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Preface to ”Cartilage Repair and Regeneration: Focus

on Multi-Disciplinary Strategies”

As widely demonstrated and known, adult articular cartilage exhibits a very poor self-healing

capacity once injured. This is due to the complex multilayered morphological structure and an

avascular, aneural, and hypocellular nature that characterize this tissue. A minimal damage or

lesion may lead to cartilage tissue degeneration and osteoarthritis (OA) development, resulting in

significant pain and disability.

Several approaches centered on cell-based therapies and cartilage engineering techniques

have attempted to repair chondral or osteochondral defects that still remain a significant

challenge in clinical practice. The failure in the use of these technics is often due to the

improper mechanical properties of newly formed cartilage-like tissue, the early entrance of the

lately differentiated chondrocytes in hypertrophic stage, characterized by a senescent-associated

secretory-like phenotype, or the insufficient insertion into the host tissue, often characterized by the

inflammatory, osteoarthritic milieu.

While several advances have been made in recent decades, the complexity and the multifactorial

aspect of articular cartilage degeneration and a consequent, apparently unstoppable OA onset

and progression suggest that a multidisciplinary approach will likely be optimal to address the

challenge of preserving the articular cartilage in early stages and/or developing a functional cartilage

replacement in advanced degenerative stages. This kind of approach is based on a combination

of several disciplines, such as biomechanics and mechanobiology (bioreactors/moderate physical

activity, etc.), innovative biomaterials functionalized with growth factors, exogenous enhancers and

biomolecules exploiting pharmacological activities, cells from different sources (adult stem cells,

chondrocytes, co-cultures), epigenetic modifications, functional foods, etc.

In the context of developing cartilage repair and regeneration strategies, the main goal of the

present Special Issue was to invite original contributions, review articles, communications, and

concept papers that address these challenges. The suggested focus and the goal of a multidisciplinary

strategy is to realize a clinically relevant tool for cartilage repair or regeneration that is more likely to

be successful, obtained by controlling both the formation of a new suitable tissue replacements and

the damaged joint tissues environment on the local and systemic level.

The articles published within the present Special Issue deal with the innovative multi-disciplinary

therapeutic approaches for musculoskeletal diseases, spacing from advanced 3D bioprinting

technology to obtain a scaffold with different zonal cell densities, biphasic scaffold (ChondroMimetic)

construction, passing through the comparison of different techniques for cartilage regeneration

such as of mosaicplasty and matrix-assisted autologous chondrocyte transplantation (MACT) and

histopathological features of osteochondral units, and ending with the considerations regarding

development of bioreactors able to mimic the biomechanical load on chondrocytes in vitro, giving

some interesting insights in this specific scientific field.

In the end, we would like to take this opportunity to express our most profound appreciation

to the MDPI Book staff, the editorial team of Applied Sciences journal, especially Mr. Steph Ke, the

assistant editor of this Special Issue, talented authors, and hardworking and professional reviewers.

Marta Anna Szychlinska and Giuseppe Musumeci

Editors
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Abstract: This editorial focuses on the interesting studies published within the present Special Issue
and dealing with the innovative multi-disciplinary therapeutic approaches for musculoskeletal
diseases. Moreover, it highlights the noteworthy magneto-responsive technique for a cartilage
regeneration scope and reports some interesting studies and their outcomes in this specific field.

Keywords: tissue engineering; 3D bioprinting; ChondroMimetic; cartilage regeneration;
osteochondral repair; mosaicplasty; matrix-assisted autologous chondrocyte transplantation;
magneto-responsive techniques; biomechanical stimuli; multi-disciplinary approach

1. Introduction

The articular cartilage represents an incredibly complex multi-layered tissue, charac-
terized by avascular and aneural structure, which limits its regenerative properties. Once
injured, cartilage leads to its progressive degeneration with severe consequences such as
the onset of chronic degenerative disorders like osteoarthritis (OA). The latter determines
articular pain and stiffness, until the total disability of the joint in advanced stages [1].
Until now, no therapeutic strategy exists for this complex disease and the necessity to find
the optimal approach for the cartilage regeneration still represents a big challenge.

Recently, a lot is known concerning the onset and the triggering factors of OA, as
well as the main events at the base of its progression. It is well known that this severe
disorder represents a multifactorial, progressively degenerating pathologic event that,
principally, affects the cartilage tissue, but that expands to all the tissues of the joint [2]. It
appears evident that the most promising therapeutic strategy for this complex disorder, is
represented by a multi-disciplinary and multi-targeted approach.

2. Highlights on the Studies Published in the Present Special Issue: Emerging
Therapies for Osteochondral Regeneration

The most promising approach for osteochondral repair is certainly represented by the
tissue engineering, which aim is to create a cartilage and bone tissues able to replace the
injured ones. This technique seems very encouraging, if it were not for the fact that the artic-
ular cartilage tissue has a multilayered complex structure, where every layer possesses its
own spatial heterogeneity, different cell distribution and different mechanical properties [1].
With the advancement of the 3D bioprinting, the engineered grafts and the fabrication of
the gradient scaffolds, enhanced their biomimicry and, consequently, their functionality
and efficacy. In an interesting study by Dimaraki et al. [3] the authors bioprinted a scaffold
with different zonal cell densities to mimic the organization of the complex three-layered
articular cartilage structure. They observed a successful formation of a new cartilage-like
tissue with a cell-density dependent zonal gradient. In another study by Berta et al. [4]
a cell-free biphasic scaffold (ChondroMimetic) was evaluated for long-term outcomes in
the treatment of osteochondral defects. The authors observed a cartilage-like repair tissue
formation and clinical improvement at 7.9 years post-implantation. Zaffagnini et al. [5]

Appl. Sci. 2021, 11, 11092. https://doi.org/10.3390/app112311092 https://www.mdpi.com/journal/applsci
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compared the clinical outcomes of mosaicplasty and matrix-assisted autologous chondro-
cyte transplantation (MACT) at long-term follow-up (12 years post-surgery), concluding
that both of these surgical procedures give satisfactory clinical results. Moreover, the
authors suggest that MACT is the most suitable approach for the treatment of larger le-
sions. Indeed, many factors have to be considered when considering different strategies
for the osteochondral defect treatment. The studies conducted in the field of histopatho-
logical aspects of musculoskeletal diseases, represent a pilot studies for the development
of successful regenerative medicine approaches. In the study carried out by Desando
et al. [6], which compared the histopathological features of osteochondral units, obtained
from patients with both non-traumatic femoral head and with post-traumatic femoral head
osteonecrosis. The authors reported substantial differences among them and suggested
a multi-disciplinary and multi-targeted approach for osteonecrosis treatment based on
its etiology.

Moreover, developing satisfactory strategies for cartilage regeneration requires deeper
knowledge on biological systems. When considering the cartilage engineering strategy
based on the use of mesenchymal stem cells (MSCs), the environment in which these
cells are destined to promote chondrogenesis, has to be well-thought-out. The mechanical
stimuli experienced by chondrocytes within the joint play a pivotal role in chondrogenesis
and the development of bioreactors able to mimic the biomechanical load on cells in vitro,
becomes of fundamental importance in developing new, multi-disciplinary strategies for
cartilage regeneration approaches as suggested by Ravalli et al. [7].

3. Magneto-Responsive Techniques for Cartilage Regeneration

With the development of biotechnology, other promising techniques have been de-
veloped such as magnetic cell manipulation, achieved by the synergy between magnetic
objects and magnetic field [8,9]. In general, there are four techniques based on the mag-
netic cell manipulation for the tissue engineering approaches. The first one includes the
magnetic field-based guiding of the cells to the targeted site, which permits to the relatively
small number of cells (i.e., magnetic mesenchymal stem cells) to accumulate at the level
of the defect site and promote cartilage regeneration [10,11]. The second one is based
on the enhancement of the seeding ability of cells within the scaffold, which permits the
cells to migrate symmetrically and to promote the cell condensation, providing a suitable
environment for cell proliferation and differentiation [12]. The third technique regards
the formation of magnetic scaffolds, where the magnetic force is used to assemble the 3D
structure to mimic the native tissue [13,14]. This technique based on magnetic patterning,
works across a range of materials (e.g., hydrogels) and diamagnetic objects (e.g., living cells,
drug delivering microspheres, etc.), characterized by differential magnetic susceptibility,
with the potential to predictably position these objects in 3D materials, in response to brief
magnetic field application. It confers several advantages, including remote control ability,
sufficient cell density and cell adhesion enhancement, permitting one to achieve a very
good grade of engineered tissue biomimicry [8,9]. Zlotnik et al. [15], demonstrated that
a naturally diamagnetic objects, comprising living cells, can be predictably positioned
throughout the 3D hydrogel. In this study, the magnetic susceptibility of the latter was en-
hanced by the addition of magnetic contrast agent (gadodiamide). After the cells achieved
the required position, by the brief exposure to magnetic field, they were ‘locked in’ by a
photo-crosslinking method. Afterwards, the magnetic contrast agent was washed out of
the hydrogel to not interfere with the long-term cell viability. In the study, the authors
applied this method to engineer cartilage constructs with a depth-dependent cellularity,
mirroring that of the native tissue. The fourth strategy is based on guiding cell assembly
into sheet-like structures to stack layer-by-layer, used for the formation of scaffold-free
3D cell culture. In this way, magnetic-labeled cells can be guided to a targeted location
and form 3D arrangements in a convenient microenvironment to mimic tissue properties
without the use of scaffolds [16,17].
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In addition, it has been widely demonstrated that mechanical forces acting as an
additional tool to mimic the in vivo environment are also applied to improve cartilage
reconstruction as suggested above [7,18]. Magnetic nanoparticles represent the excellent
candidates to apply remote magnetic-induced mechanical stimulation. Luciani et al. [19]
used magnetic MSCs to enhance their seeding density and condensation into the scaffolds
subjected to dynamic bioreactor. The results showed that MSC differentiation was markedly
improved. Son et al. [20] exposed magnetic nanoparticle-labeled MSCs to static magnetic
field and magnet-derived shear stress, demonstrating higher chondrogenic differentiation
efficiency and no hypertrophic effects. Further, Hou et al., [21] demonstrated that the
multifunctional hyaluronic acid-graft-amphiphilic gelatin microcapsules, loaded with the
superparamagnetic iron oxide nanoparticles and chondrocytes, subjected to static magnetic
field and magnet-derived shear stress, were able to stimulate chondrogenesis and fabricate
cartilage tissue-mimetic pellets.

4. Conclusions

Several approaches have been evaluated for the cartilage regenerative outcomes
including 3D bioprinting, cell-free biphasic scaffolds, mosaicplasty, MACT, and stem cell
therapy [3–5,19,22]. Many of them giving encouraging results. However, the innovative
multi-functional approaches in this field are still needed to overcome the existing limits.
The most promising strategy for the cartilage regeneration seems to be represented by a
multi-disciplinary approach based on tissue engineering combining innovative techniques
such as formation of magneto-guided zonal cell gradient 3D structures to mimic the native
tissue, application of biomechanical stimulation to reproduce the native environment of
the joints, and the use of exogenous biomolecules (i.e., drug delivery scaffolds) able to
stimulate cell differentiation and counteract the pathologic milieu of the affected joints.

Funding: This research received no external funding.

Acknowledgments: This publication was only possible with the valuable contributions from the
authors, reviewers, and the editorial team of Applied Sciences.

Conflicts of Interest: The author declares to be a guest editor of the present Special Issue and there
are no other conflict of interest.

References

1. Ulrich-Vinther, M.; Maloney, M.D.; Schwarz, E.M.; Rosier, R.; O’Keefe, R.J. Articular cartilage biology. J. Am. Acad. Orthop. Surg.
2003, 11, 421–430. [CrossRef] [PubMed]

2. Abramoff, B.; Caldera, F.E. Osteoarthritis: Pathology, Diagnosis, and Treatment Options. Med. Clin. N. Am. 2020, 104, 293–311.
[CrossRef] [PubMed]

3. Dimaraki, A.; Díaz-Payno, P.J.; Minneboo, M.; Nouri-Goushki, M.; Hosseini, M.; Kops, N.; Narcisi, R.; Mirzaali, M.J.; van Osch,
G.J.V.M.; Fratila-Apachitei, L.E.; et al. Bioprinting of a Zonal-Specific Cell Density Scaffold: A Biomimetic Approach for Cartilage
Tissue Engineering. Appl. Sci. 2021, 11, 7821. [CrossRef]

4. Berta, A.; Shive, M.S.; Lynn, A.K.; Getgood, A.; Totterman, S.; Busby, G.; Hollenstein, J.; Vasarhelyi, G.; Keki, I.; Hangody, L.
Follow-Up Study Evaluating the Long Term Outcome of ChondroMimetic in the Treatment of Osteochondral Defects in the Knee.
Appl. Sci. 2020, 10, 5642. [CrossRef]

5. Zaffagnini, S.; Boffa, A.; Andriolo, L.; Reale, D.; Busacca, M.; Di Martino, A.; Filardo, G. Mosaicplasty versus Matrix-Assisted
Autologous Chondrocyte Transplantation for Knee Cartilage Defects: A Long-Term Clinical and Imaging Evaluation. Appl. Sci.
2020, 10, 4615. [CrossRef]

6. Desando, G.; Roseti, L.; Bartolotti, I.; Dallari, D.; Stagni, C.; Grigolo, B. Histopathological Signatures of the Femoral Head in
Patients with Osteonecrosis and Potential Applications in a Multi-Targeted Approach: A Pilot Study. Appl. Sci. 2020, 10, 3945.
[CrossRef]

7. Ravalli, S.; Szychlinska, M.A.; Lauretta, G.; Musumeci, M. New Insights on Mechanical Stimulation of Mesenchymal Stem Cells
for Cartilage Regeneration. Appl. Sci. 2020, 10, 2927. [CrossRef]

8. Delyagina, E.; Li, W.; Ma, N.; Steinhoff, G. Magnetic targeting strategies in gene delivery. Nanomedicine 2011, 6, 1593–1604.
[CrossRef]

9. Xia, Y.; Sun, J.; Zhao, L.; Zhang, F.; Liang, X.J.; Guo, Y.; Weir, M.D.; Reynolds, M.A.; Gu, N.; Xu, H.H.K. Magnetic field and
nano-scaffolds with stem cells to enhance bone regeneration. Biomaterials 2018, 183, 151–170. [CrossRef]

3



Appl. Sci. 2021, 11, 11092

10. Kamei, G.; Kobayashi, T.; Ohkawa, S.; Kongcharoensombat, W.; Adachi, N.; Takazawa, K.; Shibuya, H.; Deie, M.; Hattori, K.;
Goldberg, J.L.; et al. Articular cartilage repair with magnetic mesenchymal stem cells. Am. J. Sports Med. 2013, 41, 1255–1264.
[CrossRef]

11. Mahmoud, E.E.; Kamei, G.; Harada, Y.; Shimizu, R.; Kamei, N.; Adachi, N.; Misk, N.A.; Ochi, M. Cell Magnetic Targeting System
for Repair of Severe Chronic Osteochondral Defect in a Rabbit Model. Cell Transplant. 2016, 25, 1073–1083. [CrossRef]

12. Brady, M.A.; Talvard, L.; Vella, A.; Ethier, C.R. Bio-inspired design of a magnetically active trilayered scaffold for cartilage tissue
engineering. J. Tissue Eng. Regen Med. 2017, 11, 1298–1302. [CrossRef] [PubMed]

13. Margolis, G.; Polyak, B.; Cohen, S. Magnetic Induction of Multiscale Anisotropy in Macroporous Alginate Scaffolds. Nano Lett.
2018, 18, 7314–7322. [CrossRef] [PubMed]

14. Huang, J.; Liang, Y.; Jia, Z.; Chen, J.; Duan, L.; Liu, W.; Zhu, F.; Liang, Q.; Zhu, W.; You, W.; et al. Development of Magnetic
Nanocomposite Hydrogel with Potential Cartilage Tissue Engineering. ACS Omega 2018, 3, 6182–6189. [CrossRef] [PubMed]

15. Zlotnick, H.M.; Clark, A.T.; Gullbrand, S.E.; Carey, J.L.; Cheng, X.M.; Mauck, R.L. Magneto-Driven Gradients of Diamagnetic
Objects for Engineering Complex Tissues. Adv. Mater. 2020, 32, e2005030. [CrossRef] [PubMed]

16. Ghosh, S.; Kumar, S.R.; Puri, I.K.; Elankumaran, S. Magnetic assembly of 3D cell clusters: Visualizing the formation of an
engineered tissue. Cell Prolif. 2016, 49, 134–144. [CrossRef] [PubMed]

17. Zhang, W.; Yang, G.; Wang, X.; Jiang, L.; Jiang, F.; Li, G.; Zhang, Z.; Jiang, X. Magnetically Controlled Growth-Factor-Immobilized
Multilayer Cell Sheets for Complex Tissue Regeneration. Adv. Mater. 2017, 29, 1703795. [CrossRef]

18. Szychlinska, M.A.; D’Amora, U.; Ravalli, S.; Ambrosio, L.; Di Rosa, M.; Musumeci, G. Functional Biomolecule Delivery Systems
and Bioengineering in Cartilage Regeneration. Curr. Pharm. Biotechnol. 2019, 20, 32–46. [CrossRef]

19. Luciani, N.; Du, V.; Gazeau, F.; Richert, A.; Letourneur, D.; Le Visage, C.; Wilhelm, C. Successful chondrogenesis within scaffolds,
using magnetic stem cell confinement and bioreactor maturation. Acta Biomater. 2016, 37, 101–110. [CrossRef]

20. Son, B.; Kim, H.D.; Kim, M.; Kim, J.A.; Lee, J.; Shin, H.; Hwang, N.S.; Park, T.H. Physical Stimuli-Induced Chondrogenic
Differentiation of Mesenchymal Stem Cells Using Magnetic Nanoparticles. Adv. Healthc. Mater. 2015, 4, 1339–1347. [CrossRef]

21. Hou, K.T.; Liu, T.Y.; Chiang, M.Y.; Chen, C.Y.; Chang, S.J.; Chen, S.Y. Cartilage Tissue-Mimetic Pellets with Multifunctional
Magnetic Hyaluronic Acid-Graft-Amphiphilic Gelatin Microcapsules for Chondrogenic Stimulation. Polymers 2020, 12, 785.
[CrossRef] [PubMed]

22. Campos, Y.; Almirall, A.; Fuentes, G.; Bloem, H.L.; Kaijzel, E.L.; Cruz, L.J. Tissue Engineering: An Alternative to Repair Cartilage.
Tissue Eng. Part. B Rev. 2019, 25, 357–373. [CrossRef] [PubMed]

4



applied  
sciences

Article

Bioprinting of a Zonal-Specific Cell Density Scaffold: A
Biomimetic Approach for Cartilage Tissue Engineering

Angeliki Dimaraki 1,†, Pedro J. Díaz-Payno 1,2,†, Michelle Minneboo 1, Mahdiyeh Nouri-Goushki 1,

Maryam Hosseini 1,3, Nicole Kops 2, Roberto Narcisi 2, Mohammad J. Mirzaali 1,

Gerjo J. V. M. van Osch 1,2,4, Lidy E. Fratila-Apachitei 1 and Amir A. Zadpoor 1,*

Citation: Dimaraki, A.; Díaz-Payno,

P.J.; Minneboo, M.; Nouri-Goushki,

M.; Hosseini, M.; Kops, N.; Narcisi,

R.; Mirzaali, M.J.; van Osch, G.J.V.M.;

Fratila-Apachitei, L.E.; et al.

Bioprinting of a Zonal-Specific Cell

Density Scaffold: A Biomimetic

Approach for Cartilage Tissue

Engineering. Appl. Sci. 2021, 11, 7821.

https://doi.org/10.3390/app11177821

Academic Editor: Rossella Bedini

Received: 20 July 2021

Accepted: 20 August 2021

Published: 25 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Biomechanical Engineering, Faculty of Mechanical, Maritime and Materials Engineering,
Delft University of Technology, 2628 CD Delft, The Netherlands; a.dimaraki@student.tudelft.nl (A.D.);
p.j.diazpayno@tudelft.nl (P.J.D.-P.); M.B.Minneboo@tudelft.nl (M.M.); M.NouriGoushki@tudelft.nl (M.N.-G.);
M.Hosseini@tudelft.nl (M.H.); M.J.Mirzaali@tudelft.nl (M.J.M.); G.J.V.M.VanOsch@tudelft.nl (G.J.V.M.v.O.);
E.L.Fratila-Apachitei@tudelft.nl (L.E.F.-A.)

2 Department of Orthopedics and Sports Medicine, Erasmus MC University Medical Center,
3015 GD Rotterdam, The Netherlands; n.kops@erasmusmc.nl (N.K.); r.narcisi@erasmusmc.nl (R.N.)

3 Department of Chemical Engineering, Faculty of Engineering, Azarbaijan Shahid Madani University,
Tabriz 53714-161, Iran

4 Department of Otorhinolaryngology, Erasmus MC University Medical Center,
3015 GD Rotterdam, The Netherlands

* Correspondence: A.A.Zadpoor@tudelft.nl
† These authors contributed equally.

Abstract: The treatment of articular cartilage defects remains a significant clinical challenge. This is
partially due to current tissue engineering strategies failing to recapitulate native organization. Articu-
lar cartilage is a graded tissue with three layers exhibiting different cell densities: the superficial zone
having the highest density and the deep zone having the lowest density. However, the introduction of
cell gradients for cartilage tissue engineering, which could promote a more biomimetic environment,
has not been widely explored. Here, we aimed to bioprint a scaffold with different zonal cell densities
to mimic the organization of articular cartilage. The scaffold was bioprinted using an alginate-based
bioink containing human articular chondrocytes. The scaffold design included three cell densities,
one per zone: 20 × 106 (superficial), 10 × 106 (middle), and 5 × 106 (deep) cells/mL. The scaffold was
cultured in a chondrogenic medium for 25 days and analyzed by live/dead assay and histology. The
live/dead analysis showed the ability to generate a zonal cell density with high viability. Histological
analysis revealed a smooth transition between the zones in terms of cell distribution and a higher
sulphated glycosaminoglycan deposition in the highest cell density zone. These findings pave the
way toward bioprinting complex zonal cartilage scaffolds as single units, thereby advancing the
translation of cartilage tissue engineering into clinical practice.

Keywords: bioprinting; biofabrication; tissue engineering; articular cartilage; human chondrocytes;
cell density; cell gradient

1. Introduction

Articular cartilage (AC) may be damaged due to aging, disease, or trauma. AC has
a limited regenerative capacity that has been attributed to the lack of innervation and
the avascular nature of the tissue [1]. AC defects may progress to the subchondral bone
to create an osteochondral defect. If left untreated, such defects can potentially lead to
the development of osteoarthritis [2,3], a cartilage-degenerating disease affecting over
300 million worldwide and representing a burden on the healthcare systems globally [4,5].
The treatment of AC defects often results in a fibrocartilage tissue with poor long-term
outcomes [6], thus presenting a significant clinical challenge. This is partially because
the current regenerative and tissue engineering strategies fail to recapitulate the native
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organization of the AC tissue. AC is a graded tissue that has three main zones: superficial,
middle, and deep. These zones are associated with differences in matrix composition,
matrix structural organization, and cell number, which result in gradients with complex
physical, mechanical, and biological properties [7]. In adult healthy human articular
cartilage, the superficial zone is characterized by thickly packed collagen type II fibers, a
high tensile strength, and a high cell density, while the deep zone is characterized by a
high sulfated glycosaminoglycan (sGAG) content, high compressive strength, and a low
cell density as compared to the other layers [8].

Different biofabrication strategies, such as bioprinting, have been exploited to recapit-
ulate few of the gradients connecting the three zones [9]. Graded scaffolds aim to mimic
the highly organized native tissue. Several studies have explored the fabrication of multi-
layered constructs exhibiting differences in biological [10] or chemical composition [11–14]
and physical or mechanical properties [15–17]. Different gradient strategies have also been
combined to tailor physical (stiffness) and biochemical (growth factor) gradients that better
control stem-cell behavior [18].

To the best of our knowledge, there has been only one study introducing a cell density
gradient in a bioprinted construct [19], where swine articular cartilage-derived constructs
with different density gradients of rabbit chondrocytes were compared to constructs with
equivalent homogeneous cell distribution. In the study, gene expression and sGAG de-
position were quantified for the overall constructs. However, limited information was
presented regarding the extracellular matrix (ECM) that was deposited by the cells at
different densities in each zone. Therefore, further research is warranted to characterize
the cell-derived tissue deposition in each of the zones within a graded construct, especially
using human material.

The aims of this paper were (i) to design and fabricate scaffolds with three-zone
cell density using bioprinting with an alginate-based bioink containing human articular
chondrocytes and a poly-ε-caprolactone (PCL) support structure, (ii) to characterize the
cell viability and cell gradient stability overtime, and (iii) to evaluate the time-dependent
deposition of ECM by the cells embedded in the scaffolds. To achieve the cell density
gradient, the design of the scaffolds included three zones with three different cell densities.
The different zones aimed to mimic both the dimensions and cell density of the superficial,
middle, and deep zones as seen in the native structure of articular cartilage.

2. Materials and Methods

2.1. Scaffold Design

Solidworks was used to design a standard tessellation language (.STL) file of scaffold
solid form that incorporated both the PCL outer skeleton and the cell-embedded bioink part.
The PCL skeleton design was composed of a square base of 8 × 8 mm2 with a thickness
of two layers (0.4 mm) and four vertical pillars at the corners with a height of 3 mm. The
scaffold was designed as a 7.2 mm × 7.2 mm × 3 mm cube. The designed STL file was then
processed in Slic3r [20] to generate the gcode file used by the bioprinter (BIO-X bioprinter,
Cellink, Sweden). Briefly, the parameters used in Slic3r were as follows: infill pattern,
rectilinear; infill density, 100% for PCL frame design and 10% for scaffold design; infill
angle, 90◦; solid infill threshold area, 10; layer height, 0.2 mm; nozzle diameter, 0.2 mm.
Two types of scaffolds were designed: a scaffold corresponding to a homogeneous cell
density with one zone of 15 layers and a scaffold with three different zones corresponding
to the three different cell densities. The dimensions of the zones were chosen to mimic
the dimensions of the three different zones in the human articular cartilage. The top zone
had a thickness of three layers (0.6 mm), the middle zone had a thickness of seven layers
(1.4 mm), and the bottom zone had a thickness of five layers (1 mm), resulting in a total of
15 layers per scaffold.
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2.2. Bioink Formulation

An alginate-based biomaterial (IK1020000303, Cellink Bioink, Cellink, Sweden) was
mixed with human chondrocytes according to the manufacturer’s instructions to create
the bioink. Briefly, human articular chondrocytes isolated from hyaline cartilage in the
knee and expanded to the second passage were purchased from Lonza (NHAC-kn, Lonza
Bioscience, Breda, The Netherlands). The cells were expanded until the third passage in
chondrocyte growth medium (CC-3216, Lonza Bioscience, Breda, The Netherlands) accord-
ing to the manufacturer’s instructions, in an incubator at 37 ◦C, 5% CO2, and 90% humidity.
The cells were trypsinized when confluency was reached, counted, and re-suspended in a
growth medium. The hydrogel was taken up from the stock cartridge by a syringe and
was mixed gently 10:1 with the cell suspension using a sterile female–female luer lock,
and a second syringe was used to homogenize the cells in the bioink. The mixture was
transferred to a new cartridge for bioprinting. According to the study by Hunziker et al.,
the total cell density within the human articular cartilage of a medial femoral condyle is
10 × 103 cell/mm3 [21]. Therefore, the homogeneous scaffold was given a biomimetic total
cell density of 10 × 106 cell/mL. Hunziker et al. also described the different cell densities
in the different zones of articular cartilage in which it was established that the cell densities
corresponding to the superficial, middle, and deeps zones are 24 ± 3 × 103 cells/mm3,
10 ± 0.5 × 103 cells/mm3, and 7 ± 0.5 × 103 cells/mm3, respectively [21]. The gradi-
ent scaffold was given a similar biomimetic cell density corresponding to each zone of
the articular cartilage: superficial (top), middle (middle) and deep (bottom) zones. The
top, middle, and bottom zones were designed to respectively have 20 × 106 cells/mL,
10 × 106 cells/mL, and 5 × 106 cells/mL, respectively (Figure 1).

Figure 1. A schematic representation of the fabrication methodology and the in vitro setup of the study. A PCL-reinforced
alginate-based scaffold containing human chondrocytes was 3D bioprinted with different cell densities mimicking the cell
gradient of the human articular cartilage zones. The scaffold was ionically crosslinked post bioprinting before supplementing
with chondrogenic medium for 4 weeks. After in vitro culture, the samples were analyzed for cell viability and for matrix
deposition through histological staining.

2.3. Bioprinting

The BIO-X bioprinter (Cellink, Sweden) was UV-sterilized and used inside a cell
culture hood to ensure that the bioprinting process would run under sterile conditions.
After sterilization, the gcode file was used to print the scaffold. Briefly, the printing surface,
nozzle size, temperature, pressure, and speed of each print-head was selected through the
bioprinter’s interface. The selected parameters for each print-head are presented below
(Table 1). Next, the three printheads were manually calibrated to the same spot in the
printing surface to ensure a complete match when swapping printheads during the printing
process for the different bioinks and biomaterials printed (Video S1). A 10 cm petri dish
was used as the printing surface to provide better visibility between the nozzle tip and
the printing surface during the calibration phase. The scaffolds were printed on 16 mm
coverslips which were placed radially into the 10 cm petri dish. After printing, the scaffolds
were treated with 1 mL of crosslinking solution (90 mM CaCl2, Cellink, Sweden) for 2 min.
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Table 1. The parameters used for each printhead during bioprinting. Printheads 1 and 2 were used for the hydrogel layers,
while printhead 3 was used to print the outer frame of PCL (RT: room temperature).

Title 1 Material Nozzle Size Temperature Pressure Speed

Printhead 1 Hydrogel (deep zone) 0.2 mm RT 14 kPa 12 mm/s
Printhead 2 Hydrogel (superficial and middle zones) 0.2 mm RT 14 kPa 12 mm/s

Printhead 3 PCL 0.2 mm 210 ◦C 200 kPa 4 mm/s (base)
0.4 mm/s (struts)

2.4. In Vitro Culture

The bioprinted constructs were cultured in chondrocyte differentiation basal medium
(CloneticsTM CDMTM BulletKitTM, Lonza, Delft, The Netherlands) containing FBS, in-
sulin, R3-IGF-1, gentamicin/amphotericin B, transforming growth factor-β1, and trans-
ferrin (undisclosed concentrations by Lonza). The differentiation medium was further
enriched with 10 ng/mL fresh transforming growth factor-β3 (SRP3171, Sigma, Delft, The
Netherlands) and 70 mM L-ascorbic acid 2-phosphate (A8960, Sigma, The Netherlands) for
each medium change, according to the manufacturer’s instructions (TS-CC-112-7 02/20,
Lonza). The differentiation medium was changed three times a week for 25 days using
2 mL of medium per well (each well contained one scaffold), which was kept in a 24-well
plate in an incubator at 37 ◦C, 90% humidity, and 5% CO2. The experiment included three
scaffolds per condition (graded, homogeneous) per timepoint (day 0 and day 25).

2.5. Mechanical Characterization

The 3D printed scaffolds (cell-free) were mechanically characterized using a uniaxial
unconfined compression test using the LLOYD Instruments LR5k compression machine
(AMETEK test & calibration instruments). The PCL frame, hydrogel, and the combined
scaffolds (PCL and hydrogel) were tested separately using a 100 N load cell with a 0.1 N
preload, a 1 mm deflection, and a strain rate of 0.002 s−1 (i.e., a crosshead speed of
0.36 mm/min). From the load–deflection curve generated by the machine on the Nexygen
software, 200 data points were exported per test for further analysis. Each of the data
points included the recorded time (s), load (N), crosshead travel (mm), and deflection
from the preload (mm), which were used for the generation of the stress–strain curves and
the calculation of the compressive stiffness of the scaffolds. The stress was calculated by
dividing the compression force by the cross-section area, and the strain was defined as the
ratio of the crosshead travel to the initial length of the specimens. The stiffness calculations
were performed using a moving regression algorithm generated with Gnu R [22] that was
used to calculate the linear line with the steepest slope fit of the stress–strain curve. The
slope of the linear curve was taken as the value for the compressive stiffness of the scaffolds
(E = σ/ε, MPa).

2.6. Live/Dead Assay

Cell viability was assessed at day 0 (post-printing) and day 25 after culture using
live/dead staining (LIVE/DEAD® Viability/Cytotoxicity Kit, ThermoFisher, Delft, The
Netherlands). Briefly, the samples were washed twice with 1 × PBS for 5 min before
supplementing the scaffolds with 2 mM ethidium homodimer-1 (red, for dead cells) and
5 mM calcein-AM (green, for live cells) in 1 × PBS. The samples were allowed to incubate
for 1 h at 37 ◦C before being washed twice in 1 × PBS and being imaged under a fluorescent
microscope (ZOE fluorescent cell imager, Biorad, Delft, The Netherlands).

2.7. Histology Staining

All the specimens were fixed overnight in 4% paraformaldehyde at 4 ◦C with a tissue–
fixative volume ratio of 1:20. Next, the scaffolds were washed twice with PBS, and were
placed in a 1:1 solution of 100% EtOH:90 mM Cellink crosslinking agent (final 45 mM
CaCl2) for storage. The samples were paraffin-embedded and were sectioned at a thickness
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of 6 μm. The sections were stained with hematoxylin (HHS32, Sigma, The Netherlands)
and eosin (HT110232, Sigma, The Netherlands) to examine their cell distribution, with
1% Alcian Blue (TMS-010-C, Sigma, The Netherlands) to analyze their sGAG content, and
with Picrosirius Red (365548, Sigma, The Netherlands) for collagen deposition. The stained
histological slices were imaged under a DM500 optical Leica microscope.

2.8. Image Analysis

The histological images were analyzed for the cell density in each of the three zones, as
well as for the neo-tissue formation (sGAG and collagen deposition) within the hydrogel for
all three zones. The analysis of the data was performed using Image J v2.0.0 software. The
images were spatially calibrated using their integrated scale bar. For the analysis of H&E
staining, the microscopic images were first split into the three-color channels RGB. Then,
the green channel was selected as the optimum channel for the identification of the nuclei.
Next, the threshold was adjusted before using the “analyze particles” plugin. The minimum
size was set between five and 35 pixels depending on the image, while the maximum size
was set at 300 pixels. The circularity range was set between 0.45 and 1.00 for all the images.
This analysis of the H&E images was performed using the ROI (region of interest) manager
to select three regions of interest corresponding to the three different zones and to analyze
them separately using a different threshold and size spectrum depending on their specific
data. For the samples stained with Alcian Blue and Picrosirius Red, the image analysis
was performed with the use of the Trainable Weka Segmentation plugin [23]. This plugin
utilizes a segmentation algorithm that combines a collection of machine learning algorithms
with a set of selected image features to produce pixel-based segmentations. Three classes
were used for the training of the algorithm and the classification of the results: (a) a class for
the negative background staining of the alginate, (b) a class for the stained cell nuclei, and
(c) a class for the positively stained areas (areas with darker blue or red color for AB and PR,
respectively). The training of the algorithm was performed by manually selecting multiple
areas belonging to each of the classes using the Image J’s selection tool and categorizing
them according to their corresponding class. After that, the features of the input image
were extracted and converted to a set of vectors of float values (format for Weka classifiers).
Finally, the plugin created and displayed the resulting image. This image was equivalent
to the current overlay (8 bit color with each color corresponding to a specific class). The
training features used for the training of the algorithm were Gaussian blur, Sobel filter,
Hessian matrix, and the difference of the Gaussians. After training, the same classifier
was applied to all the images of the same staining. The plugin performed the image
segmentation on the basis of the current classifier and the selected features and created a
stack of images, each one highlighting one of the selected features. By selecting the desired
8 bit color image from the stack and setting an appropriate threshold, we performed area
measurements on the objects within the images to evaluate the sGAG content of the areas
positively stained for collagen (for all the zones and timepoints). The ratio between positive
area and total area for the samples analyzed is presented as a percentage.

2.9. Statistical Analysis

All quantitative results are presented as the mean ± standard deviation. Statistical
analysis was performed using GraphPad Prism 8 (GraphPad Software, San Diego, CA,
USA, Version 8.0.2). For the analysis of the cell density, sGAG content, and collagen
content, the experimental groups were analyzed for significant differences using a two-way
analysis of variance (ANOVA) and the results were corrected for multiple comparisons
using Bonferroni’s post hoc test. For the comparison of the stiffness, as well as for the
differences in the cell viability and cell density between the two different scaffold designs,
an unpaired t-test or one-way ANOVA was performed. Probability p-values <0.05 were
considered statistically significant.
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3. Results

3.1. PCL-Reinforced Alginate Scaffolds with Different Cell Density Zones Can Be Successfully
Fabricated as Single Units Using Bioprinting

Firstly, we designed a structure that could combine both an outer frame of stiff PCL and
the soft alginate-based bioink with an overall size of 8 mm × 8 mm × 3 mm (Figure 2a–c).
For the PCL frame, two different designs were tested: a closed design (Figure S1a) and an
open design (Figure 2a and Figure S1b). The open design resulted in a higher viability of
the cells in the bioink (Figure S1c–e) and was, therefore, chosen for further experiments.
For the bioink, a 10% infill density was selected in order to create channels in the z-direction
(Figure 2e) that resulted in visible pores in the scaffold of ~0.230 mm2 (Figure 2c) to allow
for sufficient nutrient diffusion to all the layers of the cell-laden hydrogel. The different
parts of the zonal scaffold showing the PCL frame in yellow and the three different cell
density zones in red were sliced into a printing pattern suitable for 3D printing (Figure 2d).
The design used for the fabrication of the biomimetic cartilage scaffolds was bioprinted
monolithically as a single unit (Figure 2e). The mean compressive stiffness of the scaffolds
(PCL + hydrogel) was 8.35 ± 0.43 MPa. This was mostly attributed to the PCL framework,
since the mean compressive stiffness of the PCL framework alone was 8.02 ± 0.69 MPa
while the hydrogel alone was 0.23 MPa ± 0.01 (Figure 2f).

The next step was to verify that we could 3D print the different zones (top, middle,
and bottom) with different cell densities of human chondrocytes (i.e., 20 × 106, 10 × 106,
and 5 × 106 cells/mL, respectively), recapitulating some aspects of the cytocomplexity
of the human hyaline articular cartilage. Live/dead staining at day 0 post bioprinting
demonstrated that it was possible to control such cell distribution, as evidenced by a higher
cell density in the top zone and the lowest cell density in the bottom zone (Figure 2g).
Overall, a high viability (>90%) of the bioprinted cells was observed throughout the
different zones of the scaffolds (Figure 2h).

3.2. Cell Density Can Be Maintained in the Different Zones Overtime In Vitro

To investigate the maintenance of the zonal distribution of the cells over time, we
cultured human chondrocytes in the hydrogel for 25 days. We compared the scaffolds
with different cell densities, herein called the zonal scaffolds, with the scaffolds in which
the cell density (10E6 cells/mL) was constant throughout the entire scaffold. At day 0,
right after the bioprinting process took place, a high cell viability was detected for the
embedded cells (Figure 3a). In addition, the quantification of the H&E staining at day 0
showed significant differences between the bottom/middle, middle/top, and bottom/top
zones of the graded scaffolds (Figure 3b, left), whereas no difference in the cell density was
observed throughout the homogeneous scaffolds (Figure 3b, right). After 25 days of culture,
cell viability remained high for all the specimens (Figure 3c). In addition, a decrease in
the cell density of the middle zone was observed, rendering the cell density between the
middle and the bottom zones as not significantly different, while the cell density in the top
zone remained significantly higher than the other zones (Figure 3d, left). The cell density
of the homogeneous scaffolds remained constant throughout the scaffold thickness for all
the timepoints (Figure 3d, right).
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Figure 2. PCL-reinforced alginate scaffolds with different cell density zones can be bioprinted as a single unit. (a) The
solid structure created in Solidworks corresponding to the outer PCL frame; (b) the solid structure corresponding to the
hydrogel part; (c) a macroscopic image of the top view of a 3D printed scaffold after ionic crosslinking; (d) the different
solid structures combined by Slic3r software, showing the PCL in yellow and the hydrogel in different shades of red for
the different cell density zones; (e) Slic3r design of the printing pattern showing a 100% infill for the PCL and a 10% infill
for the hydrogel; (f) a bar chart showing the mechanical properties (stiffness) of the outer PCL frame, the combined PCL
frame + hydrogel, and the hydrogel alone printed scaffolds (n = 3); (g) a fluorescent microscopic image of cell viability
with live/dead staining (green: live; red: dead) showing the cell distribution in the scaffold bioprinted with three different
cell densities for each of the zones: bottom (5E6 cell/mL), middle (10E6 cells/mL), and top (20E cells/mL) at day 0. Lines
are drawn on the image to illustrate the approximate division of the zones. Scale bar = 200 μm; (h) the corresponding
quantification of the overall live and dead cells (n = 4).
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Figure 3. Gradient cell density can be maintained in the zonal scaffold over time in in vitro culture; (a) fluorescent
microscopic images indicate cell viability based on live/dead staining (green: alive; red: dead) and bright-field microscopy
images of the H&E staining (matrix: violet; nuclei: dark purple) showing the cell distribution for the three different zones,
bottom, middle, and top, of the zonal and homogeneous bioprinted scaffolds at day 0; (b) the quantification of the number
of the cells from the H&E staining at day 0; (c) the live/dead and H&E images of the zonal and homogeneous scaffold at
day 25; (d) the quantification of the number of cells from the H&E staining at day 28 (n = 3; p-values < 0.05 are shown).
Scale bar: 100 μm.

3.3. Bioprinted Zonal Scaffold with Different Cell Densities Leads to a Gradient Cell-Derived
ECM Deposition

The evaluation of the sGAG and collagen deposition in the bioprinted scaffolds was
performed on the basis of the analysis of Alcian Blue and Picrosirius Red histological
staining of the scaffold cross-sections. At day 0, the histological analysis showed the
background staining for the basal bioink material (alginate and methylcellulose) with
a weak staining for Alcian Blue (Figure 4a) and a strong pink (negative for collagen)
staining for Picrosirius Red (Figure 4c). A semiquantitative analysis of the stained samples
was performed using an optimized threshold to subtract the background staining from
positively stained areas (Figure 4b,d).
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Figure 4. Bioprinted zonal scaffolds with cell density gradients result in differential cartilage-like tissue deposition; (a)
histological images of zonal or homogeneous scaffold bioprinted with human chondrocytes and evaluated for sGAG with
Alcian Blue staining (AB) at day 0; (b) the corresponding semiquantitative zonal analysis of the AB staining; (c) histological
images evaluated for collagen deposition with Picrosirius Red staining (PSR) at day 0; (d) the corresponding semiquantitative
zonal analysis of the PSR staining; (e) the histological images evaluated for sGAG with AB after 25 days in culture; (f) the
corresponding semiquantitative zonal analysis of the AB staining; (g) histological images evaluated for collagen with PSR;
(h) the corresponding semiquantitative zonal analysis of the PSR staining (n = 3; p-values <0.05 are shown). Scale bar:
100 μm.
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At day 25 of culture, both types of staining demonstrated that the scaffolds supported
the deposition of cartilage-like tissue components. In the zonal scaffold, Alcian Blue
staining revealed an increased deposition of sGAG in the top zone of the scaffold at
day 25, as indicated by a strong Alcian Blue signal (Figure 4e, zonal, AB, top). The
semiquantification of the staining revealed the zonal manner in which sGAG was deposited
within the scaffolds over time, displaying a significantly increase from the bottom to the
top zone (Figure 4f, left), which was in accordance with the cell density distribution within
the scaffolds. The homogeneous scaffolds deposited a similar amount of sGAG in all
the different zones at day 25 (Figure 4e, homogeneous, AB and Figure 3f, right). For the
collagen deposition, it was observed that chondrocytes appeared to mainly secrete small
amounts of pericellular collagen according to the intense orange-red staining observed
(which is positive for collagen staining) after 25 days of culture (Figure 4g). Similar to the
result of Alcian Blue staining, some samples exhibited a trend toward stronger staining
in the top zone of the specimens. By comparison, the homogeneous scaffolds revealed
no differences in their staining throughout the section. The statistical analysis of the
semiquantitative values corresponding to Picrosirius Red revealed a trend of increasing
collagen deposition in the top zone of some of the zonal scaffolds. However, no significant
differences were found between the groups after 25 days of culture (Figure 4h).

4. Discussion

In this study, we aimed to generate a cartilage scaffold of a clinically relevant size that
mimics the gradient distribution of cells that is observed across the three distinct zones
of the native tissue in hyaline articular cartilage of the human condyle and to analyze
the cell viability and cell-derived matrix deposition. Over time in culture, the generated
zonal scaffolds led to a gradient in cartilage-like matrix deposition. For printing each
zonal scaffold, four different inks (one ink and three bioinks) were used to print different
parts of the scaffold. Every printing part used its own printhead except for the middle
and top zones where the bioink-containing cartridge had to be interchanged for every
printed scaffold. This allowed us to simultaneously 3D print a PCL frame and the different
chondrocyte-embedded zones with clinically relevant thicknesses and zone-specific cell
densities. Few papers have investigated the 3D printing of more than one bioink for a single
construct [10,19,24–26], probably due to the lack of several printheads or impracticality due
to the constant changing of the printing cartridges that results in a time-consuming process.
Recent studies suggest the use of coaxial needles [27] or continuous chaotic printing [28]
as alternatives to generate multicellular heterogeneous systems. Several studies have
combined PCL with bioinks to enhance the compressive stiffness of hydrogels [29–31].
In our study, the PCL frame helped the maintenance of the structural integrity of the
scaffolds during bioprinting and subsequent in vitro culture. In addition, a PCL frame can
be useful for future in vivo implantation [32,33]. Previous studies have shown that different
cell densities can lead to different mechanical properties which are correlated with the
amount of sGAG produced. In this study, we did not perform mechanical characterization
of the hydrogel overtime. Therefore, future studies should also focus on the effect of
different cell densities on the mechanical properties of the scaffold overtime. Regarding
the PCL reinforcement, in most studies, this reinforcement is done by printing a mesh of
PCL fibers in between hydrogel fibers, where the fiber orientation alternates orthogonally
after every layer. In this study, however, it was determined that passing the hot (210 ◦C)
thermoplastic nozzle right next to the cell-embedded hydrogel fibers negatively affects
the chondrocyte viability, which has been also noted in other studies [34]. Therefore,
another design approach was chosen in which the PCL would act as an outer skeleton
for the hydrogel, concentrating the cell-embedded volume of the bioink at the center and
maintaining its shape throughout its thickness. This approach was able to significantly
increase the bulk mechanical properties compared to the bioink alone, as others have
demonstrated [29–31]. Other studies also explored the pre-printing of PCL structures and
then either cast or z-printed the bioink in the channels of the PCL mesh [35]. Despite
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this option giving more freedom, as it decouples the fabrication process of the outer
frame and the bioprinting of the bioink, z-print is not yet an option available in all 3D
printing systems. After fabrication of such complex structures, live/dead and histological
analysis demonstrated that human chondrocytes still retained high viability and zone-
specific cell densities. In addition, this cell density gradient was shown to be maintained
during in vitro culture for 25 days, resulting in a gradient in tissue deposition as compared
to homogeneous scaffolds. Previous studies aiming to fabricate similar constructs with
different cell density layers through bioprinting have not shown such clear cell distribution
or its maintenance over time [19]. For example, it has been reported that cell gradient
in scaffolds of 3 mm thickness fail due to the fusion of the zones during bioprinting.
Moreover, the analysis of that study was focused on the overall scaffold rather than on
the individual zones [19]. It is noteworthy that the difference in cell number between
the middle and the bottom zones in the gradient scaffold is less apparent after culture in
differentiation medium. Although cells do not tend to migrate in alginate, this particular
bioink formulation containing methylcellulose may allow for some cellular migration [36]
from the middle to the bottom layer, perhaps in the search for available nutrients and
oxygen. This potential migration may have been caused by the cell gradient itself, as no
changes in cell number were observed in the homogeneous scaffold. Further research is
needed to verify this hypothesis. Despite the presence of the tissue deposition gradients,
low amounts of glycosaminoglycan and collagen were seen in all the groups. This may be
due to the alginate-based bioinks that offer good printability [25,30,35,37–41] but do not
offer enzymatic-derived tissue remodeling [42], which have been suggested to potentially
act as a physical barrier for tissue secretion in vitro, as also observed by others [43–45]. On
the other hand, alginate-based biomaterials have been shown to be capable of generating
cartilage when implanted in vivo [46,47], suggesting that other factors may also be playing
a role in this regard. For instance, chondrocytes from only one donor were used in our
study, and it is known that there can be some variability between donors or even between
chondrocytes from different zones [45]. Regarding tissue deposition, it is interesting to
point out that the superficial zone of native mature articular cartilage is characterized by
a lower sGAG presence than the other zones. Our scaffold demonstrated that having a
higher cell density in the superficial zone will result in higher sGAG. However, the tissue
formed in our scaffold is still in development and yet far from what is seen in articular
cartilage tissue. It will be necessary to evaluate how applications of these different zones
would influence eventual tissue that is formed using in vivo models. Our study is in
agreement with the previous studies showing that constructs with a higher cell density
result in higher cartilage-like matrix deposition [48,49] and enhanced gene expression
of cartilage markers [19]. This study focused on the recapitulation of the cell gradient
observed in native hyaline articular cartilage. However, there are other gradients that
could be interesting to investigate or even to combine. For instance, AC has been shown
to have a gradient in stiffness [50–53]. Previous research has aimed to combine a stiffness
gradient achieved by photo-crosslinking with a growth factor gradient achieved by mixing
both TGF-β1 and BMP-2 in the hydrogel (before crosslinking). These gradients proved
capable of regulating the number of embedded hMSCs and their differentiation toward
bone- or cartilage-like matrix-producing cells [18]. In addition, from a developmental
biology perspective, cartilage starts as a soft template. Therefore, it may be interesting
to explore the generation of the stiffness gradients that occur in time. This points to the
need for the development of new 4D bioprinting approaches that investigate the use of
stimulus-responsive biomaterials to answer such complex questions [54].

5. Conclusions

In this study, zonal cartilage scaffolds with clinically relevant sizes and cell densities
were successfully bioprinted as single units. The different zonal cell densities were partially
maintained in vitro for 25 days. In addition, the scaffolds led to a gradient in the extracellu-
lar matrix components produced by the embedded human chondrocytes. These findings
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shed some light on the effects of zonal cell gradients on the formation of new tissue matrix
and help in addressing the remaining obstacles in order to accelerate the translation of
cartilage tissue engineering into clinical practice.
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Abstract: Scaffolds are thought to be a key element needed for successful cartilage repair treatments,
and this prospective extension study aimed to evaluate long-term structural and clinical outcomes
following osteochondral defect treatment with a cell-free biphasic scaffold. Structural outcomes were
assessed using quantitative 3-D magnetic resonance imaging (MRI) and morphological segmentation
to determine the percentage of defect filling and repair cartilage T2 relaxation times, and clinical
outcomes were determined with the modified Cincinnati Rating System, and the Knee Injury and
Osteoarthritis Outcome Score (KOOS). Seventeen subjects with osteochondral defects in the knee
were treated with ChondroMimetic scaffolds, from which 15 returned for long-term evaluation at a
mean follow-up of 7.9 ± 0.3 years. The defects treated were trochlear donor sites for mosaicplasty in
13 subjects, and medial femoral condyle defects in 2 subjects. MRI analysis of scaffold-treated defects
found a mean total defect filling of 95.2 ± 3.6%, and a tissue mean T2 relaxation time of 52.5 ± 4.8 ms,
which was identical to the T2 of ipsilateral control cartilage (52.3 ± 9.2 ms). The overall modified
Cincinnati Rating System score was statistically significant from baseline (p = 0.0065), and KOOS
subscales were equivalent to other cartilage repair techniques. ChondroMimetic treatment resulted
in a consistently high degree of osteochondral defect filling with durable, cartilage-like repair tissue
at 7.9 years, potentially associated with clinical improvement.

Keywords: biphasic scaffold; osteochondral defect; cartilage repair; quantitative MRI; calcium
phosphate

1. Introduction

Articular cartilage damage continues to present a therapeutic challenge, and despite multiple and
differing approaches ranging from bone marrow stimulation [1], autologous chondrocyte implantation
(ACI) [2], and various grafting procedures incorporating allografts and autografts [3,4], none are
recognized as sufficient. Recent reviews demonstrate that clinical research has failed to substantiate the
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superiority of one technique or product, in large part because of heterogeneous patient demographics,
the differing etiologies of defects, and the varying study designs and outcome measures [5–7]. The lack
of longer term (5–10 years) clinical evidence in cartilage repair further limits evidence-based treatment
algorithms. Nonetheless, the fundamental goal of any cartilage repair treatment should be to avoid
the progression to secondary osteoarthritis [8,9], by achieving structural repair that is comparable to
native hyaline cartilage, and thereby assuring long-term durability, joint function, and pain relief.

ChondroMimetic (Collagen Solutions, Plc) was developed to be a cell-free, osteochondral scaffold
for use in cartilage repair. The biphasic implant comprises a 2 mm, unmineralized, type I bovine
collagen and chondroitin-6-sulphate glycosaminoglycan (collagen/GAG) chondral layer, coupled
to a 6mm, mineralized, subchondral bone layer, containing collagen/GAG and calcium phosphate
brushite. These two distinct layers are separated by a continuous or ‘soft’ interface that closely
mimics the compositional transition between mineralized bone and unmineralized cartilage at the
tide mark [10]. As an open-cell foam, the ChondroMimetic scaffold which allows compression during
surgical handling for press-fit implantation, followed by auto-expansion to fit the defect shape, bridging
any gaps or irregularities [11]. In a defect with stable margins, ChondroMimetic offers structural
and mechanical protection for the marrow-derived blood clot, similarly to mechanisms claimed for
other techniques (e.g., autologous matrix-induced chondrogenesis (AMIC) [12], BST-CarGel [13]).
Large animal preclinical studies with ChondroMimetic demonstrated a consistency in osteochondral
repair characterized by a high degree of cartilage defect filling with a hyaline-like repair tissue in both
medial femoral condyle and trochlear defect sites [14–16].

Since long term data (>5 years post treatment) is fast becoming a required component for clinical
decision-making in cartilage repair, the aim of this prospective extension study was to determine the
long-term effectiveness of ChondroMimetic treatment of osteochondral defects in subjects enrolled in
a previous short-term study. Using 3D quantitative magnetic resonance imaging (MRI) techniques,
a consistently high degree of osteochondral defect filling with durable, cartilage-like repair tissue was
found at 7.9 years and potential clinical benefit.

2. Methods

2.1. Study Design and Participants

This study was an extension of a prospective, interventional study which enrolled 17 subjects
between February 2009 and March 2010 at a single clinical site (formerly unpublished). The 17 eligible
subjects (8 males, 9 females) were between 18 and 50 years of age with at least one osteochondral
defect measuring <12 mm in the knee. Subjects with a body mass index >40 kg/m2 or a previous
cartilage repair treatment in the index knee were excluded. All subjects who participated in the
original interventional study were eligible to be enrolled in the extension study, which was designed
to provide long-term follow up at a single time point which included a clinic visit and a single MRI
scan. All subjects were asked to provide written informed consent prior to extension study activities,
which were approved by national and local ethics review boards. Both studies were performed in
accordance with guidelines for Good Clinical Practice. This extension study was registered with
ClinicalTrials.gov (NCT03385642).

2.2. Interventional Details

During the original interventional study, following osteochondral defect preparation, the pre-
loaded implant was hydrated with saline through the hydration portal in the delivery device,
which was then positioned perpendicular to the defect with the tip inserted to the to the full defect
depth. Simultaneous advancement of the implant and withdrawal of the device tip left the implant to
expand into the defect volume. ChondroMimetic scaffolds were used to treat mosaicplasty donor sites
in the trochlea in 15/17 subjects concurrent with mosaicplasty treatment of 12 femoral condyle defects
and 3 ankle defects. ChondroMimetic scaffolds were also used to treat primary femoral condyle defects
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in 2/17 subjects. Ultimately, scaffolds chosen for use ranged from 6.5–8.5 mm in diameter. None of the
subjects included in the study had tibial articular defects.

2.3. Outcome Measures

Neither the subjects nor the investigator were blinded to treatment in this study, but the
administration of identical validated questionnaires, standardized acquisition of MRI scans,
and subsequent semi-automated, quantitative MRI analysis of repair tissue structure by an independent
3rd party minimized method and analysis bias.

2.3.1. Structural Repair

Repair tissue structure, defined as the quantity (i.e., degree of defect filling (%)) and quality
(T2 relaxation time) of new cartilage tissue, was assessed by three-dimensional (3D) quantitative
MRI conducted at an imaging core lab (Qmetrics Technologies, Rochester, NY, USA) using, validated
segmentation and 3D reconstruction techniques [17,18] which have been applied in Phase 3 clinical
trials of cartilage repair and multiple osteoarthritis studies [19–21]. Standardized MRI scans were
acquired for each subject upon enrolment into the extension study with a Siemens 3T MAGNETOM®

Verio, A Tim+Dot System and dedicated Tx-Rx CP extremity coil at a single, prequalified and trained
MRI clinic. Technician training and scanner magnet qualification were conducted prior to trial activities.
A uniformity and linearity phantom scan was performed for quality control. Imaging phantoms within
the field of view served as internal controls.

The imaging protocol was designed to provide very high spatial resolution with high in-plane
resolution and thin slices for all sequences. The study images were acquired using a fat-suppressed 3D
spoiled gradient-echo (FS SPGR) sequence in sagittal and axial planes (slice thickness: 2 mm), and a 2D
dual-echo fat-suppressed fast spin-echo (FS dual echo) sequence in the sagittal plane (slice thickness
1.2 mm). For morphological analyses of cartilage, cartilage defects, bone and bone defects, sagittal
and axial FS SPGR series were used. Sagittal FS dual-echo series were used for T2 analyses. All scans
were sent to an imaging core lab for centralized scan quality review, storage, and quantitative analysis.
The sagittal 3D FS SPGR series and the sagittal FS dual echo series were segmented for bone and
cartilage using a semi-automated atlas-based segmentation method [17]. The segmentations were
reviewed and edited, if needed, by a musculoskeletal radiologist with expertise in cartilage repair.
Original cartilage and bone defect boundaries for each subject were manually established on FS SPGR
and FS dual echo segmentations using edited segmentation of MRI scans (sagittal dual echo) obtained
10 days post-operatively in the original interventional ChondroMimetic study.

The segmented 3D volume of new repair tissue at follow-up was then used to quantitatively
determine the degree of defect filling (%) and the mean T2 relaxation time of cartilage repair tissue.
Filling was calculated as a ratio of new repair tissue (bone and cartilage) to the original osteochondral
defect volume. In cases where multiple donor sites in the same knee were treated, confluence of
defects was observed in the trabecular bone resulting in a single defect volume and a single fill ratio.
A radiologist-selected region of interest (ROI) of cartilage on an untouched area of the trochlea in the
same knee was segmented and analyzed for each subject as a native T2 control.

2.3.2. Clinical Benefit

Clinical outcomes at the extension study timepoint were evaluated using two subject self-reported
questionnaires. The modified Cincinnati Rating System has 8 components in the score, assessing pain,
swelling, giving way, overall activity levels and walking, stairs, running activity, and jumping/twisting.
With this instrument, a higher score is a better result and a lower score implies greater disability.
Grading of the scores followed that proposed by Bentley et al. [22], where a score of <30 as “poor”,
30–54 as “fair”, 55–79 as “good” and >80 as “excellent”.

The Knee injury and Osteoarthritis Outcome Score (KOOS) [23] in the Likert format has 5 subscales:
Pain, other Symptoms, Function in daily living, Function in Sport and Recreation and knee-related
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Quality of Life. Scores are attributed by dimension, ranging from 0 to 100 (high score better outcome).
The KOOS score was not administered in the original interventional study, and therefore baseline
scores were not available.

2.4. Statistical Considerations

All statistical analyses were conducted using SAS 9.4 or above (SAS Institute Inc., Cary, NC, USA).
All graphs were produced in Microsoft Excel 2016 (Microsoft Inc., Redmond, WA, USA). For statistical
analysis purposes, baseline was defined for clinical outcome data as data collected pre-operatively,
and for MRI analyses, 10 day post-operatively. Quantitative structural repair outcomes underwent
univariate and descriptive analyses, investigating the scores at the single study time point for the degree
of defect filling (total volume), and for repair tissue quality (T2). Clinical outcome data underwent
univariate and descriptive analyses, for both modified Cincinnati Rating System and KOOS subscales.
Statistical comparisons used Student’s t-tests.

3. Results

3.1. Enrolment and Subject Characteristics

Enrolment into the extension study targeted 8-year follow-up for the 17 subjects in the original
clinical study. Ultimately, 15 of the original 17 subjects completed the single extension study visit,
and their demographic characteristics are shown in Table 1. The study population was balanced
by gender, and subjects received from 1 to 5 ChondroMimetic scaffolds, per knee, to treat trochlear
donor sites for mosaicplasty in 13 subjects, and medial femoral condyle defects in 2 subjects. A total
of 14 additional procedures since enrolment into the original interventional study were recorded by
12 individual subjects. The majority of these interventions involved either arthroscopy of knees or
ankles or intra-articular injections. No interventions were specifically attributed to the ChondroMimetic
treatment by the Investigator.

Table 1. Follow-up Characteristics of Trial Subjects ‡.

Characteristic Chondromimetic (n = 15)

Consented subjects from original study, n (%) 15 (88)
Follow-up, years 7.9 ± 0.3
Age, years 32.7 ± 9.3
Gender, n (%)
Male 7 (46.7)
Female 8 (53.3)
Body Mass Index, kg/m2 25.3 ± 4.2
Smokers, n (%) 2 (13.3)
Index defects and implants

Mosaicplasty donor site(s), n (%) 13 (86.7)
Medial femoral condyle defect, n (%) 2 (13.3)
Defect volume including missing bone, mm3 ¶ 1573 ± 1233

ChondroMimetic Implants/knee, median (range) 2 (1–5)
Follow-up Pain, n (%) *

No knee pain 11 (73.3)
Mild knee pain 2 (13.3)
Moderate knee pain 2 (13.3)

Follow-up Activity Level, n (%) *
Unlimited 8 (53)
Slightly limited 4 (27)
Moderately limited 3 (20)

Additional interventions since treatment
Index knee related procedures ˆ 12
Non-knee related procedures 2

‡ Plus-minus values are means ± standard deviation unless otherwise indicated. ¶ Determined using quantitative
3D magnetic resonance imaging (MRI) of 10 days postoperative scans. ˆ Hyaluronic acid injection (4); microfracture
of new primary lesion (3); second-look arthroscopy (5). * From physical examination and standardized interview
during the 8-year study visit.
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There were no withdrawals from the extension study. The only missing data in the study was
MRI analysis from 1 subject who did not yield usable scans due to movement.

3.2. Repair Outcomes

3.2.1. Structural Repair

The quantity and quality of ChondroMimetic repair tissues was determined for 14 subjects (the MRI
from the fifteenth subject was unusable due to movement; see Table 2). ChondroMimetic-treated
osteochondral defects at 7.9 years post-treatment demonstrated a substantial degree of defect filling
of 95.2 ± 3.6%. Figure 1 shows the Total Defect Fill (%) of individual subjects and illustrates a
low variability and consistently high degree of defect filling following ChondroMimetic treatment.
In addition, subjects treated with ChondroMimetic had a mean T2 relaxation time of 52.5 ± 4.8 ms for
the cartilage repair tissue ROI, which was nearly equal to the T2 relaxation time of the ipsilateral native
control cartilage regions (52.3 ± 9.2 ms (p = 0.94)), and suggestive of a very similar tissue biochemical
make-up and structure. The T2 standard deviations calculated for each repair tissue volume were
comparable to native cartilage (17.3 ± 3.3 vs. 13.1 ± 5.3 ms), with a variance that was statistically equal
to that of native cartilage (p = 0.11 by F-test).

Table 2. Structural repair outcomes by 3 dimensional MRI at 7.9 years follow-up (n = 14).

Variable Outcome

Total defect fill (%) 95.2 ± 3.6 (89.8, 99.9)
T2 relaxation time (ms)
Cartilage repair tissue 52.5 ± 4.8 (44.4, 58.5) +

Ipsilateral native cartilage 52.3 ± 9.2 (39.9, 78.5)

Values are presented as means ± standard deviation (min, max). T2 = transverse relaxation time; MRI =magnetic
resonance imaging. + p = 0.94 by Student’s t-test compared to native cartilage.

Figure 1. Total Defect Fill (%) by quantitative MRI for individual subjects at a mean followup of 7.9 years
after ChondroMimetic treatment. Total Defect Fill (%) was determined using 3D quantitative magnetic
resonance imaging by calculating the ratio of the new repair tissue (bone and cartilage) volume at
followup, to original defect (bone and cartilage) volume acquired from 10 days post-operative scans
(baseline). (n = 14).

Using each scan series, full 3D reconstructions were generated of treated knees at the 10-day
post-operative baseline, and at follow-up, to assist in visualizing the morphological impact of
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ChondroMimetic repair. Figure 2 illustrates a representative reconstruction conducted for a 29-year-old
female subject who received 5 ChondroMimetic scaffolds in the trochlea, which are clearly visible
filling the newly treated osteochondral defects in Figure 2A by 2D MRI, and are similarly visible in the
3D rendering (Figure 2B). At the follow-up after 8 years and 3 months, both the subchondral bone and
cartilage aspects of the original defects appear as near-normal in both Figure 2C,D, compared with
ipsilateral control regions in Figure 2E.

Figure 2. Longitudinal MRI reconstruction of a ChondroMimetic-treated subject knee at 10 days
(A,B) and 8 years, 3 months (C,D). (A) By 2D MRI, 5 ChondroMimetic implants can be observed with
hyper-intense peri-implant boundaries, and lack of cartilage-like signal (white arrow). (B) 3D rendering
of knee yields ChondroMimetic implants (green) surrounded by cartilage (brown) by automated
software based on MRI signal. (C) At the follow-up after 8 years and 3 months, treated bone defects
are filled with bony repair tissue and the treated cartilage defect is filled with cartilaginous repair
tissue. (D) Automated rendering demonstrates cartilaginous tissue in repaired defects congruous with
surrounding cartilage. (E) The trochlear control region of interest (filled red circle) of native cartilage
used for T2 relaxation time comparison. The open purple circle shows an unused, alternate control
region of interest.

3.2.2. Clinical Benefit

The modified Cincinnati Rating System overall score at the study timepoint was 80.9 ± 15.5,
which was statistically significant from baseline (p = 0.0065) and represents a grading of ‘excellent’.

The KOOS subscale data are presented in Figure 3. The mean pain score was 90.0 ± 11.4. The mean
symptom score was 80.0 ± 15.8. The mean function in daily living (ADL) score was 93.4 ± 9.1. The mean
function in sports and recreational activities (Sports/Rec) score was 68.7 ± 24.7. The knee related quality
of life (QOL) mean score was 66.7 ± 22.2.

24



Appl. Sci. 2020, 10, 5642

Figure 3. Knee Injury and Osteoarthritis Outcome Scores (KOOS) for ChondroMimetic subjects at a
mean follow-up of 7.9 years. Data represents mean + standard deviation (n = 15).

4. Discussion

The main finding of the current study is that voluminous, high quality repair cartilage results
from ChondroMimetic treatment of osteochondral defects after 7.9 years, supporting the hypothesis
that ChondroMimetic brings consistent and durable long-term structural repair with an appropriate
safety profile. Improvements in clinical outcomes were highly significant over the baseline (p < 0.0065)
for the 7.9-year follow-up, which suggests a benefit of ChondroMimetic treatment when used as
backfill for mosaicplasty donor sites. The use of validated, three-dimensional quantitative MRI [17,18],
which assessed the repair tissue quantity and quality, is a particularly valuable aspect of this study, with a
high level of standardization and precision and conducted under Good Clinical Practice guidelines.

The high degree of defect filling by new bone and repair cartilage seen in ChondroMimetic defects
at 7.9 years (95.2%) is a critical outcome, as any joint resurfacing should aim to reestablish mechanical
homeostasis and anatomical shape with an integrated surface, particularly since chondrocyte-mediated
biosynthesis, remodeling, and either tissue repair or degradation over time is dependent on the
mechanical loading conditions of cartilage [24]. Normal surface morphology and joint articulation
would be expected to improve biomechanical conditions and inhibit the degeneration of defect
and peri-defect tissues and slow the progression of secondary osteoarthritis [8,9]. This particular
outcome was not fully unexpected, since critical size osteochondral defects in goat knees treated
with ChondroMimetic scaffolds yielded similarly striking filling [14]. Furthermore, this level of
defect filling is greater than that resulting from another off-the-shelf biological scaffold, BST-CarGel,
at 5 year spost-treatment, which produced %Fill of 93.79%, as determined by very similar quantitative
MRI methods [13].

Quantitative MRI also identified durable, high quality cartilage repair tissue by T2 relaxation
time for ChondroMimetic-treated defects. T2 relaxation time is well known to be sensitive to,
and highly dependent on, the extracellular cartilage matrix and particularly the collagen network
structure, orientation, as well as macromolecular concentration, and tissue hydration [25–29].
When acquired under standardized conditions coupled with three-dimensional segmentation of
regions of interest, T2 relaxation time has been an effective, quantitative method for comparing repair
tissue to native articular cartilage, and/or to repair tissue resulting from another treatment [13,30,31].
Here, the determination of the quality of repair is evidenced by the closeness of measured T2 values
to that found from the ipsilateral normal articular cartilage (52.3 vs. 52.5 ms, p = 0.94), indicating a
near-normal level of tissue quality after 7.9 years. The overall level of repair tissue organization achieved
is further evidenced by the T2 standard deviations calculated for each repair tissue volume, which were
comparable to native cartilage with a variance that was statistically equal to that of native cartilage.
In contrast, a tissue with regions of differing organization, or of mixed hyaline-fibrocartilage tissue,
would be expected to have a more widespread variance than normal cartilage. When comparing to T2
outcomes resulting from MRI studies with other scaffolds, ChondroMimetic repair tissue demonstrated
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a similar closeness to native control cartilage as a study with Hyalograft C [32] in the knee, but was
improved compared to the MaioRegen scaffold in the ankle [30], and BST-CarGel in the knee [13],
neither of which resulted in T2 relaxation times similarly close to control cartilage. This finding
also confirms consistency of repair in improved collagen-based organization and content, which are
necessary components for long-term durability of cartilage since collagen breakdown is considered to
be a critical step in the progression of osteoarthritis [33,34].

It may be considered a limitation of the study that ChondroMimetic was used as back-fill treatment
for the majority of osteochondral defects (13/15) in the study, particularly since it is generally believed
that mosaicplasty donor sites are: (1) not exposed to weight bearing forces; and (2) ultimately filled with
a fibrocartilage through self-repair processes and are asymptomatic [35]. To the contrary, donor sites
experience high loads with daily activities, depending on their size and location, from 1.3 times up to
7.8 times body weight [36]. Furthermore, Andrade et al. [37] reviewed 21 original mosaicplasty studies
comprising 1726 patients and found that donor site morbidity reportedly occurs in 5.9–16.9% of cases
and manifests through crepitation and knee stiffness, instability during activities of daily living, and
persistent pain. The fact that in this study no adverse events or symptoms were reported to be related
to donor sites or ChondroMimetic implants over the 7.9 year follow-up, and modified Cincinnati and
KOOS scores demonstrated a high level of satisfaction, demonstrates that ChondroMimetic treatment
was safe and may suggest some clinical benefit, further supported by the MRI-assessed high quality
cartilage repair. Furthermore, the regeneration of bone and cartilage to near-native levels of fill
and biochemical structure suggest that Chondromimetic may fit into an algorithm for treatment of
full-thickness, primary cartilage lesions. Indeed, two full weight bearing primary defects on the medial
femoral condyles were treated in this study with ChondroMimetic and demonstrated similarly high
degrees of total defect fill (mean: 95.85%) and high quality repair tissue with T2 relaxation times
comparable to native cartilage (means: 46.7 ms vs. 47.7 ms, respectively), in addition to satisfactory
clinical benefit.

A true study limitation was the lack of an active control group, such as microfracture, which
has been suggested by current regulatory guidance [38]. But use of an ipsilateral native cartilage
control ROI for quantitative structural outcomes provided an appropriate internal control for making
a determination of quality and durability of cartilage repair. Also, the small sample size of the
study could limit the interpretation of the results. However, the low variance in both clinical and
structural quantitative MRI outcomes nonetheless supports a consistency in repair that would likely be
maintained with a larger sample size. Long-term follow-up studies can also present challenges that
limit interpretation of study outcomes. For example, here, 14 procedures were conducted in the index
knee of 12 subjects over the 8-year follow-up period. However, it can be concluded that it is highly
unlikely that these procedures had any effect on the assessments conducted for this study. In 2 cases,
the procedures were not knee related (e.g., lung biopsy). The other 12 included: (1) hyaluronic acid
injections in 4 subjects performed at least 12 months prior to the extension study visit, and therefore
would be expected to have lost any therapeutic effect; (2) microfracture of new primary lesions in
3 subjects, although this would represent a worst case scenario since the procedure could worsen
the pain at the time of the extension study visit, or simply decrease the new pain associated with the
new lesion back to baseline levels; and (3) second-look arthroscopy in 5 subjects, conducted 1–2 years
post-operative by the investigator and unrelated to the study (e.g., to remove bone material from an
HTO; to remove malleolar screws from ankles).

The ChondroMimetic scaffold was designed to provide a cell-free cartilage repair alternative,
with biological components and architecture, conducive to the re-establishment of the subchondral
bone whilst supporting regeneration of articular cartilage. With time and experience, it has been
generally recognized that scaffolds are essential in supporting the processes of cartilage repair and
indeed, almost all current approaches have incorporated some type of scaffold. So-called “augmented
bone marrow stimulation” involves concurrent implantation of an exogenous scaffold (e.g., AMIC [12],
BST-CarGel [13], Biocartilage [39]), 3rd generation ACI techniques incorporate membranes to support
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cell delivery and residency (Hyalograft C [40], MACI [41]), and grafting techniques, by their nature,
involve implantation of natural osteochondral scaffolds [42]. The need to have cells, at all, is being
questioned when scaffolds alone, with their low cost and simplicity, bring equivalent results in a more
cost-effective manner [43].

5. Conclusions

Treatment of osteochondral defects in the knee with the ChondroMimetic scaffold was associated
with a consistently high degree of filling with a cartilage-like repair tissue over a long-term (7.9 year)
follow-up period, improved clinical scores, and noted lack of donor site morbidity, underscoring
potential benefits of a cell-free, single step scaffold from both a clinical and a health economic standpoint.
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List of Abbreviations

2D two dimensional
3D three dimensional
ACI Autologous chondrocyte implantation
AMIC autologous matrix-induced chondrogenesis
CCI characterized chondrocyte implantation
FS SPGR fat-suppressed 3D spoiled gradient-echo
GAG glycosaminoglycan
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KOOS Knee Injury and Osteoarthritis Outcome Score
m meter
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MRI Magnetic Resonance Imaging
PRP Platelet rich plasma
QoL Quality of life
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Abstract: Different surgical procedures have been proposed over the past few years to treat cartilage
lesions. The aim of this study was to compare mosaicplasty and matrix-assisted autologous
chondrocyte transplantation (MACT) at long-term follow-up. Forty-three patients were included:
20 mosaicplasty and 23 MACT. Patients were evaluated before and 12 years after surgery with the
International Knee Documentation Committee (IKDC) subjective and objective scores for symptoms
and function, and with the Tegner score for activity level. Magnetic Resonance Imaging (MRI)
was used to evaluate repair tissue with the MOCART 2.0 score. Mosaicplasty and MACT showed
good clinical and MRI results (IKDC subjective score 75.3 ± 21.8 and 81.8 ± 13.0, both p < 0.0005).
Mosaicplasty presented a 10% reoperation rate and a 25% overall failure rate, while no failures were
documented in MACT (p = 0.016). While size did not influence the results in the MACT group,
mosaicplasty presented lower IKDC objective and Tegner scores in lesions bigger than 2 cm2 (p = 0.031
and p = 0.014, respectively). Mosaicplasty and MACT presented both satisfactory clinical and MRI
results at long-term follow-up. However, for larger lesions, MACT presented better subjective and
objective outcomes, as well as less failures, which should be considered when choosing the most
suitable treatment for patients affected by knee cartilage lesions.

Keywords: mosaicplasty; MACT; ACI; scaffold; osteochondral autologous transplantation; OAT;
cartilage; knee

1. Introduction

Articular cartilage lesions of the knee are a common issue, often affecting a young population and
causing pain and functional impairment, with consequent high social impact [1,2]. Due to the limited
cartilage healing potential and the difficulty to restore complex biomechanical features, chondral
defects remain a challenging problem [3]. Thus, to avoid their deleterious consequences, such as the
risk of further cartilage loss and osteoarthritis (OA) development, numerous surgical procedures have
been proposed over the years to restore the articular surface with hyaline-like, durable repair tissue,
from reconstructive techniques to the more ambitious regenerative strategies [4–7]. For these surgical
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approaches, the first procedures described were osteochondral autologous transplantation (OAT)
and autologous chondrocyte implantation (ACI), respectively [8,9]. These techniques demonstrated
promising results up to long-term follow-up, but they also showed several drawbacks, such as
significant donor site morbidity for OAT [10], and the risk of graft hypertrophy for ACI [11]. Moreover,
both procedures were doomed by the complexity and morbidity of the surgical procedure, requiring
an arthrotomy, and thus producing a higher risk of joint stiffness and arthrofibrosis [12,13].

Therefore, these approaches have been further developed to overcome the aforementioned
limitations. On the one hand, the introduction of the mosaicplasty technique involved the use of
multiple autologous osteochondral plugs of smaller diameter compared to OAT, thus causing lower
morbidity, transferred from lower weight-bearing areas to the cartilage defect [14]. On the other hand,
matrix-assisted autologous chondrocyte transplantation (MACT) was introduced to overcome ACI
drawbacks thanks to the use of different types of scaffolds for chondrocyte culture and the direct
transplantation of a bioengineered tissue, a more manageable and stronger implant for an easier and
more stable positioning of the cell-scaffold construct [15]. Moreover, both options can be performed
through an arthroscopic approach, allowing to reduce patient’s morbidity, surgical time, recovery,
and complications related to open surgery [14,16]. Both techniques showed promising short-term
results, later confirmed by studies at long-term follow-up [17,18]. Mosaicplasty was suggested to
provide better clinical results compared to MACT at short-term [19], but data on long-term comparison
between these two techniques are still lacking.

The aim of this study was to compare the clinical outcomes and the quality of repair tissue
provided by mosaicplasty and MACT for the treatment of knee cartilage defects at long-term follow-up.

2. Materials and Methods

2.1. Patient Selection

All patients undergoing a cartilage repair procedure were prospectively followed, and clinical
outcomes were collected in an institutional database, approved by the Hospital Ethics Committee
and Internal Review Board of the Rizzoli Orthopedic Institute, Bologna, Italy (prot. gen. n. 39667).
Informed consent of all patients was obtained. Surgical indications for these procedures were as follows:
focal cartilage knee defects graded III–IV according to International Cartilage Regeneration & Joint
Preservation Society (ICRS) classification in patients complaining of clinical symptoms (pain, swelling,
locking, and giving way) after failure of conservative treatments. Contra-indications for surgery were
untreated limb misalignment or knee instability, diffuse arthritis or bipolar (“kissing”) lesions, and other
general medical conditions such as infectious, tumor, metabolic, rheumatic, and inflammatory diseases.
A definitive diagnosis of chondral lesion and sizing was performed during the arthroscopic procedure.
Patients who presented with an anterior cruciate (ACL) lesion at the time of surgery underwent the
combined ACL reconstruction in the same surgical session with cartilage harvesting.

A statistician, blinded to the treatment outcome, extracted two homogeneous groups of patients
from the general database treated with mosaicplasty or MACT. These groups were comparable both in
terms of patient demographics and cartilage lesion features. In detail, male or female patients were
included, aged between 18 and 40 years, with body mass index (BMI) between 18.5 and 30, treated for
lesions involving only femoral condyles (excluding trochlea and tibial plateau), with defect size between
1.0 and 3.0 cm2, traumatic or degenerative etiology (excluding osteochondritis dissecans lesions), and
evaluated up to a minimum 10-year follow-up. According to these criteria, 43 patients were included
in the study: 20 mosaicplasty and 23 MACT. The specific characteristics of the two groups are reported
in Table 1. Statistical analysis confirmed that the two treatment groups were homogeneous with regard
to gender, age, BMI, activity level, defect size and location, etiology, combined and previous surgery.
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Table 1. Comparison of patient and lesion characteristics in the two groups.

Baseline Characteristics Mosaicplasty MACT Comparison

Patients, n (Men/Women) 20 (15/5) 23 (18/5) NS
Age, y mean (SD) 28.7 (7.3) 29.1 (5.9) NS
BMI, mean (SD) 23.4 (2.6) 24.0 (2.4) NS

Sport activity, n (%)
NSNon-competitive level 11 (55.0%) 12 (52.2%)

Competitive level 9 (45.0%) 11 (47.8%)
Etiology, n (%)

NSTraumatic 5 (25.0%) 12 (52.2%)
Degenerative 15 (75.0%) 11 (47.8%)

Combined surgery, n (%) 15 (75.0%) 15 (65.2%)
NSACL reconstruction, n 9 (45.0%) 12 (52.2%)

Meniscal treatment, n 11 (55.0%) 10 (43.5%)
Previous surgery, % 8 (40.0%) 11 (47.8%)

NS
ACL reconstruction, n 4 (20.0%) 3 (13.0%)
Meniscal treatment, n 3 (15.0%) 4 (17.4%)

Cartilage treatment, n 1 (5.0%) 4 (17.4%)
Defect size, cm2 (SD) 2.0 (0.6) 2.0 (0.6) NS

Location, n (%)
NSMedial Femoral Condyle 12 (60.0%) 12 (52.2%)

Lateral Femoral Condyle 8 (40.0%) 11 (47.8%)

Statistical analysis showed no significant differences between the two groups. ACL, anterior cruciate ligament; BMI,
body mass index; MACT, matrix-assisted autologous chondrocyte transplantation; NS, not significant; SD, standard
deviation; y, years.

2.2. Surgical Techniques and Rehabilitation Protocols

Arthroscopic mosaicplasty was performed in one step using the Autogenous Osteochondral
Grafting System (Smith & Nephew, London, UK) surgical instrumentation, as previously described [20].
In brief, damaged cartilaginous and fibrous tissue was excised, and the lesion was then measured
for size and location. Recipient 15 mm deep holes were made perpendicular to the cartilage surface.
After preparing the defect area, osteochondral grafts were harvested. The donor site was preferentially
the superolateral ridge of the femoral condyle, whereas the superomedial ridge was used only when
four grafts were necessary. Tubular chisels were used to harvest the graft and then, with a smooth
cannula, the grafts were delivered into the defect. One plug was used in 4 patients, 2 plugs in 9 patients,
3 plugs in 5 patients, and 4 plugs in 2 patients. The stability of the plugs was tested by cyclic bending
of the knee while grafts were visualized.

Arthroscopic MACT was performed in two steps as previously described [21]. In brief, the first
procedure consisted of an arthroscopic biopsy of healthy cartilage, sent for chondrocyte cell culture
and subsequent seeding onto a hyaluronic acid-based scaffold (Hyaff 11, Fidia Advanced Biopolymers
Laboratories, Padova, Italy) to obtain the bioengineered tissue Hyalograft C (Fidia Advanced
Biopolymers Laboratories, Padova, Italy). After 6 weeks, the second step was performed, and
the bioengineered tissue was arthroscopically implanted through cannulated devices. Because of the
physical adhesive characteristics of the graft, no fibrin glue or sutures were used to fix the implant.
Under arthroscopic control, the stability of implanted patches was evaluated during cyclic bending of
the knee.

Postoperative rehabilitation protocols were comparable for both treatments. Postoperative
management focused on early mobilization to facilitate faster resolution of swelling, promote healing
and joint nutrition, and prevent adhesions. Passive knee range of motion (ROM) exercises on a
continuous passive motion (CPM) machine (0◦–30◦) and static quadriceps exercises were started few
days after surgery. Usually, 90◦ of knee flexion was reached within 4 weeks and full ROM within
8 weeks after surgery. Toe-touch ambulation with crutches and braces in full extension was allowed
the third or fourth week and was usually completed within 6 to 8 weeks after surgery. Progressive
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recovery of functional daily activities and muscle strength were performed, with particular care during
exercises in open kinetic chain, which were allowed only after 12 weeks. In the mosaicplasty group,
full athletic activity was permitted after 4 months and contact and traumatic sports were allowed
after 6 months. In the MACT group, high-impact activities were discouraged until 10 to 12 months
after implantation.

2.3. Clinical and Radiological Evaluation

Patients were evaluated before surgery and prospectively for a mean of 12 years of follow-up
(140.2 ± 15.1 months, range 120–168 months) with the International Knee Documentation Committee
(IKDC) subjective and objective scores for the evaluation of knee symptoms and function, and with
the Tegner score for activity level. Effusion and passive motion deficit were used to determine the
final functional grade of the knee (A—normal, B—nearly normal, C—abnormal, or D—severely
abnormal). Failures were also recorded: the procedures were considered to have failed if the patient
needed a reoperation because of symptoms related to the primary defect. For these patients, the
scores of the latest follow-up available before reoperation were carried forward at the final follow-up.
Besides surgical failures, patients without a clinically significant improvement (10 IKDC subjective
points compared with the baseline evaluation, as previously described [22]) were considered to be a
clinical failure.

Magnetic Resonance Imaging (MRI) was used to evaluate the repair tissue in 30 knees (15 of
the mosaicplasty group and 15 of the MACT group) at long-term follow-up. MRI evaluation was
performed using a 1.5-T superconducting magnet (General Electric Co, Fairfield, Connecticut) with
a dedicated phased array (8 channels) HD knee coil. The following sequences were used for graft
evaluation: sagittal fast spin echo proton density weighted with fat saturation (TR 3500, TE 22, FOV
16, slice thickness 3 mm, Matr 320 × 256); sagittal T2 MAP (TR 1000, echoes 8 FOV 16, Th. 3 mm
Matr 320 × 224); sagittal 3D “Cube” proton density weighted (TR 2500, TE 30, FOV 20, slice thickness
0.8 mm Matr 288 × 288); coronal fast spin echo proton density weighted with fat saturation (TR 2600,
TE 40, FOV 16, slice thickness 4 mm, Matr 320 × 224); axial fast spin echo proton density weighted with
fat saturation (TR 2600, TE 40, FOV 16, slice thickness 4 mm, Matr 320 × 224). The magnetic resonance
observation of cartilage repair tissue (MOCART) 2.0 scoring system was applied for graft evaluation,
which considers seven variables to describe morphology and signal intensity of the repair tissue [23].
All imaging evaluations were performed by an orthopedic surgeon and a musculoskeletal radiologist
experienced in cartilage regeneration procedures in consensus.

2.4. Statistical Methods

All continuous data were expressed in terms of mean ± SD, categorical variables were expressed
as proportions or percentages. The Shapiro-Wilk test was performed to test normality of continuous
variables. The Levene test was used to assess the homoscedasticity of the data. Repeated measures
ANOVA was performed to compare the scores at different follow-up times. The one way ANOVA test
was performed to assess the between group differences of continuous and normally distributed and
homoscedastic data; the Mann-Whitney test was used otherwise. The Spearman rank correlation was
used to assess correlations between numerical scores and continuous data, the Kendall’s tau correlation
was used to assess correlations between ordinal scores and continuous data. Pearson’s chi square exact
test was performed to investigate relationships between grouping variables. For all tests p < 0.05 was
considered significant. All statistical analysis was performed using SPSS v.19.0 (IBM Corp., Armonk,
NY, USA).

3. Results

Both groups showed a marked improvement of all clinical scores from baseline to the last follow-up.
The IKDC subjective score improved significantly in the mosaicplasty group from the basal level of
38.1 ± 11.8 to 75.3 ± 21.8 (p < 0.0005) at the final follow-up. Similarly, in the MACT group there was
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a significant improvement from the basal level of 37.6 ± 14.9 to the final follow-up of 81.8 ± 13.0
(p < 0.0005). No significant differences in the IKDC subjective scores were found between mosaicplasty
and MACT groups (Figure 1).

Figure 1. Comparison of the International Knee Documentation Committee (IKDC) subjective score
achieved at a final follow-up of 12 years by both groups of patients. The values are expressed in
median and 25th and 75th percentiles. No significant differences were found between the two groups.
FU, follow-up.

The IKDC objective score in the mosaicplasty group improved from baseline, where no knees
were evaluated as normal or nearly normal (13 C, 7 D), to 16 normal or nearly normal knees at 12
years of follow-up (7 A, 9 B, 3 C, 1 D). In the MACT group, this score improved from 7 normal
or nearly normal knees at baseline (1 A, 6 B, 9 C, 7 D) to 23 at the final follow-up (16 A, 7 B). The
IKDC objective score improvement was significantly higher in the MACT group compared with the
mosaicplasty group at 12 years of follow-up (p = 0.029). The Tegner score in the mosaicplasty group
showed a significant improvement from 2.9 ± 1.4 at the pre-operative evaluation to 5.0 ± 2.4 at the final
follow-up (p = 0.043); however, the mean activity level remained lower vs. pre-injury (7.1 ± 2.0, p =
0.081). Similarly, the Tegner score of the MACT group showed a statistically significant improvement
(p = 0.001) from the pre-operative level (1.6 ± 1.5) to the final follow-up (5.3 ± 2.1), although also in
this case without reaching the pre-injury level (7.0 ± 1.6, p = 0.081). No significant differences were
found in the Tegner scores between mosaicplasty and MACT at the final follow-up, with only eight
patients for each group achieving the pre-injury activity level 12 years after surgery (Figure 2).

Two patients of the mosaicplasty group failed (one with four plugs and one with three plugs)
and were treated with MACT 2 years after the treatment, fixing a 10% reoperation rate. At the final
mean follow-up of 12 years, three more patients in the mosaicplasty group (one patient with one plug,
one with two plugs, and one with four plugs) were considered clinical failures, for an overall failure
rate of 25%, significantly higher compared to the MACT group, where no surgical or clinical failures
occurred (p = 0.016).

The MRI findings of 30 knees (15 mosaicplasty and 15 MACT), analyzed with the MOCART 2.0
scoring system, showed a high rate of cartilage defect filling in both groups, and a complete integration
into the adjacent cartilage in half of the patients in both groups. However, the surface of the repair
tissue was damaged in the majority of cases. The structure of the repair tissue was homogeneous
in most cases, and the signal intensity was normal (isointense) in half of the patients in both groups.
At subchondral bone level, a bony defect or bony overgrowth was reported in the majority of patients,
while an edema-like marrow signal was reported in almost half of the patients in both groups (Figures 3
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and 4). No significant differences were reported between the two groups in the overall MOCART 2.0
scores and in all the seven subscales (Table 2).

Further analysis was performed to determine the parameters that influenced the clinical outcome
at the final follow-up in the two treatment groups. Defect size was found to significantly influence
the final IKDC scores between the two groups, with MACT producing significantly higher objective
results (p = 0.031) and a tendency for higher subjective results compared to mosaicplasty (81.8 ± 18.3
vs 58.8 ± 25.0, p = 0.092) for lesions > 2 cm2. Moreover, while size did not influence results in the
MACT group, patients with lesions bigger than 2 cm2 had a lower improvement in their activity level
as measured by Tegner (p = 0.014) (Figure 5). Conversely, age, sex, BMI, site, etiology, number of plugs
(for the mosaicplasty group), and previous or associated surgery did not significantly influence the
final clinical outcome. No correlations were also found between MOCART 2.0 total scores or subscales
and basal parameters, including age, BMI, and defect size. Moreover, no correlations were found
between clinical scores (IKDC subjective and objective, and Tegner score) and MOCART 2.0 total scores
or subscales at final follow-up.

 
Figure 2. Comparison of the Tegner scores achieved at a final follow-up of 12 years. In both groups,
scores improved significantly from the pre-operative level to the final follow-up, even though the mean
activity level remained significantly lower vs. pre-injury. No differences were found in sports activity
levels between the two groups. FU, follow-up; Pre-inj, pre-injury; Pre-op, pre-operative.

 

Figure 3. MRI evaluation at 11 years’ follow-up of a medial femoral condyle lesion treated with
mosaicplasty in a 37-year-old man. Sagittal 3D "Cube" PD (a) and coronal PD FAT SAT (b) demonstrate
a good filling of the defect (arrows) and a complete integration into adjacent cartilage. However, there is
an inhomogeneous structure of the repair tissue with adjacent bony overgrowth.
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Figure 4. MRI evaluation at 9 years’ follow-up of a medial femoral condyle lesion treated with
matrix-assisted autologous chondrocyte transplantation in a 39-year-old woman. Sagittal 3D “Cube”
PD (a) and coronal PD FAT SAT (b) demonstrate a good filling of the defect (arrows) and integration
into adjacent cartilage, a homogeneous structure and a normal signal intensity of the repair tissue.
Moreover, no significant bony defect, bony overgrowth, or major subchondral changes were detected.

Table 2. Magnetic resonance Observation of Cartilage Repair Tissue (MOCART) 2.0 evaluation.

MOCART 2.0 Knee Score: Cartilage Repair Tissue Assessment
Mosaicplasty

Group
MACT
Group

Comparison

1
Volume fill of

cartilage defect

Complete filling or minor hypertrophy 4 (26.7%) 4 (26.7%)

NS
Major hypertrophy (≥ 150%) or 75% to 99% filling 6 (40.0%) 8 (53.3%)

50% to 74% filling 4 (26.7%) 3 (20.0%)
25% to 49% filling 1 (6.6%) 0

< 25% filling or complete delamination in situ 0 0

2
Integration into

adjacent
cartilage

Complete 8 (53.3%) 8 (53.3%)

NS
Split-like defect ≤ 2 mm 3 (20.0%) 6 (40.0%)

Defect > 2 mm but < 50% of repair tissue length 4 (26.7%) 1 (6.7%)
Defect ≥ 50% of repair tissue length 0 0

3
Surface of the
repair tissue

Intact 5 (33.3%) 3 (20.0%)
NSDamaged: < 50% of the repair tissue diameter 8 (53.3%) 10 (66.6%)

Damaged: ≥ 50% of the repair tissue diameter 2 (13.4%) 2 (13.4%)

4
Structure of the

repair tissue
Homogeneous 11 (73.3%) 10 (66.7%)

NSInhomogeneous 4 (26.7%) 5 (33.3%)

5
Signal intensity

of the repair
tissue

Normal 7 (46.7%) 9 (60.0%)
NSMinor abnormal: minor hyperintense or minor hypointense 7 (46.7%) 6 (40.0%)

Severely abnormal 1 (6.6%) 0

6
Bony defect or

bony
overgrowth

No bony defect or bony overgrowth 7 (46.6%) 5 (33.3%)

NS
Bony defect: depth < thickness of adjacent cartilage or

overgrowth < 50% of adjacent cartilage 4 (26.7%) 9 (60.0%)

Bony defect: depth ≥ thickness of adjacent cartilage or
overgrowth ≥ 50 % of adjacent cartilage 4 (26.7%) 1 (6.7%)

7
Subchondral

changes

No major subchondral changes 8 (53.3%) 8 (53.3%)

NS

Minor edema-like marrow signal: maximum diameter < 50%
of the repair tissue diameter 7 (46.7%) 4 (26.7%)

Severe edema-like marrow signal: maximum diameter ≥ 50%
of the repair tissue diameter 0 3 (20.0%)

Subchondral cysts ≥ 5 mm or osteonecrosis-like signal 0 0

Total score,
mean ± SD - 74.0 ± 17.1 75.7 ±

13.6 NS

MACT, matrix-assisted autologous chondrocyte transplantation; MOCART, magnetic resonance observation of
cartilage repair tissue; NS, not significant; SD, standard deviation.
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Figure 5. Evaluation of the defect size effect on the International Knee Documentation Committee
(IKDC) subjective score and the percentage Tegner Score improvement at a final follow-up of 12 years in
both groups of patients. The asterisk (*) indicates for the MACT group a tendency for higher subjective
results compared to the mosaicplasty group for the defect area > 2 cm2 (p = 0.092). The double
asterisk (**) indicates a lower improvement in terms of Tegner Score for the defect area > 2 cm2 in the
mosaicplasty group (p = 0.014).

4. Discussion

The main finding of this study is that both mosaicplasty and MACT techniques provided
satisfactory clinical results at long-term follow-up in two homogeneous groups of patients affected
by knee cartilage defects. Additionally, the MRI evaluation suggested a good and durable quality of
repair tissue, although without correlations with the clinical outcomes. The comparative analysis of
the two procedures suggested that while similar results were obtained for small lesions, MACT should
be preferred versus mosaicplasty when addressing larger knee cartilage defects.

The overall clinical results reported in this study are in line with other recently published long-term
studies, showing that both mosaicplasty and MACT may offer satisfactory and durable results when
applied for the treatment of relatively small chondral lesions of knee femoral condyles [17,24–26].
In the largest available study of mosaicplasty that included 831 patients evaluated at 10 years of
follow-up, Hangody et al. reported 92% good-to-excellent results with a low complication rate [26].
Similarly, Andriolo et al. performed a long-term evaluation at 15 years of follow-up in 113 patients
treated with MACT, reporting a significant and stable clinical scores improvement. Even the failures
rates reported in this study reflect the literature findings, with higher failure rates documented in
patients treated with mosaicplasty technique compared to MACT. Pareek et al. [13] found that, at an
average follow-up of 10 years, patients who underwent mosaicplasty had an overall failure rate of
28% and a reoperation rate of 19%, thus reflecting the results obtained in the current study (overall
failure rate of 25% and a reoperation rate of 10%). The survival of MACT of the present study appears
to be actually higher than previous findings. A systematic review reported a failure rate of 10.4% at
mid-long term follow-up in patients treated with MACT [27]. However, these differences may be due
to the different populations of patients considered; other studies demonstrated a higher failure rate in
some patients categories, such as knee osteoarthritis and patellar defects [25,28], and these types of
patients were excluded in the current study, where no failures were documented in the MACT group.

Long-term results of both mosaicplasty and MACT have also been evaluated in comparison with
other cartilage repair techniques. Compared to microfractures, mosaicplasty resulted in significantly
better outcomes in several studies at long-term follow-up [29–31]. In particular, even though both
mosaicplasty and microfractures presented a worsening of results at 10 years, Gudas et al. [32]
reported significantly better results in patients treated with mosaicplasty, which presented a higher
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activity level, a lower failure rate, and a lower radiographic evidence of osteoarthritic degenerative
progression. These results may be explained by the better quality of repair tissue provided by the use
of autologous graft compared to fibrocartilage obtained with bone marrow stimulation techniques [32].
Similarly, MACT also presented better patient-reported outcome scores and lower failures compared
to microfractures [33,34]. Additionally in this case, the excellent durability of MACT results could be
explainable by the hyaline-like tissue restored [35], compared to the fibrocartilaginous repair tissue
provided by microfractures as demonstrated by MRI studies [36,37].

The role of MRI in assessing cartilage repair tissue has been widely reported [38], and the imaging
results of this study confirmed the literature findings in both treatment groups, with high MOCART
2.0 scores. However, several suboptimal imaging findings were also documented, both in terms of
surface integrity and subchondral bone alterations, although these findings did not correlate with
clinical results. To this regard, previous studies were controversial in regard the clinical significance of
MRI findings. Tetta et al. [39] showed that mosaicplasty implants with a better imaging appearance
also presented better objective and subjective scores, and Kon et al. [40] confirmed this correlation
in patients treated with MACT. Conversely, Adrian et al. [41], while demonstrating a good-quality
repair tissue at 10 years after MACT, found no correlation between clinical outcome and MRI results.
These controversial findings have to be interpreted in light of a meta-analysis investigating the
correlation between MRI and clinical outcomes after cartilage repair [42]. In fact, only 28% of the
included studies found such correlation, leaving unanswered the question of whether MRI is reliable
in predicting clinical outcomes after cartilage repair. Therefore, caution should be recommended when
interpreting MRI findings and greater importance should be placed on the patient clinical evaluation.
This is especially true in a comparative study such as the current one, aiming at determining the most
suitable treatment in patients affected by cartilage lesions.

The present study compared both clinical and imaging outcomes of mosaicplasty and MACT
at long-term follow-up. The results of these techniques in the literature, evaluated singularly,
were confirmed, with good and long-lasting results and a low surgical failure rate. Mosaicplasty and
MACT also showed similar overall clinical outcomes and comparable tissue repair quality at MRI
evaluation. However, this comparative analysis underlined some interesting aspects. MACT presented
better clinical results in relatively larger cartilage lesions, better objective findings, and a lower failure
rate compared to mosaicplasty. These findings are inconsistent with the only available comparative
analysis of these two techniques at short-term follow-up [19]. In detail, Clavé et al. reported a
significantly greater symptom improvement 2 years after treatment for mosaicplasty compared to
MACT in defects larger than 3.5 cm2, while no significant difference was found for smaller lesions [19].
On the other hand, in contrast to these results, Bentley et al. [43] reported a higher rate of failure in
patients with large cartilage lesions treated with mosaicplasty compared to first-generation ACI at
long-term follow-up, thus underlining that mosaicplasty is not a suitable option for the treatment of
large lesions. This result was confirmed by other authors that investigated the significance of the lesion
size for mosaicplasty technique, showing better clinical improvement in patients affected by small
lesions [44,45]. An important aspect related to the lesion size is the number of plugs used to cover the
defect being correlated with the clinical outcomes and the failure rate [45]. A limited number of plugs
could correlate with better results probably because of the cylindrical shape of the grafts that does not
allow optimal coverage of the lesion site by multiple grafts, leaving residual small uncovered areas
that might impair or diminish the healing process [46,47].

Another important aspect that needs to be taken into account when evaluating cartilage procedures
is the clinical profiling, aimed at determining the patient and lesion characteristics which may play a
prognostic role on the final outcome [48]. Many studies evaluated several factors that can influence
the failure rate of both these techniques. Among them, age, sex, etiology and size of the defect seem
to modify the failure rate, with female patients, older patients and those affected by degenerative
or larger lesions, complex cases, and patients undergoing salvage treatment being more at risk of
failures [13,24,25,49,50]. Such profiling of patient characteristics which may influence the outcome
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were not possible in this series due to the low number of patients, although interesting findings could
be underlined for the most suitable treatment indication based on the lesion size.

The current study has limitations that should be considered in the interpretation of the results.
First of all, the retrospective design, with consequent lack of randomization, may entail an inclusion
bias, with different patients treated with different procedures. Nevertheless, data were collected
prospectively, and the strict patient selection by a statistician blinded to the study outcome allowed
us to obtain two homogeneous groups to compare, thus allowing us to draw conclusions about the
selected population. The absence of an intermediate evaluation is another limitation. Unfortunately,
some patients of the two treatment groups were not evaluated at the intermediate follow-ups, hindering
the possibility to better understand possible oscillations of the outcomes over time between the two
techniques. Nevertheless, short and mid-term follow-ups of both procedures have already been
reported in the literature. Secondarily, the relatively small number of patients evaluated hindered
the possibility to confirm some correlations between outcome and influencing factors. Moreover,
a slight (although not significant) heterogeneity was present between the two groups in terms of
etiology, with some more degenerative cases in the mosaicplasty group. Nevertheless, the current
survey represents the largest population evaluated in a comparative long-term analysis, and allowed
meaningful clinical and MRI results, showing overall good results over time for both techniques,
but lower results for mosaicplasty in lesions larger than 2 cm2. Other limitations are the absence of
arthroscopic and histologic examinations, and of a radiologic follow-up, often considered the ideal
technique for evaluating cartilage quality and OA evolution. Moreover, the imaging evaluation was
not available for all patients, because some patients declined to undergo MRI exam. Nevertheless,
the high rate of MRI evaluations at long-term follow-up and the use of the recent MOCART 2.0 tool
offered important information regarding the state of the repair tissue and of the whole joint, leaving
the analysis of the degenerative progression to future studies with longer follow-up times.

Alternative solutions have been explored to restore the articular surface while overcoming
the drawbacks of mosaicplasty and MACT, aiming at lowering costs, simplifying the procedure,
and improving long-term results [51,52]. The most recent developments involve the use of cell
sources for one-step solutions or the application of biomaterials, such as a cell-free approach [53–56].
Nevertheless, while research is moving forward, it is fundamental to keep documenting the results of
the most established procedures like mosaicplasty and MACT, to better understand how much and
how long can patients benefit from these cartilage procedures, to detect the ideal candidates through a
patient profiling, and to set a reference point to measure the potential of the other emerging solutions.
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Abstract: (1) Background: Osteonecrosis (ON) of the femoral head is a disabling disease for which
limited treatment options exist. Identifying therapeutic targets of its evolution could provide crucial
insights into multi-targeted approaches. The aim of this pilot study was to assess the histopathological
features of patients with non-traumatic femoral head (NTFH) and post-traumatic femoral head
(PTFH) ON to produce a fresh vision for clinical use. (2) Methods: We got biopsies from patients with
different ON stages, according to the ARCO system. Samples from multi-organ donors were used as
controls. Histological and immunohistochemical evaluations were performed on the osteochondral
unit. (3) Results: The PTFH group displayed several fibrotic reactions, a small stem cell pool and
a lower international cartilage repair society (ICRS)-I score than NTFH, which instead presented
intact cartilage similar to the controls. Immunostaining for collagen I and autotaxin confirmed these
features in the PTFH group, which displayed top levels of MMP-13 involved in cartilage loss and
reduced CB-2 in the underlying bone. Both groups manifested a similar pattern of apoptotic and
pain mediators. (4) Conclusions: The different histopathological features suggest a multi-disciplinary
and multi-targeted approach for ON. Further studies are necessary to measure the effect size to gain
clinical evidence.

Keywords: osteonecrosis; osteochondral unit; tissue remodelling and repair; multi-targeted approach

1. Introduction

Osteonecrosis (ON) of the femoral head is a progressive and disabling disease, affecting active
patients between the third and fifth decade of life with a high burden on the healthcare system [1–3].
The pathogenesis of ON involves the interplay of genetic, local and metabolic aspects with a different
incidence rate among men and women (ratio male/female: 4:1) [4–7]. It is possible to identify two
major types of ON aetiologies. The aetiology in ON patients with post-traumatic femoral head
(PTFH) ON includes previous traumatic events; non-traumatic femoral head (NTFH) ON aetiology
includes corticosteroid use, alcohol abuse, obesity, autoimmune diseases, and immunosuppressive
therapies [7–9]. The pathology reflects a dynamic course leading to femoral head collapse because of
subchondral bone fractures and inadequate bone repair [10–12]. Skeletal complications and pain in
ON patients occurs because of abnormal osteoblastic and osteolytic activities [13,14]. In particular,
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ON patients showed impaired action of the OPG/RANKL/RANK signalling pathway [9,14]. Wang X.
and his group observed a similar behaviour whereby ON patients displayed increased levels of
osteoprotegerin (OPG), receptor activator of nuclear factor-kB (RANK), and its ligand (RANKL)
genes in ON necrotic areas [15]. Beyond such classical signalling pathways, scientists have even
started testing the role of cannabinoids (CN) in bone repair, as bone-marrow-derived osteoclasts and
osteoblasts [16], MC3T3 E1 osteoblast-like cells [17] and osteocytes express CN receptors [18]. Beyond
the critical role of bone in the ON setting, scientists have pointed great attention towards the articular
cartilage, because of its close anatomic continuity and communication with the underlying subchondral
bone [19,20]. In particular, several authors stressed the clinical significance of considering structural
cartilage changes following the mechanical stress induced by the collapse of the subchondral bone in
ON [21–23]. However, these changes contribute to altering the biomechanics of the joint leading to OA
progression and finally to joint destruction.

There is no gold-standard treatment for ON because of the controversial results [24,25]. Selecting
treatment options for ON depends on many factors, including the pathology stage, patients’ age and
health conditions, and lesion size and location [26,27]. In particular, treatments for ON management in
the pre-collapse stage include non-surgical (weight control), pharmacological or biophysical techniques,
and mesenchymal stromal cell (MSC)-based therapy [27–31]. Total hip arthroplasty is among the best
therapeutic alternatives after the collapse of the femoral head. However, it has its disadvantages
(e.g., infection, revision, and dislocation) [24,25]. Therefore, many scientists focused on femoral
head regeneration. In 2002, Hernigou P. and his group reported promising results following MSC
therapy in ON patients in the pre-collapse stage at 5 to 10 years of clinical follow-up [29]. A recent
review summarised that MSCs could regenerate the necrotic area of the femoral head by injecting
the suspension into the lateral artery of the circumflex or loading on carriers via core decompression
and implantation [32]. Testing the crosstalk between cartilage and the underlying subchondral bone
is essential to achieve global comprehension of physiological responses in ON disease. Differences
between ON patients with various aetiologies could give first perspectives for tailored-based therapies.
In this light, we conducted a small-scale preliminary (pilot) study aimed at evaluating histopathological
features in two ON patient groups with NTFH and PTFH. Study design foresaw investigating several
mediators modulating the osteochondral unit to get more knowledge of potential therapeutic targets
for ON. In particular, we selected collagen I and autotaxin (ATX) to test the fibrotic reactions commonly
causing poor mechanical properties and the limited capacity of MSCs to differentiate towards collagen
type II in cartilage [33,34]. The axis ATX/lysophosphatidic acid (LPA) regulates collagen type I
biosynthesis and plays essential functions in bone metabolism, thus resulting in an attractive molecular
target [34,35]. We tested tissue destruction by selecting matrix metalloproteinases (MMP-13) and
aggrecanases (ADAMTS-5), causing the proteolytic cleavage of collagens and the aggrecan protein [36].
As for apoptosis reactions, we tested active caspase 3, which is a well-known biochemical marker
of both early- and late-stage apoptosis [37]. We tested the endocannabinoid receptor-2 (CB-2), as it
is present in distinct cell types of the joint, like chondrocytes, bone cells, progenitor cells during
osteoarthritis and rheumatoid arthritis with potential therapeutic implications [38]. We chose the
neurotrophin nerve growth factor (NGF) and the nociceptive peptide substance P (SP) to test the pain
response [39,40].

2. Materials and Methods

2.1. Patient Data and Surgical Procedure

This study obtained approval from the Ethics Committee of IRCCS Istituto Ortopedico Rizzoli
(Prot. gen. n. 26146 del. 31.10.2006). Eleven male patients with clinical and radiological signs of
ON of the femoral head gave their informed written consent to this study. We selected patients
according to specific inclusion and exclusion criteria. Inclusion criteria foresaw the enrolment of
male patients with a mean age between 18–50 years and clear signs of hip osteonecrosis by MRI.
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Exclusion criteria foresaw the exclusion of patients showing metabolic diseases, rheumatoid arthritis,
autoimmune and neurological disorders. In this study, five ON patients showed NTFH (mean age
37 ± 4; range: 30–43), whereas six ON patients had PTFH (mean age/SD: 30 ± 3; range: 25–37).
The aetiology of the NTFH group included glucocorticoid treatment. ON patients included in the
NTFH group did not report aetiology for alcohol abuse and autoimmune diseases; only one patient
had a chronic bowel disorder. NTFH and PTFH patients underwent preoperative MRI and X-ray
using the Association Research Circulation Osseous (ARCO) evaluation system [41]. This system
considers the size of the necrotic lesion, its femoral head extent, and the joint involvement (Stage I:
normal on X-ray and CT; Stage IV: the destruction of joint with secondary arthritic changes; A, B
and C describe the extent of ON involvement: A: non-articular, B: medial; C: central). We reported a
scientific diagram of the weight-bearing area of the femoral epiphysis where we harvested biopsies
(see Supplementary Figure S1). Patients’ femoral heads underwent surgical repair with a synthetic
resorbable osteochondral scaffold plug. During the procedure, surgeons collected osteochondral
biopsies of the lesions from the weight-bearing area of the femoral head with a 10-mm diameter through
a 12–14-mm deep trocar. All samples were processed for histological and immunohistochemical
analyses. We used the femoral head from three male multi-organ donors (mean age/SD: 35 ± 5; range:
30–40) as healthy controls. Multi-organ donors did not suffer from any musculoskeletal disease.
We selected the donors through the bone bank program for tissue donation after the family’ s donor
consent. Femur harvesting was performed within six hours from asystole, and involved its excision
and placement in Dulbecco-modified Eagle medium with L-glutamine, NaHCO3, and antibiotics,
and storage at 4 ◦C.

2.2. Histological Assessment

Osteochondral samples were fixed with 10% buffered formalin and decalcified in 4% hydrochloric
acid and 5% formic acid [42]. After processing with a graded alcohol series, specimens were embedded
in paraffin. We tested proteoglycan and collagen content by staining tissue sections with 0.1%
Safranin-O/0.02% Fast Green (Sigma Aldrich, St Louis, MO, USA). International Cartilage Repair
Society (ICRS)-I score was used for evaluating the histological features [43]. This score considers
six parameters: surface, matrix organization, cell distribution, cell viability, subchondral bone and
cartilage mineralization. It has a range from 0 (presence of fibrous tissue) up to 18 (presence of
healthy osteochondral tissue). We assessed necrotic bone lesions with the Ficat and Arlet classification
system [44]. This system considers four types of bone necrosis. Its score ranges from 0 (slight disease)
to 4 (severe disease). Six microscopic fields, spaced 20 sections, were assessed for each sample by two
blinded investigators (GD, IB) with an Eclipse 90i microscope (Nikon, Melville, NY, USA).

2.3. Immunohistochemical Analyses

Analyses for collagen type I, caspase-3, MMP-13, ADAMTS-5, autotaxin, NGF, SP, and CB-2 were
performed. After antigen retrieval with 0.1% proteinase (Sigma) at 37 ◦C for 20 min, the sections
were blocked with 2% bovine serum albumin (Sigma) in phosphate-buffered saline for 30 min. Then,
an incubation with human collagen type I (2 μg/mL; Chemicon International, Temecula, CA, USA),
caspase-3 (5 μg/mL; R&D Systems), ADAMTS-5 (1 μg/mL, Abcam), MMP-13 (5 μg/mL, R&D Systems,
Minneapolis, MN, USA), autotaxin (2 μg/mL; R&D Systems), NGF (1 μg/mL, Chemicon), and CB-2
(5μg/mL; Novus Biologicals) was carried out. Specific negative controls were performed by omitting the
primary antibodies or using an isotype-matched control while we stained nuclei with CAT hematoxylin
(Biocare Medical). Six microscopic fields (100× magnification) were assessed for each sample by
a blinded investigator with a semi-quantitative method. We firstly segmented cartilage and the
subchondral bone for each marker by selecting zones apart from the tidemark, especially for the PTFH
group where the tidemark was fragmented. Image acquisition and processing with an Eclipse 90i
microscope (Nikon) and NIS-Elements Software were used for the image analysis of stained sections
with the Hue/Saturation/Intensity (HSI) system. Hue (H) was assessed by setting the threshold for
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positive pixels at 220 to 255. Ranges from 0 to 150 were threshold values for S and I. The measurement
of positive cells and area for each marker was done on the entire osteochondral sample (10× objective
lens) and expressed as a percentage of positive cells and area on a scale from 0 (no protein expression)
to 100 (the highest protein expression).

2.4. Statistical Analysis

Graph Pad Prism software was adopted for statistical analysis. The Kolmogorov–Smirnov test
was used to test the data distribution. We used the Mann–Whitney U test for unpaired data to assess
differences in NTFH and PTFH groups. We reported data in a scatter plot graph with mean ± standard
deviation (SD). p < 0.05 was considered significant.

3. Results

3.1. Radiographic Assessment

According to the ARCO osteonecrosis classification system, patients with NTFH and PTFH
displayed different stages of ON. The NTFH group reported three patients with III C stage and
two patients with IV C. Patients with III C stages showed clear signs of ON and separation of the
subchondral bone from the necrotic cancellous bone. Patients with IV C revealed joint space narrowing
following the femoral head collapse. The PTFH group included four patients with IV C and two with
IV B, which reported bone fracture and subsequent arthritic changes.

3.2. NTFH and PTFH Groups Displayed Different Histological Features in Cartilage and Bone

The control group showed a regular cartilage surface, adequate cell distribution and rich
proteoglycan content. Bone tissue was also well-structured with osteocytes embedded in the bone
matrix and trabecular spaces containing bone marrow and blood vessels (Figure 1a). The NTFH
group showed a regular cartilage surface with small discontinuities and good proteoglycan content.
The extracellular matrix of specimens with radiographic IV C stage displayed a reduced number of
cells, some cell clones, and tidemark discontinuities. Bone tissue showed a low number of osteocytes
and necrosis of the bone marrow in the trabecular spaces. No inflammatory reactions were, however,
present (Figure 1a). The PTFH group exhibited a typical fibrocartilaginous aspect with several cracks
in the superficial zone, and an altered cell arrangement with round cells interposed in the extracellular
matrix. The tidemark displayed non-continuous areas with cells migrating from the subchondral bone
towards the cartilage. The PTFH group showed trabecular spaces containing fibroblasts, blood vessels,
and osteoclasts but no inflammatory infiltrate (Figure 1a). The NTFH group showed a higher ICRS-I
score than the PTFH group (p < 0.05), reporting mean values of 13.1 ± 0.6 and 7.8 ± 0.9, respectively
(Figure 1b). The PTFH group exhibited a worse histological aspect, different from the control group,
which reported a mean value of 16.8 ± 0.6 (p < 0.001) (Figure 1b). As for the cartilage parameters,
the extracellular matrix and the tidemark showed better organization in NTFH rather than in the PTFH
group (p < 0.001) (data not shown). The Ficat classification system gave evidence of more degenerative
changes in the subchondral bone marrow of PTFH group when compared with NTFH group but with
no statistical evidence (Figure 1b).
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Figure 1. (a) Safranin-O/Fast Green staining of cartilage and subchondral bone from healthy controls,
and two groups of patients with non-traumatic femoral head (NTFH) ON (n = 5), and post-traumatic
femoral head (PTFH) ON (n = 6). Red: proteoglycans; green: collagen. Scale bar: 50 μm. IG isogenic
groups: CL cell clusters; L: empty lacunae; FIS fibrillation processes; HC hypertrophic chondrocytes;
T tears; Bo bone tissue; BM bone marrow; AT adipose tissue; BV blood vessels; FIB fibrous tissue;
OC osteoclasts; E erythrocytes. (b) Graphical representation of ICRS and Ficat scores of the osteochondral
unit of control, NTFH and PTFH groups. Data are reported in a scatter plot graph with mean ± standard
deviation (SD). * p < 0.05: NTFH versus PTFH; *** p < 0.001: PTFH versus the control group.

3.3. PTFH Group Displayed a Higher Expression of Fibrotic Markers than NTFH Specimens

The control group showed low protein expression for type I collagen in cartilage, whereas we
noticed a high percentage of this marker in the underlying subchondral bone (Figure 2a,b). Fibrosis
reactions in terms of the presence of type I collagen were more robust in the cartilage of the PTFH
group compared to the NTFH group (Figure 2a,b). This latter group showed higher type I collagen
expression compared to the control (p < 0.05) and NTFH groups (p < 0.05). As for autotaxin, the two
ON groups did not show any difference; however, the PTFH group reported a higher amount of this
marker compared to the control group (p < 0.05). The NTFH group showed mild protein expression
for both collagen type I and autotaxin, especially in the articular cartilage.
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Figure 2. (a) Immunostaining for collagen type I and autotaxin of control, NTFH and PTFH groups.
Scale bar: 50 μm. Black arrows: positive areas for markers. (b) Graphical representation of quantitative
measurements for collagen type I and autotaxin in control, NTFH and PTFH groups. Data are reported
in a scatter plot graph with mean ± SD. Collagen type I: * p < 0.05: Control versus PTFH group;
* p < 0.05 NTFH versus PTNH group. Autotaxin: * p < 0.05: Control versus PTFH group.

We did not find any difference for caspase-3 between the NTFH and PTFH groups. Both specimens
displayed higher cell positivity for this marker when compared to the control group (Figure 3a,b).
Regarding CB-2, a molecule involved in bone remodelling and pain responses, the control group
displayed moderate expression, especially near bone marrow spaces, and at a lesser extent in the
osteocytes. The NTFH group revealed higher protein expression for CB-2 in chondrocytes than in
osteocytes and bone marrow precursors within the subchondral bone. The PTFH group displayed a
similar behaviour (Figure 3a,b).

To assess the breakdown of the extracellular matrix, we analysed ADAMTS-5 and MMP-13 as
catabolic markers. All cartilage and bone specimens showed low levels of ADAMTS-5, with no
difference between the two ON groups (Figure 4a,b). As for MMP-13, the PTFH group displayed a
higher cell positivity in the middle and deep layers of articular cartilage when compared to the control
and NTFH groups (p < 0.05) (Figure 4a,b).
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Figure 3. (a) Immunostaining for caspase-3 and CB-2 of the control, NTFH and PTFH groups. Scale bar
= 50 μm. Black arrows show positive cells. (b) Graphical representations of the percentage of positivity
for caspase 3 and CB-2. Data are expressed in a scatter plot graph with mean ± standard deviation (SD).
Caspase 3: * p < 0.05: Control versus NTFH group; * p < 0.05: NTFH versus PTFH group.

(a) 

Figure 4. Cont.
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Figure 4. (a) Immunostaining for ADAMTS-5 and MMP-13 in osteochondral tissues from the control,
NTFH and PTFH groups. Scale bar = 50 μm. Black arrows show positive cells. (b) Graphical
representations of the percentage of positivity for ADAMTS-5 and MMP-13. Data are expressed in a
scatter plot graph with mean ± standard deviation (SD). MMP-13: ** p < 0.001: Control versus PTFH
group; * p < 0.05: NTFH versus PTFH group.

We analysed NGF and the substance P (SP) nociceptive fibre pattern to test the pain response.
Both NTFH and PTFH groups showed higher immunostaining for NGF in the cartilage rather than in
the underlying subchondral bone (p < 0.05) (Figure 5a,b). Both ON groups displayed an increased
SP positivity near cell clones of the articular cartilage and hypercellular and fibrotic areas of the
subchondral bone (Figure 5a,b).

(a) 

(b) 

Figure 5. (a) Immunostaining for NGF and SP in osteochondral tissues from control, NTFH and
PTFH groups. Scale bar: 50 μm. Black arrows: positive areas for the selected markers. (b) Graphical
representation of quantitative measurements for NGF and SP in control, NTFH and PTFH groups.
Data are expressed in a scatter plot graph with mean ± standard deviation (SD).
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4. Discussion

The search for ON therapies capable of controlling the joint microenvironment is a unique
challenge [1,2]. A holistic view of biological responses during ON can produce insights for generating
efficient strategies [22]. Our pilot study showed different histopathological features in two groups
of ON patients by opening up interesting biological perspectives. All specimens with NTFH and
PTFH forms displayed basal integration with the underlying bone. However, PTFH samples showed
noticeable fibrotic reactions and a reduced stem cell pool in the bone marrow. Interrupting blood
supply likely contributed to mediating the death of bone and marrow cells. As the bone supports the
exchange of nutrients with cartilage by facilitating joint force distribution, bone alterations might speed
up cartilage degeneration [22,45]. The subchondral bone changes may lead to misalignment of the
articulating surfaces with consequences on the mechanosensory cells in the bone [45]. Thus, first-line
approaches for shifting the bone matrix turn-over are essential to avoid progressive degenerative
changes in cartilage tissue. Bisphosphonate treatment could restore the balance between bone
resorption and formation [26]. Biopsies from patients with post-traumatic aetiology reported several
OA features, including impaired extracellular matrix and vascular infiltration in cartilage because of
the mechanical stresses. We determined the relevance of matrix composition and tidemark presence
using a semi-quantitative analysis with the ICRS score, by observing different histological scores in
the PTFH and NTFH groups. This latter displayed similar results to the control group by reporting
intact cartilage but several changes in the subchondral bone. These findings are in line with other
studies, which showed intact articular cartilage in the NTFH group with corticosteroid treatments [22].
The two groups even exhibited distinct protein expression for mediators modulating fibrotic and
catabolic responses.

Protein assessment for collagen type I and autotaxin corroborated the fibrotic aspect in both
cartilage and bone from the PTFH group. The autotaxin–lysophosphatidic acid (LPA) axis is emerging
as a critical regulator in various biological responses [46]. Autotaxin exerts a fibrotic activity by
catalysing LPA, which promotes fibrosis responses by regulating collagen type I biosynthesis [34,47].
Moreover, autotaxin controls the fusion and bone resorption capacity of osteoclasts [35]. Another
peculiar feature observed in the cartilage and bone tissues from the two ON aetiologies was the protein
expression for MMP-13. It is a molecule which stimulates collagen and proteoglycan degradation in
cartilage and bone [48]. Along this path, Grassel S. et al. provided first evidence of MMPs in the ON
setting. ON patients with PTFH showed increased gene expression levels of MMP-2 and a low amount
of the tissue inhibitor of metalloproteinases (TIMPs) [49]. The increased protein levels of MMP-13
in the PTFH group may likely depend on the up-regulated activity of chondrocytes in producing
MMPs after stress forces. These findings open preliminary biological insights into considering MMPs
and fibrotic markers as attractive therapeutic targets by exploiting future technological advances like
CRISPR-Cas9 [50]. Combining current ON strategies with small molecule inhibitors to block collagen
type I, MMP-13 and ATX could improve the success of PTFH treatment [47,51]. Regardless of the ON
aetiology, samples from both groups displayed a moderate positivity for caspase-3, showing higher
values than the control. Beyond the classical signalling pathway, we considered the role of CB-2
involved in the endocannabinoid system. Jiang S. et al. reported that this system promotes specific
signalling pathways in response to pathogenic events to launch repair processes [52]. In specimens
from both groups, we showed positive immunostaining for CB-2, especially in cartilage, with higher
values than healthy controls. We noticed a low expression of CB-2 in the bone marrow niche, likely
because of the small number of osteoprogenitors in ON patients.

Like in ON disease, femoral heads from patients with the atrophic form of osteoarthritis (OA)
display bone marrow lesions with numeric, topographic and functional variations of MSCs [53,54].
Bone marrow perturbations reduce the bone repair and remodelling activities of MSCs and lead
to damage of the overlying articular cartilage [55,56]. Targeting both cartilage and bone turn-over
and the crosstalk between their cell types may be a valuable approach [56]. In this light, there is
abundant evidence of the powerful effects of MSCs for promoting osteochondral repair and inhibiting
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inflammatory and fibrotic reactions in the OA environment [57–59]. Optimal therapeutic approaches
might envisage several interventions, at varying stages of OA and ON disorders and selecting specific
patient features. Restoring the stem cell pool, especially in the PTFH group, through cell-based therapy,
could be a feasible intervention. The remarkable bone–cartilage interface imbalance of this patients
group, simultaneously with the low stem cell pool, may benefit from the differentiation and paracrine
properties of MSCs. Hernigou P et al. reported promising clinical results using autologous bone
marrow transplantation in ON cases by highlighting the biological and therapeutic value of this
strategy [30]. Along the way, several clinicians have observed the combination of autologous bone
marrow concentrate with core decompression contribute in a significant manner to decelerating ON
progression by limiting total hip arthroplasty [60,61].

Finally, this study considered pain implications in the biopsy samples from two ON patients
focusing on NGF and substance P; this latter is involved in the onset of inflammatory processes and
pain transmission [52]. Specimens from both groups manifested pronounced immunostaining for
NGF in cartilage. Beyond its role as a neurotrophic factor, NGF impairs the migratory and matrix
remodelling activities of cartilage and stem progenitor cells [62,63]. More in-depth investigations are
crucial to assess the effect size and produce clinical evidence, as the small number of ON cases and
heterogeneity are the major limitations of the present study. However, this pilot study gave indications
to enhance the benefit of current ON approaches by merging themselves with fibrotic inhibitors and
choosing a multi-disciplinary and targeted strategy to both cartilage and bone in the PTFH group.

5. Conclusions

Sustainable multi-disciplinary strategies can represent valid tools to tackle complex pathologies,
with tremendous impact in the clinical decision-making framework. In our pilot study, the different
histopathological features of NTFH and PTFH groups would suggest a multi-disciplinary and
multi-targeted approach for both cartilage and bone tissues. Hypothetically, restoring the stem cell
pool in the subchondral bone from the PTFH group could be fruitful in supporting tissue regeneration.
Successful clinical results could be obtained by hindering the fibrotic and catabolic responses at the
level of cartilage and bone in the PTFH. Further studies are necessary to measure the effect of size to
gain clinical evidence.
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Abstract: Successful tissue regeneration therapies require further understanding of the environment
in which the cells are destined to be set. The aim is to structure approaches that aspire to a holistic
view of biological systems and to scientific reliability. Mesenchymal stem cells represent a valuable
resource for cartilage tissue engineering, due to their chondrogenic differentiation capacity. Promoting
chondrogenesis, not only by growth factors but also by exogenous enhancers such as biomechanics,
represents a technical enhancement. Tribological evaluation of the articular joint has demonstrated
how mechanical stimuli play a pivotal role in cartilage repair and participate in the homeostasis
of this tissue. Loading stresses, physiologically experienced by chondrocytes, can upregulate the
production of proteins like glycosaminoglycan or collagen, fundamental for articular wellness, as
well as promote and preserve cell viability. Therefore, there is a rising interest in the development of
bioreactor devices that impose compression, shear stress, and hydrostatic pressure on stem cells. This
strategy aims to mimic chondrogenesis and overcome complications like hypertrophic phenotyping
and inappropriate mechanical features. This review will analyze the dynamics inside the joint, the
natural stimuli experienced by the chondrocytes, and how the biomechanical stimuli can be applied
to a stem cell culture in order to induce chondrogenesis.

Keywords: mesenchymal stem cells; tissue engineering; chondrogenesis; osteoarthritis; bioreactor;
mechanical stimuli; physical stimulation; compression; shear stress; hydrostatic pressure

1. Introduction

Scientific minds have always expressed a stubborn yearn to master the creation of artificial
biological elements in order to emulate the delicate machinery of the human body. The idea of being
able to control cell destiny and replace malfunctioning parts of the body with brand new tissues and
organs has led to remarkable progress in biological fields such as tissue engineering and regenerative
medicine. A promising application of this concept relies on the use of stem cells to originate functional
and specialized tissues [1]. Mesenchymal stem cells (MSCs) constitute a specific subtype of multipotent
stem cells, which can differentiate into a variety of cell types and offer the advantage of obtaining pure
stem cell populations [2]. One of the most challenging ambitions in regenerative biomedicine is to
restore damaged articular cartilage, as it is one of the most challenging tissue types to heal by virtue of
its anatomical and structural complexity. More precisely, the avascular, alymphatic, and aneural nature
of the cartilage, combined with the fact that it is characterized by the chondrocyte cell type only, limits
its ability to self-repair [3].
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Conventional treatment and modern therapies to treat this singular tissue, ranging from injections
to surgical procedures, still suffer, in many instances, from wide variation in clinical outcome,
complications, specificity, and effectiveness and a lack of well-grounded long-term reliability [4]. Joint
injection is an easy and minimally invasive procedure for the delivery of MSCs as anti-inflammatory
mediators and immune-modulating factors [5]. Pain relief, improvement in articular function, and
regeneration of cartilage following this treatment have been observed in a growing number of
studies [6–8]. However, the efficacy of this procedure is controversial, since after injection, cells might
not survive or remain in situ in the long term [9,10]. Satué et al., observed MSCs migrating and
engrafting into the damaged cartilage as early as the first day after injection [11]; in contrast, in another
recent study, MSCs were mostly found in the synovium but not in the cartilage surrounding the
defect [12]. Disappearance of the injected cells within the joint may be due to failure in the extracellular
matrix (ECM) attachment mechanism [12]. Although intra-articular injection of MSCs appears to
be safe during the short term [13], further investigations, such as randomized controlled trials, are
necessary to explore long-term adverse events and reduce the heterogeneous nature of the studies in
terms of design, cell number, exogenous factors, and administration protocols.

Tissue engineering has raised interest as a reasonable approach to manage pathologies like
osteoarthritis [1]. The latter is a degenerative disease characterized by progressive loss of articular
cartilage, synovial inflammation, osteophyte formation, and joint space narrowing that lead to overall
stiffness, pain, and loss of mobility of the affected joint. The bases of this escalating damage rely on a
compromised balance between anabolic and catabolic mechanisms, which can be consequent to several
risk factors like ageing, muscle atrophy, metabolic disorders, inflammatory conditions, injuries and
overload, or wrong biomechanics of the joint [14]. This review aims to explore cartilage dynamics and
understand what kind of biophysical principles will be beneficial for the engineering-based treatment
of degenerative and rheumatic diseases of the joints.

2. Chondrogenesis In Vitro

The essence of regenerative therapy lies in the use of stem cells, bioactive molecules, biomaterials,
and their combinations [15]. Physiological chondrogenesis is regulated by specific cytokines and
transcription factors, such as the transforming growth factor beta (TGF-β), fibroblast growth factor
(FGF), and insulin-like growth factor 1 (IGF-1) [16]. As another example, SRY-related high-mobility
group box gene 9 (SOX-9) is a transcription factor essential for chondrogenesis processes [17] and
also to avoid dysregulated chondrocyte hypertrophy [18]. Commonly, MSCs undergo chondrogenic
differentiation, recognizable by increasing in specific ECM components, when in the presence of TGF-β.
This pathway consists of the proper formation of the receptor complex that requires type I and type
II serine/threonine kinase receptors and intracellular effectors. The type I receptor family counts
seven members which phosphorylate different small mother against decapentaplegic (SMAD) proteins.
Transcriptional activation of chondrogenic genes, like those encoding type II collagen and aggrecan,
is mediated by the involvement of the type I receptor 5 (ALK 5) and subsequent phosphorylation of
SMAD 2/3. Otherwise, TGF-β could bind ALK 1 and activate the SMAD 1/5/8 pathways, resulting
in hypertrophy-related gene expression [19]. Nevertheless, one of the clinical limits of this kind of
chondrogenic differentiation, based on the TGF-β pathway, relies on the risk of incurring undesired
and premature hypertrophy entrance of MSCs [20]. Considering this scenario, a more sophisticated
and authentic approach to differentiation is offered by understanding the mechanical forces naturally
experienced by chondrogenic progenitors and applying them, even in the absence of exogenous growth
factors, to stem cells in order to mimic the same environment within the joint.

3. Influencing the Mechanical Environment

The characteristic structure of the articular cartilage is the result of the dynamic processes that
occur within the joint. Chondrocytes experience biomechanical stimuli like compression, shear stress,
and hydrostatic pressure [19]. These forces are perceived as a shifting of currents, electrical fields,
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or changes in osmolarity and so converted into intracellular signals, influencing mechanisms like
transcription, exocytosis, and activity of Na+/K+-ATPase [21]. Growth factors such as TGF-β, IGF,
and bone morphogenetic proteins (BMP)-2,-4,-7 are necessary to stimulate chondrogenic processes
and require the presence of calcium ions (Ca2+) to regulate cell functions, such as the synthesis of
extracellular matrix components. Physical stimuli have been associated with the regulation of Ca2+

entry, primarily through voltage-operated calcium channels (VOCCs), transient receptor potential
(TRP) channels, and purinergic receptors [22]. Furthermore, VOCC inhibitors have shown to reduce
cartilage degradation and the progression of osteoarthritis [23], suggesting their importance in both
physiological and pathological milieux. TRP channels, such as TRP vanilloid 4 (TRPV4), which have
been linked to upregulation of the SOX9 pathway, or TRPC1, able to guide chondrogenesis in stem cells
and regulate the activity of other voltage-dependent ion channels, are also highly involved. Inhibitors
for these two receptors, 2-aminoethoxydiphenylborane (2-APB) and Ruthenium Red, have been shown
to prevent MSC chondrogenesis induced by pulsed electromagnetic fields (PEMFs) [24]. The structure
of the articular cartilage comprises several layers: First, a thin superficial zone, where the collagen
fibers are aligned parallel to the surface and the chondrocytes are numerous and flattened. This layer
is in tight contact with the synovial fluid, and it can resist shear stresses. Under the first zone, there is a
transitional zone which contains especially proteoglycans (PGs) employed for compressive resistance.
Here, the collagen is arranged obliquely. Just below, the deep zone can cushion the compressions and
presents collagen fibers organized perpendicular to the surface, high concentrations of proteoglycans,
and columns of cells. Lastly, the tide mark separates this last zone from the calcified cartilage [25]
(Figure 1).

Figure 1. Structure of the articular cartilage. The structure of the articular cartilage comprises several
layers: First, a superficial zone, where the collagen fibers are aligned horizontally, the chondrocytes are
numerous and flattened, and the proteoglycan content is low. Under the first zone, there is a transitional
zone which contains high levels of proteoglycans, randomly arranged collagen, and round-shaped
cells. Just below, the deep zone presents vertically aligned collagen fibers, a high concentration of
proteoglycans, and columns of cells.

For the sake of simplicity, this tissue could be imagined like a biphasic model: one phase is
represented by the interstitial water that permeates the other phase, made up of the solid components
of the ECM (collagen, PGs and other proteins). These two phases are extremely interdependent in
terms of functionality and biomechanics. Compression is one of the forces experienced by cartilage,
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which leads to an internal increase of hydrostatic pressure of the aqueous phase. As a result, the water
leaks from the ECM towards the capsule, but the structure of the cartilage will remain unaltered thanks
to the PG component. More precisely, the effect of uniaxial compression will be compensated by the
tensile stiffness generated by the repulsive forces between the negatively charged carboxylic or sulfonic
groups of the glycosaminoglycans (GAGs). When the pressure ceases, the water is again attracted
inside the interstices. Tissue compressibility under load reaches even a millimeter, but, when the
spring back is not able to compensate hard and long compressions, the structure can be damaged [26].
Shear or rotational stress, which could be defined by the change in thickness with respect to the
original height, is another force generated by joint movement and is caused by the tangential friction of
synovial fluid on the surface. This movement allows synovial fluid to nourish the cartilage, transport
waste materials, and keep the chondrocytes metabolically active with a mechanism of diffusion and
fluid convection [27]. Under this condition, the collagen network is the viscoelastic component of
the tissue that exhibits cushioning ability. The collagen concentration is directly proportional to
resistance to shifting [28]. Weight-bearing articular cartilage of the hip and knee daily experience stress
amplitudes from 0.5 to 7.7 MPa and average compression of 13% [29–31]. Chondrocytes show selective
responses to various mechanical stimuli. Indeed, dynamic stresses are able to improve the production
of ECM components, while static compressions do not lead to great achievements in tissue engineering
constructs. Mechanical stimulation triggers those pathways that culminate in maintaining functional
ECM in order to provide substantial physical stability against the stresses to which the cartilage is
subjected. It is a feedback cycle in which the mechanical stress influences the production of those
components which sustain the stress itself. It is not surprising that, in fact, an unbalanced step in this
cycle could pave the way to a pathological mechanism which could, in the end, lead to the onset of
osteoarthritic features. If physiological stimulation fails, following, for example, sedentary habits, or it
exceeds the ability of the tissue to sustain it, e.g., excessive mechanical loading [32], the chondrocytes
will miss most of the input to produce the new ECM, resulting in unbalanced homeostasis. It is
highly recommended to patients who suffer from early osteoarthritis, who are able to conduct physical
exercise, to encourage the movement of the diseased articulation in order to stimulate the restoration
of the physiological cycle, which may lead to improvements in biochemical disorders. This dynamic
environment should be considered in tissue engineering approaches in order to realize as realistic a
construct as possible. The challenge proposed is to move from a purely biological view of the natural
cell to an engineered one.

Stem cells are studied as structures able to sense and transmit physical stimuli, translating them
into biological and mechanical responses, since they have greater mechanical sensitivity than adult
cells [33,34]. As already mentioned, ion channels are paramount in triggering those signaling pathways
which lead to matrix turnover and homeostasis, and an intracellular increase of Ca2+ levels has been
considered as one of the stem cell responses to mechanical load. Sequestration of calcium ions and
inhibition of VOCCs and other channels have been shown to attenuate the effects of mechanical
stimulation. More specifically, during physical stimulation of MSCs, Ca2+ is known to be involved
in the activation of pivotal transcription factors leading to chondrogenic differentiation [20]. In the
next section, some interesting works on the topic are presented. In some of those, no exogenous
growth factors were added during the experiment. Hence, chondrogenic differentiation was achieved
exclusively as a result of load applications. Figure 2 illustrates the different types of mechanical forces
applied in these experiments.
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Figure 2. Types of mechanical stimuli experienced by the cells. Stem cell cultures, used in tissue
engineering, undergo biophysical stimulation in order to promote chondrogenesis and recreate the
dynamic environment within the joint.

4. Practical Applications

To reveal the physiological effect of mechanical stimulation on stem cells, loading machines were
designed to be able to apply different types of mechanical forces with different intensity, duration,
and frequency.

Cochis et al. [35] cultivated MSCs in a methylcellulose solution retained within a porous
polyurethane matrix to evaluate the suitability of the matrix in supporting mechanically induced
chondrogenesis of the cells in the absence of exogenous factors. The composite underwent a combination
of compression and shear forces by the use of a bioreactor which applied compressive and rolling
movements through a ceramic ball. This ball compressed the scaffold dynamically at 1 Hz, resulting in
a strain amplitude of 10–20% of its height, and provided shear stress with oscillations perpendicular to
the scaffold axis of ±25◦ at 1 Hz. After 21 days, the samples were analyzed by reverse transcription
polymerase chain reaction (RT-PCR), biochemical, histochemical, and immunofluorescent assays,
and the authors concluded that the physical stimulation led to the activation of TGF-β and to
accumulation in the surrounding matrix of glycosaminoglycans and type II collagen, confirming the
chondrogenesis process.

Another study on the involvement of mechanical forces in the destiny of adipose-derived
mesenchymal stem cells (ADSCs) by Zhang et al. [16] highlights the role of dynamic compression
in combination with exogenous SOX-9 on chondrogenesis. ADSCs were seeded in 3D porous
polylactic-co-glycolic acid (PLGA) scaffolds. Gradual, meaning with a unique structure at each level,
and uniform scaffolds were subjected, with the use of a bioreactor, to sequential uniaxial compressions
of 5–10% strain amplitude and frequency of 0.1 Hz. The authors analyzed the morphology of the
ADSCs and the ECM deposition within the scaffolds by scanning electron microscopy (SEM), noticing
that ECM accumulation by ADSCs, on gradual scaffolds and in the presence of SOX-9, was higher than
that in uniform scaffolds or in gradual scaffolds without SOX-9. RT-PCR analysis also showed the
highest expressions of Proteoglycan 4 (PRG4), Parathyroid hormone-related protein (PTHrP), type
II collagen, aggrecan, SOX-9, and Hypoxia-inducible factor 1-alpha (HIF-1α) in the group of SOX-9
gradual scaffolds.

To better understand the single contributions of compression and shear forces in chondrogenic
induction, Schatti et al. [27] analyzed these two stimuli, both alone and in combination. MSCs were
seeded onto polyurethane scaffolds and underwent either compression at 1 Hz, in a strain amplitude
of 10–20%, or oscillation of ±25◦ at 1 Hz, or a combination of both loads. Oscillation was imposed
through the shifting of a ball perpendicularly to the scaffold axis. Superimposed compression was
applied along the axis of the scaffold as well. The results suggested that stimulation by combined

63



Appl. Sci. 2020, 10, 2927

strains, instead of the application a single stimulus alone, is the best way to assure a chondrogenic
phenotype in the absence of exogenous growth factors. The authors gave evidence of significant
upregulation, in comparison to the control group, of the chondrogenesis markers (type II collagen,
Aggrecan (AGG), Cartilage oligomeric matrix protein (COMP), SOX-9) only in the samples loaded
with both compression and shear. Also, this last group was the only one in which type II collagen
immunostaining was detected and that seemed to maintain a constant release of GAG in medium.

Cheng et al. [36] developed a novel construct made up by platelet-rich fibrin (PRF) membrane,
which functions as a growth-factor-rich scaffold for bone-marrow-derived stem cells (BMSCs), for
transplantation in cartilage defects. Flexibility of the neo-formed cartilage and differentiation of the stem
cells were achieved through stimulation by hydrostatic pressure, in order to achieve boundaryless tissue
consistency between the formed neocartilage and the damaged host cartilage in the temporomandibular
joint (TMJ). TMJ offers an interesting environment for evaluating the integration of a cartilage construct
within the damaged surface and to compare the behavioral differences of fibrocartilage in comparison
to hyaline cartilage of the knee joint. In TMJ, the control of applied loads is difficult because of the
impossibility to immobilize this joint, so the adaptation and responses of the construct to biophysical
stimuli are more consistent and are extremely suitable to be studied as a model for cartilage regeneration
approaches [37]. The hydrostatic pressure device, in this experiment, applied compression ranging
from 90 to 150 kPa, revealing that proliferation and chondrogenic markers of the BMSC/PRF constructs
were highest during the first days and gradually decreased at 6 days, suggesting that BMSCs could have
limited chondrogenic capacity in relation to decreased growth factor release from the PRF. The authors
concluded that pressure is an indispensable stimulus in order to promote cell proliferation, tissue
regeneration, and repair mechanisms and to obtain a physiologic hierarchical and polar arrangement
of the neoformed tissue.

4.1. Influence of Cell Distribution

Gardner et al. [38] simulated the multiaxial mechanical loads that characterize the articular joint
and observed the results derived from applying these forces on fibrin–poly(ester-urethane) scaffolds
seeded with MSCs. The constructs were divided into three groups, represented in Figure 3: in the
first group, the cells were evenly dispersed throughout the scaffold (Uniform); in the second group,
the cells were asymmetrically disseminated within the matrix, forming a thin layer on the surface
(Asymmetric); and in the third group, the cells were allowed to adhere only to the upper face of the
scaffold (Surface Only). These different distributions were investigated in terms of matrix deposition
in response to mechanical stress. The protocol employed 20 cycles of 10% compression, achieved by
the raising and lowering of a ball onto the scaffold. The rotation on the ball generated shear friction of
±25◦ at 1 Hz. Histological and immunohistochemical analysis showed that there was an increase in
glycosaminoglycans and type II collagen levels in the Asymmetric group in comparison to the other
two groups. Besides this, the cells in the Surface Only group produced a small amount of matrix,
suggesting a hypertrophic-like phenotype. In conclusion, the pattern of cell distribution within the
scaffold is a critical parameter to take into consideration, and matrix deposition could be enhanced by
considering the anisotropic properties of the materials.

Cell distribution can also be controlled by physiological mobilization of the cells, from their niches
to different areas of the scaffold, employing biomechanical stimulation. Long-lasting regeneration
of articular cartilage after surgical techniques like autologous chondrocyte implantation (ACI),
mosaicplasty, and microfracture can be hampered by failure to attract progenitor cells, leading
to the formation of fibrocartilage. In vitro loading compression provided by a bioreactor, such as 10%
strain at 0.3 Hz frequency, applied intermittently for 24 hours, was shown to induce the mobilization
of MSCs from a reservoir to an alginate scaffold located above it [39]. This experiment aimed to
provide a model of a cartilage defect in the tibial plateau in order to evaluate the possible effect of
biomechanical loading on cell recruitment from the subchondral bone. The mobilization of the stem
cells from the reservoir required the supporting effect of laminin-521 (LN-521), as it is a basement
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membrane protein which exerts a pivotal role in cell adhesion and migration mechanisms. The
processes involved in antigravity migration within the scaffold are still the object of study and could
imply extracellular signals between the cells and also physical fluidic movements induced by the
stimulation of the bioreactor.

 

Figure 3. Different distributions of mesenchymal stem cells (MSCs) in fibrin–polyurethane composite
scaffolds. Gardner et al., imposed a protocol of mechanical loads on scaffolds seeded with MSCs. The
study comprised three types of distribution: cells evenly dispersed throughout the scaffold (Uniform),
cells asymmetrically disseminated, forming a thin layer on the surface (Asymmetric), and cells allowed
to adhere only to the upper face of the scaffold (Surface Only).

4.2. Osteogenic Involvement

Another recent study by Carrol et al., presented the role of mechanical stimulation in MSC
osteogenic differentiation [40]. This work explains about the ability of cyclic tensile strain (CTS)
to regulate the initiation of MSC differentiation and, more specifically, their involvement in the
endochondral pathway. MSCs embedded in fibrin hydrogels experienced uniaxial tensile deformation
in a novel bioreactor system. The authors found out that CTS, in the absence of differentiation factors,
can enhance the expression of tenogenic and osteogenic markers. The lack of evident chondrogenesis
suggests that CTS could take part in directly initiating intramembranous ossification. When in the
presence of chondrogenic growth factor (TGF-β3), instead, CTS induced increased proteoglycan and
collagen production and enhanced upregulation of the markers of endochondral ossification (Bone
morphogenetic protein 2 (BMP2), Runt-related transcription factor 2 (RUNX2), (Alkaline phosphatase)
ALP, Osteopontin (OPN), Collagen Type X Alpha 1 Chain (COL10A1)). The authors concluded that
CTS is an inducer of both endochondral and intramembranous ossification of stem cells, depending on
the environment.

Endochondral ossification-based engineering techniques are promising strategies to provide
regeneration of large defects. Hybrids of bone and cartilage tissue from induced pluripotent stem cells
(iPSCs) have been achieved by the combined use of osteogenic and chondrogenic media in addition to
mechanical stimulation, by means of shaking forces [41]. iPSCs offer the advantage of self-organizing in
culture medium into cell aggregates, known as embryoid bodies (EB), without the support of scaffolds,
providing a model to examine mechanisms of tissue differentiation and organ development. In this
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experiment, the aggregates, when maintained in osteogenic medium culture, underwent osteogenic
induction, reaching mineralization; when, instead, the aggregates were set first in osteogenic and
later in chondrogenic medium, they were able to originate both tissues by expressing osteogenic and
chondrogenic marker genes. The percentages of bone and cartilage composition seem to be subject to
variations in culture periods, medium components, and shaking frequency, allowing the generation of
easily manipulated osteochondral organoids.

4.3. Co-Cultures

Co-cultures of articular chondrocytes (ACs) and MSCs have been proposed to overcome problems
associated with the dedifferentiation of chondrocytes during in vitro expansion or to the tendency of
MSCs to acquire hypertrophic features [42,43]. In co-cultures, the milieu created by the chondrocytes
can, in fact, stimulate stem cell differentiation, which, in turn, acts as an enhancer of phenotype stability
and the proliferation of chondrocytes by stimulating cell–cell adhesion mechanisms and by secreting
several paracrine factors like growth factors and cytokines. Proper mechanical stress, in the form of
cyclic sinusoidal dynamic tensile mechanical stimulation, can stimulate the co-culture by improving
the deposition of ECM (GAGs, type II collagen) and the expression of regulatory factors (TGFβ, SOX9)
and promoting the exchange of molecules between MSCs and chondrocytes [44].

Co-cultures offer the advantage of overcoming the tissue engineering challenge of maintaining a
sufficient number of functional chondrocytes which will provide structural reliability with the right
amount of ECM. Scaffolds embedded with ADSCs, subjected to cyclic compression in bioreactors,
could benefit from the presence of chondrocytes, since they are able to release paracrine factors (i.e.,
TGF-β1 and IGF-1), guiding stem cells towards chondrogenic differentiation. This approach has been
used to reduce the use of exogenous growth factors, which can instead be synthesized by a proper
number of chondrocytes during in vitro expansion [35]. Even though similar production of type II
collagen and GAGs was observed in single and co-cultures, the latter were shown to be able to suppress
the expression of Col I, Col X, and Tumor necrosis factor alpha (TNF-α) markers [45].

4.4. Computational Approach

The spreading use of bioreactors has offered the possibility to observe, in a feasible and controlled
way, the process of differentiation of stem cells under mechanical stresses, leading to expanded
understanding of the mechanisms underpinning the relationship between physical stimulation and
biological responses. The outcome of these kinds of stimulation is strongly dependent on the design of
the machine, the type of mechanical forces, their intensity and frequency, and the times of stimulation,
not to mention the variables related to the scaffolds and the cells. Therefore, the results coming from
different studies lead to high heterogeneity and difficulties in providing a uniform consensus about the
best protocol to induce processes of differentiation. For this reason, computational models can help,
since they have been suggested and used to further investigate tissue engineering strategies. These
approaches could be employed to characterize the mechanical stresses imposed by the bioreactors,
refine scaffold geometry, and analyze physiobiological dynamics and cell behavior [46]. In silico
experiments complement in vitro and in vivo analysis, addressing some complex questions which can
be difficult to answer through more traditional approaches. Theoretical assumptions, simplifications
in the conceptual framework, and the need to operate consistent validations could limit their use. Koh
et al. [47] investigated the mechanisms of cartilage regeneration in osteochondral defects by using 3D
medical imaging of the knee joint and analyzing the mechano-regulation processes underlying MSC
differentiation. Two computational finite element (FE) models were employed to investigate the effects
of physical stresses on cell regenerative mechanisms, as well as physiological processes like mitosis
and cell death. The aim of the models was to provide predictions of the influence of different loading
conditions on the whole system. The results indicated that simulation of a stance-phase gait cycle
performed according to the ISO14,243-1 standard [48] induces more consistent cartilage regeneration
than simulation of a vertical loading. This is because when the vertical loading was simulated, it
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was predicted that endochondral ossification would sustain bone development and that hydrostatic
pressure would induce the formation of fibrocartilage.

5. Conclusions

Designing tissue engineering strategies for articular cartilage requires a thorough control of stem
cell fate. The latter can be achieved through a more traditional approach using growth factors or, as
suggested by the studies discussed above, by applying precise extrinsic mechanical loads, able to mimic
the environment within the joint. Therefore, mechanical loading has been proposed as an alternative
strategy to induce MSC chondrogenesis without the use of exogenous factors. Depending on the
stimulus applied, promotion of specific tissue-related elements can be achieved. It can be concluded
that shear stress and hydrostatic pressure, which exert their maximum effect on the superficial zone of
the tissue, can increase type II collagen synthesis. Superimposed compression is, instead, the leading
promoter of glycosaminoglycan production, since these components are directly involved in structural
maintenance following perpendicular stresses. As a future prospective, functionalized bioengineering
needs to take into account that de novo tissues should not lack the excellent organization of the
cartilage that is critical for their role. A more in-depth study of the effects of different forces imposed on
MSC cultures could represent a possible key to creating the original cartilage disposition with parallel
collagen fibers in the superficial zone and perpendicular alignment in the thicker layer. Another aspect
that should be investigated is the exact biomolecular mechanism by which the cells respond positively
to friction and pressure. Tribology offers paramount principles to follow in order to understand and
truly benefit the regenerative sciences.
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