11,13].

Compared with previously widely used clinical treat-
ments (osteotomy, microfracture, and osteochondral allo-
graft), ACI has many theoretical benefits listing as follows:
(1) The natively derived neotissue effectively circumvent
immune rejections and viral infections. (2) Only a small
fracture of articular cartilage sample is collected, mini-
mising intraoperative pain. (3) The autologous neotissue
possesses more hyaline-like properties, strongly facilitating
its maturation and enhancing its compatibility to native
tissue with better biomechanical activities [2,14].

The fully investigated short-term (up to 24 months)
follow-up studies noted an overall similar postoperative
effect between microfracture and ACI [14]. However, in
terms of long-term clinical outcomes (15 years), the
number of randomized comparative studies is limited
(Knutsen et al. [17] and Saris et al. [16]), and the results
are inconsistent. Knutsen et al. reported a nonsignificant
difference of long-term clinical outcomes between ACI
and microfracture and a higher risk of ACI surgery failure
(42.5%) compared with microfracture (32.5%). However, in
follow-ups by Knutsen et al., patients received other
preliminary treatments such as microfracture and high
tibial osteotomy, which potentially changed the sub-
chondral plate and increased the risks of ACI failure and
intralesional osteophyte [16]. Therefore, we adopt the
result of the study by Saris et al. [5], whose participants
strictly followed one therapy (either microscopy or ACI).
Saris et al. indicated that ACI reduced the severity of pain
and improved the patients’ daily activities with a higher
knee injury and osteoarthritis outcome score (KOOS) score
(21.25 £ 3.60) compared with microscopy (15.83 + 3.48),
(P = 0.048) [5,16]. In addition, subchondral osseous
overgrowth was observed in the microfracture group under
magnetic resonance imaging and arthroscopy, which could
further develop into osteophyte and osteoarthritis [17].
However, in terms of tissue integrity, the results of ACI
and microfracture are similar [5,14].
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The drawbacks of ACI are also clearly stated in previous
clinical studies: (1) Surgical failures. Twenty-four percent
of patients suffered unsatisfactory neotissue detachment
and unwanted fibrocartilaginous biomechanical properties
[14]. (2) The long postoperative recovery time. It takes
between 10 and 21 months before the neotissue reaches
full maturation with suitable biomechanical properties
[2,4,15], which is detrimental for career athletes. (3) Two
surgeries are needed [18,19]. (4) The high cost. Recently
reported cost of performing the total procedure of ACI is
$14,400, and the majority of which is spent on in vitro
cultivation [20]. (5) The complex procedure. The in vitro
expansion step needs delicately modified cultural environ-
ment, which may otherwise lead to the induction of tera-
toma [21]. 6. Possible immune reactions may also occur
owing to the allografted porcine membrane cover
[2,11,13]. 7. The poor lateral integration between neo-
tissue and native tissue resulted from the low metabolic
rate and antiadhesive extracellular matrix (ECM) compo-
nent [3]. (8) Postoperative chondrocytes dedifferentiation
frequently occurs, inducing the development of biome-
chanical inferior articular cartilage [2].

Chondrocyte extraction and alternative cell
sources

The initial step in ACI is to extract chondrocytes from a low-
weight—bearing region in diarthrosis. Since Britterg per-
formed the first ACI in human, the biopsy punch has been a
conventional procedure with no alteration or improvement;
however, failure in biopsy punch accounted for 20% of total
ACI surgery failure during the past decades [5]. Hence, we
would address some optimization strategies in biopsy
punch, focusing on the optimal surface area and depth of
the sample. Actually, apart from articular chondrocytes,
other cell sources could also be used to perform ACI, as long
as chondrocytes take up the majority in the neotissue
implanted back. A summary of alternative cell sources
together with clinical outcomes and cultivation conditions
are listed in Table 1.

Improvements for biopsy punch

Too many concerns have been placed on the appropriate
chondrocytes volume introduced back in clinical trials,
while the optimal amount extracted during arthroscopy
seems to be neglected. Saris et al. [5] suggest an optimal
surface area of each sample ranging from 7 mm? to 24 mm?,
yielding few cases of surgery failure. The underlying reason
of why this area range for biopsy is considered safe remains
unclear. It is of no argument that increasing the extraction
volume would accelerate tissue expansion and shortens
intraoperative time; however, the large biopsy lesion also
disrupts a massive number of mechanoreceptors, pre-
disposes patients to greater intraoperative pain, and add up
daily life inconvenience [5,17].

Another question to address is whether the biopsy punch
needs to be a full-depth one. As is indicated in previous
clinical reports, one of the significant microfracture defects
is the postoperatively- developed intralesional osteophyte
(50% of all cases) [5,15]. The intralesional osteophyte is

primarily related to the subchondral penetration, which
advances the tidemark of subchondral plate and makes the
viscoelastic cartilage layer thinner [17]. The full-depth bi-
opsy punch in ACI avoids altering the subchondral bone;
instead, it exposes the subchondral plate directly. During
the intraoperative time, abnormal ossification may occur
on the naked subchondral plate which would further evolve
into an advanced tidemark and increase the risk of devel-
oping intralesional osteophyte [5,17]. Were the biopsy
punch not a full-depth one, the subchondral plate would
not be exposed. The depth of sampling is a convention of
clinical performance, but the underlying rationale is, un-
fortunately, not mentioned before [2,3,5,17]. Given that
the flattened chondrocytes which possess higher self-
renewal ability are mainly distributed at the superficial
zone of the cartilage, taking a sample at superficial layer
instead of a full-depth one would not compromise expan-
sion efficiency [1]. Moreover, as tissue extracted at low-
weight—bearing region would not be reintroduced back,
maintaining tissue integrity there is of great importance
[2]. Therefore, extracting sample only from the superficial
zone is strongly recommended. If the depth of the sample is
not altered, covering the subchondral plate with a layer of
collagen membrane to restrict subchondral hyperplasia
could ameliorate postoperative osteophyte.

Nasal chondrocytes vs. articular chondrocytes

There are two types of chondrocyte which produce hyaline
cartilage: articular chondrocytes (ACs) and nasal chon-
drocytes (NCs) [22]. Different from mesoderm-developed
ACs, NCs are derived from mes-ectoderm neural crest
cells. HOX genes are downregulated in the ectoderm, which
provides NCs with self-renewal ability and environmental
reprogramming capacity [22]. When NCs are transplanted
to the articular lesion site, the HOX-negative phenotype
would be reversed, transforming NCs into ACs [22,23]. As
hyaline-like ECM could be produced by both NCs and ACs,
the clinical outcomes of implanting NC-generated hyaline
cartilage are usually better than those of directly trans-
planting NC pellets [23]. Moreover, because NCs are
extracted by nasal biopsy, potential secondary degenera-
tion resulted from AC extraction could be avoided [22].

Alternative cell sources substituting chondrocytes
in ACI

Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are the primary cell type
functions in microfracture and other bone marrow stimu-
lation therapies, which gain an advantage over chon-
drocytes for its high proliferation capacity [2]. They can be
isolated from multiple sources (bone marrow, synovium,
adipose tissue, and skeletal muscle) by identifying specific
surface markers [24]. MSCs extraction circumvents sec-
ondary degeneration resulted from arthroscopy, which is
beneficial for patients with large lesion areas or unde-
tectable non—weight-bearing regions in articular cartilage
[25]. However, considering the multiple downstream line-
ages of MSC (differentiation towards myocytes, chon-
drocytes, adipocytes, and osteocytes), the culture system



Table 1

Alternative cell sources for ACl and their cultivation demand.

Cell type

Exogenous stimuli in cultivation

system

Marker

(genetic factors)
for chondrogenic
transdifferentiation

Epitope marker

Clinical application

Reference

Chondrocytes AC

NC
MSC BMSC

ADSC
SSC

Pluripotent ESC
stem cells

iPSC

BMP-2/4, TGF-p1

TGF-B1, FGF-2, IGF-1, GDF-5

TGF-B1, ascorbic acid,
dexamethasone, sodium
pyruvate, insulin—transferrin
—selenium

TGF-B1, Indian hedgehog
(inducing hypertrophic
chondrocytes)
Co-culture with mature
chondrocytes

TGF-B1, Co-culture with
mature chondrocytes

CD44/54/73+ no need
CD164-
Hox (+)
CD44/73/29/90/105 (+) Sox-9(+)
CD11/14/31/34/45 (—)  FOXO3A (+)
Hoxa2 (—)
HOXD9 & HOXD13(+)
INF145 (+)
PDPN (+); CD146 (-); Sox-9(+)
CD73 (+); CD164 (+) Runx2(—)
PPARy2(—)
SSEA-3 (+) Sox-9(+)
CD324/90/117/326 (+)  Runx2(-)
0SX (-)
TRA-1-60 (+)
TRA-1-81 (+)

Most widely used, potential
secondary degeneration during
extraction

Generate hyaline-like
cartilage, capable of self-
renewal

Bone marrow aspiration is
painful, yielding small amount
of MSC

Easy to isolate with large
quantities; prone to
misdifferentiation

Newly identified, have not
been applied clinically

Cannot be extracted
autologously; potential
teratoma induction and
immune response
Teratoma induction and
immune response due to
incomplete reprogramming

Makris et al. (2015) [2]
Pelttari et al. (2017) [18]
Campbell et al. (2012) [26]

Almalki and Agrawal (2017) [24]
Perdisa et al. (2015) [27]

Bianco & Robey (2015) [28]
Chan et al. (2018) [27]

Jukes, Blitterswijk and Boer
(2010) [29]

Tapia & Scholer (2016) [30]

AC = articular chondrocyte; ADSC = adipose-derived mesenchymal stem cell; BMSC = bone marrow—derived mesenchymal stem cells; BMP = bone morphogenic protein; ESC =
embryonic stem cell; FGF = fibroblast growth factor; GDF = growth differentiation factor; IGF = insulin-like growth factor; iPSC = induced pluripotent stem cell; MSC = mesenchymal
stem cell; NC = nasal chondrocyte; PPARy2 = peroxisome proliferator—activated receptor y2; Sox-9 = SRY-related high mobility group-box gene 9; SSC = skeletal stem cell; TGF =
transforming growth factor; ZNF145 = zinc-finger protein 145; (+) = upregulation; (—) = downregulation
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for MSCs must be delicately controlled to induce a chon-
drogenic fate [24]. Moreover, cell sorting must be per-
formed before MSC-derived chondrocytes producing its own
ECM; otherwise, the cartilage generated will possess less
hyaline-like phenotype [24].

Skeletal stem cells

With the advancement of single-cell sequencing, human
skeletal stem cells (SSCs) are recently isolated from adult
bones or bone morphogenic protein (BMP-2)- treated adi-
pose tissue [27]. When transplanted into immune-deprived
mice, these human SSCs (PDPN + CD146-CD73 + CD164+)
can differentiate into chondrocytes (CD73 + CD164-) or
even hypertrophic chondrocytes (CD73-CD164-), providing
novel cell sources for repairing articular cartilage [27]. The
chondrogenic stimuli for SSCs are not identified yet. Still,
its cultivation system could mimic that of MSCs to upregu-
late chondrocyte-specific transcription factors such as Sox9
[28]. Similar to MSCs, SSCs have osteogenic and adipogenic
lineages, which may hamper the production of hyaline
cartilage. To surmount this, osteogenic factor (Runx2) and
adipogenic factor (PPARy2) should be silenced [28]. The
amount of SSCs are relatively small, its extraction regarded
as harmful as that of ACs [27]. Therefore, from our point of
view, its clinical translation is not recommended; however,
in situ activation of SSCs and guiding their chondrogenic
differentiation could be tried.

Pluripotent stem cells (embryonic stem cells and induced
pluripotent stem cells)

Compared with other adult stem cells, the proliferation and
differentiation capacity of pluripotent stem cells is infinite
[29—31]. There are two sources of pluripotent stem cells:
embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs) [29,30]. ESCs are extracted from the inner cell
mass in the human blastocyst, and its chondrogenic dif-
ferentiation is achieved via coculturing with mature chon-
drocytes [29]. Unfortunately, autologous ESCs do not exist
in postnatal individuals, making this technique impossible
to be translated clinically [29].

Somatic tissue—derived iPSCs could also be used in ACI.
Through transiently activating Oct4, c-Myc, Sox2, and Klf4
gene, pluripotency is acquired by somatic cells [30]. Those
iPSCs are then reprogrammed to possess chondrogenic
phenotype by upregulating SOX9 transcription and silencing
RUNX2, OSX simultaneously [27]. Nevertheless, high risks of
teratoma induction and immunogenicity are reported
(79.6%), which are mainly attributed to the incomplete
reprogramming and misdifferentiation [30,31]. As the iPSCs
used are cultured into terminally differentiated chon-
drocytes before reintroducing them back, the condition of
teratoma induction and immune rejection should be
ameliorated [31]. Overall, iPSC therapy is still under
investigation, and few clinical trials are performed owing to
its high tumorigenic risk; thus, the ability of iPSCs to pro-
duce the desired ECM component remains elusive.

In vitro cell cultivation

The successive procedure taken after extracting cells seeds
from the host is to cultivate them in vitro. There are many

aims to be achieved in this procedure: guiding chondrogenic
differentiation, stimulating chondrocytes proliferation and
maturation, increasing production of hyaline-like ECM,
preventing dedifferentiation, and maintaining biomechan-
ical properties. We would, therefore, list optimization
strategies to achieve these aims by discussing the culture
system, appropriate exogenous stimuli applied, and the
utilization and modification of scaffolds.

2D vs. 3D culture system

ACs were initially cultivated in the monolayer (2D culture)
of agarose gel in ages of immature cell expansion tech-
niques [32]. This manipulation strongly improved chon-
drocyte viability in the presence of cell plate anchorages
[32]. After serial cultivations, chondrocytes with a
fibroblast-like flattened morphology were generated [33].
However, the flattened cell shape may sequester BMP-2
gene expression via methylating its regulatory sequence.
With downregulated BMP-2, the fibrocartilaginous expres-
sion pattern was possessed by chondrocytes, where the
expression level of proteoglycan and collagen Il were
reduced [33]. Moreover, to compensate for the decreased
production of collagen Il, the cultured chondrocytes upre-
gulated collagen | to yield a complex collagen network,
which further aggravated their dedifferentiation [34]. The
dedifferentiated chondrocytes generated fibrocartilage
with compromised biomechanical properties, which, if
implanted back, would sharply restrict the locomotion of
diarthrosis.

In contrast, when chondrocytes are cultivated in 3D
culture, the chondrocytic morphology and phenotype
would be retained [34]. However, a 20% reduction of cell
viability is observed when chondrocyte pellets were
transferred from monolayer plates into 3D matrices [32].
Moreover, owing to a lack of paracrine and juxtacrine
signalling in 3D culture, the proliferative rate of chon-
drocytes is significantly decreased [32]. Although the final
chondrocyte number is still acceptable for implantation, it
directly prolongs intraoperative time. To overcome this,
the number of supplemental growth factors provided
should be slightly excessive [35]. In addition, chon-
drocytes with various stages (proliferating, quiescent,
senescent, and apoptotic) coexist in the 3D culture after
expansion [35]. If cells identities are not certified before
implantation, dedifferentiation and progressive necrosis
may still occur in vivo. The various cell stages mainly
result from uneven exposure to matrix nutrition; thereby,
dispersing single chondrocytes in the liquid agarose gel
before solidification could be a solution to unify chon-
drocyte stages [35].

Layered distribution of appropriate exogenous
stimuli

Appropriate exogenous stimuli, including biophysical stim-
uli and biochemical stimuli, are indispensable for chon-
drocytes expansion and hyaline cartilage generation. These
exogenous stimuli, when used in combination, may exert
synergic or counteractive effects. For instance, insulin-like
growth factor-1 (IGF-1) facilitates hypertrophic maturation
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Figure 1  Schematic overview of layered distribution of appropriate exogenous stimuli. The pseudostratified structure of articular

cartilage (the three layers) and their cellular and molecular components listed in the left panel. Appropriated exogenous stimuli
added into corresponding layer listed in the right panel (blue arrow). (A) Tangential zone; (B) transitional zone; (C) deep zone.
BMP = bone morphogenic protein; FGF = fibroblast growth factor; LOXL2 = lysyl oxidase—like 2; TGF = transforming growth

factor; TMNO = trimethylamine N-oxide.

of chondrocytes, while BMP-4 inhibits the expression of
hypertrophic protein collagen type X [36]. In previous
clinical applications, researchers amplify synergic effects
via establishing radial concentration gradient ladders for
each stimulus; however, this method is theoretically not
reliable as it never considers chondrocyte migration during
cultivation.

The full-depth articular cartilage tissue could be classi-
fied into three layers (zones), different layers contain
chondrocytes with distinct stages and morphologies;
moreover, ECM components in each layer varies, respon-
sible for distinct biomechanical functions [1]. Through
separating different layers during cultivation, exogenous
stimuli with synergic effects could be added into the same
layer, while interference between those with counteractive
effects could be avoided [37]. In the following text, we
would address the chondrocyte morphology, ECM compo-
nent, biomechanical function, and respectively augmented
stimuli in a layer-by-layer manner. A schematic overview is
provided in Fig. 1.

The tangential zone (superficial layer) adjacent to
periosteum incorporates immature flattened chondrocytes
which are undergoing rapid proliferation [1]. To further
amplify chondrogenic differentiation and proliferation,
fibroblast growth factor-2, IGF-1, and BMP-7 could be used
in combined, which have already been proven to increase
chondrocyte proliferation by sixfolds [38]. Collagen II/IX in
that layer are packed tightly and parallelly aligned along

the articular surface, mainly responsible for its tensile and
antishearing properties [1]. Chondroitinase-ABC effectively
improves tensile properties via reconstitution of the
collagen matrix. When it is simultaneously applied with
trimethylamine N-oxide and lysyl oxidase—like 2, the anti-
shearing ability improved by two times [39]. Also, bio-
physical stimuli such as hydrostatic pressure and
intermittently applied compressive loading further increase
the antishearing forces by stimulating the expression of
collagen type Il [36]. (Fig. 1a).

Directly below the tangential zone lies the transitional
zone (intermediate layer). Spherical mature chondrocytes
are sparsely distributed in that layer with seldom cell—cell
communications visualized [1]. BMP-4/7 and transforming
growth factor (TGF)-B which promote chondrocytes
maturation are, therefore, suggested to be added
[36,40,41]. Obliquely arranged type Il collagen still pre-
dominantly take up the ECM, bearing progressively
increased compression forces [1]. To further increase the
anticompression ability, neotissue is treated with mag-
netic stimulation; however, the underlying mechanism
remains unclear [39]. IGF-1 has a dual role in that layer. It
primarily prevents chondrocyte apoptosis via inhibiting
the expression of the parathyroid hormone—related pro-
tein. Apart from this, it preserves anticompression feature
of that layer by rescuing the expression of glycosamino-
glycans (GAGs) [36]. When chondrocytes are cultivated on
the polyglycolic acid scaffold, the amount of secreted
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GAGs significantly reduced; nevertheless, when the IGF-1
is applied on that scaffold, the GAG amount increased
by fivefolds (Fig. 1b) [37,38].

The deep zone hiding beneath the tangential zone and
transitional zone account for the last 30% of the whole
tissue [1]. In that layer, chondrocytes are aligned in a
columnar manner, the cell size increasing with depth. Some
mature chondrocytes become hypertrophic, possessing the
potential of osteogenic transdifferentiation [1]. Therefore,
BMP-2 and BMP-4 should be sequentially applied, which
simultaneously allow hypertrophic maturation, while pre-
venting transdifferentiation [36]. Collagen with largest di-
ameters is aligned perpendicular to the articular surface,
fighting against the largest compression forces applied on it
[1]. For the sake of maximising the anticompression prop-
erties, the collagen fibrils and GAGs must be densely allo-
cated, which demands a continuously administered TGF-B1
[39,40]. TGF-B1 significantly increase the expression of
SOX-9, a transcription factor responsible for upregulating
type 11/1X/XI collagen and GAGs [36]. In addition, similar to
the manipulation performed in the transitional zone, IGF-2,
BMP-2/4, and magnetic stimuli could be synergically added
[36]. (Fig. 1c).

Scaffold-based techniques and nanoscale
modification

As mentioned before, the 3D culture system compromises
chondrocyte viability as a consequence of decreased cell
adhesion. To overcome this, scaffolds are applied, which
efficiently rescue chondrocyte detachment while main-
taining chondrogenic differentiation.

Regarding the functional site, scaffolds could be classified
into two subtypes: hydrogels and membranes [32]. Hydrogels
are composed of hydrophilic macromolecular polymers,
which encapsulate chondrocytes in their cross-linked net-
works [42]. The highly porous structure of hydrogel makes it
convenient for the delivery of exogenous biochemical stim-
uli, which facilitates the chondrogenic differentiation and
production of hyaline-like ECM [43]. Moreover, hydrogels
perfectly recapitulate the water assimilation properties and
the physiochemical composition of native ECM, satisfactory
biocompatibility thusly ensured [32]. Hydrogel cross-links
could be established and reversibly break down in a biome-
chanically dependent manner (PH, temperature, and elec-
tric field); therefore, the cultivation system could be altered
at any desired time [42].

Table 2 Classification of scaffolds, examples, clinical comments, and current modifications.

Functional Natural Synthesized polymer References
Sl Examples  Clinical comments Modifications ~ Examples Clinical comments Modifications
Hydrogels Agarose Support Not indicated PEG Biocompatible, Lactic acid, Kim et al.
chondrogenesis, yet suitable for RGD residue, (2012) [42]
facilitate function chondrocytes and combinedly Dewan et al.
of biomechanical MSCs cultivation used with other (2014) [32]
stimuli natural Stevens and
Alginate Low stability and RGD peptides materials George (2005)
degradation rate  (improve [45]
adhesion) Wang et al.
Hyaluronic Facilitate MMP-sensitive (2011) [47]
acid chondrogenic peptide
differentiation (controllable
degradation)
Collagen Low Nanoscale
biomechanical detail addition
stability, easily via
contracted during electrospinning
expansion, great
biocompatibility
Fibrin Support Not indicated
chondrogenesis, yet
compromised
biomechanical
property
Membrane Periosteum Immune response Not indicated Aliphatic Toxic degradation Matching
Hypertrophy yet polyesters by-product degradation
Collagen No hypertrophy Coculture with with local
membrane Efficiently seal chondrocytes metabolic
lesion site during cell clearance
expansion

PEG = polyethylene glycol; RGD peptide = repeated sequence of arginine, glycine, and aspartame.
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Membranes cover the surface of neotissue, maintaining
its structural stability and enhancing tissue integration [32].
The first generation of membrane used in ACI is a layer of
periosteum sealing the lesion site [2]. However, as it is
allografted, immune responses are observed post-
operatively. Furthermore, the allografted periosteal flap
contains cytokines favouring the cell growth; therefore, the
original flattened chondrocytes lying in the tangential zone
become hypertrophic, which eventually result in surgery
failure [2]. These drawbacks could be overcome by
substituting the periosteum with a collagen membrane [32].

Both hydrogels and membranes derive their sources from
natural materials and synthesized polymers. Natural bio-
materials are easily obtained with higher tissue compati-
bility and cell adhesion capacity, while synthesized
polymers possess immediate biomechanical properties and
controllable degradation rate [44]. A summary of classifi-
cation of scaffolds, examples, clinical comments, and po-
tential modifications are provided in Table 2.

Scaffold modification has long been focussed on macro-
scopic alterations, while nanoscale modifications seem to
be neglected [45]. Cell fates and expression pattern are
partially associated with their nanoscale morphology; for
instance, when the number of filopodia and microspikes is
increased on the MSC surface, cell responsiveness would be
strongly elevated, which favours chondrogenic differenti-
ation and proliferation [46]. With the development of the
electrospinning technique, nanoscale details could be
added to scaffolds. By applying a powerful electric field,
the diameters of artificial collagen fibrils are decreased to
67—100 nm [46]. The thinner, tightly aligned collagen fibres
provide better anticompression forces [43,45]. However, it
is still not comparable to the ultranano structure in native
cartilage ECM, which demands spaces between adjacent
collagen fibrils to be within 6 nm [46]. Another benefit of
electrospinning is that it allows aligning polymer scaffolds
along a determined axis [46]. As seen in Fig. 1, the multiple
zones of articular cartilage contain collagen fibrils with
distinct diameters aligning in different directions. When
the correctly unified collagen alignment is achieved, the
subtle biomechanical properties of different cartilage
zones would be improved [45]. In addition, uniformly
distributed integrins on these nanoscale-modified collagen
scaffolds exert tensile forces on chondrocytes and trigger
their expansion, the chondrocytes proliferation rate,
therefore, increased [45].

In vivo implantation and manipulations being
taken afterwards

As the mature and compatible neotissue is yielded, the next
and final step is to reintroduce the neotissue back into the
defect site. Before this, the damaged tissue should be deli-
cately removed from the defect site as senescent or necrotic
chondrocytes incorporated in defect tissue may exert a
degenerative effect to neighbouring tissue. Also, anti-
senescent drugs such as FOX04-DRI should be sprayed on the
lesion surface [48]. Approximately 45.45 chondrocytes are
observed per square millimetre in the native articular
cartilage [49]. Because apoptosis usually occurs after tissue
implantation, the optimum chondrocyte density in neotissue

should be a little bit higher (50—52 cells/mm?) [50]. Im-
plantation is the last step of ACI but merely the beginning of
rehabilitation. Here, we would address how to maintain
tissue integrity after implantation in detail. Moreover, to
pursue an effect of “once for all”, methods used to improve
local self-healing capacity would be mentioned.

Improvement of lateral cartilage integration

The poor tissue integrity is always a major defect of ACI,
which has not been fully resolved yet. Cartilage integration
could be classified into two types: vertical integration and
lateral integration [3]. The previous one refers to the
amalgamation of the deep zone cartilage tissue and the
subchondral plate. Given the relatively high metabolic rate
at the subchondral interface, ECM reconstitution and
collagen interweave between the calcified zone and deep
zone are easily achieved, satisfactory vertical integration
thusly yielded [3]. In contrast, lateral integration, the fix-
ation between neocartilage and native cartilage, is still
unachievable [3,51]. The conditions even grow worse for
the layered cultivation strategy we proposed. Some factors
hindering cartilage—cartilage integration could be avoided
when the cultivation system is well designed, for instance,
chondrocyte dedifferentiation [37]. In the following text,
the postoperatively applied methods for rescuing lateral
integration would be addressed.

One week after implanting the neotissue, necrosis
occurred at the interface of the neotissue and native tis-
sue, accounting for a 100- to 200-pum necrotic space [50].
These necrotic cells sent apoptotic signals to neighbouring
chondrocytes to induce progressive apoptosis, which
expanded the necrotic space into a 400-um acellular fissure
[52]. Previous studies have applied antiapoptotic molecules
such as ZVAD-fmk, a caspase inhibitor, to the lesion
boundary to cease apoptosis; however, the antiapoptotic
molecules seemed to perturb the expression of matrix-
producing genes and compromised the hyaline-like ECM,
yielding unwanted biomechanical properties [50]. At the
end of the apoptosis, surrounding surviving chondrocytes
repopulate, but they seldom migrate to the 400-um fissure,
making the acellular zone persist [53]. The low migration
rate is not induced by the persistent apoptotic signals
residing in the acellular zone. Instead, the restricted
motility resulted from the densely allocated collagen/
aggrecan network is the cause [50,53,54]. Researchers
attempted to fill the acellular zone with interweaved
collagen/proteoglycan to maintain biomechanical function
there; however, without the refreshing and turning over
effect exerted by chondrocytes, this acellular network
eventually ends up with mechanical fatigue [50].

Collagen is one of the hindering factors for chondrocytes
migration; simultaneously, collagen Il handles the hyaline-
like property to fight against compression [3,53]. Hence,
collagenase could be applied in a pulse-chase manner to
induce a transient degradation of collagen fibrils, allowing
chondrocyte passage [50]. After chondrocyte migration,
collagen networks would be reconstituted, facilitated by
17B-oestradiol [50,53]. The remaining question is how to
monitor the completion of migration [54]. Moreover, lysyl
oxidase, which mediates the formation of collagen cross-
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Figure 2

Growth factors
(chondrogenic)

Collagen I
network

Spherical
chondrocytes

MMPs + anti-
necrotic drugs

Collagen I
network

Construct self-healing units and ambush them in the neotissue. Self-healing units are constructed via electrospinning.

Rings labelled with different colours contain different drugs or cells which are marked and pointed in the blue arrow. The diameter
of each ring and component concentration are yet to be determined.

MSCs = mesenchymal stem cells.

links, has different activity in neocartilage and native
cartilage, making collagen cross-links between these two
tissues hard to achieve [50]. Applying the lysyl oxidase in-
hibitor would accelerate the accumulation of cross-linked
precursor and therefore promote collagen interweave [54].

Proteoglycans also inhibit chondrocyte migration and
inhibit integration [50]. They are distributed in two loca-
tions, the transitional/deep zones of neotissue and synovial
fluid [55]. Small proteoglycan present in transitional/deep
zone directly construct a meshwork to prevent chondrocyte
migration. Superficial zone proteoglycan and proteoglycan-
4 in the synovial fluid produce ineffective hyaluronan to
prohibit chondrocyte migration indirectly [55]. Similar to
collagen, proteoglycans are also essential for the biome-
chanical function of articular cartilage [1,3,56]. Therefore,
transiently applying hyaluronidase and chondroitinase-ABC
could be a solution [50].

As articular cartilage is an avascular, alymphatic tissue,
transiently injecting other catabolic molecules (inter-
leukin-1B) can also enhance integration [56]. Interleukin-1p
should be delicately delivered; otherwise, it will induce
local inflammation and degenerate cartilage for a second
time [56]. To avoid inflammation, steroid hormones such as
testosterone and dehydroepiandrosterone are alternative
choices [57,58].

Improve intrinsic self-healing capacity via
ambushing self-healing units

Even when biocompatible tissue with excellent biome-
chanical properties is inserted into the defect site, risks of

secondary lesion persist due to daily repetitive compression
and uric acid accumulation [59—61]. To avoid performing a
secondary ACI, the best way is to enable the articular
cartilage to possess self-healing capacity. Chondrocytes
with self-renewal ability do exist in the matrix of articular
cartilage, responsible for curing small lesions; however,
considering their limited number and reduced motility,
larger lesions cannot be intrinsically reversed [2,3].
Thereby, we proposed to construct several self-healing
units (Fig. 2) ambushed to large weight-bearing sites,
which actively respond to trauma and initiate regeneration.

Quiescent MSCs (gMSCs), either autologously derived or
extracted from young hosts, are placed in the centre of the
self-healing unit, their quiescence specifically identified via
surface markers (CD44/73/90) [62]. As long-term inactiva-
tion of these gMSCs would make them prone to undergo
senescent transformations, which furthermore aggravate
surrounding tissues, these gMSCs are enveloped with a layer
of antisenescent drugs such as ABT-737 and Dasatinib
[63—65]. A layer of collagen type Il then encapsulates the
inner cell complex, which also functions to isolate them
from the external chondrogenic growth factors. These
chondrogenic factors, including TGF-B1/2, BMP-2/4/7, and
IGF-1, are used to activate gMSCs and guide their chon-
drogenic differentiation when lesion occurs [24,37]. After-
wards, several spherical chondrocytes adhere to the
surface of the self-healing unit, covered by another
collagen Il network.

During secondary trauma, the outer collagen capsule
would be disrupted, spherical chondrocytes adjacent to it
wandering somewhere else. To avoid necrosis of these
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spherical chondrocytes, a layer of antinecrotic drugs is
incorporated inside. Matrix metalloproteinase (MMPs) are
also contained in that layer, responsible for degrading inner
and outer collagen matrix for releasing gMSCs and enabling
their migration, respectively. Chondrogenic growth factors
then infiltrate through the disrupted internal collagen matrix
to induce the activation and differentiation of gMSCs, which
eventually repair the lesion site. For the sake of minimising
alteration to the biomechanical properties, the self-healing
units are ambushed in a number corresponding to the local
chondrocyte density.

The multilayered self-healing units are constructed with
the help of electrospinning techniques, which allows deli-
cate distribution of cells and drugs [46,66]. This novel
approach has not been applied clinically, and its clinical
outcome remains unclear, but it could, at least, improve
the efficiency of intrinsic self-healing and target middle-
sized trauma.

Conclusions and future perspectives

This review lists previously found ways to optimize ACl in a
step-chronicle way. While the detailed procedure of ACl is
addressed to give an overview of the theoretical and clin-
ical feasibility and drawbacks of this regeneration treat-
ment, the emphasis is placed on recently developed
artificial adjustments in the process of cell extraction,
invitro cell cultivation, and in vivo implantation. Among all
these three steps, manipulations after tissue implantation
are barely mentioned in other studies; thus, we provided
additional details to address its significance in clinical ap-
plications and offer new prospects to improve tissue inte-
gration and intrinsic self-healing capacity. Some of these
optimization strategies have been discussed before, but we
thought that categorising these optimization strategies
with their respective functioning procedure could help re-
searchers pinpoint their functions and use them appropri-
ately. We have also noted several potential novel therapies
which have not been attempted before, for instance,
distributing exogenous stimuli in a layer-dependent
manner, constructing self-healing units, and ambushing it
in large weight-bearing sites.

As cell-based therapies evolved, ACl is not confined to only
using autologously extracted chondrocytes as cell seeds, and
other stem cells such as MSCs, SSCs, ESCs, and iPSCs could also
be cell sources. However, whichever cell type being used as
seeds, the neotissue implanted back should mainly incorpo-
rate chondrocytes; otherwise, misdifferentiation may occur
as a consequence of uncontrollable endogenous stimuli.
Nanoscale manipulations significantly improve the bio-
mimetic properties of synthesized scaffold matrix; for
instance, we have mentioned the powerful usages of elec-
trospinning in modifying scaffolds and constructing self-
healing units. The structural specificity could be further-
more refined if 3D printing technique is applied.

There is still a long way to go before humans overcome
articular cartilage—related diseases. However, developing
science and tech make it possible to solve the weaknesses of
current therapies. Combined with synthetic biology, carti-
lage resurfacing can be a promising way to improve neo-
tissue integration, the satisfactory clinical outcome of

photoreactive chondroitin sulphate hydrogel on local
adhesion serving as a good example [67]. Besides, some
recently developed repairing methods (cell-free treatments
and scaffold-less treatments) choose to rely on the intrinsic
organogenesis, which achieved by injecting growth factors
and other small molecules into the lesion site, without
in vitro cell culture and twice surgeries. Moreover, in vivo
cartilage functional assessment system demands improve-
ment with great urgency; for instance, tissue integration
could only be detected via functional magnetic resonance
imaging currently, which unfortunately fails to assess lateral
integration between cartilages due to their avascular na-
ture. Finally, we hope ACI together with these new strate-
gies will make it easier to cure articular cartilage lesions.
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