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Abstract

Articular cartilage defects tend to have silent progress, leading to joint incongruency, secondary osteoarthritis, and subse-
quently pain, restricted mobility, and quality of life impairments in patients worldwide. Yet, functional articular cartilage
repair has remained a big challenge in the orthopedics and tissue engineering field. In this mini-review, the clinical efficiency
of the currently used methods and procedures for articular cartilage repair and promising emerging technologies that would
possibly replace or be implemented in the currently used techniques were highlighted. The future directions in articular
cartilage repair methods and materials were also critically addressed by elaborating on current limitations hindering the

evolution of the emerging technologies supporting articular cartilage regeneration.
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Introduction

Cartilage lesions are one of the most common causes of joint
functional impotence, which impair the overall quality of life
and work performance of individuals. As stated in the Euro-
pean Injury Database, an average of 6.1 million people are
hospitalized annually in the European Union due to sports
injuries, leading to chondral defects of any degree [1]. The
etiology of cartilage lesions may be traumatic, hereditary, or
vascular. Arthroscopic procedures are the mainstay of surgi-
cal treatment when conservative treatment is impossible or
has failed. The lesions are classified and treated according
to their arthroscopic appearance as follows:

— Debridement and chondroplasty are currently recom-
mended for symptomatic lesions.

— Displaced osteochondral fragments can sometimes be
replaced and secured with small, recessed screws or
absorbable pins.
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— For discrete, isolated, full-thickness cartilage injuries,
several treatment options are in clinical use.

Age, lesion size, patient’s desired activity level, align-
ment, meniscal integrity, and ligamentous stability must all
be taken into consideration in selecting the appropriate treat-
ment option. On the other hand, several studies demonstrated
that the incidence of chondral defects increases by up to
67% even after arthroscopy surgeries [2, 3]. In this mini-
review, we discussed commonly used surgical methods and
procedures for cartilage repair in clinics. Moreover, a critical
perspective of the need for implementing potential novel
treatment approaches into these currently used methods and
procedures was elaborated.

Microfracture Technique

The microfracture (MF) technique is the most widely used
restoration procedure for small defects (<4 cm?). It involves
perforation of the subchondral bone after removal of the
tidemark cartilage with eventual clot formation and fibro-
cartilaginous repair tissue. However, the main disadvantage
of this method is fibrocartilage formation at the operated
site, which degenerates after a while due to a mechanical
mismatch between the newly formed tissue and the native
cartilage tissue. Several studies showed that the efficiency
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of this technique might be further improved with the use of
engineered scaffolds [4-6]. In the study of Tahoun et al., fol-
lowed to a standard microfracture surgery, a chitosan-based
material, BST-CarGel®, was used as supporting material in
patients (n=21) of age 18-55 years diagnosed with femo-
roacetabular impingement. The results showed that the addi-
tion of BST-CarGel® scaffolds after microfracture surgery
triggered native cartilage-like functional tissue formation as
compared to the groups, which did not receive any scaffolds
[7]. Biological implants are also under development as a
support material applied during microfracture surgeries. A
recent study showed that a biological scaffold, composed
of collagen type I, could increase GAGs production in the
chondral defect area. In this study, a collagen type I scaf-
fold was implanted in combination with microfractures in
twenty-five patients [8]. MRI measurements confirmed that
GAGs production within the chondral defect area accelerated
in patients treated with microfracture combined with colla-
gen type I scaffold 12 months after the surgery. Interestingly,
this trend was opposite 6 months after the surgery, GAGs’
content was the greatest within the defect area following the
microfracture technique without collagen scaffold.

Autograft, Allograft, Autologous
Chondrocyte Implantation (ACI),

and Matrix-Associated Autologous
Chondrocyte Implantation (MACI) for Knee
Cartilage Regeneration

Autografting restores chondral lesions by transplanting the
patient’s cartilage into the lesion site to treat simultaneously
both cartilage and subchondral bone, using either an arthro-
scopic or a mini-open procedure. Osteochondral autografts
(OA) have been shown a promising alternative in many cases
for younger patients with relatively smaller lesions (<4 cm?)
[9, 10]. Generally, the transplant overlying the bony part
usually integrates with the surrounding bone properly while
the cartilage surface may not fully heal in many patients. In
the study of Zamborsky et al., they evaluated 21 articles that
included 891 patients for a meta-analysis study where they
compare the efficiency of the different surgical techniques
for the repair of knee articular cartilage defects in rand-
omized clinical trials [11]. According to the analysis, when
the reoperation rates of the patients were compared, OA
showed significantly lower rates in patients at the > 3-year
follow-up period as compared to MF [11]. In another clinical
trial study, the patients having 80—165 mm? of lesions oper-
ated on using either OA or microfracture (MF) technique.
In the study, the MF technique was even reinforced using
extracellular matrix and bone marrow aspirate concentrate.
Yet, the overall modified magnetic resonance observation of
cartilage repair tissue scores significantly higher in patients

treated with OA (71 £15.60) versus MF (55.67 +24.11)
over 15 months [12]. On the other hand, donor site morbid-
ity due to native tissue harvest and scar tissue formation in
the surgery area are two common problems associated with
osteochondral autograft procedures.

Allografting is a widely accepted procedure, particularly
for older patients, to avoid potential post-operational com-
plications concerning tissue harvest sites. The 10-year suc-
cess rate of allografts reported above 80% post-operatively
according to several clinical studies [13, 14]. The chondro-
cyte viability ensures the quality of the allografts after trans-
plantation. There is a direct link between the chondrocyte
viability and the implant integrity to the articular surface
because viable cells assure the presence of appropriate extra-
cellular matrix environment components, such as collagen
and sulfated glycosaminoglycans. Numerous studies have
shown that chondrocyte viability was drastically reduced
after 28 days of storage at 4 °C [15-17]. In a recent clini-
cal paper, a novel allograft preservation method (MOPS),
described as the preservation of osteochondral allografts in
a proprietary solution at room temperature (~25 °C), pro-
moted the patient-reported outcome measures (PROMs),
such as rehabilitation, revisions, and failures, in a total of
194 patients after 1 year of surgery. Moreover, MOPS pro-
longed the graft storage time (up to 56 days) and provided
substantially greater viable chondrocyte density at the time
of implantation (98.8%), addressing a critical problem of
the allograft storage in clinics [18]. On the other hand,
according to 3 and 4 years of follow-up reports, there was
no significant difference in the pain scores and functional
outcomes between the patients who received MOPS grafts
versus patients who underwent osteochondral allograft trans-
plantation with standard preservation methods. Neverthe-
less, the problems resulted from long-term storage of the
fresh grafts, chondrocyte apoptosis, and graft rejection are
still under discussion in clinical practice.

ACI is the first cell-based regenerative procedure to treat
patients having substantial defects. In ACI, autologous
chondrocytes are derived from adjacent healthy cartilage
using arthroscopy. After several days of expansion in vitro
culture, the harvested chondrocyte populations are injected
into the lesion site followed by periosteal flap support. The
fibrocartilage-like tissue formation is one of the biggest con-
cerns in the augmented areas, which is often associated with
the phenotypic instability of in vitro-expanded chondrocytes
[19, 20]. This unwanted phenotypic change can deteriorate
the quality of regenerated tissue. The significant barriers of
cell-based cartilage repair methods are the choice of appro-
priate cell source and the instability of in vitro cell expan-
sion method, which might result in the loss of differentiated
phenotype of isolated chondrocytes at the injection site [21,
22]. Autologous periosteal patches that are highly elastic tis-
sue sheaths on the bone surfaces can be also used to seal the

SN Comprehensive Clinical Medicine
A SPRINGER NATURE journal



2280

SN Comprehensive Clinical Medicine (2021) 3:2278-2284

implanted autologous chondrocytes. These patches contain
precursor cells that promote chondrogenesis during tissue
healing [23]. The technique is based on the use of the inner
cambium layer, harvested the medial proximal tibia, which
is rotated so as that is facing outward. The patch is carefully
sewn in place and cartilage-like tissue may grow out from
the undifferentiated cambium layer of the graft. Numerous
studies showed that the functional outcome of ACI treatment
is significantly better than other surgical techniques com-
monly used to restore defected cartilage [24-26].

On the other hand, the periosteal flap isolation for ACI
may lead to cartilage hypertrophy, even the enchondral
bone formation at the implant area, resulting in the chon-
dral delamination and mechanical mismatch between the tis-
sues [27, 28]. The ACI method can be refined using either a
collagen-based matrix or a composite scaffold, pre-seeded
with chondrocytes before implantation (MACI). In MACI,
the cellular implant is fixed using fibrin glue, rather than
suturing the implant over the damaged area. Several reports
have been confirmed that long-term knee functionality has
been established in the patients treated with MACI, com-
pared to ACI tissues [29, 30]. This can result from using
fibrin glue, which is a gentle application to the native tissue
when compared to stitching [31]. In the study of Murphy
et al., a matrix-associated stem cell transplantation (MAST)
was shown as one promising alternative for patients with
larger lesions > 15 mm? or failed microfracture therapies
[32]. In the study, matrix-associated stem cells, which were
harvested from the cancellous (spongiosa) bone of the
patient’s iliac crest, were used to treat osteochondral lesions.
The bone marrow aspirate concentrate was embedded into
a collagen-based matrix before implantation. The study
demonstrated that 83% of patients were able to resume their
previous sport activities after an average of 36.7 months.
Additionally, the patients with previous failed attempts at
microfracture were also included in this clinical trial. Thus,
the study showed that the MAST technique could be safely
applied to the patients previously operated on with the
microfracture technique. Nevertheless, potential donor site
morbidity after autologous cell harvest and availability are
the two main drawbacks associated with these techniques
[33, 34]. One exceptional study confirmed the safety and
the potential of functional tissue formation of human nasal
septum chondrocytes in a limited number of patients with
post-traumatic full-thickness cartilage lesions [35]. The
phase II study has been initiated in 2018. This study showed
the potential use of different cell sources to reconstruct carti-
lage tissue. In brief, effective treatment for articular cartilage
defects remains a clinical challenge due to the low risk of
disease transmission when the contaminated allografts are
used, chondrocyte viability, and the limited intrinsic heal-
ing capacity of this particular tissue [36]. Although there
have been significant advances in cartilage repair research
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and development to discover novel approaches, the existing
materials and surgical techniques are still lacking long-term
efficiency.

Emerging Biotechnologies

At present, there is no long-term, optimized, and efficient
articular cartilage injury treatment in clinics. The existing
methods and procedures are unable to generate fully effective
clinical results in articular cartilage lesion management and
treatment. The use of bioactive molecules, such as growth
factors and platelet-rich plasma (PRP), is currently under
discussion as an option to promote articular cartilage lesions
and even alter early degenerative arthritis [37-42]. The PRP
application, which is typically composed of several concen-
trated growth factors and platelets derived from patients’
blood, has been growing attention in clinics for treating large
cartilage defects in the knee. Hyaluronic acid (HA) deriva-
tives, which is one of the components of healthy joint fluid,
have often been injected into the knee joint to support lubri-
cation and shock absorption. For example, a meta-analysis
review based on several clinical studies on the effectiveness
of the PRP technique showed that PRP application amelio-
rated functional outcomes in operated many patients with
osteoarthritic knees, compared to only hyaluronic acid and
saline injections [43]. Another promising approach is the
local injection of growth factors to the site of injury. The
regenerative potential of several growth factors, such as
bone morphogenetic proteins (BMP), fibroblast growth fac-
tors (FGF), platelet-derived growth factors (PDGF), vascular
endothelial growth factor (VEGF), and insulin-like growth
factors (IGF), has been demonstrated in vitro and in vivo
models [44-48]. For example, FGF-2 has been one of the
extensively investigated growth factors, known as promot-
ing the synthesis of the hyaline cartilage matrix. In a recent
study by Wang et. al, FGF-2 was tested in a rabbit model
to investigate its repair mechanism for articular cartilage
defects [49]. They showed that local delivery FGF-2 to the
subchondral bone within a collagen-based membrane sig-
nificantly improved articular cartilage defects in rabbits. In
another interesting study, a single injection of a recombinant
human IGF-1 effectively promoted cartilage healing in rab-
bits, based on Mankin scoring system results when it was
compared to hyaluronic acid injections [50]. Therefore, the
use of bioactive molecules holds tremendous promise for the
treatment of articular cartilage defects by triggering neces-
sary signals for healing at sites of tissue injury. On the other
hand, despite these encouraging results, there have been no
long-term randomized clinical studies, and there have been
no undergoing clinical trials showing the efficacy of these
growth factors in a larger group of patients. On the other
hand, combination approaches, including the conjugation
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of bioactive molecules with the tissue-engineered biomate-
rials, are one of the most promising strategies to regenerate
articular cartilage. Depending on the need of patients and the
disease progression, scaffolding approaches can be advised
as a treatment modality for patients with articular cartilage
defects. The development of new tissue-engineered prod-
ucts might facilitate the success rate of the current repair
techniques. In the study of Nie et al., a novel sponge-like
decellularized tissue engineered hyaline cartilage graft con-
sisted of chondrocytes, which were initially grown within
alginate gels, was implanted into knee articular chondral
defects of pigs. At 60 months, a superior alignment of carti-
laginous neo-tissue was observed in tissue-engineered scaf-
folds groups compared to untreated defect and ACI groups
[51]. Furthermore, tissue engineering approaches have the
potential in lowering the risk of donor site morbidity, provid-
ing shorter recovery time, and triggering functional tissue
regeneration when the selected methods display appropriate
host tissue integration and response [52, 53]. Therefore, the
physical and biological designs of engineered biomateri-
als (e.g., porosity, architecture, and the presence of either
endogenous or exogenous signals biological signals) have
an impact on articular cartilage regeneration.

Encouraging advances for the future clinical management
of cartilage defects have been shown in the gene therapy
field, where particular target genes are transferred to the
injury site to regulate the expression of specific growth
factors or anti-inflammatory agents to accelerate the treat-
ment of several diseases effectively [54-57]. The only gene
therapy product, which completed the phase III clinical tri-
als in the USA in 2018, is Invossa™ (TissueGene-C) [58].
Invossa acts as a disease-modifying agent, consists of human
allogeneic chondrocytes and irradiated GP2-293 cells trans-
duced to overexpress TGFp1, and possibly hinders inflam-
mation around the osteoarthritic environment by the upregu-
lation of transforming growth factor f1 (TGFfB1) and M2
macrophage differentiation [59]. According to the clinical
reports at 3 years obtained from 163 patients, the efficacy
endpoints demonstrated that OA disease progression was
hindered in Invossa™-treated patients compared to placebo
groups Invossa™ was associated with statistically signifi-
cant improvement in function and pain in patients with OA
[58]. At this point, it is worth mentioning the advances in
CRISPR/Cas technology, which has been providing powerful
tools for gene therapy approaches and gene manipulation in
the last 10 years. Once these remarkable genome editing sys-
tems are optimized, they seem as feasible alternatives to the
current treatment approaches in the future due to their accu-
racy and low-cost production. Thus cartilage regeneration
research could indeed benefit from this technology [60—62].
On the other hand, the short-term stability behavior of the
gene therapy products, allowing temporary expression of a
therapeutic protein, is the most challenging barrier for their

successful transition into the clinics [63—-65]. Therefore, the
development of appropriate carrier materials, ensuring the
retention of gene therapy products at the defect site, should
be taken into consideration in the design of new gene ther-
apy products. In the study of Gao et al., in vitro chondrogen-
esis ability of a lenti-BMP2/GFP transduced human muscle-
derived stem cells (hMDSCs) was evaluated [55]. 3D pellet
culture assays showed that LBMP2/GFP-transduced hMDSC
pellets exhibited stronger chondrogenic matrix deposition as
compared to non-induced cells after 24 days of in vitro cul-
ture. Moreover, the cartilage repair in osteoarthritic rats was
scored, comparing their hMDSC-LBMP2/GFP groups with
a slow-release system group, containing BMP2 and hMD-
SCs. The articular cartilage regeneration scores were found
to be similar for these two groups. On the other hand, when
a soluble FMS-like tyrosine kinase-1 (sFLT-1) protein was
added to their h(MDSC-LBMP2/GFP gene therapy, a better
articular cartilage structure was observed as compared to the
other groups tested. Thus, the combined approaches, such
as gene therapy and bioactive biomaterials, should be taken
into consideration to have the most beneficial outcomes in
cartilage tissue regeneration.

Cartilage repair materials should adapt to the dynamic
inflammatory environment of the injury site after their
implantation [66]. Otherwise, the interaction between the
implanted material and the host tissue can be detrimental,
which eventually hinders implant performance. Immu-
nomodulatory materials have great potential to tune the
best host environment if their design is appropriate [67].
Rheumatoid arthritis (RA) is a chronic inflammatory disease
resulting in serious defects in cartilage, swelling, stiffness,
and pain due to the inflammation at the joints. Currently,
there is no effective treatment for RA. The adaptation of
cartilage repair materials to the defect site becomes even
more important to promote cartilage regeneration. A study
published in 2018 showed that the dexamethasone-loaded
liposome injection to arthritic rats significantly downregu-
lated the blood concentration of pro-inflammatory cytokines
including tumor necrosis factor-a and interleukin-1p, result-
ing in suppressing the joint swelling in arthritic rats [68].
Moreover, the dexamethasone, which was loaded to the
liposomes, was effectively retained at the injection site for
an extended time compared to free dexamethasone. An
increasing number of studies, based on the modulation of the
phenotypic polarization of macrophages, have focused on
the design of immunomodulatory biomaterials for cartilage
regeneration. The macrophages are recruited at the injury
site in the early stages of the repair. The phenotypic change
of macrophages (MO0) from inflammatory (M1) to regenera-
tive (M2) can direct cartilage regeneration via reducing or
activating the immune response. In the study of Ji et al., a
thermosensitive hydroxypropyl chitin hydrogel was func-
tionalized using a transforming growth factor-p1 (TGFp1)
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to study cartilage repair in a rat osteochondral defect model.
They reported that TGFP1 addition to hydroxypropyl chi-
tin hydrogels prevented the newly formed cartilage from
degradation 6 weeks after the surgery [69]. The articular
stability of the newly formed tissue was associated with the
potential immunomodulatory effect of macrophages while
tissue healing. They also showed that TGFB1 addition to
chitin composite hydrogels significantly hindered the expres-
sion of specific genes responsible for M1 polarization, such
as iNOS, IL-1, TNF-a, IL-6, and CD86 [64]. Hence, the
activation of MO macrophages towards the M2 phenotype
could lead to a functional cartilage repair at the site of the
injury. Thus far, despite years of advances in cartilage repair
research, there is no clinically approved bioactive product
for orthopedic use.

Overall, the future of effective cartilage repair is likely
to be built over the discovery of novel therapeutic proteins,
tissue-engineered biomaterials, and gene therapy products.
It is essential to modify the existing cellular models, allow-
ing a more accurate protein production, such as developing
relevant cell lines that are capable of expressing genes and
proteins stimulating chondrogenesis. Therefore, the indus-
try should also consider investing more extra in large-scale
protein production platforms.

Conclusion

The two main obstacles standing in future novel products
are, particularly concerning the bioactive molecules and
gene therapy products, the high cost of the manufacturing
phase while a decent reimbursement mechanism is still lack-
ing, as well as the burdensome regulatory pathway. There-
fore, the promotion of direct contact with the authorities,
who need to provide clear and coherent guidance both in
the EU and in the USA for the translation of smart-active
materials, is one of the key points that would accelerate the
clinical testing of novel materials. It is further critical to
analyze and interpret the most recent changes in EU regula-
tion on medical devices and medicinal products. The power
of a dynamic interaction between the academy and industry
should not be underestimated. The synergy between these
two communities helps to overcome the obstacles in the new
product development and its safe transition. The industry
should be supportive and cooperative to develop advanced
bioengineering techniques and novel platforms to address
current limitations in the product design, addressing stabil-
ity, adverse effects, and low potency.
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