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GENERAL INTRODUCTION

The personal and societal burden of cartilage injury
Suffering from limitations in functional movement and physical activities because of cartilage 
injury is a major societal and healthcare challenge1, in particular when this starts at an early 
age. Focal injuries of the articular cartilage typically occur during sports, sudden movements, 
or other trauma and provoke pain and limit the functionality of the joint. More than half of 
the patients with symptomatic complaints undergoing knee arthroscopy suffer from cartilage 
defects2,3. If left untreated, the patient is likely to develop post-traumatic osteoarthritis (OA) 
at an early age4–7. Besides the burden on the individual patient8, the incidence and societal 
burden of cartilage degeneration worldwide is growing due increasing age of the population9. 
Replacement of the joint in young patients is associated with lower implant survival10 and 
goes hand in hand with the disadvantages of revision surgery, like perioperative complications 
and longer hospital stay11. This further emphasises the importance of early treatment to 
restore the articular surface in order to delay the need for joint replacement.

Articular cartilage
Articular cartilage is the glossy, white layer of hyaline cartilage covering the ends of the long 
bones when they meet in synovial joints. The tissue is perfectly equipped to absorb shocks 
and distribute loading, and facilitate frictionless motion during joint movement. The 
composition of articular cartilage is to a large extent made up of type II collagen, while other 
types of collagen, like I, III, VI, IX, and X, are less abundant12. The second major component of 
cartilage are its proteoglycans, large protein-polysaccharide complexes containing negative 
charges, attracting water into the tissue13. Lastly, only a small percentage, 1.7%, of cartilage 
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is made up of its endogenous cell, the chondrocyte14. Recent studies have investigated the 
presence of a subset of cells in articular cartilage that possesses progenitor-like features, 
generally referred to as articular cartilage-derived progenitor cells (ACPC)15,16. In healthy 
conditions, chondrocytes reside in a resting state and maintain the turnover of mainly 
proteoglycans17 while type II collagen is hardly replaced and has a half-life of over one hundred 
years18.  
 
During fetal development, cartilage emerges from the mesenchyme through mesenchymal cell 
condensation and subsequent differentiation of chondroprogenitor cells. As the long bones 
form, a secondary ossification center forms at either end, separating articular cartilage from 
growth plate cartilage (Figure 1A)12. Articular cartilage is characterized by its typical layered 
structure, in which the superficial layer consists of elongated cells distinguished by expression 
of lubricin, a splice form of proteoglycan 4 (PRG4)19, facilitating the lubrication of the articular 
joint. The extracellular matrix (ECM) in the superficial layer is characterized by a low 
concentration of type II collagen and more type I collagen 20,21. The middle zone contains a 
lower cell density with rounded cells, and the deep zone consists of round cells usually stacked 
into a columnar arrange. The cartilage is separated from the underlying bone by the tidemark, 
a dense layer of matrix clearly visible on histological stains, where calcified cartilage covers the 
subchondral bone (Figure 1B). Healthy articular cartilage is also hallmarked by the complete 
absence of innervation and vascularization, suppressing intrinsic healing upon acute damage. 
Within the cartilage’s ECM, the chondrocyte is directly surrounded by its pericellular matrix, 
connecting the chondrocyte to the territorial and interterritorial matrix22. The pericellular 
matrix consists mainly of type VI collagen and plays an important role in mechanosensing23,24. 
A chondrocyte surrounded by its pericellular matrix is called a chondron25.  
 
The unique function of articular cartilage is a direct result of the inherent structure of the 
tissue. Collagen fibers stretch from the subchondral bone and calcified cartilage towards the 
superficial layer and back, forming the arcade structure typical for the tissue26. The interplay 
of these strong fibers with the water-retaining proteoglycans, results in its exceptional 
mechanical stability. It is this mechanical strength that enables us to carry the weight of our 
body throughout the day and absorb great forces during physical exercise.  
 
Pathologies of articular cartilage 
Diseases of articular cartilage are common, as prevalence is estimated to be between 15 and 
30% in the adult population27,28. Damage of the tissue brings forward a major problem due 
to the lack of intrinsic regeneration. Pathologies of articular cartilage are divers and their 
fundamental causes vary. Focal defects can affect the chondral layer as a result of an acute 
injury. Osteochondral defects extend into the subchondral bone, which can either be a result 
of acute damage or an underlying disorder of the bone, osteochondritis dissecans (OCD), 
which typically occurs in patients between the ages of ten and twenty29. While OA is the most 
prevalent disease affecting the complete joint28, other inflammatory rheumatic diseases, like 
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rheumatoid arthritis, gout, and juvenile idiopathic arthritis can also severely damage cartilage 
tissue30. 
 
Focal chondral defects 
Damage to articular cartilage predominantly occurs in the knee joint, but the hip, elbow, wrist, 
ankle, and shoulder can also be affected. Sports injuries are the leading cause of traumatic 
injury to the cartilage, generally resulting in a focal chondral defect. Here, only the cartilage 
layer is affected, as opposed to an osteochondral defect, where also the underlying bone is 
damaged. Chondral damage can be classified into several grades, depending on the depth of 
the defect and tissue quality (ICRS grading)31. Defects in the chondral layer do not heal 
spontaneously and require surgical intervention in order to restore the cartilage surface and 
decrease clinical symptoms.  
 
Osteoarthritis 
Post-traumatic injury, obesity, or limb malalignment can result in OA at an early age and can 
present itself in any synovial joint. It can also emerge as a result of precedent damage to the 
other tissues in the joint, like the menisci32,33, or prior damage or rupture of the anterior 
cruciate ligament (ACL)34,35. Limb malalignment causes asymmetric distribution of forces on 
either the lateral or medial side of the knee joint and is therefore associated with an increased 
risk of developing (unilateral) OA36. In OA aetiology, multiple factors play a role in the 
development and progression of the disease. It is hallmarked by an imbalance in cartilage 
homeostasis and inflammation in the cartilage, bone, and synovium. During OA, chondrocytes 
enter a proliferative state in an attempt to synthesize matrix proteins and repair the initial 
damage. However, this goes hand in hand with an increase in production of matrix degrading 
enzymes and inflammatory mediators, counteracting repair and progression of OA. This leads 
to an imbalance in matrix build-up and breakdown, inflammation, and mechanical stress37. The 
progressive loss of articular cartilage, remodelling and sclerosis of subchondral bone, 
formation of bone cysts and/or osteophytes, and inflammation of the synovium are all 
features of the degenerative joint disease13,38. 

CURRENT TREATMENTS 

The cartilage’s capacity for self-restoration is limited, as a consequence of its avascularity and 
its absence of neural innervation39. When conservative, non-surgical treatments like physical 
therapy or pain medication are insufficient, several surgical options can be considered, 
depending on the specific pathology40. During the last few decades, many treatments for both 
cartilage defects and OA have been investigated and developed with varying degrees of 
success. 
 
Cell-based treatments for focal chondral defects 
Early treatment of cartilage defects is key to prevent accelerated degeneration and 
development of OA. Treatment of focal cartilage defects with cell transplantation started in 
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the 1990s with the use of culture-expanded autologous chondrocytes. This technique 
consists of two surgical procedures, one in which a small biopsy is taken from a non-weight 
bearing area in the cartilage, and a next in which isolated and culture-expanded chondrocytes 
are transplanted into the debrided defect. The procedure has known several generations, 
starting with injection of the cells under a periost flap41 that covers the defect or in a collagen 
membrane42 (first- and second-generation autologous chondrocyte implantation; ACI), 
followed by newer generations of matrix-assisted and matrix-associated ACI43–46. 
 
Alternatively, chondral defects smaller than 2 cm2 can be treated with microfracture, in which 
small holes are drilled in the subchondral bone, enabling marrow to flow into the defect and 
stimulate regeneration47. For defects proceeding entirely into the subchondral bone, chondral 
treatment is insufficient. These patients can be treated using osteochondral autograft 
transplantation (OATs), in which the defect is filled with multiple small cylindrical 
osteochondral plugs from a non-weight bearing area of the joint48,49. 
 
Treatments for osteoarthritis 
As OA is a more complex, multi-factorial disease, treatments vary from intra-articular 
injections until total joint replacement. For early-stage OA, patients can be treated with non-
invasive treatments like injection with a corticosteroid, hyaluronic acid (HA), or platelet-rich 
plasma (PRP)50,51. Preclinical and clinical studies are investigating the effectiveness of bone 
marrow concentrate (BMC)52–54, stromal vascular fraction (SVF)52,54,55, and culture-expanded 
mesenchymal stromal cells (MSCs)56 to treat OA. Although these therapies were found to be 
safe, high-quality randomized controlled trials (RCTs) have to confirm effectiveness. Finally, 
for end-stage OA in the knee joint, the only treatment option is to replace the joint by a total 
knee arthroplasty (TKA). Replacing the joint has proven to be very effective in pain relief and 
regain of function57. However, the life span of a prosthesis is its biggest drawback. Prostheses 
last for about ten to fifteen years after which a revision surgery is necessary, generally 
resulting in decreased patient satisfaction58.  
 
Cartilage-preserving therapies 
Several therapies have been developed to preserve cartilage in an earlier stage to reverse 
(some of the) damage. Knee joint distraction is utilized for a beginning stage of OA, aimed at 
delaying the need for a TKA59. During joint distraction, an external frame is fixed with bone 
pins on the femur and tibia, in order to increase the joint space width for six to nine weeks. 
As a result, joint homeostasis is altered and signs of cartilage restoration are observed at one 
and two years after distraction60,61.  
 
Secondly, unicompartmental OA can be treated by limb realignment through an osteotomy 
surgery62,63. Finally, damages to tissues other than cartilage are correlated with an increased 
risk of OA development. As mentioned earlier, ACL rupture and damage to the menisci 
contribute to OA over time, and repair procedures are often performed simultaneously with 
cartilage repair procedures. Therefore, repair of all tissues in the knee is essential to minimize 
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the risk of OA development. 

MOVING TOWARDS BETTER TREATMENTS 

Despite the fact that through the years many therapies have become available to treat 
cartilage pathologies, several challenges are still to overcome. To date, it has proven difficult, 
if not impossible, to mimic the structural mechanical integrity of articular cartilage accurately, 
which is generally thought to be the holy grail in successful and durable cartilage 
regeneration64. Research generally approaches the problem from two distinct angles: 1) to 
grow or regenerate a piece of articular cartilage, mimicking native cartilage as close as possible. 
Outcome measures here are collagen fiber orientation, cell density and arrangement, ECM 
production and composition, and mechanical stability. 2) to improve patient outcome after 
treatment.  
 
While cell transplantation is widely used as a treatment option for cartilage defects, research 
is continuously moving in order to improve outcomes and reduce failure rate65. One of the 
challenges in transplantation of autologous chondrocytes is that the cells lose their phenotype 
over culture-expansion, limiting their capacity to produce cartilage matrix66,67. Finding ways to 
improving cell performance would address this issue. Furthermore, developing single-step 
procedures would improve cost-effectiveness of the intervention68, and at the same time 
improve patient comfort as a single intervention allows for shortened rehabilitation.  
 
Enhancing cell performance 
Complementing chondrocytes with a second cell type, like MSCs, leads to enhanced cartilage 
regeneration. Coculture of these two cell types improves matrix formation through 
chondroinduction rather than differentiation of MSCs into chondrocytes69–71. Besides MSCs, 
cocultures with adipose-derived stem cells (ASC)71,72, embryonic stem cells (ESCs)73,74, and 
induced pluripotent stem cells (iPSCs)75 were shown to improve chondrogenesis. Although 
the exact mechanisms of action of MSCs in chondroinduction are yet to be elucidated, further 
research is based on the findings. Uncovering the stimulus or a cocktail of factors that triggers 
cartilage ECM production would increase applicability, logistics, decrease costs, and possibly 
facilitate an off-the-shelf product not requiring any specific in-house laboratories of 
qualifications. MSC-derived extracellular vesicles (EVs) play a role in intercellular 
communication and EVs were shown to exert immunomodulatory and regenerative properties 
in vitro76. EVs contain important cargo, like proteins, RNA, and inflammatory mediators, and 
can potentially target specific cells77. Application of MSC-derived EVs to improve 
chondrogenesis facilitates an off-the-shelf product.  
 
Likewise, chondroinductive growth factors, like fibroblast growth factor (FGF), transforming 
growth factor beta (TGF-β), and insulin-like growth factor (IGF), can be used to stimulate 
either proliferation, chondrogenesis, or both78. Alternatively, increasing interest has emerged 
for use of PRP and platelet lysate (PL). Both products can be prepared from autologous blood 
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and consist of a concentrated cocktail of growth factors and inflammatory mediators79. 
Although PRP and PL seem to stimulate cartilage ECM formation in chondrocytes, study 
outcomes vary greatly and no consensus exists on this matter80–82.  
 
Besides external stimulation of chondrocytes, performance of the cells might also be increased 
by pre-selection of cells for populations that are capable of stable hyaline cartilage formation 
in vivo. Several molecular markers have been identified as predictive of the chondrogenic 
capacity of the cells and improve structural repair66,83.  
 
Alternative cell types 
Similar approaches are looking into the use of cell types other than chondrocytes to facilitate 
and ease procedures or provide for an off-the-shelf product. MSCs seem to be an ideal 
candidate cell population, as the cells are readily accessible in various tissues (e.g. bone 
marrow, adipose tissue, synovial tissue, and the umbilical cord) and allow for extensive culture 
expansion to obtain a substantial number of cells. However, the tendency of bone marrow-
derived MSCs to differentiate into a hypertrophic chondrocyte phenotype limits its popularity. 
In addition, tissue engineered (TE) cartilage by human bone marrow-derived MSCs differs in 
epigenetic landscape and transcription profile compared to native cartilage84 and neonatal or 
adult chondrocyte-derived TE cartilage85. 
 
Looking further into other tissues in the synovial joint, multipotent progenitor cells have been 
isolated and characterized from meniscus86,87, periost88, synovium89, and the articular cartilage 
itself15,90. Especially ACPCs are of interest, as this subpopulation of cells has been extensively 
investigated. ACPCs are isolated from the total pool of chondrocytes by differential adhesion 
to fibronectin15. The cells were shown to have similar characteristics as MSCs and can be 
extensively culture-expanded without loss of chondrogenic potential90,91. Furthermore, ACPCs 
are successful in regenerating articular cartilage in vitro and in vivo90,92,93, and have limited 
expression of markers hinting at terminal differentiation into hypertrophic chondrocytes92,94,95. 
 
Alternative to culture-expanded bone marrow-derived MSCs, BMC provides for a cell product 
that can be applied autologous and with minimal manipulation. As a concentrated bone 
marrow product, BMC contains a cocktail of growth factors similar to PRP, but also a small 
portion of progenitor cells96. Besides the use of BMC to treat chondral defects53, BMC could 
also be of interest for bone repair, as improvement of bone union in animal models through 
BMC is seen97. 
 
Finally, pluripotent stem cells, like iPSCs and ESCs, are attractive cells for tissue regeneration 
because of their ability to differentiate into cell types of all three germ layers and indefinite 
self-renewal capacity. Implementation of these cells into treatments has proven to be difficult 
because of ethical and safety concerns98,99. Nevertheless, TE cartilage derived from iPSCs has 
been successful and resembled TE cartilage derived from primary human chondrocytes better 
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than bone marrow-MSC-TE cartilage100. Although safety studies are of particular 
importance101,102, initial preclinical studies have shown no signs of tumorigenicity of iPSC-
derived cartilage103. With clinical studies currently ongoing, pluripotent cell types might 
provide interesting treatment options for the future. 
 
Providing structural support 
Biological cues such as cells and growth factors alone are sometimes not sufficient to optimize 
tissue growth in the defect. A biocompatible, three-dimensional (3D) support can be provided 
to retain cells in their desired location, promote cell performance and/or tissue regeneration, 
and provide mechanical and structural integrity. Addition of various acellular biomaterials after 
microfracture was shown to significantly improve cartilage repair on a histological level104.  
 
The use of a 3D product facilitates the possibility to mould, cut, or print the construct into a 
desired shape or combine multiple materials or structures depending on the specific needs. 
Additionally, (chemical) composition or concentrations can be adjusted in order to obtain 
structures with mechanical stability similar to that of native tissue, providing strength and 
restore the progressing imbalance in the joint105,106. Loading of a scaffold with bioactive cues 
can stimulate simultaneously seeded cells or recruit endogenous cells, like chondrocytes or 
synovial cells, to induce regeneration of the tissue. Besides providing support for tissue 
regeneration, a material can be designed to degrade in a controlled fashion, while at the same 
time tissue remodelling takes place107.  
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AIM AND THESIS OUTLINE

Main aim
The overall aim of this thesis is to advance cartilage regeneration in order to treat patients 
with focal chondral defects. To address this matter, the problem is approached from different 
angles, but all are based on biological modes of action, divided into two sections:

PPaarrtt II: Cell-based cartilage regeneration
PPaarrtt IIII: Orthobiologics for cartilage repair and joint preservation

The aim of PPaarrtt II of this thesis is to investigate cell-based neo-cartilage formation in vitro and 
to investigate communication between cells. CChhaapptteerr 22 evaluates the current literature on 
human ACPCs and the potential of this cell type to be used in cell-based therapies. The 
systematic review aims to systematically summarize and align outcomes of published research. 
CChhaapptteerr 33 then provides a direct comparison of ACPCs derived from healthy and OA human 
knee cartilage. The potential of these cell populations to be extensively culture-expanded, as 
well as their chondrogenic differentiation potential is examined. In line with Chapter 3, CChhaapptteerr 
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44  investigates the presence and performance of a progenitor cell population derived from 
another intra-articular tissue, the meniscus. As meniscus is closely related to articular 
cartilage, the progenitor cells residing in this tissue could also be of interest for regenerative 
cartilage therapies. To finalize the first part of this thesis, CChhaapptteerr  55  describes an in-depth 
investigation into cocultures of chondrocytes and MSCs. As communication between cells by 
the exchange of intracellular components might be responsible for increased cartilage matrix 
formation, transport of mitochondria was specifically studied.  
 
The aim of PPaarrtt  IIII of this thesis is to enhance cartilage regeneration (or prevent its 
degeneration) by use of orthobiologics. Chapter 6 and 7 investigate two widely used blood-
derived products, PL and PRP. In CChhaapptteerr  66, PL is used as a supplement in culture medium, 
attempting to enhance chondrocyte yield in culture-expansion and at the same time preserve 
their chondrogenic potential. CChhaapptteerr  77 describes the effects of PRP on chondrocytes that 
are stimulated towards inflammation and investigates its potential to be used as a biomaterial 
to provide chondrocytes with a regenerative 3D environment. The final chapter, CChhaapptteerr  88, 
combines a multidisciplinary approach to advance open-wedge osteotomy procedures by 
using MSCs and BMC in combination with a novel ceramic biomaterial fabricated into a 
patient-specific implant. The chapter concludes with a proof-of-concept surgical procedure of 
the wedge implantation. Finally, CChhaapptteerr  99 summarizes the findings of this thesis and 
integrates the work into the currently available literature.  
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ABSTRACT  

Over the last two decades, evidence has emerged for the existence of a distinct population of 
endogenous progenitor cells in adult articular cartilage, predominantly referred to as articular 
cartilage-derived progenitor cells (ACPCs). This progenitor population can be isolated from 
articular cartilage of a broad range of species, including human, equine, and bovine cartilage. 
In vitro, ACPCs possess mesenchymal stromal cell (MSC)-like characteristics, such as colony 
forming potential, extensive proliferation, and multilineage potential. Contrary to bone 
marrow-derived MSCs, ACPCs exhibit no signs of hypertrophic differentiation and therefore 
hold potential for cartilage repair. As no unique cell marker or marker set has been established 
to specifically identify ACPCs, isolation and characterization protocols vary greatly. This 
systematic review summarizes the state-of-the-art research on this promising cell type for 
use in cartilage repair therapies. It provides an overview of the available literature on 
endogenous progenitor cells in adult articular cartilage and specifically compares identification 
of these cell populations in healthy and osteoarthritic (OA) cartilage, isolation procedures, in 
vitro characterization, and advantages over other cell types used for cartilage repair. The 
methods for the systematic review were prospectively registered in PROSPERO 
(CRD42020184775). 
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INTRODUCTION 

Hyaline cartilage facilitates smooth movement of articular joints and transmission of 
mechanical forces. The mechanical strength of cartilage tissue is provided by the combination 
of highly organized collagen arcades and negatively charged proteoglycans that draw water 
into the tissue108. Persisting damage to this structural organization leads to a change in 
distribution of forces and loss in mechanical strength109. Cartilage injury can be post-
traumatic, where defects are generally isolated, or it can occur during progression of 
osteoarthritis (OA) where defects can emerge simultaneously. Both focal defects and OA 
impair quality of life leading to pain, reduced mobility, and disability8,9. As healthy articular 
cartilage is an avascular tissue, its endogenous healing capacity is limited.  

Adult chondrocytes, the cells residing in articular cartilage, are used to treat cartilage 
defects in autologous chondrocyte implantation (ACI)41. Due to the low cell density in 
cartilage, chondrocytes are culture-expanded to obtain a sufficient number of cells for 
treatment. Expansion of chondrocytes is limited in population doublings110, as they tend to 
acquire a fibroblastic appearance and lose their chondrogenic phenotype111,112, before 
becoming senescent. Alternatively, the use of mesenchymal stromal cells (MSCs) for cartilage 
repair has been evaluated extensively in clinical studies113. Despite their capacity to generate 
a cartilaginous tissue, MSCs have a tendency for differentiation into hypertrophic 
chondrocytes and subsequent endochondral ossification114. In contrast, MSCs are suggested 
to have chondro-inductive effects when combined with autologous chondrons for treatment 
of focal cartilage defects115.  

A distinct population of endogenous progenitor cells that resides in articular 
cartilage, named articular cartilage-derived progenitor cells (ACPCs), has been described in 
the last two decades16,92,93,116. The key in vitro characteristics of ACPCs include stem cell-like 
properties such as clonal expansion, extensive proliferation, and differentiation potential into 
multiple mesenchymal lineages, including the chondrogenic lineage. ACPCs were first 
identified in bovine cartilage15, and later also in different species, including equine111,116 and 
human cartilage90,117. Interestingly, ACPCs were shown not to upregulate type X collagen gene 
expression in vitro, a marker for hypertrophic differentiation during redifferentiation, contrary 
to MSCs111,116. The use of an endogenous cartilage progenitor cell population for treatment 
of cartilage defects and tissue engineering purposes therefore seems favourable over the use 
of other cell types92,95,118. Yet, isolation protocols and specific characterization for these cells 
differ greatly amongst researchers. In addition, a wide range of terms is being used to name 
the cells, like chondrogenic progenitor cells (CPCs), cartilage stem cells (CSCs), mesenchymal 
progenitor cells (MPCs), or cartilage-derived stem/progenitor cells (CSPCs). For clarity, this 
review refers to ACPCs to address all endogenous progenitor populations identified in adult 
hyaline cartilage and characterized in vitro. 

The purpose of this review is to systematically evaluate the available literature on 
ACPCs derived from healthy and diseased adult articular cartilage. We summarize the state-
of-the-art research and discuss its potential for clinical use in cartilage repair therapies.  
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METHODS 

Literature search 
A systematic search of literature was conducted according to the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines on adult endogenous 
ACPCs. The review protocol was prospectively registered with PROSPERO (registration 
number CRD42020184775). The electronic databases of EMBASE and PubMed were 
searched using the following search terms: (cartilage AND (articular OR hyaline OR knee OR 
hip OR ankle)) AND (progenitor OR progenitor cell OR multipotent cell OR chondroprogenitor 
OR multipotent cell OR cartilage-derived OR articular cartilage-derived OR (stem cell OR MSC 
OR mesenchymal stem cell OR mesenchymal stromal cell AND (cartilage-derived OR cartilage 
resident))). A final search was performed on 17 February 2021. Two authors (M.R. and J.V.K.) 
independently screened all selected studies for eligibility, first by title and abstract followed 
by full-text screening. After duplicate removal, inconsistencies between the researchers were 
discussed in a consensus meeting.  
 
Inclusion and exclusion criteria 
Inclusion criteria that were used during title, abstract, and full-text screening for eligible 
studies included: adult endogenous cartilage stem/progenitor cells; knee, hip, or ankle 
cartilage; in vitro and/or in vivo and/or in man studies; English language. Reviews, case reports, 
conference papers, studies of which the full texts were not retrievable, studies investigating 
cell line chondroprogenitors, cells other than endogenous cartilage-derived progenitors, and 
lineage-tracing studies were excluded. Extracted data from the selected studies included 
species, anatomical location of cartilage, isolation procedure, cell characterization, and 
application of the cells. Quality of a study was considered inferior if methods or results are 
poorly reported on. Study limitations/inconsistencies are discussed at the end of a paragraph 
in the results. 

RESULTS 

The literature search yielded 1017 studies in EMBASE and 662 studies in PubMed. After 
duplicate removal, 1064 studies were identified. After title and abstract screening, the full 
text of 180 studies was screened. A total of 84 studies were then found eligible based on the 
inclusion and exclusion criteria (Figure 1).  
 
Markers to identify ACPCs in vivo 
The presence of ACPCs was first described by Dowthwaite et al. in 200415. Enhanced 
expression of fibronectin and one of its key receptors, integrin-a5b1, was found in the 
superficial zone of bovine articular cartilage. Isolation of this fraction resulted in a population 
with high clonogenicity. As a unique marker or marker set is lacking, MSC or chondrocyte 
markers are mostly used for identification (Table 1). Classical MSC markers CD105119–121, 
CD166122, CD146123, VCAM124, or combinations including these markers125,126 have been used 
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by others. In essence, this results in identification of an MSC-like population in articular 
cartilage. Additional markers have been described to identify ACPCs in the tissue more 
specifically. Proteins involved in the Notch signalling pathway, like Notch-1, Notch-2, Delta, 
and Jagged124,127, or integrin-a5b1119, proteoglycan 4 (PRG4, or lubricin)128, and laminin129 are 
used. Alternative approaches to identify ACPCs in cartilage tissue have focussed on visual 
distinction by an elongated cell morphology of ACPCs in cartilage tissue samples129,130, cell 
clustering of ACPCs131, proliferation marker Ki-67131,132 and migration of ACPCs upon 
stimulation of the cartilage133.

Methods for isolation of ACPCs from cartilage 
Differential adhesion to fibronectin
A protocol for selective isolation of ACPC by differential adhesion to fibronectin (DAF) was 
established15,90,127, taking advantage of the enriched expression of the fibronectin receptor15

and the finding that isolation based on integrins resulted in selection for stem cells rather 
than transit amplifying cells134. In two-thirds of the studies using DAF, this protocol is followed 
by isolation of colonies, that are subsequently formed by the cells that adhere (generally) in 
20 minutes90,91,139–141,92,116,120,127,135–138. Six out of nineteen studies did not perform colony 
isolation and the complete pool of cells that adhered to fibronectin was isolated132,142–146.
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Cell sorting based on marker expression 
Alternatively, ACPCs are sorted from the total cell population either via immunomagnetic 
separation or fluorescence-activated cell sorting (FACS). ACPCs were isolated by FACS based 
on co-expression of CD105 and CD16616, a marker combination which defines a subset of 
bone marrow-derived MSCs147 and was proposed to select for ACPCs. Another marker set 
used for cell sorting that resulted in an ACPC population is CD9+/CD90+/CD166+148. 
 
Isolation of ACPCs by ex vivo migration from cartilage  
Finally, cells migrating out of cartilage explants, whether or not the cartilage is stimulated in 
any way, hold progenitor characteristics such as multilineage differentiation potential and 
colony forming efficiency (CFE)95,126,130,149–151. These migratory cells were distinctly different 
from chondrocytes and osteoblasts152. To stimulate migration of cells, explants were 
stimulated by nerve growth factor (NGF)150, platelet lysate95, or migrating cells were isolated 
after partial digestion of the tissue by collagenase126. Cell migration could also be triggered by 
induction of injury130,151. Cells with progenitor characteristics migrated towards the site of 
cartilage injury and a role in repair of adult cartilage upon damage was suggested by the 
authors130.  
 
Nine studies did not report on any distinct method to isolate a population from the total cell 
population111,128,153–159. Five others performed an isolation step after one or two passages in 
culture122,123,160–162. It can therefore be questioned whether these are investigating a 
population that is different from what are generally referred to as chondrocytes, as most of 
the studies were also lacking a chondrocyte control group.  
 
In vitro characterization of ACPCs after isolation  
Isolated ACPCs are characterized based on their proliferative potential, CFE, differentiation 
potential, and expression of markers that are also used for their isolation (Table 2). ACPCs 
could be maintained in culture for up to 30 – 60 population doublings90,91,135,136,141 and early-
passage cells were able to form colonies in culture15,91,164,95,111,126,130,141,144,150,163. Moreover, 
human ACPCs were found to maintain telomere length and telomerase activity up to at least 
20 population doublings135,141. However, ACPCs derived from OA cartilage contained a sub-
population of cells that have reduced proliferative potential and undergo early senescence 
when cultured in vitro141.  
ACPCs could be differentiated into the chondrogenic, osteogenic, and adipogenic lineage, a 
feature that MSCs also possess165. There is one report of reduced osteogenic differentiation 
potential of ACPCs139, while 20% of the studies looking into multilineage potential found 
indications for reduced osteogenesis93,95,116,118,148,166. 

Surface marker expression of ACPCs was in general similar to MSCs, with ACPCs 
being positive for CD90, CD105, CD73, and CD166, while negative for hematopoietic markers, 
highlighting the challenge to distinguish the two cell types95,116,161,126,128,137–139,149,150,154. Of note, 
about half of the studies mentioned here examine immunophenotype of cells in 
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culture95,116,149,154,159,164,167,120,126,128,132,137,139,142,145, while cells tend to change their phenotype 
during in vitro expansion168,169. Moreover, investigating marker expression by gene expression 
or flow cytometry on the bulk populations makes it problematic to define whether these 
markers are co-expressed or not.  
 
In vitro comparison of ACPCs to other cell types with regard to surface marker 
expression 
Cell surface marker expression and in vitro performance of ACPCs were directly compared to 
MSCs from various sources, like bone marrow16,92,162,116,128,130,132,137,149,153,157, adipose 
tissue123,128,137, and infrapatellar fat pad144,157,158. Other cell types compared are 
chondrocytes90,95,144,146,151,163,164,170,120,123,127,130,132,135,138,139 and other intra-articular cells, like 
synoviocytes151,157,158, synovial fluid cells151, and periosteal cells157,158,162 (Table 2).  

A clear distinction between MSCs and ACPCs based on expression of markers was 
only reported once, when equine ACPCs were compared to bone marrow-derived MSCs, an 
increase in gene expression for CD44 was found116. One-third of the studies directly compares 
ACPCs to chondrocytes, as these also reside in adult hyaline cartilage and distinction of these 
cell types is crucial for isolation and application. Proliferation of ACPCs was faster than 
chondrocytes in one study95, but slower in a different report139. In addition, ACPCs were found 
to form more colonies compared to chondrocytes130. A distinction was made between 
chondrocytes and ACPCs based on high expression of CD9090,123,132, CD44132, CD105144, 
CD166144, Notch-190, and HLA-ABC123 in ACPCs while culture-expanded chondrocytes 
showed little to no expression of these markers. Co-expression of CD44 and CD90 was found 
to distinguish between rat chondrocytes and ACPCs132,143. When ACPCs were sorted from the 
total pool of chondrocytes by CD49e-expression, a difference was found in expression of 
CD29 in chondrocytes (50%) versus ACPCs (100%)164. When ACPCs were treated with 
platelet lysate, an increased expression of CD166 and decreased expression of CD106 
compared to chondrocytes was found95. 

 
Differences between species 
Identification of similarities and differences in ACPCs between species is challenging, due to 
the diversity of isolation procedures and variety of study objectives. Colony formation was 
identified in several human studies, as well as in the first report on bovine ACPCs. CFE in 
bovine cartilage cells was reported to be 0.6%15, while all other literature on non-human cells 
lacked this analysis. In human cells, consistency is found to some extent. CFE in healthy 
cartilage cells on fibronectin-coated dishes was 1.47%91, while this was almost double (2.8%) 
in OA cells in the same study. Others reported on CFEs of <0.1%141 and 0.66%164 of OA cells 
on fibronectin-coated dishes. When OA cells were seeded on uncoated culture plastic, a CFE 
of <0.01% was found155–157. The percentage of colony forming cells increased when cells were 
culture expanded. Passage one OA cells (isolation method not specified) had 18% CFE128 and 
the same passage cells that migrated from OA tissue in response to platelet lysate had 7.8% 
CFE95. Cells that migrated from OA tissue with NGF and were expanded for four passages 
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had increased their CFE to 38.6%150. When CD105+/CD166+-sorted cells were quantified, 
CFEs of 3.5% (healthy) and 8% (OA) were found in one study16 and 15% (healthy) and 
17% (OA) were found in another122. Of note, the latter used cells that were culture expanded 
for one passage. Overall, when comparing human ACPC studies, it seems that OA tissue 
contains more colony forming cells than healthy cartilage. Also, CFE increases after culture-
expansion, possibly as a consequence of culture-related changes in immunophenotype169. 
 
Differences between ACPCs from healthy and osteoarthritic cartilage 
ACPCs have been identified in hyaline cartilage from different pathological states. 
Identification and characterization can contribute to our understanding of their role in 
homeostasis and disease, as well as their accessibility for clinical use. 

In healthy articular cartilage, ACPCs most likely reside in the superficial zone, as 
Notch-1 expressing cells are found here15 and possess progenitor cell characteristics90,124,127. 
In addition, enhanced expression of fibronectin and one of its receptors, integrin-a5 and -b1, 
was found in the superficial zone15. As a direct consequence, most of the cells isolated via DAF 
originated from the superficial zone. The same group also showed that the CFE of surface 
zone cells is higher compared to deep zone cells15. 

Upon damage of cartilage, ACPCs seem to migrate towards the site of injury171. Cells 
that migrated into the site of injury were found to possess progenitor-like characteristics130. 
An increase of CD271-expression was seen in ACPCs from increased OA severity126. Classical 
MSC markers CD105119,120, VCAM124, or combinations including these markers125,126 were all 
enhanced in OA cartilage or upon trauma. A shift of expression of PRG4128 from the superficial 
layer to deeper zones was seen in OA, whereas CD271- and CD105-positive cells shifted 
towards the superficial zone in OA126. In OA cartilage, cell clusters were observed which 
express ACPC-associated markers like Notch-1, Stro-1125, VCAM, FGF-2, and Ki-67124,131. 
These cells proliferated faster and produced more cartilaginous nodules in vitro compared to 
cells isolated from macroscopically healthy cartilage131. Contradictory, others found that 
ACPCs derived from healthy cartilage proliferated faster than OA-derived ACPCs161. Lastly, a 
high number of CD105/CD166-positive16 and CD146-positive cells123 was found in OA 
cartilage and these cells had multilineage potential. OA-derived cells also formed more 
colonies compared to cells from normal human cartilage91 and this increased with OA 
severity126. 
 
In vitro culture of ACPCs 
Effects of culture conditions on ACPC behaviour 
Three studies made an attempt to optimize growth kinetics examining factors like seeding 
density, culture systems, and serum concentrations172–174. The authors reported on optimal 
expansion conditions when the medium was supplemented with fetal bovine serum (FBS) and 
TGF-β1 at 40% and 1 ng/mL, respectively172. However, more recent studies have not used 
FBS concentrations that were as high as 40%. A passage length of five days was optimal for 
cell yield and the authors reported on reduced costs of expansion by 60%174. Furthermore, a 
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method for expansion on microcarriers eliminated the need for a harvesting step and was thus 
suggested to prevent dedifferentiation173. A direct comparison of fibronectin versus laminin, 
another important cell adhesion molecule, for differential adhesion of ACPCs resulted in 
higher population doubling, increased gene expression of type II collagen, and increased 
osteogenic and adipogenic differentiation potential of laminin-selected ACPCs167. Likewise, 
expansion with platelet lysate compared to FBS showed more population doublings and 
increased expression of chondrogenic genes aggrecan and type II collagen, but at the same 
time expression of type X collagen was also increased175. Others found increased gene 
expression of aggrecan, type II collagen and Sox9, as well as proteoglycan and type II collagen 
production of ACPCs by application of intermittent hydrostatic pressure144 or mechanical 
stimulation in a bioreactor system176, and inhibition of CFE by high glucose levels during 
growth culture158. Moreover, normoxic versus hypoxic conditions revealed greater production 
of glycosaminoglycans, low alkaline phosphatase expression, and weaker type I collagen 
staining in both conditions compared to MSCs118. In line, consistently low levels of type X 
collagen were expressed by ACPCs when normoxia and hypoxia were compared166. A reduction 
of oxygen tension during culture is also known to delay chondrocyte aging and improve their 
chondrogenic potential177,178.  

In brief, optimization of culture conditions for ACPCs have been investigated 
extensively. There are no uniform protocols for expansion and optimal differentiation for 
cartilage formation. Consensus on these matters would aid in comparing outcomes of studies 
in the future. 
 
In vitro response of ACPCs to injury  
Upon ex vivo injury of bovine cartilage, migratory cells with progenitor-characteristics were 
found130,133. Additional research showed that the phagocytic capacity of these ACPCs was 
higher compared to chondrocytes and comparable to synoviocytes and macrophages, 
suggesting a macrophage-like role for ACPCs in cartilage injury179. After treating ACPCs with 
supernatant from injured explants, proliferation, migration, and expression of 
immunomodulatory mediators were enhanced, while chondrogenic capacity was impaired125.  
 
In vitro response of ACPCs to compounds 
Stimulation of chondrogenesis in ACPCs was successful by inhibition of the NF-kB pathway, 
the major signalling pathway involved in OA180. Inhibition of this pathway was achieved by an 
inhibiting peptide132 and magnoflorine143, both resulting in increased chondrogenesis. IL-1B 
and TNF-α, inflammatory factors involved in OA, were reported to inhibit migration of 
ACPCs149. Similarly, β-Catenin and NGF are elevated in OA181,182. Inhibition of the Wnt/β-
Catenin pathway promoted proliferation and differentiation160, while NGF failed to stimulate 
chondrogenesis in ACPCs150. The specific role of these compounds in OA remains to be 
investigated. 
Alternatively, chondrogenesis could be triggered by direct activation of chondrogenic 
pathways. Combined mechanical stimulation and shear stress induced chondrogenesis 
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through an increase in endogenously produced TGF-β1, while overexpression of BMP2 
reduced chondrogenesis176. Also, BMP9 was a potent stimulator of chondrogenesis183. Direct 
treatment of ACPCs with extracellular matrix components Link protein N-terminal peptide 
(LLP)142 or nidogen-2129 increased expression of chondrogenic genes. Proliferation of ACPCs 
was promoted by kartogenin184, a small molecule that induces chondrogenic differentiation of 
MSCs. Finally, sex hormones estrogen and testosterone influenced human ACPC 
performance185.  

To summarize, initial results indicate that ACPCs respond to injury and 
chondrogenesis can be induced in vitro, which could make the cells interesting as therapeutic 
targets. These findings could be used to provoke neo-cartilage formation or inhibit 
inflammation in OA. 
 
Application and translation of progenitors 
ACPCs used for tissue engineering and biofabrication approaches 
The potential of ACPCs for tissue engineering, biofabrication, and clinical application has been 
investigated widely. Biofabrication allows for production of constructs consisting of 
(bio)materials, bioactive cues, and/or cells, with a detailed predefined architecture186. The 
extensive proliferative potential of ACPCs combined with their chondrogenic capacity make 
these cells good candidates to use in tissue engineering and biofabrication approaches to 
repair or regenerate articular cartilage. 
 Under the influence of intermittent hydrostatic pressure, performance of rabbit 
ACPCs embedded in alginate was enhanced significantly. These cultures were pre-treated for 
one week with TGF-β3-containing medium but did not receive any exogenous growth factors 
thereafter. After two and four weeks, glycosaminoglycan, collagen, and DNA content were 
significantly higher than groups not treated with intermittent hydrostatic pressure144. Two 
studies investigating equine ACPC-performance in hydrogels both reported on good 
outcomes. When the cells were embedded in gelatin methacrolyl (gelMA) hydrogel cultured 
in chondrogenic medium, mainly a difference was found in the expression of zonal markers 
compared to bone marrow-derived MSCs. Expression of PRG4 was increased in ACPC-loaded 
gels, while type X collagen expression was decreased compared to MSCs116. Furthermore, 
when equine ACPCs were embedded in gelMA/gellan and gelMA/gellan/HAMA hydrogels 
and cultured in chondrogenic medium, these produced more glycosaminoglycans and type II 
collagen than chondrocytes, whereas performance of MSCs in the same gels was comparable 
to ACPCs187. Similar to hydrogels, printed scaffolds have also been successfully seeded with 
ACPCs. Human ACPCs seeded on fibrin-polyurethane composite scaffolds were responsive to 
mechanical stimulation. The cells produced more glycosaminoglycans and aggrecan gene 
expression was increased without addition of exogenous growth factors176. Furthermore, 
human ACPCs could also be seeded onto polycaprolactone/polylactic electrospun nanofibrous 
scaffolds where the cells attached and spread over the fibers. Further research has to shed 
light on chondrogenic performance of the cells in this specific setting137. 

Besides tissue engineering, ACPCs were successfully used in several biofabrication 
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techniques. It was shown that equine ACPCs have the potential to be bioprinted and while 
exact mechanisms remain to be elucidated, an interplay between MSCs, ACPCs, and 
chondrocytes was found to be important for neo-cartilage synthesis116. The same cells were 
also successfully used for encapsulation in various hydrogels188–191 in combination with 
biofabrication techniques like extrusion-based bioprinting116,187, digital light processing192, and 
volumetric bioprinting193, while maintaining cell viability. While these are only first indications 
to use ACPCs with various techniques, additional research is necessary to assess chondrogenic 
performance of the cells in these settings. Nevertheless, initial results are promising to move 
forward with this cell population. 
 
In vivo and preclinical applications 
Several attempts were made to take the next steps in application of ACPCs for in vivo cartilage 
formation and repair. These are important to translate in vitro findings and define the 
potential of ACPCs for the clinic.  

When DAF-selected ACPCs were applied in a caprine model for cartilage defect filling 
using a cell-seeded type I/III collagen membrane (Chondro-Gide®), ACPC-seeded scaffolds 
showed good lateral integration with the surrounding tissue and type II collagen-positive 
repair tissue. However, no difference was found between chondrocyte- or ACPC-treated 
defects90. In the same study, engraftment into the growth plate of developing chick hind limbs 
of isolated and culture-expanded ACPCs was shown. Contradictory, DAF-selected bovine 
ACPCs that were injected intramuscularly in immune-deficient mice failed to produce cartilage 
matrix136. In an equine model, DAF-selected ACPCs were applied in a layered biofabricated 
osteochondral plug and showed good integration with the native cartilage, but the repair 
tissue contained mainly type I collagen189. When autologous and allogeneic ACPCs were 
directly compared in an equine cartilage defect model, an advantage of autologous over 
allogeneic cells was seen in histological outcomes194. 

When human ACPCs were used in immune-deficient mice, the cells were successful 
in production of cartilage matrix, whereas MSCs produced mainly bone153. The cells in this 
study were not isolated using any distinct method for ACPC isolation, but were 2D expanded 
in low density with low glucose. Furthermore, migratory human ACPCs expanded using 
platelet lysate outperformed chondrocytes in an in vivo ectopic chondrogenesis assay in 
athymic mice95.  

Finally, an attempt was made to proceed to human application, by using ACPCs to 
replace chondrocytes for matrix-assisted autologous chondrocyte transplantation (MACT), 
similar to the caprine study mentioned earlier. The pilot study with 15 patients93 reported on 
repair tissue rich in type II collagen and proteoglycans and without types I and X collagen. 
Furthermore, IKDC and Lysholm questionnaire scores improved significantly. However, there 
was no direct comparison between ACPCs and expanded chondrocytes in this study.  

While the discussed studies provide initial evidence of in vivo chondrogenic potential 
of these cells, further investigation is essential to ascertain promise cartilage repair and clinical 
translatability. 
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DISCUSSION 

With this review, we aimed to systemically evaluate the available literature on adult ACPCs 
and their use for cartilage tissue engineering and repair therapies. We are the first to provide 
a thorough overview of research from the last two decades that demonstrates the presence 
of a progenitor cell population residing in adult hyaline cartilage (Figure 2). Although great 
effort was made to study the identity and applications of ACPCs, many uncertainties remain. 
As a result of differences in isolation protocols, characterization, and culture expansion, most 
cell populations discussed in literature are likely to be heterogeneous populations and difficult 
to compare between laboratories. This stresses the need for this systematic review to expose 
certain inconsistencies and arriving at a shared definition of ACPCs. 

The reviewed literature employs a wide variety of procedures for isolation and 
characterization of ACPCs. Broadly speaking, three main methods for ACPC isolation are 
described. The method using differential adhesion to fibronectin, used in 42% of the 
investigated studies, is based on enriched expression of integrin-a5b1, as first described by 
Dowthwaite et al15. The other two main methods are based on expression of (a combination 
of) cell surface markers (19%)16,148 or migratory capacity (6%)149. Most populations isolated 
through these methods employed multilineage potential, responded to acute injury or 
mobilized during OA, and were able to produce hyaline cartilage extracellular matrix in vitro 
or in vivo.  

The heterogeneity in isolation and characterization creates discrepancies between 
donors and laboratories. Direct comparisons of ACPC populations isolated through different 
procedures are lacking and would aid to improve our understanding of the populations. The 
identification of a unique cell marker would facilitate extensive and coordinated research into 
the cell type. This could pave the way towards clinical application or cell targeting to promote 
cartilage regeneration in OA. Recently, Gdf5-expressing cells in developing joints were 
identified to contribute to joint cell lineages195. Co-expression of Lgr5 and Col22a1 was 
identified as an important lineage marker towards juvenile articular chondrocytes in the 
developing mouse joint196. Additionally, single-cell RNA sequencing has revealed several novel 
markers that are potentially specific for ACPCs in human OA cartilage197.  

The available literature suggests that ACPCs resemble MSCs165 in vitro based on 
surface marker expression and multilineage potential. The comparison to MSCs is often made 
due to the fact that MSCs (derived from various tissues) are a useful cell type for clinical 
application and are currently applied113. As the general view on the origin and role of MSCs is 
changing198, characterization of ACPCs based on MSC-features might not be the way to go 
and other routes should be investigated. More recent work has shed light on the cellular basis 
of bone and cartilage formation by identifying skeletal stem cells in mice and humans199,200, a 
cell type that might be closer related to (the origin of) ACPCs in adult hyaline cartilage. 
Although the comparison to clinically used chondrocytes is relevant, research into similarities 
between ACPCs and skeletal stem cells or more downstream progenitor cells is lacking and 
finding resembling features would contribute to knowledge about the origin and identity of 
ACPCs. 
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Establishing the role of ACPCs in cartilage development and homeostasis, as well as 
their response upon injury or in OA would provide additional insights into their physiological 
function in mature cartilage. Regeneration in the early stages of OA could be stimulated or 
progression of the disease halted. Several studies discussed here suggested that ACPCs have 
a possible role in immunomodulation, based on their capacity to migrate upon injury130,133, 
excretion of inflammatory mediators125 and phagocytic capacities179. Others found a higher 
prevalence of these cells upon cartilage damage and OA119,120,124–126,128,130–133. Of note, these 
are all in vitro indications for which in vivo validation is essential. During OA, cell density and 
clustering in cartilage increases201, for which ACPCs might partly be responsible. On the other 
hand, there is contradicting evidence that Prg4-expressing cells from the synovium migrate 
into sites of acute cartilage injury and contribute to cartilage repair195. In order to expand the 
application of ACPCs to OA besides repair of chondral defects alone, immunomodulatory 
properties should be demonstrated in vivo as is known for MSCs202.  

The described ACPC populations generally surpassed other cell types in proliferative 
potential and producing cartilage extracellular matrix in vitro95,118,123,139,144. In addition, most 
studies implanting animal-derived ACPCs in vivo confirmed their chondrogenic 
potential90,136,189, and even two studies using human cells reported on successful neo-cartilage 
formation95,153. As isolation methods do not seem to be associated with in vivo outcomes of 
cell performance and tissue formation, the challenge remains to compare findings between 
studies. Furthermore, differences between species and pathological states could influence cell 
performance. Donor age might play an important role, although none of the studies 
investigated this specifically. Nevertheless, the cells’ potency of prolonged in vitro 
expansion90,95,135 combined with limited tendency towards hypertrophic 
differentiation92,95,116,166 and their ability to form neo-cartilage can make ACPCs an appropriate 
cell type for repair of focal chondral defects.  

Despite the great deal of research that has been done on ACPCs, certain actions 
need to take place in order to close the gaps and reach consensus between researchers and 
laboratories. As noted before, isolation based on a unique marker is crucial to ascertain 
similarity in cell population between laboratories. Comparison of culture media and additives 
for ACPCs in a recent systematic review203 highlights the importance of consistency to align 
research. As ACPCs currently have no discrete set of cell surface markers that can be used to 
isolate the cells from tissue, the question remains if ACPCs are a distinct cell type or it refers 
to a heterogeneous mix of many cell types. Establishment of a cell marker and consistency in 
isolation and culture protocols ascertain comparability between populations. Another 
limitation might be availability of tissue for cell isolation. Cartilage from OA patients is 
generally more accessible than healthy cartilage, as it is redundant after knee replacement 
surgery. A direct comparison of ACPC populations of healthy and OA cartilage would shed 
light on differences in performance. In the same view, investigation of allogeneic use of ACPCs 
is valuable, as this would greatly improve the potential of application by availability, reduction 
of costs, and preselection of chondrogenic cells.  
 



|  Chapter 23344

Limitations of the current review
The current systematic review is limited by the restriction to cell populations that are isolated 
from adult hyaline cartilage. The comparison and relation to cell types in the developing joint 
is lacking and would contribute to our further understanding of the origin of the populations 
discussed here and their role in joint development and homeostasis. However, the current 
review and discussed literature is predominantly directed at clinical translation as opposed to 
etiology or the role of a cartilage progenitor cell in development. 

Guidelines and/or recommendations for minimal criteria of ACPC populations
Arriving at a shared definition of a homogenous cell population that can be isolated and 
characterized in a comparable manner is crucial. This work could be used as a basis for research 
groups and clinicians to harmonize study protocols and characterization. First, studies should 
report on origin of the cell in terms of species, anatomical location of the hyaline cartilage, 
and disease state. Second, method of isolation should be described in detail and preferably 
identical to one of the established protocols. Finally, phenotype of the isolated populations 
should be examined directly following isolation and culture media (and additives) as well as 
expansion time and/or passage number should be reported and synchronized.

Conclusions and future implications
To conclude, the available literature indicates that a cell population with progenitor-like 
characteristics resides in adult hyaline cartilage, which has extensive chondrogenic and 
proliferative potential. These features highlight the suitability of ACPCs as a cell source for 
focal chondral repair. In addition, it is crucial to investigate the role of ACPCs in development 
and disease, in order to determine their potential to slow down or reverse OA. If the current 
challenges can be overcome and consensus can be reached on this population, ACPCs hold 
great potential as a cell type for tissue engineering and for repair of cartilage damage in both 
focal cartilage injury and OA.
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ABSTRACT 

Objective 
Articular cartilage-derived progenitor cells (ACPCs) are a potential new cell source for 
cartilage repair. This study aims to characterize endogenous ACPCs from healthy and 
osteoarthritic (OA) cartilage, evaluate their potential for cartilage regeneration, and compare 
this to cartilage formation by chondrocytes. 
 
Design 
ACPCs were isolated from full-thickness healthy and OA human cartilage and separated from 
the total cell population by clonal growth after differential adhesion to fibronectin. ACPCs 
were characterized by growth kinetics, multilineage differentiation, and surface marker 
expression. Chondrogenic redifferentiation of ACPCs was compared to chondrocytes in pellet 
cultures. Pellets were assessed for cartilage-like matrix production by 
(immuno)histochemistry, quantitative analyses for glycosaminoglycans and DNA content, and 
expression of chondrogenic and hypertrophic genes.  
 
Results 
Healthy and OA ACPCs were successfully differentiated towards the adipogenic and 
chondrogenic lineage, but failed to produce calcified matrix when exposed to osteogenic 
induction media. Both ACPC populations met the criteria for cell surface marker expression 
of MSCs. Healthy ACPCs cultured in pellets deposited extracellular matrix containing 
proteoglycans and type II collagen, devoid of type I collagen. Gene expression of hypertrophic 
marker type X collagen was lower in healthy ACPC pellets compared to OA pellets. 
 
Conclusion 
This study provides further insight into the ACPC population in healthy and OA human 
articular cartilage. ACPCs show similarities to MSCs, yet do not produce calcified matrix under 
well-established osteogenic culture conditions. Due to extensive proliferative potential and 
chondrogenic capacity, ACPCs show potential for cartilage regeneration and possibly for 
clinical application, as a promising alternative to MSCs or chondrocytes.  
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INTRODUCTION 

Cartilage defects larger than 2 cm2 are currently treated by transplantation of autologous 
culture-expanded chondrocytes41,211. As chondrocytes are the resident cell type in cartilage, 
this cell type is the prime candidate for cartilage repair. Although long term results are 
promising with good patient reported outcomes and radiographic signs of cartilage 
formation211,212, drawbacks of the treatment remain. Extensive culture of chondrocytes for 
autologous administration induces dedifferentiation and loss of phenotype213. Additionally, 
graft hypertrophy can lead to continued ailments and may necessitate further revision 
surgery46. These drawbacks can potentially be resolved by other cell sources. Mesenchymal 
stromal cells (MSCs) are frequently used113 due to the relatively non-invasive methods for 
isolation, extensive culture-expansion potential214,215, and efficient in vitro differentiation into 
chondrocytes producing cartilaginous tissue216,217. However, the associated risk of MSCs 
differentiating into hypertrophic chondrocytes and subsequent endochondral ossification 
poses a challenge218. While chondrocytes and MSCs are impacting the way cartilage defects 
are treated, different cell sources overcoming potential limitations may further advance the 
quality of repair tissue, and hence possibly clinical outcomes, leaving a gap for improvement 
in cell-based cartilage tissue engineering. 
 
Initially, a small portion of isolated articular chondrocytes was described to grow clonally and 
differentiate into several lineages111. Next, a distinct progenitor cell with stem cell-like 
characteristics was identified in the superficial zone, first in bovine15 and later also in human 
cartilage90. This endogenous progenitor population is referred to as cartilage stem cells, 
mesenchymal or chondrogenic progenitor cells, or articular cartilage-derived progenitor cells 
(ACPCs).  
 
Besides extensive culture-expansion219, ACPCs are successful at producing neo-cartilage in 
vitro95,118 and in vivo90,93. Several reports indicate that ACPCs have no tendency to 
differentiate into hypertrophic chondrocytes, unlike MSCs92,116. These combined features give 
ACPCs a preference over chondrocytes and MSCs for cartilage regeneration. Furthermore, 
similar to chondrocytes220, pathological origin could influence ACPC performance. Indeed, OA-
derived ACPCs were shown to possess chondrogenic properties, like healthy cartilage-derived 
ACPCs91. However, direct comparisons of chondrogenic potential of ACPCs from healthy and 
OA cartilage are limited16,91. Direct comparison can provide insight in the pathophysiology of 
OA and the potential role of ACPCs in health and disease. 
 
The current study aims to characterize and compare fibronectin-selected ACPCs from healthy 
and OA human cartilage. By direct comparison of ACPC populations to full-depth cartilage 
cell populations derived from the same donors, their potential for cartilage regeneration is 
investigated. 
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METHODS 

Tissue collection 
Macroscopically healthy cartilage (n = 6, age 46 - 49) was isolated post-mortem from full-
weight-bearing and non-weight-bearing locations of the knee (Department of Pathology, 
University Medical Center Utrecht). Osteoarthritic (OA) cartilage was obtained from 
redundant material from patients (n = 6, age 55 - 79) undergoing total knee arthroplasty. 
Anonymous collection of this tissue was performed according to medical ethics regulations of 
the University Medical Center Utrecht and the guideline “good use of redundant tissue for 
research” of the Dutch Federation of Medical Research Societies221. Human MSCs (n = 6, age 
30 – 66) were derived from bone marrow from the iliac crest of patients receiving 
spondylodesis or total hip arthroplasty surgery after their informed consent and according to 
a protocol approved by the local medical ethical committee.  
 
Cell isolation and expansion 
Cartilage from all parts of the joint (weight-bearing and non-weight-bearing) was pooled for 
each donor. Cartilage pieces were digested in 0.2% (w/v) pronase (Sigma-Aldrich) in 
Dulbecco’s modified Eagle medium (DMEM; Gibco) with 1% (v/v) penicillin/streptomycin 
(pen/strep; 100 U/mL, 100 µg/mL; Gibco) for two hours at 37ºC, followed by overnight 
digestion in 0.075% (w/v) type II collagenase (Worthington, Lakewood, NJ) in DMEM with 
10% (v/v) heat-inactivated fetal bovine serum (FBS; Biowest) and 1% pen/strep under 
agitation. The population from here on referred to as “chondrocytes” is the total cell 
population isolated from cartilage, without any purification or selection90. Chondrocytes were 
expanded using chondrocyte expansion medium (DMEM, 10% FBS, 1% pen/strep). To 
isolate ACPCs, the digest was seeded at 500 cells/cm2 at 37ºC on culture plastic pre-coated 
for one hour with fibronectin (1 µg/mL in PBS containing MgCl2 and CaCl2; Sigma-Aldrich) 
using serum-free medium (DMEM with 1% pen/strep). After 20 minutes, non-adhered cells 
were washed away and ACPC expansion medium was added (DMEM, 10% FBS, 1% 
pen/strep, 200 µM l-ascorbic acid 2-phosphate [ASAP; Sigma-Aldrich], and 5 ng/mL basic 
fibroblast growth factor [bFGF; PeproTech]). On day 6, colonies (>32 cells) were isolated 
using sterile glass cloning cylinders (Sigma-Aldrich). Collected colonies were pooled and 
ACPCs were further expanded on conventional tissue culture plastic with ACPC expansion 
medium.  
 
The mononuclear fraction of bone marrow was separated by centrifugation using a Ficoll-
Paque density gradient (GE Healthcare, The Netherlands) and plated using MSC expansion 
medium (Minimum Essential Media [αMEM; Gibco, The Netherlands], 10% FBS, 1% 
pen/strep, 200 µM ASAP, and 1 ng/mL bFGF). MSCs were expanded up to passage four 
before use in differentiation assays. 
 
Flow cytometry 
Cells were washed in buffer (0.5% w/v bovine serum albumin [BSA], 2mM EDTA in PBS) 
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and incubated with antibodies against CD49e, CD146, CD166 (Miltenyi Biotec), CD105 
(Abcam), CD90, CD73, or a cocktail of markers (CD45, CD34, CD11b, CD79A, HLA-DR; all 
R&D Systems) according to the manufacturers’ instructions. Labelled cells were analysed 
using a BD FACSCanto II or BD LSRFortessa (BD Biosciences, USA). Dead cells were excluded 
using 100 ng/mL 4′,6-diamidino-2-phenylindole (DAPI; Sigma) or 1 µg/mL 7-
Aminoactinomycin D (7AAD; Molecular Probes). Results were analysed using FlowJo V10 
data analysis software package (TreeStar, USA). 
 
Colony Forming Unit Fibroblast Assay 
Chondrocytes directly after isolation (passage 0) and ACPCs and chondrocytes at passages 
two and four were seeded at 50 and 100 cells per 6-well plate well in duplicates. Cells were 
cultured with corresponding expansion medium. After seven days, colonies were fixed with 
10% formalin and stained for 45 minutes using 0.05% (v/v) Crystal Violet (Sigma-Aldrich) 
in Milli-Q water and counted.  
 
Multilineage Differentiation 
For chondrogenic and hypertrophic differentiation, 2.5 x 105 ACPCs (passage four) or 
chondrocytes (passage two) were pelleted in 15 mL Falcon tubes by centrifugation at 320 g 
for five minutes. Pellets were cultured in chondrogenic medium (DMEM with 1% pen/strep, 
2% (v/v) human serum albumin [HSA; Albuman, Sanquin Blood Supply Foundation], 1% 
insulin-transferrin-selenium-ethanolamine [ITS-X; Gibco], 0.1 µM dexamethasone, 0.2 mM 
ASAP, and 10 ng/mL TGF-β1 [PeproTech]). After 21 days of chondrogenic differentiation, 
half of the pellets was fixed using 10% buffered formalin. The other half of the pellets was 
exposed to hypertrophic medium (DMEM with 1% pen/strep, 1% ITS-X, 1 nM 
dexamethasone, 200 µM ASAP, 10 mM β-glycerophosphate [BGP; Sigma-Aldrich], and 1 nM 
3,3′,5-Triiodo-L-thyronine [Sigma-Aldrich]) for seven additional days. After a total of 28 days, 
the hypertrophic -treated pellets were fixed with 10% formalin and processed for histology.  
 
For osteogenic and adipogenic differentiation, ACPCs (passage four) and chondrocytes 
(passage two) were seeded in 24-well plate wells using corresponding expansion media. Upon 
subconfluency, monolayers were treated with osteogenic medium (αMEM with 10% FBS, 1% 
pen/strep, 200 µM ASAP, 10 mM BGP, and 10 nM dexamethasone [Sigma-Aldrich]) or 
adipogenic medium (αMEM with 10% FBS, 1% pen/strep, 1 µM dexamethasone, 0.5 mM 3-
Isobutyl-1-methylxanthine [IBMX; Sigma-Aldrich], 0.2 mM indomethacin [Sigma-Aldrich], 
and 1.72 µM insulin [Sigma-Aldrich]) for 21 days. After 21 days, monolayers were fixed with 
10% formalin and stained for calcium deposits by 40 mM alizarin red S in demineralized water 
(pH 4.1; Sigma-Aldrich) or intracellular lipid vacuoles by 7.3 mM oil red O (Sigma-Aldrich) in 
60% isopropanol. For all assays, MSCs were ran in parallel as positive controls. 
 
Additional osteogenic differentiation was performed by expanding and differentiating ACPCs 
using several batches of FBS (Biowest and Gibco) and platelet lysate222 (Sanquin Blood 
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Supply Foundation). Also, monolayers were treated with osteogenic medium with 100 ng/mL 
recombinant human Bone Morphogenetic Protein-2223 (InductOS) and cell pellets90 were 
stimulated with osteogenic medium, both for 21 days. Results are shown in Supplemental 
Figure S1. 
 
Pellet redifferentiation culture 
For the redifferentiation cultures, 2.5 x 105 cells were pelleted in ultra-low attachment 96-
well plate wells by centrifugation at 320 g for five minutes. Pellets were cultured for 28 days 
in redifferentiation medium (DMEM with 1% pen/strep, 2% HSA, 2% ITS-X, and 1% ASAP). 
Half of the pellets was supplemented with 10 ng/mL TGF-β1. Used medium was stored at -
20°C for further analysis. Pellets were processed for biochemical analyses, gene expression, 
and (immuno)histochemistry. 
 
Biochemical analysis of pellets 
Pellets were digested overnight with papain (250 µg/mL papain [Sigma-Aldrich], 0.2 M 
NaH2PO4, 0.1M EDTA, 0.01M cysteine, pH 6) at 60ºC. Deposition of sulphated 
glycosaminoglycans (GAGs) and release into the medium was measured by a 
dimethylmethylene blue assay (pH 3). The 525 / 595 nm absorbance ratio was measured 
using chondroitin-6-sulfate (Sigma-Aldrich) as a reference. DNA was quantified using a 
Quant-iT™ PicoGreen assay (Invitrogen) according to the manufacturer’s instructions.  
 
Histological analysis of pellets 
Pellets were processed for histology by dehydration through graded ethanol steps, clearing in 
xylene, and embedding in paraffin. Five µm-sections were stained for proteoglycan production 
with 0.125% safranin-O (Merck) counterstained with 0.4% fast green (Sigma-Aldrich) and 
Weigert’s hematoxylin (Clin-Tech). Collagen deposition was visualized by 
immunohistochemistry. Sections were blocked in 0.3% (v/v) hydrogen peroxide. Antigen 
retrieval for type I and II collagen was performed with 1 mg/mL pronase (Sigma-Aldrich) and 
10 mg/mL hyaluronidase (Sigma-Aldrich) and for type X collagen with 1 mg/mL pepsin 
(Sigma-Aldrich) and 10 mg/mL hyaluronidase for 30 minutes at 37ºC. Sections were blocked 
with 5% (w/v) BSA in PBS for one hour at room temperature and incubated with primary 
antibodies for type I collagen (EPR7785 [BioConnect], 1:400 in 5% PBS/BSA), type II 
collagen (II-II6B3 [DHSB], 1:100 in 5% PBS/BSA) and type X collagen (X53 [Quartett], 1:20 
in 5% PBS/BSA) overnight at 4ºC. Appropriate IgGs were used as isotype controls. Next, 
type I collagen sections were incubated with BrightVision Poly-HRP-Anti Rabbit 
(ImmunoLogic) and type II collagen sections were incubated with goat-anti-mouse IgG HRP-
conjugated (DAKO, P0447; 1:100 in 5% PBS/BSA), both for one hour at room temperature. 
Type X collagen sections were incubated with biotinylated sheep-anti-mouse IgG (RPN1001V 
[GE Healthcare]) for one hour at room temperature, then with streptavidin-HRP for one hour 
at room temperature (DAKO, P0397; 1:1000 in 5% PBS/BSA). Next, all stainings were 
developed using 3,3’-diaminobenzidine (DAB, Sigma-Aldrich). Cell nuclei were counterstained 



Progenitor cells in healthy and osteoarthritic human cartilage  |  

 

5599 

with Mayer’s hematoxylin (Klinipath). 
 
Gene expression  
Gene expression analysis was performed by real-time polymerase chain reaction (PCR). RNA 
was isolated from cells and pellets using TRIzol (Invitrogen) according to the manufacturer’s 
instructions. Total RNA (200-500 ng) was reverse-transcribed using the High-Capacity 
cDNA Reverse Transcription Kit (Applied Biosystems). Real-time PCRs were performed using 
iTaq Universal SYBR Green Supermix (Bio-Rad) in the LightCycler 96 (Roche Diagnostics) 
according to the manufacturer’s instructions. Primers (Invitrogen) are listed in Table S1. 
Relative gene expression was calculated using 18S as a housekeeping gene. Amplified PCR 
fragments extended over at least one exon border (except for 18S). The primer for detection 
of two splice variants of COL2A1 extended across exon 2 of the gene and results in 
amplification of splice variants IIa and IIb. PCR products were separated on 2% (w/v) agarose 
gel electrophoresis and stained with SYBR Safe (Invitrogen). 
 
Statistical analysis 
Experiments for flow cytometry, colony-forming efficiency, and multilineage differentiation 
were performed with cells from six healthy and six OA cartilage donors, unless stated 
otherwise. Pellet redifferentiation culture was performed with cells from three donors and 
three technical replicates per donor. All data are expressed as mean±standard deviation (SD). 
Data were analyzed using the GraphPad Prism 8 software package (GraphPad Software, 
United States). Normality was confirmed with a Shapiro-Wilk test (p>0.05). Groups were 
compared using an unpaired t-test, one- or two-way analysis of variance (ANOVA) with 
Bonferroni post-hoc test. Gene expression data was not normally distributed and therefore 
analysed with a Mann-Whitney or Kruskall-Wallis test with Dunn’s post-hoc test. A value of 
p<0.05 was considered statistically significant. 

RESULTS 

Cells isolated from human cartilage have a chondrogenic profile 
All samples consistently contained cells highly expressing the cartilage-specific marker 
cartilage link protein (HAPLN1), while having low expression of the synovial-specific marker 
microfibril-associated glycoprotein-2224 (MFAP5; Figure 1A). Expression of HAPLN1 was 
comparable between cells directly after digestion of healthy versus OA cartilage (1.199±0.259 
vs 0.687±0.678). Likewise, expression of MFAP5 was low in cells from both disease states 
(0.0010±0.0003 vs 0.000016±0.000001), confirming successful isolation of cartilage cells 
without contamination of synoviocytes from the tissues. 
 
Expression of progenitor-specific markers in freshly isolated chondrocytes 
Gene expression of freshly isolated chondrocytes revealed a significant difference in Notch 
receptor 1 (NOTCH1) between healthy and OA-derived cells (0.3274±0.5821 vs 
0.0047±0.0016; p=0.0022; Figure 1B). Notably, expression of n-cadherin (CDH2) was 
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significantly higher in cells derived from OA cartilage compared to healthy (0.0003±0.0003 
vs 0.0077±0.0053; p=0.0061; Figure 1B). Cells positive for cell surface marker CD49e 
(integrin-α5) were significantly decreased in OA-derived cells compared to healthy 
(87.3%±11.6% vs 2.6%±1.4%; p<0.0001; Figure 1C). Likewise, expression of CD166 was 
decreased in OA-derived cells (48.4%±43.2% vs 1.4%±0.1%; p=0.0122). Marker expression 
of CD105 as well as co-expression of CD105 and CD166 did not differ between the groups. 
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Selection by adhesion to fibronectin results in a population with high clonogenicity and 
proliferative capacity
Colony-forming efficiency of ACPCs at passage two and four was higher than of the full 
population (p<0.0001 for all groups; Figure 2A). Morphology of representative Crystal Violet-
stained colonies can be seen in Supplemental Figure S2. Healthy and OA ACPCs underwent 
18.1±1.5 and 13.0±1.0 population doublings respectively until reaching the fourth passage 
after 29.3±1.0 and 28.0±3.3 days, healthy and OA chondrocytes had 6.8±0.9 and 6.4±1.0 
population doublings respectively until reaching passage four after 40.7±2.1 and 41.0±3.3 
days (Figure 2B). Expansion of chondrocytes and ACPCs in ACPC-expansion medium resulted 
in similar population doublings per passage and similar passage length (Supplemental Figure 
S3A and B), while expansion in chondrocyte-expansion medium resulted in a less population 
doublings by chondrocytes while their culture time per passage decreased (Supplemental 
Figure S3C and D). OA ACPCs and chondrocytes lost expression of type II collagen (COL2A1) 
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during expansion (Figure 2C). Expression of type II collagen splice variants IIa and IIb did not 
reveal any distinct differences between chondrocytes and ACPCs or between passage 
numbers (Supplemental Figure S4).

ACPCs fail to produce mineralized matrix upon osteogenic and hypertrophic induction
All healthy and OA ACPCs differentiated into the chondrogenic and adipogenic lineage, 
indicated by safranin-O and oil red O stainings (Figure 3A and 3B). Chondrocyte pellets 
stained less for proteoglycans than ACPC pellets (Figure 3A, left panels). Osteogenic 
differentiation was evident in chondrocytes (Figure 3C, left panels), while ACPCs stained 
negative for mineralized matrix by alizarin red (Figure 3C, right panels). Osteogenic 
differentiation was also unsuccessful when ACPCs were expanded with different batches of 
FBS and platelet lysate, and when the osteogenic differentiation medium was supplemented 
with 100 ng/mL BMP-2 or when ACPC pellets were stimulated with osteogenic medium 
(Supplemental Figure S1). All chondrocytes and ACPCs were unable to differentiate into 
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hypertrophic chondrocytes, indicated by negative staining for type X collagen (Figure 3D).

Expression of bone marrow-derived MSC surface markers in culture-expanded ACPCs
Expression of cell surface markers defined for bone marrow-derived MSCs in monolayer 
culture165, CD90, CD105, and CD73, was >95% in all populations. CD166-expression was 
>99% in all ACPC donors, but lower in OA chondrocytes (87.8%±13.6) compared to healthy 
ACPCs (99.7%±0.1; p=0.0322) and OA ACPCs (99.8%±0.1; p=0.0315). Expression of 
CD146 was higher in OA chondrocytes (39.0%±8.1) compared to healthy chondrocytes 
(22.2%±0.0; p=0.0322), healthy ACPCs (27.3%±15.2; p=0.0352), and OA ACPCs 
(20.9%±4.6; p=0.0003). Expression of several markers was tested using a cocktail containing 
antibodies against CD45, CD34, CD11b, CD79A, and HLA-DR. All cell types were <2% 
positive for this cocktail of markers (Figure 4).

ACPC pellets produce proteoglycans and type II collagen in vitro
Chondrocytes and ACPC pellets stained positive for proteoglycans when stimulated with 10 
ng/mL TGF-β1. When the redifferentiation medium was not supplemented with TGF-β1, 
pellets stained negative for proteoglycans (Figure 5A). Type II collagen production was only 
found in healthy ACPC pellets cultured in the presence of TGF-β1. All other conditions 
showed no type II collagen-positive matrix (Figure 5B). Additionally, healthy ACPC pellets 
stimulated with TGF-β1 were the only condition negative for type I collagen (Figure 5C). All 
cultures were negative for X collagen (Figure 5D). 
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Healthy ACPC pellets cultured with TGF-β1 contained more GAGs compared to OA 
chondrocyte and OA ACPC pellets (1.1±0.4 µg vs. 0.3±0.3 µg and 0.3±0.3 µg, p=0.0115 and 
p=0.0152, respectively; Figure 6, left panel). Similarly, DNA content was higher in healthy 
ACPC pellets, independent of TGF-β1 (with TGF-β1: 539.0±152.0 ng vs. 137.4±121.8 ng and 
134.2±192.8 ng, p=0.0058 and p=0.0054, respectively, without TGF-β1: 389.4±151.5 ng vs. 
34.0±10.7 ng and 59.7±84.5 ng, p=0.0153 and p=0.0264, respectively (Figure 6, middle 
panel)). Production of GAG corrected for the amount of DNA was not different between the 
groups (Figure 6, right panel).

Reduced expression of hypertrophic marker type X collagen
Gene expression analysis was only performed on TGF-β1-treated pellets, as insufficient 
amounts of RNA could be isolated from non-TGF-β1-treated pellets. No difference was found 
between expression of chondrogenic genes aggrecan (ACAN), type II collagen (COL2A1), and 
SRY-box transcription factor 9 (SOX9) between the experimental groups (Figure 7A). 
Noteworthy, COL2A1 expression in ACPC pellets was close to zero. Expression of the 
hypertrophic marker type X collagen (COL10A1) was lower in healthy ACPC pellets compared 
to OA ACPC pellets (0.00074±0.00071 vs. 0.01315±0.00393; p=0.0028) and compared to 
OA chondrocyte pellets (0.005664±0.002154; p=0.0296). Expression of type I collagen 
(COL1A1) and matrix metallopeptidase 13 (MMP13) was not different between the groups 
(Figure 7B).
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DISCUSSION

The current study aimed to characterize human ACPCs from healthy and OA cartilage and 
determine their potential for cartilage regeneration. While fibronectin-selected progenitor 
populations have been described in healthy90 and OA human cartilage91,141, this study is the 
first to directly compare chondrogenic functionality of ACPCs from healthy and OA cartilage 
to chondrocytes derived from matching donors. The results confirm the presence of an ACPC 
population in human articular cartilage16,90,91,141. Differential adhesion to fibronectin resulted 
in a cell population that was capable of clonal growth, extensive culture-expansion, 
multilineage differentiation, and had a limited tendency to produce mineralized matrix and 
terminally differentiate into hypertrophic chondrocytes. As chondrogenic potential of 
chondrocytes can be dependent on the disease state of cartilage220, ACPCs derived from 
healthy and OA cartilage might provide as good candidates for cartilage repair. The current 
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side-by-side comparison of healthy- with OA-derived ACPCs and donor-matched 
chondrocytes provides an overview of these cells’ potential for cartilage regeneration. 
 
We investigated full-depth healthy and OA cell populations attempting to find correlations 
between previously reported progenitor markers and ACPC quantity. Expression of NOTCH1 
was found to be higher in healthy cells compared to OA, confirming previous findings124. At 
the same time, CDH2 was significantly upregulated in OA cells. The cell-cell adhesion molecule 
N-cadherin is related to cellular condensation in early chondrogenesis during development 
and absent in differentiated cartilage225,226. This might be a result of chondrocyte clustering 
in OA131,227 and the cells potentially obtaining a more premature chondrogenic phenotype. 
CDH2 in culture-expanded ACPCs was previously found to be higher in non-OA ACPCs 
compared to OA ACPCs145, indicating that this difference is lost upon selection for progenitors 
and culture expansion. Therefore, NOTCH1 and CDH2 might be used as markers to 
distinguish between healthy- and OA-derived cells. 
 
Expression of surface markers CD49e (integrin-α5, part of the key fibronectin receptor) and 
CD166 was lost in the total population of OA cells compared to healthy cells and no difference 
in CD105/CD166-double positive cells was found. These findings are in contrast to previous 
ones16, where a higher percentage of double positive cells was found in OA tissue. However, 
others found similar amounts122 or more CD105/CD166-double positive cells in healthy 
cartilage versus OA161. The OA cartilage in the current study was obtained from end-stage 
OA patients and was not scored on OA severity. Severely degraded OA cartilage has lost most 
of its superficial layer and would subsequently also have lost superficial zone cells, which 
express CD49e15 and CD166122. Separation based on CD49e-expression could lead to a 
population with improved chondrogenic potential, like healthy cartilage-derived ACPCs.  
 
Our results show separation based on differential adhesion to fibronectin results in a 
population with enriched colony-forming efficiency and increased proliferative potential. 
Fibronectin-selected ACPCs were previously found to maintain telomerase activity and 
telomere length up to at least 22 population doublings90,135, which is more than the number 
of population doublings reached in our study. When using the same expansion media to 
expand both cell types, population doublings in chondrocytes were limited compared to ACPCs 
with chondrocyte-expansion medium, supporting the findings of higher cell yields of ACPCs. 
To add, culture time of chondrocytes decreased over passaging, indicating increasing cell size 
and possible dedifferentiation. On the contrary, OA-derived ACPCs lost mRNA expression of 
type II collagen upon culture expansion. Articular chondrocytes are known to dedifferentiate 
in monolayer expansion213, but regain their phenotype when exposed to appropriate culture 
conditions111,228. Similarly, our ACPCs regained their differentiation potential and especially 
healthy cartilage-derived ACPCs were successful in producing type II collagen- and 
proteoglycan-rich matrix in vitro, while chondrocytes were less effective. Gene expression and 
protein deposition after the culture period of four weeks did not correspond, for which type II 
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collagen is the most evident example. While H-ACPCs pellets cultured with TGF-β1 did not 
express the gene corresponding for type II collagen, immunohistochemistry revealed a slightly 
positive staining in these pellets. While discrepancies between protein and gene expression 
are regularly seen229, the chondrogenic response of ACPCs in this case might have been earlier 
than that of chondrocytes, resulting in differences in gene expression between the cell types 
at the four-week evaluation point. Evaluation of gene expression throughout the culture 
period would give insight into the timing of the response. Furthermore, evaluation of individual 
clones of ACPCs would shed more light on cell performance and would allow for selection of 
populations with optimal characteristics, as was investigated before90,135. Yet, for the purpose 
of the current study it would considerably delay expansion time to obtain sufficient amounts 
of cells for tissue engineering and limit clinical application.  
 
Since there is a need for identification of unique markers for selecting ACPCs, we specifically 
looked into gene expression of type II collagen splice variants in order to investigate whether 
this marker could be used for discerning ACPCs and chondrocytes. Splice variant IIa is an 
established marker for juvenile chondrocytes or mesenchymal cells, while variant IIb is 
expressed by mature chondrocytes230,231. Although ACPCs would be chondrogenic precursors 
and were expected to express the immature variant of type II collagen, no differences were 
found here between the cell types or passage numbers, a possible result of the cells being in 
the expansion phase rather than in redifferentiation and are not actively producing 
extracellular matrix. 
 
ACPCs are generally referred to as MSC-like as they, besides holding multilineage 
differentiation potential, meet the surface marker criteria to identify MSCs165. In addition, 
there are some indications that ACPCs have similar anti-inflammatory properties as MSCs128. 
More than 95% of the ACPCs described here expressed MSC-markers CD90, CD105, CD73, 
and CD166, and expression of a panel of negative markers is <2%. Noteworthy, ACPCs were 
negative for HLA-DR, making these populations potentially interesting for allogeneic 
applications. Culture-expanded chondrocytes exhibit a similar pattern of surface marker 
expression. While the expression pattern of the ACPC populations investigated here are in 
line with previous reports90,95,154, caution should be taken when drawing conclusions. 
Evaluating expressed surface markers straight after ACPC-selection from the total pool of 
cells is the only way to directly compare cell populations and avoid the effect of culture 
expansion on the expression profile. 
 
Both ACPC populations were unable to produce mineralized matrix upon stimulation with 
various osteogenic differentiation media and protocols. While osteogenesis is generally 
confirmed in human ACPCs90,91,141, indications of reduced osteogenic potential exist. 
Interestingly, consistent results have been reported on decreased or absent expression of 
hypertrophic chondrocyte marker type X collagen92,94,95,116 or early osteogenic marker alkaline 
phosphatase118. The differences in osteogenic differentiation potential between the 
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populations investigated here and fibronectin-isolated ACPC populations described by others 
are remarkable. As ACPCs originate from the cartilage, the cells might be more primed towards 
the chondrogenic lineage rather than to differentiate into osteoblasts or continue towards 
terminal hypertrophic differentiation. Since others do report on osteogenic differentiation of 
ACPCs, minor differences in culture media composition might explain the discrepancies. 
Isolation and culture protocols should be conducted side-by-side to elucidate differences 
between ACPC populations. Bone marrow-MSCs are associated with the risk of hypertrophic 
cartilage formation, when cells either differentiate or deposited matrix is remodelled into 
bone92,232. Because hypertrophy in autologous chondrocyte implantation (ACI) continues to 
be a challenge46, the reduced osteogenic drift of ACPCs holds great promise for these cells.  
 
Healthy cartilage-derived ACPCs produce cartilage ECM in vitro containing proteoglycans and 
type II collagen, and are devoid of type I collagen. In addition, these healthy ACPC pellets had 
low expression of type X collagen mRNA. Cartilage harvest site and tissue quality can be 
important for eventual cartilage production. To obtain healthy ACPCs, we combined all load-
bearing and non-load-bearing cartilage from healthy knee joints, while chondrocytes isolated 
for ACI procedures are generally from non-load-bearing areas. However, chondrocytes from 
macroscopically healthy, full-weight bearing cartilage were shown to produce more 
proteoglycans and type II collagen in vitro220. Separating sub-groups of ACPC populations 
based on the degree of weight-bearing might provide further insights into the physiological 
role of progenitors in cartilage homeostasis. While we have not investigated it in the current 
study, several studies report on an increased number of ACPCs in OA cartilage16,91,123,126 and 
numbers of ACPCs increasing after mechanical stimulation130,133.  
 
ACPCs were used in a caprine model and had good lateral integration with the native 
cartilage90, showing potential for use in a two-step cartilage repair procedure. Furthermore, a 
pilot study with 15 patients employing matrix-assisted autologous chondrocyte 
transplantation reported satisfactory histological and pain scoring one year after surgery93. 
ACPCs were expanded for a maximum of three weeks, substantially shorter than the 
expansion time needed for chondrocytes, which is generally four to eight weeks233–235, 
depending on growth speed and defect size. In spite of these promising early clinical results, 
direct comparisons between chondrocytes and ACPCs are necessary to identify advantages in 
length of culture expansion and quality of the repair tissue. 
 
To conclude, ACPCs isolated here show potential for cartilage regeneration, possibly in an 
autologous approach replacing chondrocytes. The limited potential of these ACPC populations 
to produce mineralized matrix and absence of type X collagen protein and mRNA expression 
in healthy cartilage-derived ACPCs is promising. These observations combined with extensive 
in vitro expansion potential of ACPCs can have major implications for future cartilage repair 
treatments.  
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ABSTRACT 

Meniscus injuries can be highly debilitating and lead to knee osteoarthritis. Progenitor cells 
from the meniscus could be a superior cell type for meniscus repair and tissue-engineering. 
The purpose of this study is to characterize meniscus progenitor cells isolated by differential 
adhesion to fibronectin (FN-prog). Human osteoarthritic menisci were digested and FN-prog 
were selected by differential adhesion to fibronectin. Multilineage differentiation, population 
doubling time, colony formation and MSC surface markers were assessed in the FN-prog and 
the total meniscus population (Men). Colony formation was compared between outer and 
inner zone meniscus digest. Chondrogenic pellet cultures were performed for redifferentiation. 
FN-prog demonstrated multipotency. The outer zone FN-prog formed more colonies than the 
inner zone FN-prog. FN-prog displayed more colony formation and a higher proliferation rate 
than Men. FN-prog redifferentiated in pellet culture and mostly adhered to the MSC surface 
marker profile, except for HLA-DR receptor expression. This is the first study that 
demonstrates differential adhesion to fibronectin for isolation of a progenitor-like population 
from the meniscus. The high proliferation rates and ability to form meniscus extracellular 
matrix upon redifferentiation together with the broad availability of osteoarthritis meniscus 
tissue, makes FN-prog a promising cell type for clinical translation in meniscus tissue-
engineering. 
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INTRODUCTION 

The meniscus is a fibrocartilage structure in the knee that is predominantly composed of 
circumferentially orientated type I collagen fibres and low amounts of glycosaminoglycans 
(GAGs) surrounded by water. It plays an important role in shock absorption, load transmission 
and stability of the knee. Meniscus injuries can lead to knee pain, locking and swelling and are 
highly disabling. The treatment of a meniscus injury is dependent on the location of the tissue 
damage, as the ability to heal differs between the inner and outer zone. The avascular inner 
zone is composed of chondrocyte-like cells and does not heal, while the vascularized outer 
zone has a fibrocartilage phenotype and some healing potential236–238. Therefore, meniscus 
tears in the outer zone of young patients can be successfully repaired, but overall 66% of 
meniscus tears remain irreparable239–241. Meniscus tears unsuitable for repair are treated using 
(partial) meniscectomy with a 7-fold increase in the odds of developing osteoarthritis242,243. 
Currently, approaches for (stem) cell based therapies for meniscus repair and regeneration 
are emerging244,245. These therapies often employ multipotent mesenchymal stromal cells 
(MSC), but hypertrophy and osteogenesis are common drawbacks of these stem-cell like or 
signaling cells232,246. Results of the first clinical trial employing MSCs after meniscectomy are 
suboptimal247 and there seems to be a paradigm shift towards the use of specific progenitor 
cells248. In the last decades, the existence of a progenitor cell population in healthy as well as 
osteoarthritic cartilage has been suggested15,16,90. Cartilage progenitor cells can be isolated by 
employing their differential adhesion to fibronectin (DAF) based on the high affinity for the 
fibronectin receptor15. Cartilage progenitor cells have high proliferative and multipotent 
capacity and increased chondrogenic differentiation potential compared to bone marrow 
MSCs93,111, with a lower tendency for terminal hypertrophic differentiation92. Recently, the 
presence of meniscus progenitor cells has been suggested in rabbits246,249 and humans86,87,250. 
Meniscus progenitor cells might be a therapeutic target for meniscus preservation and a 
promising cell type for meniscus tissue-engineering, especially due to the high availability of 
osteoarthritic tissue. However, meniscus progenitor cells are not thoroughly characterized, 
and unlike for articular cartilage, the DAF protocol has not been explored for isolation of 
meniscus progenitors.  
 
Therefore, the purpose of this study is to isolate progenitor cells from osteoarthritic menisci 
using DAF. To test the ability of DAF to select a progenitor population, the acquired cells (FN-
prog) were compared to the total meniscus population (Men). Men and FN-prog were 
characterized according to the MSC guidelines by the International Society for Cellular 
Therapy (ISCT)165. Moreover, other progenitor-characteristics like clonogenicity and 
proliferation were assessed. Lastly, the potential of FN-prog for meniscus tissue engineering 
was compared to Men by assessing redifferentiation in pellet culture using gene expression, 
release and deposition of GAGs and deposition of collagen. 
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RESULTS 

Selection of a clonogenic population from the meniscus inner and outer zone 
Colony formation of the total meniscus, outer and inner zone digest was assessed after DAF. 
Of the total meniscus digest, 1.1±0.8% of cells were clonogenic with affinity for fibronectin. 
0.3±0.4% of the inner zone cells formed colonies, whereas 1.5±1.1% of the outer zone cells 
formed colonies (Figure 1a). Fibronectin affinity of different passages of FN-prog and Men 
was assessed after 20 minutes adhesion to fibronectin (Figure 1b). Colony formation of FN-
prog at passage 4 was higher than the formation of Men. To assess colony formation 
regardless of fibronectin affinity, colony formation on culture dishes was also assessed. Again, 
colony formation of FN-prog at passage 4 was higher than that of Men (Figure 1c). Moreover, 
FN-prog retained their proliferative capacities, while the proliferation rate of Men diminished 
after the third passage (Figure 1d). Representative pictures of the colonies are shown in 
Figure 1e and 1f. 
 
Expression of MSC markers 
Over 98% of FN-prog and Men expressed the surface markers CD90 and CD105. CD73 was 
expressed in 74±15% of Men and 85±7.0% of FN-prog. Negative markers CD45, CD34, 
CD79α, and CD11b were negative (<2% positive) in both FN-prog and Men. In 4 out of 5 
donors 11-53% of FN-prog expressed the HLA-DR receptor and therefore did not meet the 
ISCT criteria165. In 1 out of 5 Men donors the HLA-DR receptor was expressed in 17% of the 
cells (Figure 2a).  
 
Multilineage potential 
All cell populations showed oil Red O staining after 3 weeks of culture indicative of adipogenic 
differentiation. Similarly, all populations produced mineralized matrix upon osteogenic 
induction confirmed by Alizarin Red staining. After 3 weeks of pellet culture in chondrogenic 
medium, all 5 FN-prog donors showed GAG deposition as indicated by Safranin-O staining, 
whereas none of the donors showed GAG deposition in the total meniscus population at 
passage 2. Cells of the total meniscus population at passage 4 were not able to form or 
maintain a firm pellet up to 4 weeks and did not show GAG deposition. None of the 
populations showed hypertrophic differentiation when subjected to hypertrophic media232 as 
assessed by type X collagen deposition, while the positive control of bone marrow derived 
MSCs was positive for type X collagen staining (Figure 2b).  
 
Expression profile after monolayer expansion 
Genes associated with a degenerative (Delta and Notch-like epidermal growth factor-related 
receptor (DNER)) or cartilage (Cyclin-dependent kinase 1( CDK1)) progenitor fate87 were 
expressed relatively higher in FN-prog than Men at passage 4 (Figure 3a). CD318, a marker 
associated with degenerative meniscus progenitor cells, was expressed higher in FN-prog than 
Men (0.05±0.06 vs 6.5±4.4) (Figure 3b). A meniscus progenitor fate87 can be assessed using 
the pericyte marker Melanoma Cell Adhesion Molecule (MCAM)251 (also known as CD146). 



Multipotent progenitors from osteoarthritic meniscus  | 7799

Gene-expression of MCAM did not differ significantly between FN-prog at passage 4 and 
Men at passage 2 (Figure 3a). Expression of MCAM in Men passage 4 was below the limit for 
quantification using qPCR. Surface marker expression of MCAM as assessed by flow 
cytometry did not differ significantly between Men and FN-prog (7.5±9.0 vs 2.5±1.5 % 
positive cells) (Figure 3b). Expression of extracellular matrix genes collagen type I a1 chain 
(COL1A1) and aggrecan (ACAN) were lower in FN-prog than in Men (Figure 3c). Expression 
of collagen type II a1 chain (COL2A1) was detectable but not quantifiable. 
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Chondropermissive/Redifferentiation culture
After culturing both cell populations in pellets in chondropermissive medium for 28 days, gene 
expression of meniscus matrix genes, GAG production and collagen and GAG stainings were 
analysed. COL1A1, COL2A1 and ACAN expression of FN-prog did not differ from Men. Upon 
addition of TGF-β1 to the chondropermissive medium, only COL2A1 expression was higher 
in FN-prog compared to Men (Figure 4a). DNA content did not differ between groups. 
Similarly, total production of GAGs (deposition and release) was comparable. Collagen 
deposition in FN-prog seemed higher than Men but this did not reach statistical significance 
(p=0.16) (Figure 4b). In absence of TGF-β1, safranin-O staining indicative of 
glycosaminoglycan deposition was absent in all pellets. The deposition of type I collagen was 
more pronounced by pellets of Men cells compared to FN-prog. In the Men pellets, type I 
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collagen was mainly found in the inner regions of the pellets, while for FN- prog it was 
distributed throughout the pellets, but in lower amounts. In the pellets that were cultured in 
presence of TGF-β1, safranin-O staining was positive in one donor of Men and all donors of 
the FN-prog. There was a low deposition of type I collagen by Men in some areas of the pellet, 
while FN-prog had deposited more type I collagen, that was located mostly towards the outer 
regions of the pellet. Type II collagen staining was absent or low in all groups (Figure 5).
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DISCUSSION 

This is the first study to isolate meniscus progenitor cells through DAF and to characterize 
the obtained cell population according to the MSC criteria of the ISCT. We confirmed selection 
of a distinctive cell population which differs from the total meniscus population in terms of 
colony formation, proliferation, chondrogenic differentiation, and gene-expression. The 
advantages of this population in terms of expansion and redifferentiation potential make this 
a promising cell type for meniscus tissue engineering.  
 
DAF has been used for isolation of progenitor cells from cartilage for almost two decades15, 
but was never used for isolation of meniscus progenitors. Here, isolated FN-Prog showed 
affinity for fibronectin up to at least passage 4. Interestingly, FN-prog from both inner and 
outer zone meniscus digest formed colonies. The inner zone of the meniscus is regarded as 
unable to regenerate, but the presence of progenitor-like cells in inner zone meniscus has 
been suggested previously to contain CD146+ cells252, clonogenic cells249, and migrating 
cells86,253 with progenitor-like properties. The reason for aberrant regeneration in the inner 
zone in presence of progenitor cells is unclear, but the lack of contact with blood-derived 
stimulating factors might prevent the progenitor cells to respond to injury. In agreement with 
our findings, the number of progenitor-like cells in the inner zone was lower compared to the 
outer zone in these studies. Therefore, FN-prog from the outer zone are presumably 
overrepresented in the FN-prog population. Nevertheless, the entire meniscus could be used 
as a cell source to obtain FN-prog. This facilitates easy isolation and increases the amount of 
available tissue. Moreover, the presence of FN-prog or progenitor-like cells in the inner 
meniscus creates potential for repair or regeneration in the inner zone, for example by 
enhancing the activity or density of FN-prog. This could change the current dogma of the 
inability of inner zone meniscus to regenerate. 
 
The ability to grow clonally is one of the characteristics of progenitor cells. In the current 
study, FN-prog formed more colonies and proliferated faster than Men. Likewise, a larger 
colony number and size were previously reported in progenitor-like cells compared to 
meniscus cells249,253. The possibilities for fast and extensive culture expansion creates potential 
for the use of FN-prog for clinical tissue engineering purposes. The prolonged and fast 
proliferation might indicate a more progenitor-like state/stemness of this population.  
 
Another indicator of the progenitor-like phenotype of FN-prog is the multilineage potential. 
Multilineage potential of meniscus progenitor cells was previously reported in progenitor 
populations selected based on colony formation249,254,255, or migration from the 
meniscus86,253,256. Here, FN-prog differentiated towards the adipogenic, osteogenic, and 
chondrogenic lineage, contrary to meniscus cells that did not display chondrogenic 
differentiation. Here, in contrast to bone-marrow derived MSCs, and similar to results shown 
for cartilage progenitor cells92, a lack of hypertrophic differentiation was demonstrated in FN-
prog. Again, these characteristics support the use of FN-prog over MSCs for meniscus tissue 
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engineering232,257.  
 
COL1A1 and ACAN expression of FN-prog were low during expansion and normalized upon 
redifferentiation, a phenomenon also seen in culture expanded chondrocytes111,153. Notably, 
upon addition of TGF-β to the chondropermissive medium, the COL2A1 expression was 
higher in FN-prog than in Men upon culture, although the expression was too low to translate 
into an abundant deposition of type II collagen on histology. Together with the GAG 
deposition, this indicates a progenitor-like state with chondrogenic tendency and makes FN-
prog a feasible cell type for cartilage tissue engineering. However, only a limited amount of 
GAGs is found in the healthy native meniscus258. Therefore, GAG deposition might be a 
suboptimal outcome to assess meniscus extracellular matrix formation, and type I collagen 
deposition could be used instead. Both FN-prog and Men showed type I collagen deposition.  
 
The surface marker profile of FN-prog corresponded largely to the profile for MSC marker 
expression as defined by the ISCT. High expression of CD90 and CD105 are also found in 
populations of both progenitor cells and fibrochondrocytes as shown by single cell RNA 
sequencing at passage 087. However, apart from the differences in CD73 expression, the 
markers do not discriminate between Men and FN-prog. Additionally, MSC marker expression 
increases after culture expansion250. The inability to discriminate between cell populations 
based on immunophenotype is a known drawback in MSC research259. To verify the existence 
of a true and pure meniscus progenitor population, specific markers are currently lacking. More 
specific markers might increase the purity of this population or demonstrate the physiological 
or pathological role in the meniscus.  
 
Furthermore, HLA-DR expression was positive in 4 out of 5 FN-prog donors. Although MSCs 
are explicitly defined by negativity for HLA-DR165, HLA-DR expression is found even in clinical 
batches of bone marrow MSCs from 2 different Good Manufacturing Practice facilities and 
should not be used as a strict criterion for release of MSC260,261. HLA-DR expression of bone 
marrow MSCs is upregulated in an inflammatory environment, e.g. by contact with interferon 
γ260,262. Similarly, the HLA-DR expression in meniscus progenitors might be upregulated due 
to the osteoarthritic inflammatory environment. However, HLA-DR positive and negative 
MSCs do not differ in morphological, differentiation and immunomodulatory characteristics, 
thus HLA-DR expression might not be relevant for the MSC function or even improve the 
anti-inflammatory properties of MSCs260,262. Furthermore, expression might be decreased by 
expansion beyond confluence263, which might be applied to FN-prog for allogeneic use to 
decrease the risk of immune reactions. The effect of HLA-DR expression on FN-prog 
behaviour and the effect of increasing culture time on HLA-DR expression of FN-prog remain 
to be investigated. 
 
Finally, the progenitor cells were selected by differential adhesion to fibronectin, which has 
been extensively used for the selection of progenitor cells from articular cartilage15,90,127,144. At 
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passage 4, the FN-prog still had more affinity for fibronectin compared to Men. This does 
imply that expansion of the total meniscus population does not selectively increase the 
population of FN-adherent cells and that the FN-prog is a distinctive population. For articular 
cartilage progenitors, the fibronectin receptor CD49e is responsible for the increased 
fibronectin adhesion capacity90. For these cells it was shown that expression of CD49e did not 
change between passage 0 and 10139, but the expression of the fibronectin receptor is dynamic 
as it increased in culture164. In the meniscus, fibronectin is located in the cell membrane of 
fibrochondrocytes and in the territorial matrix throughout the meniscus264. To our knowledge, 
it is unknown how osteoarthritis influences this distribution. In our current study, fibronectin 
is only used for the initial selection directly after isolation of the cells from the meniscus. 
Subsequently, the cells are transferred and passaged on tissue culture plastic without 
fibronectin coating. Therefore, it is unlikely that the fibronectin adhesion has an influence on 
the differentiation of the selected cells at passage 4.  
 
Limitations 
The cell populations compared in this study are both isolated from OA meniscus, which draws 
into question the applicability of these cell types for tissue engineering of healthy meniscus. 
The inflammatory environment of an OA joint might activate degenerative pathways, like the 
interleukin 1β induced activation of degenerated meniscus progenitor cells87. The use of 
healthy meniscus cells is not a practical alternative, due to the limited availability. Moreover, 
the degenerative state of meniscus progenitors might be reversible as a shift from 
degenerative meniscus progenitors to meniscus progenitors was seen upon TGF-β 
treatment87. This identifies TGF-β as a possible treatment target. The use of meniscus 
fragments obtained during meniscectomy of traumatic meniscus injury might hold potential 
over the use of osteoarthritic injury. Indeed, in chondrocytes from cartilage defect rims 
performed better than chondrocytes from healthy (non-weight bearing) regions265. However, 
caution should be exercised until a comparison with populations from healthy meniscus has 
been made. 
 
Implications 
The currently isolated progenitor population is an attractive option for tissue engineering 
purposes. The availability of FN-prog is almost unlimited as the entire OA meniscus can be 
used for isolation which is often discarded as redundant material after total knee replacement. 
Fast expansion and continued in vitro redifferentiation as indicated by type I deposition and 
proteoglycan production enables large scale (off the shelf) usage. Further research should 
elucidate the role of FN-prog in healthy and osteoarthritic tissue in order to employ these 
cells as therapeutic target or increase the defective endogenous regeneration and at clinical 
translation of this cell population.  
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MATERIALS AND METHODS 

Cell Isolation and Culture 
Collection of meniscus tissue was performed according to the Medical Ethics regulations of 
the University Medical Center Utrecht and the guideline “Human Tissue and Medical 
Research: Code of Conduct for responsible use” of the Dutch Federation of Medical Research 
Societies221,266. Meniscus tissue was obtained from patients with Kellgren and Lawrence grade 
III and IV osteoarthritis undergoing total knee arthroplasty (n = 11, age 52–84). Both female 
and male donors were used and both donor genders were balanced within experiments. No 
individual grading was performed on the tissue. Lateral and medial menisci were pooled and 
cut into cubical pieces of approximately 2 mm3 and digested for 2 h in Dulbecco’s modified 
Eagle medium (DMEM, Gibco, Life Technologies Europe B.V., Bleiswijk, The Netherlands) with 
100 U/mL penicillin (Gibco) and 100 µg/mL streptomycin (Gibco) (1% p/s) and 0.2% 
pronase (Roche Diagnostics GmbH, Mannheim, Germany) under continuous movement (20 
rpm) at 37°C, followed by digestion in DMEM with 1% p/s, 5% heat-inactivated Fetal Bovine 
Serum (FBS; Biowest, Nuaillé, France) and 0.075% collagenase II (Wortington Biochemical 
Corporation, Lakewood, NJ, USA). For the total meniscus population (men), the digest was 
plated on culture flasks and cultured in meniscus expansion medium (DMEM with 10% FBS 
and 1% p/s) up to passage 2. For the isolation of FN-prog, culture flasks were coated with 
10 ng/mL fibronectin (Sigma-Aldrich, Saint Louis, MO, USA) in PBS at 37°C for 2 h. A total 
of 500 cells/cm2 were plated on the coated flasks and non-adherent cells were removed after 
20 min (Figure 6). FN-prog were cultured up to passage 4 in progenitor expansion medium 
(αMEM (minimal essential medium, Gibco) with 10% FBS, 20 mM l-ascorbic acid-2-phospate 
(1% ASAP; Sigma-Aldrich) and 5 ng/mL basic fibroblast growth factor (bFGF; Peprotech, 
London, UK) at 37°C and 5% CO2. For comparison between Men and FN-prog, Men cells 
were switched to progenitor expansion medium after the first passage and cultured up to 
passage 4 in progenitor expansion medium. Cells were passaged upon reaching 90% 
confluency. Population doublings per day were calculated by dividing the number of harvested 
cells by the number of seeded cells and the number of days. For comparison between inner 
and outer zones, the outer third and inner third of 5 menisci were digested separately and 
colony formation was assessed as described below. 
 
Colony Formation 
To assess colony formation and affinity for fibronectin, cells were seeded on fibronectin 
coated wells in a density of 500 cells/cm2 (passage 0), 222 cells/cm2 (Men passage 2), 111 
cells/cm2 (Men passage 4), or 22 cells/cm2 (FN-prog passage 4). After 20 min, non-adherent 
cells were removed, and progenitor expansion medium was added. After 3 days, medium was 
renewed, and after 7 days the cells were fixed and colonies visualized using 0.05% Crystal 
Violet (Sigma-Aldrich) in Milli-Q water. To assess colony formation in absence of a prior 
fibronectin adhesion step, 11 cells/cm2 (Men passage 2, FN-prog passage 4) and 6 cells/cm2 

(FN-prog passage 4). 
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Multilineage Differentiation
For osteogenic differentiation, cells were cultured in monolayer until 50–70% confluent and 
differentiated for 3 weeks in osteogenic medium (αMEM with 10% FBS, 1% ASAP, 1% p/s, 
10 mM β-glycerolphosphate, and 10 nM dexamethasone). For adipogenic differentiation, cells 
were cultured until confluent and differentiated for 3 weeks in adipogenic medium (αMEM 
with 10% FBS, 1% p/s, 1µM dexamethasone (Sigma-Aldrich), 0.5 mM 
isobutylmethylxanthine (Sigma-Aldrich), 0.2 mM indomethacin (Sigma-Aldrich), and 1.72 µM 
insulin (Sigma-Aldrich)). For chondrogenic differentiation, 250,000 cells were pelleted and 
cultured for 3 weeks in chondrogenic medium (DMEM, 1% ASAP, 1% p/s, 1% Insulin-
Transferrin-Selenium+ Premix (Corning, Corning, NY, USA), 0.1 µM dexamethasone, and 10 
ng/mL TGF-β1 (Peprotech)). For hypertrophic differentiation, pellets were cultured for 
chondrogenic differentiation followed by a 1-week culture in hypertrophic medium (DMEM, 
1% ASAP, 1% p/s, 0.2 mM dexamethasone, 10 mM β-glycerolphosphate, and 1 nM 
triiodothyronine (Sigma-Aldrich)). Following osteogenic differentiation, cells were fixed in 
70% ethanol and stained with 40 mM Alizarin Red S (pH 4.1; Sigma-Aldrich) for 5 min. 
Following adipogenic differentiation, cells were fixed in 4% buffered formaldehyde solution 
and stained with 0.3% Oil Red O (Sigma-Aldrich) in isopropanol for 30 min. Following 
chondrogenic and hypertrophic differentiation, pellets were fixated in a 4% buffered 
formaldehyde solution and further processed as described in ‘histology and 
immunohistochemistry’.

Expression of MSC Markers
Cells were labeled with antibodies against CD105, CD73 (R&D Systems, Minneapolis, USA), 
CD90, CD34, CD79A, HLA-DR (Miltenyi Biotec Bergisch Gladbach, Germany), CD11b, and 
CD45 (Biolegend, San Diego, CA, USA) according to the manufacturer’s instructions. Cells 
were mixed with the antibodies in FACS buffer (0.5% bovine serum albumin, 2 mM EDTA in 
PBS) and incubated in the dark at room temperature for 30 min. Samples were analyzed on 
a FACSCantoII and LSR Fortessa X20 (BD Biosciences, Allschwil, Switzerland). Stainings with 
single antibodies and fluorescence minus one were used as controls. 
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Chondropermissive Cultures/ Redifferentiation 
For the analysis of redifferentiation after expansion, 250,000 cells were pelleted and cultured 
at 37 °C and 5% CO2 for 28 days in chondropermissive medium (DMEM, 1% ASAP, 1% p/s, 
2% Albuman (Human Serum Albumin, 200 g/L; Sanquin Blood Supply Foundation, 
Amsterdam, the Netherlands), 2% insulin-transferrin-selenium-ethanolamine (ITS-X; 
Gibco)) in the absence and presence of 10 ng/mL TGF-β1. Per group, 5 donors were used. 
Medium was changed twice per week and collected for analysis. 
 
Gene Expression 
Gene expression was assessed at the end of the expansion phase and after 28 days of 
redifferentiation culture. RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s recommendations. Then, 200–500 ng RNA was 
reverse-transcribed using the High-Capacity Reverse Transcription Kit (Applied Biosystems, 
Foster City, CA, USA). Real-time polymerase chain reactions (RT-PCR) were performed using 
an iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) on a LightCycler 96 
(Roche Diagnostics) according to the manufacturer’s recommendations. RNA levels were 
quantified relative to levels of housekeeping gene 18S. Primer sequences can be found in 
Table 1. 
 
Release and Deposition of Glycosaminoglycans and Collagen 
Pellets were harvested after 28 days and digested using a papain digestion buffer (250 µg/mL 
papain; Sigma-Aldrich, 0.2 M NaH2PO4, 0.1 M ethylenediaminetetraacetic acid [EDTA], 0.01 
M cysteine, pH 6) at 60°C overnight. GAG content in the digests (deposition) and medium 
(release) was assessed using a dimethylmethylene blue (DMMB; pH 3) assay to quantify 
sulphated GAGs. The absorbance was measured at 525 and 595 nm using a 
spectrophotometer and the ratio at 525/595 nm calculated. Chondroitin-6-sulfate (Sigma-
Aldrich) was used as a standard. 
 
For the analysis of collagen deposition, digests were lyophilized followed by a hydrolyzation in 
4 M NaOH overnight at 108 °C. Samples were neutralized using 1.4 M citric acid. Then, 50 
mM chloramine-T (Merck, Darmstadt, Germany) in oxidation buffer was added. After 20 min 
incubation, dimethylaminobenzoaldehyde (Merck) in 25% (w/v) perchloric acid in 2-propanol 
was added. Absorbance was measured at 570 nm after 20 min incubation at 60°C. 
Hydroxyproline (Merck) was used a standard since 13.5% of collagen is composed of 
hydroxyproline [48]. DNA content of digests was measured using a Quant-iT PicoGreen 
dsDNA assay (Invitrogen) and was used to normalize collagen and GAG content.  
 
Histology and Immunohistochemistry 
Pellets were harvested after 28 days and fixated in a 4% buffered formaldehyde solution. 
After embedding in paraffin, 5 µm sections were cut. After deparaffinization, sections were 
stained with 0.4% Fast Green (Merck) followed by 0.125% Safranin-O (Merck) and Weigerts 
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hematoxylin (Clin-Tech, Surrey, UK). Immunohistochemistry for type I and II was performed 
as following. Antigen were retrieved with 1 mg/mL pronase (Sigma-Aldrich) for 20 min at 37 
°C, followed by 10 mg/mL hyaluronidase (Sigma-Aldrich) 20 min at 37 °C. Sections were 
blocked with a 5% bovine serum albumin (BSA) in PBS solution for 30 min. Samples were 
incubated with the primary antibody (type I collagen, rabbit monoclonal 1/400 or type II 
collagen, mouse monoclonal 1/100 in PBS/BSA 5%) overnight at 4 °C. Sections were washed 
and incubated with horseradish peroxidase-conjugated anti-rabbit or mouse secondary 
antibody (Dako, Glostrup, Denmark) for 30 min at room temperature. For type X collagen, 
antigen were retrieved using 1 mg/mL pepsin (Sigma-Aldrich) in 0.5M acetic acid for 2 h at 
37 °C, followed by 10 mg/mL hyaluronidase for 30 min at 37 °C. Sections were blocked with 
5% BSA in PBS for 30 min. Samples were incubated with the primary antibody (type X 
collagen, mouse monoclonal 1/20 in PBS/BSA 5%) overnight at 4 °C. Sections were washed 
and incubated with biotin-conjugated anti-mouse secondary antibody (GE healthcare, Little 
Chalfont, UK) for 60 min at room temperature, followed by an enhancement step with 
streptavidin—peroxidase (Beckman Coulter, Woerden, The Netherlands) for 60 min at room 
temperature. Immunoreactivity was visualized using diaminobenzidine peroxidase substrate 
solution (DAB, Sigma-Aldrich). Mayer’s hematoxylin was used as counterstaining. 
 
Statistical Analyses 
Statistical analyses were performed using GraphPad Prism 8.3 (GraphPad Software, Inc., La 
Jolla, CA). Data are presented as mean ± standard deviation (SD). Colony formation was 
compared between inner and outer zone of the same donor using a two-tailed paired t-test 
(Figure 1a). To test for differences in colony formation and population doubling between FN-
prog and Men, a one-way ANOVA with Dunnett’s multiple comparisons correction was 
performed (Figures 1b-d). Relative gene expression of FN-prog at passage 4 was compared 
to the expression Men at passages 2 and 4 using a one-way ANOVA with Dunnett’s multiple 
comparisons correction (Figure 3a,b). To assess differences in CD318 and MCAM surface 
marker expression between Men and FN-prog of the same donors, a two-tailed paired t-test 
was used (Figure 3C). Relative gene expression and matrix formation of Men and FN-prog 
were compared in the presence and in absence of TGF-β1 using a one-way ANOVA with 
Dunnett’s multiple comparisons correction (Figure 4a,b). P values below 0.05 were considered 
significant. 
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ABSTRACT 

Allogeneic mesenchymal stromal cells (MSC) are used in the one-stage treatment of articular 
cartilage defects. Recently, a role for mitochondrial transfer in the treatment effect of MSCs 
has been suggested in several regenerative treatments. To investigate whether transport of 
mitochondria occurs between human cartilage defect chondrocytes and bone marrow-derived 
MSC, mitochondria were stained with MitoTracker, and CellTrace was used to distinguish 
between cell types. Using flow cytometry, mitochondrial transfer was demonstrated to occur 
within the first 4 hours until 16 hours of coculture. Fluorescence microscopy indicated that 
transport occurs via tunnelling nanotubes and direct cell-cell contact. Extracellular vesicles 
were harvested from conditioned medium and presence of mitochondria in these vesicles was 
demonstrated using flow cytometry. To investigate the effect of transport of MSC 
mitochondria to chondrocytes, mitochondria were isolated from MSCs and transferred to 
chondrocytes. After 28 days of pellet culture, DNA content and proteoglycan deposition were 
higher in chondrocyte pellets to which MSC mitochondria were transferred then the control 
groups. Lastly, to assess the fate of transferred mitochondria in vivo, DNA was isolated from 
biopsies of six patients taken one year after treatment with a combination of allogeneic MSCs 
and autologous chondrons. Using single nucleotide polymorphisms genotyping, no donor 
mitochondrial DNA could be detected in the biopsies. These results indicate that 
mitochondrial transport plays a role in the chondroinductive effect of MSCs on chondrocytes 
in vitro. However, in vivo transferred mitochondria cannot be traced back after one year.  
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INTRODUCTION 

Multipotent mesenchymal stromal (stem) cells (MSCs) can be isolated from bone marrow, 
adipose tissue, synovial membrane, and other tissues267. Due to their multilineage 
differentiation potential165, anti-inflammatory properties268, and signalling through trophic 
factors269, and extracellular vesicles270, MSCs are used in a wide spectrum of regenerative 
treatments. One of the treatments employing MSCs is IMPACT (Instant MSC Product 
accompanying Autologous Chondron Transplantation). IMPACT is a new treatment for 
articular cartilage defects of the knee and combines 10% recycled autologous chondrons with 
90% off-the-shelf available allogeneic MSCs70,115,271. Results of a phase I/II trial using 
IMPACT for treatment of articular cartilage defects show safety and feasibility of this 
procedure70,115, and 5-year clinical outcomes are promising271. The repaired cartilage defect 
site does not contain autosomal DNA of the MSC donors, suggesting that the MSCs do not 
differentiate, but rather act as signalling cells248,272, possibly through secretion of 
chondroinductive273,274 and anti-inflammatory agents275.  
 
MSC-derived mitochondria enhanced phagocytic capacity of alveolar macrophages and 
ameliorated lung injury by improving mitochondrial function and ATP turnover in a murine 
model276,277. Furthermore, transplanted MSC mitochondria restore mitochondrial function and 
decrease apoptosis in rabbit cardiomyocytes postischemia278, and intra-myocardial injection 
of autologous mitochondria improved ventricular function in four out of five patients after 
ischemic injury279. While the occurrence of mitochondrial transfer from equine, mice, and rat 
MSCs towards chondrocytes has been described280–282, it has not been demonstrated in 
human cells before. Moreover, it is unclear whether transport takes place from chondrocyte 
to MSC as well. As shown in other tissues than cartilage, transfer of mitochondria can play a 
role in tissue repair, but its role in MSC-stimulated chondrogenesis is unknown. Chondrocytes 
need adenosine triphosphate (ATP) for production of GAGs and type II collagen283, which is 
provided normally by anaerobic glycolysis284. However, under glucose-deprived conditions or 
glycolysis inhibition, chondrocytes switch to oxidative phosphorylation to maintain ATP 
production285. Thus, the presence of functional mitochondria in chondrocytes is of paramount 
importance for their prolonged survival. Mitochondrial dysfunction can develop after 
pathological mechanical loading286, and is one of the hallmarks in the development of 
osteoarthritis287. Mitochondrial transfer could have an important role in the prevention or 
treatment of this mitochondrial dysfunction. Therefore, the aim of this study is to investigate 
whether mitochondrial transfer takes place between human chondrocytes and MSCs. We 
study the timing of mitochondrial transfer as well as different modes of transport in vitro. 
Additionally, we investigate the effect of inflammation and senescence on mitochondrial 
transfer by pre-incubating with tumor necrosis factor α (TNF-α) and mitomycin C. Using 
MitoCeption288, we analyse the effect of transferring MSC-derived mitochondria to 
chondrocytes on DNA content and proteoglycan deposition in 3D cultures. Lastly, in order to 
study mitochondrial transfer in vivo, we isolate DNA from cartilage biopsies of six patients 
treated with IMPACT70,115 and used single nucleotide polymorphisms (SNP) genotyping to 
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determine the presence of MSC donor mitochondrial DNA. 

RESULTS

Mitochondrial transfer takes place between chondrocytes and mesenchymal stromal 
cells
Cells stained with CellTrace (receiving cells) gained fluorescent mitochondria from donor cells 
that were stained with MitoTracker (Fig. 1A, indicated by white arrows). Stained mitochondria 
were transferred among chondrocytes, and between chondrocytes and MSCs. Using flow 
cytometry, mitochondrial transfer was quantified by measuring increase in fluorescence in 
receiving cells. Increase in fluorescence was significant between 0 and 4 hours and 8 to 16 
hours in all three coculture conditions. No further increase in fluorescence was found after 16 
hours in any of the conditions (Fig. 1B).
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Mitochondrial transfer takes place through direct cell-cell contact, tunnelling 
nanotubes, and extracellular vesicles 
Transfer of mitochondria occurred through direct cell-cell contact (Fig. 2A), as mitochondria 
(MitoTracker, in red) were seen in broad actin-containing (SiR-Actin, in green) cell protrusions 
between two cell types (indicated by white arrows). Additionally, mitochondria were detected 
in tunneling nanotubes (TNT) between both cell types (Fig. 2B). A mitochondrion in a TNT 
is indicated by the white arrow. Traces of DiD (in blue) are found in the receiving chondrocyte, 
suggesting transfer of the cytosolic dye from the stained MSCs. Using flow cytometry, a dual 
stained population (Fig. 2C, in orange) was identified as extracellular vesicles (EVs) containing 
mitochondria in conditioned medium of stained cells. In conditioned medium of unstained 
cells, this population overlapped with the population identified as background noise (in red). 
In conditioned medium of MSC monocultures, 35% of events were mitochondria-containing 
EVs, whereas in conditioned medium of CH 9% of events were mitochondria-containing EVs. 
In co-cultures where only MSCs were stained, 28% of events were mitochondria-containing 
EVs, whereas 7% of events were mitochondria-containing EV in the co-cultures where only 
CH were stained. In co-cultures where both CH and MSC were dual stained, 36% of the 
events were mitochondria-containing EVs. This indicates that MSCs are stimulated to excrete 
EVs containing mitochondria in presence of CH, while this is not the case for CH in presence 
of MSC.  
 
Cell stress does not affect mitochondrial transfer 
The effect of inflammation and senescence on mitochondrial transfer were investigated 
among chondrocytes and between chondrocytes and MSCs. Cells were pre-treated with TNF-
α or mitomycin C to mimic cell stress. There was no significant difference in transfer between 
any of the groups and the control condition, although over time the fluorescence intensity 
increased (Fig. 3).  
 
Uptake of MSC mitochondria increases gene expression of aggrecan and B-cell 
lymphoma 2 in chondrocytes 
To assess the effects of MSC-derived mitochondria on chondrocytes in chondropermissive 
culture, mitochondria were transferred into chondrocytes by MitoCeption288,289. 24 hours after 
transfer, mitochondria (in red) were detected intracellularly in chondrocyte monolayers (Fig. 
4A). The number of transferred mitochondria was dose-dependent as confirmed by flow 
cytometry (presented dose as equivalent to number of MSCs used for isolation). For further 
experiments, mitochondria of 900,000 MSCs were transferred onto 100,000 chondrocytes, 
in order to mimic a cell ratio of 90:10, which is optimal for chondroinduction115,290. When 
mitochondria of 900,000 MSCs were transferred on 100,000 chondrocytes, 74% ± 1.6 of the 
chondrocytes were positive for MitoTracker (Fig. 2B). Mitochondria derived from senescent 
MSCs were included to investigate whether these would exert similar effects as mitochondria 
from normal (proliferating) MSCs. MitoCeption of mitochondria and senescent mitochondria 
did not alter metabolic activity in chondrocyte monolayers at 24 and 42 hours of coculture 
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(Fig. 4C). At T=2h, mRNA expression of aggrecan (ACAN) was significantly up-regulated in 
CH that received mitochondria compared to CH controls and CH that received senescent 
mitochondria. Expression of type II collagen (COL2A1) at 26 hours after MitoCeption with 
mitochondria, seemed higher compared to the control group, but this did not reach statistical 
significance (p<0.1). ACAN and COL2A1 expression declined at 46 hours in all groups. 
Additionally, mRNA expression of B-cell lymphoma (BCL2), a marker for cell survival291, was 
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significantly higher 26 hours after MitoCeption with mitochondria, but not with senescent 
mitochondria (Fig. 4D). 
 
Transferred mitochondria exert a chondrogenic effect in chondropermissive culture 
To investigate the effect of transferred mitochondria on cartilage extracellular matrix 
production in vitro, isolated mitochondria from MSCs were transferred into chondrocytes 
using MitoCeption during formation of cell pellets at initiation of the culture. Efficiency of the 
MitoCeption protocol in pellets was compared to monolayers (Fig. 5A). Efficiency in pellets 
was comparable to monolayers in two donors, and lower in one donor (donor A, 89% ± 1.5 
vs. 44% ± 4.4). Transferred mitochondria (in red) are detected in chondrocyte pellets one day 
after initiation of the culture (Fig. 5B). Brightness of MitoTracker was higher in one side of 
the pellet, where more cells were stacked on top of each other. Stained mitochondria were 
found throughout the entire pellet. After 28 days of chondropermissive culture, the amount 
of DNA was higher in pellets that received mitochondria compared to control chondrocyte 
pellets, as well as chondrocyte and MSC cocultures (Fig. 5C, left panel). Similarly, the amount 
of GAGs deposited in the pellets was higher compared to the chondrocyte and MSC coculture 
(Fig. 5C, middle panel). Secretion of GAGs into the culture medium was not different between 
the three groups (Fig. 5C, right panel). GAG deposition was insufficient to result in positive 
safranin-O staining in all groups. The type II collagen staining was negative in all pellets. There 
was a slight staining positive for type I collagen, especially in the centre of the chondrocyte 
with MSC mitochondria pellet (Fig. 5D).  
 
MSC mitochondrial DNA in cartilage biopsies 
Using a mitochondrial DNA SNP assay, 42 amplicons of the mitochondrial DNA were 
compared between MSC-donors and cartilage biopsies of six patients, taken one year after 
treatment with 90% allogeneic MSCs and 10% autologous chondrons. No donor 
mitochondrial DNA could be detected in the biopsies.  
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DISCUSSION 

 
In this study, we demonstrated bidirectional transport of mitochondria between chondrocytes 
and MSCs for the first time. Additionally, we identified three mechanisms responsible for 
mitochondrial transport, which are direct cell-cell contact, TNTs, and EVs. Finally, we showed 
compelling evidence of a chondrogenic effect of transferring MSC-derived mitochondria to 
chondrocytes through MitoCeption, indicating that mitochondrial transfer might be one of 
the underlying mechanisms of MSC-induced chondrogenesis. 
 
Mitochondrial transfer could have an important role in the prevention or treatment of this 
mitochondrial dysfunction. Transfer of mitochondria is initiated in the first hours of coculture 
and reaches an equilibrium after sixteen hours. The timing of mitochondrial transfer was not 
explicitly researched before, but others have found indications of mitochondrial transfer at 
10-12 hours from MSCs to chondrocytes280,281 and at 4 hours between MSCs and 
macrophages277. Interestingly, the transport of mitochondria occurs not only from MSCs to 
chondrocytes, but chondrocytes also transfer mitochondria to MSCs. The transfer of defective 
mitochondria from chondrocytes towards MSCs might be a damage signal, as transfer by 
cardiomyocytes and endothelial cells induced the anti-apoptotic function of MSCs and 
secretion of cytoprotective enzymes292. Moreover, defective mitochondria could be excreted 
for degradation, a process known as transmitophagy293. Lastly, depolarized mitochondria 
might even be recycled by fusion with recipient cell mitochondria, thus increasing the 
metabolic state of the recipient294. To summarize, uptake of healthy MSC mitochondria by 
chondrocytes would benefit the metabolic state, while clearance of defective mitochondria 
could prevent the damage caused by oxidative stress.  
 
Direct cell-cell contact, TNTs, and EVs are all mechanisms for mitochondrial transfer. The 
importance of direct cell-cell contact between MSCs and chondrocytes for in vitro 
chondroinduction has been shown earlier274. In direct cocultures, expression of gap junction 
protein connexin 43 was up-regulated. Although mitochondria cannot physically pass gap 
junctions, connexin 43 is a mediator of mitochondrial transport295. In fact, connexin 43 was 
reported to be essential in EV-mediated mitochondrial transfer between MSCs and alveolar 
cells296. MSC-derived extracellular vesicles enhance chondrogenesis of osteoarthritic 
chondrocytes in vitro76. Here, mitochondria containing EVs were identified, indicating that 
mitochondria might play a role in the chondrogenic effect of MSC-derived extracellular 
vesicles. Mitochondrial transport through TNT is another frequent mechanism for transport 
of mitochondria297, and it has been described to occur between human MSCs and renal tubular 
cells298, cardiomyocytes299, vascular smooth muscle cells300, and endothelial cells301. TNTs likely 
play a pivotal role in the transport between MSCs and chondrocytes, which is shown for the 
first-time in the current study. Next to mitochondrial transfer, TNTs allow transfer of various 
cellular components, including proteins, lysosomes and RNA297, which was not studied here 
but could provide other explanations of the MSC-chondrocyte coculture mechanism.  
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Upon addition of MSC mitochondria to chondrocytes, DNA content and proteoglycan 
deposition increased, thus mitochondrial transfer might play an important role in the 
chondrogenic effect of MSCs. Gene expression showed increased ACAN and BCL2 expression, 
indicating a possible chondroinductive effect as well as increased survival. Similarly, a higher 
expression of type II collagen and proteoglycans was described282 in osteoarthritic 
chondrocytes that had taken up MSC mitochondria. In the current study, an increase in type 
II collagen deposition could not be demonstrated with immunohistochemistry. Overall, the 
deposition of type I and II collagen was low, probably due to the fact that no growth factors 
were added in the chondropermissive culture. In the study by Wang et al.282, increased 
chondrogenesis might be attributed to extracellular vesicles or trophic factors as well, as it 
was studied in co-culture. The increased chondrogenesis in chondrocytes with MSC 
mitochondria might be at least partially explained by promoting cell survival or proliferation 
in chondrocytes by restoring the energy balance302, since matrix production per cell did not 
increase in chondropermissive cultures. Another effect of mitochondrial transfer might be the 
regulation of autophagy303, since autophagy is activated under hypoxic stress conditions304 
and protects against mitochondrial dysfunction. 
 
The fate of transferred mitochondria and the occurrence of mitochondrial transfer in vivo 
remain unknown, as we could not detect mitochondrial DNA of donor MSCs in cartilage 
biopsies taken one year after cell therapy with autologous chondrons and allogeneic MSCs. 
Earlier studies have shown presence of human mitochondrial DNA up to 28 days in murine 
macrophages294. Similarly, the autosomal MSC DNA decreases in 28 days of coculture274, and 
no autosomal MSC DNA can be detected in vivo after one year115. The possibility that 
mitochondrial transfer occurs solely in vitro cannot be excluded, but mitochondrial transfer 
has been shown between MSCs and cardiac292 or alveolar cells296 in vivo. More likely, donor 
mitochondria are not retained in receiving chondrocytes over a prolonged period.  
 
Limitations 
In contrast to our hypothesis, mimicking cell stress conditions using induction of inflammation 
or senescence did not significantly alter mitochondrial transfer. Similarly, inflammation 
induction by IL-1β treatment did not alter total transfer during 10 hours of coculture of 
chondrocytes and MSCs as described by Bennett et al305. Inflammation might not play an 
important role in mitochondrial transfer, or the inflammatory phenotype resulting from these 
treatments are not well retained in vitro after removing the factors. Likewise, senescence did 
not change mitochondrial transfer significantly. In vivo, senescence is induced by mechanical 
stress in the rim of cartilage defects306 and drives aging and related pathologies. In 
osteoarthritis, senescent cells excrete catabolic factors causing cartilage degradation. Here, 
senescence induction by mitomycin C did not alter total mitochondrial transport. Senescence 
and the resulting formation of reactive oxygen species might compromise the quality and 
number of mitochondria, but this was not investigated here. Generally, the generalizations of 
this study are limited by the in vitro character of the experiments. However, human cartilage 
defect chondrocytes were used together with MSCs from our Good Manufacturing Practices 
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(GMP) certified cell therapy facility in order to closely mimic the clinical situation.  
 
Implications 
The presented results demonstrate the role of mitochondrial transport in the 
chondroinductive effect of MSCs on chondrocytes. Treatment with MSCs or mitochondria in 
the acute phase of cartilage injury might prevent mitochondrial dysfunction and subsequent 
ROS accumulation, and therefore counteract one of the first steps towards development of 
osteoarhritis286. Moreover, pre-selection of MSCs for their capacity to donate functional 
mitochondria or take up damaged mitochondria for degradation could enhance the effect of 
MSCs in cocultures. Eventually, potential of MSC-derived mitochondria as a method for cell-
free therapies could be explored. Cell-free therapies have advantages including lower safety 
profiles, and homogenization of treatment, but limiting treatment to mitochondria neglects 
other functions of MSCs such as transmitophagy of defective mitochondria and reactivity to 
damage signals with trophic factors or extracellular vesicles. Additionally, efficient long-term 
storage of mitochondria should be investigated and chondroinductive actions upon thawing 
confirmed307.  
 

METHODS 

Donors and cell isolation 
Human MSCs were isolated from bone marrow of healthy non-HLA matched donors in the 
GMP-licensed Cell Therapy Facility (Department of Clinical Pharmacy, University Medical 
Center Utrecht) as approved by the Dutch central Committee on Research Involving Human 
Subjects (CCMO, Bio-banking bone marrow for MSC expansion, NL41015.041.12). The 
parent or legal guardian of the donor signed the informed consent approved by the CCMO (n 
= 5, age range = 2 – 12). In brief, the mononuclear fraction was separated, MSCs were isolated 
by plastic adherence, and expanded for three passages in Minimum Essential Media (αMEM, 
Macopharma, Utrecht, The Netherlands) with 5% (v/v) platelet lysate and 3.3 IU/mL heparin 
and cryopreserved. Subsequently, MSCs were culture-expanded for two or three additional 
passages in MSC expansion medium (αMEM (Gibco, Bleijswijk, The Netherlands), 10% (v/v) 
fetal bovine serum (FBS; Biowest, Nuaillé, France), 1% penicillin/streptomycin (pen/strep; 
100 U/mL, 100 µg/mL; Gibco), 200 µM l-ascorbic acid 2-phosphate (ASAP; Sigma-Aldrich), 
and 1 ng/mL basic fibroblast growth factor (bFGF; PeproTech, London, UK)). 
Cartilage was obtained after debridement of focal cartilage lesions from patients undergoing 
ACI procedures, and is considered medical waste or redundant material (n = 5, age range = 
18 – 38). The tissue collection was performed according to the Medical Ethics regulations of 
the University Medical Center Utrecht and the guideline “Human Tissue and Medical 
Research: Code of Conduct for responsible use” of the Dutch Federation of Medical Research 
Societies221,266. Chondrocytes were isolated from the debrided cartilage by digestion in 0.2% 
(w/v) pronase (Sigma-Aldrich, Saint-Louis, MO, USA) in Dulbecco’s Modified Eagle’s medium 
(DMEM, 31966; Gibco) with 1% pen/strep for two hours, followed by overnight digestion in 
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0.075% (w/v) collagenase II (CLS-2, Worthington, Lakewood, NJ, USA) in DMEM 
supplemented with 10% FBS and 1% pen/strep). Isolated chondrocytes were culture-
expanded to passage two in chondrocyte expansion medium (DMEM, 10% FBS, 1% 
pen/strep). 
 
Quantification of monolayer mitochondrial transfer 
To enable identification of the different donor and receiving cell type in culture, the donor cell 
type was labelled with CellTrace Violet (Invitrogen, Carlsbad, CA, USA) and MitoTracker Red 
CMXRos (Molecular Probes, Invitrogen) according to the manufacturer’s instructions. 
Receiving cells were unlabelled. Cells were stained one day prior to initiation of the coculture. 
Additionally, cells were pre-treated with 0.02 µg/mL mitomycin C (Substipharm, Paris, 
France) for six days to induce senescence 308 or with 10 ng/mL tumor necrosis factor α (TNF-
α, R&D Systems, Minneapolis, MN, USA) for 24 hours to mimic an in vitro inflammatory 
environment309.  
 MSCs (passage 5 or 6) and chondrocytes (passage 2) were seeded in 6-well plates 
at a density of 100,000 cells per well in a 1:1 ratio. Dual-stained donor cells were plated 24 
hours before initiation of the coculture. Unstained receiving cells were added to the pre-
seeded donor cells and cocultures were maintained for 24 hours in chondrocyte expansion 
medium. After 0, 4, 8, 16, and 24 hours, cocultures were trypsinized, washed, and resuspended 
in phosphate-buffered saline (PBS) supplemented with 0.4% (v/v) human serum albumin 
(HSA; Albuman, Sanquin, Amsterdam, The Netherlands). Samples were analysed using a 
CytoFLEX S flow cytometer (Beckman Coulter, Brea, CA, USA). For each condition, 20,000 
events were recorded. Flow cytometry results were extracted and analysed using RStudio (R 
Core Team, Vienna, Austria) and FlowJo V10 data analysis software package (Tree Star Inc, 
Ashland, OR, USA).  
 
Imaging 
To enable identification of the different donor and receiving cell type in culture, the donor cell 
mitochondria were labelled with MitoTracker Red CMXRos (Molecular Probes, Invitrogen) and 
the chondrocytes (or half of the cells in CH → CH) were stained with CellTrace Violet 
(Invitrogen) according to the manufacturer’s instructions. To visualize tunneling nanotubes 
(TNT), the donor cell type was stained with DiD (Vybrant™ Multicolor Cell-Labeling Kit, 
Invitrogen) in co-cultures. Additionally, the actin skeleton of all cells in all cultures was stained 
using 100 nM SiR-Actin (Spirochrome AG, Tebu Bio, Heerhugowaard, The Netherlands). 
Monolayers were imaged using a THUNDER fluorescence microscope and LASX acquisition 
software (both Leica microsystems, Wetzlar, Germany). TNTs were imaged using a Leica 
SP8X Laser Scanning Confocal Microscope (Leica microsystems) and LASX acquisition 
software. 
 
Extracellular vesicle isolation 
To evaluate presence of mitochondria in extracellular vesicles (EV) and changes in EV 
secretion initiated by coculture, donor cells were dual stained using CellTrace Violet and 
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MitoTracker Red CMXRos as described in ‘Quantification of monolayer mitochondrial transfer’ 
or left unstained. Cells were cultured in monocultures or cocultures in 1:1 ratio for 24 hours 
in vesicle-deprived chondrocyte expansion medium, after which the conditioned medium was 
collected for processing. Cell debris were removed from conditioned medium by centrifugation 
for 5 minutes at 320 g, followed by 15 minutes at 1500 g. Subsequently, the medium was 
centrifuged at 16,000 g for 1 hour to pellet EVs310,311. After discarding the supernatant, EVs 
were washed, resuspended in buffer (PBS with 0.5% (w/v) bovine serum albumin (Roche 
Diagnostics GmbH, Mannheim, Germany) and 2mM ethylenediaminetetraaceticacid (EDTA)) 
and then analysed using a BD LSRFortessa flow cytometer (BD Biosciences, Allschwil, 
Switzerland) and FlowJo V10 data analysis software package (Tree Star Inc). For each 
condition, 10,000 events were recorded. 
 
Delivery of MSC mitochondria to chondrocytes in monolayer 
To investigate the effect of MSC-derived mitochondria on chondrocytes, mitochondria 
isolated from MSCs (pre-stained with MitoTracker Red CMXRos) were directly transferred 
into chondrocytes. MSCs were culture-expanded and half of the cells were treated with 
mitomycin C to induce senescence (sMSC). Mitochondria were isolated using the 
Mitochondria Isolation Kit for Cultured Cells (Thermo Scientific, Waltham, MA, USA) 
according to the manufacturer’s instructions. Mitochondria were transferred into 
chondrocytes as previously described288. Briefly, mitochondria were added to monolayers of 
chondrocytes and subjected to two consecutive centrifugation steps with an interval of 2 
hours. The moment after the first centrifugation cycle was considered T0. Efficiency of 
MitoCeption on pre-seeded chondrocyte monolayers was measured using increasing 
concentrations of mitochondria. Then, isolated mitochondria of 9 x 105 MSCs or senescent 
MSCs were used for MitoCeption on a monolayer of 1 x 105 pre-cultured chondrocytes (CH) 
to mimic a CH:MSC ratio of 10:90 as used in IMPACT115,290. Intra-cellular location of the 
mitochondria was confirmed 1 day after MitoCeption with fluorescence microscopy and effect 
of different dosages of mitochondria was assessed using flow cytometry. 
 
Metabolic activity of chondrocytes after mitochondrial transfer 
Metabolic activity of the MitoCepted chondrocyte monolayers was determined directly after 
MitoCeption (T=2h), after 26h, and 44h using the conversion of resazurin to resorufin (44 
mM; Alfa Aesar, Thermo Scientific) by measuring fluorescent intensity at 560 nm excitation 
and 590 nm emission.  
 
Gene expression of chondrocytes after mitochondrial transfer 
Total RNA of chondrocyte monolayers was isolated at T=2h, T=6h, T=26, and T=46h after 
MitoCeption using TRIzol (Invitrogen) according to the manufacturer’s instructions. RNA was 
reverse-transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems, Foster City, CA, USA). Real-time PCRs were performed using iTaq Universal SYBR 
Green Supermix (Bio-Rad) in the LightCycler 96 (Roche Diagnostics GmbH) according to the 
manufacturer’s instructions. Primers (Invitrogen) are listed in Table 1. Relative gene 
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expression was calculated using 18S as a housekeeping gene and normalized for gene 
expression of that donor before MitoCeption. Amplified PCR fragments extended over at least 
one exon border (except for 18S). 
 
DDeelliivveerryy  ooff  MMSSCC  mmiittoocchhoonnddrriiaa  ttoo  cchhoonnddrrooccyytteess  iinn  33DD  cchhoonnddrrooppeerrmmiissssiivvee  ccuullttuurree 
To investigate whether transfer of MSC-mitochondria into chondrocytes affects 
chondrogenesis, isolated mitochondria were transferred into chondrocytes during the pellet 
formation. Mitochondria of 9 x 105 MSCs or sMSCs were isolated as described in ‘Direct 
mitochondrial transfer through MitoCeption in monolayer’ and added to 1 x 105 chondrocytes 
in suspension. Pellets of 1 x 105 chondrocytes were formed by centrifugation at 320 g for five 
minutes in 15 mL Falcon tubes. MitoCeption on monolayers was performed in parallel to 
compare efficiency of MitoCeption in pellets and in monolayers. Pellets were cultured for 28 
days in chondropermissive medium (DMEM, 2% HSA, 2% (v/v) insulin-transferrin-selenium-
ethanolamine (ITS-X; Gibco), 200 µM ASAP, and 1% pen/strep). Control pellets consisted of 
chondrocytes alone and CH:MSC cocultures in a 10:90 ratio (both 1 x 105 total). Medium was 
changed twice per week and collected for analysis. After one and two weeks of culture, 
MitoCeption was repeated on a subset of pellets. Control pellets were also subjected to 
centrifugation at these time points. Results are displayed in Fig. S1. 
 
Release and deposition of glycosaminoglycans 
Pellets were harvested after 28 days of culture, digested in a papain digestion buffer (250 
µg/mL papain (Sigma-Aldrich), 0.2 M NaH2PO4, 0.1M EDTA, 0.01M cysteine, pH 6.0) at 60ºC 
overnight. Deposition of sulphated glycosaminoglycans (GAG) in the pellet digests and release 
into the culture medium was measured using a dimethylmethylene blue assay (DMMB; pH 
3.0). Absorbance was measured at 525 / 595 nm using chondroitin-6-sulfate (Sigma-Aldrich) 
as a standard. DNA content of digests was quantified using Qubit dsDNA HS Assay Kit 
(Thermo Scientific) according to the manufacturer’s instructions. 
 
Histological analyses 
Pellets were processed for histology by fixation in a 4% buffered formaldehyde solution, 
followed by dehydration through graded ethanol steps, clearing in xylene, and embedding in 
paraffin. Sections of 5 µm were cut, stained with 0.125% safranin-O (Merck, Darmstadt, 
Germany), and counterstained with 0.4% fast green (Sigma-Aldrich) and Weigert’s 
hematoxylin (Clin-Tech, Glasgow, UK). Type I and II collagen deposition was visualized by 
immunohistochemistry. Sections were blocked in 0.3% (v/v) hydrogen peroxide, followed by 
antigen retrieval with 1 mg/mL pronase (Sigma-Aldrich) and 10 mg/mL hyaluronidase 
(Sigma-Aldrich), both for 30 minutes at 37ºC. Sections were blocked with 5% (w/v) BSA in 
PBS for one hour at room temperature and incubated with primary antibodies for type I 
collagen (EPR7785 (BioConnect, Huissen, The Netherlands), 1:400 in 5% PBS/BSA) and 
type II collagen (II-II6B3 (DHSB, Iowa City, IA, USA), 1:100 in 5% PBS/BSA) overnight at 
4ºC. For type I collagen, rabbit IgG (DAKO, Glostrup, Denmark; X0903) was used as isotype 
control and for type II collagen, mouse IgG (DAKO X0931) was used. Next, type I collagen 
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sections were incubated with BrightVision Poly-HRP-Anti Rabbit (VWR, Radnor, PA, USA) 
and type II collagen sections were incubated with goat-anti-mouse IgG HRP-conjugated 
(DAKO, P0447; 1:100 in 5% PBS/BSA) for one hour at room temperature. Immunoreactivity 
was visualized using diaminobenzidine peroxidase substrate solution (DAB, Sigma-Aldrich). 
Mayer’s hematoxylin (Klinipath, Olen, Belgium) was used as counterstaining.

Mitochondrial DNA
DNA was isolated from the cartilage biopsies of six patients, taken one year after treatment 
with IMPACT70,115 and from corresponding MSCs. Using massive parallel sequencing, 
mitochondrial genome SNP analysis was performed including 42 amplicons on the 
mitochondrial genome. SNPs of biopsies were compared to donor MSC SNPs. 

Statistical analyses
Data were analysed using GraphPad Prism version 8.3.0 (GraphPad Software, San Diego, CA, 
USA). Data are shown as mean ± standard deviation (SD) unless stated otherwise. P-values 
below 0.05 were considered statistically significant. ANOVA was used to test for significant 
differences in fluorescence between consecutive time-points (Fig. 1). As a follow-up, SIDAK 
correction for multiple comparisons was used. Two-way repeated measures ANOVA was used 
to test for differences between senescent and inflammatory conditions and control condition 
(Fig. 3), chondrocyte control and MitoCeption groups (Fig. 4), and MitoCeption groups and 
chondrocyte/coculture controls (Fig. 5), taking into account donor variability. Here, a Dunnet’s 
post hoc test was performed to account for multiple comparisons. 
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ABSTRACT 

Osteoarthritis (OA) in articular joints is a prevalent disease. With increasing life expectancy, 
the need for therapies other than knee replacement arises. The intrinsic repair capacity of 
cartilage is limited, therefore alternative strategies for cartilage regeneration are being 
explored. The purpose of this study is first to investigate the potential of platelet lysate (PL) 
as a xeno-free alternative in expansion of human OA chondrocytes for cell therapy, and second 
to assess the effects of PL on redifferentiation of expanded chondrocytes in 3D pellet 
cultures. Chondrocytes were isolated from human OA cartilage and subjected to PL in 
monolayer culture. Cell proliferation, morphology, and expression of chondrogenic genes were 
assessed. Next, PL-expanded chondrocytes were cultured in 3D cell pellets and cartilage 
matrix production was assessed after 28 days. In addition, the supplementation of PL to 
redifferentiation medium for the culture of expanded chondrocytes in 3D pellets was 
evaluated. Glycosaminoglycan (GAG) and collagen production were evaluated by quantitative 
biochemical analyses, as well as by (immuno)histochemistry. A dose-dependent effect of PL 
on chondrocyte proliferation was found, but expression of chondrogenic markers was 
decreased when compared to FBS-expanded cells. After 28 days of subsequent 3D pellet 
culture, GAG production was significantly higher in pellets consisting of chondrocytes 
expanded with PL compared to controls. However, when used to supplement redifferentiation 
medium for chondrocyte pellets, PL significantly decreased the production of GAGs and 
collagen. In conclusion, chondrocyte proliferation is stimulated by PL and cartilage production 
in subsequent 3D culture is maintained. Furthermore, the presences of PL during 
redifferentiation of 3D chondrocyte strongly inhibits GAG and collagen content. The data 
presented in the current study indicate that while the use of PL for expansion in cartilage cell 
therapies is possibly beneficial, intra-articular injection of the product in the treatment of OA 
might be questioned.  
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INTRODUCTION 

Focal cartilage defects occur frequently in young and active patients and cause serious 
limitations on both joint function and the patient’s mobility and quality of life8. As cartilage is 
an avascular tissue, spontaneous healing of the tissue is limited. In addition, with increasing 
life expectancy, the patient population with osteoarthritis (OA) is growing continuously9. 
 
A well-established surgical procedure to treat cartilage defects is autologous chondrocyte 
implantation (ACI). Long-term follow-up studies have demonstrated hyaline-like cartilage 
formation and satisfactory clinical outcome up to 20 years post-surgery211,312. Nevertheless, 
a major part of treated patients shows signs of fibrocartilage formation in the regenerated 
area313. As fibrocartilage is mechanically inferior to hyaline cartilage, it is unfit to fulfil the 
natural functions of hyaline cartilage and therefore more prone to degradation314,315. One of 
the causes of the fibrocartilage formation is dedifferentiation of chondrocytes during the in 
vitro expansion phase213, which is a requirement to obtain a sufficient amount of cells for 
autologous cell transplantation. Maintaining chondrogenic redifferentiation capacity of 
chondrocytes during expansion is essential for improving the quality of the regenerated 
cartilage and thus potentially improves clinical outcome.  
 
Platelet-rich plasma (PRP) is a blood product containing high growth factor levels that has 
been used for various applications over the past decades316–319. While variations in content 
and production methods exist, PRP consistently contains a high concentration of blood 
platelets. In orthopaedics, PRP and PRP-derivates like platelet lysate (PL) can be used for 
applications such as intra-articular injection for the treatment of knee osteoarthritis79. 
Moreover, as it is a rich source of growth factors, human PL also shows potential to be used 
in cell culture as a xeno-free alternative to bovine serum, possibly as a pooled off-the-shelf 
media supplement. In clinical cell therapy, PL is already used for the expansion of cells70.  
 
The effect of in vitro expansion in the presence of PL on the chondrogenic potential of 
chondrocytes remains unclear. While most studies agree that PRP and PL have a stimulatory 
effect on chondrocyte proliferation80,81, contradictory results have been reported on anabolic 
effects of PRP-derivates on cartilage matrix formation by chondrocytes80–82.  
 
Therefore, the current study aims to investigate the effect of PL on the chondrogenic 
potential of chondrocytes. More specifically, this study looked into the effect of PL on 
chondrocytes during expansion and subsequent 3D culture, as well as effects on matrix 
production in 3D cultures while being exposed to PL. 

METHOD 

Experimental design and study outline 
To test the hypothesis whether PL will maintain chondrogenic capacity of culture expanded 



|  Chapter 6 

 

111188 

chondrocytes, chondrocyte monolayers were subjected to various concentrations of PL and 
compared to culture in fetal bovine serum (FBS). To subsequently assess cartilage-like matrix 
formation, chondrocytes were harvested and cultured in 3D cell pellets. The production of 
sulphated GAGs and collagens was measured biochemically, as well as histologically and by 
gene expression to compare between groups. In addition, the hypothesis that PL will improve 
redifferentiation of chondrocytes was tested using a similar 3D cell pellet culture system 
where PL was added fresh into the redifferentiation medium each medium change. Production 
of GAGs and collagens was assessed similarly as above. 
 
Platelet lysate preparation and growth factor quantification 
Platelet lysate was prepared from human blood collected in 3.2% sodium citrate-containing 
tubes. Blood was obtained through the Mini Donor Service, a blood donation facility for 
research purposes approved by the medical ethics committee of the University Medical Center 
Utrecht, The Netherlands. All donors have provided written informed consent, in accordance 
with the declaration of Helsinki. All donors were reported being healthy and free from 
antiplatelet drugs or non-steroid anti-inflammatory drugs. Platelet-rich plasma was prepared 
by centrifugation of whole blood at 130 g for 15 minutes, upon which pelleted erythrocytes 
were discarded and the plasma layer was concentrated by a second centrifugation cycle at 
250 g for 15 minutes. Platelet count was measured using a CELL-42 DYN Emerald 
Hematology Analyzer (Abbott, US). Platelets were activated to release their growth factors 
by three freeze-thaw cycles, after which samples were centrifuged at 8000 g for 10 minutes 
and supernatant PL was stored at -20ºC until use. Pooled PL from at least three donors was 
used in each experiment. The concentrations of human growth factors PDGF-AB, TGF-β1, 
VEGF, and FGF-2 were quantitatively determined using enzyme-linked immunosorbent assays 
(ELISA) according to the manufacturer’s instructions (DuoSet ELISA kits, R&D Systems, 
Minneapolis, Minnesota).  
 
Donors and cell isolation 
Osteoarthritic cartilage was obtained from redundant material from patients who had 
undergone total knee arthroplasty. The material is collected anonymously according to the 
Medical Ethics regulations of the University Medical Center Utrecht and approved by the local 
medical ethics committee (University Medical Center Utrecht). Cartilage was dissected from 
the underlying bone, rinsed in phosphate-buffered saline (PBS) and cut into 2 mm pieces. The 
pieces were digested in 0.2% (w/v) pronase (Sigma-Aldrich) in Dulbecco’s modified Eagle’s 
medium (DMEM, 31966; Gibco, The Netherlands) with 1% penicillin/streptomycin (100 
U/mL, 100 mg/mL; Gibco) at 37ºC for two hours, followed by overnight digestion in 0.075% 
(w/v) collagenase type II (CLS-2, Worthington, Lakewood, NJ) in DMEM supplemented with 
10% (v/v) heat-inactivated FBS (Biowest) and 1% penicillin/streptomycin under agitation. 
The cells were then filtered through a 70-µm cell strainer (Greiner Bio-One), washed, and 
counted. Chondrocytes were expanded using Expansion medium (DMEM supplemented with 
1% penicillin/streptomycin and 10% FBS). Cells were cryopreserved in liquid nitrogen until 



Platelet lysate-supplementation for chondrogenesis  | 
x  

 

111199  

use. 
 
Cell culture 
Passage 1 chondrocytes (n = 6 donors, age 61 – 75, average 69 years) were seeded in 24-
well plates at 1500 cells/cm2 and cultured for 7 days in Expansion medium, where FBS was 
replaced with 0.01%, 0.1%, 1%, 2%, or 5% PL (all v/v). All media containing PL were 
supplemented with 3.3 U/mL heparin (Sigma-Aldrich) to prevent coagulation. Control 
conditions were cultured in Expansion medium with 10% FBS, with and without heparin. As 
a negative control, chondrocytes were expanded with serum-free medium (DMEM 
supplemented with 2% human serum albumin (HSA; Sanquin Blood Supply Foundation), 2% 
insulin-transferrin-selenium-ethanolamine (ITS-X; Gibco), 0.2 mM L-ascorbic acid 2-
phosphate (ASAP; Sigma-Aldrich), and 1% penicillin/streptomycin). This did not lead to a 
sufficient number of chondrocytes to be used for further pellet culture and therefore this 
condition was not included in the following experiments. Photomicrographs can be found in 
Supplemental Figure S1. 
 
For the 3D pellet culture, chondrocytes (n = 5 donors, age 55 – 75, average 65 years) were 
expanded in monolayers in Expansion medium with either 10% FBS, 1%, or 5% PL and 
heparin up to passage 2. Following expansion, pellets containing 2.5 x 105 cells were formed 
in ultra-low attachment 96-well round-bottom plate wells (Corning) by centrifugation at 300 
g for 5 minutes. Pellets were cultured for 28 days in Redifferentiation medium (DMEM 
supplemented with 2% HSA, 2% ITS-X, 0.2 ASAP, and 1% penicillin/streptomycin).  
 
For evaluating the effects of PL on chondrogenic redifferentiation, chondrocytes (n = 6 
donors, age 54 – 84, average 65 years) were first expanded in Expansion medium with 10% 
FBS. Pellets were then cultured for 28 days in Redifferentiation medium either or not 
supplemented with 1% or 5% PL and heparin. 
 
Immunofluorescent staining 
Expanded monolayers were fixed after 7 days with 10% buffered formalin. Fixed monolayers 
were permeabilized using 0.2% Triton X-100 (Sigma-Aldrich) in PBS for 20 minutes, followed 
by incubation with phalloidin (TRITC-conjugated; 1/200 dilution in PBS; Sigma-Aldrich) for 
one hour. Nuclei were stained with 100 ng/mL 4’,6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich) in PBS for five minutes. Monolayers were imaged using an upright fluorescent 
microscope (BX51; Olympus). 
 
Biochemical analysis of pellets 
Pellets were harvested after 28 days to measure glycosaminoglycan (GAG), collagen, and DNA 
content. Samples were digested overnight in a papain digestion buffer (250 µg/mL papain; 
Sigma-Aldrich, 0.2 M NaH2PO4, 0.1M EDTA, 0.01M cysteine, pH 6) at 60ºC.  
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Sulphated GAG content was quantified using a dimethylmethylene blue (DMMB; pH 3) assay. 
The 525/595 nm absorbance ratio was measured using chondroitin-6-sulfate (Sigma-
Aldrich) as a standard.  
 
Total collagen content was calculated from the hydroxyproline content320. Papain digests were 
lyophilized and hydrolysed in 4 M NaOH (Sigma-Aldrich) in Milli-Q water overnight at 108ºC, 
after which samples were neutralized with 1.4 M citric acid (Sigma-Aldrich) in Milli-Q water. 
50 mM freshly prepared Chloramin-T (Merck) in oxidation buffer was added and incubated 
for 20 minutes under agitation. Subsequently, 1.1 M freshly prepared 
dimethylaminobenzoaldehyde (Merck) in 25% (v/v) perchloric acid (Merck) in 2-propanol 
(Sigma-Aldrich) was added and incubated for 20 minutes at 60ºC. Samples were cooled and 
absorbance read at 570 nm using hydroxyproline (Merck) as a standard.  
 
Total DNA content was quantified using a Quant-iT PicoGreen dsDNA assay (Invitrogen) 
according to the manufacturer’s instructions. Fluorescence was measured at 485 nm 
excitation and 535 nm emission by a microplate fluorometer (Fluoroskan Ascent). 
 
Histology 
Pellets were processed for histology by fixation in 10% buffered formalin, dehydration 
through graded ethanol steps, clearing in xylene, and subsequent embedding in paraffin. 5 µm 
sections were cut and deparaffinised before staining. Sections were stained for GAGs with 
0.125% safranin-O (Merck) counterstained with 0.4% fast green (Sigma-Aldrich) and 
Weigert’s hematoxylin (Clin-Tech). Collagen deposition was evaluated by 
immunohistochemistry, with appropriate primary antibodies for type II collagen (II-II6B3; 
DHSB; 1:100 in PBS/BSA 5%) and type I collagen (EPR7785, BioConnect; 1:400 in PBS/BSA 
5%). Samples were blocked using 0.3% H2O2, followed by antigen retrieval with pronase (1 
mg/mL; Sigma-Aldrich) for 30 minutes at 37ºC and hyaluronidase (10 mg/mL; Sigma-
Aldrich) for 30 minutes at 37ºC. Next, sections were blocked using bovine serum albumin 
(BSA; 5% (w/v) in PBS) for 30 minutes, followed by overnight incubation with the primary 
antibody at 4ºC. After washing, type II collagen sections were incubated with a goat-anti-
mouse IgG HRP-conjugated (DAKO, P0447; 1:100 in PBS/BSA 5%) and type I collagen 
sections with Envision+ System-HRP anti-rabbit (DAKO, K4003), both for 1 hour at room 
temperature. Next, both stainings were developed using 3,3’-diaminobenzidine (DAB, Sigma-
Aldrich). Sections were counterstained with Mayer’s hematoxylin (Klinipath) and mounted in 
DPX mounting medium (Merck). 
 
Real-time PCR 
Total RNA was isolated from monolayers and pellets using TRIzol (Invitrogen) according to 
the manufacturer’s instructions. Total RNA (200-500 ng) was reverse transcribed using the 
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Real-time polymerase 
chain reactions (PCRs) were performed using iTaq Universal SYBR Green Supermix (Bio-Rad) 
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in a LightCycler 96 (Roche Diagnostics) according to the manufacturer’s instructions. The 
amplified PCR fragments extended over at least one exon border (except for 18S). Relative 
gene expression was calculated using 18S as a housekeeping gene. Primers (Invitrogen) used 
for real-time PCR are listed in Table 1.

Statistical analysis
Each experiment was performed with cells from six donors. For the monolayer expansion, 
three wells were used for each condition. For pellet cultures, three pellets were used for 
biochemical analyses, three for gene expression analysis, and two for histology. Data are 
expressed as mean ± standard deviation (SD). Data were statistically analysed using the 
GraphPad Prism 7.0 software package (GraphPad Software, USA). Normal distribution of the 
data was checked with a Shapiro-Wilk test (p>0.05) and homogeneity with a Levene’s test. 
When the data was normally distributed and samples were homogeneous, a one-way analysis 
of variance (ANOVA) was performed with Dunnett’s post-hoc test. When the data was non-
normally distributed, a Kruskal-Wallis test was performed with Dunn’s post-hoc. A value of 
p<0.05 was considered statistically significant.
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RESULTS

Platelet lysate characterisation
To characterize the PL product, cell and platelet concentrations were counted and growth 
factor concentrations were determined in six batches of PL by ELISA (Table 2). Manually 
prepared PL was deprived from erythrocytes (19 ± 4 x 109/L) and leukocytes (0.3 ± 0.1 x 
109/L), while platelet concentrations were maintained (458 ± 87 x 109/L). Furthermore, we 
found high concentrations of PDGF-AB (36142 ± 2518 pg/mL) and TGF-β1 (65379 ± 3889 
pg/mL), while concentrations of FGF-2 (49 ± 10 pg/mL) and VEGF (150 ± 53 pg/mL) were 
less. 

Chondrocyte proliferation is stimulated in the presence of platelet lysate during 
expansion
Supplementation of Expansion medium with PL enhanced chondrocyte proliferation in a dose-
dependent manner. Immunocytochemical staining of monolayers with phalloidin suggested an 
increase in cell amount after seven days of exposure to PL (Figure 1A). These findings were 
confirmed by quantification of DNA content (Figure 1C). Furthermore, changes in cellular 
morphology were observed. Chondrocytes cultured in the presence of PL exhibited an 
elongated shape opposed to a more spindle-like shape for cells in control expansion cultures 
(Figure 1B).

In contrast to the dose-dependent increase in DNA content, expression of chondrogenic 
genes coding for type II collagen (COL2A1), aggrecan (ACAN), and SRY-box transcription 
factor 9 (SOX9) decreased in a dose-dependent manner compared to the control group 
(Figure 2A-C). Expression of dedifferentiation marker type I collagen (COL1A1) was increased 
with increasing PL concentrations, while fibroblast marker actin alpha 2, smooth muscle 
(ACTA2) did not show significant changes (Figure 2E-F). Notch receptor 1 (NOTCH1) and 
cadherin 2 (CDH2), genes associated with stemness, were significantly increased when 
chondrocytes were exposed to culture medium containing 5% PL (Figure 2G-H).
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Chondrocytes expanded in the presence of platelet lysate maintain their 
redifferentiation potential
To compare chondrogenic potential of PL-expanded chondrocytes and chondrocytes 
expanded in the presence of FBS, 3D pellet cultures were performed to allow for neo-cartilage 
extracellular matrix (ECM) formation. Pellets consisting of PL-expanded chondrocytes were 
found to produce significantly more GAGs after 28 days when compared to the control 
conditions (Figure 3A). A slight qualitative increase in GAG production was seen across all 
chondrocyte donors used in this experiment (Figure 3B and Supplemental Figure S2). 
However, pellets consisting of 5% PL-expanded chondrocytes did not evidently show an 
improvement in GAG production on histology when compared to 1% PL-expanded 
chondrocyte pellets. Additionally, PL-expanded chondrocyte pellets did not present an 
increase in ACAN gene expression (Figure 3A).
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To further investigate the chondrogenic potential of PL-expanded chondrocytes, production 
of collagen was determined. Quantitative biochemical analysis of total collagen content 
revealed an increase in 1% PL-expanded chondrocyte pellets compared to the control 
conditions. However, no differences were found on gene expression level of COL2A1 and 
COL1A1 (Figure 4A). Immunohistochemical staining revealed a slight increase in type II 
collagen production in two out of five donors. Overall, no evident increase of type II collagen 
was seen in experimental groups, in line with the mRNA data (Figure 4B and Supplemental 
Figure S2). Furthermore, staining for type I collagen was absent in all conditions (Figure 4B).

Taken together, these data suggest that the chondrogenic differentiation capacity is 
preserved in osteoarthritic chondrocytes upon expansion with PL.

Platelet lysate strongly inhibits matrix production during redifferentiation of 
chondrocytes
To test whether PL has a chondrogenic effect on osteoarthritic chondrocytes in vitro, 
chondrocytes were cultured in 3D pellets, after which PL was added to the Redifferentiation 
medium. For these experiments, all cells were expanded using conventional Expansion medium 
containing 10% FBS, instead of PL. 
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Biochemical analyses revealed a significant decrease in GAG production in pellets 
differentiated in the presence of 1% or 5% PL. Further, cell numbers also decreased as 
confirmed by DNA quantification analysis. Quantitative analysis for total collagen did not 
reveal any difference between experimental and control conditions (Figure 5A). For donors 
with high chondrogenic capacity (Figure 5B, Donor 1) as well as donors having low 
chondrogenic capacity (Figure 5B, Donor 2), addition of PL during redifferentiation strongly 
inhibited GAG, type II and type I collagen formation. Histological stainings for GAGs and type 
II collagen of all donors used in this experiment are displayed in Supplemental Figure S3, 
confirming the uniform effect of PL on inhibition of cartilage matrix formation. Expression of 
chondrogenic marker COL2A1 significantly decreased in pellets cultured in the presence of 
1% and 5% PL, while no difference was found in the expression of ACAN and COL1A1 
(Figure 5C).

These data reveal a considerable inhibition of cartilage matrix production by PL in chondrocyte 
pellets, independent of chondrogenic capacity of the donor.
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DISCUSSION  

The dedifferentiation of chondrocytes during expansion is a major challenge in the successful 
application of ACI as this causes the formation of fibrocartilage. PRP and PL provide a rich 
source of growth factors, which can provide an autologous supplement for in vitro cell culture. 
While some studies report on the stimulation of chondrocyte proliferation, chondrogenesis, 
and diminishing catabolic effects in the treatment of OA, consensus on this topic does not 
exist. Moreover, very limited work has been done on the capacity of PL to rescue cartilage 
matrix production in cultured OA chondrocytes. 
 
The aim of this study was to elucidate the effects of PL on OA chondrocytes in vitro. We 
confirmed that PL exerts a stimulatory effect on the proliferation of chondrocytes. A dose-
dependent effect on chondrocyte proliferation by PL was found, as determined by the 
quantification of DNA in the monolayer samples. This result is in line with previous studies 
where PL was compared to FBS-containing expansion medium81,321–323. In addition to the 
stimulation of proliferation, we found a decreased expression of chondrogenic marker genes 
COL2A1 and ACAN, and an increase of the dedifferentiation marker COL1A1 compared to 
FBS-expanded chondrocytes. Taken together, this suggests an increased dedifferentiation of 
chondrocytes during expansion in PL-supplemented medium. Interestingly, a recent study 
reports on increased expression of chondrogenic markers and decreased expression of 
dedifferentiation markers in MSCs and cartilage progenitor cells expanded using different 
concentrations of PL and the same effect was to a lesser extent visible in chondrocytes324. 
Additionally, we found that chondrocytes expanded with the highest concentration of PL 
exhibited an increased expression of CDH2 and NOTCH1. CDH2 has been described to be 
involved in embryonic limb chondrogenesis and is associated with (cartilage) stemness225. 
Specific expression of NOTCH1 has been described at the developing cartilage surface of 
mouse knee joints325 and in cells with enhanced clonality at the articular surface of bovine 
cartilage15. Therefore, we suggest that the specific combination and concentration of growth 
factors in PL as used in the current study drives chondrocytes into a dedifferentiated state 
with increased chondroprogenitor-like potential.  
 
Next, our data demonstrated that chondrocytes that were expanded with PL maintain their 
chondrogenic differentiation capacities when subsequently cultured in a 3D environment. The 
deposition of GAGs was slightly increased in PL-expanded chondrocyte pellets, while type II 
collagen deposition was unaltered. Moreover, type I collagen production was absent in both 
FBS-expanded chondrocyte pellets as well as in PL-expanded chondrocyte pellets. This 
supports our suggestion that chondrocytes expanded in PL do dedifferentiate but maintain 
progenitor-like chondrogenic potential. Several previous studies also reported on an 
increase322,323 or maintenance81 of chondrogenic potential of chondrocytes after expansion in 
PL, while another study observed opposite outcomes326. This makes it hard to draw a 
conclusive statement on the effects of PL on chondrogenic capacities of chondrocytes is still 
lacking. 
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The effect of intra-articular PRP injections in the treatment of OA has been evaluated in 
various randomized controlled trials50,316,327–331. Since some of these studies found a positive 
effect on pain and function50,328,329, we hypothesized that PL would have a stimulatory effect 
on chondrogenesis in pellets consisting of OA chondrocytes that are expanded in FBS-
supplemented expansion medium. Interestingly, our results showed that culture in the 
presence of PL remarkably inhibited GAG deposition in the pellets when compared to control 
conditions and complete absence of type II collagen production was observed. Furthermore, 
real-time PCR data revealed a strong decrease in COL2A1 expression, indicating a 
dedifferentiation of the chondrocyte phenotype in presence of PL, even in 3D. To the best of 
our knowledge, no other studies have been performed in which the direct effect of PL on OA 
chondrocytes in 3D pellet culture is assessed. One paper reported on the effect of PL 
supplementation to the differentiation medium during only the first three days of chondrocyte 
pellet culture. However, these chondrocytes were also expanded using PL. These pellets 
performed significantly worse in cartilage matrix production when compared to pellets 
cultured in regular differentiation medium323. Outcomes of studies focussing on other 3D 
culture models are inconsistent. When chondrocytes were cultured in alginate beads and 
subjected to platelet supernatant, a product similar to PL, a distinct decrease in chondrogenic 
genes was measured when compared to control conditions lacking platelet supernatant321. 
Others reported on induction of chondrogenesis when adding PRP or PL to a 3D culture 
system. When PL was incorporated in a dextran-containing hydrogel, it was able to enhance 
proliferation, and simultaneously, induce chondrogenesis, both for MSCs and for cocultures 
of MSCs and chondrocytes332. The different findings might be explained by differences in the 
growth factor concentrations and ratios between the various growth factors. 
 
The concentrated growth factors present in PL stimulate chondrocytes to proliferate. It is 
known that FGF and PDGF stimulate proliferation333,334, while TGF-β inhibits proliferation and 
mediates initiation of differentiation in chondrocytes333. Furthermore, the cocktail of growth 
factors in the current study seems to maintain the cells in a progenitor-like state during 
expansion, demonstrated by enhanced expression of NOTCH1 and CDH2. These markers are 
involved in pathways that have been described to be of importance in chondrocyte 
proliferation during development. Proliferation and regeneration of chondrocytes in vitro are 
two distinct processes that do not go hand in hand. Upon expansion, chondrocytes present a 
dedifferentiated phenotype, with increased type I collagen gene expression335. However, the 
cells can recover their phenotype and redifferentiate when brought back into 3D culture336. 
Further in-depth characterization of PL-treated chondrocytes will be necessary to elucidate 
their phenotypical change in relation to chondroprogenitor cells and MSCs. 
 
The same cocktail of growth factors seems to be ineffective in stimulating chondrocytes to 
produce cartilage matrix in a 3D pellet environment. Possibly the high concentrations of FGF 
in PRP may interfere with the redifferentiation process by suppressing cellular senescence 
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and inhibition of the TGF-β pathway337. Human platelets are a rich source of TGF-β and PRP 
can contain up to 100-fold increased concentrations of TGF-β338,339. Accordingly, this study 
also found high concentrations of TGF-β in the used PL. It is known that overstimulation by 
TGF-β inhibits FGF- and Wnt-mediated proliferation of chondrocytes340. Besides that, it is 
likely that high concentrations of TGF-β play a role in in vitro fibrocartilage formation by 
chondrocytes341. Future studies looking into molecular mechanisms causing chondrocytes to 
dedifferentiate upon PL-exposure can shed more light on the observations in the study 
presented here.  
 
The variations in outcomes between this study and previous research can partly be explained 
by the numerous methods available to prepare PRP. Firstly, there is a great variation in platelet 
and growth factor concentration that is used in PRP, caused by both donor variability, as well 
as by the variety of preparation methods339,342,343. Secondly, it remains unclear whether the 
concentration of growth factors in PRP is related to the concentration of platelets338,339. 
Thirdly, there is a difference between leukocyte-rich (LR-) and leukocyte-poor (LP-)PRP. It is 
generally assumed that leukocytes and immune modulating cytokines present in PRP 
contribute to a pro-inflammatory environment and is undesirable in the treatment of OA344–

346. Nonetheless, direct comparison in a clinical study between LP- and LR-PRP injections has 
not given conclusive outcomes which type of PRP is most effective in the treatment of OA347. 
However, an ex vivo study examining the effects of different PRP preparations on cartilage 
and meniscal explants suggested a pro-inflammatory effect of LR-PRP preparations348. Clinical 
studies mainly use LP-PRP for injection, containing either similar numbers of leukocytes 
compared to whole blood50,327, reduced amounts328–330, or are deprived of leukocytes331. There 
is a need for additional clinical studies to make clear which type of PRP is effective in the 
treatment of OA, and for PRP and PL preparation methods to be aligned between different 
laboratories, clinics, and hospitals349. Objective measurements of cartilage quality after PRP 
treatment are not available to date. Comprehensive studies including objective analysis of 
cartilage quality after PRP injection are needed in addition to current analysis using mainly 
patient questionnaire outcomes. Furthermore, there are some limitations to in vitro models 
to consider. Laboratory models are usually limited to a single tissue or cell type, whereas PRP 
in vivo affects the whole joint environment79. Moreover, positive clinical outcomes may be 
explained by mechanisms other than a direct effect of PL on the cells in the cartilage. It has 
been previously shown that PRP can act anti-inflammatory both in vitro as well as in vivo350,351. 
The inflammatory mediators in PRP and PL might create an improvement in the intra-articular 
environment, upon which cartilage matrix production by the resident chondrocytes is 
stimulated. An in vitro model as presented in the current study is unable to take these 
additional factors into account. More extensive studies using multiple cell types or tissues, or 
animal models are necessary to answer this question. Finally, in vitro culture does not mimic 
growth factor clearance, unless a bioreactor system is used. These factors should be taken 
into account when comparing in vitro results to clinical outcomes.  
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Conclusion
The current study provides insights into the effects of PL on chondrogenic differentiation of 
human chondrocytes and its potential to be used for two different clinical applications. We 
propose that platelet lysate has potential to be used in the expansion of chondrocytes for 
application in cartilage defects. Nonetheless, PL exerts a strong inhibitory effect on 
chondrogenesis in vitro, suggesting caution for its utilization in intra-articular injections.

SUPPLEMENTAL FIGURES
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ABSTRACT 

Objective 
The aims of the study were to assess the anti-inflammatory properties of platelet-rich plasma 
(PRP) and investigate its regenerative potential in osteoarthritic (OA) human chondrocytes. 
We hypothesised that PRP can modulate the inflammatory response and stimulate cartilage 
regeneration. 
Design 
Primary human chondrocytes from OA knees were treated with manually prepared PRP, after 
which cell migration and proliferation were assessed. Next, TNF-α-stimulated chondrocytes 
were treated with a range of concentrations of PRP. Expression of genes involved in 
inflammation and chondrogenesis was determined by real-time PCR. In addition, chondrocytes 
were cultured in PRP gels and fibrin gels consisting of increasing concentrations of PRP. The 
production of cartilage extracellular matrix (ECM) was assessed. Deposition and release of 
glycosaminoglycans (GAG) and collagen was quantitatively determined and visualized by 
(immuno)histochemistry. Proliferation was assessed by quantitative measurement of DNA. 
Results 
Both migration nor the inflammatory response were altered by PRP, while proliferation was 
stimulated. Expression of chondrogenic markers COL2A1 and ACAN was downregulated by 
PRP, independent of PRP concentration. Chondrocytes cultured in PRP gel for 28 days 
proliferated significantly more when compared to chondrocytes cultured in fibrin gels. This 
effect was dose-dependent. Significantly less GAGs and collagen was produced by 
chondrocytes cultured in PRP gels when compared to fibrin gels. This was qualitatively 
confirmed by histology.  
Conclusion 
Platelet-rich plasma stimulated chondrocyte proliferation, but not migration. Also, production 
of cartilage ECM was strongly downregulated by PRP. Furthermore, PRP did not act anti-
inflammatory on chondrocytes in an in vitro inflammation model. 
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INTRODUCTION 

Platelet-rich plasma (PRP) is a biological, blood-derived product. It can be produced from a 
patient’s own blood for autologous applications. Because of the high concentration of blood 
platelets, PRP contains a rich cocktail of growth factors352. Its applications in the field of 
orthopaedics have been described to a large extent, both in basic and clinical research. In 
clinical practice, PRP is mostly administered by intra-articular injection for the treatment of 
osteoarthritis (OA) in various joints331,353, tendinopathies317, meniscal damage318, or 
osteochondral lesions319. In general, clinical studies report on (short term) positive clinical 
outcomes, characterized by a decrease in pain and improvement of function354,355. The effects 
of PRP are generally attributed to the cocktail of growth factors, combined with anti-
inflammatory mediators present in the PRP. Injection of PRP in OA could potentially stimulate 
regeneration of the cartilage by suppressing the pro-inflammatory environment in the joint 
and stimulate an anabolic state. Overall, clinical results are presented in a range from highly 
positive towards highly negative or even considering the presence of a substantial placebo 
effect356–359. In basic science, in vitro studies report on enhancement of chondrogenic 
differentiation of mesenchymal stromal cells (MSCs)360, and matrix production by 
chondrocytes stimulated with PRP81. In addition, enhancement of proliferation by PRP has 
been described for a range of intra-articular cell types, such as meniscal cells361, articular 
chondrocytes362–364, tenocytes365, and osteoblasts366.  
 
Moreover, PRP is ideally suited for making a gel rich in platelets by mimicking physiological 
blood coagulation. By activation of the fibrinogen in PRP by either centrifugation of non-
anticoagulated PRP or addition of thrombin and calcium to anticoagulated PRP, a 3D platelet-
rich fibrin clot can be created. This allows encapsulation of primary chondrocytes, comparable 
to what can be done with commercially available fibrin glue. This system has the potential to 
be used for tissue engineering applications, or as a biomaterial to, for example, treat focal 
cartilage defects in a clinical setting115,367.  
 
Considering the controversy around the use of PRP and variety in reported clinical results, the 
objective of this study was to study several potential working mechanisms of PRP with primary 
OA chondrocytes in vitro in a controlled setting. We hypothesized that PRP would have an 
anti-inflammatory, and migration-stimulating effect on OA chondrocytes and would be 
effective in stimulating matrix synthesis by OA chondrocytes in a 3D PRP gel environment.  

METHODS 

Platelet-Rich Plasma Preparation and Characterization 
Blood was obtained from healthy donors through the Mini Donor Service of the University 
Medical Center Utrecht approved by the medical ethics committee. All donors provided 
written informed consent in accordance with the declaration of Helsinki and were healthy, and 
free from antiplatelet and non-steroid anti-inflammatory drugs. Blood was collected in sterile 
9 mL-tubes containing 1 mL 3.2% (w/v) sodium citrate. To make PRP, the blood was 
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centrifuged at 130 g for 15 min, after which the plasma layer was transferred to a new tube. 
The plasma was then centrifuged at 250 g for 15 min and pelleted platelets were resuspended 
in one third of the supernatant plasma. Platelet count was measured using a CELL-DYN 
Emerald Hematology Analyzer (Abbott, US) (n = 9). For further experiments, platelet count 
was standardized at 400 x 109/L by dilution with phosphate buffered saline free from Ca2+ 
and Mg2+ (PBS0). The concentrations of TGF-β1, PDGF-AB, bFGF, and VEGF were 
determined using an enzyme-linked immunosorbent assay (ELISA) according to the 
manufacturer’s instructions (all Duoset ELISA kit, R&D Systems) (n = 5). 
 
Chondrocyte Isolation 
Human osteoarthritic articular cartilage was obtained from redundant material after total 
knee arthroplasty surgery. The anonymous collection of this material is approved by the local 
medical ethic committee (University Medical Center Utrecht)221,266. Cartilage was separated 
from the bone, washed with PBS0, and cut into 2mm pieces using a scalpel. To minimize intra- 
and inter-donor variability, all cartilage was pooled per donor for cell isolation. Chondrocytes 
were extracted by exposing the cartilage pieces to 0.15% (w/v) collagenase II (CLS-2, 
Worthington, Lakewood, NJ) in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Life 
Technologies) supplemented with 10% (v/v) fetal bovine serum (FBS, Biowest), and penicillin 
and streptomycin (100 U/mL and 100 µg/mL; 1%) overnight at 37ºC on a moving platform. 
Isolated cells were expanded at 37ºC and 5% CO2 using chondrocyte expansion medium, 
consisting of DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. 
Chondrocytes were used at passage 2, cells from different donors were kept separate 
throughout the experiments. 
 
Proliferation and Migration Assay 
Proliferation and migration of chondrocytes upon addition of PRP into the culture medium 
was assessed using a micro-wound assay368–370. Chondrocytes (n = 2, age range 48 - 64) were 
seeded in monolayers in 24-well plates using expansion medium. Upon confluence, a micro-
wound was created across each well using a sterile 200 µL pipette tip. Monolayers were 
washed using PBS0, and treated with redifferentiation medium (DMEM supplemented with 
2% [v/v] human serum albumin [HSA; Sanquin Blood Supply Foundation], 2% insulin-
transferrin selenium [ITS]-X [Gibco], 0.2 mM L-ascorbic acid 2-phosphate [ASAP; Sigma-
Aldrich], 100 U/mL penicillin, and 100 µg/mL streptomycin) with respectively 0-, 2-, 5-, 10-
, or 20% (v/v) PRP. All PRP-containing media were supplemented with 3.3 U/mL heparin 
(Sigma-Aldrich). All medium was supplemented with 10μM 5-ethylnyl-2’-deoxyuridine (EdU; 
Click-iT™ EdU Alexa Fluor® 488 Imaging Kit; Invitrogen). After 48 hours of incubation at 
37ºC and 5% CO2, monolayers were washed with PBS0 and EdU was detected according to 
the manufacturer’s instructions. Nuclei were counterstained with Hoechst. Photographs were 
taken using an inverted fluorescent microscope (IX53; Olympus). Total migrated cells and 
proliferated cells in the micro-wound area were quantified using ImageJ software via color 
thresholding and the ‘analyze particles’ function. 
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In Vitro Inflammation Assay 
Chondrocytes (n = 6, age range = 48 – 74) were seeded in monolayers at 100,000 cells/cm2 
in chondrocyte expansion medium. After 24 hours of pre-incubation, monolayers were treated 
with 10 ng/mL recombinant human Tumor Necrosis Factor alpha (TNF-α, R&D Systems) 
and redifferentiation medium with respectively 0-, 2-, 5-, 10-, and 20% (v/v) PRP. Cells were 
incubated for 48 hours at 37ºC and 5% CO2 before gene expression analysis. 
 
Regeneration Assay: Gels with Variable PRP Concentration 
Cells (n = 2 donors, age range = 53 – 79) were cultured in fibrin gels containing increasing 
concentrations of PRP. For this purpose, PRP was mixed with 1:15 in PBS0 diluted fibrinogen 
component (Baxter) in which cells were resuspended. The commercial fibrinogen was diluted 
in order to match the concentrations within the full range of conditions371. Gels were made 
by injecting 50 µL of the mixture into a 96-well plate well and adding 50 µL 1:50 in PBS0 
diluted thrombin component (Baxter) and incubated for 15 minutes at 37ºC. This resulted in 
gels containing 0.25 x 106 cells per construct, with respectively 20-, 40-, 50-, 60-, and 80% 
PRP. Gels were cultured in 24-well plates for 28 days in redifferentiation medium. Medium 
was changed twice per week and saved for biochemical analysis. 
 
Regeneration Assay: PRP vs Fibrin Gels 
Chondrocytes were equally divided over the PRP and fibrin gel group. Fibrin gels were made 
as stated in the previous section by mixing 50 µL of each diluted component. Platelet-rich 
plasma gels were made by pipetting 60 µL PRP into a 96-well plate well, adding 20 µL CaCl2 
(500 mM in 0.9% NaCl) and 20 µL 1:50 in PBS0 diluted thrombin solution (Baxter), and 
incubation for 15 minutes at 37ºC. This resulted in gels containing 0.25 x 106 chondrocytes 
(n = 3 donors, age range = 56 - 79). Gels were cultured in 24-well plates for 28 days using 
redifferentiation medium. Medium was changed twice per week and all medium was stored for 
biochemical analysis. Control fibrin gels were made by combining 50 µL 1:15 diluted fibrinogen 
component and 50 µL 1:15 diluted thrombin component (Baxter).  
 
Real-Time PCR 
Total RNA was isolated from monolayers and gels using TRIzol (Invitrogen) according to the 
manufacturer’s instruction. Total RNA (200-500 ng) was reverse-transcribed using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Real-time polymerase chain 
reactions (PCRs) were performed in a LightCycler 96 (Roche Diagnostics) using iTaq 
Universal SYBR Green Supermix (Bio-Rad) according to the manufacturer’s instructions. 
Quantification was performed relative to the levels of the housekeeping gene 18S. The primer 
sequences are listed in Table S1. 
 
Biochemical Analysis 
Gels were digested in a papain digestion buffer (250 µg/mL papain; Sigma-Aldrich, 0.2 M 
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NaH2PO4, 0.1 M EDTA, 0.01 M cysteine, pH 6) at 60ºC overnight. Glycosaminoglycan (GAG) 
content was measured using a dimethylmethylene blue (DMMB; pH 3) assay with 
chondroitin-6-sulfate (Sigma-Aldrich) as a standard. Absorbance ratio of 525/595 nm was 
measured using a spectrophotometer. DNA content in the digests was quantified using a 
Quant-iT PicoGreen dsDNA assay (Invitrogen) according to the manufacturer’s instruction. 
Collagen content was determined by measuring the hydroxyproline content320. Digested 
samples were lyophilized and hydrolysed in 4 M NaOH (Sigma-Aldrich) in Milli-Q water at 
108ºC overnight. The next day, samples were neutralized using 1.4 M citric acid (Sigma-
Aldrich) in Milli-Q water, after which 50 mM freshly prepared Chloramin-T (Merck) in 
oxidation buffer was added. Samples were incubated under agitation for 20 minutes, after 
which 1.1M freshly prepared dimethylaminobenzoaldehyde (Merck) in 25% (w/v) perchloric 
acid (Merck) in 2-propanol (Sigma-Aldrich) was added. After incubation for 20 minutes at 
60ºC, samples were cooled and absorbance at 570 nm was measured using hydroxyproline 
(Merck) as a standard. 
 
Histological Analysis 
Gels were fixed using 3.7% formalin, dehydrated through graded alcohol steps, immersed in 
xylene, and embedded in paraffin. Sections of 5 µm were cut and deparaffinised and 
rehydrated before staining. Proteoglycans were stained using 0.125% (w/v) safranin-O 
(Merck; counterstained with 0.4% fast green [Sigma-Aldrich] and Weigert’s hematoxylin 
[Clin-Tech]). Type I and II collagen deposition was visualized by immunohistochemistry. 
Sections were blocked with 0.3% H2O2, followed by antigen retrieval with pronase (1 mg/mL; 
Sigma-Aldrich) for 30 minutes at 37ºC and hyaluronidase (10 mg/mL; Sigma-Aldrich) for 30 
minutes at 37ºC. Sections were blocked using bovine serum albumin (BSA; 5% [w/v] in PBS) 
for 30 minutes, followed by overnight incubation at 4ºC with the primary antibody for either 
type I collagen (EPR7785, BioConnect; 1:400 in PBS/BSA 5%) or type II collagen (II-II6B3; 
DHSB, 1:100 in PBS/BSA 5%). Sections were washed, then incubated with an HRP-
conjugated anti-rabbit or anti-mouse secondary antibody for 1 hour at room temperature, 
after which the staining was developed using 3,3’-diaminobenzidine (DAB, Sigma-Aldrich). 
Sections were counterstained using Mayer’s hematoxylin (Klinipath). 
 
Statistical Analysis 
Data were analyzed using the GraphPad Prism 7.0 software package (GraphPad Software, 
US). Comparisons between groups were performed by paired and unpaired two-sided 
student’s t tests and one-way analysis of variance (ANOVA) with a Tukey post-hoc test. A P-
value of < 0.05 was considered statistically significant. 
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RESULTS

Manually Prepared Platelet-Rich Plasma Is Depleted From Leukocytes and Rich in 
Growth Factors
Platelet-rich plasma was prepared from citrated blood of nine donors. Cell and platelet counts 
were measured and revealed a significant decrease in the number of leukocytes (0.3 ± 0.1 x 
109/L vs. 5.5 ± 1.4 x 109/L, p<0.001) and erythrocytes (0.02 ± 0.01 x 1012/L vs. 4.0 ± 0.4 x 
1012/L, p<0.001) in all PRP samples compared to whole blood samples of the same donors. 
Platelet count was significantly increased after PRP preparation (458 ± 245 x 109/L vs 207 
± 74 x 109/L, p=0.006). Increase in platelet count varied from 1.0 to 3.0-fold (Table 1). 
Quantification of growth factors by ELISA revealed manually prepared PRP contains high 
amounts of TGFβ1 (60234 ± 23499 pg/mL) and PDGF-AB (21163 ± 6399 pg/mL) and 
lower concentrations of bFGF (20.4 ± 8.8 pg/mL) and VEGF (83.5 ± 44.1 pg/mL) (Figure 1). 
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Platelet-Rich Plasma Stimulates Chondrocyte Proliferation, but not Migration
Migration of chondrocytes into a micro-wound created in a monolayer using different 
concentrations of PRP was compared after 48 hours (Figure 2A-C). Quantification of cells 
migrated into the micro-wound area revealed no differences in groups containing PRP versus 
control group. On the contrary, proliferation of chondrocytes was significantly increased when 
micro-wounds were treated with 20% PRP (Figure 2D). 

Platelet-Rich Plasma does not Inhibit an Inflammatory Response in Chondrocytes
Platelet-rich plasma was not able to inhibit the inflammatory response of chondrocytes after 
stimulation with TNF-α. Expression of OA-associated inflammation markers cyclooxygenase-
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2 (COX2, also known as prostaglandin-endoperoxide synthase 2 [PTGS2]), prostaglandin E 
synthase (PTGES), and interleukin 17 (IL17) was significantly upregulated when 
chondrocytes were treated with TNF-α. Addition of PRP to the medium was ineffective to 
reduce gene expression of these markers. Expression of interleukin 6 (IL6) and C-C motif 
chemokine ligand 20 (CCL20), other important players in OA, seemed to be downregulated 
dose-dependently. However, this decrease was not found to be statistically significant. 
Expression of interleukin 1Β (IL1Β) was upregulated in a dose-dependent manner upon 
addition of PRP. Two of the most important markers for chondrogenesis, collagen type II alpha 
1 chain (COL2A1) and aggrecan (ACAN), were significantly downregulated in inflamed 
chondrocytes. Addition of PRP to these monolayers could not recover this gene expression 
(Figure 3). 
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No Dose-Dependent Regenerative Effect in Gels With Variable Platelet-Rich Plasma 
Concentration
Biochemical analysis of PRP-enriched fibrin gels revealed a stimulatory effect of PRP on the 
production of GAGs deposited within the gels by chondrocytes. This pattern was not found 
in GAG release from these gels. Similar to an increase in absolute GAG content, the amount 
of DNA in PRP-enriched gels was also elevated. The production of GAGs corrected for the 
amount of DNA in the gels was significantly decreased in PRP-containing gels (Figure 4).

Inhibition of Chondrogenic Potential of Chondrocytes in Platelet-Rich Plasma Gels vs 
Fibrin Gels
To assess the capacity of PRP to be used as a stand-alone biomaterial for cartilage tissue 
engineering, a PRP gel was made in which chondrocytes were encapsulated. Safranin-O 
staining revealed considerable amounts of GAGs produced by chondrocytes encapsulated in 
commercial fibrin gel. Morphology of chondrocytes in PRP gel was similar to that of cells 
cultured in fibrin gel. The chondrocytes exhibited a round morphology and seem to reside in 
lacunae, typical for hyaline cartilage (Figure S1). Production of GAGs in PRP-based gel was 
absent (Figure 5A). Biochemical quantification of the gels confirmed a significantly lower 
relative production of GAGs in PRP gels, as seen both in GAG content as well as in GAG 
release into the culture medium (Figure 5B). Quantification of the amount of DNA in the gels 
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revealed a significant increase in DNA in PRP gels over the culture period of 28 days when 
compared to fibrin gels (Figure 5C). When looking at the production of collagen in these gels, 
a similar pattern was seen. No positive staining for type II collagen, a major component of 
hyaline cartilage, could be observed in PRP gels, while this was observed in fibrin gels. No 
distinguishable differences were found in the production of type I collagen, an indicator for 
fibrocartilage (Figure 6A). In addition, total collagen content was significantly lower in PRP 
gels compared to fibrin gels (Figure 6B). 
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DISCUSSION 

Platelet-rich plasma is an appealing product which is widely applied to treat orthopaedic 
conditions. Positive outcomes are attributed to the high concentrations of growth factors and 
anti-inflammatory components in PRP. Nonetheless, other studies report on negative results 
and consensus has not been reached. Proper understanding of the mechanism of action of 
PRP in the osteoarthritic joint is desired. The current study attempted to elucidate the effects 
of PRP specifically on chondrocytes in an in vitro controlled setting. 

In this study, we used manually prepared, pooled human PRP which was deprived of 
leukocytes. It therefore can be defined as leukocyte-poor (LP-)PRP. LP-PRP generally 
contains a smaller amount of platelets339,343 compared to leukocyte-rich (LR-)PRP, which 
results in a lower concentration of growth factors338,339. Substantial evidence showing lower 
concentrations of growth factors can negatively influence outcome in OA does not exist. For 
that reason, it cannot be concluded whether a certain preparation method produces 
qualitatively better PRP for the treatment of OA. There is a great lack of randomized 
controlled trials directly comparing LR- and LP-PRP. Just one study made a direct comparison 
in a clinical setting347 comparing single spin and double spin PRP. Double spin PRP was shown 
to have a 1.4X increase in leukocyte compared to whole blood. The authors reported on 
initially more pain and swelling in the group that received LR-PRP, but no difference in long-
term outcome. In vitro evidence shows a more pro-inflammatory environment when LR-PRP 
is used344. 

We found that our PRP stimulated proliferation of OA chondrocytes in vitro both in a 2D as 



|x Platelet-rich plasma does not inhibit inflammation or promote regeneration  | 

 

114477 

well as in a 3D setting. The general opinion is that PRP and PRP-derivatives like platelet lysate 
stimulate proliferation of a variety of cell types. Many studies looked into the effects of PRP 
on MSCs derived from various sources323,372–374, where all studies report on increased 
proliferation when PRP was compared to conventional culture medium. Likewise, studies 
describing cell types derived from other tissues in the knee also report on increased 
proliferation321,323,362,375,376. It is important to highlight our study found increased proliferation 
only in the case where 20% PRP was added to the culture medium. Growth factor 
concentrations in this experimental condition are most likely much higher than when PRP is 
used in a clinical setting for intra-articular injections. Although stimulation of migration by 
PRP has been previously reported on in MSCs and other chondroprogenitor cells323,377–379, we 
did not confirm this for OA chondrocytes in our micro wound setup. It was expected that the 
high concentrations of chemoattractants in PRP could have promoted migration similar to a 
report on cell outgrowth from pieces of cartilage cultured in a gel containing PRP208.  
 
Another key finding of the current study is that our PRP was unable to inhibit the 
inflammatory response in OA chondrocytes in an in vitro inflammation model. Some of the 
most important markers expressed by OA chondrocytes in OA are COX2 and PTGES. Both 
are involved in the synthesis of prostaglandin E, an important pro-inflammatory marker in 
OA380,381. We found that PRP had an inconsistent effect on the gene expression of COX2. The 
elevated expression of PTGES in inflamed chondrocytes could neither be reduced by PRP. We 
also showed that PRP was unable to downregulate the expression of cytokine IL6 and 
chemokine CCL20, both involved in the progression of OA382,383. Both TNF-α and PRP were 
unable to alter the expression of IL17. Interestingly, the increased expression of IL1Β upon 
stimulation of the cells with TNF-α was not downregulated by PRP. On the contrary, IL1Β 
was increasingly expressed in a dose-dependent manner upon treatment with PRP. The 
striking increase in gene expression of IL1Β might be caused by positive feedback loops 
induced through production of other cytokines382,384. This is contradictory to previously found 
anti-inflammatory properties attributed to PRP350. The in vitro system presented in this study 
only included cartilage cells, making a translation to the clinical situation difficult. Other 
tissues, like the synovium, have been shown to be a very important participant in the 
inflammatory response in OA. The step toward animal models and clinical studies is necessary 
to shed light on the effects of PRP on inflammation of the whole joint environment. 
 
In this study, we additionally investigated the potential of PRP-incorporation in a commercial 
fibrin gel to stimulate cartilage regeneration. We report that incorporation of PRP leads to an 
increase in GAG content, independent of the concentration of PRP added. At the same time, 
an increase in the amount of DNA was found upon addition of PRP into the gel, suggesting 
either an increase in proliferation or a reduction in cell death as compared to the control gels 
consisting of fibrin alone. Yet, the relative GAG production in PRP-supplemented gels greatly 
decreased, suggesting a strong inhibition of GAG formation by the cells in these gels. Our 
study is the first to incorporate different concentrations of PRP into a fibrin gel seeded with 
human OA chondrocytes. Other tissue engineering approaches where PRP is incorporated in 
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other types of hydrogels, like an in-situ photo-crosslinkable hydrogel385 and an injectable PRP-
containing gel386 report on a chondrogenic effect of PRP, although both studies mentioned 
use MSCs. 
 
To the best of our knowledge, our study is one of the first assessing cartilage matrix 
production of human OA chondrocytes in a hydrogel consisting purely of PRP. Despite a high 
concentration of TGF-β1 in our PRP, we found an evident inhibition of cartilage-like matrix 
formation, while desirable production of GAGs and type II collagen was seen in commercial 
fibrin gel. The biochemical data was supported by a clear absence of positive histological 
staining for safranin-O and type II collagen, where fibrin gels were evidently positive for both 
stainings. While in an unaffected joint TGF-β maintains a healthy chondrocyte phenotype387, 
a high concentration of TGF-β in the OA knee joint can accelerate cartilage damage388. As 
PRP continuously releases growth factors, including TGF-β, for at least six days389, the 
situation in PRP gel presented in the current study would correspond to an ongoing diseased 
state. In vivo, this can lead to progression of OA, synovial fibrosis, and development of 
osteophytes390. 
 
Again, we observed an evident increase in cell proliferation in chondrocytes cultured in the 
presence of high concentrations of PRP. The only study carrying out a similar approach as we 
did, also shows an inferior effect of PRP when compared to fibrin gel367. A minimal amount of 
studies have looked into the behaviour of cells of other species in a PRP gel80,391. While both 
studies report an increase in proliferation of the cells, their results on cartilage matrix 
production contradict. What specifically happens to the chondrocytes in PRP gel remains 
inconclusive. Although we see a similar cell morphology in fibrin and PRP gel, their capacity of 
forming cartilage-like matrix is evidently impaired. In addition, it should be noted that all 
experiments in the current study were performed with chondrocytes isolated from redundant 
material from OA donors. The conclusions are therefore limited to the cell origin and 
interpretation and extrapolation to other cell types or disease states should therefore be 
handled with care. Evidently, more and extensive research is needed to determine whether 
PRP is a suitable candidate to be used as a novel autologous scaffold for cartilage tissue 
engineering. 
 
Discrepancies between studies remain a major problem in PRP research. Preparation methods 
vary greatly and the majority of studies fail to report on characterization of their PRP349. 
Variations in growth factor content and concentrations, as well as the presence of leukocytes 
may alter outcomes drastically. Also, inconsistencies remain between in vitro studies and 
clinical outcomes when PRP is used for the treatment of OA. It is crucial to consider the 
complexity of the articular joint and the tissues involved in the progression of OA. This 
illustrates the importance to move towards more complex culture systems, preferably using 
tissue explants in coculture to have a closer resemblance of the human joint. 
 
In conclusion, the data presented here show absence of an anti-inflammatory effect of PRP 
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on OA chondrocytes. Besides, PRP fails to stimulate OA chondrocytes into producing hyaline 
cartilage matrix in vitro. In addition, a pronounced stimulation of chondrocyte proliferation 
was seen both in cell expansion as well as in 3D cultures.  
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ABSTRACT  

Purpose 
Unicompartmental osteoarthritis of the knee joint can be treated with open-wedge osteotomy 
(OWO). However, the procedure faces several challenges like postoperative pain and bone 
non-union. Here, we aimed to design, fabricate, and evaluate a gap-filling implant using an 
osteoinductive and degradable biomaterial, that closes the space left after an OWO. 
Methods 
High tibial OWO procedures on three fresh frozen human cadaveric legs were planned using 
computed tomography (CT) scans. Based on this, a porous wedge scaffold was designed and 
3D printed using a magnesium strontium phosphate-polycaprolactone (MgPSr-PCL) 
biomaterial ink. Wedge implants with inter-fibre spacing (IFS) of 0.7 mm, 1.0 mm, and 1.3 
mm with closed outer edges were fabricated. The wedges were mechanically characterized and 
in vitro osteoinductive properties of the material were assessed using expanded human bone 
marrow-derived mesenchymal stromal cells (MSCs) and bone marrow concentrate (BMC) 
using medium with and without factors to induce osteogenesis. Next, implants were fabricated 
for ex vivo implantation during three OWOs with different heights (5 mm, 10 mm, 15 mm), 
and the wedges were implemented into the OWO in the human cadaveric legs. 
Results 
Implants with IFS-1.0 resulted in scaffolds that maintained top and bottom porosity, while 
exhibiting significant mechanical stability. MSCs and BMC cells attached to the MgPSr-PCL 
material and proliferated over 21 days in culture. Alkaline phosphatase activity, calcium, and 
osteocalcin production were promoted in all culture conditions, independent of osteogenic 
induction medium. Finally, three OWOs were performed and the fabricated wedges were 
implanted ex vivo during the OWO. A small fraction of one side of the wedges was resected 
to assure fit into the proximal biplanar osteotomy gap. Pre-planned wedge heights were 
maintained after implantation as measured by micro-CT. 
Conclusion 
To conclude, we have successfully designed and manufactured personalized implants to fill 
the gap in open-wedge osteotomies. The implants supported osteogenesis of MSCs and BMC 
in vitro and were successfully implemented into the surgical procedure, without compromising 
pre-planned wedge height. 
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INTRODUCTION 

Unicompartmental knee osteoarthritis (OA) is often associated with lower limb malalignment. 
Especially for younger patients (age < 65 years) with unicompartimental OA and a 
malalignment, a correctional osteotomy can be a surgical solution, aiming to unload the 
affected compartment62,392,393. Typically, for a varus malalignment, a medial open-wedge high 
tibial osteotomy is performed, and for a valgus malalignment, a distal femur osteotomy is 
chosen. Closed-wedge osteotomies are associated with better clinical outcome394, but when 
applied in the tibia require concomitant fibular osteotomy and complicate potential future 
total knee arthroplasties395. A medial high tibial OWO is associated with pain in the early 
postoperative stage and sometimes delayed bone union396,397. Postoperative pain is believed 
to be (at least in part) caused by bone marrow leakage from the osteotomy site, causing 
swelling, resulting in impairing early weight-bearing, ambulation, and rehabilitation398.  
 
In some cases, the opened osteotomy wedge is filled with an autologous bone graft from the 
iliac crest399. However, this procedure is aimed at accelerating union rather than completely 
sealing the gap and it is associated with donor site morbidity400. Filling the osteotomy gap 
with an allogeneic bone graft could be a viable solution as gap filler, as this resulted in a 
decrease in pain during the first 4 weeks after. This study demonstrated that almost all of the 
patients (99%) were able to walk > 500 meters without any support three months after 
surgery397. However, the use of allogeneic bone grafts is hampered by the limited availability 
of the grafts. Moreover, frozen allografts have a higher failure rate compared to living 
autologous grafts401. Likewise, synthetic bone substitutes made of hydroxyapatite and/or 
beta-tricalcium phosphate396,402–404 aid in bone union without donor site morbidity, yet fall 
short of completely sealing the osteotomy gap to prevent bleeding and lack mechanical 
properties. To improve bone union, postoperative pain, and eliminate the need for an allo- or 
autograft in OWO procedures, a firm gap filing 3D-printed scaffold with osteoconductive 
properties and mechanical stability provides a solution. 
 
Among the bioactive ceramic materials that have been used for bone tissue engineering, 
magnesium strontium phosphate (MgPSr) has gained particular interest due to the good 
solubility of magnesium phosphate phases under physiological conditions, and the presence 
of Sr2+ ions have been demonstrated to promote osteogenic differentiation of mesenchymal 
stromal cells (MSCs)405–410. However, pure ceramic scaffolds are usually brittle and prone to 
fracture which hampers their application in large, load bearing defects411. A previous study has 
investigated a ceramic-polymer composite of MgPSr and polycaprolactone (PCL), which is a 
versatile biomaterial ink that can be processed through extrusion-based 3D printing at room 
temperature. This biomaterial can be manufactured into different complex geometries to 
improve bone filling of a defect without compromising mechanical stability412. The porous 
nature of a printed osteotomy wedge scaffold allows bone marrow to populate the wedge 
upon implantation. Alternatively, pre-surgical seeding of the implant with a bioactive product 
accelerating osteogenesis, such as bone marrow concentrate (BMC), could further accelerate 
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bone union. 
 
This study aimed to design and manufacture a scaffold as gap filler in OWO around the knee 
joint. The mechanical stability of the wedge scaffold, as well as the in vitro osteoinductive 
properties of the material on MSCs and BMC were investigated. Additionally, preservation of 
the pre-designed implant structure and height were assessed upon implantation into human 
cadaveric legs. 

MATERIALS AND METHODS 

Study outline 
To completely fill the opening wedge gap after an OWO, 3D printed scaffolds were 
manufactured using patient computed tomography (CT) data and computer-aided design. 
The printed implants were mechanically characterized and in vitro potency of the MgPSr-PCL 
material was evaluated to induce osteogenesis when seeded with bone marrow-derived MSCs, 
as well as BMC. Finally, we included a proof-of-concept surgical feasibility study in a cadaver 
model for implementation of the implants into the current osteotomy procedure. 
 
Computer-aided design of osteotomy wedge 
To design a wedge scaffold for mechanical characterization and in vitro experiments, an 
anonymized CT scan and surgical planning for an 8 mm medial opening-wedge distal femur 
osteotomy was acquired from a clinical case (University Medical Center Utrecht) (Figure 1Ai). 
The computer-aided design (CAD) of the wedge scaffold was developed in SolidWorks 
software (Dassault Systèmes, Waltham, MA, USA), using the CT scan images. After 
assessment of the wedge scaffold, BioCAM™ software was used to define the wedge scaffold 
internal architecture and subsequently translate the design into a G-Code. The external wall 
of the osteotomy scaffold was kept closed with two outer layers, while for the internal region 
of the osteotomy scaffolds, three different inter-fibre spacings (IFS), 1.3 mm, 1.0 mm, and 
0.7 mm (abbreviated as IFS-1.3, IFS-1.0, and IFS-0.7, respectively) were considered.  
 
Material preparation and extrusion-based 3D-bioprinting 
The biomaterial ink was prepared by combining in-house synthesized Mg2.33Sr0.67(PO4)2 
powder and commercial medical grade poly(ε-caprolactone) (mPCL, Purasorb PC 12, Purac 
Biomaterials, Netherlands) in a weight ratio of 70:30 wt.% of MgPSr to PCL, according to a 
procedure previously described412. Designed scaffolds were fabricated by an extrusion-based 
3D-printing system (3D Discovery, regenHU, Switzerland) using the MgPSr-PCL biomaterial 
ink. The ink was transferred to a 10 mL syringe (Nordson EFD, USA) and extruded though a 
22G conical nozzle (inner diameter = 0.41 mm, Nordson EFD, USA) at a pressure of 0.9 bar 
and collected at collector speed of 6 mm/s. 
 
Mechanical characterization of printed wedge scaffolds 
Uniaxial compression tests were performed using a universal testing machine (Zwick Z010, 
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Germany) equipped with a 1 kN load cell. Tests were performed on cylindrical samples (d = 6 
mm, h = 12 mm, n = 5) for all three groups (IFS-1.3, IFS-1.0 and IFS-0.7, without closed outer 
edges), at a rate of 1 mm/min (at room temperature). From the engineered stress-strain 
curves, the elastic modulus (defined as the slope of the linear region at the interval 0.02 - 
0.05 mm/mm strain), the yield stress (defined as the point where nonlinear deformation 
begins), and toughness (defined as the absorbed energy by the scaffolds up to yield stress) 
were determined. 
 
In vitro accelerated degradation of printed wedge scaffolds 
The degradation of the materials was studied under controlled conditions which accelerated 
biomaterial degradation in vitro412. Wedge scaffolds were incubated in a 0.4 mg/ml lipase 
solution (from Pseudomonas cepacia, Sigma-Aldrich) and 1 mg/ml sodium azide (Sigma-
Aldrich) at 37ºC for 15 days. At each time point (1, 5, 10, and 15 days), the enzymatic solution 
was refreshed and samples were monitored for weight loss, quantified as follows: 

Weight loss = !!"#"#$
#$

 Eq. 1 
 
In vitro osteogenesis of scaffolds  
Donors and cell isolation 
Human MSCs were derived from healthy donor bone marrow aspirates (n = 3, age range 2 – 
12) as approved by the Dutch central Committee on Research Involving Human Subjects 
(CCMO, Bio-banking bone marrow for MSC expansion, NL41015.041.12). The parent or legal 
guardian of the donor signed the informed consent approved by the CCMO. In brief, the 
mononuclear fraction was separated using a density gradient (Lympoprep, Axis Shield). MSCs 
were isolated by plastic adherence and expanded for three passages in Minimum Essential 
Media (αMEM, Macopharma) with 5% platelet lysate and 3.3 IU/mL heparin and 
cryopreserved. Subsequently, MSCs were expanded for two additional passages in MSC 
expansion medium (αMEM [Gibco], 10% (v/v) fetal bovine serum [FBS; Biowest], 1% 
penicillin/streptomycin [pen/strep; 100 U/mL, 100 µg/mL], 200 µM l-ascorbic acid 2-
phosphate [ASAP; Sigma-Aldrich], and 1 ng/mL basic fibroblast growth factor [bFGF; 
PeproTech]). BMC was obtained from donors undergoing an OWO or total knee arthroplasty 
surgery (n = 2, age range 39 - 49) after their informed consent (protocol approved by the 
local medical ethical committee). Bone marrow was concentrated to one tenth of its original 
volume using Ficoll paque (GE Healthcare) density separation.  
 
In vitro culture of scaffolds 
Standardized 5 mm diameter cylindrical scaffolds were printed as described before412 and 
sterilized by washing in 70% ethanol and Milli-Q, followed by exposure to ultraviolet light for 
1 hour. Scaffolds were cut in half with a sterile scalpel and seeded with either 15,000 MSCs 
/ scaffold in fibrin gel (25 µL fibrinogen (1:15 in PBS) crosslinked with 25 µL thrombin (1:50 
in PBS); Tisseel, Baxter) or 25 µL BMC (crosslinked with 16.6 µL thrombin and 16.6 µL CaCl2 

(500 mM in 0.9% NaCl)). Cell-seeded scaffolds were pre-cultured in MSC expansion medium 
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for two days, followed by 21 days of osteogenic induction with osteogenic differentiation 
medium (αMEM supplemented with 10% FBS, 1% pen/strep, 200 µM ASAP, 10 mM β-
glycerophosphate (Sigma-Aldrich), and 10 nM dexamethasone (Sigma-Aldrich)). Control cell-
seeded scaffolds were treated with MSC expansion medium without bFGF.  
 
Alkaline phosphatase, calcium, and DNA quantification 
Osteogenic differentiation of the cells was measured by the activity of the early osteogenic 
marker alkaline phosphatase (ALP) after 5, 7, and 11 days and by quantification of calcium 
produced after 21 days. To determine activity of ALP, cells were lysed in Tris-EDTA buffer 
(10 mM Tris-HCl, 1 mM EDTA, pH 8) by three freeze-thaw cycles. ALP activity was measured 
using the conversion of p-nitrophenyl phosphate liquid substrate (pNPP, Sigma-Aldrich). 
Absorbance was measured every minute for 30 minutes at 405 nm and corrected for 
absorbance at 655 nm. Calf intestinal ALP (Sigma-Aldrich) was used as a standard. Calcium 
concentration in the samples was quantified after 21 days using a colorimetric calcium assay 
kit (Abcam) according to the manufacturer’s instructions. ALP activity and calcium levels were 
corrected for DNA. DNA content was determined using the Quant-iT PicoGreen dsDNA assay 
(Invitrogen) according to the manufacturer’s instructions. 
 
Osteocalcin immunocytochemistry 
To visualise the osteogenic marker osteocalcin, scaffolds were fixed in formalin for 30 minutes 
for the osteocalcin immunocytochemistry after 21 days of differentiation. Samples were 
permeabilized with 0.2% (v/v) Triton X-100 in phosphate-buffered saline (PBS), followed by 
blocking with 5% (v/v) bovine serum albumin (BSA) in PBS. Next, samples were incubated 
overnight at 4ºC with 10 µg/mL mouse-anti-human primary antibody against osteocalcin 
(clone OCG4; Enzo Life Sciences). Samples were then incubated with 10 µg/mL goat-anti-
mouse antibody conjugated to Alex Fluor 488 (Invitrogen) for one hour at room temperature. 
All samples were also stained for F-actin (1:200; phalloidin-TRITC; Sigma-Aldrich) and 4′,6-
diamidino-2-phenylindole (100 ng/mL; DAPI; Sigma-Aldrich). Images were acquired with a 
Leica SP8X Laser Scanning Confocal Microscope and Leica LASX acquisition software. 
 
Ex vivo surgical implantation of the printed wedges 
Three fresh-frozen human cadaveric legs were obtained (all left legs, one male and two 
female) in accordance with the guidelines of the local medical ethical committee. CT-scans 
were obtained of the three included legs (Philips Healthcare, Best, The Netherlands; 100 kV 
and 130mAs), with 0.8 mm slice thickness. OWOs were pre-operatively planned in 3-Matic 
(Materialise, Leuven, Belgium), with for each leg a specific wedge height (5, 10, and 15 mm). 
This resulted in post-surgical 3D-models of the cadavers with left open osteotomy gaps, 
which functioned as surrogate for the 3D printing of the wedges. A proximal biplanar medial 
high tibial OWO was performed following a standard surgery protocol. During this procedure, 
the osteotomy gap was kept open using a lamina spreader and the 3D-printed scaffold wedge 
was inserted into the gap. The lower end of the wedge scaffolds was resected to fit the 
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osteotomy gap, without altering the outside rim of the wedge. The osteotomies were then 
fixated with angular stable plates (Activmotion, Newclip Technics, Nantes, France). Following 
implantation of the scaffold wedges, additional CT scans were obtained of the operated 
cadaver legs, subsequently the wedges were explanted for further analysis.

Micro-computed tomography
The pre- and post-surgical wedge scaffolds underwent micro-CT (Quantum FX-Perkin Elmer, 
USA) for height analyses. Scan parameters were 90 kV tube voltage, 180 µA tube current, 60 
or 73 mm resolution, and 2 min scan time. Scaffold heights pre- and post-implantation were 
quantified using computer vision software Fiji (software version 2.1.0/1.53c, National 
Institutes of Health, Bethesda, USA).

Statistical analysis
Statistical analyses were performed using GraphPad Prism 8.3 (GraphPad Software, Inc., La 
Jolla, CA, USA). All data were presented as mean ± standard deviation (SD). To test for 
differences in mechanical evaluations and calcium content, a one-way analysis of variance 
(ANOVA) with Tukey’s post hoc test was used. To test for differences in DNA and ALP 
quantifications, a two-way ANOVA with Tukey’s post hoc was used. For scaffold wedge height, 
a two-tailored t-test was used. Normality was confirmed with a Shapiro-Wilk test (p>0.05). 
P values below 0.05 were considered significant.

RESULTS

Personalized implant design and fabrication
Wedge implants were designed for both open-wedge lateral distal femur (Figure 1A) and 
medial tibial osteotomies (Figure 1B) from a CT scan 3D reconstruction (Panels i). Wedges 
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had closed outer edges, aimed at limiting leakage from the osteotomy site into the soft tissues 
surrounding the bone, while the interior was porous (Panels ii and iii).

Mechanical profile of printed porous material
Incorporation of the thermoplastic PCL into the ceramic MgPSr phase improved handling of 
the implants, overcoming downsides of brittle ceramic materials411. The stress-strain curves 
of the standardized printed discs with different IFS showed comparable profiles (Figure 2A). 
The decrease in IFS resulted in an increase in mechanical stability, elastic modulus increased 
significantly from 105.3 ± 10.26 MPa (IFS-1.3) to 151.5 ± 12.61 MPa (IFS-0.7) (Figure 2C). 
Yield stress, defined as the point of maximum elastic deformation, increased from 4.2 ± 1.27 
MPa (IFS-1.3) to 6.0 ± 1.90 MPa and 11.4 ± 1.86 MPa for IFS-1.0 and IFS-0.7, respectively 
(Figure 2D). In line, strain energy increased from 0.077 ± 0.0208 J for IFS-1.3 to 0.196 ± 
0.0957 J for IFS-0.7 (Figure 2E). While a disc with an IFS of 0.7 mm presented the highest 
elastic modulus, printing of a complete wedge scaffold with this IFS resulted in a construct 
that was not completely porous from top to bottom, which is essential to flow of bone marrow 
through the scaffold in vivo (Figure 2B). Scaffolds with a planned IFS of 1.0 mm resulted in 
completely porous wedges and only a slight difference in elastic modulus and strain energy 
compared to scaffolds with a planned IFS of 0.7 mm, which did not reach statistical 
significance. While the degradation rate of IFS-1.3 samples (as evaluated under accelerated 
degradation conditions) was 30% faster compared to IFS-1.0 samples (Figure 2F), the 
combination of tested characteristics led to the selection of IFS-1.0 for further analyses as 
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the best compromise between open porosity, mechanical stability, and degradation properties.

In vitro osteogenic properties of the scaffold material
Human BM-MSCs embedded in fibrin (MSC-fibrin) were seeded in the biomaterial scaffolds 
to evaluate osteogenic potential. Additionally, to simulate the situation in vivo, a second group 
of scaffolds was seeded with BMC. The culture-expanded human MSCs attached to the 
MgPSr-PCL material and proliferated over time. Cells in BMC also proliferated on the 
scaffolds (Figure 4A and Supplemental Figure 1). Activity of the early osteogenic marker ALP 
was similar in MSC-fibrin and BMC groups when scaffolds were cultured in control medium, 
yet, were increased in MSC-fibrin when cultured in osteogenic medium (Figure 4B). BMC 
performed similar to MSC-fibrin in terms of calcium production at 21 days of culture (Figure 
4C). Of note, both experimental groups had a higher ALP activity and increased calcium 
production compared to MSCs that were cultured in monolayers, indicating osteoconductive 
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effects of the scaffold material and 3D environment. Production of osteocalcin, an exclusive 
marker for osteoblasts, was observed in cultures under all conditions irrespective of culture 
medium used (Figure 3D). 
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Ex vivo surgical implantation
Three fresh-frozen human cadaveric legs underwent CT scanning in order to plan three OWOs 
with different heights; 5, 10, and 15 mm (Figure 4A, 4B, 4C). 3D models of the tibias were 
used to plan the osteotomy gap (Panels i) and design the personalized wedge scaffolds 
(Panels ii). Wedges were implanted during a standard proximal biplanar OWO procedure and 
fixated with an angular stable plate (Panels iii). Post-surgical X rays (Panels iv) and CT scans 
(Panels v) illustrate the scaffold positioning and fit. Micro-CT analyses of the wedges pre-
and post-implantation indicated good analogy of the scaffolds (Figure 5A, pre-operative in 
red, post-operative in grey). Due to the biplanar approach of the osteotomy procedure413, the 
scaffolds were adjusted at one side using an automatic saw, not altering the rest of the 
scaffold shape and outer rim (Figure 5B, arrows indicating trimmed side). Quantification of 
wedge heights from micro-CT images revealed that the wedge heights were not affected by 
the applied surgical procedure (Figure 5C).

DISCUSSION

This study demonstrated the feasibility to manufacture implants for bone gap filling in OWOs, 
by 3D printing of a biodegradable and osteoinductive scaffold material. The printed material 
promoted osteogenesis of MSCs and BMC in vitro and scaffolds were implanted ex vivo
without compromising the pre-operatively planned wedge height. We aimed to design 
implants that fitted the planned osteotomy gap, fabricate these and evaluate their 
implementation in the current osteotomy 

Post-surgical pain poses a challenge in OWO care. One of the hypotheses for the cause of 
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pain is bleeding from the osteotomy site. Others have shown that fitting an allogeneic graft, 
which closes the gap completely, reduced post-operative pain and accelerated the recovery397. 
The presented methods in our study offers a possibility of personalizing the wedge implant 
and incorporate this into the existing 3D workflow. Yet, the manufactured implants were 
designed to accurately match opening-wedge height and outer shape of the bone. Adjustment 
of the lower scaffold end enabled proper fit into the osteotomy plane, while assuring sealing 
of the gap. Precisely sealing of the whole gap was proven to be challenging in the current 
setting. Most likely, a perfect fit can be achieved when using 3D printed patient specific 
instruments (PSI), with pre-operatively determined saw cuts and resulting gap morphology. 
In some cases of malalignment correction, PSI are preferred by orthopaedic surgeons, in the 
form of saw and burr guides per-operatively. This study offers the possibility of adding a 
personalized wedge implant into this workflow. With predetermined bone cuts and gap 
morphology, our wedge scaffold can be 3D printed pre-operatively to fit. However, the current 
study focussed on the feasibility of implanting such a 3D printed wedge scaffold, without 
compromising the pre-operatively planned wedge height.  
 
While most of the load on the osteotomy gap is absorbed by the angular stable plate and 
screws, the implant should remain stable during the brief period before the plate is fixed. The 
elastic modulus of the implants presented similarities to human trabecular bone414. Scaffolds 
with a planned fibre spacing of 1.0 mm maintained open pores, through which in vivo bone 
marrow would be allowed to flow in and accelerate osteogenesis. While implant height was 
maintained post-implantation into the cadaveric legs, future in vivo and clinical studies are 
needed to confirm preservation of pre-planned wedge height during implantation, as well as 
speed of bone union.  
 
The full-size implants degraded over time in an accelerated in vitro setup using an enzymatic 
solution. Prior research reported that degradation of the MgPSr-PCL (pore size 1 mm) in the 
enzymatic solution for ten days corresponds to six months in vivo implantation, in a non-load 
bearing area in an equine model412. Increasing inter-fibre spacing accelerated degradation by 
30% in mass loss, indicating that in vivo mass loss might also be accelerated. However, the 
exact degradation and speed of bone formation of the osteotomy-specific implants in this 
specific anatomical location should be evaluated in a large animal model. 
 

The printed MgPSr-PCL material facilitated osteogenesis in vitro, similar to previous work412. 
For large defects, pre-seeding of the scaffold with a regenerative compound, like MSCs, might 
be beneficial to accelerate bone healing. Seeding of the material with both culture-expanded 
MSCs and BMC resulted in production of osteoblast-specific markers, indicating that 
infiltrated bone marrow in the scaffold material after implantation may be sufficient by itself 
to stimulate osteogenesis. This is most likely induced by its growth factor-rich nature and the 
presence of progenitor cells96. While fabrication of personalized 3D implants from patient 
imaging data was demonstrated before for orthopaedic applications415,416, this study is the 
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first to report on a personalized biodegradable implant for OWO.

The current study was mainly limited by the imbalance between preoperative osteotomy 
planning and the intra-operative surgical plane, leading to a slight mismatch between gap and 
scaffold. By implementing 3D printed PSI in the workflow, an optimal fit of the designed 
implant can be achieved. Because the purpose of this study was to design and manufacture a 
gap-filling wedge implant in an osteoinductive material and to evaluate this in an ex vivo 
model, achieving a perfect fit was beyond the scope of this investigation.

CONCLUSIONS

To conclude, we have designed and manufactured a gap-filling implant for open-wedge 
osteotomies. This implant was 3D manufactured using an osteoinductive and biodegradable 
material that supported cell attachment, growth, and production of early and late osteogenic 
markers in vitro. Finally, we successfully performed an ex vivo proof-of-concept of the surgical 
procedure, implementing the designed wedge scaffolds into the standard osteotomy 
procedure, while maintaining implant integrity and pre-planned wedge height.

SUPPLEMENTAL FIGURE 
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Damage to articular cartilage does not only considerably increase the risk of osteoarthritis 
(OA) development later in life4, symptomatic focal defects on their own have significant 
impact on the daily life of patients through development of pain, swelling, and limitation in 
function and sports activities. The incidence of OA in the adult population is around 15%, of 
which knee OA accounts for 80% of the cases28. In the Netherlands, OA is one of the three 
prime chronic diseases in the population and its incidence is expected to have doubled by 
2040417, emphasizing the importance of timely treatment of cartilage lesions to prevent OA 
development. The current treatment options for chondral defects vary from bone marrow 
stimulation techniques and cell-based repair through autologous chondrocyte implantation 
(ACI), to treatments using orthobiologics. In addition, (the progression of) early OA may be 
delayed by intra-articular injections with viscosupplements or corticosteroids, joint 
stabilization, or limb realignment, depending on the existence of any underlying pathologies. 
As outcomes of all interventions are variable and cartilage regeneration in humans continues 
to be a challenge, there is a need for improvement of therapies.  
 
As such, within the context of the current challenges in cartilage repair, the overall aim of this 
thesis was to advance articular cartilage regeneration by investigating novel cell types and 
optimization of current treatments for patients with focal chondral defects. For this purpose, 
the results in this thesis were presented in two separate sections. The first section was 
specifically aimed at cell-based cartilage repair, by using cartilage and meniscus progenitor 
cells, as well as cocultures of cells and tissues. The second section of this thesis explored the 
potential of orthobiologics to advance cartilage repair or aid in a cartilage-preserving surgical 
procedure. Together, both sections share the common goal of advancing cartilage 
regeneration based on a biological mode of action. 
 

CELL-BASED CARTILAGE REGENERATION 

As cells construct the main building blocks for articular cartilage during fetal development231, 
repair or regeneration of the damaged chondral layer in a fully developed individual through 
biological restoration holds significant potential. Nevertheless, cell and matrix turnover in 
mature normal articular cartilage is minimal17,18. With the use of culture-expanded 
chondrocytes, a treatment to repair chondral defects with good success rates is available. As 
the main disadvantage of this approach remains the two-step nature, which goes hand in 
hand with loss of chondrogenic phenotype of the cells during culture168,169, improvements for 
this procedure could further enhance outcomes.  
 
Synovial joint progenitor cells 
During fetal development, chondrocytes arise from mesenchymal progenitors and actively 
synthesize and organize the extracellular matrix (ECM) of articular cartilage418. Roughly two 
decades ago, the first indications of the presence of a progenitor cell in human adult articular 
cartilage were found15,16,90,141. In CChhaapptteerr  33, we have investigated this endogenous progenitor 
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cell for its extensive proliferative and chondrogenic potential. Articular cartilage-derived 
progenitor cells (ACPCs) have generated interest to replace chondrocytes in ACI-like 
procedures due to these characteristics. 
 
While the employed isolation protocol and culture technicalities in CChhaapptteerr  33 were identical 
to previously published works90,116,141, the cells in our study lacked the capacity to produce 
mineralized matrix upon osteogenic stimulation of differentiating into osteoblasts, one of the 
key features of ACPCs described by others. Yet, osteogenic differentiation is not as evident in 
all published literature. In fact, absent or limited expression of osteogenic markers in ACPCs 
has been reported rather consistently92,93,116,118. Furthermore, activation of genes associated 
with hypertrophic chondrocytes, upregulated in bone marrow-derived mesenchymal stromal 
cells (MSCs) when stimulated with chondrogenic factors, was consistently low or absent in 
the described ACPC populations92,95,116,166. The various responses by ACPC populations to 
osteogenic stimulation could be a result of species and donor variation. In addition, minor 
differences in isolation procedures and culture conditions or media compositions could have 
amplified these dissimilarities. Nevertheless, these limitations in osteogenic and hypertrophic 
chondrocyte drift of ACPCs could be beneficial for application in cartilage regeneration. 
 
One of the important features of MSCs is that these cells are immunomodulatory, due to 
their capacity to ameliorate an inflammatory environment by secretion of anti-inflammatory 
factors and interaction with immune cells419,420. Increasingly, evidence arises that ACPCs 
possess similar (or at least mild) immunomodulatory capacities. ACPCs released a larger 
concentration of anti-inflammatory cytokines after injury than chondrocytes125. Furthermore, 
ACPCs inhibited proliferation of peripheral blood mononuclear cells421 or lymphocytes128, a 
measure generally used to assess immunomodulatory properties of MSCs. Although these 
findings need to be confirmed in in vivo studies, they can potentially extrapolate the 
therapeutic potential of ACPCs. 
 
The discrepancies between differentiation outcomes of the study presented in CChhaapptteerr  33 and 
other published literature directly highlight the main limitation in ACPC research, which is 
characterization of isolated populations. MSCs too are a heterogeneous cell population of 
which characterization is a persisting challenge. Cartilaginous tissue engineered from bone 
marrow-derived MSCs has been shown to be substantially different from native articular 
cartilage85. Further investigation of the engineered tissues resulting from ACPC-derived (or 
meniscus progenitor-derived, CChhaapptteerr  44) tissue engineered or in vivo implanted cartilage could 
provide further insight in the differences and similarities to native cartilage and provide for 
indications to further optimized differentiation cultures. In light of the complexity and variety 
of ACPC research, CChhaapptteerr  22 of this thesis provided for a systematic summary of all ACPC 
investigations and presents guidelines to align future studies.  
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Enhancing regeneration with cocultures or minimally manipulated products 
Although repair of focal chondral defects using a single, autologous cell type has been proven 
to be effective and is used clinically, the ACI procedures still deal with several challenges, such 
as the two-step nature of the procedure, detachment of the graft65, or formation of 
hypertrophic cartilage46. Combining different cell types or tissue types, so-called cocultures, 
circumvent several issues and practical limitations associated with autologous cell application, 
like processing time, costs of culture and surgical procedure68, change of phenotype during in 
vitro culture of cells, and limitations in cell yield of the autologous product. Likewise, 
simplification of the procedure by using minimal manipulated products, like minced pieces or 
cartilage and bone marrow concentrate (BMC), are of interest for clinical application and 
translatability.  
 
The culture combinations described in AAnnnneexx  II, involve cells from easily accessible tissues that 
underwent minimal manipulation and have the potential to move therapies towards single-
stage procedures. Minced pieces of cartilage provide a product that can easily be harvested 
from the rim of a focal defect, a part that is discarded in regular ACI procedures. If enough 
cartilage can be dissected from the injured area or a non-weight bearing site of the knee joint, 
minced pieces of cartilage can be used as an autologous single-stage procedure. Alternatively, 
allogeneic particulated juvenile cartilage is currently offered as an FDA-approved treatment 
option with satisfactory short-term outcomes422,423. Such allogeneic procedures are attractive 
as they can be applied as a one-step and off-the-shelf approach, but hampered by limited 
donor availability. Although not investigated in this thesis, the size of the pieces of cartilage 
most likely correlates to outcomes in terms of cartilage matrix formation424. Likewise, cartilage 
paste425 was found to relieve pain and improve function for over 15-years follow up426, further 
underlining the potential of minced pieces of cartilage. 
 
Similar to microfracture (MF) treatment for smaller focal defects, bone marrow concentrate 
(BMC) combines growth factors and cells from the bone marrow, which can be used as a 
treatment for cartilage repair96,427. BMC allows for control over application site, dosage, and 
blending with cells, bioactive cues, or materials. While BMC is presently used to treat critical 
limb ischemia, ligament injuries, and stimulate bone regeneration, results of the use of BMC 
for treatment of cartilage injury vary, although they are promising96. The use of BMC in 
CChhaapptteerr  88 and AAnnnneexx  II for both cartilage and bone regeneration, is limited to in vitro 
investigations. Although cartilage ECM formation by BMC, whether or not in coculture with 
chondrons or minced pieces of cartilage, was unsuccessful (AAnnnneexx  II), for bone repair it showed 
clear indications of mineralized matrix formation in magnesium strontium phosphate-
polycaprolactone (MgPSr-PCL) scaffolds (CChhaapptteerr  88). The application of BMC for the purpose 
of bone regeneration might therefore exceed their potential for chondral repair. Nevertheless, 
clinical use of BMC for cartilage has been shown to be safe and to some extent effective428,429. 
The joint environment most likely plays an indispensable role, making in vivo and bioreactor 
studies pivotal in further investigations. 
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Combined culture of MSCs and chondrons or chondrocytes has been shown to successfully 
generate neo-cartilage in vitro, as well as in vivo115,430 and allogeneic MSCs can replace up to 
90% of the autologous cells needed to achieve a cell density sufficient to fill a focal chondral 
defect115,290. Yet, it is uncertain how these multipotent cells contribute to enhanced cartilage 
regeneration. Their main mode of action is attributed to chondroinduction through cellular 
communication113,274. Despite the fact that MSCs disappear during in vitro coculture with 
chondrocytes71,274, as well as in a clinical setting115, communication between the two cell types, 
even during a relatively short time window, seems to be crucial for neo-cartilage formation274. 
One of the proposed mechanisms responsible for this stimulation was investigated in CChhaapptteerr  
55, where, for the first time, cellular communication between human chondrocytes and MSCs 
through exchange of mitochondria was shown. In tissues other than articular cartilage, MSCs 
were found to be responsible for induction of regeneration or protection of damage288,298,431,432. 
The transfer of MSC-derived mitochondria to chondrocytes seemed to be at least partly 
responsible for a proliferative and chondrogenic effect in vitro. The presented results in 
CChhaapptteerr  55 contribute to identifying the mechanisms of action in these cocultures and pave 
the road towards enhancement of MSC-therapies or off-the-shelf products. Just like MSC-
derived extracellular vesicles (EVs)76, MSC-derived mitochondria carry less risks than cells, as 
they cannot replicate or transform into tumorigenic cells. Replacing cells by mitochondria, EVs, 
or another chondropromotive compound, has potential to make a therapy safer, simpler, and 
more targeted at an intended effect.  
 

ORTHOBIOLOGICS 

In addition to directly improving the cellular component in ACI procedures, there is an ongoing 
search for improvement in other elements of the therapy, such as the replacement of animal-
derived products, including the porcine collagen scaffolds used for matrix-assisted autologous 
chondrocyte transplantation (MACT)43. The current ACI treatment approved in the European 
Union makes use of chondrocyte spheroids, eliminating the need for an (animal-derived) 
scaffold or cover which was necessary in previous generations ACI433.  
 
Blood-derived products like platelet-rich plasma (PRP) and platelet lysate (PL) share the 
potential to contribute to improvement of therapies, as these can be used as autologous and 
minimal manipulated products. Besides direct application of both products for (early) OA, PL 
is broadly investigated as a cell culture additive, replacing (animal) serum and exogenous 
growth factors. The option to replace serum with PL for culture-expansion of chondrocytes 
was investigated in CChhaapptteerr  66 of this thesis, providing a large pool of growth factors 
stimulating chondrocyte growth and maintaining differentiation potential after expansion. As 
currently autologous serum is used for chondrocyte expansion in ACI procedures434, replacing 
this for autologous PL is realistic and underscores its promise for clinical application.  
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In an effort to further investigate blood-derived products in ortho-regeneration, CChhaapptteerr  77 
described that platelet-rich plasma (PRP) is inferior to fibrin glue for cartilage tissue 
engineering and that its anti-inflammatory properties on chondrocytes are limited. In vitro 
investigations into the use of PRP for these purposes are scarce and consensus on the 
chondrogenic effects of PRP is lacking435. Still, a consistent stimulation of cell proliferation by 
PRP is seen throughout literature362,363, in line with our observations in CChhaapptteerr  77, which might 
be correlated to clinical benefits. Even though several clinical trials report on comparable 
effects of intra-articular PRP injections and placebo, others do see an improvement in pain 
and patient mobility79. Upon intra-articular injection, the high concentrations of growth 
factors in PRP352 might provide an initial boost in cell proliferation and repression of 
inflammation, after which regeneration can take place. 

PERSPECTIVES IN CELL-BASED TREATMENTS FOR CARTILAGE 
INJURY 

Putting the results of this thesis into perspectives, it can be questioned what exactly the 
current challenges and setbacks are in cell-based cartilage regeneration and what 
improvements can be made based on the presented data. Although reported patient 
outcomes up to several decades after an ACI procedure are reported satisfactory, several 
aspects of the procedure and biological features of the regenerating cartilage show room for 
improvement. Firstly, the two-step nature of the surgical procedure is time consuming and 
costly, while also resulting in additional burden for the patient. In parallel, the inevitable 
culture-expansion of autologous chondrocytes causes cell dedifferentiation and is lengthy. 
Lastly, the newly formed repair tissue can be inferior fibrous cartilage, or even hypertrophic 
cartilage, as opposed to regenerated hyaline cartilage. Looking at these before mentioned 
challenges, the results discussed in this thesis could provide improvements of each of them. 
 
Improving cell-based treatments for cartilage injury 
With regards to direct improvement of the performance of chondrocytes and prevention of 
dedifferentiation during culture-expansion, the approach investigated in CChhaapptteerr  66 is 
promising as it was shown that the cells seemed to maintain their chondrogenic memory when 
expanded using PL as compared to serum. Moreover, the use of ACPCs (CChhaapptteerr  33) as an 
alternative autologous cell source would allow faster cell expansion, higher cell yield, and less 
dedifferentiation. The first in-man study using ACPCs as an alternative in MACT revealed 
promising histological results and patient outcomes, although ACPCs were not directly 
compared to chondrocytes in this study93. Furthermore, ACPCs might provide for an allogeneic 
off-the-shelf product as there are some early indications that the cells have a role in 
immunomodulation125,179. In line with this, selection for highly chondrogenic clones could 
be performed, providing for a stable cell source and supply. This would also allow for the 
use of tissue progenitors from other tissues in the synovial joint, like the meniscus-derived 
progenitor cells in CChhaapptteerr  44, which also showed chondrogenic differentiation capacity. 
Harvesting of a cell source would be made easier as both ACPCs and meniscus progenitor 
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cells can be isolated from redundant material after surgeries.  
 
A second improvement is to replace the autologous expanded chondrocytes by a well-
performing coculture of different cell or tissue types to pursue a single-step approach. In 
AAnnnneexx  II, we have provided for initial evidence of cell and tissue combinations that have the 
potential to replace the currently used cell products. However, these indications are still 
preliminary as the options vary and the best culture combination is yet to be identified. 
Coculture combinations using minimal manipulated products, like BMC with minced cartilage 
or MSCs with minced cartilage, both provide a feasible possibility for single-stage procedures 
which would in turn eliminate the disadvantages of the two surgical procedures. Furthermore, 
in CChhaapptteerr  55, we have established initial evidence of a mechanism that might be responsible 
for chondroinduction of chondrocytes by MSCs in coculture. Further in-depth research could 
lead to establishment of novel compounds, (a cocktail of) factors, or off-the-shelf MSC-
derivatives, potentially making the MSC itself redundant.  
 
Improving cartilage-preserving treatments and bone repair 
Besides improvement of cell-based procedures for chondral regeneration, patients with 
unicompartmental OA can benefit from realignment of the lower limb through an open-wedge 
tibial or femoral osteotomy (depending on the specific nature of the malalignment). As 
discussed earlier in this thesis, the main limitations here are postoperative pain, most likely 
caused by haematoma formation from the open bone and delayed or absent union of the 
bone. The improvement for the osteotomy procedure presented in CChhaapptteerr  88 could resolve 
these issues by filling the defect and at the same time stimulating osteogenesis by the 
material. Moreover, donor site morbidity poses a major challenge when an autologous bone 
graft is needed436. While pain at the donor site (usually ileac crest) can be reduced by 
reconstructing the graft site with synthetic bone fillers400,437, complete elimination of the need 
for an autograft provides an effective solution to this problem. 
 
The findings in CChhaapptteerr  88 can be extrapolated to serve more than just one purpose. The 
additive manufacturing method of fabrication of the used MgPSr-PCL material provides for 
endless freedom and possibilities to translate into specialized and personalized purposes. 
Other than filling open wedges in knee or other joint osteotomies, it could also serve as a 
bone anchor to stabilize osteochondral implants or made into patient-specific implants in 
critical-size bone defects, for example after tumour resection. 

MOVING TOWARDS PERSONALIZED, WHOLE-JOINT REGENERATIVE 
APPROACHES 

In view of the regeneration of focal chondral defects, we have provided several building blocks 
to be translated into an osteochondral approach to treat late-stage OA. Yet, it is unlikely that 
the biological solutions presented in this thesis on their own are sufficient to survive the harsh 
mechanical environment in the synovial joint or imitate the natural structure of hyaline 
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cartilage. While not investigated here, a multidisciplinary approach that combines biology with 
mechanical stability is necessary438. Convergence of the proposed biological procedures with 
biofabrication approaches would allow for addition of mechanical stability and complex 
structures105,106,190,439–441. By doing so, personalized implants or bigger structures are within 
reach. One important aspect of joint regeneration which was not discussed in this thesis is 
the mechanical stability of an implant. In light of designing and producing a successful bigger 
osteochondral or (partly) joint-replacing implant, it must be able to withstand the forces that 
are exerted on the joint as long as the tissue is not regenerated yet. To this extent, several 
additive manufacturing approaches are available to combine soft matrices with thermoplastic 
materials, adding mechanical stability to a tissue engineered construct440,441. 
 
To fabricate the chondral part of an osteochondral implant, ideally an optimized cell product 
in the shape of PL-expanded autologous chondrocytes, (allogeneic) progenitor cells, a 
coculture combination, or an off-the-shelf regenerative product can be combined with a 
reinforced cell carrier. This could be a reinforced hydrogel439,442 serving as a synthetic, yet 
biodegradable ECM that matches (or approaches) the mechanical stability of native hyaline 
cartilage. The chondral part can subsequently be combined with an osteal component that 
works as an anchor and at the same time induces osteoinduction. The setup of the 
osteoinductive MgPSr-PCL combined with BMC as shown in CChhaapptteerr  88 is an example of such 
a regenerative bone compartment. Alternatively, BMC might not be essential for regeneration 
as marrow flowing into the scaffold from the bone could be sufficient on its own, 
demonstrated in a previous in vivo study412. Mimicking native hyaline cartilage, the distinct 
chondral and osteal compartments should ideally be separated by a closed tidemark, serving 
a dual function. In the natural structure of articular cartilage, the tidemark marks the interface 
between the calcified and noncalcified cartilage and plays a role in inter-cellular 
communication and transmission of mechanical loads443,444. On the other hand, it should serve 
as a secure integration of the two compartments. Such a structure can be fabricated using 
additive manufacturing, ensuring a tight integration of the multimaterial structure188. Moving 
from rather basic shaped cylindrical implants towards more challenging shapes and full-joint 
approaches, biofabrication techniques allows for attaining challenging shapes and complex 
structures105,190,445. 
 
In the end, this could provide for a biological, regenerative replacement of a partly or total 
joint arthroplasty, which would be long-lasting and allow for a dynamic natural environment 
as opposed to a static metallic implant.  
 
Are we moving forward towards clinical application? 
Translation of the proposed solution towards a clinical application faces several hurdles. Long-
term in vivo evaluations in large animal models relevant for chondral or osteochondral repair, 
like the porcine, equine, or caprine models446, are essential to assess both implant stability and 
regenerative potential over time in the in vivo joint environment. Preceding a large animal 
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model with ex vivo models to evaluate scaffold performance provides for initial information 
on integration and regeneration before moving towards in vivo models447,448. More 
importantly, ex vivo models contribute to the transition to animal-free testing in advanced in 
vitro models, like bioreactors449, organs-on-chip450, and in silico models451.

Besides evaluation of mechanical and biological performance of an implant, it is essential for 
clinical translation that a cell product, (bio)materials, and culture- and fabrication processes 
comply with Good Manufacturing Practice. In addition, the use of clinically approved materials 
or valorisation of materials and production methods is essential to successfully translate the 
current regenerative medicine techniques into clinical reality452,453.

GENERAL CONCLUSION

With this thesis, we aimed to advance cartilage regeneration by evaluation of biological 
solutions to treat patients with focal chondral defects. Optimization of chondrogenic 
regeneration can be achieved by enhancing the performance of the currently used cell 
products or replacing the product by one that has the potential to be conducted in a single-
step approach. Both proposed methods would contribute to improvement of long-term clinical 
outcome.

Not only would translation of the proposed techniques lead to an improvement of the current 
treatment methods for treating cartilage defects, combining the described methods in a 
multimaterial and multidisciplinary approach could contribute to the development of a whole-
joint replacing strategy, significantly extending the clinical potential of the presented results.
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ABSTRACT 

Introduction 
Treatment of focal damage in articular cartilage poses a challenge in orthopaedic research. A tissue 
engineered product that combines biological performance and mechanical stability might provide a 
promising solution. This study aimed to identify a cell product with high chondrogenic capacity and 
combine this in a confined swelling hydrogel in order to generate hydrostatic pressure and stimulate 
intrinsic neo-cartilage formation by the cell product. This chapter describes the preliminary results of 
this study. 
Methods 
Chondrocytes, chondrons, and articular cartilage-derived progenitor cells (ACPC) were isolated from 
human osteoarthritic (OA) and normal cartilage. Human mesenchymal stromal cells (MSC) were isolated 
from bone marrow aspirates. Equine cartilage was obtained for processing into minced pieces of 
cartilage, as well as chondron isolation. Equine bone marrow was processed into bone marrow 
concentrate (BMC). Coculture combinations were cultured for 28 days in fibrin and deposited 
proteoglycans were quantified and evaluated by safranin-O staining to assess chondrogenic potential of 
the cell products. Additionally, cytocompatibility of a photocrosslinkable chondroitin sulfate-hyaluronic 
acid (CSMA/HAMA) hydrogel was evaluated with two cell products which showed chondrogenic 
potential. Metabolic activity was measured by conversion of resazurin to resorufin and cell viability was 
visualized using Live/Dead stain during seven days. 
Results 
Cocultures of human chondrocytes and chondrons with MSCs showed some indications for proteoglycan 
deposition on histological level. In equine cells and tissue products, the coculture of chondrons and MSCs 
showed production of proteoglycans in one out of two donor combinations. Additionally, the coculture 
of minced cartilage and MSCs showed indications of proteoglycan deposition. Chondron/MSC coculture 
and healthy cartilage-derived ACPCs were selected for assessment of cytocompatibility in 
CSMA/HAMA, and were compared to fibrin. Metabolic activity, as well as cell viability in CSMA/HAMA 
was lower compared to fibrin during seven days in both conditions. 
Conclusion and future implications 
Based on the preliminary results presented in this study, a coculture of chondrons and MSCs held the 
highest capacity of neo-cartilage formation in fibrin in vitro. Additionally, CSMA/HAMA did not support 
cell viability and further optimization of the cell-supporting capacities of the hydrogel is needed. Future 
converging of a swelling hydrogel in a confining fiber-reinforced scaffold could generate hydrostatic 
pressure to induce endogenous growth factor production, as well as resulting in a construct with 
mechanical characteristics similar to articular cartilage. 
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INTRODUCTION 
Treating acute injury of articular cartilage poses a major challenge in orthopaedic research. Due to the 
avascular and aneural nature of the tissue, endogenous regeneration is limited. Current therapies mainly 
focus on cell-based approaches, leading to satisfactory patient outcomes454,455. Nevertheless, repair 
tissue can be of lower quality than the original hyaline cartilage46, leading to development of 
osteoarthritis (OA) early in life9. Combining biological performance and mechanical stability in a tissue 
engineered chondral implant can provide a promising solution.  
 
Finding an optimal cell source, or combination of cells or tissue products, is essential to improve matrix 
formation. Coculturing chondrons or chondrocytes with mesenchymal stromal cells (MSCs) was shown 
to enhance extracellular matrix (ECM) formation both in vitro71,290,456 and in vivo115,290 by 
chondroinduction. A chondron is characterized by the presence of its pericellular matrix, mainly 
consisting of type VI collagen, which in the native tissue connects the cell to the territorial and 
interterritorial matrix457,458. The pericellular matrix also mediates the sensing of the surrounding ECM 
and plays an important role in mechanoregulation459. Recently, other cell sources for cartilage 
regeneration have been investigated. Articular cartilage-derived progenitor cells (ACPCs) are an 
endogenous population of multipotent cells in articular cartilage15,16. The extensive expansion potential 
and preservation of chondrogenic potential of this cell type raises interest for use in cartilage tissue 
engineering. Besides using isolated cells as therapeutic agents, working with minimal manipulated tissue 
products may help regenerative strategies while also benefitting from a more streamlined regulatory 
process and thus accelerating clinical translation. Among minimally manipulated products, minced pieces 
of cartilage424,426 and bone marrow concentrate (BMC)96,428 have gained attention. The ease of 
preparation of these products gives great advantages for autologous use in one-step procedures.  
 
Cell differentiation and matrix production can be effectively stimulated by the addition of exogenous 
growth factors, like transforming growth factor beta (TGF-β). Alternatively, application of hydrostatic 
pressure by mechanical loading stimulates production of endogenous TGF-β, found in bone marrow-
derived MSC cultures460. Subsequently, mechanical loading promotes chondrogenesis of both MSCs460 
and ACPCs144. In normal hyaline cartilage, hydrostatic pressure is a consequence of the tissue’s unique 
combination of stiff collagen fibers and water-attracting proteoglycans13. Mimicking this naturally 
pressured environment could be an efficient way of stimulating cells to producing their necessary growth 
factors for cartilage ECM production.  
 
In order to imitate the unique features of cartilage tissue, a hydrogel precisely designed to display high 
swelling, combined in a stiff, confined scaffold environment could stimulate cells to produce endogenous 
growth factors and make the addition of growth factors to the construct redundant. Furthermore, it 
would provide a mechanically stable implant that can withstand the forces in the joint. Incorporating a 
gel in a highly organized, melt-electrowritten (MEW) scaffold would not only provide the construct with 
increased mechanical stability441, but also restrict the gel’s swelling if the outside borders are closed. By 
printing thin fibers of poly(ε-caprolactone) (PCL) in columnar boxes with closed layers at both ends461, 
the natural alignment of collagen fibers in articular cartilage is reproduced. 
 
Hydrogels consisting of polysaccharides that naturally occur in the cartilage, like chondroitin sulfate (CS) 
and hyaluronic acid (HA) have shown their potential to encapsulate cells and support cell growth462–464. 
Due to its abundant negative charges, CS is responsible for attracting water into the cartilage, 
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contributing to the tissue’s metabolism. HA is a non-sulfated glycosaminoglycan that is abundant in 
native hyaline cartilage. Addition of this viscous component improves rheological and mechanical 
properties of the hydrogel465. Furthermore, increased viscosity by addition of HA also enables possible 
future translation into biofabrication approaches465. Methacrylation of CS (CSMA) and HA (HAMA) 
allows the biomaterials to be crosslinked by ultraviolet (UV) or visible light into a network consisting of 
both molecules463,466. This enables covalent crosslinking under mild conditions which has been shown to 
be compatible with culture of encapsulated cells465,467,468. Confinement of the swelling of a gel would 
generate a build-up of hydrostatic pressure in the construct, without the need for external mechanical 
loading.  
 
The aims of this study were to 1) select an optimized cell product, or coculture of cell products, to 
advance cartilage regeneration, 2) to evaluate cytocompatibility of a swelling hydrogel that mimics the 
ECM of hyaline cartilage, and 3) to combine the cell product and swelling hydrogel in a stiff scaffold in 
order to retain swelling and generate hydrostatic pressure taking away the need for exogenous growth 
factors. 

METHODS 

Study setup 
To evaluate chondrogenic potential of different cell types, minimal manipulated products, or coculture 
combinations, long-term cultures in fibrin gel were performed. The production of glycosaminoglycans, 
one of the major ECM components of hyaline cartilage, was considered the main outcome. Cultures were 
performed without addition of exogenous growth factors, to examine performance of the cells alone. 
Secondly, the best-performing cultures were selected for culture in a swelling hydrogel consisting of 
methacrylated CS and HA in a pilot experiment to assess cytocompatibility. 
 
Tissue isolation and cell expansion 
Human OA cartilage was collected from either redundant tissue from patients who had undergone total 
knee arthroplasty (according to a protocol approved by the medical ethics committee of the University 
Medical Center Utrecht) or macroscopically normal cartilage from post-mortem from full-weight-
bearing and non-weight-bearing locations of the knee (Department of Pathology, University Medical 
Center Utrecht). Chondrons were isolated overnight using dispase II (0.1% (w/v); Gibco, Netherlands) 
and collagenase II (0.1% (w/v); CLS-2, Worthington, Lakewood, NJ) in Dulbecco’s Modified Eagle’s 
Medium (DMEM; 31966; Gibco, Netherlands) supplemented with human serum albumin (HSA; 1%; 
Albuman, Sanquin Blood Supply Foundation) and penicillin/streptomycin (1% (v/v); pen/strep;100 
U/mL, 100 µg/mL; Gibco, Netherlands). Chondrons were used directly after isolation. Chondrocytes 
were isolated overnight using collagenase II (0.15%) in supplemented DMEM. Chondrocytes were used 
directly after isolation, or culture-expanded to passage two in DMEM supplemented with fetal bovine 
serum (FBS; 10% (v/v); Biowest) and pen/strep (1%). For isolation of ACPCs, the total cell digests 
from cartilage were seeded at 500 cells/cm2 on fibronectin pre-coated culture plates (1 µg/mL in 
phosphate-buffered saline (PBS) containing MgCl2 and CaCl2; Sigma-Aldrich) using DMEM with 
pen/strep (1%). Non-adhered cells were washed away after twenty minutes and adhered cells were 
culture-expanded using DMEM supplemented with FBS (10%), l-ascorbic acid 2-phosphate (ASAP; 
200 µM; Sigma-Aldrich), pen/strep (1%), and basic fibroblast growth factor (bFGF; 5 ng/mL; 
PeproTech). After six days, colonies of >32 cells90 were isolated, pooled, and expanded further on 
conventional tissue culture plastic. 



Chondrogenenic performance of cocultures  |  

 

118833  

 
Human mesenchymal stromal cells (MSCs) were isolated from iliac crest bone marrow aspirates of 
patients receiving spondylodesis or total hip arthroplasty surgery, after their informed consent and 
according to a protocol approved by the local medical ethics committee (University Medical Center 
Utrecht). The mononuclear fraction was separated using Ficoll paque (GE Healthcare) and MSCs were 
culture-isolated by plastic adherence. MSCs were expanded in Minimum Essential Media (αMEM; Gibco) 
supplemented with FBS (10%), ASAP (200 µM), bFGF (1 ng/mL), and pen/strep (1%) and used in 
passages four to six.  
 
Macroscopically healthy equine cartilage was obtained from the metacarpophalangeal joints of two 
donors (donated to science by the owners) and chondrons were isolated as described above. Another 
portion of the cartilage was minced into pieces of ~1 mm. Equine bone marrow was obtained from the 
sternum of the same donors and BMC was prepared using the LAVA™ Cell Concentration device (DSM, 
Exton, PA) according to the manufacturer’s instructions. MSCs of one additional donor were isolated 
and expanded as described above. 
 
Fibrin gel cultures 
Cell-laden fibrin gels were prepared by resuspension of the cells or cell products (2.5 x 106 / mL) in 15X 
diluted fibrinogen in PBS, crosslinked with 50X diluted thrombin in PBS (both Tisseel, Baxter). 
Cocultures were prepared in a ratio of 10% chondron/chondrocyte/minced cartilage (of which cell 
density was determined by cell isolation overnight) and 90% MSC/BMC (mononuclear cell count). Gels 
were incubated for fifteen minutes at 37ºC, after which they were cultured for 28 days in experimental 
medium consisting of DMEM supplemented with HSA (1%), ASAP (200 µM), 2% insulin-transferrin-
selenium (ITS)-X (2% (v/v); Gibco), and pen/strep (1%). Medium was changed twice per week. 

 
Glycosaminoglycan and DNA quantification 
After 28 days, gels were digested overnight in a papain digestion buffer (250 µg/mL papain; Sigma-
Aldrich, 0.2 M NaH2PO4, 0.1M EDTA, 0.01M cysteine, pH 6) at 60ºC. Glycosaminoglycans (GAGs) were 
quantified using a dimethyl-methylene blue (DMMB; pH 3) assay. The 525/595 nm absorbance ratio 
was measured using chondroitin-6-sulfate (Sigma-Aldrich) as a standard. Total DNA content was 
quantified using a Quant-iT PicoGreen dsDNA assay (Invitrogen) according to the manufacturer’s 
instructions. Fluorescence was measured at 485 nm excitation and 535 nm emission. 

 
Histology 
Gels were fixed in 4% buffered formaldehyde, dehydrated through graded ethanol steps, and embedded 
in paraffin. Sections of 5 µm were cut using a microtome and stained for GAGs using 0.125% safranin-
O (Merck) counterstained with 0.4% fast green (Sigma-Aldrich) and Weigert’s hematoxylin (Clin-Tech). 
 
Cell-laden swelling hydrogel cultures 
Methacrylated CS and HA were synthesized as previously described 466. Cell-laden gels were prepared 
by resuspending 2.5 x 106 / mL cells (chondron/MSC or healthy cartilage-derived ACPC) into 
CSMA/HAMA hydrogel precursor (CSMA:HAMA ratio 6.5 : 1, 10% (w/v) in PBS with 0.2% (w/v) 
lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate photoinitiator (LAP, Tokyo Chemical Industry, 
Japan)). The gel-cell suspension was casted in Teflon cylindrical molds (diameter: 5 mm, height: 2 mm) 
and UV-crosslinked at 365 nm for fifteen minutes, after which the gels were transferred to experimental 
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medium. Cell-laded fibrin gels of identical volume were used as controls and prepared as described 
before. 
 
Cell viability in swelling hydrogel 
After one, three, and seven days, gels were harvested for analyses. Cell distribution and viability were 
analyzed using the Live/Dead Viability/Cytotoxicity Kit for mammalian cells according to the 
manufacturer’s instructions (Thermo Fisher). Images were acquired with a Leica SP8X Laser Scanning 
Confocal Microscope and Leica LASX acquisition software. Metabolic activity of cells in the gels was 
measured by the conversion of resazurin to resorufin (44 mM; Alfa Aesar) at 560 nm excitation and 
590 nm emission.  

RESULTS AND DISCUSSION 

Identification of a cell product with maximized neo-cartilage deposition 
Human chondrocyte versus chondrocyte/MSC coculture 
Comparison of OA cartilage-derived chondrocytes (n = 5 donors) in monoculture or cocultured with 
human MSCs revealed no detectable differences in quantified GAGs in the fibrin gels (Figure 1A, left 
panel). The amount of DNA in the samples was slightly lower in cocultures compared to monocultures 
(Figure 1B, middle panel). This trend might be explained by the fact that MSCs tend to stimulate 
chondrocytes in coculture to produce cartilage ECM and disappear from the culture, as opposed to 
chondrogenic differentiation of the MSCs themselves115,456,469. The production of GAGs per cell (GAG 
corrected for DNA content) seemed only increased in three out of five donors in coculture compared to 
monoculture (Figure 1A, right panel). A considerable variation between donors was found, highlighting 
the importance of preselection of MSC donors for chondroinduction. On histological level, higher 
deposition of GAGs was seen in coculture gels as compared to monoculture gels (Figure 1B). The 
produced GAGs were contained around the outer edges of the fibrin gels, whereas the center of the gel 
is to a lesser extent positive. 
 
Direct comparison of human chondrocyte versus chondron in mono- and coculture with MSCs 
Direct comparison of chondrocytes and chondrons derived from two healthy human donors revealed an 
increased GAG content in monocultures as compared to cocultures of both cell types with MSCs (Figure 
2A, left panel). A similar trend is seen for DNA content in the fibrin gels (Figure 2A, middle panel). When 
GAG content was corrected for the amount of DNA, no differences were observed (Figure 2A, right 
panel). While donor variation is high, chondrocytes and chondrons from both healthy donors presented 
here produced considerably more GAGs in monoculture compared to the chondrocytes from OA donors 
(Figure 1). Furthermore, the amount of DNA in fibrin gels with healthy monocultures is also higher 
compared to gels with OA donors.  
 
No difference was found between chondrocytes and chondrons, both in mono- and cocultures. In 
contrast to the biochemical quantification of GAGs, a slight difference in production was detected on 
histological level. A coculture of chondrons and MSCs showed slight positivity for GAGs in one donor 
compared to chondron monoculture as well as cultures with chondrocytes. This seems to confirm the 
importance of the chondrocyte’s pericellular matrix and suggests a significant role in ECM 
formation470,471. However, no differences could be seen between conditions of the other cartilage donor, 
again emphasizing interdonor variability (Figure 2B). 
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Human articular cartilage-derived progenitor cells as a substitute for chondrocytes
As ACPCs proliferate considerably faster than chondrocytes and maintain their differentiation potential 
upon prolonged expansion472, these cells were hypothesized to be an alternative to chondrocytes that 
quickly lose their differentiation potential upon expansion in vitro213. ACPCs derived from two healthy 
cartilage donors and one OA cartilage donor were unsuccessful in GAG production in fibrin gels (Figure 
3A, left panel). However, DNA content in both cell types were comparable to that of chondrocytes and 
chondrons (Figure 3A, middle panel). 

The overall production of GAG per cell was considerably lower in the ACPC cultures when compared to 
chondrocyte and chondron mono- and cocultures (Figure 3A, right panel). In addition, histological 
analysis shows no evidence of GAG production in ACPC-fibrin gels. The lack of cartilage ECM production 
by ACPCs might be due to the absence of exogenous growth factors in the current culture setup. 
Previous work has confirmed the necessity of adding TGF-β to enhance chondrogenesis in ACPCs472. 
Alternatively, exposing the cells to hydrostatic pressure could trigger endogenous TGF-β production to 
enhance differentiation and replace the necessity of adding exogenous growth factors144.

Equine chondrons in coculture with mesenchymal stromal cells and bone marrow concentrate
The potential of BMC to substitute MSCs was evaluated for ease of use and autologous application in 
one-step procedures68,428. Furthermore, it combines growth factors, anti-inflammatory proteins, and a 
small portion of MSCs96. While variation between the two donors was significant, coculture of chondrons 
with autologous BMC performed worse than coculture of chondrons and allogeneic MSCs. Production
of GAGs as well as DNA content were decreased in chondron/BMC cultures compared to 
chondron/MSC cultures (Figure 4A, left and middle panel). Production of GAG per cell was also 
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decreased in chondron/BMC cultures (Figure 4A, right panel). Interestingly, in one equine donor (donor 
2), chondron/MSC coculture produced a significant number of GAGs (Figure 4B), while the other donor 
(donor 1) showed no signs of GAG production. These results suggest that BMC in coculture with 
chondrons is insufficient in stimulating chondrogenesis in an in vitro setting without exogenous growth 
factors, whereas a coculture of chondrons and MSCs is successful in some donors.

Equine minced cartilage in coculture as a minimal manipulated product
Finally, minced cartilage was evaluated as it could substitute chondrons to facilitate ease of application. 
In addition, minced cartilage was cocultured with MSCs and BMC to assess the potential of combining 
two minimal manipulated products. Minced cartilage in fibrin did not increase in GAG and DNA content 
over the culture period (Figure 5A). This is most likely the result of the particulated cartilage that is 
included in the constructs and significantly contributes to both GAG and DNA measurements. On 
histological level, some GAG production in fibrin gel between the minced cartilage is seen in mince/MSC 
cocultures only (Figure 5B, middle panels). Minced cartilage alone or mince/BMC cocultures did not 
seem to stimulate any production of GAG in the fibrin gels.
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Selection of an optimal cell combinations for chondrogenesis
Based on the presented results, two cell products were selected for evaluation in a swelling hydrogel. 
The coculture of chondrons and MSCs were effective in both human and equine cells, and was therefore 
the preferred cell product. Additionally, ACPCs derived from normal cartilage were evaluated in the gel, 
as these cells successfully produced GAGs and type II collagen in an earlier study when pellets were 
stimulated with TGF-β. While a coculture of minced cartilage and MSCs also seemed to be efficient, 
minced cartilage is difficult to implement, due to the envisioned culture system of a swelling hydrogel in 
a swelling-restricting construct to obtain hydrostatic pressure.

Cytocompatibility of hydrogel
Cytocompatiblity of the CSMA/HAMA was evaluated in a pilot study using a coculture of chondrons 
and MSCs, as well as H-ACPCs. Macroscopically, swelling of CSMA/HAMA was observed at one day in 
culture (Figure 6A). Metabolic activity of both cell products in fibrin were comparable at four and seven 
days, but was slightly lower at seven days. Cells in CSMA/HAMA did not actively converse resazurin into 
resorufin, a clear indication of no metabolic activity compared to cells in fibrin gel (Figure 6B). The 
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metabolic activity is in line with staining for live and dead cells (Figure 6C and 6D). Coculture of 
chondrons and MSC in fibrin displays homogenous cell distribution, with chondrons clearly identifiable 
as cell clusters (Figure 6C, top images). These clusters seem to reduce over the culture period. At seven 
days, most of the cells have a stretched appearance, most likely due to attachment to the fibrin fibers. 
Coculture in CSMA/HAMA reveal a reduced number of cells visible, which exclusively display a round 
appearance. Furthermore, intracellular morphology shows a spotted appearance compared to 
homogenously stained cells in fibrin (Figure 6C, bottom images). H-ACPCs in fibrin gel have a similar 
morphology to coculture cells in fibrin, as the cells appear to attach to the fibrin and stretch (Figure 6D, 
top images). Like the coculture, H-ACPCs in CSMA/HAMA display a comparable intracellular 
morphology (Figure 6D, bottom images). For both cell products, no clear indication of increased cell 
death is seen in CSMA/HAMA. 
 
From the presented results, it is evident that CSMA/HAMA hydrogel poses several challenges. Both cell 
products were not metabolically active in CSMA/HAMA and did not display a typical morphology on 
Live/Dead staining. The cells could be alive inside the gel, but be in a dormant state. On the other hand, 
it is more likely that the cells have died and were cleared from the gel, or severely damaged and in the 
process of dying, accounting for the observed intracellular irregularities.  
 
Improving cytocompatibility of CSMA/HAMA hydrogel 
Before chondrogenic performance of a cell product in CSMA/HAMA can be evaluated, the hydrogel 
system should be improved to enhance cell viability. While the gel’s swelling behaviour imitates part of 
the native cartilage ECM (unpublished data), cells do not seem to attach to the gel and show 
morphological irregularities. Enhancing cell attachment to the gel might improve cell retention. 
Functionalization of the hydrogel with peptide sequences would provide active binding sites for 
cells468,473,474. Additionally, immobilization of bioactive compounds, like growth factors or growth factor-
binding peptides, could stimulate cell growth and/or differentiation474. Further optimization of a 
cytocompatible hydrogel that supports cell growth and chondrogenesis is essential. 
 
Chondrogenesis in a tissue engineered hydrostatic pressure system 
On the condition that CSMA/HAMA (or an alternative hydrogel with considerable swelling properties) 
is optimized to support cell growth, the next step is to evaluate this cell-laden hydrogel in a confined 
setting. Previous work has confirmed the chondrogenic capacity of microfiber-reinforced gelatin–
methacrylamide (gelMA) hydrogel with equine chondrocytes cultured with dynamic loading and without 
addition of external TGF-β461. It is hypothesized that the confinement of CSMA/HAMA restricts 
swelling and creates an increase in hydrostatic pressure in the construct, without the need for external 
mechanical stimulation. 
 
Future implications 
Optimization of the tissue engineered hydrostatic pressure system presented here would 
imitate the natural composition of hyaline cartilage. It could further enhance neo-cartilage 
ECM formation of a chondrogenic cell product by providing essential bioactive and/or 
mechanical cues, without the need for external addition of growth factors or stimulation. 
Furthermore, combining a cytocompatible hydrogel with fiber-reinforcement would also 
provide the construct with mechanical stability to survive the forces in the joint environment 
upon implantation. This can result in a tissue engineered product that is ready to implant into 
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focal chondral defects. Alternatively, a chondral component could be converged with a bone 
anchor188, to adopt an osteochondral regenerative approach. This could then be developed 
into larger structures with challenging anatomical shapes105,190, moving towards a tissue 
engineered whole joint replacement approach.
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ABSTRACT
Viscoelastic hydrogels are gaining more interest as 
they possess necessary requirements for bioprinting 
and injectability. By means of reversible, dynamic 
covalent bonds, it is possible to achieve features that 
recapitulate the dynamic character of the extracellular 
matrix (ECM). For example, dually-crosslinked and 
double-network (DN) hydrogels seem to be ideal for 
the design of novel biomaterials and bioinks, as a wide 
range of properties required for mimicking advanced and complex tissues can be achieved. In this study, 
we investigated the fabrication of chondroitin sulfate/hyaluronic acid (CS/HA) based DN hydrogels, in 
which two networks are interpenetrated and crosslinked with dynamic covalent bonds of very different 
lifetimes. Namely, Diels-Alder adducts (between methylfuran and maleimide) and hydrazone bonds 
(between aldehyde and hydrazide) were chosen as crosslinks, leading to viscoelastic hydrogels. 
Furthermore, we showed that viscoelasticity and dynamic character of the resulting hydrogels could be 
tuned by changing the composition, i.e. the ratio between the two types of crosslinks. Also, due to a very 
dynamic nature and short lifetime of hydrazone crosslinks (~800 s), the DN hydrogel is easily 
processable (e.g. injectable) in the first stages of gelation, allowing the material to be used in extrusion-
based 3D printing. The more long-lasting and robust Diels-Alder crosslinks are responsible for giving 
the network enhanced mechanical strength and structural stability. Being highly charged and hydrophilic, 
crosslinked CS and HA enable a high swelling capacity (maximum swelling ratio ranging from 6-12), 
which upon confinement results in osmotically stiffened constructs, able to mimic mechanical properties 
of cartilage tissue, with equilibrium moduli ranging from 0.3-0.5 MPa. The hydrogels are also 
cytocompatible with mesenchymal stromal cells (MSCs), as evaluated by cell viability tests. The DN 
hydrogels with dynamic covalent crosslinks hold great potential for the development of novel smart and 
tunable viscoelastic materials to be used as biomaterial inks or bioinks in bioprinting and regenerative 
medicine.
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INTRODUCTION 
Soft materials, such as hydrogels (polymeric networks imbibing large amounts of water), hold a huge 
potential in the design of smart biomaterials, to be used for tissue engineering and regenerative medicine 
applications, especially in combination with bioprinting techniques. Depending on the polymers used and 
the specific application, hydrogels are often found to be biocompatible and biodegradable. As such, 
hydrogels are good candidates to fabricate scaffolds which are highly hydrated, supporting cellular 
growth, differentiation and new tissue formation in vivo475–478. In recent years, hydrogel design mainly 
revolved around the use of natural polymers (biopolymers) in order to achieve advantageous 
interactions between cells and materials. Many biopolymers have been investigated, such as gelatin and 
different polysaccharides, as they are ubiquitously found in the extracellular matrix (ECM) of many 
native tissues, and are generally bioactive, cytocompatible and biodegradable. However, to efficiently 
mimic complex functions of ECM, hydrogels should possess dynamic (time-dependent), instructive and 
responsive features479. Therefore, hydrogel design should encompass diverse and multiple crosslinks, 
through which functions such as shear-thinning, self-healing, stimuli-responsiveness and tunable 
viscoelasticity could be attained, thus hydrogels with more sophisticated and adaptable features. Ideally, 
the structural design of hydrogels should encompass reversible and dynamic networks rather than 
covalent, static systems. The choice of a single type of network or crosslinking strategy severely limits 
the hydrogel in terms of the tenability of properties and functions it can possess. More recently, the use 
of multiple polymer networks, in addition to carefully chosen crosslinking strategies, emerged as a 
powerful tool to recapitulate many of the highly desired and sought-after properties. Among different 
design approaches of multiple-network based hydrogels, double-network (DN) hydrogels seem to be 
promising and an often used strategy. In DN systems, two networks are interpenetrated, with each 
network being separately crosslinked480,481. Therefore, there are no additional attachment points 
between the two networks. An alternative is given by dually crosslinked hydrogels, in which only one 
network is formed through combination of multiple crosslinking strategies. Regarding the design of DN 
hydrogels, the use of dynamic covalent bonds could be beneficial. Dynamic covalent bonds are rather 
peculiar, in a way that they are considered intermediates between traditional covalent and physical 
bonds. They possess higher strengths than the physical interactions, usually in the order of several 100 
kJ/mol, but unlike covalent bonds, are also reversible and dynamic482–484. Different examples have been 
used in hydrogels, including Diels-Alder adducts485, disulfide486, acylhydrazone485,486, oxime487 and boronic 
ester bonds487.  
 
To generate hydrogels in this study, the chosen biopolymers were glycosaminoglycans (GAGs) 
chondroitin sulfate (CS) and hyaluronic acid (HA), which are linear anionic polysaccharides naturally 
occurring in human ECM. CS is most abundantly found in connective tissues and in the brain488, whereas 
HA is most concentrated in synovial fluid and the vitreous of the eye488. Structurally, CS and HA are 
quite similar, both consisting of repeating disaccharide units, made of D-glucuronic acid (CS and HA) 
and N-acetyl-D-galactosamine (CS) or N-acetyl-D-glucosamine (HA). Additionally, CS carries one or 
more sulfate groups, whereas HA is a non-sulfated GAG488. Both of these polymers have been employed 
to fabricate hydrogels489–493, but HA has seen far more use when compared to CS and to the best of our 
knowledge, CS has not been employed in hydrogel formulations based on dynamic covalent bonds and 
designed for bioprinting and injectability applications494. Besides, both CS and HA are found in cartilage 
tissue, with CS displaying higher water retention capacity than HA, thus potentially leading to hydrogel 
scaffolds with significant swelling capacity. Such feature is for instance important in mimicking load-
bearing behavior of cartilage tissue, making CS a suitable biomaterial for cartilage tissue engineering 
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applications. Therefore, in the present work we mainly focus on CS polymer, and HA is used to a lesser 
extent.  
 
Recently, Yu et al. developed an HA/PEG hydrogel system containing both acylhydrazone bonds and 
Diels-Alder adducts485. However, strictly speaking, such a system was a dually crosslinked network and 
not a DN hydrogel. This obviously has repercussions on the tunability of material’s response and the 
formulation process. Moreover, no studies on material tunable viscoelasticity nor additive manufacturing 
applications were explored. Wang et al. on the other hand, developed a DN hydrogel based on HA, 
crosslinked via acylhydrazone and thiol-ene bonds495. The material showed interesting properties, 
including photostiffening and photopatterning, however it did require the use of UV light in order to 
induce the formation of permanent crosslinks.  
 
In this work, we make use of dynamic covalent bonds to crosslink CS and HA into a DN hydrogel, in 
particular Diels-Alder adducts and acylhydrazone bonds. The Diels-Alder cycloaddition generally takes 
place between an electron-rich diene functional group (e.g., furan) and an electron-poor dienophile (e.g., 
maleimide), it does not require use of initiators or catalysts, forms no side products and occurs in 
aqueous environment496. The newly formed cyclohexene adduct is reversible by means of retro-Diels-
Alder reaction at high temperatures. Moreover, in this study, furan was replaced with a more electron-
rich methylfuran moiety, which has been shown to react faster at physiological pH with maleimide when 
compared to furan497–500. Also, a previous study suggests that the retro-Diels-Alder reaction was faster 
than when furan was used. With these notions in mind, we purposefully chose methylfuran, as we 
consider that faster transformation and inverse reaction could be beneficial for our goal of obtaining 
dynamic and viscoelastic hydrogels. Additionally, hydrazone bonds, deriving from reactions between 
carbonyls and hydrazine functionalities, are also reversible and the reaction takes place under 
physiological conditions, making it suitable for hydrogel fabrication501. Being orthogonal between each 
other, these two reactions make a good combination for the design of DN hydrogels. We anticipated 
that by combining two different types of dynamic covalent bonds, we could create a hydrogel that is 
strong and structurally stable, but at the same time dynamic and viscoelastic. The structural integrity 
and mechanical strength come from a more stable Diels-Alder adducts (long lifetime), whereas the 
dynamic character and processability originate from highly dynamic acylhydrazone bonds (short 
lifetime). Therefore, we hypothesized that properties of the DN hydrogel with crosslinks of different 
lifetimes, could be ultimately tuned and customized, depending on the composition. Moreover, for the 
stabilization of the DN, no UV or other external triggers were needed, as Diels-Alder crosslinking takes 
place under physiological conditions. Our main focus was the study of viscoelasticity of the DN and how 
the material’s response could be tuned, in addition to exploring potential applications of such a DN 
hydrogel. 
 
Specifically, CS was functionalized with maleimide and a separate batch of CS was oxidized to introduce 
aldehydes, while HA was modified with methylfuran. In addition, adipic acid dihydrazide (ADH) was used 
to crosslink the aldehyde containing CS. The fabricated hydrogels were investigated for their 
viscoelasticity and processability properties. Moreover, considering that both CS and HA are highly 
charged at physiological pH, we hypothesized that a hydrogel formulation (DN) based on CS and HA 
would result in materials with significant swelling capacity. Therefore, one of the interests was to also 
assess hydrogel swelling capacity and related mechanical properties, for potential cartilage-mimicking 
applications. Finally, cytocompatibility was evaluated. The unique assortment of features displayed by 
these hydrogels, alongside the possibility to tune and customize some of them by varying the 
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composition, make these gels suitable candidates to mimic complex soft tissues.  

EXPERIMENTAL SECTION 

Materials 
Sodium hyaluronate was obtained from Lifecore Biomedical (82 kDa as measured with GPC, Chaska, 
MN). Chondroitin 4-sulfate sodium salt (bovine trachea) was purchased from Sigma-Aldrich 
(Zwijndrecht, The Netherlands). All other reagents were obtained from either Sigma-Aldrich 
(Zwijndrecht, The Netherlands) or TCI Europe N.V. and were used as received. All organic solvents were 
purchased from Biosolve (Valkenswaard, The Netherlands) and used without further purification. 
 
Synthesis 
Chondroitin sulfate-maleimide (CS-mal) functionalization 
Chondroitin sulfate was functionalized with maleimide moieties by adapting a method previously 
reported for hyaluronic acid502. CS sodium salt was first converted in CS tetra-butyl-ammonium (TBA) 
salt, through resin exchange (Dowex 50 x 8w hydrogen form and tert-butyl-ammonium fluoride). CS-
TBA was obtained after freeze-drying. The content of TBA ions per disaccharide unit of CS was ~1.7 
Dry CS-TBA (6.0 g, 7.60 mmol disaccharide units) was then transferred in a 3-neck round bottom flask 
and flushed under N2 flow. Next, 1-(2-aminoethyl) maleimide (1.035 g, 5.86 mmol) and benzotriazol-
1-yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) (3.20 g, 7.23 mmol) were 
combined with CS-TBA and anhydrous DMSO (300 mL) was added. The reaction mixture was stirred 
for 4 h at room temperature. The solution was dialyzed extensively (cutoff 14 kDa), first against NaCl 
(150 mM) for 4 days and then against water for 3 days. Finally, the solution was lyophilized and the 
product CS-mal was recovered as a white fluffy solid (yield ~90%). The degree of functionalization, 
defined as the number of ethyl maleimide groups per disaccharide unit (expressed as percentage), was 
determined by 1H-NMR. 
 
Hyaluronic acid-methylfuran (HA-MeFU) functionalization 
Hyaluronic acid was functionalized with 5-methylfurfurylamine following a previously reported 
method503. Briefly, HA was weighed (3.00 g, 7.47 mmol disaccharide units), transferred in a round-
bottom flask and dissolved in MES buffer (100 mM, pH 5.5) at a concentration of 1 w/v% (300 mL). 
Next, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride (DMTMM) was added 
(4.15 g, 14.98 mmol), followed by a dropwise addition of 5-methylfurfurylamine (1000 μl, 8.97 mmol). 
The reaction mixture was stirred at room temperature for 18 h and then dialyzed against NaCl (150 
mM) for 2 days, then against water for another 2 days (cutoff 14 kDa). Finally, HA-MeFU was obtained 
after freeze-drying as a light-yellow, cotton-like solid (yield ~80%). Degree of functionalization, defined 
as the number of 5-methylfuran groups per disaccharide unit (expressed as percentage), was determined 
by 1H-NMR. 
 
Chondroitin sulfate oxidation 
Chondroitin sulfate was oxidized following a protocol previously published504. Briefly, CS sodium salt (7.0 
g, 16.86 mmol disaccharide units) was dissolved in 275 mL of deionized water, followed by addition of 
sodium periodate solution (4.2 g, 19.63 mmol, in 75 mL water). The reaction was stirred at room 
temperature in the dark for 2h. Subsequently, the reaction was quenched by adding ethylene glycol (14.0 
mL, 0.25 mol) and stirring the reaction for 1 h. Finally, dialysis against water (cutoff 14 kDa) for 4 days 
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and freeze drying yielded the final product, oxidized CS (CS-ox) as a white, fluffy solid (yield ~ 70%). 
The degree of oxidation (amount of introduced aldehyde groups) of CS-ox polysaccharide was 
determined using Purpald® reagent, as described previously505–507, with a standard curve from 
propionaldehyde. Briefly, CS-ox sample (0.5 mg/mL) and Purpald® reagent (10 mg/mL) were dissolved 
in 1M NaOH solution. The two solutions were mixed in equal volumes and incubated overnight at room 
temperature, exposed to air. The absorption of the resulting purple colored solutions was measured with 
UV-Vis spectroscopy at 550 nm (SHIMADZU UV-2450).  
 
Nuclear Magnetic Resonance (1H-NMR) 
1H-NMR spectra were recorded on an Agilent 400-MR NMR spectrometer (Agilent Technologies, Santa 
Clara, U.S.A.) in D2O. The chemical shifts were reported as δ in parts per million (ppm) and were 
referenced against residual solvent peak of D2O (δ = 4.79 ppm). 
 
Fourier-Transformed Infrared Spectroscopy (FT-IR) 
FT-IR spectra were recorded on a PerkinElmer Spectrum Two spectrometer equipped with a universal 
attenuated total reflectance (ATR) sampling accessory. The samples were scanned in the range from 
400 to 4000 cm-1 with an 8 scan per sample cycle and a resolution of 4 cm-1.  
 
Hydrogel fabrication 
Hydrogels were fabricated by dissolving the polymers in phosphate buffered saline (PBS, 137 mM NaCl, 
2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4, pH 7.4) at desired concentration (15 wt%, unless 
otherwise stated) and mixing them together. For SN-DA, separate solutions in PBS of CS-mal and HA-
MeFU were prepared and then thoroughly mixed together. For SN-HY, a solution of CS-ox was made in 
PBS and then supplemented with adipic acid dihydrazide (ADH) (stock solution in PBS, 25 mg/mL). 
Lastly, DN hydrogel was fabricated by dissolving together CS-mal and CS-ox in PBS, while HA-MeFU 
was separately dissolved in PBS. Next, the two solutions were combined, mixed thoroughly and 
supplemented with ADH to give rise to DN hydrogel. The molar ratios between complementary 
functional groups, as well as mass ratios between DA and HY in DN formulations are reported in Table 
S1 and are also indicated throughout the manuscript. For swelling and mechanical experiments (under 
free swelling conditions), hydrogel disks were prepared. The combined solutions of dissolved polymers 
were prepared as described above, followed by injection in a Teflon mold with cylindrical wells (2 mm 
height, 6 mm diameter), covered with a quartz glass plate and incubated at 37°C. Incubation was set at 
3 h for SN-DA and DN hydrogels and 5 min for SN-HY. For confined conditions, samples were prepared 
in the same way, but in addition to using the mold, the wells were fitted with a knitted spacer fabric 
scaffold (polyamide 6; ~2.6 mm height, 8 mm diameter and prepared by warp-knitting method, as 
previously reported508, Karl Mayer Textilmaschinenfabrik GmbH, Obertshausen, Germany). This results 
in the formation of the hydrogel within the spacer fabric material (Figure 6A, middle sample). For 
achieving further confinement, such gel-filled spacer fabric was then placed inside a circular cassette (3 
mm height, 8 mm diameter; R05 resin, Envisiontec), as shown in Figure 6A (sample on the right). The 
samples inside the cassette were used for swelling and mechanical tests.  
 
Hydrogel swelling 
Hydrogel swelling properties were assessed by a gravimetric method. The following hydrogel 
formulations were evaluated: SN-DA, SN-HY and DN (mass ratio between DA and HY 1:1) over time. 
Hydrogel disks were prepared at 15 wt% polymer concentration (see above) and placed in pre-weighed 
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vials. The swelling tests were carried out both under free swelling and confined conditions (as explained 
in the previous paragraph). The size of the hydrogel samples was 6 mm diameter, 2 mm height for free 
swelling samples, and 8 mm diameter, 2.6 mm height for confined samples. Initial weight (W0) for all 
hydrogels was determined immediately after fabrication and the samples were incubated in 1 mL PBS 
(pH 7.4) at 37°C. At indicated time points, buffer was removed, hydrogel weight was measured (Wt), 
followed by replacement with fresh buffer. Swelling ratio SR (defined as Wt/W0) was used to assess 
hydrogel swelling properties over time. All samples/conditions were measured in triplicate. 
 
Rheology 
Oscillatory shear measurements were performed using a DHR-2 rheometer (TA Instruments, Etten-
Leur, The Netherlands), equipped with a plate-plate (20 mm) measuring geometry and a solvent trap 
to minimize water evaporation. All measurements were conducted at 37°C (unless otherwise specified), 
by pipetting 200 μl of polymer solution onto the measuring plate. The linear viscoelastic region (LVR) 
was determined using a strain sweep test at an oscillation frequency of 1 rad/s. Gelation experiments 
(time sweep) were performed at a frequency of 1 rad/s and a shear strain of 1%. Frequency sweep 
measurements were conducted at an oscillation strain of 1% (safely within LVR), in the frequency range 
between 0.01 and 100 rad/s. To evaluate stress relaxation properties, a step strain of 2% was applied. 
Dynamic amplitude tests were conducted by alternating cycles at low strain (1%, 1 min) and high strain 
(500%, 0.5 min), while keeping the frequency constant at 1 rad/s. To assess shear-thinning, viscosity 
as a function of shear rate was measured in the range between 0.1 and 25 s-1.  
 
Mechanical tests 
To study the mechanical properties of the constructs, an indentation test was performed using a tensile 
tester (MTS Criterion, Eden Prairie, USA) equipped with a loadcell of 50 N (MTS systems corp., Eden 
Prairie, USA). The samples were placed in a custom-made 3D printed cassette (resin R05, Envisiontec) 
with a diameter of 8 mm and indented with a 5 mm diameter indenter. After a pre-load of 2.5 kPa was 
reached, a stress relaxation test was performed using 15% strain (strain rate of 15% strain per second). 
The strain was kept constant up to 180 seconds, until the equilibrium was reached. The initial modulus 
was calculated from the linear part of the loading curve, between 10% and 15% strain. The equilibrium 
modulus was determined after the sample reached equilibrium at 15% strain.  
 
3D Printing and Imaging 
The DN hydrogel (DA:HY 2:1, 15wt%) was tested for printing. CS-mal and CS-ox polymers were 
dissolved together in PBS, separately from HA-MeFU. The polymer solutions were then combined, 
thoroughly mixed and transferred in a syringe. Such solution was then supplemented with ADH 
crosslinker and upon formation of the hydrazone crosslinks (within minutes), the formulation was 
printed with a 27 G needle. Extrusion-based printing was performed using a pneumatic 3D bioprinter 
(Allevi 3, 3D Systems), equipped with Allevi Bioprint Online software. The GCODE file was exported 
from the Allevi3D website. Parameters such as layer patterns, infills, printing speeds and pressure were 
tuned by the software. The constructs (square mesh geometry) were printed in standard Petri dishes 
(Thermo Fisher Scientific). To obtain good resolution of the fibers, the constructs were printed with 2 
mm infill, printing speed of 5 mm/s and a pressure of 10 psi. Before the printing process, both the 
collector plate and the extruder were heated up at 37°C and the temperature was kept constant 
throughout the experiment. The constructs were analyzed with Olympus SZ61 stereomicroscope 
(Yourtech) using the CellSens software. 
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Preparation of hydrogel degradation products (HDPs) 
Degraded hydrogel products were used to assess its pro-inflammatory potential. In order to fully degrade 
the material, DN hydrogel was first prepared, as already described (15 wt%, DA to HY mass ratio 1:1). 
After the DN gel was fully crosslinked, it was placed in excess milliQ water and supplemented with 
hyaluronidase type II enzyme (HYAL II, from sheep testes, Sigma-Aldrich). HYAL II was used at 100 U 
(where one unit U is the amount of enzyme needed to free 1.0 μmol of N-acetylglucosamine from 
polymer backbone per minute at 37°C and at pH 4.0509). Samples were incubated at 37°C, under 
continuous agitation. Following the hydrogel’s complete dissolution, the resulting solution was freeze-
dried to yield a solid, white powder, corresponding to hydrogel degradation products. The formed 
material was used in further experiments.  
 
Human mesenchymal stromal cells (MSCs) isolation, expansion and treatments 
MSCs were derived from bone marrow aspirates from healthy donors (n = 3, age range 2 – 12) as 
approved by the Dutch Central Committee on Research Involving Human Subjects (CCMO, Bio-banking 
bone marrow for MSC expansion, NL41015.041.12). The parent or legal guardian of the donor signed 
the informed consent approved by the CCMO. In brief, the mononuclear fraction was separated using a 
density gradient (Lympoprep, Axis Shield). MSCs were isolated by plastic adherence and expanded for 
three passages in Minimum Essential Media (αMEM, Macopharma) with 5% (v/v) human platelet lysate 
and 3.3 IU/mL heparin and cryopreserved. Subsequently, MSCs were expanded for two additional 
passages in αMEM (Gibco), supplemented with 10% (v/v) fetal calf serum (FCS; Biowest), 100 U/mL 
and 100 µg/mL penicillin/streptomycin (Gibco), 200 µM L-ascorbic acid 2-phosphate (Sigma-Aldrich), 
and 1 ng/mL basic fibroblast growth factor (PeproTech). Subconfluent MSC monolayers were treated 
with individual components or crosslinker diluted into the medium for 24 h (CS-mal and HA-MeFU at 
37.5 mg/mL, CS-ox at 75 mg/mL and ADH at 1.4 mg/mL). Subconfluent MSC monolayers were also 
treated with crosslinked double-network hydrogels in hanging cell culture inserts (pore size 0.4 µm; 
Merck). Analyses were performed after 1 and 7 days of culture. 
 
THP-1 cell culture, macrophage differentiation and treatment with HDPs 
Human THP-1 monocytes were grown in suspension in complete culture medium consisting of Roswell 
Park Memorial Institute (RPMI) 1640 medium (Lonza, Verviers, Belgium) supplemented with 10% fetal 
calf serum (FCS; Greiner Bio-One, Alphen aan den Rijn, The Netherlands) and 1% 
penicillin/streptomycin (complete culture medium), at 37°C, 5% (v/v) CO2. Cells were subcultured twice 
a week in order to maintain density of approximately 0.5*106 cells/ml, and were seeded at a density of 
1.5*105 cells/cm2 prior to macrophage differentiation. Macrophage differentiation was achieved by 
exposing the cells to phorbol 12-myristate 13-acetate (PMA; 50 ng/ml; InvivoGen, The Netherlands) 
for 48 h (M0 macrophages), and polarization to M1 macrophages was reached after a resting phase of 
48 h in complete culture medium and subsequent exposure to lipopolysaccharide (LPS from Escherichia 
coli 0127:B8 100 ng/ml) and interferon gamma (IFNγ; 20 ng/ml; InvivoGen, The Netherlands) for 72 
h. Following the macrophage differentiation and polarization process, M0 and M1 macrophages were 
exposed for 24 h to various concentrations of hydrogel degradation products (HDPs) dissolved in 
complete culture medium and filter-sterilized. 
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Cell viability assays 
THP-1 
Following 24 h exposure to increasing concentrations of HDPs (0.001 – 15 mg/ml), cytotoxicity was 
measured using CyQUANT™ LDH Cytotoxicity Assay (Invitrogen™, Thermo Fisher Scientific) according 
to manufacturer’s instructions. Triton X-100 1% was used as a positive control, and complete culture 
medium was used as a blank. The absorbance at 490 nm was measured using a GloMax Discover 
Microplate Reader (Promega, Madison, WI, USA). Data were corrected for the background (blank) and 
presented as average absorbance values at 490 nm. 
 
MSCs 
Cell viability following 1 and 24 h treatment with gel individual components, and 1 and 7 days treatment 
with double-network hydrogels was assessed using the Live/Dead Viability Kit for mammalian cells 
(ThermoFisher Scientific) according to the manufacturer’s instructions. Monolayers were imaged using 
the Olympus IX53 fluorescent microscope and live and dead cells were quantified using ImageJ software 
version 1.49 (National Institutes of Health, Bethesda, MD, USA). In addition, MSCs exposed to double-
network hydrogels were assessed for metabolic activity and lactate dehydrogenase (LDH) release. 
Metabolic activity was evaluated using a resazurin (Alfa Aesar, Germany) assay at 44 mM in the culture 
medium. Fluorescence of reduced resorufin was measured after 6 h of incubation at 544 nm excitation 
and 570 nm emission using a spectrofluorometer (Fluroskan Ascent FL; ThermoFisher) and corrected 
for blanks. Activity of LDH released into the culture medium was measured using the Cytotoxicity 
Detection KitPLUS (Roche) according to the manufacturer’s instructions. Control wells were treated 
with 2% Trition X-100. Monolayers were lysed by three freeze-thaw cycles in Tris-EDTA buffer (10 
mM Tris-HCl, 1 mM EDTA, pH 8) and DNA was quantified using the Quant-iT™ PicoGreen assay 
(Invitrogen) according to the manufacturer’s instructions. 
 
Enzyme-Linked Immunosorbent Assay (ELISA) 
The production of interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-α), interleukin 1 beta (IL-1β) 
and monocyte chemoattractant protein 1 (MCP-1) by macrophages was measured using an Enzyme-
Linked Immunosorbent Assay (ELISA). Cell culture supernatants were collected after 24 h treatments 
of M0 and M1 THP-1-derived macrophages with HDPs (0.005 – 0.5 – 5 mg/ml), and centrifuged for 
10 min, 240× g, 4°C, and stored at -20°C until further measurements. DuoSet® ELISA Development 
Systems kit (#DY201; R&D Systems, Abingdon, UK) was used to quantify the IL-1β levels in complete 
cell culture medium supernatants following manufacturer’s instructions. Standard TMB ELISA 
Development kits were used to quantify remaining cytokines (IL-6 #900-T16, TNF-α #900-T25, MCP-
1 #900-T31; PeproTech, London, UK) according to manufacturer’s protocols. The optical density was 
determined using a GloMax Discover Microplate Reader (Promega, Madison, WI, USA) set to 450 nm. 
Each sample was measured in duplicate, and quantification was done using a four-parameter logistic (4-
PL) curve-fit. Data were presented as concentration (pg/ml) normalized to DNA content quantified 
using Quant-iT™ PicoGreen™ assay as described above. 
 
Statistical analysis 
All data are presented as mean ± standard error of the mean (SEM). Statistical analysis was performed 
using one-way ANOVA followed by either Dunnett’s or Tukey’s multiple comparison tests. A p-value < 
0.05 was considered significant. Software used for statistical analysis was GraphPad Prism (version 8.43; 
GraphPad software, La Jolla, CA, USA).  
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RESULTS AND DISCUSSION

Synthesis and characterization of HA and CS derivatives 
HA furan derivative (HA-MeFU) was prepared by means of a simple, one-step reaction between HA 
polysaccharide and 5-methylfurfurylamine, in the presence of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMTMM) reagent (Figure 1A)503. The degree of modification was 
determined by 1H-NMR, and it was found to be ~30% (around 30 in 100 disaccharide repeating units 
are functionalized with furan) and all signals are in line with the proposed structure (Figure S1). 
Moreover, successful modification with furan was confirmed by FT-IR measurements (Figure S2A). In 
fact, upon conjugation of 5-methylfurfurylamine to the carboxylate groups of HA, the signal 
corresponding to carbonyl stretch was shifted from 1617 to 1652 cm-1, confirming the formation of 
amide bonds. A new signal at 795 cm-1, corresponding to alkene bending, also indicates the presence of 
furan503. 

For the formation of Diels-Alder crosslinks, the 5-methylfuran moiety is coupled with a 
maleimide group. Therefore, maleimide was introduced on CS polymer following a two-step 
approach. First, CS sodium salt was converted in a more lipophilic salt (CS-TBA) through a 
resin exchange step to enable dissolution of CS in a DMSO. The next step was the coupling 
reaction between 1-(2-aminoethyl) maleimide and carboxylate of CS, in the presence of BOP 
as coupling reagent (Figure 1A). The successful formation of CS-mal was confirmed with 1H-
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NMR (signals in line with the proposed structure) and FT-IR. Degree of modification was 
measured to be ~8% (Figure S1). FT-IR showed a signal at 1704 cm-1 for the carbonyl stretch, 
and at 695 cm-1 the presence of alkene bending (indicative of maleimide) was observed503. 
Although maleimide functionalized HA has been reported before, to the best of our knowledge 
this is the first time a method for direct coupling of maleimide groups to CS is described502.

For the formation of the second type of crosslinks, hydrazone bonds were employed. Consequently, 
aldehyde groups were introduced on CS following a previously reported method504, using NaIO4, which 
led to ring opening of the glucuronic acid and introduction of dialdehyde functionalities (Figure 1A). 
Aldehyde formation was confirmed by FT-IR, where a shoulder peak at 1731 cm-1 was observed 
(corresponding to aldehyde carbonyl stretch)510,511 (Figure S3). Quantification of the aldehyde groups 
was carried out by Purpald® method, confirming an oxidation degree of ~10% (10% of disaccharide 
units contain aldehyde moieties). This value is in line with previously reported results for oxidation of 
CS and HA polymers when using 1.2:1 molar ratio of NaIO4 to disaccharide unit504,510. In order to form 
a hydrogel with CS-ox, hydrazone crosslinks are formed between aldehydes and hydrazide functionalities. 
In the present work, a bifunctional hydrazide, adipic acid dihydrazide (ADH), was used in combination 
with CS-ox (Figure 1A). Overall, 1H-NMR and FT-IR confirmed successful modification of the HA and 
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CS polysaccharides. 

The following nomenclature was used in this work to distinguish the hydrogel samples by their 
composition: SN-DA for the single-network hydrogel containing only Diels-Alder crosslinks (between 
methylfuran and maleimide groups of HA-MeFU and CS-mal respectively), SN-HY for the single-
network hydrogel crosslinked only by hydrazone bonds (between aldehyde and hydrazide functionalities 
of CS-ox and ADH), and finally DN for the double-network hydrogel containing both types of crosslinks 
(Diels-Alder and hydrazones), meaning DN is a 4-component system. A schematic representation of 
hydrogel-constituting networks, made by different types of crosslinks, is given in Figure 1B. 

Single-network hydrogel formation and rheological characterization. 
Using shear oscillatory rheometry, gelation of single-network based hydrogels was investigated. 
Specifically, SN-DA hydrogel prepared at 15 wt% polymer content (5:1 molar ratio of methylfuran to 
maleimide) displayed a crossover point between G’(ω) and G’’(ω) at ~15 minutes, indicating the progress 
of the crosslinking process and formation of the Diels-Alder adduct between methylfuran and maleimide. 
The storage modulus reached a plateau value of ~15 kPa after 120 minutes (Figure 2A). The effect of 
the ratio between methylfuran and maleimide functionalities on the kinetics of gelation (gelation time, 
here defined as the time needed to reach the crossover point (G’>G”)) was further evaluated. By 
increasing the ratio of methylfuran to maleimide from 1:1 to 2:1 and 5:1, a decrease in gelation time was 
observed. Specifically, the ratio of 1:1 requires ~21 minutes to start gelling, whereas for 2:1 and 5:1 
ratios, the gelling time was ~18 and 15 minutes respectively (Figure 2B). This suggests that an excess 
of methlyfuran moiety leads to a faster gelation process, as the maleimides groups are more rapidly 
consumed and thus the Diels-Alder crosslinks formed. Using the ratios with excess maleimide to furan 
would have most likely led to the similar trends in gelation, however in the current study these were not 
investigated as the excess of maleimide could lead to unwanted side reactions with biological 
components. Unlike maleimide, the excess of furan moieties is not expected to have a negative impact 
on the application of the material. 
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Moreover, the gelation of the SN-HY hydrogel was also assessed. Interestingly, it was observed that 
upon addition of ADH crosslinker to the solution of CS-ox (1:1 aldehyde to hydrazide, 15 wt% CS-ox), 
a hydrogel was instantly formed (Figure 2D). This is in line with what was seen by Hafeez et al., where 
oxidized alginate took ~45 minutes to form hydrazone crosslinks, at the polymer concentration of 2 % 
(w/v)512. Further, by changing the ratio between aldehyde and hydrazide functionalities to 1:0.75 and 
1:1.25 hydrogels were also instantly formed, however they resulted in a lower storage modulus (Figure 
2E). Deviating further in either direction from this range of ratios, the gelling was not observed. 
Specifically, we found that the optimal ratio of aldehyde to hydrazide was 1:1, leading to the stiffest gels 
(~8000 Pa, at 15 wt%) (Figure 2E). Figure 1C shows a representative picture of the SN-DA and SN-
HY hydrogels formed in situ at 37 0C.

The general viscoelastic behavior of the hydrogels was examined by performing a frequency sweep 
measurement on the SN-DA and SN-HY hydrogels. For the SN-DA it is quite apparent that in the 
frequency range examined (ω = 0.01-100 rad/s), there was frequency independence of the G’(ω), 
whereas G’’ (ω) showed a very weak dependence in the same frequency range, displaying a mild upturn 
at lower frequencies (Figure 2C). Such a pattern is very typical of and often observed for chemically 
crosslinked hydrogels, which is expected considering that Diels-Alder reaction leads to covalent bond 
formation513. A similar behavior was observed with other hydrogels based on Diels-Alder crosslinking514. 
Differently, SN-HY shows a completely different behavior. Namely, in the same frequency range, SN-
HY exhibited quite a significant variation of moduli (Figure 2F). At lower frequencies, G’’(ω) showed a 
significant upturn, while G’(ω) started decreasing, indicating structural relaxation processes in the 
network, eventually leading to a crossover point between G’(ω) and G’’(ω). This is an indication of a 
dynamic and nonpermanent nature of the SN-HY network, which is in line with the reversible character 
of the hydrazone bonds501. The crossover point is observed at ω = 8.4 x 10-3 rad/s, and from this a 
characteristic relaxation time for the hydrazone network τ = 750 s is derived (τ = 1/f, f is frequency). 
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Strain sweep measurements (γ = 0.01-1000%) were carried out for both SN-DA (methylfuran to 
maleimide 5:1, 15 wt%) and SN-HY (aldehyde to hydrazide 1:1, 15 wt%) hydrogels to determine the 
extension of the linear viscoelastic region for these materials (Figure S4). The results showed that 
yielding strains of ~50 and ~80% were observed for SN-DA and SN-HY respectively, confirming that 
all oscillatory shear experiments were performed at strain values safely within linear viscoelastic region.  
 
To further test the reversible character of hydrazone crosslinks, the SN-HY hydrogel was subjected to 
a dynamic amplitude test (Figure S5). In alternating fashion, low (γ = 1%) and high (γ = 500%) shearing 
were applied and the moduli were monitored in time. Initially, at low strain the hydrogel exhibited gel-
like structure, with G’(ω) and G’’(ω) both being stable in time. Next, by applying strain values well outside 
the linear viscoelastic region, G’’(ω) was higher than G’(ω), suggesting a lack of gel structure, due to the 
breaking of hydrazone crosslinks under shear. Finally, by restoring the strain back to linear region, there 
was an immediate recovery of the G’(ω) and the gel structure, indicating that hydrazone bonds were 
reformed. Therefore, the SN-HY hydrogel exhibits yield behavior that is reversible, making the gel also 
self-healing515. Therefore, based on these results, 5:1 methylfuran to malemide and 1:1 aldehyde to 
hydrazide ratios were chosen for further formulation of the DN hydrogels.    
  
DN hydrogel formation and rheological characterization  
Following the optimization of gelation of the single-network hydrogel formulations (SN-DA and SN-
HY), DN hydrogels were prepared and characterized. A mass ratio between the two networks was set at 
1:1 at 15 wt% polymer content (keeping the molar ratio between functional groups as previously 
optimized; methylfuran to maleimide 5:1 and aldehyde to hydrazide 1:1) and the gelation was monitored 
in time. Figure 3A shows the gelation profile for the DN hydrogel. It is evident that immediately after 
the start of the measurement, SN-HY was being formed, as G’(ω) was higher than G’’ (ω). Following the 
formation of hydrazone crosslinks, network started relaxing due to a very fast exchange of hydrazone 
bonds between bound and unbound states. Such decrease in moduli could be related to a slow hydrolysis 
of the polysaccharide and thus depletion of available aldehydes. It has been reported that ring-opened 
structure of polysaccharides (such as di-aldehyde structures obtained by periodate oxidation) are 
susceptible to hydrolysis510,516,517. Figure S6A shows the gelation of SN-HY (7.5 wt%, aldehyde to 
hydrazide 1:1 ratio) with noticeable decrease of moduli following quick gelation. Next, after ~15 minutes 
the moduli started increasing further, suggesting that the Diels-Alder crosslinks were formed in 
sufficient amount to affect material’s stiffness as seen with SN-DA (Figure 2A). The gelation followed 
a slower kinetics compared to SN-DA, which is most likely related to a lower fraction of HAMeFU and 
CS-mal polymers (thus methylfuran and maleimide functionalities) in the present formulation. After 2-
3 h the DN seemed to be fully crosslinked and equilibrated, showing a final modulus of ~6 kPa. The 
G’(ω) is directly related to the crosslinking density of the network, therefore a lower modulus found for 
DN compared to SN-DA can be attributed to the lower density of Diels-Alder crosslinks in DN (as the 
concentration of the reactive groups was halved compared to SN-DA formulation). After 3 h, the 
hydrazone crosslinks, being characterized by short relaxation times, were not expected to contribute 
significantly to the overall crosslinking density and stiffness of the DN. The results in Figure S6B show 
the extension of the LVR for the DN hydrogel, with yielding strain of ~60%. Figure 1C shows a 
representative picture of the DN hydrogel formed in situ at 37°C. 
 
Furthermore, being very dynamic, hydrazone bonds could be used to allow for material’s processing 
before the dynamic covalent crosslinking of the DA. In order to test whether the final hydrogel properties 
and gelation process are affected by shearing of the first-formed HY crosslinks, a gelation experiment 
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with a short initial shearing was performed. This simulates the gelation process of DN in case the initially 
formed SN-HY is destroyed before the Diels-Alder reaction is complete.  
 
Figure S6C shows the gelation of the DN with initial shearing applied. This resulted in the temporary 
destruction of the hydrazone crosslinks (G’’(ω) > G’(ω)), but as soon as the shear was removed, the HY 
crosslinks reformed, recovering the gel’s stiffness (Figure S6D). It can be noticed that the gelation 
kinetics were not affected and the final properties of the DN were not different compared to the gelation 
without shearing (Figure 3A). This implies that the hydrogel in its initial gelling stages could be 
processed, e.g. extruded and still maintain its gelation capacity. A potential benefit of initial processability 
of the DN could be employed during the 3D printing processes of hydrogel formulation. This aspect is 
further described in the following sections. 
 
Furthermore, the viscoelastic response as a function of frequency of the DN was assessed (Figure 3B). 
In the frequency range investigated (ω = 0.01-100 rad/s), it can be noted that the loss modulus G’’(ω) 
displayed a significant upturn at lower frequencies, indicating a viscous character. This is due to the 
presence of highly dynamic hydrazone crosslinks in the network. On the other hand, storage modulus 
G’(ω) showed a weak dependency in the frequency range investigated, indicating a more elastic and 
more permanent nature of the gel, similarly as observed with SN-DA. Even at the lowest frequency 
measured (0.01 rad/s), G’(ω) was larger than G” (ω), in contrast to SN-HY system. This suggests that 
the general viscoelastic behavior of the DN is in between those corresponding to the single networks 
consisting purely of DA or HY crosslinked hydrogels. Clearly, the DN gel exhibits quite significant viscous 
properties (due to hydrazone crosslinks), while it still maintains an elastic character as well, resulting in 
a stable structure in time (due to Diels-Alder crosslinks).  
 
Tunable stress relaxation and viscoelastic properties 
Assessment of the tunability of the viscoelastic behavior of the present hydrogel systems was further 
studied by means of stress relaxation, a measure of the dissipated energy when a fixed deformation is 
applied. This is an important feature of viscoelastic materials to investigate as they display time-
dependent mechanical response. Figure 4A shows the stress relaxation response of the SN and 2 
formulations of DN hydrogels (DA:HY ratios of 1:1 and 2:1), measured at 370C following a step strain 
of 2%. Each hydrogel formulation showed a different overall response. In SN-DA hydrogel, being 
covalently crosslinked, the stress was dissipated very slowly. Over 16 minutes, the amount of stress 
dissipated was ~17%. For the chemically crosslinked hydrogels, the stress relaxation is likely due to the 
changes in the conformation of chains in the network. If the hydrogel is perfectly and irreversibly 
crosslinked, it should result in no stress dissipation and infinite relaxation time518,519. However, in case 
of SN-DA there was a slow and continuous relaxation observed, which indicates that the network could 
contain some imperfections that do not support stress (loops or un-crosslinked chains). Although DA 
crosslinks are not permanent, their reversibility (slow process) was not observed in this experiment. 
 
In contrast to SN-DA, both SN-HY and DN hydrogels showed a two-stage response. At short times, 
there was a quick stress relaxation, which is related to the conformational changes of chains, but in 
addition to that, there was also a structural reorganization of the network due to the reversible nature 
of the hydrazone crosslinks. Dissociation of the hydrazone crosslinks in the network led to efficient and 
fast dissipation of elastic energy, resulting in 50% of stress released after only ~45 s for SN-HY, 
whereas for DN 1:1 and DN 2:1 it took ~115 and 250 s respectively (Figure 4A). At longer times, the 
DA network in the system, lead to a slower energy dissipation. The overall trend suggests that it is 
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possible to tune stress relaxation behavior of the hydrogels depending on the composition, more 
specifically on the ratio between DA and HY crosslinks. The more DA crosslinks are present, the slower 
the energy dissipation is expected to be. Interestingly, for SN-HY the complete relaxation of the network 
was achieved after ~810 s, which is in accordance with the previously discussed characteristic relaxation 
time from the frequency sweep data (Figure 2F).  
 
Furthermore, tunable viscoelastic response of hydrogels was evaluated by plotting the loss tangent (tan 
δ) against frequency (Figure 4B). In this way, an indication of the viscous contribution of each material 
could be evaluated. The observed trend was consistent with the data obtained from the stress relaxation 
measurements. The upturn of tan δ at low frequencies indicates an increase of viscous contribution to 
the hydrogel’s response. This feature is observed for SN-HY and DN formulations, confirming that those 
gels display a significant viscous character. Specifically, at the lowest frequencies probed, tan δ was 1 
for SN-HY (crossover point), whereas for DN gels it varied between ~0.2 and 0.6, depending on the 
ratio between DA and HY crosslinks. In contrast, for SN-DA, the response was predominantly elastic 
and less frequency-sensitive, with tan δ varying from ~0.01 to 0.06. These finite values measured here 
could be indicative of hydrogel imperfections, as observed with stress relaxation experiments. 
 
Therefore, the lifetime of the DA crosslinks is longer than the slowest timescales probed in our 
experiments, whereas the lifetime of HY crosslinks could be determined by oscillatory shear experiments 
in this study. SN-DA was not effective to dissipate elastic energy quickly, whereas SN-HY displayed 
complete and fast relaxation, resulting in hydrogels that are not stable in time (showed further in the 
manuscript). However, DN hydrogels were effective in energy dissipation, while still preserving structural 
stability.  
 
Injectability and 3D printing 
After evaluating the viscoelastic behavior of the SN and DN hydrogels and dynamic nature of the HY 
crosslinks, we further investigated the extrusion-based processability of hydrogels and consequently the 
material’s feasibility for 3D printing applications. Generally, for a material to be injectable, the stress 
applied should be sufficient to induce yielding of the material and consequently its transition from a 
solid-like to a liquid-like state. Additionally, once the material under stress becomes liquid-like, its 
viscosity should be low enough to allow for the material to flow when a reasonable force is applied to 
the piston. Since in the DN hydrogel DA crosslinks are not very dynamic under testing conditions and 
at experimental timescales, injectability and flow behavior of the DN formulation were assessed during 
the time frame when HY crosslinks were formed, but the majority of the DA crosslinks were not yet 
formed. Therefore, we hypothesized that the DN hydrogel could be processed in the first 10-15 min 
upon mixing of the polymers, before the Diels-Alder reaction between methylfuran and maleimide starts 
contributing significantly to the material’s stiffness. Therefore, injectability and flow behavior were 
evaluated first for the SN-HY hydrogel. As observed from the strain sweep experiment for SN-HY 
(Figure S4B), the hydrogel displayed yielding behavior, and thus non-linear response at strain values 
above ~80% with decreasing G’(ω) and G’’(ω). However, the actual transition from solid-like to liquid-
like form takes place at higher strain values, when G’’(ω) > G’(ω), which for SN-HY was observed at 
~200% strain (at 1 rad/s). As the material becomes fluidic under shear, its capacity to flow was assessed 
by measuring the viscosity as a function of the shear rate. As shown in Figure 5A, the viscosity 
dramatically decreased upon increasing the shear rate from 0.1 to 25 s-1. From the rate-dependent 
viscosity measurements, there was a reduction in viscosity of ~2 orders of magnitude, indicating shear-
thinning behavior. This observation is in agreement with previously reported hydrazone-crosslinked 
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systems495,520. A consecutive run with decreasing shear rate was also performed, showing that the 
original viscosity was recovered at low shear rates521. 

Additionally, we tested whether SN-HY could be injected through a 27 G needle (Figure 5B). In fact, by 
applying a gentle force, the hydrogel could be injected. Immediately after leaving the needle, the material 
appeared solid-like, indicating that the hydrogel structure was recovered (due to the reformation of the 
HY bonds). Therefore, both the yielding and shear-thinning properties of the SN-HY enabled 
injectability. 

The schematic representation shown in Figure 5C explains in more detail what happens at a molecular 
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level as the DN hydrogel formulation is being processed (e.g., injected). At first instant, after transferring 
the solution of solubilized polymers (CS-mal, HA-MeFU and CS-ox), ADH crosslinker is added. This 
results in immediate formation of HY crosslinks and SN-HY formation, while the CS-mal and HA-MeFU 
are reacting much slower and the majority of these bonds are not formed yet. At this point, the force is 
applied and the material can be extruded through a needle. Under shear, the HY crosslinks disassemble, 
and the hydrogel undergoes transition from solid to liquid state. Immediately upon exiting the needle, 
the material recovers its original, gel-like state due to HY bond reformation. This enables the formulation 
to maintain its gel-like structure until the DA crosslinks are formed. After few minutes, DA covalent 
crosslinking leads to the fixation of the structure. This approach has been employed before for similar 
systems based on HA polymer, but photopolymerization was required to induce stabilization of the 
network495. In addition, Rodell et al. developed HA-based physical hydrogel based on guest-host 
interactions, which was further covalently crosslinked via methacrylate-mediated photopolymerization, 
thus needing UV light522. In the present work, thanks to the spontaneous Diels-Alder reaction, such 
fixation and stabilization of the double-crosslinked hydrogel takes place in situ, under physiological 
conditions. SN-HY could also be processed in this way, but the stability over time of ejected hydrogel 
was compromised, due to fast exchange kinetics of HY bonds and lack of stability offered by DA 
crosslinks (data not shown).  
 
For initial printing experiments, we used the DN formulation at 15 wt% polymer content, DA to HY 
mass ratio of 2:1. Upon solubilization of polymers, the solution was transferred in the syringe and ADH 
crosslinker was added, resulting in SN-HY formation within few minutes. At this point, the hydrogel 
formulation was extruded through a 27 G needle, into a 4-layer lattice construct with 2 mm spacing 
between the filaments. Due to dynamic nature of HY crosslinks and their re-association, the hydrogel 
maintained its shape and integrity upon ejection (Figure 5D). Next, formation of DA crosslinks followed, 
leading to stabilization of the structure. The printed construct was then kept in a humid container 
overnight, to allow for DA crosslinking to complete. During that time the filaments remained stable and 
did not deform. Subsequently, the hydrogel construct was placed for ~30 minutes in PBS. As expected, 
the hydrogel remained stable due to DA covalent crosslinks, although it did seem to swell a little bit 
(Figure 5E). Overall, the DN formulation was confirmed to be injectable and processable in its initial 
stages, whereas upon Diels-Alder reaction between CS-mal and HA-MeFU the structure was rendered 
robust. The printed construct was shown to maintain shape fidelity, as well as structural integrity and it 
was able to support its own weight (Figure 5F). 
 
Swelling behavior, stability and mechanical properties of hydrogels 
After preparing different hydrogel formulations and characterizing them rheologically, we assessed their 
swelling behavior and mechanical properties. Mechanical performance of hydrogels is an important 
aspect to investigate as various biomedical applications require the material to be robust and stable. 
Water-retention capacity and swelling behavior are related to changes in mechanical properties over 
time. Because of the polymer’s hydrophilic nature and the presence of negative charges, it is expected 
that upon the crosslinking between polymer chains, the resulting material is able to absorb and retain 
water. Prepared hydrogel disks were fabricated either as free or confined gels before testing (Figure 6A). 
First, SN-DA, SN-HY and DN were evaluated for their swelling potential. Swelling capacity was 
calculated as the ratio between the weight of the swollen gel and its initial weight and was defined as 
swelling ratio (SR). Figure 6B shows the swelling ratio of SN-DA and DN hydrogels in time. Under free 
swelling in PBS and at 37°C, both hydrogels steadily absorbed water in time, as observed from the 
increase of corresponding swelling ratios. In detail, SN-DA hydrogel exhibited a maximum SR of ~12 at 
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day 43 and it was fully degraded after 51 days. Degradation of SN-DA was due to the reversible 
character of the Diels-Alder adduct. The retro Diels-Alder reaction usually requires temperatures above 
60°C to occur, but it was reported taking place under physiological conditions as well, although very 
slowly523,524. Moreover, there is another mechanism that could play a role in the degradation of the 
swelling hydrogel. The retro-Diels Alder reaction is characterized by a relatively low activation energy 
(~25 kcal/mol)525, making the DA adduct mechanically labile, when compared to other covalent bonds 
in polymer networks. Indeed, mechanically induced retro-Diels-Alder reactions have been reported 
before526–528. In this case, we hypothesize that the physical expansion of the hydrogel sample was 
sufficient to put strain on the polymer chains (and crosslinks), therefore driving the retro-Diels- Alder 
reaction. In either case, the reformed maleimide is susceptible to hydrolysis leading to ring opening. As 
this hydrolysis is non-reversible, it causes elimination of this functional group from the Diels-
Alder/retro-Diels-Alder equilibrium and therefore permanent cleavage of the DA crosslinks524.  
 
Unlike SN-DA, DN swelled less extensively, reaching a maximum SR of ~6.5 after 40 days (Figure 6B). 
The dissolution phase took until day 45, after which the gel was completely degraded. The shorter 
stability of the gel, compared to SN-DA, could be explained by the presence of less DA crosslinks. On 
the other hand, SN-HY hydrogel displayed a very short stability in time (Figure 6C). In fact, the hydrogel 
reached a maximum SR of ~1.7 after only 10 minutes and disintegrated completely within half an hour. 
This comes as no surprise, taking into account extremely dynamic character of hydrazine bonds. These 
results are in agreement with previously described viscoelastic and stress relaxation properties of HY 
crosslinks. 
 
Considering the high swelling capacity of the present hydrogels (SN-DA and DN), we hypothesized that 
restraining their swelling could lead to osmotically-based pressure buildup and improvement in material 
elastic modulus and stiffness. This osmotically-induced stiffening could be useful for mimicking 
properties of load-bearing tissues, such as cartilage. Therefore, we further investigated their swelling 
profile under confined swelling conditions. Hydrogels were prepared in a spacer fabric material (PA6) 
and inserted into a cassette, with the aim to physically restrain the hydrogel from swelling. Figure 6D 
shows the swelling profile for SN-DA and DN hydrogels when they were confined and immersed in PBS 
at 37°C. The swelling ratio was not increasing in time and displayed a relatively constant profile over 80 
days. After 10 days, the SR reached a maximum, ~2.3 and 1.9 for SN-DA and DN respectively, after 
which it was stable and equilibrated at ~1.7 until the experiment was stopped (day 80). The swelling 
profile was quite discordant with that obtained from the free swelling experiment, suggesting that 
physical confinement of the gel, and the impossibility to physically expand in response to water 
absorption and swelling, leads to improved stability in time. This observation indeed suggests that the 
predominant mechanism of the hydrogel swelling and degradation is likely the mechanically-induced 
retro-Diels-Alder reaction of the DA adducts, as no significant physical expansion of the material could 
be achieved, and thus mechanical strain on the polymer chains. 
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Related to the observed swelling behavior of these hydrogels, assessment of their mechanical properties 
upon confinement was performed. Previously, it has been reported that swelling hydrogels under 
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confined conditions led to osmotic pressure buildup and therefore osmotically-induced stiffening of the 
construct529. SN-DA and DN hydrogels were first prepared and allowed to swell for 7 days under both 
free swelling and confined conditions (Figure 6E). The SR of SN-DA was ~4.3 for the free swelling 
sample, whereas for the confined one it was found to be ~1.5, with an achieved confinement of ~65%. 
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For DN, a total confinement of ~55% was achieved, with SR going from ~3.3 for the free-swelling 
sample to ~1.5 for the confined sample. An ideal confinement would ensure a SR of 1, however in this 
case, the final construct (cassette and the spacer fabric) had a partially open structure, therefore still 
allowing some swelling. These samples were subsequently used for mechanical testing. Specifically, the 
time-dependent response was evaluated by means of an indentation test up to 15% deformation, 
followed by a hold at constant deformation (15%) until an equilibrium was reached. From the quick 
step deformation, an initial modulus was derived, as shown in Figure 6F. Free swollen SN-DA displayed 
a modulus of ~0.5 MPa, while the confined counterpart was found to have ~2 MPa (4-fold increase). 
Similarly, DN had a modulus of ~0.1 MPa after 7 days under free swelling, which upon confinement 
reached values of ~1.5 MPa. These results suggest that by confining the gels that exhibit swelling 
tendencies, it was possible to induce pressurization in the system leading to a significant increase in 
mechanical properties. However, considering that these materials are not purely elastic, but display 
viscoelastic properties (already discussed), it would be more accurate to talk in terms of time-dependent 
behavior. The corresponding load relaxation profiles (at 15% deformation) were analyzed and an 
equilibrium modulus was derived, taking into account material’s relaxation properties. As shown in Figure 
6G, SN-DA possessed an equilibrium compressive modulus of ~0.2 MPa when allowed to swell freely, 
which increased by a factor of 2.5 to ~0.5 MPa under confined conditions. DN however, showed an 
increase from ~0.02 to ~0.3 MPa, going from free to confined swelling. Such a remarkable increase in 
both initial and equilibrium moduli upon hydrogel confinement is in agreement with the previously 
reported swelling hydrogels529. The difference in both moduli observed between SN-DA and DN 
hydrogels is most likely due to the inherent difference in swelling capacity between the free gels. The 
overall mechanical performance is determined by both the crosslinking density and restricted swelling-
induced pressurization. 
 
This feature is particularly interesting and useful in the development of cartilage-mimicking scaffolds. 
Cartilage tissue, due to its unique composition and structural organization between hydrated 
polyelectrolyte matrix and collagen fibers, is characterized by increased osmotic swelling pressure, which 
leads to unique mechanical properties of cartilage. The confined hydrogel materials in this study are able 
to reproduce this aspect of cartilage tissue. The found values for equilibrium compressive modulus of 
the present SN-DA and DN confined hydrogels are in proximity of the range expected for articular 
cartilage (0.36-1.11 MPa)530. These observations indicate that especially SN-DA hydrogel has potential 
to fabricate scaffolds for cartilage tissue engineering. Overall, swelling properties and improvement of 
both stability and mechanical performance of the hydrogels following their physical confinement, opens 
a new window of possibilities and potential applications, specifically related to cartilage tissue 
engineering.   
 
Cytocompatibility of hydrogels 
Following detailed material characterization, the next step was to assess the cytocompatibility of the 
hydrogel. MSCs were used for cell viability studies (live-dead, LDH release and metabolic activity) in the 
presence of crosslinked DN hydrogels (15 wt%), using hanging cell culture inserts and cytotoxicity was 
evaluated after 1 and 7 days (Figure 7A). Live-Dead images for 1 and 7 days are shown in Figure 7B, 
with majority of cells found to be alive when exposed to DN hydrogel. The percentage of live cells was 
not different between treated and control conditions (Figure 7C). To confirm the high viability observed 
with Live/Dead assay, additional tests were performed, aimed at assessing the release of LDH, as well 
as the metabolic activity of the cells when exposed to DN hydrogels for up to 7 days. In fact, gel-treated 
MSCs did not release an increased amount of LDH, a measure of cellular damage and cytotoxicity (Figure 
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7D). The metabolic activity also showed high cell viability, confirming the results seen with the Live/Dead 
assay (Figure 7E). Concluding, the human MSCs exposed to fully crosslinked DN hydrogels were not 
affected and maintained high viability after 7 days. 

Additionally, we also investigated the effect of each individual component of the DN hydrogel, at 
concentrations relevant for fabricating DN hydrogels at 15 wt% and it was found that after 1 h none 
of the components caused cytotoxicity (Figure S7). Overall, these preliminary cytocompatibility results 
indicate the suitability of the DN hydrogels for use in regenerative medicine applications. The high 
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viability of MSCs after 7 days of exposure to DN gels supports future use for cell encapsulation studies 
and bioprinting applications.  
 
DN hydrogel effects on human macrophages 
Next, we studied the safety aspects regarding a potential inflammatory response to the biomaterials 
used in this study, in particular the effect of biomaterials on the macrophages. These cells are key players 
in the host body reactions and, as such, are able to affect overall material’s biocompatibility531,532. In 
relation to the potential application of DN gels for cartilage replacement therapies, as previously 
mentioned, it is even more important to check foreign body response features, as it is known that in 
inflammatory diseases of the joints macrophages play a crucial role in disease progression by releasing 
proinflammatory mediators533. To study the effect of DN hydrogels on macrophages, DN hydrogel was 
incubated with HYAL II enzyme until full material degradation. Recovered material, corresponding to the 
degraded hydrogel, is referred to as hydrogel degradation products (HDPs). The THP-1 human 
monocyte cell line was used for differentiation towards M0 (non-activated) and M1 (proinflammatory) 
macrophages, which were then exposed to HDPs. Both cell viability and release of proinflammatory 
cytokines including IL-6, TNF-α, IL-1β and MCP-1 following exposure to HDPs were assessed. In the 
context of cartilage scenario and inflamed synovium of the joints, we wanted to assess whether HDPs 
induce activation of M0 towards M1 macrophages, as well as exacerbate activity of M1. The experimental 
set-up is schematically depicted in Figure 8A. Exposure of M0 and M1 macrophages to increasing 
concentrations of HDPs did not lead to cytotoxicity when compared to positive control (Figure S8), 
indicating that HDPs are not cytotoxic, which is in line with the observed results with MSCs and DN 
hydrogel. Furthermore, both cell types were exposed to HDPs to evaluate the release of proinflammatory 
cytokines. Figure 8B-E shows the cytokine release by M0 macrophages. The secreted levels of all 
investigated cytokines showed a dose-dependent increase, thus suggesting that HDPs stimulate 
cytokines production. However, HDPs do not seem to be as efficient activator of M0 macrophages as 
LPS and IFNγ, which were used as control to mimic the maximum stimulation of M0 and polarization 
towards M1 phenotype. Next, the effect of HDPs was also evaluated on the activated M1 macrophages. 
Figure 8F-I shows the cytokine release profiles when M1 macrophages were exposed to HDPs. Also, in 
this case the lowest tested concentrations did not significantly influence cytokines production by M1 
macrophages, thus not exacerbating their activity and proinflammatory capacity. At higher 
concentrations, in particular 5 mg/ml, the levels of IL-6, TNF-α and IL-1β were significantly increased, 
whereas the MCP-1 production by M1 was not affected at any given concentration of HDPs.  
 
Being biopolymer remnants, HDPs could represent biologically active material capable of inducing a host 
reaction. In this context, macrophages are important cells, as they are the first to interact with such 
material in vivo. In this study the HDPs were observed to stimulate M0 macrophages at sufficiently high 
concentrations, but less efficiently than LPS and IFNγ. Furthermore, HDPs did not seem to modify 
inherent inflammatory activity of M1 macrophages at lower concentrations, whereas at higher 
concentrations it could deteriorate proinflammatory status. It has been reported that HA at low 
molecular weights (< 64 kDa534,535) is considered a DAMP (damage-associated molecular pattern) 
stimulus, mediating inflammatory reactions536,537. HDPs used in this study contain fragments of HA, at 
molecular weights lower than 80 kDa. Therefore, it can be expected that at increasing HDPs 
concentrations, the amount of HA also increases, thus leading to inflammatory events. On the other 
hand, CS which is also present in HDPs, has been reported to have anti-inflammatory properties, by 
reducing production of proinflammatory cytokines TNFα and IL-1β538,539. In contrast, CS has also been 
shown to exhibit proinflammatory properties in central nervous system disorders, through integration 
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of signals from the microenvironment and activation of immune cells540. In our study, however, HDPs 
are composed of mixture of CS and HA at low molecular weights, and therefore the overall response 
might depend on the balance between the two components and their biological activity.  
 
In view of possible regenerative cartilage applications, the concentrations of HDPs used in this 
experiment were in the range of the concentrations that would be reached if DN hydrogel (diameter 1 
cm, height 2 mm, 15 wt%) was fully and instantly degraded within synovium of the knee joint (~3.5 ml), 
without taking into consideration clearance of the synovial fluid. Therefore, it is highly unlikely that the 
highest investigated concentrations will be reached in an in vivo setting, thus arguing for a safe 
application of herein developed DN hydrogel. However, the safety aspects related to a possible clinical 
translation remain to be further investigated in appropriate animal models, from which more 
comprehensive and physiologically relevant conclusions could be drawn.  

CONCLUSIONS 
In this study, we investigated the suitability of a combination of dynamic bonds with different lifetimes, 
to produce CS/HA-based DN hydrogels that exhibit a wide range of useful properties, especially tunable 
viscoelasticity and stress relaxation, while maintaining stability and integrity. The integration of Diels-
Alder and hydrazone crosslinks in a single formulation proved to be an efficient way to impart hydrogel 
processability and self-healing features initially (due to quickly formed dynamic hydrazone bonds), but 
without sacrificing long-term structural integrity (due to Diels-Alder adducts). Importantly, the DN 
hydrogel could be easily fabricated in situ (pH 7.4, 370C), without applying external stimuli (e.g., UV light, 
temperature or changes in pH). Rheological analysis showed that hydrazone crosslinks displayed short 
lifetimes, in the order of ~800 s, whereas Diels-Alder crosslinks proved to be rather stable at 
experimental timescales. Moreover, the stress relaxation profile and viscoelasticity could be easily tuned 
by changing the mass ratio of Diels-Alder and hydrazone components. The results also demonstrated 
that DN hydrogel has the possibility to be used in extrusion-based 3D printing. Furthermore, both DN 
and SN-DA hydrogels showed remarkable swelling capacity and stability. The bulk degradation under 
physiological conditions can be predominantly ascribed to mechanically-induced retro-Diels Alder 
reactions. However, by physically restraining the hydrogels, stability was significantly improved, in 
addition to the osmotically-induced pressurization leading to stiffened constructs, which could 
potentially mimic cartilage mechanical properties. Finally, prepared hydrogels were non-cytotoxic to 
MSCs over 7 days, further demonstrating the attractive properties of the present biopolymer-based gels 
for biomedical applications. In the following studies, this system will be further explored as a bioink. 
Additionally, future studies will be directed towards cartilage regeneration applications, taking into 
consideration the promising swelling and mechanical properties found here.  
 
The approach employed in this study could be easily translated to other types of crosslinking chemistries 
(covalent, physical or dynamic covalent bonds) in order to achieve tunable viscoelasticity of hydrogel 
materials without sacrificing mechanical integrity and stability. We envision that multicomponent 
hydrogels (e.g., DN hydrogels) with different combination of dynamic crosslinks, could lead to smart, 
responsive and multifunctional soft materials with tunable and customizable properties494. 
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LETTER-TO-THE-EDITOR 
Dear Editor,  
We read with great interest the article titled “Platelet-Rich Plasma Does Not Inhibit Inflammation or 
Promote Regeneration in Human Osteoarthritic Chondrocytes In Vitro Despite Increased Proliferation” 
by Rikkers et al541 in the September 2020 issue of this journal. The use of platelet-rich plasma (PRP) in 
knee osteoarthritis (OA) has really exploded in the last decade or so. Though enough clinical evidence 
exists in this regard, good-quality in vivo and in vitro studies offering information of the effects of PRP 
in joint milieu are few. We would like to appreciate the authors for a well-thought and well-conducted 
study that offers insight into the effects of PRP on human osteoarthritic chondrocytes. However, we 
would like clarify a few points regarding the study and offer our viewpoint on the same. 
 
1. The donors used for chondrocytes in the study were the redundant material from total knee 

arthroplasty. The novelty of this study is that the authors have tried to culture the 
chondrocytes from osteoarthritic knee cartilage, and they have demonstrated that PRP has 
no effect in terms of inhibiting inflammation or promoting regeneration. This again proves 
the fact that PRP does not act in advanced OA stages. The best results of PRP are seen in 
early stages of knee OA, and multiple randomized controlled trials have established the 
clinical efficacy in early OA knee/ early degenerative chondropathy. In fact, the literature 
supports for the use of PRP in early stages and not in advanced stages.542 Previous in vitro 
studies have used healthy cartilage as source of chondrocyte culture543 and have 
demonstrated anti-inflammatory and cartilage promoting effects. If we are to analyze 
previous studies and the present study, the right conclusion is that PRP has anti-
inflammatory effects and chondro-protective effects in early OA and not in advanced OA. 

2. The knees that undergo total knee arthroplasty generally have an advanced OA in one of the 
compartments (mostly medial). The cartilage in the other compartments may not be affected 
at all. The authors have stated that they pooled all the available cartilage from each donor. 
How is this sample representative of human osteoarthritic chondrocytes when the normal 
and abnormal cartilage has been mixed together? A comparison of the effects of PRP on 
chondrocyte cultures from different grades of OA would have given better insights into how 
PRP influences chondrocytes. 

3. The effectiveness of PRP in early OA knee in terms of pain relief and functional improvement 
is best attributed to its anti-inflammatory effects, and previous studies have focused on 
synovium as the primary site of action of anti-inflammatory effect.544,545 Cartilage is usually 
studied for chondrogenesis and extracellular matrix production. Studies similar to the present 
one, if carried out on the synovium of advanced OA knees, may be a fruitful and a worth-
while experience, in order to truly demonstrate absence of anti-inflammatory effects. There 
are a few clinical trials that have demonstrated pain relief with PRP use in advanced stages 
of OA330 and that could be due to PRP effects on synovium, which we believe to be the main 
site of action. 

4. The details for the in vitro degradation profile for the fibrin and PRP gels must be highlighted. 
The PRP gels when activated with calcium chloride result in a burst of growth factors and 
they tend degrade early546 and may not last 28 days when evaluations are carried out. So, 
data on degradation profiles of these gels will give more clarity on the results that were 
found. In such a scenario, with the dilution and early degradation of PRP gels coming into 
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picture, multiple applications of PRP can be an option worth considering. The superiority of 
multiple applications of PRP over single application has been shown in animal studies4 as 
well as clinical studies,547 especially with respect to effects on the cartilage. 

5. The PRP concentration used in the study is approximately 2 times the baseline. Similar 
studies have used platelet concentrations in the range of 4 to 6 times the baseline.362,543 This 
low concentration of platelets combined with dilution at various stages in the form of low 
concentration of PRP used, addition of activator, and diluted fibrinogen and thrombin 
component may have resulted in low concentration of growth factors, which may have 
affected the results. 

 
6. The title is a negative reflection of PRP for normal average readers who may misinterpret the 

message that PRP has no anti-inflammatory effects in knee OA (after all it is human nature 
to get attracted to negative papers). Recall the editorial wherein PRP was called product rich 
in placebo,358 and quickly caught the attention of all readers and is widely quoted in 
conferences and debates by PRP antagonists. The message out of this paper is that PRP does 
not have anti-inflammatory effects in cartilage of advanced stages of OA. This should be read 
and interpreted with caution. There are a number of randomized controlled trials and meta-
analysis548–550 available today after 10 years of extensive research in this field to state that 
PRP is more effective than placebo and hyaluronic acid for early OA of the knee in terms of 
functional and pain scores. So, we conclude by saying that “PRP is more than placebo-rich 
plasma”. 

 

RESPONSE  
We thank the authors for their interest in and point of views on our recent study “Platelet-Rich Plasma 
Does Not Inhibit Inflammation or Promote Regeneration in Human Osteoarthritic Chondrocytes In Vitro 
Despite Increased Proliferation”541 published in this journal. We fully agree with their statement that the 
clinical use of platelet-rich plasma (PRP) for knee osteoarthritis (OA) on a large scale should be 
supported by qualitative in vitro and in vivo research, especially to gain more understanding of the 
mechanisms and effects of PRP.  
 

1. Indeed, as the authors highlighted, our in vitro study was performed with chondrocytes 
derived from tissue that was obtained from patients that underwent total knee 
replacement because of end-stage OA. The authors correctly conclude that we have 
demonstrated that the PRP we made did not show any effect on these OA chondrocytes 
in terms of inhibiting inflammation or promoting regeneration in vitro. Subsequently, the 
authors conclude that this study further proves the fact that PRP does not act in 
advanced OA stages, but does so in early OA. We agree with the authors that there is 
literature suggesting PRP is effective in early OA547 and there are recommendations PRP 
should be used in patients with symptomatic knee OA with Ahlback grades I to III or 
Kellgren-Lawrence grades I to III542. On the other hand, we would like to be more careful 
drawing a conclusion, as there are still many open questions regarding the efficacy of 
PRP, such as the optimal selection of the PRP and the patient. Moreover, most in vitro 
studies have been performed with chondrocytes obtained from redundant material after 
total joint replacement. Also, the study performed by Spreafico et al.543, in which 
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promoting effects on proliferation and cartilage tissue formation were observed, was 
performed with chondrocytes of macroscopically normal cartilage from total hip 
replacement surgeries due to OA. Although our samples are a mixture of mostly 
macroscopically healthy cartilage and some more fibrillar tissue, it is more likely that 
other factors, such as the PRP composition (6 times versus 2 times platelet 
concentration, 126 versus 60 ng TGF-beta / mL) play a more prominent role in explaining 
differences between the studies. Therefore, we strongly advocate for an uniform 
reporting system of the characteristics of PRP used in studies435.  

 
2. We are aware of the fact that we used cartilage tissue from patients with advanced OA for 

the chondrocyte isolation, and that the degree of cartilage degradation varies between the 
different locations in the knee, as this is also clearly reported in the experimental methods 
section of our manuscript. Osteoarthritis is a whole joint disease and all joint tissues may be 
involved to some extent. Significant changes in chondrocyte behaviour in very early models 
and stages of OA have been found previously, indicating a notable effect of the OA joint on 
the cells551,552. This suggests that these chondrocytes will perform differently than cells 
derived from a true healthy joint and are comparable to the cells used in our study. Regarding 
our isolation protocol, we have to further clarify certain issues, as the authors are concerned 
that our cartilage is not representative for OA. In this study, we have pooled the cartilage 
from all parts of the joint (condyles, tibial plateaus), in order to obtain a chondrocyte 
population that represents the status of the cartilage in the whole OA joint. Severely 
degraded/fibrillated cartilage is difficult to isolate from an OA knee and was, therefore, 
excluded. The authors recommend a comparison of effects of PRP on chondrocyte cultures 
from different grades of OA. We completely agree that such an experimental design would 
provide excellent insight into how PRP influences chondrocytes when used in various grades 
of OA and could back up further studies identifying what stages of OA and maybe even which 
patient populations could be most effectively treated with PRP. 

 
3. The authors emphasize that clinical effectiveness of PRP in early knee OA in terms of pain 

relief and functional improvement is best attributed to its anti-inflammatory effects and that 
previous studies have identified the synovium as the primary site of action of the anti-
inflammatory effect. We believe that this is an important observation and should be 
addressed in further ex vivo and in vivo studies. Indeed, many pro-inflammatory events take 
place in the synovium and it plays a big role in pain. However, in our in vitro study, we focused 
solely on the effects of PRP on OA chondrocytes, which also produce pro-inflammatory 
cytokines and matrix degrading enzymes in OA553. 

 
4. With regard to the authors’ remark about the degradation rate of the gels, we are aware of 

the fact that calcium activates platelets and growth factor concentrations in activated PRP 
or platelet lysate is increased, which we have shown in a previous study364 as well as in the 
current study541. The aim of this particular section of the current study was to investigate 
the capacity of our PRP gels to be used as a biomaterial for cartilage tissue engineering 
purposes. In general, studies clotting PRP to create a 3D biomaterial use CaCl2 to generate a 
hydrogel that is manageable and is able to incorporate cells323,326,362. The findings of this 
section of the manuscript do not relate to intra-articular injections of PRP and do not provide 
an answer whether activated or not activated PRP should be used for injection nor for effects 
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of single versus multiple injections. As the authors mention, there are in vivo and clinical 
studies performed that focus on these questions545,547. 

 
5. As per authors’ remark, the platelets are indeed about two times concentrated in the PRP we 

used in our study compared to the whole blood. It is well known that PRP varies a lot in 
composition and there are also commercially available and clinically used PRPs with a two-
times higher platelet concentration compared to the whole blood328,329,554,555. More knowledge 
is required on the influence of platelet concentration, as a recent in vitro study reported a 
dose- and time-dependent effect of a standardized PRP lyophilizate on chondrocytes556. In 
addition, thorough evaluation and characterization of any PRP product is extremely 
important, as we have clearly highlighted in the discussion of our study. As abovementioned, 
we highly support a uniform reporting system of the characteristics of PRP used in studies435.  

 
To conclude, we do not agree with the author’s statement that the title of our recent study is a negative 
reflection on PRP. The title of our study clearly states that we have performed an in vitro study in OA 
chondrocytes. In our view, our manuscript clearly highlights the specific experimental set-ups and 
conditions used for in vitro testing, thus the data reported does not create the impression that PRP is 
ineffective in knee OA and this conclusion cannot be drawn from our study. The study investigated the 
effects of PRP on one cell type derived from a pathological tissue, with clearly reported characterisations 
of the PRP. Under no circumstance we want to extrapolate these results to clinical effects. Therefore, 
we stand with the conclusions in our in vitro study that PRP showed a non-favourable effect on 
chondrocytes derived from OA cartilage. 
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3D  Three-dimensional 
αMEM  Minimal Essential Medium 
ACI  Autologous chondrocyte implantation 
ACL  Anterior cruciate ligament 
ACLT  Anterior cruciate ligament transection 
ACPC  Articular cartilage-derived progenitor cell 
ALP  Alkaline phosphatase 
ASAP  l-ascorbic acid 2-phosphate 
ASC  Adipose-derived stem cell 
ATP  Adenosine triphosphate 
BM  Bone marrow 
BMC  Bone marrow concentrate 
BMP  Bone morphogenic factor 
BSA  Bovine serum albumin 
CaP  Calcium phosphate 
CFE  Colony-forming efficiency 
CH  Chondrocyte 
CS  Chondroitin sulfate 
CSMA  Chondroitin sulfate methacrylate 
CT  Computed tomography 
DAF  Differential adhesion to fibronectin 
DMEM  Dulbecco’s Modified Eagle Medium 
DNA  Deoxyribonucleic acid 
ECM  Extracellular matrix 
EDTA  Ethylenediaminetetraacetic acid 
EMBASE Excerpta Medica Database 
ESC  Embryonic stem cell 
EV  Extracellular vesicle 
FACS  Fluorescence-activated cell sorting 
FBS  Fetal bovine serum 
FGF  Fibroblast growth factor 
FN  Fibronectin 
GAG  Glycosaminoglycan 
gelMA  Gelatin methacrylate 
HA  Hyaluronic acid 
HAMA  Hyaluronic acid methacrylate 
HLA  Human leukocyte antigen 
HSA  Human serum albumin 
ICRS  International Cartilage Regeneration and Joint Preservation Society 
IFP  Infrapatellar fat pad 
IFS  Inter-fibre spacing 
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IGF  Insulin-like growth factor 
IKDC  International Knee Documentation Committee 
IMPACT Instant MSC Product accompanying Autologous Chondrocyte 

Transplantation 
iPSC  Induced pluripotent stem cell 
ISCT  International Society for Cellular Therapy 
ITS-X  Insulin-transferrin-selenium-ethanolamine 
MACT  Matrix-assisted autologous chondrocyte transplantation 
MEW  Melt electrowriting 
MgP  Magnesium phosphate 
MHC  Major histocompatibility complex 
MSC  Mesenchymal stromal cell 
MV  Microvesicle 
NGF  Nerve growth factor 
OA  Osteoarthritis 
OARSI  Osteoarthritis Research Society International 
OAT  Osteochondral autograft transplantation 
OCD  Osteochondritis dissecans 
PBS  Phosphate-buffered saline 
PCL  Poly(ε-caprolactone) 
PCR  Polymerase chain reaction 
PDGF  Platelet-derived growth factor 
PL  Platelet lysate 
PRG4  Proteoglycan 4 
PRISMA  Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
PROSPERO International Prospective Register of Systematic Reviews 
PRP  Platelet-rich plasma 
PSI  Patient-specific instrument 
RCT  Randomized controlled trial 
RNA  Ribonucleic acid 
ROS  Reactive oxygen species 
SF  Synovial fluid 
Sr  Strontium 
SVF  Stromal vascular fraction 
TE  Tissue engineering 
TGF-β  Transforming growth factor beta 
TKA  Total knee arthroplasty 
TNF-α  Tumor necrosis factor alpha 
TNT  Tunneling nanotube 
VCAM  Vascular cell adhesion molecule 
VEGF  Vascular endothelial growth factor
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Gewrichtskraakbeen is de witte, glanzende laag die de uiteinden van lange botten bedekt en 
mechanische lading en schokken absorbeert. Hierdoor beweegt het gewricht soepel en 
pijnloos. Schade aan het gewrichtskraakbeen is een veelvoorkomend probleem dat de patiënt 
beperkt in functionele activiteit en de kans op de ontwikkeling van artrose op jonge leeftijd 
verhoogt. Vervanging van het kniegewricht in jonge patiënten verhoogt op zijn beurt de kans 
op een revisie-operatie, welke over het algemeen minder succesvol is dan de eerste kunstknie.  
 
Vanwege de afwezigheid van bloedvaten in het kraakbeen, is dit weefsel zeer gelimiteerd in 
zijn intrinsieke herstellend vermogen. De huidige gouden standaard voor het behandelen van 
kraakbeendefecten groter dan 2 cm2 is ‘autologe kraakbeen cel (chondrocyte) implantatie’ 
(ACI). Dit is een techniek bestaande uit twee operaties, waarbij in de eerste operatie een klein 
stukje kraakbeen wordt geoogst, waaruit kraakbeencellen in het laboratorium worden 
geïsoleerd en vermenigvuldigd. In een tweede operatie worden de cellen geïmplanteerd in het 
kraakbeendefect, waarna ze nieuw kraakbeenweefsel vormen. Kleinere defecten in het 
kraakbeen kunnen worden behandeld door middel van microfractuur, waarbij kleine gaten 
worden gemaakt in het blootliggende bot in het kraakbeendefect. Hierdoor kan beenmerg het 
defect opvullen en regeneratie van het kraakbeen worden gestart. Gezien de complexiteit van 
artrose variëren behandelingen van deze aandoening van injecties in het gewricht tot 
vervanging van het complete gewricht met een implantaat. Kraakbeenbehoud kan in het geval 
van unilaterale (of eenzijdige) artrose onder andere worden bereikt met een 
standsbeencorrectie. Hiervoor wordt door middel van het doorzagen van het bot in het boven- 
of onderbeen (osteotomie) de as van het standbeen veranderd en de gewichtsverdeling 
verplaatst naar het onaangedane kniecompartiment. 
 
Tot op heden is het zeer moeilijk gebleken om de natuurlijke structuur van kraakbeen te 
herstellen. Naast het feit dat patiënten twee operaties moeten ondergaan voor een ACI 
behandeling, verliezen kraakbeencellen buiten het lichaam deels hun vermogen tot het vormen 
van gewrichtskraakbeen, wat leidt tot een nieuw gevormd kraakbeen van verminderde 
kwaliteit. Dit proefschrift bestaat uit twee delen, waarbij het gemeenschappelijke doel van alle 
hoofdstukken is om de huidige behandelingen voor kraakbeenschade te verbeteren of nieuwe 
methodes te ontwikkelen voor het voorkomen van de ontwikkeling van artrose. 

DEEL I – STAMCEL-GEBASEERDE STRATEGIEËN  

Deel I van dit proefschrift is gericht op de verbetering van stamcel-gebaseerd 
kraakbeenherstel en communicatie tussen celtypes die dit herstel faciliteren te onderzoeken. 
In hhooooffddssttuukk  22 wordt de huidige literatuur over een subtype kraakbeencellen systematisch 
samengevat. Onderzoek naar deze progenitor (of voorloper) cel laat zien dat deze de potentie 
heeft om autologe kraakbeencellen te vervangen in de ACI procedure. Daarnaast lijkt het 
celtype interessant om te gebruiken in tissue engineering benaderingen, door de uitgebreide 
mogelijkheid tot het vermeerderen van de cellen met behoud van kraakbeenvormend 
vermogen. HHooooffddssttuukk  33 laat met in vitro experimenten zien dat deze subpopulatie van 
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progenitor cellen uit zowel gezond als beschadigd kraakbeen geïsoleerd kan worden en sneller 
vermeerdert dan normale kraakbeencellen die in de ACI procedure gebruikt worden. Daarnaast 
zijn de progenitor cellen succesvol in het vormen van nieuw kraakbeenweefsel. In hhooooffddssttuukk  44 
wordt met een vergelijkbare methode aangetoond dat een progenitor populatie ook aanwezig 
is in de meniscus, een kraakbeenachtige structuur in de knie. Ook deze voorloper cel is in staat 
om kraakbeenweefsel te vormen en daardoor een potentiële alternatieve bron van cellen voor 
kraakbeenbehandelingen. In hhooooffddssttuukk  55 is specifieker gekeken naar een combinatie van twee 
celtypes die gezamenlijk in één operatie in een kraakbeendefect geïmplanteerd kunnen 
worden. Dit hoofdstuk onderzoekt specifiek het transport van mitochondriën, celorganellen 
die voornamelijk verantwoordelijk zijn voor de energiehuishouding. Deze studie laat zien dat 
mitochondriën van mesenchymale stromale cellen (of mesenchymale stamcellen; MSCs) 
vervoerd worden naar kraakbeencellen, wanneer deze twee celtypes samen gekweekt worden. 
Ook laat dit hoofdstuk zien dat het transport van MSC-mitochondriën op zichzelf in ieder 
geval deels verantwoordelijk is voor een toename in kraakbeenproductie van de 
kraakbeencellen. 

DEEL II – LICHAAMSEIGEN SUBSTANTIES VOOR GEWRICHTS-
REGENERATIE (ORTHOBIOLOGICS) 
Deel II van dit proefschrift onderzoekt mogelijkheden tot het gebruik van orthobiologics voor 
het stimuleren van kraakbeenvorming door kraakbeencellen, of voor het vertragen van 
progressieve schade aan het kraakbeen. HHooooffddssttuukk  66 laat zien dat bloedplaatjes lysaat (een 
lichaamseigen product dat uit bloed verworven kan worden) kan worden gebruikt om 
kraakbeencellen sneller te vermeerderen in het laboratorium. Hierbij behouden de cellen een 
verhoogde capaciteit tot het vormen van kraakbeenweefsel, in vergelijking met de gangbare 
manier van vermeerderen waarbij serum wordt gebruikt. In hhooooffddssttuukk  77 wordt onderzocht wat 
de effecten zijn van plaatjes-rijk plasma (PRP), een product dat wordt gebruikt voor injecties 
in de knie bij beginnende artrose, op kraakbeencellen in vitro. Deze studie laat zien dat de anti-
inflammatoire en kraakbeen-stimulerende effecten van PRP op kraakbeencellen alleen 
minimaal zijn en suggereert dus een samenspel van meerdere celtypes en weefsels in het 
klinische effect van het product. In hhooooffddssttuukk  88 wordt door middel van een multidisciplinaire 
aanpak een oplossing geboden voor een klinisch probleem na een standsbeencorrectie. Bij een 
standsbeencorrectie (osteotomie) waarbij een open wig achterblijft, kan de patiënt veel pijn 
ervaren en vindt er soms geen heling van het bot plaats. Door middel van driedimensionaal 
(3D) modelleren van de wigopening vanuit CT scans, wordt een passend implantaat 3D-
geprint in een biomateriaal, waarin MSCs of lichaamseigen beenmergconcentraat gezaaid kan 
worden. Deze studie legt de basis voor een regeneratief botimplantaat dat mogelijk 
postoperatieve pijn voor de patiënt vermindert en tegelijkertijd botgroei faciliteert. 
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CONCLUSIES EN IMPLICATIES 

Het regenereren van gewrichtskraakbeen blijft tot op heden een knelpunt, zowel op klinisch 
gebied alsook op het gebied van tissue engineering. De resultaten van dit proefschrift laten 
zien dat verschillende (stam) cellen of cel-combinaties, maar ook orthobiologics ingezet 
kunnen worden om de vorming van gewrichtskraakbeen door kraakbeencellen te stimuleren. 
Ook wordt de toepassing van beenmergconcentraat geëxtrapoleerd naar een indirecte 
toepassing voor het behoud van gewrichtskraakbeen. Deze resultaten kunnen in de toekomst 
gebruikt worden om bestaande kraakbeenbehandelingen te verbeteren of nieuwe 
regeneratieve behandelingen te ontwikkelen. Ook biedt het de mogelijkheid om de beschreven 
producten te gebruiken in de ontwikkeling van regeneratieve gewichtsimplantaten, waarbij 
verschillende technieken en materialen gecombineerd worden om de gewrichtsarchitectuur 
succesvol na te bootsen. 
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Het enige deel van dit proefschrift waarvan ik zeker weet dat iedereen het leest. Een 
proefschrift schrijf je niet alleen. De afgelopen jaren hebben ontzettend veel mensen mij 
gesteund, zowel binnen als buiten het UMC Utrecht.  
 
Promotor en co-promotoren 
Geachte Professor dr. ir. Malda, beste Jos. Al paste mijn onderzoek en interesse niet helemaal 
binnen jouw straatje, toch nam je mij zonder twijfel op in je steeds groter wordende groep. Ik 
heb hierdoor kennis mogen maken met (voor mijn gevoel) honderd verschillende manieren 
van bioprinten. Het was fijn om zo veel mensen met diverse achtergronden om me heen te 
hebben, ik heb hier enorm veel van geleerd. Volgens mij is de rek er nog lang niet uit, wordt 
het niet tijd voor een eigen gebouw? Bedankt voor jouw altijd kritische kijk op mijn werk, om 
er maar voor te zorgen dat dat het altijd een stukje beter werd. Bedankt voor je vertrouwen 
in me, we komen elkaar vast nog eens tegen! 
 
Geachte dr. Vonk, beste Lucienne. Dank voor de afgelopen 6 jaar. Vanaf mijn eerste stagedag 
wist ik dat ik bij jou in goede handen was. Door je ongelofelijke liefde voor het vak, zowel het 
lab als de kliniek en vooral de connectie tussen beide, heb je mij hier ook mee aangestoken. Ik 
heb op beide gebieden enorm veel van je geleerd. Jij was ook degene die mij leerde dat een 
week maar vijf werkdagen heeft, iets wat mij met twee voeten op de grond heeft gehouden. 
Zelfs op afstand nam je nog alle tijd en moeite om me van hulp en advies te voorzien, wat ik 
als ongelofelijk waardevol heb ervaren. Je bent een bewonderenswaardige carrière aan het 
opbouwen waarin je altijd doet wat jou energie geeft. Ik wens je het allerbeste voor wat de 
toekomst jou en je gezin gaat brengen. Er gaan zeker nog meer glühwein- of karaoke-avondjes 
in Nederland, Duitsland of daarbuiten plaatsvinden! 
 
Dear dr. Levato, dear Riccardo. Although your involvement started when I was already halfway 
through my PhD track, I am grateful for all your help in the harder second half of my PhD. 
Thank you for all your valuable advice, scientific input, and great conversations. I admire the 
big steps you are taking in your career and I wish you all the best for the future!  
 
Reading committee 
Dear members of the reading committee, thank you for taking the time and effort to read 
and assess this thesis. 
 
Paranimfen 
Lieve Hester, lieve zus. Over de jaren zijn we steeds een stukje verder naar elkaar toegegroeid. 
Ik heb altijd genoten als je ‘even’ deze kant op kwam om Utrecht in te gaan of gewoon voor 
een logeeradresje als je naar een cursus moest. Het is ook erg fijn om altijd even bij te kletsen 
met een kopje koffie als we weer een bliksembezoek aan de Achterhoek brengen. Onze reis 
naar New York samen was er eentje om gauw weer over te doen! Het geeft me een fijn gevoel 
dat je vandaag naast me staat tijdens zo’n belangrijk moment. Bedankt voor alles! 
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Geachte dr. (bijna dubbele dr.) Korpershoek, Lieve Jasmijn. Bedankt dat je 4 jaar PhD voor 
mij tot een geweldige tijd hebt gemaakt. Ondanks wat kleine tegenvallers (hoe vaak hebben 
we die progenitors gedifferentieerd?), heeft de Firma Rikkers & Korpershoek al die tijd op volle 
toeren gedraaid. We hebben memorabele bezoekjes mogen brengen aan Rome, Canada en 
Berlijn (Lunteren en Antwerpen tellen we voor het gemak maar even niet mee). Ik ben blij dat 
we nog lang niet van elkaar af zijn. Naast een geweldige collega heb ik ook een topvriendin 
aan je overgehouden, bedankt! 
 
Collega’s  
Collega’s van het RMCU-Ortholab, het is gek om na meer dan vier jaar niet meer elke dag het 
lab binnen te stappen. Ik wil iedereen bedanken voor de gezellige gesprekken, hulp en input bij 
projecten, alle taart, koekjes en chocolade, en leuke lunches inclusief tripjes naar Genmab. 
Thank you all! 
 
Margo, hoe leuk was het om een bijna-naamgenoot als collega te hebben? Hoeveel repen 
chocolade hebben we nog tegoed (Jos, lees je mee?)? Bedankt voor alle gezelligheid in de 
afgelopen jaren. Heel veel succes met de laatste loodjes van jouw promotie, you can do it! 
 
Mylène, Leidsche Rijn-buurvouw! Het was geweldig om met jou samen te werken, skilessen te 
nemen, te borrelen, Berlijn te ontdekken en jouw ongekende enthousiasme voor de 
wetenschap mee te mogen maken. De lockdown-brainstormsessie heeft tot een prachtig 
hoofdstuk in dit boekje geleid. Ik heb veel bewondering voor wat je aan het doen bent. Dream 
big, je gaat er zeker komen! 
 
Iris, last minute RegMed collega. Jij hebt de laatste maanden van mijn promotie nóg een stukje 
gezelliger gemaakt. Hoewel het ons in het lab niet altijd meezat (zijn die gels überhaupt ooit 
goed gegaan?), vond ik het super om een sparringpartner erbij te hebben. Veel succes met 
jouw volgende stappen en vast tot snel!  
 
Nasim, thank you for your contribution to the osteotomy project. Without your knowledge, 
printing skills and hard work, the chapter wouldn’t have been as it is now. 
 
Jasper, heb je je gehoor al terug na de rodelbaan? Wat was het leuk om samen het Orthofeest 
te organiseren! Ik vond het super dat je zo veel interesse had in labwerk en gaandeweg alle 
kneepjes van het vak onder de knie kreeg. Veel succes met het afronden van je promotie en je 
werk bij the X. 
 
Koen, niet mijn stagebegeleider maar toch wel een beetje. Bedankt voor alle momenten dat ik 
bij je bureau langs kon komen en je meteen alles uit je handen liet vallen om te helpen. Ook 
bedankt voor je voorwerk voor het MitoTransfer project, het is een prachtig hoofdstuk 
geworden. 
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Mattie, naast lab-alwetende ook vast lid van de vrijdagmiddag-harde kern. Ongelofelijk veel 
dank voor al die keren dat je me uit de brand hebt geholpen (zelfs op zondag kwam je 
aanfietsen!). Ook was ik zonder jouw hulp met geen mogelijkheid die berg richting Gerlos 
overgekomen. Ik vond het erg leuk om samen te werken, maar nog meer om samen te skieën 
en borrelen, dank voor alles!  
 
Anneloes en Inge, bedankt voor jullie hulp, flexibiliteit en voortdurende bereidheid om mijn 
werk een stukje makkelijker te maken! 
 
Mannen (en vrouwen) van Q. Bedankt voor jullie gezelligheid, klinisch relevante en minder 
relevante input en natuurlijk alle limoncello (of was het meloncello?). Chien, bedankt voor je 
eindeloze inzet voor het osteotomie project! Zonder je hulp was het me nooit gelukt. Dank 
allemaal voor alle borrels, bitterballen, speciaalbiertjes, Oktoberfesten, Orthoski’s en 
karaokeavonden (wanneer weer Ome Willem?). 
 
Roel en Nienke, zonder jullie aanvoer van kraakbeen had ik veel van mijn labwerk niet kunnen 
doen, dank hiervoor. Ook bedankt voor het altijd openstellen van de OK, zodat ik weer kon 
zien waarvoor ik onderzoek deed. Daarnaast waardeer ik jullie input voor het osteotomie 
project ook ontzettend! 
 
Laura, bedankt voor de waardevolle input die je keer op keer gaf voor mijn projecten. 
 
Brenda, bedankt voor het altijd bereid zijn een gaatje te vinden om een meeting in te schieten. 
Ook bedankt voor de gezellige gesprekken! 
 
RegMed XB collega’s, dank voor de gezellige samenwerking! Helaas waren er niet zo veel 
congressen samen als we gewild hadden, maar er komt vast nog wel eens een mogelijkheid 
om te borrelen. Keita, thank you for the endless amount of energy you put into the RegMed 
team. I always valued your input! 
 
Studenten 
Sophie, Duilia, Bastiaan (ookal was je niet helemaal ‘mijn’ student), Gabriel en Fleur. Bedankt 
voor jullie hulp bij mijn projecten! 
 
Vrienden 
Lieve Carline, Anouk, Bente en Sanne, lieve Gerda’s. Meiden van het eerste uur! Sinds de 
basisschool hebben we er al talloze gezellige uurtjes samen op zitten. Het is voor mij 
ongelofelijk waardevol geweest om altijd even te ontstressen als ik met jullie ben. Hoewel ik 
een klein beetje uit de richting ben gaan wonen, geniet ik altijd volop als we weer kunnen 
bijkletsen met een wijntje. Op nog heel veel jaren vriendschap en gekke avondjes! 
 
Dear Maya, I’ll write your part in English, for your convenience. Thank you for all the coffee 
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breaks in the Hubrecht and Friday beers. Thank you for being my lockdown partner-in-crime. 
To many more years of friendship, laughter, science (and non-science) chats, borrels on the 
terras, trips to Mallorca, bitterballen and Tripel Karmeliet. You have become more Dutch than 
I am in these last 7 years. I couldn’t have wished for a better friend!  
 
Dominik en Inès, Isabelle en Heiko, Femke en Bob, Renée en Frans, Julia, oud-huize 
Achtersteboven. Het eerste jaar van mijn promotie heb ik overleefd terwijl ik nog elke avond 
iets te lang bleef hangen. Gaan we de huisweekendjes naar Londen weer oppakken?  
 
Lieve Snackies, via Jasmijn heb ik me mogen onderdompelen in jullie markante snack- en 
sportcultuur. Nadat ik met haar ‘het ergste al had gehad’, moest het met de rest van jullie wel 
goed komen. Bedankt voor jullie gezelligheid op en naast het volleybalveld! 
 
Lieve vrienden en parels uit Soest, bedankt voor jullie gezelligheid en het warme bad waar ik 
in ben beland! Irina, heel erg bedankt voor het meedenken over de cover. 
 
Familie 
Lieve Judith, Maarten en lieve kleine Beau. Wat is het snel gegaan hè? Binnen twee jaar was 
de familie uitgebreid met drie personen. Ik ben ontzettend blij dat ik jullie heb mogen leren 
kennen. Bedankt voor jullie steun en interesse tijdens mijn promotietraject! 
 
Lieve Til en Hein. Wat heb ik een geluk met jullie als schoonouders. Het is ongelofelijk fijn om 
te weten dat ik altijd even langs kan wippen voor een bakje koffie of het vervangen van een 
autolampje. Heel erg bedankt dat jullie altijd voor Michel en mij klaarstaan! 
 
Lieve Hester en Tom. Met jullie is het altijd gezellig! Of we nu een rondje mountainbiken (vaker 
doen!) of een avond verplicht speciaalbier moeten drinken. Het is erg leuk om te zien hoe jullie 
samen je leven hebben opgebouwd. Bedankt voor jullie gezelligheid en de altijd openstaande 
deur in Westendorp!  
 
Lieve Mama en Papa. Bedankt voor jullie eindeloze steun en enthousiasme voor wat ik aan 
het doen ben. Waar ik ook heen verhuisde, jullie stonden altijd voor me klaar (binnenkort de 
laatste keer verhuizen, beloofd!). Ik ben jullie enorm dankbaar voor de fijne thuisbasis waarop 
ik altijd terug kan vallen. Ik ben trots dat ik op jullie beiden lijk. 
 
Lieve Mich. Wat ben ik blij dat ik jou heb leren kennen. Het geeft me een heerlijk gevoel om 
jou naast me te hebben. Bedankt voor je oneindige interesse in mijn onderzoek. Ik heb veel 
bewondering voor wat je aan het doen bent en ben ongelofelijk trots op je! We gaan nooit 
stoppen met genieten, ik hou van je.  
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Margot Rikkers was born on the 1st of February 1994 in 
Doetinchem, The Netherlands. After graduating high 
school in 2012 (Ulenhofcollege, Doetinchem), she moved 
to Utrecht to obtain a bachelor degree in Biomedical 
Sciences at Utrecht University. During her bachelor, she 
gained interest in the field of regenerative medicine 
through a research internship on liver stem cells and 
organoids at the veterinary department of Utrecht 
University, under supervision of dr. Bart Spee.  
 
In 2015, Margot started the masters programme 
Regenerative Medicine and Technology (Utrecht 
University and Eindhoven University of Technology). During this period, her interest in the 
field or orthopaedics was sparked by a major research project in the group of dr. Lucienne 
Vonk at the University Medical Center (UMC) Utrecht. In this internship, she spent a year 
investigating the chondrogenic effects of cocultures of cartilage cells and mesenchymal 
stromal cells (MSCs). Additionally, she explored the potential of the blood-derived product 
platelet-rich plasma (PRP) to be used as a 3D biomaterial for cartilage tissue engineering. 
Margot’s literature thesis was performed at the Utrecht Institute of Pharmaceutical Sciences 
(Utrecht University) on the clinical potential of MSCs for kidney regeneration, under 
supervision of Prof. Roos Masereeuw. For her minor internship, she moved to Liverpool, 
United Kingdom, to carry out a project at the University of Liverpool. She investigated the 
differentiation potential of human bone marrow-derived MSCs upon prolonged culture-
expansion under supervision of Prof. Anthony Hollander and dr. Anna Salerno.  
 
After obtaining her master’s degree in 2017, Margot started her PhD in November 2017 at 
the department of Orthopaedics at the UMC Utrecht, under supervision of Prof. dr. in. Jos 
Malda, dr. Lucienne Vonk, and dr. Riccardo Levato. The project was part of the Osteoarthritis 
Moonshot of the Regenerative Medicine Crossing Borders (RegMed XB) virtual institute, 
which aims at using regenerative strategies to cure common chronic diseases.  
 
In January 2022 Margot started working as a clinical research associate at a contract research 
organization, focused on medical devices. In this role, she utilizes her knowledge on preclinical 
and clinical research in orthopedics and various other fields. 
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