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Abstract

Articular cartilage injuries are common in the population. The increment in the elderly people and active life results
in an increasing demand for new technologies and good outcomes to satisfy longer and healthier life expectancies.
However, because of cartilage’s low regenerative capacity, finding an efficacious treatment is still challenging for
orthopedics.

Since the pioneering studies based on autologous cell transplantation, regenerative medicine has opened new
approaches for cartilage lesion treatment.

Tissue engineering combines cells, biomaterials, and biological factors to regenerate damaged tissues, overcoming
conventional therapeutic strategies. Cells synthesize matrix structural components, maintain tissue homeostasis by
modulating metabolic, inflammatory, and immunologic pathways. Scaffolds are well acknowledged by clinicians in
regenerative applications since they provide the appropriate environment for cells, can be easily implanted, reduce
surgical morbidity, allow enhanced cell proliferation, maturation, and an efficient and complete integration with sur-
rounding articular cartilage. Growth factors are molecules that facilitate tissue healing and regeneration by stimulat-
ing cell signal pathways.

To date, different cell sources and a wide range of natural and synthetic scaffolds have been used both in pre-clinical
and clinical studies with the aim to find the suitable solution for recapitulating cartilage microenvironment and
inducing the formation of a new tissue with the biochemical and mechanical properties of the native one. Here, we
describe the current concepts for articular cartilage regeneration, highlighting the key actors of this process trying to
identify the best perspectives.
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Introduction

Articular cartilage covers the bony ends of diarthrodial
joints; it is a smooth thin hyaline tissue with friction-
reducing and load-bearing functions. It lacks blood
vessels, lymphatics, and nerves [1]. As for connective
tissues, an extracellular matrix (ECM) composed of
water, collagens, and proteoglycans surrounds the cells.
Chondrocytes are mature secretory scarcely distributed
cells located in spaces termed lacunae. They are spread
among superficial, middle, deep, and calcified four zones.
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Those zones display different cell shapes, secretory pat-
terns, and fiber orientation [2]. The layer of bone below
the hyaline cartilage is known as subchondral bone. It has
a structural and mechanical function (shock absorber)
and can be involved in the etiology or effects of cartilage
damages or diseases [3].

Chondral (affecting articular cartilage) and osteochon-
dral (affecting cartilage and the underlying bone) lesions
are very common and can appear at any age [4, 5]. In
the young population, they are most of traumatic origin
(sport or accident), often with ligament and meniscal
injuries. Some conditions like osteochondritis dissecans
may lead to articular surface disruption and release of
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intra-articular bodies composed of cartilage or cartilage
and bones [6]. In the elderly population, lesions are asso-
ciated with rheumatic diseases (i.e., Osteoarthritis-OA)
or derived from wear and tear due to excessive use (occu-
pational injury) or age [7, 8].

In general, repair of full-thickness cartilage lesions
mainly depend on the patient’s age, defect size, and loca-
tion. Small full-thickness defects may adjust through the
formation of hyaline cartilage. In contrast, large osteo-
chondral defects repair by forming a scar, fibrous tissue,
or fibrocartilage in which the predominant component is
collagen type I [2, 9].

This kind of cartilage could be functionally active for a
short period, but the tissue does not present the mechan-
ical and strength characteristics of normal cartilage, thus
not ensuring the healing of the defect nor the symp-
tom remission. This situation could favor, over time, the
development of OA [10].

Conventional cartilage treating procedures are pallia-
tive and reparative. Palliative strategies usually represent
the first-line treatment to decrease symptoms without
addressing the causes. Reparative approaches are abra-
sions drilling and microfracture. They include a subchon-
dral bone penetration allowing stem cells to migrate from
bone marrow to the injury site and form, as explained
before, mostly a tissue with fibrous features.

Regenerative methods have emerged as an alternative
to tissue repair or replacement to regrow or restore dis-
eased cells, tissues, or organs. Osteochondral grafting
represents a possible solution for creating a hyaline-like
tissue in the affected area. However, it has shown some
drawbacks like donor site morbidity, graft failure (auto-
graft), or possible disease transmission (allograft) [11].
Lately, different therapeutic solutions in cartilage regen-
erative medicine have emerged.

With this manuscript, we would like to report the
main therapeutic strategies in this field, focusing on
recent approaches in tissue engineering and particularly
on up-to-date knowledge’s on cells, growth factors, and
scaffolds.

Tissue engineering

Tissue engineering has represented a new fascinating,
and innovative approach to regenerating articular tissue
[12]. As reported above, this therapeutic strategy involves
the use of cells, scaffolds, and growth factors (GF), trying
to mimic the complex three-dimensional microenviron-
ment of the joint that requires the interaction between
these different components. Reproducing such complex-
ity is critical, and many issues are still open concerning
the ideal cell population, the use of GF and the suitable
scaffolds [1, 13].
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Cells

Cells can be administered as therapeutic agents to
rebuild damaged cartilage in joints. The leading cell types
used in treating chondral and osteochondral defects are
chondrocytes and mesenchymal stromal cells from vari-
ous sources [14]. The technique requires that cells are
isolated and then expanded ex vivo in a monolayer cul-
ture before the implant. In terms of legislation, expanded
cells belong to Advanced Therapy Medicinal Products
(ATMPs) and must follow specific rules already encoded
for conventional drugs and known as Good Manufactur-
ing Practices (GMPs). GMPs entail the standardization
and control of medicinal manufacturing, ensuring their
safety and reducing contaminations [15].

Autologous chondrocyte implantation

Autologous Chondrocyte Implantation (ACI) is a two-
step procedure that has been used in the clinic for many
years [16]. In the original ACI technique (first-generation
technique), the first step consisted of surgically removing
small biopsies of normal cartilage from non-weight-bear-
ing areas of the knee. Chondrocytes were then enzy-
matically isolated from the biopsies, expanded ex vivo
in monolayer culture condition, and, after several weeks,
harvested as a cell suspension. In the second step, sur-
geons injected the cell suspension under a periosteal flap
harvested from the proximal medial tibia and previously
sutured over the cartilage. Chondrocyte expansion was
deemed necessary due to cartilage cell scarcity [17].

ACI that uses suspended cultured chondrocytes with
a covering of collagen type I/III membrane is consid-
ered a second-generation. Third-generation ACI com-
prises those procedures that deliver autologous cultured
chondrocytes using cell carriers or cell-seeded scaffolds.
These second and third generation modifications are also
known as autologous chondrocyte implantation using
collagen membrane (C-ACI), membrane-associated
autologous chondrocyte implantation (MACI), and scaf-
fold-based ACI [13, 18]. These procedures were intro-
duced in the clinical practice one decade ago, showing
similar results while at the same time overcoming most
of the concerns related to the first-generation ACI. The
use of scaffolds to create a cartilage-like tissue in a three-
dimensional culture system allows for the optimization
of the procedure from both the biological and surgical
points of view [19, 20].

Although good clinical radiological and histological
outcomes of the different ACI procedures, one of the
main drawbacks is the need for a cell expansion phase
which is long-lasting, complicated, and expensive pri-
marily due to GMPs requirements. Moreover, the need
for two hospitalizations increases the risk for the patients
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and the costs for the public health system. For all these
reasons, investigations have been moving towards differ-
ent cell populations as reported below [9, 21, 22].

Mesenchymal stromal cells (MSC)

Stromal cells from various sources are currently avail-
able for cartilage regeneration. This is due to their abil-
ity to proliferate in culture and directionally differentiate
by synthesizing structural and functional hyaline ECM
molecules. Moreover, they can release many anti-inflam-
matory, anti-apoptotic, and immuno-modulatory fac-
tors favoring the healing process [23]. Many studies have
reported benefits in treating cartilage injuries with adult
bone marrow-derived MSC [23]. Adipose-derived stem
cells (ASC) have also drawn attention for their anal-
ogy with bone marrow ones, but with easier harvesting,
a higher cell density, and proliferation. Other sources of
stem cells investigated for cartilage repair include mus-
cle, synovial membrane, trabecular bone, dermis, blood,
umbilical cord blood, and periosteum [23]. Although
various successful applications in cartilage regeneration,
several problems remain, like stem cell heterogeneity and
premature differentiation during in vitro expansion [24].

Induced pluripotent stem cells (iPSCs) have a prom-
ising potential for cartilage regeneration. Besides, they
allow overcoming limitations associated with current
cell sources since large numbers of cells can derive from
small starting populations. However, issues related to
genomic modifications still need addressing [25].

Genetically modified cells showed the ability to poten-
tiate cartilage regeneration. Transfected genes induc-
ing chondrogenic differentiation, synthesis of a hyaline
matrix, and release of pro-inflammatory factors differen-
tiation are feasible. Gene transfection may be systemic or
local, ex vivo or in vivo. Because cartilage injuries are not
life-threatening, it is critical to ensure a safe procedure
[26].

MSC, as a pure cell population, require the selec-
tive elimination of cells that do not express their typical
markers. Recently, new insight turned into the role of the
surrounding MSC microenvironment (or “niche”) that
also encloses ECM, accessory cells, adhesion molecules,
growth factors, cytokines, and chemokines. Stem cell
activity is not only the expression of intrinsic capabilities
but also the result of the interactions with the “niche” It
is the whole “niche” that can support the healing process.
No cell selection and expansion in the laboratory are
necessary, and a single operative procedure is effective
[27-29].

In recent years, also articular cartilage regeneration
research moved towards the use of the stem cell “niche”
in the form of concentrates such as Bone Marrow Con-
centrate (BMC) and Stromal Vascular Fraction (SVF)
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from adipose tissue. Both concentrates are obtained with
minimal manipulation (no expansion in culture) and pro-
vide a less invasive (one step-surgery) and less expensive
(no GMPs) alternative to cultured cells.

Our laboratory investigated the behavior of BMC cells
within a hyaluronan-based scaffold. Histological immu-
nohistochemical and molecular results showed the for-
mation of a cartilage-like ECM [30]. We also evaluated
BMC chondrogenic and osteogenic potential on a bi-lay-
ered scaffold mimicking the osteochondral compartment
(collagen and hydroxyapatite). The obtained data demon-
strated the ability to reproduce the native osteochondral
compartment by generating two separated cartilage and
bone zones [31, 32].

SVF obtained from lipoaspirate contains several cell
types like ASCs, ECM fibroblasts, and white and red
blood cells. After washing passages, the obtained SVF
can be combined with scaffold and soluble factors and
administered into the joint. Compared to BMC, SVF
ensure easier accessibility and the availability of an
increased number of stem cells per gram of tissue [33].

Cell free products

In the early stages, it seems that the ability of MSC to dif-
ferentiate into various cell types played the main thera-
peutic effect. Later, it emerged that their capacity to
release some GF and chemokines play a role (secretome).
MSCs secrete bioactive molecules inhibiting apoptosis
and the formation of fibrosis or scarring at the injury
site; stimulate angiogenesis and blood supply, and mitosis
of tissue-specific progenitors. They also secrete immu-
nomodulatory agents that deactivate the T cells surveil-
lance and chronic inflammatory processes. Therefore,
the secretome use for tissue regeneration increased,
based on its composition of trophic factors (chemokines,
cytokines, hormones, and lipid mediators) with paracrine
effects on the cells of the local microenvironment [34].

The soluble factors of the secretome can initiate regen-
erative signaling events also without the use of cells. The
therapeutic effect of this biological product in musculo-
skeletal diseases is a frontier of regenerative medicine.
The secretome could overcome the negative aspects of
cell use and help concentrate paracrine factors at physi-
ological levels at the injury site.

Although many studies provide strong evidence for
the potency of MSC-secreted factors in mediating tis-
sue repair and regeneration, the precise mechanisms of
action are still not fully understood [35].

The paracrine action of MSC is not limited to the pro-
duction of soluble factors but also of many extracellular
vesicles (EVs). EVs [36] are involved in intercellular com-
munication by releasing mRNAs and proteins. Besides,
they have anti-apoptotic, antifibrotic, pro-angiogenic,
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and anti-inflammatory effects. EVs released from tissue-
damaged cells can re-program stem cells’ phenotype by
releasing specific mRNAs or microRNAs. EVs produced
by circulation-recruited or resident MSCs can re-pro-
gram tissue-damaged cells by inducing de-differentiation,
production of soluble paracrine mediators, and initia-
tion of the cell cycle of these cells, thus promoting tissue
regeneration [37].

Growth factors

Biologic agents represent an emerging treatment for
several musculo-skeletal pathologies. These agents are
mainly represented by natural GF and anti-inflammatory
mediators that can accelerate tissue healing and regen-
eration. They can act through various mechanisms,
including matrix synthesis and remodeling, cell recruit-
ment and modulation of inflammatory markers and
metalloproteinases.

Moreover, GF may influence protein synthesis and cel-
lular interactions, controlling stem cell differentiation.
Bone Morphogenic Protein-2 (BMP-2) regulates osteo-
genesis, Vascular Endothelial Growth Factor (VEGF)
angiogenesis, and Transforming Growth Factor-f1
(TGF-B1) chondrogenesis. The possible role played by
GF in pian reduction and tissue regeneration has gener-
ated a growing interest in their possible therapeutic use
in patients with musculo-skeletal injuries.

Recently, discoveries, combined with knowledge of the
importance and role of growth factors for tissue engi-
neering, have been further developed and deepened [38].
GF facilitate and promote the regeneration of new tis-
sues by interaction with specific transmembrane recep-
tors and regulating protein synthesis within cells. Binding
to the specific growth factor receptor specifically stimu-
lates cell signal transduction pathways that trigger cell
migration, survival, adhesion, proliferation, growth, and
differentiation.

Although GF have great potential to stimulate cartilage
repair, only a limited number of treatments have been
approved by government regulatory agencies for clinical
use [39].

Platelet-rich plasma (PRP) represents an economical
source for obtaining many GF in physiological propor-
tions and has already been widely applied in various fields
of medicine for its property of promoting tissue regener-
ation [12, 40]. PRP can be defined as a blood derivative
product in which platelets are present in high concentra-
tion. Platelets have demonstrated regenerative properties
because they are rich in important GFE.

In particular, a platelet granules contain and release
numerous GF including PDGF, TGF-p1, VEGEF Epi-
dermal Growth factor (EGF), Fibroblast Growth Factor
(FGF) and Insulin-like Growth Factor (IGF).
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In recent years, PRP has achieved great success in clini-
cal practice, thanks to its safety and simply preparation
technique, which allows exploiting its biologically active
content.

PRP has been used successfully in several surgical tech-
niques, obtaining good results in association with microf-
ractures or scaffolds for the treatment of cartilage lesions
[41]. The most significant evidence on PRP is instead for
its intra-articular use in the treatment of osteoarthritis,
especially in the knee. Despite this, the most suitable type
of PRP remains debated, with different preparation meth-
ods available that can give products with different com-
position and properties [42].

Scaffolds

Scaffolds are support sustaining three-dimensional (3D)
tissue development. They differ in material composi-
tion, structure, and status. An ideal scaffold should be
biomimetic, biocompatible, biodegradable, and non-
immunogenic; induce cell attachment, growth, and dif-
ferentiation. Once implanted, it should integrate into the
lesion site and support the healing process. It should also
be easy to handle by surgeons, and cost-effective Scaf-
folds for cartilage regeneration may be natural, or syn-
thetic [43].

Natural materials possess high biocompatibility and
bioactivity. However, show poor mechanical stabil-
ity because of their rapid hydrolysis. A list of the most
known natural materials with the principal advantages
and disadvantages is reported in Table 1.

Synthetic polymers like poly(ethylene glycol) (PEG),
polycaprolactone (PCL), polylactic acid (PLA), polyu-
rethane, poly(glycolic acid) (PGA), polyethersulfone
(PES), and polysulfone provide cell attachment, and good
mechanical, physical, and chemical properties. Moreover,
the mechanical properties and degradation time can be
controlled by combining them as copolymers or blends.
Disadvantages consist of the lack of biological proper-
ties and the host organism’s side effects in response to
metabolite production, mainly concerning acids that can
be toxic or induce an inflammatory response [43].

Hybrid scaffolds, such as a combination of collagen-
chitosan- PLA, merge the advantages of synthetic and
natural materials, allowing biocompatible membranes
with defined mechanical properties and tunable degrada-
tion necessary for cartilage regeneration [43].

Studies highlighted the in vitro and in vivo interaction
of cells with scaffolds [44]. Our group had the opportu-
nity to evaluate some natural scaffolds based on collagen
or hyaluronan. We highlighted that scaffold presence
allows the re-creation of physiological-like conditions
whereby cells interact with the biomaterial and produce



Page 5 of 7

(2022) 9:61

Roseti and Grigolo Journal of Experimental Orthopaedics

Aljiqepelbap ON “uonesbaiul Mo

saladoid [edueydaL Yeap

AJl|igepeibapolg Mo| ‘AljigelieA 92In0S

AJjIge3s [euiayl mo| ‘uonepelbap pidel ‘saiadold jesiueydaul 1004

Aujiqe
-ZI|1I23S payul| 1502 ybiy ‘Audtusbounwiudl Jo [ernuaiod ‘saiadold jesiueysau 1004

MOPUIM 2in1eJadwa) |[ews ‘2uniesadws)
uoneab ybiy AjpAnejas ‘Auanoeolq moj ‘Aljigels Jood ‘Yyibuaiis [edjueydaul Yeap

uiblio s 01
9NpP SuoI1De3J DIUSbID)|E [B1IU10d PUB ‘SSaUAISIYPE |92 MO) ‘sa1iadoid ediueydaw
Jouajul ‘sysll d1usbis|je [enusiod ‘suoiipuod [ed1bojoisAyd ul A1jIgN|OS J91em J00d

1UaWydene |92 10od ‘A1IA11De0IG MO| ‘@dUeUlIoSd [EDIURYDSW PaLIUIT]

Aydlusbounuiwl ‘AjIgerieA 921nos
01 anp AyInd JO $]aA3| BUIAIBA ‘UOIIDRISIUI XLIBW -|[9D MO ‘Y1BUSJ3S |edlueydaul 100

uonepeibap pidel ‘saniadoid [ed1ueyIIW J00d

uonepelbap pidel ‘saiiadoid [ed1ueYDRW 100

sassa00.d dydads Ag [9b0IpAY ‘uiny ul pue ‘9s0|n||33 |Ay1e
-WAX0QIeD JO UoISOduwod ay} Ja3us Aewl ‘2inieu Ul punoy siswAjod Auew Jo suQ

Aujiqepesbapolq pue Ajiguedwodolq

1U3||90X3 a1k SabRIURADE S ‘UIGUIOIY] JO 1USWIIRSIL DRWAZUS au) Ag usbouniqy
woly paledaid ag ued sppboIpAH Juabe Jue(eas e 4o d[1eISOWaY e se ad11deid [edjuld
U] 9sn s11 Bulynsnf ‘uoieuIIO 10]2 Ul 3]0 S J0j UMOUY [[am ‘ulsioid pooiq e sl uuqid
3|gepeibapolq ‘3|giredwod0lq ‘3|ge|ieAe Ajises ‘Bul

-undolq abejied 1oy s|gesn ‘Aljigeziusis poob “Alljigixs|y d16ojoydiow “A1niusbou
-NUWWI MO| “Y1buails [ed1ueydaw YbiH IS [einieu Jo Jusuodwod uiaioid Jofew ay |

uolez|jeuonouny pue buissadold Jo ases
‘usbe||02 01 UoSLEAWOD Ul ALDIUSHOUNWWI MO| ‘UOIIDBISIUI JBIN|[3D SO} SANDE A|[eD
-16ojo1g A1d1usbiue 1omo| ydnul yum sisKjoIpAy [ernied AQ usbe|jod JO SAIIRALIDP VY

uonewweyul buisned Inoyim uoepeibapolq pue
Aujignedwodolq 1eaib sAejdsip ‘abejinied jeinieu ur Jusuoduwod uieioid ulew ay |

SOYD 01 AllejIWIS [RINIONIIS ‘SsaULAIsUOdsal aintesadwal pue Hd ‘elis1deq
dnoib seuouobulyds ayi Aq pasnpoid apueyddeskjod pabieyd AlpAnebau Jeaul|

AM|Ige |el10egRUE $3559550d 1| "9|gepeIbapOIg pue 9|giredwod0lg A1snpul
POO0JSS B} JO $31SBM U1 PUB UIIYD WO} PIALISP JsWA|0od spuieyddesAjod oulwe uy

SOHYD 03 AJLB|IWIS [BINIDNIIS 1SOD MO| ‘UOIY

-e|2b 3|gIsianaioulIaYy ‘Alljeuonduny YbiH “A1ID11Se|90ISIA PUB Ssauyis poob ‘Aujigl
-}edwod0]q JUS[|93Xd SIUsaId 1| "PaMEIS WOI) pauleIqo aplieyddeskjod aulew
SOYD 01 AlLIe|IWIS [PINIONIS

‘Bunuidolq 1oy 3|qeIdsful 1503 MO ‘Bup|ull-sS0ID 158} ‘Alljeuoiduny ybiH sa2Inos
[PLI91DBG PUB SBB|E UMOIQ WO P1DRIIXS dpleyddeskjod pabieyd AjaaiebaN
pazijeuonouny ag 01 Ase3 ‘buijeubdis |23 ul

3]0J B pue 'A3AIDe AlojRWILIRUI -I1UB YlM DT abe|iied Ul uasald s| DD paiejns

D3P 1| si01dadai depns ybnoiyl Jusawydene |32 syod
-dng ‘D3 abejied Ul uasaid st (HYD) UBDAIBOUILESODA|D Pa1eJNS-UOU “DIUoIUY

asoln||eD

uLql4

uloIgy IS

ulePn
uabejjod)

wnb uejjeo

uesoly>

9s0Jeby

S1eulbly
21eJ|NS unioJpuoy D

pIoe djuoin|eAH

sabejueapesiq

sabejueapy spjoyeds uiblio jeinjeN

sabejueApes|p pue sabejueApy ‘bulaaulbua anssiy abejilied 1oy sjelalew jeinieN L ajqeL



Roseti and Grigolo Journal of Experimental Orthopaedics

a new ECM by the secretion of anabolic, anti-inflamma-
tory, and anti-apoptotic factors [45—50].

A challenge in the design and fabrication of scaffolds is
the reproduction of the osteochondral compartment. To
this end, composite bilayer or gradient scaffolds mimick-
ing the osteochondral tissue have been developed and
evaluated in association with cells. The data obtained
demonstrated cell ability to zonally interact and repro-
duce the native osteochondral compartment by generat-
ing separated cartilage- and bone-like zones [5].

Another challenge is the cell seeding onto the scaf-
fold. Conventional method involves the manual/static
or the automated/dynamic seeding of cells onto previ-
ously fabricated scaffolds. The static seeding allows an
uneven cell distribution into the width of the biomaterial.
The dynamic seeding carried out with bioreactors (for
instance perfusion) favor a more homogenous cell distri-
bution [24]. The recent approach of bioprinting foresees
that cells and biomaterial are released together in order
to produce a construct. Such options allow a better cell
encapsulation and spatial distribution [51].

Future directions

In the next decades we will assist to important steps for-
wards the repair of articular cartilage lesions. The use of
iPSCs and or stem cell derivatives such as secretome, EVs
could contribute to improve tissue regeneration.

Emerging technologies like Additive Manufacturing
three-dimensional (3D) printing should allow for a fur-
ther improvement of the treatment. 3D printing repli-
cates the damaged tissue shape starting from a patient
medical image. It creates scaffolds through the progres-
sive addition of material layer by layer until reaching the
desired shape. The technology can mimic cartilage organ-
ization, ECM composition, and functional and mechani-
cal properties [52-55].

Indeed, the identification of the ideal cell population,
cell-free products, clinical grade growth factors and
customized scaffolds could contribute to ameliorate the
technique, reducing the time for surgery and enhancing
patient recovery.

Conclusion

Chondral and osteochondral damages remain a tough
challenge for clinicians. Tissue engineering-based strate-
gies have proven feasible for cartilage regeneration with
good results on patients’ quality of life. More research
needs to find the best combinations of cells, bioactive
factors, and scaffolds. More clinical trials should confirm
the obtained results. There is also the demand to develop
minimally invasive and cost-effective strategies which do
not require long-lasting hospitalization.

(2022) 9:61

Page 6 of 7

Acknowledgements

We acknowledge Italian Ministry of Health for the funds of the Project
“Medicina rigenerativa e riparativa personalizzata per le patologie dei tessuti
muscolo-scheletrici e la chirurgia ricostruttiva ortopedica” 5x1000 2019 (red-
diti 2018).

Authors’ contributions
Dr. Roseti wrote the paper and Dr. Grigolo advised and edited. The authors
read and approved the final manuscript.

Declarations

Competing interests
The authors declare non conflict of interest.

Received: 30 March 2022 Accepted: 13 June 2022
Published online: 01 July 2022

References

1. Camarero-Espinosa S, Rothen-Rutishauser B, Foster EJ, Weder C (2016)
Articular cartilage: from formation to tissue engineering. Biomater Sci
4(5):734-767

2. Carballo CB, Nakagawa Y, Sekiya I, Rodeo SA (2017) Basic science of
articular cartilage. Clin Sports Med 36:413-425

3. Eisenstein NM, Shepherd D, Espino DM (2019) The role of subchondral
bone and its histomorphology on the dynamic viscoelasticity of carti-
lage bone and osteochondral cores. Osteoarthr Cartil 27(3):535-543

4. Ahmed TA, Hincke MT (2010) Strategies for articular cartilage lesion
repair and functional restoration. Tissue Eng Part B Rev 16(3):305-329

5. AiC LeeY,Tan XH, Tan S, Hui J, Goh JC (2021) Osteochondral tissue
engineering: perspectives for clinical application and preclinical devel-
opment. J Orthop Translat 30:93-102

6. Jones MH, Williams AM (2016) Osteochondritis dissecans of the knee: a
practical guide for surgeons. Bone Jt J 98-B(6):723-729

7. Goldring S, Goldring M (2016) Changes in the osteochondral unit dur-
ing osteoarthritis: structure function and cartilage-bone crosstalk. Nat
Rev Rheumatol 12:632-644

8. Varady NH, Grodzinsky AJ (2016) Osteoarthritis year in review 2015:
mechanics. Osteoarthr Cartil 24(1):27-35

9. Makris EA, Gomoll AH, Malizos KN, Hu JC, Athanasiou KA (2015) Repair
and tissue engineering techniques for articular cartilage. Nat Rev
Rheumatol 11(1):21-34

10. Musumeci G, Aiello FC, Szychlinska MA, Di Rosa M, Castrogiovanni P,
Mobasheri A (2015) Osteoarthritis in the XXIst century: risk factors and
behaviours that influence disease onset and progression. Int J Mol Sci
16(3):6093-6112

11. Tuan RS, Chen AF, Klatt BA (2013) Cartilage regeneration. J Am Acad
Orthop Surg 21(5):303-311

12. Atala A, Kasper FK, Mikos AG (2012) Engineering complex tissues. Sci
Transl Med 4:16012

13. Beris AE, Lykissas MG, Papageorgiou CD, Georgoulis AD (2005)
Advances in articular cartilage repair. Injury 365:514-523

14. Huang BJ, Hu JC, Athanasiou KA (2016) Cell-based tissue engineering
strategies used in the clinical repair of articular cartilage. Biomaterials
98:1-22

15. Philippe V, Laurent A, Hirt-Burri N, Abdel-Sayed P, Scaletta C, Schneebeli
V, Michetti M, Brunet J-F, Applegate LA (2022) Marti, R Retrospective
Analysis of Autologous Chondrocyte-Based Cytotherapy Production
for Clinical Use: GMP Process-Based Manufacturing Optimization in a
Swiss University Hospital. Cells 11:1016

16. Peterson L, Vasiliadis HS, Brittberg M, Lindahl A (2010) Autologous
chondrocyte implantation: a long-term follow-up. Am J Sports Med
38(6):1117-1124

17. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L
(1994) Treatment of deep cartilage defects in the knee with autolo-
gous chondrocyte transplantation. N Engl J Med 331(14):889-895



Roseti and Grigolo Journal of Experimental Orthopaedics (2022) 9:61

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

Dewan AK, Gibson MA, Elisseeff JH, Trice ME (2014) Evolution of
autologous chondrocyte repair and comparison to other cartilage repair
techniques. Biomed Res Int 2014:272481

Grigolo B, Roseti L, De Franceschi L, Piacentini A, Cattini L, Manfredini

M, Faccini R, Facchini A (2005) Molecular and immunohistological
characterization of human cartilage two years following autologous cell
transplantation. ABJS Am 87(1):46-57

Kon E, Filardo G, Di Martino A, Marcacci M (2012) ACl and MACI. J Knee
Surg 25(1):17-22

Labusca L, Greisser U, Mashayekhi K (2016) Emerging Concepts for Articu-
lar Cartilage Regeneration. J Bone Stem Res 2:014

Phull AR, Eo S, Abbas Q, Ahmed M, Kim S (2016) Applications of
chondrocyte-based cartilage engineering: an overview. BioMed Res Int
2016:1879837

Jiang S, Tian G, Li X, Yang Z, Wang F, Tia Z, Huang B, Wei F, Zha K, Sun Z, Sui
X, Liu S, Guo W, Guo Q (2021) Research Progress on Stem Cell Therapies
for Articular Cartilage Regeneration. Stem Cells Int 2021:882505

Filardo G, Perdisa F, Roffi A, Marcacci M, Kon E (2016) Stem cells in articu-
lar cartilage regeneration. J Orthop Surg Res 11:42

Fuentes-Boquete IM, de Toro-Santos FJ, Blanco-Garcia FJ, Diaz-Prado SM
(2018) Induced pluripotent stem cells for cartilage repair: current status
and future perspectives. Eur Cells Mater 36:96-109

Steinert AF, N6th U, Tuan RS (2008) Concepts in gene therapy for cartilage
repair. Injury 39(1):597-113

Dominici M, Pritchard C, Garlits JE, Hofmann TJ, Persons DA, Horwitz EM
(2004) Hematopoietic cells and osteoblasts are derived from a common
marrow progenitor after bone marrow transplantation. Proc Natl Acad Sci
USA101:11761-11766

Kacena MA, Gundberg CM, Horowitz MC (2006) A reciprocal regulatory
interaction between megacaryocytes, bone cells and hematopoietic
stem cells. Bone 39:978-984

Olmsted-Davis EA, Gugala Z, Camargo F, Gannon FH, Jackson K, Kienstra
KA, Shine HD, Lindsey RW, Hirschi KK, Goodell MA, Brenner MK, Davis AR
(2003) Primitive adult hematopoietic stem cells can function as osteo-
blast precursors. Proc Natl Acad Sci U S A 100:15877-15882

Cavallo C, Desando G, Columbaro M, Ferrari A, Zini N, Facchini A, Grigolo
B (2013) Chondrogenic differentiation of bone marrow concentrate
grown onto a hylauronan scaffold: rationale for its use in the treatment of
cartilage lesions. J Biomed Mater Res A 101(6):1559-1570

Cavallo C, Desando G, Cattini L, Cavallo M, Buda R, Giannini S, Facchini

A, Grigolo B (2013) Bone marrow concentrated cell transplantation:
rationale for its use in the treatment of human osteochondral lesions. J
Biol Regul Homeost Agents 27(1):165-175

Grigolo B, Cavallo C, Desando G, Manferdini C, Lisignoli G, Ferrari A, Zini N,
Facchini A (2015) Novel nano-composite biomimetic biomaterial allows
chondrogenic and osteogenic differentiation of bone marrow concen-
trate derived cells. J Mater Sci Mater Med 26(4):173

Pak J, Lee JH, Pak N, Pak Y, Park KS, Jeon JH, Jeong BC, Lee SH (2018) Car-
tilage Regeneration in Humans with Adipose Tissue-Derived Stem Cells
and Adipose Stromal Vascular Fraction Cells: Updated Status. Int J Mol Sci
19(7):2146

Murphy MB, Moncivais K, Caplan Al (2013) Mesenchymal stem cells:
environmentally responsive therapeutics for regenerative medicine. Exp
Mol Med 45(11):e54

Veronesi F, Borsari V, Sartori M, Orciani M, Mattioli-Belmonte M, Fini M
(2018) The use of cell conditioned medium for musculoskeletal tissue
regeneration. J Cell Physiol 233(6):4423-4442

D'Arrigo D, Roffi A, Cucchiarini M, Moretti M, Candrian C, Filardo G (2019)
Secretome and extracellular vesicles as new biological therapies for knee
osteoarthritis: a systematic review. J Clin Med 8(11):1867

Rani S, Ryan AE, Griffin MD, Ritter T (2015) Mesenchymal Stem Cell-
derived Extracellular Vesicles: Toward Cell-free Therapeutic Applications.
Mol Ther 23(5):812-823

Fortier LA, Barker U, Strauss EJ, McCarrel TM, Cole B (2011) The

role of growth factors in cartilage repair. Clin Orthop Relat Res
469(10):2706-2715

Subbiah R, Guldberg RE (2019) Materials science and design principles
of growth factor delivery systems in tissue engineering and regenerative
medicine. Adv Health Mater 8(1):e801000

Page 7 of 7

40. Anitua E, Sdnchez M, Nurden AT et al (2006) New insights into and
novel applications for platelet-rich fibrin therapies. Trends Biotechnol
24:227-234

41. Mlynarek RA, Kuhn AW, Bedi A (2016) Platelet-Rich Plasma (PRP) in Ortho-
pedic Sports Medicine. Am J Orthod Dentofacial Orthop 45(5):290-326

42. Abrams GD, Frank RM, Fortier LA, Cole BJ (2013) Platelet-rich plasma for
articular cartilage repair. Sports Med Arthrosc Rev 21(4):213-219

43. Wasyteczko M, Sikorska W, Chwojnowski A (2020) Review of Synthetic and
Hybrid Scaffolds in Cartilage Tissue Engineering. Membranes 10(11):348

44. Theodoridis K, Manthou ME, Aggelidou E, Kritis A (2022) In vivo cartilage
regeneration with cell-seeded natural biomaterial scaffold implants:
15-year study. Tissue Eng Part B Rev 28:206-245

45. De Franceschi L, Grigolo B, Roseti L, Facchini A, Fini M, Giavaresi G,
Tschon M, Giardino R (2005) Transplantation of chondrocytes seeded on
collagen-based scaffold in cartilage defects in rabbits. J Biomed Mater
Res 75A1612-622

46. Facchini A, Lisignoli G, Cristino S, Roseti L, De Franceschi L, Marconi EG, B,
(2006) Human chondrocytes and mesenchymal stem cells grown onto
engineered scaffold. Biorheology 43(34):471-480

47. Grigolo B, De Franceschi L, Roseti L, Cattini L, Facchini A (2005) Down
regulation of degenerative cartilage molecules in chondrocytes grown
on a hyaluronan-based scaffold. Biomaterials 26(28):5668-5676

48. Grigolo B, Desando G, Cavallo C, Zini N, Ghisu S, Facchini A (2011) Evalua-
tion of chondrocyte behavior in a new equine collagen scaffold useful for
cartilage repair. J Biol Regul Homeost Agents 25(2):553-S62

49. Grigolo B, Lisignoli G, Piacentini A, Fiorini M, Gobbi P, Mazzotti G, Duca
M, Pavesio A, Facchini A (2002) Evidence for redifferentiation of human
chondrocytes grown on a hyaluronan-based biomaterial (Hyaff 11):
molecular immunohistochemical and ultrastructural analysis. Biomateri-
als 23(4):1187-1195

50. Grigolo B, Roseti L, Fiorini M, Fini M, Giavaresi G, Aldini NN, Giardino R,
Facchini A (2001) Transplantation of chondrocytes seeded on a hyalu-
ronan derivative (hyaff-11) into cartilage defects in rabbits. Biomaterials
22(17):2417-2424

51. Ful,LiPLiH GaoC, Yang Z ZhaoT, ChenW, Liao Z, Peng Y, Cao F, Sui
X, Liu S, Guo Q (2021) The application of bioreactors for cartilage tissue
engineering: advances limitations and future perspectives. Stem Cells Int
6621806:13

52. Chia HN, Wu BM (2015) Recent advances in 3D printing of biomaterials. J
Biol Eng 9:4

53. Javaid M, Haleem A (2019) Current status and challenges of additive
manufacturing in orthopaedics: an overview. J Clin Orthop Trauma
10(2):380-386

54. XuJ,JiJ, Jiao J, Zheng L, Hong Q Tang H, Zhang S, Qu X, Yue B (2022) 3D
printing for bone-cartilage interface regeneration. Front Bioeng Biotech-
nol 10:828921

55. Jeong CG, Atala A (2015) 3D printing and biofabrication for load bearing
tissue engineering. Adv Exp Med Biol 881:3-14

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Current concepts and perspectives for articular cartilage regeneration
	Abstract 
	Introduction
	Tissue engineering
	Cells
	Autologous chondrocyte implantation
	Mesenchymal stromal cells (MSC)
	Cell free products
	Growth factors
	Scaffolds
	Future directions

	Conclusion
	Acknowledgements
	References


