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OOsstteeooaarrtthhrriittiiss  ooff  tthhee  kknneeee,,  aa  bbuurrddeenn  ooff  ddiisseeaassee  

Osteoarthritis (OA) is one of the most important causes of disability in the elderly 
population, affecting over 500 million people worldwide1. With an ageing 
population, increase in prevalence of obesity1, and additional increasing numbers of 
sports injuries contributing to OA, the burden of knee OA is expected to increase 
even further in the future.  Although hand OA is the most common type of OA2-4, 
knee OA accounts for almost 80% of the burden of OA worldwide5, 6, as it affects the 
patient’s locomotive and consequently the patient’s overall body health. Physical 
inactivity, as a result of affected locomotion, is a primary cause of chronic diseases7. 
In addition, these co-existing conditions such as heart disease, diabetes, or mental 
health problems are associated with increasing morbidity and mortality rates1, 8.   

HHeeaalltthhyy  jjooiinntt  hhoommeeoossttaassiiss    

The human knee joint makes our body mobile, allowing us to walk, run, and play 
different types of sports. Inside the knee, multiple intra-articular tissues, maintaining 
healthy joint homeostasis, can be recognized (FFiigguurree  11..11). Joint homeostasis is 
determined by complex interactions between tissues, cells, and molecules involved 
in signaling pathways regulating remodeling, restoration, and destruction9, 10. A 
healthy joint requires a balance between these molecular signals, which is 
determined by cells, tissues, and cell- and/or tissue interactions within the joint10. If 
the joint is damaged, such as with OA, healthy joint homeostasis is disturbed and 
tissue destruction is enhanced10.  

The knee joint connects the femur (upper bone of the leg) with the tibia (lower bone 
of the leg). The connecting ends of these bones are covered by a layer of 2 to 4 mm 
articular hyaline cartilage that provides a smooth, shock-absorbing surface for 
articulation and load transmission11. This cartilage is a type of connective tissue, 
consisting of water (65-80% of wet weight), collagens (60% of dry weight), 
proteoglycans (10-15% of wet weight), and other glycoproteins11. For extension of 
the knee, the patella forms the anterior compartment of the knee joint. This patella 
is covered with one of the thickest layers of articular cartilage in the human body.  

Two other fibrocartilaginous tissues inside the joint lay between the tibia and the 
femur: the menisci. These menisci function as additional protection of the articular 
cartilage by spreading the load, absorbing shocks, as well as stabilizing and 
lubricating the joint12. For anterior-posterior rotational stability of the joint, the 
anterior and posterior cruciate ligaments connect the tibia with the femur13. The 
inner surface of the joint is covered by a synovial membrane or synovium. It provides 
a non-adherent movable surface while lubricating the cartilage surface (synovial 
fluid) and providing nutrients14. The synovial membrane is also involved in the 
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inflammatory response, producing chemokines and cytokines14. The infrapatellar fat 
pad (IPFP), or Hoffa’s fat pad (HFP), is located outside the synovial cavity, inside the 
knee capsule, and underneath the patella tendon15, 16. The function of this highly 
vascularized adipose tissue is not completely known15, but has been shown to be 
involved in inflammatory processes by secretion of inflammatory mediators16. It is 
therefore expected to play an important role in maintaining healthy joint 
homeostasis. 

FFiigguurree 11..11.. Anatomy of the knee: frontal (left) and parasagittal (right) view of the knee. The 
human knee consists of two long bones (femur and tibia), connected by the anterior crucial 
ligaments, and the patella. These bones are covered with a layer of articular hyaline cartilage. 
In between those articular cartilage layers lay two menisci, also consisting of cartilage. A 
lubricant that facilitates movement, synovial fluid, fills up the synovial cavity, sealed by the 
synovium or synovial membrane. The infrapatellar fat pad or Hoffa’s fat pad is located 
outside the synovial membrane under the patellar ligament. The image was created with 
permission from Servier Medical Art, licensed under a Creative Common Attribution 3.0 
Generic License. http://smart.servier.com/. Created with BioRender.com.

Every articular joint has one of these well-vascularized fat pads17. Throughout the 
body, white adipose tissue in general has been acknowledged as metabolically active 
organ17, 18. Alongside its function in joint stability and shock absorbance, it stores 
lipids and controls the metabolic balance by functioning as endocrine organ17, 19.  
Within the joint, the articular fat pad has been associated with joint pathologies 
including OA20. Its role however, in maintaining healthy joint homeostasis, remains 
unknown17. The largest articular fat pad in the knee joint, the IPFP, has been 

1
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described as endocrine organ due to its high vascularity17, 19 and has been suggested 
to play an important role as sensory organ due to the presence of nerve fibers17.  The 
IPFP has been shown an important contributor to anterior knee pain after joint 
trauma17, 21, as well as inflammation and progression of knee OA17, 22.  

DDiissttuurrbbeedd  jjooiinntt  hhoommeeoossttaassiiss::  oosstteeooaarrtthhrriittiiss  

William Hunter once stated in 1743: "If we consult the standard Chirurgical Writers 
from Hippocrates down to the present age, we shall find, that an ulcerated cartilage 
is universally allowed to be a very troublesome disease; that it admits of a cure with 
more difficulty than carious bone; and that, when destroyed, it is not recovered"23. 
The breakdown of cartilage and underlying bone, with the lack of regenerative 
potential of cartilage, is the leading cause of a degenerative disease called OA24. OA’s 
increasing prevalence and incidence are associated with age, making it one of the 
most common joint diseases in the world25.  

Patients suffer from progressive pain, swelling, (morning) stiffness, and mobile 
disability, reducing the quality of life24, 26, 27. OA affects the whole joint and is 
characterized by inflammatory pathogenesis24, synovial thickening, and cartilage 
degradation among others24 (FFiigguurree  11..22).  

Progressive loss of cartilage may eventually lead to patient’s disability. Alongside 
age25, genetics28, obesity29, gender30, (sports) injury31, 32, ethnicity33, and joint 
abnormalities33 are the most common risk factors for its development. OA can 
develop in any joint with articular cartilage, but is most prevalent in hand and fingers, 
hip, and knee33. For OA in the knee, factors such as overweight, obesity, and lifestyle 
play an important role in its development due to its loadbearing capabilities. 
Diagnosis and treatment of OA, already in or before the early stages of its 
development, towards the end-stage of OA, can have a huge societal impact for the 
patient and even improve quality of life.  

OOsstteeooaarrtthhrriittiiss::  ddiiaaggnnoossiiss  aanndd  ccuurrrreenntt  ttrreeaattmmeenntt  ooppttiioonnss  

Clinically, OA is diagnosed using a standing knee radiograph, showing joint space 
narrowing, osteophyte formation, thickening of the bone, and bone cysts24. The 
severity of OA can be determined for example by using the Kellgren-Lawrence (KL) 
grading scale24, 34 (FFiigguurree  11..33). The first line of joint-preserving treatment options for 
OA focuses on exercise, diet, and weight loss35-37, the use of braces38, and/or 
pharmacological treatment of symptoms such as pain or inflammation by non-
steroidal anti-inflammatory drugs (NSAIDs)39.  
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FFiigguurree 11..22.. Representation of a healthy knee (left) vs osteoarthritic knee (right). Synovial 
thickening and inflammation, cartilage degradation, formation of bone spurs, bone sclerosis 
and cyst formation, and bone edema characterize osteoarthritis in the knee. Created with 
BioRender.com.

FFiigguurree 11..33.. Radiographic representation of the original (1957) Kellgren-Lawrence (KL) 
classification for osteoarthritis in the knee34. A healthy knee is described as a joint without 
joint space narrowing (KL 0), a knee with minor-mild osteoarthritis (KL 1-2) shows joint space 
narrowing with osteophyte formation, and a knee with mild-advanced osteoarthritis (KL 3-4) 
shows joint space narrowing with osteophyte formation and bone deformation. Eventually, 
bone will get sclerotic (KL 4). Used with permission. 

1
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One of these NSAIDs is celecoxib. Celecoxib is a selective cyclooxygenase (COX) 2 
inhibitor, known for its inhibition of prostaglandins (PGs), a class of molecules 
involved in inflammation40, 41 (FFiigguurree  11..44). The chondroprotective effect of celecoxib 
is disputed, with studies showing its chondroprotective effect ex vivo and in vivo42-47 
or, on the contrary, the lack of chondroprotective effect48-50. Contradiction of the 
effect of celecoxib on cartilage, and the results found in currently existing literature, 
might be dependent on differences in study design, way of administration, or 
dosage, among other factors51.  

FFiigguurree  11..44.. Simplified overview of the working mechanism of Celecoxib on cyclooxygenase 2 
(COX-2) and its underlying pathway. Celecoxib is known to inhibit prostaglandins, resulting in 
a decrease in proteoglycan synthesis and an increase in collagen type II and apoptosis41. 
Additionally, it alters gene expression in osteoarthritis patients, inducing the release of 
proteolytic enzymes like a disintegrin and metalloproteinase with thrombospondin motifs 5 
(ADAMTS5) and matrix metalloproteinases (MMPs). Created with BioRender.com. 

Numerous studies, showing a variety in study design and inconsistency in results, 
have been studying intra-articular administration of celecoxib and its 
chondroprotective effect on cartilage. In tthhiiss  TThheessiiss, in CChhaapptteerr  33, the effect of 
celecoxib on cartilage after a single bolus intra-articular injection was studied. This 
technique has not been used in the clinic yet, but might have its advantages over 
possible severe side effects after oral administration47. The use of NSAIDs can be 
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accompanied by possible adverse events such as gastrointestinal or cardiovascular 
complication due to inhibition of COX-2 and COX-147, 52. Local, intra-articular 
administration of celecoxib could have a more effective chondroprotective effect on 
cartilage and possibly prevent adverse events already known for oral administration 
of celecoxib.  

If the use of NSAIDs such as celecoxib or other painkillers such as opioids, lifestyle 
changes, and physiotherapy are insufficient to treat the symptoms of OA, often 
intra-articular injections of corticosteroids or hyaluronic acid are executed until total 
joint arthroplasty53.  

TThhee  ((llaacckk  ooff))  rreeggeenneerraattiivvee  ppootteennttiiaall  ooff  ccaarrttiillaaggee    

OA prevalence is not only increasing in our elderly population33, but also in the 
younger population54 due to the increasing incidence of risk factors such as obesity 
and intra-articular defects (e.g. osteochondral trauma, cruciate ligament tear, or 
patella luxation)28, 33, 54. Early detection of OA, phenotyping of OA, as well as 
prediction of OA development are of great value for maintaining a patient’s mobility 
and herewith prevent other chronic diseases. In addition, early detection and 
phenotyping of OA might contribute to (the development of novel) targeted 
therapies and personalized medicine.   

Currently, there is no disease-modifying therapy for OA. Joint-preserving surgery and 
improvements in lifestyle, including weight loss, have been described to slow down, 
stop, or even (partially) reverse the course of OA (FFiigguurree  11..55). Total joint arthroplasty 
is the unique treatment for end-stage OA. At this moment, a total joint prosthesis 
has the highest positive impact on quality of life as it promotes the patient’s 
mobility55.  

With an increasing incidence of OA in the younger population54 and a total joint 
prosthesis’ limited lifespan, it is even more important that joint damage is treated 
properly, OA is detected early, and the need for total joint arthroplasty is postponed. 
It has been shown that with joint replacement before the age of 55, the chances of 
revision surgery increase up to 35% in the following 10 years56. This causes a 
treatment gap between ages 40-60, in which total joint replacement is not the 
solution, though the better options are lifestyle changes or joint preserving surgery 
(e.g. cartilage repair, osteotomy, or meniscus repair/replacement), preferably 
before OA progresses57 (FFiigguurree  11..55).   

 

1
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FFiigguurree 11..55.. The three triangles in this figure show the top three interventions (from left to 
right) that have the most impact on the quality of life, burden of disease, and the surgical 
options available per osteoarthritis (OA) phase55. Created with BioRender.com.

The extracellular matrix (ECM) of articular cartilage is made up of differently 
abundant and aligned chondrocytes and collagen type II fibers in each of the 
cartilage zones: superficial-, transitional- (middle-), deep-, and calcified zone58

(FFiigguurree 11..66). In the superficial zone, chondrocytes lay flattened along the surface58. 
Likewise, the orientation of the collagen (COL) type II fibers are condensed and 
parallel to the joint58. 

Few proteoglycans are present in the superficial zone58. Both transitional and deep 
zones contain round chondrocytes, which produce large amounts of proteoglycans, 
gradually declining towards the tidemark58. Furthermore, hypertrophic 
chondrocytes in the calcified zone produce different (ratio) of ECM components, 
such as COL-X. Chondrocytes in the calcified zone are responsible for 
mineralization58, maintaining the interface between cartilage and bone59. 

Articular cartilage does not regenerate because it lacks blood vessels, nerves, and 
lymph vessels11. It therefore still remains a challenge to develop methods to 
regenerate cartilage (e.g. after a defect), delay OA progression, or reverse the OA 
development process 60. A better understanding of the (molecular) pathophysiology 
of OA and its development after e.g. intra-articular damage including 
(osteo)chondral defects has led to the development of a wider variety of joint 
preserving and/or cartilage repair therapies to relieve symptoms and postpone OA 
development and joint replacement surgery61. 
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FFiigguurree 11..66.. Schematic representation of the structure of the articular cartilage and underlying 
bone. The articular cartilage consists of four zones: the superficial zone, consisting of a layer 
of flattened chondrocytes parallel to the surface, the transitional zone (middle zone), 
containing isolated round chondrocytes, the deep zone, consisting of round, nicely arranged 
layers of chondrocytes, and the calcified zone, containing hypertrophic chondrocytes. The 
tidemark is situated between the deep zone and the calcified zone. Created with 
BioRender.com.

FFrroomm ccaarrttiillaaggee ddeeffeecctt ttoowwaarrddss ddeevveellooppmmeenntt ooff oosstteeooaarrtthhrriittiiss:: pphheennoottyyppeess 

While not only intra-articular trauma and damage are contributing to OA 
development, intra-articular surgery by itself causes intra-articular damage as well, 
contributing to OA. It is even more important to have insight in the phase and 
phenotype of OA to be able to indicate the proper joint-preserving treatment (FFiigguurree 
11..55) and thereby preventing early joint replacement and complex revision surgery57. 
Joint-preserving intra-articular surgery by removal of the affected tissue followed by 
inserting an (metal, autograft, or allograft) implant is one option to resurface the 
cartilage at the site of the defect61. However, other regenerative options have been 
developed to reduce pain or stimulate cartilage growth61. These regenerative 
options include palliative techniques, such as chondroplasty, that focus on the 
treatment of cartilage lesions by smoothing or trimming the degenerative cartilage 
to reduce the patient’s pain and prevent worsening of the defect62. Other 

1
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regenerative treatments include bone marrow stimulation techniques, cell-based 
techniques, and other bone-based techniques such as osteochondral allograft or 
autograft transplantation61.  

Bone marrow stimulating techniques such as microfracture surgery can often be 
performed arthroscopically. During the procedure, holes are created at the site of 
injury to recruit blood and stem cells from the bone marrow and fill up the cartilage 
defect with a blood clot that eventually forms a cartilage-like material called 
fibrocartilage63. Cell-based techniques on the other hand, focus on the 
transplantation of previously obtained autologous articular cartilage material that 
has been expanded in a laboratory setting (e.g. autologous chondrocyte 
transplantation)64. Not only cells, but also part of the cartilage, including a piece of 
subchondral bone, an osteochondral autograft or allograft, can be collected from a 
less essential, less weight bearing part of the joint and transplanted into the defect 
(e.g. mosaicplasty)65.  

Sanders et al. have described that treatment of osteochondral defects, as described 
above, will delay the progress of OA66. Which treatment is used in each patient is 
dependent on effectiveness, considering age, severity and magnitude of the defect, 
as well as the expected outcome61. In the Netherlands specifically, Jeuken et al. 
showed in a survey study that not all treating surgeons are aware of the latest 
insights concerning the treatment of a defect and that the characteristics of the 
defect (e.g. size) as well as the patient (e.g. age or body mass index (BMI)) should be 
taken into consideration67. In addition, better knowledge, and the availability of 
state-of-the-art treatments will lead to better patient outcomes and possibly 
preservation of the joint67, 68.   

OA development after an injury such as a cartilage defect is defined as post-
traumatic OA (PTOA) and is accounting for nearly 12% of the symptomatic OA 
cases31, 69. Within seconds after injury, structural changes within the cartilage take 
place: cartilage starts swelling, cells get necrotic, collagen ruptures and 
glycosaminoglycans (GAGs) are lost69. Within years, mechanobiological, cellular and 
molecular changes in the joint can lead to an inflammatory reaction, which might 
eventually develop into OA69.  Specifically for the knee, 13.9% of the patients with a 
history of joint injury develop OA69. This type of OA development is particularly 
affecting patients with relative young age69, 70. PTOA has been integrated in the 
mechanical overload OA phenotype, as it is hard to distinguish a micro-trauma 
worsening over years from a traumatic defect. Mechanical OA also includes 
osteochondral defects (especially around an age above 40), as well as varus and 
valgus misalignments71, and patellar tracking disorders72, and is accounting for 12-
22% of the knee OA cases73. Also for other phenotypes, it is important that OA is 
detected early in its development, as a change in lifestyle, such as changes in diet, 
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physical activity, and use of NSAIDs might have an inhibitory effect on further 
development of OA74, 75. A patient’s potential phenotype can be determined based 
on multiple factors including bone marrow lesions, inflammation, biochemical 
markers, and pain76, 77.  A total of six phenotypes for OA can be identified according 
to a systematic literature review by Dell’Isola et al. in 2016 including 1) chronic pain, 
2) inflammation, 3) metabolic syndrome (e.g. diabetes or obesity), 4) alterations in 
bone and cartilage metabolism, 5) mechanical (e.g. overload, malalignment, or 
medial compartment disease), and 6) minimal joint disease (e.g. minor clinical 
symptoms and progression over time)73, 77, 78. A better insight in these phenotypes 
and their changes during OA aids proper treatment of a specific patient.  

BBiioommaarrkkeerrss  ffoorr  oosstteeooaarrtthhrriittiiss  

A biomarker, or biological marker, can refer to a broad range of predictive, 
diagnostic, or prognostic indications for a certain medical status, which can be 
measured in an accurate and reproducible way79. There is no well-established 
categorical system for biomarkers, nevertheless, several classification systems are 
used in literature80. One classification is the subdivision of biomarkers into “wet 
biomarkers” and “dry biomarkers”80. Wet biomarkers include measureable genetic 
and molecular factors, such as molecules present in tissues (e.g. cartilage, synovium, 
or meniscus)81 and fluids (e.g. synovial fluid82, or blood)79, 80, 83, 84. Dry biomarkers on 
the other hand include imaging (e.g. magnetic resonance imaging (MRI) or X-ray), as 
well as scoring systems or questionnaires80. Another way of categorizing biomarkers 
is based on their purpose and includes competitive, efficacy, pharmacodynamics, 
pharmaco-economic, predictive, prognostic, safety, and stratification biomarkers80. 
Although these biomarkers often not exclusively fit to one class80 and are not always 
objective measures, they may represent the early development of OA or possibly 
predict cartilage regenerative outcome81, 85. Biomarkers may thus play an important 
role in surgical decision-making. It is even more important if joint-preserving (e.g. 
intra-articular vs extra-articular surgery and when intra-articular surgery is 
conducted, should it be regenerative or resurfacing?) surgery or joint-replacement 
surgery is indicated and a decision on treatment has to be made. This clinical 
decision-making can theoretically be guided by biomarkers that can be obtained 
using non-invasive techniques such as quantitative MRI86 or visually during 
(arthroscopic) surgery. An example of a biomarker detected with MRI is the GAG 
content in cartilage. GAG content can be measured using MRI because it attracts 
water into the ECM86, 87. During early cartilage degeneration, this GAG content in 
cartilage is lost, which renders the MRI result, a measure of the cartilage quality86. 
MRI is a well-developed method to measure cartilage quality and improve surgical 
decision-making. At this moment, the technique is time consuming (patients have to 
lay still for extensive periods), expensive and requires an additional appointment. 
Novel developments, such as low-field MRI in combination with e.g. artificial 

1
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intelligence or digital technologies, address the shortcomings of MRI, as mentioned 
above, making it an interesting objective measurement-control in the field of intra-
articular injury and OA. In addition, visual evaluation of the cartilage during surgery 
might be subjective or inconclusive. 

Current decision-making on whether or not to operate, and whether or not to 
preserve the joint, is mostly based on MRI and/or X-ray, combined with clinical 
aspects such as medical history, age, BMI, and expectations of the patient. Which 
(group of) biomarker(s) eventually can help with this decision-making and play an 
important role in the prediction of OA development remains unknown. In tthhiiss  TThheessiiss, 
we addressed this knowledge gap by giving an overview of the currently known 
molecular biomarkers for OA by mass spectrometry (MS) in literature in CChhaapptteerr  22. 
Additionally, tthhiiss  TThheessiiss addresses novel approaches for biomarker discovery for OA 
development (CChhaapptteerr  44,,  CChhaapptteerr  55,,  and  CChhaapptteerr  66), as well as their possible 
implication as prognostic tool for cartilage repair patients in the clinic (CChhaapptteerr  66).  

TThhee  iinnffrraappaatteellllaarr  ffaatt  ppaadd  aass  nnoovveell  bbiioommaarrkkeerr  ssoouurrccee  

Compared to cartilage, synovial fluid or synovium, the IPFP is a less studied tissue 
within the field of OA research81. It has been suggested as novel biomarker source 
for early OA detection, development and progression, as it is highly available as 
waste material and can be obtained from almost every knee-related surgery81. 
Additionally, biopsy taking would be minimally invasive as it is easy to reach81. The 
IPFP contains a variety of molecules among which lipids, which already have been 
shown of importance in the inflammatory response in OA. Previous work on the 
biomarkers for OA showed a diversity of proteins, lipids, and metabolites 
upregulated in cartilage, meniscus, synovium, and synovial fluid of OA patients 
compared to control patients81. The application of the IPFP as a possible novel 
biomarker source for OA and cartilage regeneration will be further explored in tthhiiss  
TThheessiiss in CChhaapptteerr  44, CChhaapptteerr  55, and CChhaapptteerr  66. 

A variety of proteins (including complement component C9, complement factor B, 
fibrinogen β and γ chains, and fibronectin), and lipids and metabolites (including 
multiple fatty acids and vitamin D3 fragments), in a variety of intra-articular tissues 
(cartilage, meniscus, synovium, and synovial fluid) have been shown of importance 
in the search for OA related biomarkers. It therefore has been suggested that a 
combination of molecules in a biomarker profile for OA is of greater importance than 
one single particular biomarker81. This hypothesis will be tested thoroughly with the 
technological advances described in tthhiiss  TThheessiiss. 

In tthhiiss  TThheessiiss, the IPFP’s molecular profile and the feasibility of its use in biomarker 
discovery for OA development were investigated. The molecular profile of the IPFP 
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has not been studied as a potential diagnostic and predictive tool for early OA 
detection. Taking into account the IPFP’s intra-tissue heterogeneity, the samples 
were analyzed using a technique that preserves the molecular spatial distribution 
throughout the tissue (mass spectrometry imaging, MSI) in CChhaapptteerr  44 and CChhaapptteerr  55, 
and a technique that might be implementable in the clinic (rapid evaporative 
ionization mass spectrometry, REIMS), in combination with a proteomics approach 
in CChhaapptteerr  66. 

MMaassss  ssppeeccttrroommeettrryy  ((iimmaaggiinngg))    

One technique that can be used for the detection and discovery of (novel) diagnostic 
or predictive biomarkers, or a biomarker profile, is MS. MS is a label-free analytical 
tool88, able to detect molecules including lipids, metabolites, proteins or peptides, in 
a variety of samples such as tissues, fluids or gasses88, 89. MSI is a MS technique for 
rapid detection of the on-tissue spatial distribution of a variety of molecules and 
combines localization and identification90. It gives us a detailed understanding of the 
body’s biological processes and development of certain diseases (such as OA) at 
tissue- and even cellular level91, 92. In addition, near real-time techniques using MS 
were developed for the analysis of tissues and fluids, with the potential to be used 
in out-patient clinic or intra-operatively. Alongside biomarker discovery, MS(I) has 
been used in many other clinical applications. It has been used for diagnostic 
purposes and to build models to predict patient outcome, across a variety of medical 
specialties and research areas, including oncology, cardiovascular diseases, and 
rheumatology93.   

A mass spectrometer consists of different elements, including an ion source, mass 
analyzer, and detector89, 94. The ionization source volatilizes and ionizes molecules 
from a solid or liquid sample, into gas phase ions94. A variety of ionization sources 
are available, including hard ionization sources (e.g. secondary ion mass 
spectrometry, SIMS), utilizing a high amount of energy causing fragmentation of 
molecules, and soft ionization sources (e.g. matrix-assisted laser 
desorption/ionization, MALDI, or electrospray ionization, ESI) allowing the analysis 
of the molecular ion, rather than fragment ions88, 89, 95. Ambient ionization 
techniques, such as REIMS, coupled to a surgical tool such as a diathermic knife, 
were developed to explore the use of MS in vivo96, 97. The mass analyzer 
subsequently separates the ionized molecules based on their mass-to-charge ratio 
(m/z) using magnetic or electric fields. There are many types of mass analyzers, 
including time-of-flight (TOF), ion trap, Orbitrap, and quadrupole (e.g. Q-TOF). In a 
TOF system, molecules accelerate through a high voltage electrical field towards the 
detector. The time until these molecules reach the detector is dependent on the 
mass of the ion89, 94. A detector detects ionized molecules and provides us with an 
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electrical signal, which can be transformed into a mass spectrum, visualizing relative 
abundancies of the detected m/z values (FFiigguurree  11..77).  

 

FFiigguurree  11..77.. Simplified overview of a MALDI-TOF system, running in reflectron mode. A sample 
is irritated with a laser pulse, creating a plume of ionized molecules that enter a TOF MS 
system running in reflector mode where ionized molecules are separated based on their 
mass-to-charge ratio (m/z). The detector detects the ionized molecules and creates a mass 
spectrum. Created with BioRender.com.  

In tthhiiss  TThheessiiss, the MALDI-TOF system was used in reflectron mode. The reflectron is 
an electrostatic field at the end of the flight tube, which works like a mirror, 
reflecting ions towards the detector89, 94, 98, 99. The time necessary for a molecule to 
reach the detector, is dependent on the penetration depth of the ionized molecule98, 

99. The higher the kinetic energy of the ion, the further the ion penetrates the 
reflectron. This method compensates for differences in flight times of ions with the 
same m/z (FFiigguurree  11..77).   

MMoolleeccuullaarr  iiddeennttiiffiiccaattiioonn    

Tandem mass spectrometry (MS/MS or MS2) is used to gather additional information 
on a molecule of interest for identification88, 89, 94. With MS2, at least two mass 
analyzers (e.g. ion trap, Orbitrap, or (Q-)TOF) are coupled together to form a hybrid 
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system. Sample molecules get ionized as described above (MS1) and get separated 
based on their m/z. These so-called precursor ions88, 89, 94, are then trapped in the 
second mass analyzer, where they are fragmented into so-called product-ions by 
collision induced dissociation (CID)89, 94, 100. These fragments can then be analyzed by 
MS2, resulting in a mass spectrum. These fragment m/z provide additional 
information, essential for identification of the precursor molecule.  

Within the biomedical and clinical field of MS research, the most widely used 
ionization technique is MALDI88. MALDI-MSI with a TOF mass analyzer (CChhaapptteerr  44 and 
CChhaapptteerr  55), ESI-liquid chromatography tandem MS (LC-MS/MS) (CChhaapptteerr  33 and 
CChhaapptteerr  66), and REIMS with Q-TOF mass analyzer (CChhaapptteerr  66), were applied in tthhiiss  
TThheessiiss and will be discussed in more detail in next paragraphs.  

MMAALLDDII--MMSSII  

MALDI is one of the most frequently used ionization (negative and positive) 
techniques for MSI (FFiigguurree  11..88). It has been widely used as a technique for the 
detection of (bio) molecules such as lipids, metabolites, proteins, and peptides, as 
well as a variety in drugs101 and polymers102 in a wide variety of applications103 along 
with compound or drug detection, (clinical) diagnostics, biomarker discovery, and 
identification of potential targets for treatment. Its application involves single 
cells104, 105 and cell cultures106, 107, organoids108, 109, animal- and human organs110-112, 
as well as plants and food113-115, among other. 

Although the workflow for MALDI-MSI (FFiigguurree  11..99) might differ among tissue type 
and molecule of interest, a general MALDI-MSI workflow starts with the collection 
of fresh frozen (snap-frozen and stored at -80°C) or formalin-fixed and paraffin-
embedded (FFPE, for proteins and peptides) tissue samples. It is important that 
tissue samples are collected and stored adequately to preserve tissue morphology, 
and prevent molecules from degrading or delocalizing. Subsequently, sections are 
made and transferred to indium tin oxide (ITO) coated glass slides. There are 
multiple approaches to get a thin and flat tissue section, with variations in thickness 
(usually between 10-20 μm) and mounting (e.g. thaw-mounting or tape transfer) 
dependent on the tissue type used. Dependent on the molecule of interest, a specific 
matrix is applied. This can either be done by spraying, sublimation, spotting or 
nebulization. This matrix extracts the molecules (analytes) of interest from the tissue 
section, has a photon absorbance in the wavelength range of the laser used, and 
allows analyte desorption and ionization, as well as prevents delocalization of 
molecules by crystalizing on the tissue surface116.  

1
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FFiigguurree  11..88.. Schematic representation of matrix-assisted laser desorption/ionization (MALDI) 
in negative ionization mode. A fresh-frozen tissues section on an indium tin oxide (ITO) glass 
slide is covered with a layer of matrix. This layer of matrix extracts molecules of interest out 
of the tissue section and crystalize on the surface. A laser irradiates the crystals, causing the 
molecules to vaporize. In this gas phase, ions are formed, which are transmitted to the mass 
analyzer. Created with BioRender.com. 

After matrix application, the coated slide is introduced into the MALDI source of the 
mass spectrometer. A focused laser irradiates the matrix-analyte crystals on the 
tissue surface (region of interest, ROI), without damaging the tissue underneath, 
volatizing them into the vacuum of the mass spectrometer (desorption). The 
resulting ionization of negative or positive charged molecules is dependent on the 
type of matrix applied. Each laser pulse, each pixel, generates a mass spectrum. The 
analyzed slide is subsequently stained with Hematoxylin and Eosin (H&E) for co-
registration of the MSI data to the sample histology. Specific identifications can be 
obtained by MS2 experiments described earlier.  

MALDI-MSI is used to analyze and visualize lipids in the IPFP of patients with a 
cartilage defect or OA in CChhaapptteerr  44 and CChhaapptteerr  55 of tthhiiss  TThheessiiss. 

LLCC--MMSS//MMSS  

Although LC-MS has been developed in the 1960’s117, since the beginning of 2000, 
LC-MS and LC-MS/MS have been used routinely in clinical applications, such as 
laboratory diagnostics or toxicology118. In the past decades, several methods for 
protein- and peptide analysis, metabolites, and lipids among others, have been 
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developed and optimized for multi-purpose application, including pharmacology and 
food-related projects.  

FFiigguurree  11..99.. General workflow for matrix-assisted laser desorption/ionization mass 
spectrometry imaging (MALDI-MSI). Created with BioRender.com. 

LC-MS/MS is an analytical technique in which molecules in liquid (biological) samples 
are separated based on their interaction capability to the LC-column connected (e.g. 
ultra high performance liquid chromatography, UHPLC) (FFiigguurree  11..1100). Molecules of 
interest can be extracted from tissue samples, as well as fluids such as culture 
medium, blood, urine, or synovial fluid. Sample preparation may include cell lysis, 
tissue homogenization, filtration, or precipitation and extraction steps. Molecules 
with a stronger interaction to the column, move more slowly through the column 
than molecules with weaker interaction. These molecules are subsequently 
transferred to an ion source (e.g. ESI, atmospheric pressure chemical Ionization 
(APCI), or atmospheric pressure photoionization (APPI)). The mass spectrometer 
provides information on detection and identification of each molecule or 
component in the mixture.  

LC-MS is used to analyze the protein secretome of cartilage after celecoxib 
treatment in CChhaapptteerr  33  and to analyze the protein profile of the IPFP in CChhaapptteerr  66  of 
tthhiiss  TThheessiiss.    

1

168085 Haartmans BNW.indd   25168085 Haartmans BNW.indd   25 05-01-2024   12:0405-01-2024   12:04



Chapter 1

26

FFiigguurree 11..1100.. Simplified Liquid chromatography mass spectrometry (LC-MS) workflow. 
Peptides are separated on a column, ionized and analyzed in the mass spectrometer, 
generating a mass spectrum. Created with BioRender.com. 

RREEIIMMSS 

REIMS is a relatively new MS technique, which involves the aspiration and thermal 
ionization of molecules in aerosols generated from evaporation by electrocautery or 
laser irradiation, of biological samples or liquids without the need for sample 
preparation119. Smoke that consists of these diagnostic aerosols can be generated 
by e.g. a hand piece such as electrocautery/diathermic blade/knife or needle, 
routinely used in the operating theater during a variety of surgeries120 (FFiigguurree 11..1111). 
When connected to a mass spectrometer, this translational technology generates a 
molecular profile of a specific tissue type, or affected tissue. REIMS requires minimal 
sample preparation, which makes it a promising tool for clinical application. 

REIMS has high potential for future application in the clinic. The technique can be 
applied in vivo, during surgery, to provide the surgeon with near real-time molecular 
profiling of the patient. This patient profiling might in the future contribute to better 
surgical decision-making and better patient outcome.

REIMS is used to analyze the lipid profile of the IPFP in CChhaapptteerr 66 of tthhiiss TThheessiiss.
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FFiigguurree 11..1111.. Schematic representation of the rapid evaporative ionization mass spectrometer 
(REIMS) system. The REIMS system can be coupled to a surgical instrument, such as an 
electrocautery knife. Smoke generated during the procedure is led into the REIMS system, 
providing a direct visualization of the state of the tissue or disease. Created with 
BioRender.com. 

SSccooppee ooff tthhiiss TThheessiiss 

It is of great importance that OA is detected early in its development to delay the 
disease progression and postpone total knee arthroplasty (TKA). To achieve this, 
additional knowledge on the (molecular) pathophysiology, (molecular) OA-
phenotyping, and possible (molecular) prediction models should be obtained. This 
can in turn improve clinical decision-making, and prevent or postpone OA 
development. Therefore, tthhiiss TThheessiiss aims to develop and test MS-tools to identify 
biomarkers for cartilage regeneration and OA by measuring the molecular changes 
or profiles that can predict or relate to disease status (regeneration and 
degeneration).  

In CChhaapptteerr 22,, the currently known MS-based biomarkers (lipids, metabolites and 
proteins) for knee OA and knowledge gaps in the field of biomarker research in OA 
are systemically reviewed. At this moment, there is no biomarker available for OA 
development. Therefore, surgical decision-making is mostly based on MRI and X-ray, 
in combination with clinical aspects such as age and BMI. The finding of a (panel of) 
(molecular) biomarker(s) for OA development might contribute to better surgical 
decision-making and patient outcome. In the search for a molecular biomarker 
profile, we provide an overview of possible biomarkers in a variety of tissue types of 
OA and non-OA patients. In addition, we discussed the current limitations and give 
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some future suggestions for the use of MS as a tool for the identification of possible 
prognostic and diagnostic biomarkers, and possible therapeutic targets.  

The first line of joint-preserving treatment for OA includes lifestyle-changes, the use 
of a brace, and/or pharmacological treatment to reduce pain and inflammation 
(NSAIDs). One of these NSAIDs is celecoxib, which has been shown in literature to 
act chondroprotective, as also its shortcoming on acting chondroprotective. The use 
of celecoxib as a possible chondroprotective drug in the development of OA can be 
of great importance in patients who develop OA at young age (before the age of 55). 
Other than the contradictive results on the chondroprotective effect of celecoxib, 
the drawback of the oral use of celecoxib is that it can be accompanied by negative 
side effects such as cardiovascular disease. In CChhaapptteerr  33 the possibility of intra-
articular administration of celecoxib is addressed. This study focusses on the effects 
of celecoxib on the secretome of cartilage, as well as its possible chondroprotective 
effect. TThhiiss  CChhaapptteerr contributes novel information to the unresolved discussion on 
the potential chondroprotective effect of celecoxib. We describe the effect of 
celecoxib treatment on secreted molecules by human cartilage ex vivo and 
investigated the chondroprotective effect of celecoxib on cartilage in vivo in an OA 
rat model.  

Lipids have already to be shown important molecules regarding OA development. In 
CChhaapptteerr  33,, the importance of lipids was acknowledged by showing that the secretion 
of pro-inflammatory prostaglandins by cartilage after celecoxib treatment is 
reduced. TThhiiss  TThheessiiss further focusses on a less studied tissue type, full of “unknown” 
lipids: the IPFP. In CChhaapptteerr  44,, we focus on the development of a MSI method 
applicable for biomarker research on the IPFP. A sample preparation method for the 
detection of lipids in the IPFP using MALDI-MSI was described. Sample handling and 
preparation for MALDI-MSI on adipose-like tissue can be challenging because 
adipose tissue is susceptible to melt, leading to delocalization of molecules and loss 
of spatial information. We developed and optimized a protocol for cryosectioning 
and matrix application for MALDI-MSI on the IPFP.  

Using the protocol developed in CChhaapptteerr  44, we analyzed the lipidome of the IPFP of 
cartilage repair and OA patients to find possible novel biomarkers for OA 
development in CChhaapptteerr  55. We applied this previously developed protocol to the IPFP 
of OA and cartilage defect patients undergoing TKA and cartilage repair surgery 
respectively. We identified different lipid profiles for OA and cartilage defect 
patients and found specific lipids for each patient group. In addition, intra-tissue 
heterogeneity had been shown of importance. Each specific tissue type within the 
IPFP (adipose tissue and connective tissue) showed a different lipid distribution. We 
were able to discriminate OA patients from cartilage defect patients at the molecular 
level using their lipid profiles.  

168085 Haartmans BNW.indd   28168085 Haartmans BNW.indd   28 05-01-2024   12:0405-01-2024   12:04



General introduction & scope of this Thesis 

29 

MALDI-MSI is at this moment not likely to be used in an in vivo clinical setting as it 
requires sample preparation and there is no validated clinical assay approved for 
diagnostics. However, in CChhaapptteerr  66, we investigate the potential application of 
another MS-based technique (REIMS), which does not require extensive sample 
preparation and provides near real-time molecular profiling, on the IPFP ex vivo as a 
potential prognostic and diagnostic tool for cartilage regeneration and future 
development of personalized treatment, as well as its possible implementation in 
the clinic. We focused on the differences in lipid profiles of the IPFP of OA vs cartilage 
repair patients and correlated our findings to patients’ questionnaires, IPFP fibrosis 
scores (scored on MRI), and histology. Secondly, we investigated the IPFP’s 
proteome. Proteomics is a well-established technique in biomarker discovery. 
Similarly to the lipid profiles, proteins of OA and cartilage repair patients were 
correlated to patients’ questionnaires, IPFP fibrosis, and histology. 

In conclusion, the work in tthhiiss  TThheessiiss contributes information towards the discovery 
of novel biomarkers for OA and/or cartilage regeneration. A better prediction model 
for surgical outcome will improve surgical decision-making and patient outcome, 
and might even lead to personalized treatment strategies. OA’s prevalence is not 
only expected to increase due to the ageing population, but as important is the fact 
that patients develop OA at younger age due to a variety of factors including obesity 
and sports injuries. The development of a clinically applicable method for the early 
diagnosis of OA, as well as the prediction of patient outcome before cartilage repair 
surgery can improve surgical decision-making and patient outcome. More 
personalized treatment and early diagnosis of OA might delay OA development, 
which leads to better and longer mobility, and improved quality of life. 

1
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AAbbssttrraacctt  

Knee osteoarthritis (OA) is a joint disease, affecting multiple tissues in the joint. Early 
detection and intervention may delay OA development and avoid total knee 
arthroplasty. Specific biomarker profiles for early detection and guiding clinical 
decision-making of OA have not yet been identified. One technique that can 
contribute to the finding of this ‘OA biomarker’ is mass spectrometry (MS), which 
offers the possibility to analyze different molecules in tissues or fluids. Several 
proteomic, lipidomic, metabolomic and other – omic approaches aim to identify 
these molecular profiles; however, variation in methods and techniques complicate 
the finding of promising candidate biomarkers. In this systematic review, we aim to 
provide an overview of molecules in knee OA patients. Possible biomarkers in several 
tissue types of OA and non-OA patients, as well as current limitations and possible 
future suggestions will be discussed. According to this review, we do not believe one 
specific biomarker will function as predictive molecule for OA. Likely, a group of 
molecules will give insight in OA development and possible therapeutic targets. For 
clinical implementation of MS-analysis in clinical decision-making, standardized 
procedures, large cohort studies and sharing protocols and data is necessary.  
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IInnttrroodduuccttiioonn  

Knee osteoarthritis (OA) is a total joint disease, characterized by cartilage 
degeneration, thickening and inflammation of the synovium, and osteophyte 
formation, leading to pain and immobility among patients28. The incidence of knee 
OA in the human population has been increasing over the past decades and is 
expected to increase even further33. Not only the increasing elderly population, but 
also the younger population is confronted with OA more frequently54. Risk factors 
such as osteochondral damage and obesity are identified28, 33, 54.  

Current treatment options for OA focus on diet and moderate physical activity, as 
well as the reduction of pain and inflammation with non-steroidal anti-inflammatory 
drugs (NSAIDs)74. OA affects multiple, if not all, tissues inside the joint. Its features 
make it hard to find targeted therapies, leaving total knee arthroplasty (TKA) as 
inescapable treatment option. Early detection and intervention have been shown to 
postpone rigorous treatment121. This makes it even more important to find 
biomarkers or molecular factors that contribute to OA development and disease 
progression, not only to gain insight in disease pathogenesis, but also to guide clinical 
decision-making and treatment discovery.  

Treatments that prevent OA progression or OA from developing are lacking. The 
development of disease modifying OA drugs (DMOADs) requires knowledge on the 
structure and homeostasis of the joint122. This information can for example be 
obtained from molecular imaging analysis and might contribute to the development 
of personalized treatments. OA has been described as a total joint disease, 
implicating that all tissues inside the joint are or can be affected123 and is often the 
result of trauma or injury. OA is not limited to the knee. It can appear in all joints of 
the human body. However, knee OA is the most prevalent33. In addition, most 
research is done on knee OA, as waste tissue from the knee after replacement 
surgery is usually available. 

The human knee consists of different tissue types and fluids. Both femur and tibia, 
as well as the patella, are covered with a layer of hyaline cartilage, supporting subtle 
movement of the knee. Between these layers of cartilage, a thin layer of synovial 
fluid is lubricating the cartilage surface for smooth movement. Several ligaments, 
such as the anterior cruciate ligament (ACL), limit these movements, giving the knee 
its stability. To prevent bone-to-bone friction and absorb some of the impact on the 
knee, the menisci are located between the edges of the cartilage layers. All these 
tissues are surrounded by a layer of synovial membrane, the knee capsule. Finally, 
yet importantly, underneath the patellar ligament, Hoffa’s fat pad (HFP) or the 
infrapatellar fat pad (IPFP) is located (FFiigguurree  22..11). The IPFP has been proven an 
important metabolic organ, involved in OA’s inflammatory response20, 124. In the OA 
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knee, the cartilage is damaged, synovium thickened and inflamed, and there is more 
synovial fluid present.

FFiigguurree 22..11.. Frontal (left) and parasagittal (middle) view of the knee’s anatomy, as well as a 
visualization of the osteoarthritic knee (right) with osteoarthritic features such as synovial 
thickening, cartilage degradation and development of bone spurs. The bones in the human 
knee are covered by a layer of hyaline cartilage. This cartilage, in combination with the 
menisci and a layer of lubricating synovial fluid, facilitates the movement of the knee. Other 
tissues such as synovium and Hoffa’s fat pad are there to maintain joint homeostasis. Image 
was modified with permission from Servier Medical Art, licensed under a Creative Common 
Attribution 3.0 Generic License. http://smart.servier.com/ 

From all techniques employed for biomarker discovery, mass spectrometry (MS) 
offers the possibility of analyzing thousands of different molecules in a single 
experiment. Other methods such as microarrays, for DNA, RNA or protein analysis, 
can also measure thousands of different molecules simultaneously, however this is 
a more targeted approach compared to most of MS studies. It has been evolving as 
technique to detect (and locate) possible biomarkers for OA by measurement of the 
mass to charge ratio of the detected molecules. Proteomic, lipidomic, metabolomic 
and other – omic approaches aim to identify molecular profiles or signatures of 
different tissues (cartilage, bone, synovium, meniscus, tendon, IPFP) or liquids 
(synovial fluid) inside the OA knee joint, hoping to find certain predictive molecules 
or molecular classes responsible for OA development, disease progression or 
possible therapeutic targets. However, differences in MS approaches, targeted 
molecular classes and tissue sources make it difficult to appreciate which method 
and molecules are the most promising candidates as OA biomarkers.

Due to the plethora of available techniques, as well as target compounds, we aimed 
to look for common molecular signatures that could be used for future research, 
disease prognosis or treatment. Therefore, in this systematic review, we aim to 
provide an overview of molecules in the knee that distinguish between (several 
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degrees of) OA and non-OA patients. Possible biomarkers for knee OA, current 
limitations, and possible future suggestions will be discussed. 

MMeetthhooddss  

LLiitteerraattuurree  sseeaarrcchh  aanndd  aarrttiiccllee  sseelleeccttiioonn  

The literature search and article selection was conducted following the Preferred 
Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA)125. The 
PubMed database was searched for eligible articles on 28 January 2021. The search 
included topics on OA, MS, proteomics, lipidomics, and metabolomic approaches, 
including underlying terms (MesH terms) and terms in title and abstract (tiab) 
(SSuupppplleemmeennttaarryy  TTaabbllee  22..11). Two blinded researchers (MH and KE), individually 
evaluated all records using ‘Rayyan QCRI’126. Conflicts were solved by a third 
researcher (BCP) after discussion. 

Studies were included if the article covered 1) the use of samples directly derived 
from patients with knee OA, 2) the analysis of local molecular markers in intra-
articular fluid or tissue (including IPFP) of the knee, 3) a comparison of patients with 
different stages of OA, 4) a comparison of OA patients with either healthy subjects 
or patients with other knee injuries and 5) the use of untargeted MS analysis. 
Exclusion criteria included 1) abstracts only and reviews, 2) the use of non-local fluids 
like blood/serum or urine, 3) lack of a non-OA control group, 4) tissue and cell 
culture, 5) full text not in English and 6) lack of reporting of molecular differences 
between groups.  

All data on use of subjects, tissue collection, tissue type, methodological approach, 
and molecular class of interest, as well as used databases for identification were 
extracted from the articles of interest (TTaabblleess  22..11  and  22..22). In this review, we focused 
on, already hard to find, local markers in the knee, rather than markers in serum, 
plasma or blood because we believe it is important to unravel the local changes of 
OA before translating it to systemic changes. In addition, with the exclusion of 
systemic markers, we prevent possible co-factors of other diseases to interfere with 
the results. 

PPRRIISSMMAA  rreessuullttss  aanndd  ddaattaa  eexxttrraaccttiioonn  

From our search in PubMed, 701 records were identified and screened based on 
abstract according to the mentioned inclusion and exclusion criteria. From these, 
636 records were excluded, whereas 64 records were assessed for eligibility based 
on full text. In total, 32 and 24 studies were included in the qualitative synthesis and 
quantitative synthesis (pathway analysis) respectively (FFiigguurree  22..22). 
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FFiigguurree  22..22..  PRISMA flow diagram, screened abstracts and articles. A total of 32 and 24 articles 
were used for qualitative and quantitative analysis respectively in this systematic review. 
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TTaabbllee  22..11.. Data extraction and study characteristics of selected articles: proteins analyzed in 
synovial fluid, cartilage, synovium or meniscus, sorted on tissue type and mass spectrometry 
method. 

AAuutthhoorrrreeff  YYeeaarr  SSuubbjjeeccttss  ((nn))  
MMSS((//MMSS))  mmeetthhoodd  aanndd  
iioonniizzaattiioonn  ssoouurrccee  ((iiff  
ssttaatteedd))  

IIddeennttiiffiiccaattiioonn  
ddaattaabbaassee  

SSyynnoovviiaall  fflluuiidd  

Ahmed et al.127 2016 
eOA (46) 
lOA (17) 

LC-MS/MS 
Cross 
references 

Ahrman et al.128 2014 
Non-OA (35) 
OA (20) 

LC-MS/MS UniProtKB 

Brophy et al.129 2019 
Non-OA (6) 
OA (3) 

LC-MS/MS UniProt 

Gobezie et al.130 2007 
Non-OA (20) 
eOA (21) 
lOA (18) 

LC-MS/MS 
NCBI RefSeq 
Human 

Kamphorst et al.131 2007 
Non-OA (1) 
OA (1) 

LC-MS/MS Human FASTA 

Liao et al.132 2018 
Non-OA (10) 
lOA (10) 

LC-MS/MS, SWATH NS 

Roller et al.133 2016 
Non-OA (16) 
OA (5) 

RP-LC-MS/MS NS 

Steinbeck et al.134 2007 
Non-OA (4) 
eOA (11) 
lOA (18) 

LC-MS NS 

Timur et al.135 2021 
Non-OA (10) 
OA (10) 

ESI-LC-MS/MS 
Unihuman 
Reviewed 

Corigliano et al.136 2017 
eOA (13) 
lOA (12) MALDI-MS and MS/MS UniProtKB 

Liao et al.137 2013 

Non-OA (12) 
eOA (5) 
lOA (7) 

MALDI-MS NCBInr 

Liao et al.138 2015 
Non-OA (10) 
OA (10) 

MALDI-MS and MS/MS NCBInr 

2D-DIGE-MS = two-dimensional difference gel electrophoresis mass spectrometry, eOA = 
early osteoarthritis, ESI = electrospray ionization, (RP)-LC-MS(/MS) = (reversed phase) 
(tandem) liquid chromatography mass spectrometry, lOA = late osteoarthritis, MALDI-MS(I) 
= matrix-assisted laser desorption/ionization mass spectrometry (imaging), NS = not stated, 
OA = osteoarthritis, SWATH-MS = SWATH-mass spectrometry. 
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TTaabbllee  22..11  ((ccoonnttiinnuueedd)).. Data extraction and study characteristics of selected articles: proteins 
analyzed in synovial fluid, cartilage, synovium or meniscus, sorted on tissue type and mass 
spectrometry method. 

AAuutthhoorrrreeff YYeeaarr SSuubbjjeeccttss  ((nn)) 
MMSS((//MMSS))  mmeetthhoodd  
aanndd  iioonniizzaattiioonn  
ssoouurrccee  ((iiff  ssttaatteedd)) 

IIddeennttiiffiiccaattiioonn  
ddaattaabbaassee 

SSyynnoovviiaall  fflluuiidd  

     

Ritter et al.139 2013 
Non-OA (10) 
eOA (10) 
lOA (10) 

2D-DIGE-MS and 
MS/MS 

UniProt 

CCaarrttiillaaggee  

Cillero-Pastor et al.140  2013 
Non-OA (10) 
lOA (10) 

MALDI-MSI and 
MS/MS 

UniProt 

Guo et al.141  2008 
Non-OA (3) 
OA (3) 

ESI and MS/MS UniProt 

Hsueh et al.142  2016 
Non-OA (NS) 
OA (NS) 

Nano-spray LC-
MS/MS 

UniProt 

Rosenthal et al.143  2011 
Non-OA (10) 
OA (10) 

Nano-spray LC-
MS/MS 

UniProt 

Wu et al.144  2007 
Non-OA (7) 
OA (7) 

Nano-spray LC-
MS/MS 

NCBInr 

SSyynnoovviiuumm  

Cillero-Pastor et al.145  2015  
Non-OA (3) 
lOA (3) 

MALDI-MSI and 
MS/MS 

UniProt 

Tang et al.146  2018  
Non-OA (3) 
OA (4) LC-MS/MS UniProt 

MMeenniissccuuss 

Folkesson et al.147  2020  
Non-OA (10) 
lOA (9) LC-MS/MS 

Human protein 
database 

Roller et al.148  2015  

Non-OA (6) 
eOA (6) 
lOA (3) 

LC-MS/MS NS 

2D-DIGE-MS = two-dimensional difference gel electrophoresis mass spectrometry, eOA = 
early osteoarthritis, ESI = electrospray ionization, (RP)-LC-MS(/MS) = (reversed phase) 
(tandem) liquid chromatography mass spectrometry, lOA = late osteoarthritis, MALDI-MS(I) 
= matrix-assisted laser desorption/ionization mass spectrometry (imaging), NS = not stated, 
OA = osteoarthritis, SWATH-MS = SWATH-mass spectrometry. 
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TTaabbllee  22..22.. Data extraction and study characteristics of selected articles analyzing metabolites 
and lipids in synovial fluid and cartilage. 

AAuutthhoorrrreeff  YYeeaarr  SSuubbjjeeccttss  ((nn))  
SSaammppllee  
ttyyppee  

MMSS((//MMSS))  mmeetthhoodd  
aanndd  iioonniizzaattiioonn  
ssoouurrccee  ((iiff  ssttaatteedd))  

IIddeennttiiffiiccaattiioonn  
ddaattaabbaassee  

MMeettaabboolliitteess    
Carlson et 
al.149 

2018 
Non-OA (5) 
OA (5) 

Synovial 
fluid 

LC-MS METLIN 

Carlson et 
al.150 

2019 
Non-OA (7) 
eOA (55) 
lOA (17) 

Synovial 
fluid 

LC-MS NS 

Kim et al.151 2017 
eOA (8) 
lOA (7) 

Synovial 
fluid 

ESI-GC-MS 
BinBase (in-
house) 

Mickiewicz et 
al.152 

2015 
Non-OA (13) 
OA (55) 

Synovial 
fluid 

H-NMR, GC-MS GOLM, NIST 

Zheng et 
al.153 

2017 
Non-OA (21) 
OA (49) 

Synovial 
fluid 

ESI-GC-MS, LC-
MS/MS 

NIST, LECO 

LLiippiiddss 
Cillero-Pastor 
et al.154 

2012 
Non-OA (3) 
lOA (3) 

Cartilage SIMS LIPIDMAPS 

Kosinska et 
al.155 

2013 
Non-OA (9) 
eOA (17) 
lOA (13) 

Synovial 
fluid 

ESI-MS/MS Lipidomic Net 

Kosinska et 
al.156 

2014 
Non-OA (9) 
eOA (17) 
lOA (13) 

Synovial 
fluid 

ESI-MS/MS, LC-
MS/MS 

LIPIDMAPS 

Kosinska et 
al.157 

2015 
Non-OA (16) 
eOA (26) 
lOA (22) 

Synovial 
fluid 

ESI-MS/MS, GC-
MS 

LIPIDMAPS 

Vyver et al.158 2020 
Non-OA (6) 
OA (23) 

Synovial 
fluid 

ESI-LC-MS 
Authentic 
standards 

eOA = early osteoarthritis, ESI-MS/MS = electrospray ionization tandem mass spectrometry, 
GC-MS = gas chromatography mass spectrometry, LC-MS(/MS) = (tandem) liquid 
chromatography mass spectrometry, lOA = late osteoarthritis, NS = not stated, OA = 
osteoarthritis. 
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The topics of interest ‘first author name,’ ‘number of subjects,’ ‘sample type,’ 
‘molecule of interest,’ ‘MS method’ and ‘identification database’ were extracted 
from each article and sorted based on molecular class (TTaabbllee  22..11 for proteins and 
TTaabbllee  22..22 for lipids and metabolites). Subjects were classified as non-OA 
((postmortem) healthy, trauma/amputation, knee pain, (sub-) acute ACL, meniscus 
injury), early OA (eOA, Ahlbäck grades 1 and 2, Kellgren-Lawrence (KL) 1 and 2), late 
OA (lOA, Ahlbäck grades 3, 4 and 5, KL 3 and 4), and OA without classification. 

In addition, we used the data retrieved from the reviewed articles to conduct a joint 
pathway analysis (Homo Sapiens (human), integrated metabolic and gene pathways) 
on all upregulated-highlighted proteins (UniProt Protein ID, n = 35), lipids and 
metabolites (compound name, n = 13) (SSuupppplleemmeennttaarryy  TTaabblleess  22..22  and  22..33) in OA, 
using the web tool MetaboAnalyst 5.0159 to see which pathways, rather than single 
molecules, are involved in OA pathophysiology. The pathway analysis was conducted 
using a human (Homo sapiens) database (KEGG), including metabolic and gene 
pathways. Additionally, for enrichment analysis, topology measure and integration 
method, a hypergeometric test, degree centrality and combined queries were used 
respectively. 

PPrrootteeiinnss  iinn  oosstteeooaarrtthhrriittiiss  

Twenty-three articles included the terms ‘protein’ and ‘biomarkers.’ Of these, 13 
focused on proteins in synovial fluid, 5 in cartilage, 2 in synovium and 2 in meniscus. 
All authors compared proteins in a non-OA group to either early OA, late OA or OA 
in general, except for Ahmed et al. (2016) and Corigliano et al. (2017) who only 
compared early OA vs late OA (TTaabbllee  22..11). 

LLiiqquuiidd  cchhrroommaattooggrraapphhyy  ttaannddeemm  mmaassss  ssppeeccttrroommeettrryy      

Liquid chromatography tandem mass spectrometry (LC-MS/MS) coupled to 
electrospray ionization (ESI), was the predominant MS technique used for the 
detection of peptides and proteins in these samples. To a lesser extent, matrix-
assisted laser desorption/ionization MS (imaging) (MALDI-MS(I)) was used to analyze 
proteins, especially in tissues like cartilage and synovium. MALDI-MSI allows us to, 
not only detect molecules inside the tissue, but also to determine the spatial 
distribution of these molecules throughout the tissue. This makes MALDI-MSI a 
significant tool to analyze tissues that consist of multiple structures, layers or cells, 
such as cartilage, and understand intra-tissue remodeling140, 160. 

SSuupppplleemmeennttaarryy  TTaabbllee  22..22 summarizes the proteins that were highlighted in two or 
more studies. Of these, 35 proteins were upregulated in multiple tissue types and/or 
fluids of OA patients (SSuupppplleemmeennttaarryy  TTaabbllee  22..22  and  FFiigguurree  22..33). Interestingly, 
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fibronectin was found to be upregulated in all measured tissues/fluids (synovial fluid, 
synovium, meniscus and cartilage) of OA patients (FFiigguurree  22..33). Only one protein, 
transaldolase, was downregulated in the synovial fluid of OA patients (measured by 
at least two studies, SSuupppplleemmeennttaarryy  TTaabbllee  22..22). In addition, histone H2B and serum 
amyloid A1 (isoform 1) were upregulated in control patients (SSuupppplleemmeennttaarryy  TTaabbllee  
22..22). Many others suggest important proteins, such as annexin A2, apolipoprotein A-
1 (precursor), cartilage oligomeric matrix protein (COMP), versican core protein and 
collagen α1(II) isoforms but showed contradictive results (variations in up- or down-
regulation of proteins) between articles (SSuupppplleemmeennttaarryy  TTaabbllee  22..22).    

SSmmaallll  mmoolleeccuulleess  iinn  oosstteeooaarrtthhrriittiiss::  mmeettaabboolliitteess  aanndd  lliippiiddss  

Compared to proteins, the number of studies on small molecules like lipids or 
metabolites is limited. Five articles that focused on the detection and identification 
of metabolites in OA vs healthy/non-OA patients and five articles that focused on 
lipid species were found (TTaabbllee  22..22). 

All metabolite studies analyzed synovial fluid, collected from healthy patients 
(postmortem or during amputation) and patients with (several degrees of) knee OA 
(either during treatment or postmortem). The number of samples used varied from 
5–21 in the healthy groups and 5–69 in the OA groups (early OA and late OA). All five 
articles used either untargeted LC-MS or gas chromatography MS (GC-MS) methods 
for the detection of metabolites in these synovial fluid samples (TTaabbllee  22..22). The use 
of standard operating procedures, or SOPs, is clearly important in these type of 
studies for method standardization and inter or intra-laboratory reproducibility. In 
addition to these methods, Mickiewicz et al. added a targeted 1 H nuclear magnetic 
resonance (1 H NMR) spectroscopy approach to their analysis method for an 
NMR/GC-MS combined dataset to develop a prediction model of OA152. All studies 
were able to distinguish healthy subjects from those with OA using principal 
component analysis (PCA) and/or orthogonal partial least squares discriminant 
analysis (OPLS-DA). Interestingly, two phenotypes each for early OA and late OA 
were identified by Carlson et al.150.  

Although synovial fluid is found to be the preferred source in the search for lipid 
biomarkers, Cillero-Pastor et al.154 were the only authors that analyzed cartilage 
samples, as well as the spatial distribution of molecules. Different number of patient 
samples with different age ranges were used for lipidomic analysis in each article: 3–
16 healthy donors (postmortem), 17–26 early OA patients (during arthroscopy) 
and/or 3–22 late OA patients (during TKA). Lipid species were either detected with 
the use of time-of-flight secondary ion MSI (TOF-SIMS), high-performance LC-MS 
(HPLC-MS) or electrospray ionization tandem MS (ESI-MS/MS) and GC-MS (TTaabbllee  
22..22). 

2
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FFiigguurree 22..33.. Upregulated proteins in cartilage, synovial fluid, synovium and meniscus of 
osteoarthritis patients, identified by at least two authors, without contradiction. Recurring 
proteins measured in at least three tissue types are highlighted in bold. Image was modified 
with permission from Servier Medical Art, licensed under a Creative Common Attribution 3.0 
Generic License. http://smart.servier.com/

The use of multiple biomarkers, rather than one, increases the power of 
discriminating OA from non-OA patients. The authors suggested multiple 
metabolites or lipids in the synovial fluid (or cartilage) of OA patients as possible 
biomarkers for OA (SSuupppplleemmeennttaarryy TTaabbllee 22..33 and FFiigguurree 22..44). Several amino acids, 
amines, sugar (alcohols), organic acids, (mono-un) saturated and omega-6) fatty 
acids), phosphates, (lyso)phospholipid(s) (classes), sphingomyelins, and ceramides, 
among others, were shown to be different between early OA and/or late OA patients 
and controls (SSuupppplleemmeennttaarryy TTaabbllee 22..33). Remarkably, all molecules found to be 
upregulated in cartilage of OA patients, were also upregulated in the synovial fluid 
of OA patients, except for the group fatty acids (FFiigguurree 22..44).

OOsstteeooaarrtthhrriittiiss pphheennoottyyppiinngg 

Several OA phenotypes have been described in literature: among others, the 
senescent phenotype, inflammatory phenotype, metabolic phenotype, genetic 
phenotype and endocrine phenotype76, 78. These phenotypes might be important 
when developing personalized OA treatments. For example, synovitis can be treated 
with anti-inflammatory drugs76 or reducing mechanical loading in a mechanical
overload phenotype78. Also at the molecular level, different OA phenotypes can be 
identified. For example, Eveque-Mourroux et al. found differences in lipid and 
protein profiles in patients with or without Type 2 Diabetes Mellitus (T2DM)160. 
Briefly, phospholipase A2 and lysolipids were in general associated to the OA group 
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with T2DM whereas phosphatidylcholine and sphingomyelin species were 
associated to the group of OA patients without T2DM160.

Interestingly, arachidonic acid, ethanolamine and malate were decreased in the OA 
group when compared to non-OA patients152, 158, but increased in the late OA group 
when compared to early OA151. In addition, Kim et al. found differences in 
metabolites between patients with OA KL grade 1, 2, 3, and 4 specifically151. Levels 
of sugar (alcohols) such as arabitol, galactose, glucose, mannose and tagatose were 
increased in KL grade 1 compared to other stages. Urate, β-alanine, pyruvate, and 
terephthalate levels were increased in KL grade 2 patients and fatty acids, proline, 
phenylalanine, squalene, and trehalose-6-phosphate were increased in KL grade 3 
and 4151.

FFiigguurree 22..44.. Upregulated metabolites and lipids in cartilage and synovial fluid of osteoarthritis 
patients, identified by at least two authors, without contradiction. Lipid or metabolite species 
that were found in cartilage and synovium are highlighted in bold. Image was modified with 
permission from Servier Medical Art, licensed under a Creative Common Attribution 3.0 
Generic License. http://smart.servier.com/
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Several metabolisms and metabolic pathways were found to be altered in (different 
stages of) OA: amino acid metabolism, central energy metabolism (gluconeogenesis, 
glycolysis and citric acid cycle), extracellular matrix component metabolism 
(including ascorbate metabolism, galactosamine and glucosamine biosynthesis, 
keratin sulfate metabolism and N-glycan metabolism), fatty acid (biosynthesis) and 
lipid metabolism (carnitine shuttle, glycerol(phospho)lipid and glycosphingolipid 
metabolism), inflammation (leukotriene metabolism), oxidative stress (glutathione 
and vitamin E metabolism) and vitamin C, E, B1, B3, B6, B9 metabolism. In addition, 
Carlson et al.150 also found two different phenotypes (inflammatory and structural 
deterioration) associated to early and late OA groups.  

 JJooiinntt  ppaatthhwwaayy  aannaallyyssiiss  iinn  MMeettaabbooAAnnaallyysstt  55..00  

Twenty-three pathways were significantly upregulated (p < 0.05) in OA patients 
according to our analysis. These included complement and coagulation cascades 
(highest significance) and inflammatory pathways among others (FFiigguurree  22..55  and  
TTaabbllee  22..33).  

When comparing these pathways to the pathways described in the articles of this 
review, there were some similarities. OA was associated with altered extracellular 
matrix (ECM) component metabolism, lipid and fatty acid metabolism, vitamin 
metabolism, inflammation and complement and coagulation pathways among many 
others139, 147, 149, 150.TTaabbllee  22..33 describes all significant (p < 0.05) pathways involved 
with the highlighted upregulated proteins, lipids, and metabolites in OA. 
Complement and coagulation cascades, ECM-receptor interaction and multiple 
inflammatory pathways were associated with OA (TTaabbllee  22..33). In addition, false-
discovery rate (FDR) and impact are described (TTaabbllee  22..33). 

In summary, our results describe a variety of possible biomarkers for OA. Multiple 
patient groups, tissues and analysis methods were described by the authors of 
included articles. These differences will be elaborated and discussed below. 

DDiissccuussssiioonn::  IInntteerr--ppaattiieenntt  vvaarriiaabbiilliittyy,,  ttiissssuuee  ttyyppeess  aanndd  mmoolleeccuulleess  

IInntteerr--ppaattiieenntt  vvaarriiaabbiilliittyy  

Healthy patient material as control is crucial in the search for potential OA 
biomarkers. However, healthy ‘living’ material is either not usually available or 
material is collected postmortem, which might influence analysis results due to the 
occurrence of degradation products (some authors correct for this). Postmortem 
samples are suggested as a valid alternative for healthy material, if tissue sampling 
occurs within foreseeable time and researchers correct for tissue degradation. In the 
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included papers in this review, several non-OA patient groups (trauma, knee pain 
and ACL or meniscus injury) were used as control group. Some articles did not use a 
non-OA control, but distinguished between early OA and late OA patients. In 
addition, the willingness of healthy individuals to undergo synovial fluid, or intra-
articular tissue sampling can be an issue as it is rather invasive. 

Control groups often consist of a limited sample size (n = 1 or n = 3). Controversially, 
the OA group is often of bigger magnitude as collection of rest material during 
surgery occurs more often. The results of this review emphasize the importance of 
OA grade, as several lipid or metabolite biomarkers showed contradictive results 
when OA grade is considered a distinguishing factor. It is problematic that most 
control groups have a traumatic incident in their joint, as this may induce 
inflammatory or OA-like features69. This might also influence the results, as these 
joint defects often result in the development of OA when not treated sufficiently. 

Therefore, the results of this review should be interpreted as markers that are 
different in a chronic inflammatory and degenerative state (OA) compared to an 
acute inflammatory state due to a traumatic event. True healthy control tissue is 
necessary to confirm that these differences are also representative to distinguish OA 
from non-affected tissue. As ethical consideration may prohibit collection of such 
tissue from a general population, possible sources may be during healthy knee 
allograft collection for ankle defects, surgery of bony structures where the knee is 
unaffected or contra-lateral biopsy during TKA. 

TTiissssuuee  ttyyppeess  aanndd  mmoolleeccuulleess  

Synovial fluid is the most frequently used biopsy source for OA biomarkers. It is easily 
accessible (in most cases), can be harvested from non-OA patients (postmortem or 
alive) and can be measured by one of the most used and sensitive MS techniques: 
LC-MS. Synovial fluid, if not contaminated with blood, is easy to process, and 
requires limited actions before analysis. Authors often use 2D gel electrophoresis 
(2DE) and/or sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
to separate proteins before LC-MS analysis to measure proteins in synovial fluid. 

Synovial fluid can be aspirated from the joint using a syringe prior to or during 
surgery. This technique is already been used in clinic to reduce swelling or infection, 
as well as for diagnostic purposes161. Aspiration of synovial fluid is an invasive 
technique, puncturing the knee capsule, which often needs echography guidance. 
The OA knee often contains more synovial fluid compared to the healthy knee. To 
detect biomarkers for OA and be able to intervene in its development, synovial fluid 
should be aspirated early in the disease. However, patients with early stages of OA 
often do not experience symptoms or seek medical help. 
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FFiigguurree 22..55.. The Pathway Enrichment vs -log10 (p) with p < 0.05 cutoff for proteins, lipids, and 
metabolites in osteoarthritis patients. P-values are subdivided on a white to red color 
scheme, red indicating higher significance (p < 0.05). Circle size is determined based on 
Enrichment Ratio (ER), with small circles representing low ER and big circles representing 
high ER. ECM = extracellular matrix.

Cartilage is the second most-explored tissue of the human knee and is often 
harvested postmortem or during TKA. In severe cases of OA, the cartilage is 
degraded to the bone, making it hard to harvest late-stage OA cartilage. The use of 
cartilage and other tissue types in combination with LC-MS requires protein 
extraction from the tissue. Other techniques like MALDI-MS(I) are favored for these 
‘solid’ tissue types, as it gives researchers the opportunity to visualize the location 
of the detected molecule by spatial analysis. Healthy cartilage is even more difficult 
to obtain. Harvest of healthy human cartilage is only possible postmortem or after 
trauma. Therefore, most studies use damaged tissues from the knee as control. 

168085 Haartmans BNW.indd   46168085 Haartmans BNW.indd   46 05-01-2024   12:0405-01-2024   12:04



Mass spectrometry-based biomarkers for knee osteoarthritis 

47 

These tissues are often removed or replaced during surgery and are therefore more 
likely to acquire.   

TTaabbllee  22..33.. Pathway analysis in MetaboAnalyst 5.0 using all upregulated-highlighted proteins 
(n = 35), lipids and metabolites (n = 13) in OA patients, found in the article search of this 
review. Pathways with high impact (impact > 0.1) are highlighted in bold. These pathways 
include complement and coagulation cascades, extracellular matrix receptor interaction and 
multiple inflammatory pathways. 

PPaatthhwwaayy  nnaammee  pp--vvaalluuee  FFDDRR  IImmppaacctt  DDaattaabbaassee  
Complement and coagulation cascades 1.19E-20 3.95E-18 0.16 KEGG 
Staphylococcus aureus infection 2.69E-07 4.45E-05 0.37 KEGG 
Systemic lupus erythematosus 3.57E-05 0.0039 0.1 KEGG 
Fatty acid biosynthesis 5.79E-05 0.0045 0.01 KEGG 
Biosynthesis of unsaturated fatty acids 6.75E-05 0.0045 0.03 KEGG 
ECM-receptor interaction 1.07E-04 0.0059 0.35 KEGG 
Prion diseases 1.61E-04 0.0076 0 KEGG 
Cholesterol metabolism 6.25E-04 0.026 0.02 KEGG 
Pertussis 0.0018 0.065 0.1 KEGG 
Focal adhesion 0.0023 0.077 0.03 KEGG 
Platelet activation 0.0067 0.2 0.01 KEGG 
Vitamin digestion and absorption 0.014 0.35 0 KEGG 
Human papillomavirus infection 0.014 0.35 0.02 KEGG 
Fatty acid elongation 0.015 0.36 0.01 KEGG 
PI3K-Akt signaling pathway 0.017 0.38 0.03 KEGG 
Adipocytokine signaling pathway 0.019 0.4 0.07 KEGG 
Proteoglycans in cancer 0.021 0.41 0.06 KEGG 
Leishmaniasis 0.022 0.41 0.07 KEGG 
Fatty acid degradation 0.029 0.5 0.04 KEGG 
Chagas disease (American 
trypanosomiasis) 

0.037 0.57 0.03 KEGG 

Choline metabolism in cancer 0.038 0.57 0 KEGG 
AGE-RAGE signaling pathway in diabetic 
complications 

0.038 0.57 0.03 KEGG 

Amoebiasis 0.041 0.6 0 KEGG 
ECM = extracellular matrix, FDR = false discovery rate. 

While we already know that ACL and/or meniscus rupture contributes to the 
development of OA in the future162, 163, the use of ACL and/or meniscus tissue in the 
search for biomarkers with MS is limited or absent. Also limited/absent is the search 
for biomarkers in synovium and IPFP, though both tissue types play an important 
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role in the inflammatory and molecular signature of OA164, 165. In addition, bone, or 
the bone-cartilage interface, and tendon (injury) are in this search not even 
suggested as tissue of interest, while these tissues might also be contributing to 
inflammation or OA development166-168. 

Most articles in our search focus on the analysis of proteins. Proteins fulfill multiple 
functions in the human body, such as tissue growth, maintenance, and cell/tissue 
communication. Dysregulation of protein synthesis or expression is often associated 
with disease pathology169. Therefore, it is not surprising that proteins are 
predominantly used as diagnostic or therapeutic target for OA. Proteins are known 
to interact with other proteins, but also with lipids in cell membranes170. 

Lipids and metabolites are less studied in disease pathologies such as OA. For 
example, lipids have been shown to play an important role in the pro-inflammatory 
phenotype of OA171. This suggests that these molecules might also function as 
diagnostic or therapeutic targets for OA and that more research needs to be done. 
An important feature of the reviewed articles focusing on lipids is that they often 
provide sum compositions, whereas possible different lipid isomers might also play 
different signaling roles in OA. 

DDiissccuussssiioonn::  MMoolleeccuullaarr  ssiiggnnaattuurree  ddeeppeennddeenntt  oonn  ssaammppllee  pprreeppaarraattiioonn  aanndd  
mmaassss  ssppeeccttrroommeettrryy  tteecchhnniiqquuee  

SSaammppllee  pprreeppaarraattiioonn  

The techniques used for sample preparation varied among authors and are 
dependent on the MS technique used for analysis. Not only the MS technique has to 
be taken into account, but also the purpose of the study (homogenate or local 
analysis), sample volume, sample concentration or composition, and the 
preparation method/solution are important172. In addition, external factors such as 
inter-person variabilities, (storage) temperature, and humidity can play a roll. 

Before analyzing tissues or fluids with MS, it is important to consider enhancing the 
performance of protein digestion and reduce the complexity of the proteome by 
using several enzyme (protease) combinations for protein digestion. Proteases such 
as (chymo)trypsin, or alternative proteases such as endoproteinases glutamic-C, 
lysine-C, lysine-N, or aspartic-N, can generate unique peptide sequences and 
improve protein sequence coverage in different MS applications173. 

Post-translational modifications of proteins could also be of interest while searching 
for biomarkers. Top-down proteomics allows the detection of specific post-
translational modifications such as phosphorylation, glycosylation, ubiquitination, 

168085 Haartmans BNW.indd   48168085 Haartmans BNW.indd   48 05-01-2024   12:0405-01-2024   12:04



Mass spectrometry-based biomarkers for knee osteoarthritis 

49 

nitrosylation, methylation, or acetylation, and typically involves purification steps. 
Glycoprotein modifications in the cartilage for instance have been described174. In 
many cases these modifications cannot be detected. Chromatographic separation or 
previous protein purification are often needed. In addition, protocols that disrupt 
collagen fibers are recommended since the access to proteins with specific roles and 
post-translational modifications can be better digested then. For example, Hsueh et 
al. used a strong guanidine extraction buffer for protein extraction in cartilage142. 

MMaassss  ssppeeccttrroommeettrryy  aanndd  ddaattaa  aannaallyyssiiss  

Using currently available MS techniques, it is possible to detect molecules including 
peptides and proteins, lipids, metabolites and other (bio) chemical compounds. The 
majority of articles in our search focuses on the detection and analysis of peptides 
and proteins, rather than lipids or metabolites. Hereby, every ionization method (ESI, 
MALDI, etc.) has a different effect on sample and final analysis result, as sensitivity 
and detection method are different. In addition, the mass resolution and accuracy 
of the instrument are important when comparing data between articles. 

A mass spectrometer consists of an ion source for sample ionization, a mass analyzer 
for mass separation and a detector for ion detection. There are several types of mass 
analyzers available, which separate ionized masses based on mass-to-charge ratio 
(m/z) which can be detected by the detector: quadrupole (ion trap), time-of-flight 
(TOF), magnetic or electrostatic double sector, and ion cyclotron resonance mass 
analyzers175-177. Which mass analyzer to use is dependent on the application. 

In addition, the ionization source also has an influence on the detected molecules. 
As could be shown from this review, ESI is mainly used in combination with LC-MS 
instruments. In contrast to ESI, electron ionization (EI) and collision induced (CI) are 
mainly used in GC-MS techniques. With these ionization techniques, electrons or 
chemicals are used to ionize or charge molecules in the mass spectrometer178. 

Alternatively, some MS techniques make use of ion-mobility to separate ions based 
on their interaction with collision gas, which leads to an increased number of 
identifications. 

LC-MS, combined with dedicated bioinformatics strategies, is highly specific and well 
developed over the past years and has become one of the widely used techniques 
in MS. LC-MS analysis of tissues and fluids give us a detailed overview on the 
molecular/protein profiles in OA patients. In addition, most LC-MS analyses focus on 
the detection and identification of proteins in particularly fluids. More specific for 
synovial fluid; available from different OA patients (TKA surgery) or healthy 
phenotypes can be purchased. Other tissue types are less available and need 
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multiple processing steps before LC-MS analysis. Different analytical results might 
be due to differences in sample preparation or type of database used. Protein 
databases such as UniProt/SwissProt include a high variety of proteins. Still, there 
can be differences between databases and protein content, resulting in more or less 
identifications dependent on the database used. 

Other techniques such as MALDI-MS(I), GC-MS and SIMS have shown to be a 
promising addition to the field of biomarker discovery too. Whereas proteins appear 
to be very important in the development of OA, more and more is known about 
other tissue types, as well as other molecules, such as lipids and metabolites and 
their involvement in OA development179, 180. What techniques such as MALDI-MSI 
discriminate from techniques such as LC-MS is the ability to study molecular 
distributions within the tissue and the associated tissue heterogeneity. Analysis is 
performed on-tissue directly and only needs minor sample processing by matrix 
application. This is of particular importance when analyzing for instance very 
heterogeneous tissues, such as IPFP181. 

Several imaging software, such as Lipostar182 and SCILS are then able to visualize 
molecules and determine their distribution throughout the tissue. In addition, with 
these programs, tissue typing, segmentation and classification of molecules is 
possible. It gives detailed information on tissue types, cells and molecules within the 
tissue. For example, Cillero-Pastor et al. addresses the importance of the location of 
molecules within the tissue, as well as the importance to measure molecules in 
multiple polarities (negative and positive), which is not usually applied throughout 
the reviewed articles140. Considering these techniques, analytical programs and 
databases are less developed and used, the information gathered might be of high 
importance, but not given consideration due to lack of molecule identification. For 
example, an unknown molecule is detected, but not present in one of the databases. 

DDiissccuussssiioonn::  AA  mmoolleeccuullaarr  ssiiggnnaattuurree  ffoorr  oosstteeooaarrtthhrriittiiss??  

The need for biomarkers in the development of DMOADs and personalized 
treatment is high122. Ideally, a treatment for OA would reduce symptoms and modify 
disease development122. However, the progression of OA causes biomarker 
fluctuations between phases of high and low disease activity122. It is therefore 
unlikely that a single biomarker will be specific and sensitive enough to detect, 
predict, or monitor the disease, rather than a combination of molecular 
biomarkers122. 

Although several studies show contradictive results (differences in up- or down-
regulation of measured molecules), various proteins, lipids, and metabolites were 
found to play an important role in distinguishing OA patients from control patients. 
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Differences in molecular signature between articles might be due to differences in 
patients, methods, analysis, or interpretation. Several isoforms of collagen, as well 
as fragments from the complement system are well known factors in OA183, 184. In 
addition, some less known factors have been shown to play an important role in OA 
development. For example, several lipid species (e.g. prostanoids) have been shown 
to be involved in inflammation185. These species might be different in acute patients 
(e.g. patients suffering from cartilage defect or ACL rupture), rather than patients 
with a chronic inflammatory profile such as in OA. Remarkably, most candidate 
biomarkers for OA were upregulated molecules, rather than downregulated 
molecules. We suspect this is related to increased tissue degradation, tissue 
remodeling and inflammation in the OA knee joint. Relevant proteins, such as 
cytokines would be produced and transported to the affected joint. 

MS has been shown a promising tool for the detection of molecular signatures 
responsible for OA development, prognosis or treatment. However, its translation 
to the (outpatient-) clinic is difficult. The lack of concrete molecular phenotypes, as 
well as manageability of the MS systems available, makes it still challenging for 
routine usage in a clinical setting. A clinical setting might for example be the direct 
analysis of taken biopsies. These biopsies could be obtained during surgery, to guide 
treatment decision making on the spot (e.g. damaged cartilage, is the patient able 
to regenerate?), or in outpatient clinic, to decide on next steps for treatment (e.g. 
biopsy of IPFP). 

Biopsy taking of critical tissues such as cartilage and synovium, as well as its storage 
in an accessible biobank, would facilitate research in large study cohorts and 
contribute to our knowledge on OA development. However, it would be very 
invasive, entering the knee capsule and often lacks a healthy control. One other 
possibility is the use of IPFP. IPFP has already been shown to contribute to the 
inflammatory phenotype in OA and is more easily accessible as it is located outside 
the knee capsule. Fat tissue is already known to contribute to diseases such as 
obesity and diabetes. More and more evidence is gathered that this is also true for 
fat tissue inside the knee joint of OA patients186. 

According to our results, we would suggest a combination of proteins, lipids and 
metabolites as biomarker profile for OA. These include (pre) apolipoprotein E 
(precursor), complement component C9, complement component factor B, 
fibrinogen β chain, fibrinogen γ chain (isoform), fibronectin, procollagen C-
endopeptidase enhancer 1, linolenic acid, oleic acid, palmitic acid, palmitoleic acid, 
stearic acid and vitamin D3 derivatives or fragments. Whereas synovial fluid is the 
most studied and accessible source for biomarker discovery in OA, future research 
on the discovered biomarker profile according to this review is needed. 
Nevertheless, other tissue types such as the IPFP, are also interesting. 
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CCoonncclluussiioonn  

Early detection of OA is important to predict disease progression and outcome. It 
also gives the opportunity to intervene and treat early in the disease stage, 
prolonging the development of OA and TKA. Protein, lipid and metabolite profiles 
have been shown to differ in OA from control patients and have therefore the 
potential to be used as (diagnostic) biomarkers. Different usage of patient 
information, patient material and MS techniques herein, increases the variation in 
the detection of molecules, complicating the discovery of potential biomarkers for 
OA, as well as the development of targeted treatment options. 

OA is a multifactorial disease, affecting the whole joint. This review shows that a 
combination of proteins, lipids and metabolites might contribute to a biomarker 
profile for OA rather than one single biomarker. To identify a biomarker profile for 
OA, which can be implicated in the clinic, experiments should be conducted on large 
patient cohorts, with standardized methods, combined with shared databases. 

EExxppeerrtt  ooppiinniioonn  

The ultimate goal of the use of diagnostic MS is to find a molecular profile that can 
be used to predict OA development, early diagnosis, the search for new therapeutic 
targets, and the development of personalized treatments. Early diagnosis of OA and 
better clinical decision-making can contribute to more efficient treatments. With the 
use of joint-preserving therapies, such as lifestyle interventions and weight loss, as 
well as nutritional and pharmacological interventions, intra-or-extra articular 
biomechanics can be restored; TKA can be postponed, leading to fewer revisions and 
more mobility among patients. 

In this review, we concluded that MS is able to separate disease states based on the 
difference in molecular signatures. However, due to the limited size of the studies, 
using different techniques, targets and sources, inconsistency of results is inevitable. 
To be able to translate these preclinical results towards a clinical application, results 
should be validated and confirmed by different labs. 

In addition, the use of alternative tissues such as IPFP (highly available because it is 
routinely removed with every knee-related surgery and biopsy taking would be 
minimally invasive), might be more applicable for a biomarker profile for OA. Further 
analysis on multiple tissue types of patients with multiple disease states, might 
contribute to the finding of a molecular (biomarker) profile for early OA detection, 
as well as OA development and progression. This might also contribute to the 
development of personalized therapeutic strategies and molecular targets. 
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However, this review highlighted many obstacles on the way to these well-needed 
clinical goals. Almost all included papers studied the difference between OA and 
control. However, in clinical practice, the need for predictive or phenotyping 
molecular profiles is just as large as for diagnostic profiling. To truly aid clinical 
decision-making, the MS analysis should provide the clinician with information on 
the prognosis of disease or how well a patient would respond to a certain treatment. 
Only then, it can contribute to personalized medicine. As it is well known from in 
vitro studies that the chondrocytes in the cartilage are very responsive to e.g. 
inflammatory signaling molecules187, the homeostasis of the joint can be predictive 
of recovery or degeneration of the cartilage. If analysis of an upregulated pathway 
is shown, such as the complement and coagulation pathway or several inflammatory 
pathways, there could be an indication for anti-inflammatory treatment. 

RReeccoommmmeennddaattiioonnss  ffoorr  bbiioommaarrkkeerr  ddiissccoovveerryy  wwiitthh  mmaassss  ssppeeccttrroommeettrryy  

With the heterogeneity of the different approaches, as highlighted in this review, we 
are still a long way from validating the clinical value of molecular markers. We would 
like to propose several recommendations to the field: 

First, experiments for biomarker analysis should be conducted on large cohorts, 
including patients with early and late OA, but also patients with cartilage defects. To 
gain more insight in OA progression after treatment or intervention, it would be 
optimal if these patients were followed over time using questionnaires and MRI. 

Secondly, one of the striking features of this review is that each article uses different 
protocols and methods. Standardization of protocols for biopsy taking, sample 
preparation and MS analysis is necessary to combine and compare datasets of 
biomarkers. In addition, it is not clear for all reviewed articles what exact method 
was used for molecule ionization or identification. MS/MS analysis is necessary for 
proper identification of measured molecules. Authors likely assume that the reader 
already knows what ionization or identification method they have used. The use of 
standardized procedures for biopsy taking (of multiple tissue types) and biomarker 
discovery would facilitate the finding of a specific molecular profile for OA or its 
development. Other methods than LC-MS such as GC-MS, MALDI-MSI and SIMS are 
promising, but more research needs to be done. Also outstanding, is the use of 
multiple names for the same molecule. If databases would merge their knowledge, 
molecular identifiers or accession numbers, there will be less confusion on molecule 
identification. A standardized method to describe the molecules in articles would 
also contribute to that. 

In addition, single cell analysis and spatially resolved – omics techniques will give 
more insight in the positional context of cells within a tissue. For example, specific 
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inflammatory cells and tissues in cartilage, IPFP or synovium of OA patients are 
responsible for the secretion of pro-inflammatory factors or cartilage degradation 
factors188, 189. 

Thirdly, we should work towards clinical implementation and point-of-care analysis 
for early detection and intervention of OA. If the molecular signature of multiple 
tissue types within the knee are known and related to OA progression, blood analysis 
(not included in the article search of this review) would possibly be a good 
alternative for the invasive biopsy/surgical methods currently used. The focus now 
is mainly on synovial fluid, which is close to the source of the problem. However, 
other tissue types such as meniscus, cartilage and synovium have shown promising 
results. In addition, LC-MS has already evolved to a very reliable technique for the 
detection of biomarkers. Newer advanced, technologies, such as MSI will possibly 
evolve to highly contributing techniques in the near future, but more research is 
needed. 

Finally, it should be possible to combine data sets using several data analyzing 
programs and databases. There are several databases available on the internet to 
analyze proteins (UniProt/SwissProt, NCBInr, DDBJ, etc.)190, lipids (LIPID MAPS, 
Lipidomic Net, etc.) or metabolites (METLIN, GOLM, etc.). Each database makes use 
of a different search technique and includes a different number of proteins or genes. 
Some make use of the protein name, which can differ even for the same protein; 
others make use of the gene name or protein accession, which is more reliable and 
avoids potential mismatches. Protein names can be divided in recommended name 
(often recommended by database) or alternative name (synonyms, abbreviations, 
acronyms). The International Protein Nomenclature Guidelines are written to 
prevent these name differences among databases191. In addition, lipid and 
metabolite databases are of high quality and nomenclature and classification is 
comparable with proteomic databases192, 193. 

TTeecchhnniiqquueess  iinn  ddeevveellooppmmeenntt  

The possibility of on-tissue analysis of biopsies or possibly during surgery would 
facilitate clinical decision-making on the spot. This would be feasible with techniques 
like rapid evaporative ionization MS (REIMS), connected to an intelligent knife: the 
iKnife. This iKnife generates smoke when in contact with tissue during surgery, which 
is analyzed in a REIMS system, giving molecular information directly to the 
surgeon194. Direct on- or in-tissue analysis in vivo or on biopsies, would increase our 
knowledge on OA. However, not much is known about this technique in orthopedic 
research. In addition, there is currently no clear molecular profile for OA 
development or progression available. This might be due to the variety in methods, 
patients, lack of healthy/control samples and lack of molecule identification. 
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All these steps will eventually lead to better prediction models for OA development, 
better prediction models for patients after injury and better treatment decisions. 
Systems such as REIMS/iKnife are promising technologies that might be used at the 
surgical theater in the near future, contributing to better clinical decision making, 
less revision surgery, better patient health and decreased health costs. From now 
on, we expect that all mentioned techniques will develop towards highly 
recommended and useful techniques to determine patient profiles. For this, 
standardized methods, bigger patient groups and accessible biobanking of clinical 
data will make patient profiling more reliant and accessible. 

NNoott  oonnee  bbiioommaarrkkeerr  ffoorr  oosstteeooaarrtthhrriittiiss  

In conclusion, we do not believe that one particular biomarker will function as 
predictive molecule for OA development or early detection. Most likely, a group of 
molecules (proteins, lipids, metabolites and possibly other molecules combined) will 
give a better insight in the development OA and possible therapeutic targets. To 
reach clinical implementation of MS analysis in treatment decision making, 
standardizing procedures, large relevant cohort studies and sharing of protocols and 
data are necessary. 
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SSuupppplleemmeennttaarryy  iinnffoorrmmaattiioonn    

SSuupppplleemmeennttaarryy  TTaabbllee  22..11.. PubMed Advanced Search conducted on January 28, 2021. 

##  PPuubbMMeedd  AAddvvaanncceedd  SSeeaarrcchh  
RReessuullttss  
2288..0011..22002211  

1 

mass spectrometry[MesH] OR proteomics[MesH] OR 
lipidomics[MesH] OR metabolomics[MesH] OR mass 
spectrometry[tiab] OR metabonomic*[tiab] OR proteomic*[tiab] OR 
lipidomic*[tiab] OR metabolomic*[tiab] OR glycomic*[tiab] 

441987 

2 osteoarthritis[MesH] OR osteoarthritis[tiab] 93208 
3 #1 AND #2 701 

SSuupppplleemmeennttaarryy  TTaabbllee  22..22.. Potential protein or peptide biomarker(s) up (↑) or down (↓) 
regulated in osteoarthritis (OA) or control patients, described by ≥ two studies without 
contradictive results. Pathway analysis in MetaboAnalyst 5.0 was conducted on all 
upregulated-highlighted proteins (n = 35) in OA patients. 

BBiioommaarrkkeerrrreeff  TTiissssuuee//fflluuiidd  SSppeecciiffiicc  ffoorr  
α2-Macroglobulin132, 144 Synovial fluid ↑ OA 
α-1-acid glycoprotein 1153, 157 Meniscus ↑ OA 
α-1B-glycoprotein144, 157 Synovial fluid, meniscus ↑ OA 
α-2-HS-glycoprotein137, 157 Synovial fluid, meniscus ↑ OA 

(pre) Apolipoprotein E (precursor)132, 148, 153, 157 
Synovial fluid, 
meniscus, cartilage 

↑ OA 

Apolipoprotein H (β2-glycoprotein I)132, 153 Synovial fluid, cartilage ↑ OA 
Ceruloplasmin (ferroxidase)132, 144 Synovial fluid ↑ OA 
Collagen α-1(VI) chain (precursor)145, 148, 157 Meniscus, cartilage ↑ OA 
Collagen α-3(VI) chain (precursor)148, 157 Meniscus, cartilage ↑ OA 
Complement C1r (subcomponent)134, 144 Synovial fluid ↑ OA 

Complement C3132, 134, 144 Synovial fluid ↑  OA 

Complement component C5 (precursor)148, 157 Meniscus, cartilage ↑ OA 
Complement component C7134, 144 Synovial fluid ↑ OA 

Complement Component C9134, 144, 153, 157 
Synovial fluid, 
meniscus, cartilage 

↑ OA 

Complement factor B137, 144, 153, 157 
Synovial fluid, 
meniscus, cartilage 

↑ OA 

Complement factor H144, 153, 157 Synovial fluid, meniscus ↑ OA 
OA= osteoarthritis  
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SSuupppplleemmeennttaarryy  TTaabbllee  22..22  ((ccoonnttiinnuueedd)).. Potential protein or peptide biomarker(s) up (↑) or 
down (↓) regulated in osteoarthritis (OA) or control patients, described by ≥ two studies 
without contradictive results. Pathway analysis in MetaboAnalyst 5.0 was conducted on all 
upregulated-highlighted proteins (n = 35) in OA patients. 

BBiioommaarrkkeerrrreeff  TTiissssuuee//fflluuiidd  SSppeecciiffiicc  ffoorr  
Fibrinogen α chain (isoform) (precursor)148, 153, 

157 
Meniscus, cartilage ↑ OA 

Fibrinogen β chain144, 153, 157 
Synovial fluid, 
meniscus, cartilage 

↑ OA 

Fibrinogen γ chain (isoform)132, 144, 153, 157 
Synovial fluid, 
meniscus, cartilage 

↑ OA 

Fibronectin127, 137, 144, 155, 157 
Synovial fluid, 
meniscus, cartilage, 
synovium 

↑ OA 

Haptoglobin (precursor)132, 143, 148 Synovial fluid, cartilage ↑ OA 
Hemopexin144, 153 Synovial fluid, cartilage ↑ OA 
Inter-α-trypsin inhibitor heavy chain H1137, 144, 

157 
Synovial fluid, meniscus ↑ OA 

Inter-α-trypsin inhibitor heavy chain H2153, 157 Meniscus, cartilage ↑ OA 
Kininogen 1133, 137, 144 Synovial fluid ↑ OA 
Lumican144, 157 Synovial fluid, meniscus ↑ OA 
Matrix Gla protein133, 157 Synovial fluid, meniscus ↑ OA 
Pigment epithelium-derived factor144, 157 Synovial fluid, meniscus ↑ OA 
Procollagen C-endopeptidase enhancer 1144, 

146, 157 
Synovial fluid, 
meniscus, cartilage 

↑ OA 

Protein AMBP134, 144 Synovial fluid ↑ OA 
Serine protease HTRA1 (precursor)148, 157 Meniscus, cartilage ↑ OA 
Serum albumin (precursor)134, 144, 148 Synovial fluid, cartilage ↑ OA 
Transaldolase134, 144 Synovial fluid ↓ OA 
Transforming growth factor-beta-induced 
protein ig-h3 (precursor)148, 157 

Meniscus, cartilage ↑ OA 

Vitamin D-binding protein (group specific 
component)132, 144, 157 

Synovial fluid, meniscus ↑ OA 

Vitronectin (precursor)144, 148 Synovial fluid, cartilage ↑ OA 
Histone H2B133, 148 Synovial fluid, cartilage ↑ Control  
Serum amyloid A1 (isoform 1)131, 133 Synovial fluid ↑ Control 

OA= osteoarthritis  
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SSuupppplleemmeennttaarryy  TTaabbllee  22..33.. Potential lipid and metabolite biomarker(s) (group) up (↑) 
regulated in early (eOA) or late (lOA) osteoarthritis (OA) patients, described by ≥ two authors 
without contradictive results. Pathway analysis in MetaboAnalyst 5.0 was conducted on all 
upregulated-highlighted lipids and metabolites (n = 13) in OA patients. 

BBiioommaarrkkeerrrreeff  TTiissssuuee//fflluuiidd  SSppeecciiffiicc  ffoorr  
FFaattttyy  aacciiddss  
Fatty acids (long chain)78, 152 Cartilage ↑ OA 
Linolenic acid152, 154 Synovial fluid, cartilage ↑ lOA 
Oleic acid152, 154 Synovial fluid, cartilage ↑ lOA 
Palmitic acid152, 154 Synovial fluid, cartilage ↑ lOA 
Palmitoleic acid152, 154 Synovial fluid, cartilage ↑ lOA 
Stearic acid152, 154 Synovial fluid, cartilage ↑ lOA 
PPhhoosspphhoolliippiiddss    
Phosphatidylethanolamine‐based 
plasmalogens78, 151 

Synovial fluid ↑ OA 

Phosphatidylethanolamines78, 150, 151 Synovial fluid ↑ OA 
(lyso-) Phosphatidylglycerols150, 151, 158 Synovial fluid ↑ OA 
Phosphatidylserines150, 151 Synovial fluid ↑ OA 
(lyso-) Phosphatidylcholines/ 
Phosphatidylcholines78, 150, 151 

Synovial fluid ↑ OA 

OOtthheerr  
Ceramides150, 158 Synovial fluid ↑ OA 
Vitamin D3 derivatives/fragments150, 152 Synovial fluid, cartilage ↑ OA 

lOA = late osteoarthritis, OA = osteoarthritis. 
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AAbbssttrraacctt    

The potential chondroprotective effect of celecoxib, a nonsteroidal anti-
inflammatory drug (NSAID) and selective cyclooxygenase (COX) 2 inhibitor used to 
reduce pain and inflammation in knee osteoarthritis (OA) patients, is disputed. This 
study aimed at investigating the chondroprotective effects of celecoxib on (1) 
human articular cartilage explants and (2) in an in vivo OA rat model. Articular 
cartilage explants from 16 OA patients were cultured for 24 hours with celecoxib or 
vehicle. Secreted prostaglandins (PGs, prostaglandin E2, prostaglandin F2α, 
prostaglandin D2) and thromboxane B2 (TXB2) concentrations were determined in 
medium by enzyme-linked immunosorbent assay ELISA, and protein regulation was 
measured with label-free proteomics. Cartilage samples from 7 of these patients 
were analyzed for gene expression using real-time quantitative polymerase chain 
reaction. To investigate the chondroprotective effect of celecoxib in vivo, 14 rats 
received an intra-articular injection of celecoxib or 0.9% NaCl after osteoarthritis 
induction by anterior cruciate ligament transection and partial medial meniscectomy 
(ACLT/pMMx model). Histopathological scoring was used to evaluate OA severity 12 
weeks after injection. Secretion of PGs, target of Nesh-SH3 (ABI3BP), and 
osteonectin proteins decreased, whereas tissue inhibitor of metalloproteinase 2 
(TIMP-2) increased significantly after celecoxib treatment in the human (ex vivo) 
explant culture. Gene expression of a disintegrin and metalloproteinase with 
thrombospondin motifs 4 and 5 (ADAMTS4/5) and metalloproteinase 13 (MMP13) 
was significantly reduced after celecoxib treatment in human cartilage explants. 
Cartilage degeneration was reduced significantly in an in vivo OA knee rat model. 
Our data demonstrated that celecoxib acts chondroprotective on cartilage ex vivo 
and a single intra-articular bolus injection has a chondroprotective effect in vivo. 
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IInnttrroodduuccttiioonn  

Knee osteoarthritis (OA) patients suffer from joint pain and immobility, which is 
usually treated by nonsteroidal anti-inflammatory drugs (NSAIDs) and physical 
therapy, with total knee arthroplasty (TKA) as an end-stage disease solution195, 196. 
Over the years, several disease-modifying OA drugs came to attention197. Selective 
cyclooxygenase 2 (COX-2) inhibitors are a type of disease-modifying OA drugs and 
are investigated for their effect on the inhibition of prostaglandins (PGs). PGs, 
secreted by intra-articular tissues, are an important class of signaling molecules 
present in synovial fluid and involved in inflammation40, 41. 

The family of eicosanoids consists of 5 different subtypes: prostaglandin E2 (PGE2), 
prostaglandin D2 (PGD2), prostaglandin I2 (PGI2), prostaglandin F2α (PGF2α), and 
thromboxane A2 (TXA2)198. Inhibition of their production has been shown to provide 
pain-reducing effects198. It has been suggested that PGE2 acts catabolic and induces 
cartilage degradation by inhibiting proteoglycan synthesis and stimulating matrix 
degradation199, 200. Studies on the actions of prostanoids on articular tissues have 
focused mainly on cartilage and PGE2, proposing it as a catabolic or anti-anabolic 
factor199-201, while also anti-catabolic effects on chondrocytes have been reported202-

204. 

An effective way to target prostanoid synthesis is by blocking COX activity198. At least 
2 COX isoforms have been described, COX-1 and COX-2, the latter being considered 
to be associated with inflammation205. COX-2 inhibitors have been designed to target 
the inflammatory COX-2 while circumventing inhibition of COX-1205. An example of a 
specific COX-2 inhibitor is celecoxib, which is currently used as an analgesic by 
patients with inflammatory arthritic diseases206. Besides being a drug with analgesic 
properties, evidence on the OA disease-modifying effects of celecoxib is now 
increasing, with ex vivo and in vivo data showing chondroprotective effects42-47, 
including beneficial effects on cartilage matrix turnover and suppression of pro-
inflammatory factors. However, other studies report contradictory data showing the 
absence of a chondroprotective effect of celecoxib in a groove OA-model in dogs48, 
in human patients with knee OA49, or in a ligament transection and meniscectomy 
mouse model50. This may be related to differences in OA severity, timing of 
administration after OA induction, or lower local concentrations of celecoxib in the 
knee joint due to oral administration and insufficient patient compliance207. 

Whereas oral administration of celecoxib can be accompanied by negative side 
effects such as cardiovascular disease47, the effect of intra-articular administration, 
which has not been used in clinic yet, has been studied briefly45, 208-210. Whereas 
some studies report improvement in cartilage degeneration scores45, 208, others do 
not report improvement209, 210. Differences in study design, including dosage, timing 
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of treatment, or way of administration (with or without the use of dose delivery 
systems), and use of scoring system might be related to the outcome of results. 

Due to the controversy of previous literature and to further clarify the 
chondroprotective effect of celecoxib; this work aims at studying the effect of 
celecoxib in vitro and in vivo. In the current study, we aimed at investigating (1) the 
ex vivo biomolecular mechanism and chondroprotective effect of celecoxib in 
cartilage biopsies by measuring (a) prostaglandin and protein secretion in the culture 
medium and (b) gene expression in the cartilage explants. In addition, (2) the in vivo 
effect of an intra-articular celecoxib injection on cartilage was investigated in an OA-
induced rat model. 

We hypothesize that celecoxib acts chondroprotective by reducing the release of 
inflammatory prostaglandins and that it might act as an anti-proteolytic drug by 
reducing the gene expression of specific proteolytic enzymes (such as 
metalloproteinases (MMPs))211 and altering secreted proteins. To test this 
hypothesis, we analyzed the prostaglandin release by cartilage explants treated with 
celecoxib or dimethyl sulfoxide (DMSO) and performed gene expression analysis of 
important proteolytic enzymes known to be involved in knee OA pathophysiology. 
Subsequently, we analyzed the protein secretome in cartilage-conditioned medium. 

We expect that the intra-articular injection of celecoxib has a chondroprotective 
effect and that a local administration would have a larger effect compared with oral 
administration. Thus, we investigated the chondroprotective capacity of a single 
intra-articular bolus injection of celecoxib in an in vivo surgically induced rat OA 
model. 

MMeetthhoodd  ––  EExx  vviivvoo  ssttuuddyy  

HHuummaann  ttiissssuuee  eexxppllaanntt  ccuullttuurreess    

From 16 human subjects with knee OA who underwent TKA, full-thickness cartilage 
explants were obtained (MEC approval 11-4-040). Cartilage pieces from femoral 
condyles and tibia plateaus were cut into small pieces, washed thoroughly with 0.9% 
NaCl 3 times, and cultured at 37°C and 5% CO2 in suspension for 24 hours with a 
concentration of 100 mg tissue/ml in Dulbecco’s modified Eagle’s medium (DMEM-
F12 low glucose; Invitrogen, Carlsbad, CA) supplemented with 1% insulin-transferrin-
selenite media supplement (ITS) (Invitrogen) and 1% antibiotic/antimycotic 
(Invitrogen)16. In addition, celecoxib (LC Laboratories, Woburn, MA) was dissolved in 
DMSO (vehicle, DMSO; Sigma-Aldrich, St Louis, MO) and added to the culture 
medium in a 10 µM final concentration. The concentration of celecoxib was 
determined based on earlier dose-response experiments16, 46. DMSO was added 
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1:1,000 to cultures without celecoxib as a control. After 24 hours, cartilage-
conditioned medium was harvested, centrifuged at 1200 RPM for 8 minutes, and the 
supernatant was frozen at −80°C. Media were stored for a maximum of 4 weeks 
before prostanoid analysis. After 24 hours of culture, tissue explants were snap-
frozen in liquid nitrogen and stored at −80°C until being processed for RNA isolation. 

PPrroossttaannooiidd  mmeeaassuurreemmeenntt  iinn  ccoonnddiittiioonneedd  mmeeddiiaa    

PGE2, PGF2α, PGD2, and TXB2 (a stable metabolite of TXA2) concentrations were 
determined in OA cartilage-conditioned medium by a competitive enzyme-linked 
immunosorbent assay (ELISA) according to the manufacturer’s instructions (Cayman 
Chemicals, Ann Arbor, MI). ELISA for PGI2 was not performed in these experiments, 
as PGI2 is unstable in culture medium and previous experiments showed that it could 
not be measured reliably. PG concentrations in the samples were calculated from a 
calibration curve using standards supplied by the manufacturer. 

GGeennee  eexxpprreessssiioonn  aannaallyyssiiss::  RRNNAA  iissoollaattiioonn  aanndd  RRTT--qqPPCCRR    

Frozen cartilage samples from 7 patients were homogenized with a Mikro-
Dismembrator S (B. Braun Biotech International GmbH, Melsungen, Germany) and 
suspended in 1 ml TRIzol (Thermo Fisher Scientific, Waltham, MA)/100 mg tissue. 
RNA extraction, purification, and quantification have been published earlier, as was 
the complementary DNA (cDNA) synthesis using both commercially available Rneasy 
Micro Kit (QIAGEN, Hilden, Germany) and Eurogentec kits (Eurogentec, Seraing, 
Belgium)16. Gene expression was analyzed using quantitative real-time polymerase 
chain reaction (RT-qPCR) as described earlier16. Validated primer sequences of 28S 
ribosomal RNA (rRNA), PPIA (peptidylprolyl isomerase A), GAPDH (glyceraldehyde 3-
phosphate dehydrogenase), MMP13 (matrix metalloproteinase 13), COL2A1 
(collagen type 2 alpha 1), ACAN (aggrecan), ADAMTS4 (a disintegrin and 
metalloproteinase with thrombospondin motifs 4), and ADAMTS5 (a disintegrin and 
metalloproteinase with thrombospondin motifs 5) were published earlier16. 
Amplification efficiencies of the primers were between 0.9 and 1.05. Gene 
expression analysis was performed based on normalization to the best housekeeper 
index, based on gene expression levels of 28S, PPIA, and GAPDH, as previously 
described212. These housekeeping genes were selected before as reliable16. 

MMaassss  ssppeeccttrroommeettrryy  aannaallyyssiiss  ooff  ccoonnddiittiioonneedd  mmeeddiiaa    

An untargeted proteome analysis on OA cartilage-conditioned medium with and 
without celecoxib treatment was performed. For protein precipitation, the samples 
were centrifuged for 5 minutes at 1,200 RPM to remove potential cells and for 10 
minutes at 13,000 RPM to remove potential macromolecular aggregates. 
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Subsequently, 10 μl of 0.2% sodium deoxycholate (DOC; Sigma-Aldrich) was added 
to each sample, vortexed, and incubated for 10 minutes at 4°C. Then, 10 μl of 
trichloroacetic acid (TCA; Sigma-Aldrich) was added, vortexed, and incubated for 1 
hour at 4°C. The samples were centrifuged for 10 minutes at 13,000 RPM and the 
supernatant was removed. The remaining pellet was washed with 1 ml of cold 
acetone (−20°C) 3 times with intermediate centrifugation (13,000 RPM for 10 min) 
and removal of the supernatant. Dried protein pellets were dissolved in 50 μl of 5 M 
urea (GE Healthcare, Chicago, IL)/50 mM ammonium bicarbonate (Sigma-Aldrich) 
sample buffer and stored at −20°C until further processing. The protein content of 
each sample was measured using Bradford Protein Assay (Bio-Rad Laboratories, 
Hercules, CA) according to the manufacturer’s protocol. Absorption was determined 
at 595 nm (optical density). A total of 6.6 µg protein per sample was used for protein 
digestion. Five microliters of 20 mM dithiothreitol (Sigma-Aldrich) in ULC/MS grade 
water (Biosolve, Valkenswaard, the Netherlands) was added to each sample, 
vortexed, and incubated for 45 minutes at room temperature. Subsequently, 6 μl of 
40 mM iodoacetamide (Sigma-Aldrich) in ULC/MS grade water (Biosolve) was added, 
vortexed, and incubated for 45 minutes at room temperature in the dark. Ten 
microliters of 20 mM dithiothreitol (Sigma-Aldrich) was added to the solution, 
vortexed, and incubated at room temperature for 45 minutes to stop the reaction. 
A trypsin/Lys-C solution in resuspension buffer (Promega, Leiden, the Netherlands) 
was added in an enzyme to protein ratio of 1:25. The samples were vortexed and 
incubated in a water bath (37°C) for 2 hours, before spinning the samples down and 
adding 200 μl of 50 mM ammonium bicarbonate (Sigma-Aldrich) sample buffer. 
Again, samples were vortexed and incubated in a water bath (37°C) overnight. 

Finally, 30 μl of 20% acetonitrile (ACN) (Biosolve)/10% formic acid (FA) (Biosolve) was 
added and samples were vortexed to stop the reaction. Samples were centrifuged 
for 30 minutes at 13,000 RPM to remove possible particles and were stored at −20°C 
until liquid chromatography-tandem mass spectrometry (LC-MS/MS). 

Proteomic analysis was performed on a Thermo Scientific Ultimate 3000 Rapid 
Separation UHPLC system (Dionex, Amsterdam, the Netherlands), coupled to a Q-
Exactive HF mass spectrometer (Thermo Fisher Scientific). The UHPLC system was 
equipped with a PepSep C18 analytical column (15 cm, ID 75 µm, 1.9 µm Reprosil, 
120Å). Samples were desalted on an online installed C18 trapping column and then 
separated on an analytical column with a 90-minute linear gradient (5%-35% ACN 
with 0.1% FA, flow rate 300 nl/min). The scans were performed in data-dependent 
acquisition mode (DDA). Full mass spectrometry (MS) scans were executed from 250 
to 1250 m/z (mass to charge ratio) at a resolution of 120,000, followed by tandem 
MS (MS/MS) scans on the 15 most intense ions at a resolution of 15,000160. 
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MMeetthhoodd  ––  IInn  vviivvoo  ssttuuddyy    

SSuurrggeerryy  ffoorr  iinndduuccttiioonn  ooff  oosstteeooaarrtthhrriittiiss    

The chondroprotective effect of celecoxib was investigated in a rat OA model, 
anterior cruciate ligament (ACL) transection in combination with a partial medial 
meniscectomy (ACLT/pMMx). The primary outcome measure was the cartilage 
degeneration score according to the Osteoarthritis Research Society International 
(OARSI) histopathology initiative for the rat213. The study was performed in 
accordance with the ARRIVE (Animal Research: Reporting of In Vivo Experiments) 
guidelines214. All animal experimental protocols were approved by the Maastricht 
University Animal Ethics Committee (DEC13-052). 

Sample size was calculated according to the formula of L. Sachs215 with α = 0.05, 
power = 0.80 (β = 0.20), spread of σ = 20%, and an effect size of δ = 33%216, resulting 
in n = 6 knees per group. We expected a 10% dropout for all groups. Therefore, we 
included 7 knees per group. 

Fourteen 3-month-old, male Lewis rats (Charles River, ‘s-Hertogenbosch, the 
Netherlands) were allowed to acclimatize for 1 week, before the start of the 
experiments. Animals were housed in pairs, kept on a 12-hour dark/light cycle, and 
fed ad libitum. OA was surgically induced in the right knee by the ACLT/pMMx OA 
model213. The left knees were used as healthy controls. Only male rats were included 
in this study to prevent an influence of hormonal fluctuation during menstrual cycle 
of female rats. 

In brief, rats were anesthetized in a chamber containing 1% isoflurane (Isoflo; Abbott 
Laboratories, Chicago, IL). The right knee joint of each rat was shaved, cleaned, and 
disinfected with iodine (Eurovet Animal Health, Bladel, the Netherlands). The skin 
was incised with a longitudinal incision on the medial side of the joint. Then, the joint 
capsule was incised on the medial side of the patellar tendon, which provided access 
to the joint space. The patella was dislocated laterally and the ACL was transected 
using a surgical blade (size 11). Transection was confirmed by a manually performed 
anterior drawer test. In addition, the anterior part of the medial meniscus was 
removed using a surgical scissor. The joint capsule and skin were closed with Vycril 
4-0 sutures. Left knees were kept intact. 

Animals were allowed to move freely in their cage and were checked daily for 
general health and experiment-related discomfort for 3 weeks. Four weeks after 
surgery, rats were randomly assigned to 2 experimental groups using the block 
randomization method. The treatment group received an intra-articular injection of 
25 μl of 0.9% NaCl containing 92.25 ng of celecoxib in both the operated (group 1a: 
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OA celecoxib) and nonoperated leg (group 1b: healthy celecoxib). The control group 
received an intra-articular injection of 25 μl of 0.9% NaCl in both legs (group 2a and 
group 2b, respectively: OA control and healthy control). This amount of celecoxib 
was based on previous literature16, 46. Twelve weeks after injection, rats were 
anesthetized with 1% isoflurane and killed by cervical dislocation. OA severity was 
assessed by scoring histological sections of rat knee joints using the OARSI 
histopathology initiative for the rat by 2 blinded observers213. 

Tissue preparation and histology Rat knee joints were carefully resected and fixed 
with 3.7% paraformaldehyde (VWR International, Radnor, PA) in 0.1 M phosphate-
buffered saline (PBS) at 4°C for 1 week. Next, tissues were decalcified in 0.5 M 
ethylenediamenetetraacetic acid (EDTA) solution (pH 7.8) for 8 weeks. After 
confirmation of decalcification on x-ray, knee joints were cut in halves along the 
medial collateral ligament in the frontal plane to directly get access to the central 
weightbearing region of the joint. The posterior half of the knees was dehydrated by 
transferring through solutions of increasing ethanol concentration up to 100% 
ethanol. After a final 24-hour dehydration step in cold 100% acetone at 4°C, 
specimens were infiltrated with Technovit 8100 (VWR International) at 4°C for 4 
weeks. After this, specimens were placed into polyethylene-embedding molds. 
Polymerization solution (hardner), prepared according to the protocol of the 
manufacturer, was poured into the molds and air contact was prevented by covering 
the cavities with plastic films. The embedding form was placed on a thin layer of ice, 
and polymerization was allowed for 24 hours at 4°C. After hardening was complete, 
specimens were blocked with Histobloc and Technovit 3040 (VWR International) and 
removed from the molds. Sections (5-10 µm) were cut from the blocks using a 
rotation microtome (Leica Biosystems, Nussloch, Germany), stretched on distilled 
water, and mounted on uncoated glass slides at 80°C. Slides were subjected to 
thionine staining for routine histological examination by light microscopy (Axio Vert 
A1 microscope, Axiovision LE release 4.8.2; Carl Zeiss AG, Oberkochen, Germany). 

As lesions in the ACLT/pMMx model develop mainly at the outer one-third of the 
medial tibial plateau, thionine-stained sections of the medial tibial plateau were 
scored using the cartilage degeneration score according to the OARSI histopathology 
initiative for the rat213. Scoring was performed by 2 blinded observers (U.T.I. and 
R.M.J.). Measurements of parameters needed for the cartilage degeneration score 
were made using Axiovision Software (Axiovision LE release 4.8.2; Carl-Zeiss). 

  

  

  

168085 Haartmans BNW.indd   66168085 Haartmans BNW.indd   66 05-01-2024   12:0405-01-2024   12:04



Evaluation of the anti-inflammatory and chondroprotective effect of celecoxib on cartilage 

67 

SSttaattiissttiiccss  aanndd  ddaattaa  aannaallyyssiiss  

EELLIISSAA  aanndd  RRNNAA  mmeeaassuurreemmeennttss    

GraphPad Prism 8 (GraphPad Software, San Diego, CA) was used for statistical 
analysis. Per donor, explants were obtained, pooled, and randomly divided over the 
different conditions. All samples for gene expression analysis and prostanoid 
measurements in the medium were processed and analyzed individually with a 
single measurement per donor. Continuous variables were tested for normality 
using the Kolmogorov-Smirnov test and normality plots were visually assessed for 
skewness. No normal distribution was identified. Effects of celecoxib on gene 
expression and prostanoid release by different intra-articular tissues were evaluated 
using a Wilcoxon matched-pairs signed-rank test. Statistical differences in histology 
scores in OA-induced knees or non-OA-induced knees injected with 0.9% NaCl or a 
bolus celecoxib were analyzed using a Mann-Whitney U test. 

PPrrootteeoommee  aannaallyyssiiss    

The acquired spectra were analyzed for protein identification and quantification 
using Proteome Discoverer (PD) Software version 2.2 (Thermo Fisher Scientific). 
Protein identification was conducted using the Sequest HT search engine with 
SwissProt (Human) database (Homo sapiens, Tax ID 9606). Analysis settings for this 
search included: enzyme trypsin, a maximum of 2 missed cleavage sites, a minimum 
peptide length of 6 and maximum of 144, a precursor mass tolerance of 10 ppm, and 
fragment mass tolerance of 0.02 Da. In addition, dynamic modifications of 
methionine oxidation (+15.995 Da) and protein N-terminus acetylation (+42.011 Da), 
and static modification of carbamidomethylation (+57.021 Da) were used. A false 
discovery rate of ≤1% was applied. 

Protein quantification was performed using label-free quantification settings in PD 
version 2.2. Peptide precursor intensities were used for peptide abundance and total 
peptide amount was used for normalization. The difference in protein secretion 
(proteins with high confidence) between treatment groups was determined using a 
Wilcoxon signed-rank test with Benjamini-Hochberg correction for multiple 
testing217 in MATLAB 2018a for Windows (MathWorks, Natick, MA) with α = 0.05. 

RReessuullttss  

CCeelleeccooxxiibb  rreedduucceess  pprroossttaannooiidd  rreelleeaassee  bbyy  ccaarrttiillaaggee  eexx  vviivvoo  

All 4 prostanoid subtypes were detected in medium conditioned by OA cartilage 
(FFiigguurree  33..11). The average concentration of PGE2, PGF2α, PGD2, and TXB2 by cartilage 
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in the control group was, respectively, 23 ng/ml, 5 ng/ml, 3 ng/ml, and 0.4 ng/ml 
(FFiigguurree  33..11). In conditioned medium acquired from celecoxib-treated OA cartilage, a 
significantly reduced PGE2 (P < 0.001; 60-fold), PGF2α (P < 0.001; 14-fold), PGD2 (P 
< 0.001; 21-fold), and TXB2 (p = 0.0092; 2-fold) concentration was measured (FFiigguurree  
33..11). 

FFiigguurree  33..11.. Celecoxib reduced prostanoid release by cartilage ex vivo. PGE2 (A), PGF2α (B), 
PGD2 (C) and TXB2 (D) release by cartilage after 24 hours of culture. Each dot represents 
absolute prostanoid values (in pg/100 mg tissue) per individual patient. The median and 
range are plotted in the figures. p-values are depicted in the figure. n = 16. PGE2 = 
prostaglandin E2, PGD2 = prostaglandin D2, PGF2α = prostaglandin F2α, TXB2 = thromboxane 
B2. 

CCeelleeccooxxiibb  rreedduucceess  ggeennee  eexxpprreessssiioonn  ooff  pprrootteeoollyyttiicc  eennzzyymmeess  iinn  ccaarrttiillaaggee  eexx  vviivvoo  

To evaluate the chondroprotective effects of celecoxib on cartilage ex vivo, we 
evaluated the effect of celecoxib on the gene expression levels of COL2A1 and ACAN, 
which are major structural proteins of the cartilage matrix218. We have also 
evaluated the effect of celecoxib on the gene expression levels of proteolytic 
enzymes MMP13, ADAMTS4, and ADAMTS5, which are known to be involved in knee 
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OA pathophysiology218. The expression of COL2A1, ACAN, MMP13, ADAMTS4, and 
ADAMTS5 could be detected in all cartilage donors. Celecoxib treatment did not alter 
the gene expression of COL2A1 (p = 0.5781) and ACAN (p = 0.9375). However, it 
significantly reduced gene expression levels of ADAMTS4 (p = 0.0156; 4-fold), 
ADAMTS5 (p = 0.0156; 3-fold), and MMP13 (p = 0.0156; 3-fold) in cartilage (FFiigguurree  
33..22).    

CCeelleeccooxxiibb  cchhaannggeess  pprrootteeiinn  sseeccrreettiioonn  bbyy  ccaarrttiillaaggee  eexx  vviivvoo  

Cartilage-conditioned media were analyzed using LC-MS/MS to get a broader insight 
into the actions of celecoxib on cartilage on secreted proteins. A total protein input 
of 6.6 μg/μl per sample was used for the detection of 154 proteins with high 
confidence in cartilage-conditioned media. COL2A1 and AGC core protein (aggrecan, 
ACAN) were detected in our analysis; however, there were no significant differences 
between groups (FFiigguurree  33..33). A significant increase (after p-value correction) in 
normalized abundance of tissue inhibitor of metalloproteinase 2 (TIMP-2; p = 
0.0009; 5-fold) and reduction of target of Nesh-SH3 (ABI3BP; p = 0.0010; 6-fold) and 
osteonectin (p = 0.0010; 39-fold) was observed after treatment with celecoxib 
(FFiigguurree  33..33). 

CCeelleeccooxxiibb  aaccttss  cchhoonnddrroopprrootteeccttiivvee  iinn  vviivvoo  

Based on the ex vivo results showing the anti-catabolic effect of celecoxib, we 
investigated the effect of a single intra-articular bolus injection with celecoxib in vivo 
on OA development in a trauma-induced OA rat model (ACLT/pMMx model)213. No 
wound infection was noticed after ACLT and pMMx surgery in any of the animals. 
We had a dropout of one of the rats in the control group. The wounds healed within 
1 week with no difference between the operated and non-operated leg. All rats had 
a similar weight gain over 16 weeks. The cartilage degeneration score213 was 
significantly reduced in OA-induced knees treated with celecoxib compared with OA-
induced knees injected with 0.9% NaCl, as scored by observer 1 (median cartilage 
degeneration score: 0.9% NaCl 5 [range 3-7] and celecoxib 0 [range 0-5]; p = 0.0169; 
FFiigguurree  33..44) and observer 2 (median cartilage degeneration score: 0.9% NaCl 4.5 
[range 4-7] and celecoxib 2 [0-7]; p = 0.245; FFiigguurree  33..44). Contralateral knees without 
OA induction did not have significant cartilage pathology in both the 0.9 % NaCl 
group and bolus celecoxib group (FFiigguurree  33..44). Histological images representing the 
difference between OA-induced and healthy rat knees injected with 0.9 % NaCl and 
a bolus celecoxib are shown in FFiigguurree  33..44. 
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FFiigguurree  33..22.. Celecoxib reduces gene expression of proteolytic enzymes in cartilage ex vivo. 
ADAMTS4 (A), ADAMTS5 (B), MMP13 (C), AGC (D), and COL2A1 (E) mRNA expression levels 
in cartilage explants from OA patients treated with or without celecoxib. The median and 
range are plotted in the figures. Absolute p-values are depicted in the figure. n = 7. ADAMTS4 
= a disintegrin and metalloproteinase with thrombospondin motifs 4, ADAMTS5 = a 
disintegrin and metalloproteinase with thrombospondin motifs 5, MMP13 = 
metalloproteinase 13, AGC = aggrecan (protein), COL2A1 = collagen type 2 alpha 1, OA = 
osteoarthritis..  
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FFiigguurree  33..33. Significantly different secreted proteins by cartilage after celecoxib treatment. 
Changes in osteonectin (A), TIMP-2 (B), and ABI3BP (target of Nesh-SH3) (C) after celecoxib 
treatment. ACAN (D) and COL2A1 (E) did not change. The median and range are plotted in 
the figures. Absolute p-values are depicted in the figure. n = 15. TIMP-2 = tissue inhibitor of 
metalloproteinase 2, ABI3BP = target of Nesh-SH3, ACAN = aggrecan, COL2A1 = collagen type 
2 alpha 1. 

    

3
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FFiigguurree  33..44.. Cartilage degeneration scores of rat knees treated with celecoxib or NaCl. 
Cartilage degeneration scoring of rat knees by observer 1 (A) and observer 2 (B), including 
histological images representing the largest difference of a rat knee injected with NaCl or 
celecoxib (C). The median and range are plotted in figures A and B. Absolute p-values are 
depicted in the figure. n = 6 for OA and healthy with NaCl treatment. n = 7 for OA and healthy 
celecoxib. OA = osteoarthritis. 

DDiissccuussssiioonn  

As hypothesized in this study, cartilage prostanoid (PGE2, PGF2α, PGD2, and TXB2) 
levels in cartilage-conditioned medium were reduced after treatment with 
celecoxib. In addition, celecoxib altered gene expression levels of proteolytic 
enzymes in cartilage ex vivo, but did not alter gene expression of COL2A1 and ACAN. 
Celecoxib did significantly reduce gene expression levels of MMP13, ADAMTS4, and 
ADAMTS5 in cartilage, suggesting an anti-proteolytic effect. In addition, an 
untargeted LC-MS/MS analysis was conducted on medium samples of all explant 
cultures to confirm that the changes in gene expression led to different protein 
secretion profiles. Three proteins showed significant upregulation (TIMP-2) or 
downregulation (ABI3BP and osteonectin) in the conditioned medium treated with 
celecoxib. Finally, we found an OA-modulatory effect in vivo. The cartilage 
degeneration score was significantly reduced in OA-induced knees treated with 
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celecoxib compared with OA-induced knees injected with 0.9% NaCl. Overall, in 
accordance with our hypothesis, the data indicate a chondroprotective role of 
celecoxib ex vivo and in vivo. 

In this work, we combined analysis on the effect of celecoxib on cartilage on different 
levels: the secretion of prostaglandins and proteins, gene expression, and its effect 
in vivo in an OA rat model. Prostanoid-reducing actions of celecoxib on cartilage have 
been shown earlier219. In addition, as the specific COX-2 inhibitor celecoxib was able 
to significantly reduce prostanoid release in cartilage, prostanoid synthesis in 
cartilage seems to be mainly COX-2-driven. These data are in accordance with a 
study performed by Hardy et al.200, where COX-2 induction was detected in cartilage 
after an inflammatory stimulus. We and others have also found that prostanoid 
subtypes differentially influence chondrogenic differentiation, indicating that 
prostanoids have an anti-catabolic function, and influence the chondrogenic 
differentiation of progenitor cells220, 221. The detection of all prostanoid subtypes in 
cartilage and their inhibition by celecoxib suggest that they are all COX-2-driven. 
Future experiments can focus on whether specific subtypes have different functions 
in cartilage and may aid in developing novel therapeutic strategies to target 
inflammatory and catabolic processes in knee OA. 

In the current work, we provide further evidence of the chondroprotective effects 
of celecoxib via the modulation of other important proteolytic enzymes involved in 
knee OA such as ADAMTS4 and ADAMTS5222. ADAMTS4 and ADAMTS5 have been 
shown to play an important role in OA development by the degradation of ACAN (a 
critical cartilage component)223. In addition, MMPs (especially MMP13)224 contribute 
to this process by degrading collagen223, 225. Yang et al.226 found that celecoxib can 
reduce the expression of gelatinases in different joint tissues such as cartilage. These 
enzymes are involved in knee OA pathophysiology226. The decrease of secretion of 
these enzymes by cartilage after celecoxib treatment suggests that celecoxib acts 
anti-proteolytic by regulation of the expression of these enzymes. In addition, it has 
been shown that celecoxib inhibits the production of MMPs via nuclear factor-κB 
and mitogen-activated protein kinases, unrelated to PGE2227. 

In our study, celecoxib increased the secretion of TIMP-2. According to these results 
and given literature224, 228, 229, this suggests the confirmation that celecoxib 
treatment might also lead to a decrease in MMP activity, inhibiting cartilage 
degradation and inflammation224, 230. Although a direct connection between TIMP-2 
and MMP-13 was not made in this experimental setting, the data support the 
indications that celecoxib may act anti-proteolytic and thus contribute to the 
chondroprotective effect on cartilage. 

3
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The untargeted LC-MS/MS analysis revealed a reduction in ABI3BP, an extracellular 
matrix structural constituent that has been associated with inducing cell senescence 
in different cell types231. Senescence has been associated with OA232, 233, although 
little is known about the mechanisms involved in chondrocytes. ABI3BP might be one 
of the factors promoting cellular senescence in articular chondrocytes234, and its 
downregulation in articular cartilage supports the potential chondroprotective 
effect of celecoxib. Similarly, osteonectin (secreted protein acidic and rich in cysteine 
[SPARC]) is an extracellular matrix protein, playing an important role in collagen 
binding and modulating cell-matrix interactions235, 236. Osteonectin binds calcium 
and is involved in cartilage calcification, leading to the progression of OA237. Its 
downregulation after treatment with celecoxib further bolsters insights into a 
potential chondroprotective effect of celecoxib. 

In the in vivo rat model for OA, we used one single bolus injection of celecoxib to 
ensure only local administration, in line with our previous data46. Previously 
performed animal studies45, 208-210 using intra-articular injection of celecoxib show 
contradictive results, dependent on dosage and way of administration (drug delivery 
system or single bolus injection), initiation, and duration of treatment and scoring 
system. In our study, we do not make use of any drug delivery system or repeated 
intra-articular injections. In addition, our study initiates celecoxib treatment at 4 
weeks after surgery, suggesting that OA was developed further than when started 
directly after OA induction by surgery. Although our data imply a positive outlook for 
the use of celecoxib as chondroprotective drug in OA patients, the discussion 
remains whether this contrasting evidence is due to factors such as celecoxib 
concentration, timing of injection, or the fact that celecoxib might function 
analgesic, leading to improved mobility (and increased cartilage wear and OA 
development) of the treated animal207. Overall, according to our results, we 
speculate that celecoxib might cause an effective reduction of local inflammation 
and that this might be accompanied by an anti-proteolytic effect downstream of the 
inflammatory signaling. 

As our results suggest that celecoxib can be used as a chondroprotective drug in the 
treatment of osteoarthritis, it should be noted that this only includes the beneficial 
effects and that certain side effects, ranging from gastrointestinal problems to 
cardiovascular diseases and high blood pressure, should be taken into account47, 238. 
In addition, we hypothesize for future studies that local administration of celecoxib, 
by intra-articular injection, might not only have a positive influence on its 
chondroprotective effect, but might also limit certain systemic side effects that have 
been seen with the use of celecoxib47. With the application of local administration, 
it could be easily regulated how much celecoxib eventually ends up at the affected 
location in the joint, rather than the rest of the body. With this, we reopen the 
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discussion and try to close the knowledge gap on the best way for celecoxib to be 
administrated. 

One limitation of our study is the use of a rodent animal model. Nevertheless, we 
were still able to conclude that celecoxib acts chondroprotective in vivo when 
administrated locally using a single intra-articular injection. Future studies should 
focus on bigger animal models such as goat, sheep, or horse, in general more similar 
to humans. Our data suggest the importance of implementing local drug 
administration for osteoarthritis treatment. 

CCoonncclluussiioonn  

In conclusion, our data indicate a chondroprotective effect of celecoxib via a 
reduction in inflammation and proteolytic enzyme expression. A single bolus 
injection of celecoxib showed a protective effect against cartilage degeneration in a 
rat model for OA. These data suggest that local, intra-articular administration of 
celecoxib might be more effective in OA treatment and that celecoxib should be 
reconsidered as a chondroprotective drug in OA patients. However, certain side 
effects should be taken into account when prescribing this drug. Future experiments 
should therefore focus on local administration and gathering more in vivo data, 
especially from bigger animal models and human studies. 

3
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AAbbssttrraacctt  

Mass spectrometry imaging (MSI) is a powerful technique enabling the visualization 
of the spatial distribution of different molecules in tissue biopsies with different 
pathologies. Sample handling and preparing adipose tissue for MSI is challenging and 
prone to molecular delocalization due to tissue melting. In this work, we developed 
a method for matrix-assisted laser desorption/ionization (MALDI)-MSI to study lipids 
in human infrapatellar fat pad (IPFP), a biomarker source in musculoskeletal 
pathologies, while preserving molecular spatial distribution. Cryosectioning at 15 μm 
with a temperature below -30°C, thaw mounting, and sublimation, was 
demonstrated to preserve IPFP's heterogeneous appearance and spatial distribution 
of lipids. 
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IInnttrroodduuccttiioonn  

Mass spectrometry imaging (MSI) is a powerful technique that enables the 
visualization of the spatial distribution of molecules, such as lipids, metabolites, and 
proteins in thin sample sections90. Matrix-assisted laser desorption/ionization 
(MALDI) MSI is the MSI method most commonly used within the biomedical field239. 
Molecular distributions can be used to measure a variety of pathological conditions 
in biological samples (e.g. biomarkers)240-242, drugs or compounds101, 243, and can be 
useful for the development of targeted treatments22, 101. The analysis of lipids in 
adipose tissue with MS is already an expanding field of research244-246. Adipose tissue 
does contain healthy adipocytes, however in some cases, like visceral fat in obesity 
or the infrapatellar fat pad (IPFP) in osteoarthritis, it can be inflamed, secreting 
multiple pro-inflammatory mediators186, 247. Immune cells, like macrophages or T-
cells, infiltrate the adipose tissue and mediate this inflammatory response248, 249. In 
IPFP, or Hoffa's fat pad (the fat pad underneath the patella tendon in the knee16), a 
strong inflammation in relation to some diseases in the knee joint has been 
observed16, 250. Therefore, the IPFP can be considered a rich source of biomarkers. 
As the tissue is heterogeneous in nature, consisting of adipose, fibrous, and synovial 
tissue, MSI analysis is preferred to study the spatial distribution of potential 
biomarkers. However, sample handling and preparation are important factors to 
consider when analyzing adipose tissue using MSI techniques. Usually, snap-frozen 
samples are sectioned at a few micrometers and low temperatures, before being 
mounted on glass slides using thaw mounting, slide coating, gluing, or tape transfer 
methods251-253. When tissue sections stay at room temperature, for either matrix 
application or co-registration, molecules can delocalize254. Existing protocols using 
tape transfer methods251 do not work for the IPFP due to polymer contamination 
(transparent tape, Cryofilm Type 3C (16UF), Section-Lab Co. Ltd., Hiroshima, Japan) 
or other practicalities (e.g. commonly used double-sided copper tape is limited in 
width and interferes with tissue staining and light microscopy). Therefore, we 
needed a different workflow applicable to IPFP. Furthermore, we needed to 
overcome the challenge of matrix application on fatty tissues without the 
delocalization of molecules, as can be seen with spray deposition252. 

To our knowledge, to date, no MSI working protocol to study IPFP has been 
described. Therefore, in this methodological paper, we developed and evaluated a 
method for MALDI-MSI for IPFP. 

    

4
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MMaatteerriiaallss  aanndd  mmeetthhooddss  

TTiissssuuee  ccoolllleeccttiioonn,,  ssttoorraaggee  aanndd  ccrryyoosseeccttiioonniinngg  

For this methodological development, human IPFP was collected as waste material 
from a patient undergoing cartilage repair surgery at Maastricht University Medical 
Center (MUMC+) in the Netherlands. Samples were collected in accordance with the 
Medical Ethics Committee (MEC) assigned non-WMO (wet medisch-
wetenschappelijk onderzoek, law for medical-scientific research in humans in the 
Netherlands) approval for the collection of waste material during cartilage repair 
surgery (ID: MEC 2018-0963, 2018). Directly after dissection at the surgical theater, 
tissue sections were washed in phosphate-buffered saline (PBS), snap-frozen in 
liquid nitrogen, and stored at −80°C until further processing. Adipose tissue, or fat 
tissue, has been shown a difficult tissue type to analyze using MSI without molecular 
delocalization. Tissue degradation was prevented by snap freezing the tissues 
directly at the surgical theater. IPFP needs to be washed using PBS due to the 
amount of blood (vessels) present in the tissue. Blood can have a major effect on the 
outcome of the measurement, as heme and hemoglobin hamper the ionization of 
other molecules of interest. Washing tissue with salty solutions such as PBS is not 
optimal for mass spectrometry (MS) analysis255, however, it did not cause 
disturbance of our analysis in negative ion mode. The use of alternative washing 
solutions might be more favorable; however, we were limited by the regulations and 
strict protocols at the operating theater. Tissues were stored at −80°C in an ultra-
low temperature freezer until use, to prevent molecular degradation. Subsequently, 
tissues were transported to the cryotome on dry ice to prevent melting. 

Although frozen, we noticed that cryosectioning of IPFP at −20°C to −30°C (for high 
lipid content containing tissues)256 and at 5–10 μm26 thickness was not optimal due 
to thawing/melting. We tried several tape-transfer methods251, including 
transparent tape and double-sided copper tape. However, the transparent tape 
(Cryofilm Type 3C (16UF), Section-Lab) caused polymer contamination, whereas the 
copper tape prevented us from performing multi-modal –omics approaches257 
and/or histological staining and microscopy. Finally, the frozen IPFP was sectioned 
at 15 μm thickness with a cryostat (Leica Microsystems Cryotome, Wetzlar, 
Germany) covered with dry ice to maintain the temperature in the cryotome 
between −30°C and −35°C, while keeping the stage, knife, slides, and other tools at 
the same temperature (FFiigguurree  44..11AA). We kept the stage and knife in the cryotome 
cooled by using dry ice, as it heats up while cutting (e.g. due to environmental 
temperature and humidity, body heat (breathing or hands, and friction of the tissue 
moving over the knife). This would make the tissue sticky and proper sectioning 
difficult (FFiigguurree  44..11BB). The obtained IPFP tissue sections (2 sections per slide) were 
thaw-mounted on a cooled indium tin oxide (ITO) coated glass slide (4–8 Ω 
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resistance, Delta Technologies, CO, USA) using body heat, and were immediately 
refrozen using the cooled stage in the cryotome to avoid delocalization of molecules 
(FFiigguurree  44..11CC), prior to storage in the freezer. Both actions, thaw-mounting and 
refreezing, were performed within 5–10 s. Importantly, in contrast to other 
methods, we do not need tape to transfer our sample to a slide251 or any type of 
additional slide coating252. For transportation of tissue sections to the desiccator (to 
dry) and mass spectrometer, slides were placed in in-house developed silica carrier 
boxes258, 259. These closable metal boxes with a glass lid and a silica box inside prevent 
condensation from thawing and thus delocalization of molecules. All slides were 
transferred to an ultra-low temperature freezer (−80°C) horizontally in a slide box 
on dry ice until MALDI-MSI analysis. Nevertheless, different fat sources may need 
different approaches. 

MMaattrriixx  aapppplliiccaattiioonn  

Tissues were transported from the ultra-low temperature freezer (−80°C) in a cooled 
silica carrier box258, 259 as horizontal as possible to a desiccator and dried inside the 
opened carrier box for 30 min under vacuum to ensure that the tissue was dry before 
application of the matrix. Then, the box containing the slide was closed for 
transportation and matrix application was performed using sublimation (HTX 
Sublimator, HTX Imaging, Chapel Hill, NC, USA) with 55 mg Norharmane matrix 
(Sigma-Aldrich, Zwijndrecht, the Netherlands) dissolved in 2 mL MeOH to extract 
lipids. We used Norharmane as a matrix to analyze lipids (analytes of interest) in 
both negative and positive polarities. Preheating of the sublimator was performed 
at 60°C, the pressure was set at < 0.04 mBar and sublimation was performed at 
140°C for 200 s. Matrix application using sublimation is preferred as the sublimation 
process occurs under a vacuum and the slide is cooled using a water-cooling system. 
Both prevent molecules from delocalizing. Although spraying of the matrix could be 
more efficient on analyte extraction and thus enhance the signal compared to 
sublimation253, the use of spraying solvents can cause melting of the tissue and 
delocalization of molecules252. After matrix application, the slide was placed back in 
the silica carrier box for transportation. 

MMAALLDDII--MMSSII  

MALDI-MSI experiments were performed on a RapifleX Tissuetyper (Bruker 
Daltonics, Bremen, Germany) at 50 μm of lateral resolution in negative ion mode, 
running in reflector mode with a mass range of 100–2000, 60 laser shots/pixel, and 
laser frequency of 10 kHz. Red phosphorus was used for instrument calibration prior 
to the measurement. MALDI-MSI on a RapifleX Tissuetyper is a relatively fast (up to 
40 pixels/second) and sensitive method to measure and locate small molecules such 
as lipids, metabolites or peptides at high spatial resolution (up to 5 μm). However,  

4
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FFiigguurree 44..11.. Instrumental (Leica) set-up. The cryotome chamber was cooled below −30°C using 
dry ice (A). In addition, this cooled stage was used to immediately re-freeze the section after 
thaw mounting on the slide (B). In (C) an indium tin oxide slide with sections of the 
infrapatellar fat pad (IPFP), sectioned at 15 μm with a temperature of −20°C (1 and 2) and 
−30°C (3 and 4) with (2 and 4) or without (1 and 3) the use of an anti-roll system.
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the use of a time-of-flight (TOF)/TOF analyzer lacks sufficient mass resolution for 
proper lipid identifications. 

Therefore, we performed additional MALDI-MSI MS/MS analysis on an Orbitrap-Elite 
hybrid ion trap MS instrument (Thermo Fisher Scientific GmbH, Bremen, Germany) 
running in data-dependent acquisition (DDA) mode260 in negative ion polarity (m/z 
200–2000) on a consecutive slide with a step size of 50 × 100 μm to gather MS2 data 
for identification. In the Orbitrap, MS1 data of m/z 200–2000 were acquired at a 
nominal mass resolution of 240 k (at m/z 400) and an injection time of 250 ms. MS2 
data were acquired using an ion trap with an isolation width of 0.7 m/z and a 
collision-induced dissociation of 38.0 (manufacturer units) with an activation q value 
of 0.25. 

HHiissttoollooggyy  

Matrix was removed from the same slide used for MALDI-MSI following ethanol 
series incorporated in the staining protocol. These tissue sections were then stained 
with Mayer's Hematoxylin (Dako, Agilent Technologies, Glostrup, Denmark) and 
Eosin (Merck KGaA, Darmstadt, Germany) (H&E) using standard protocols to reveal 
the anatomical features. Microscopic images were taken with an M8 microscopic 
scanner (Precipoint, Freising, Germany) with a 20x objective. MS results are usually 
co-registered to H&E images of the same (or consecutive) tissue section to confirm 
the (tissue-specific) molecular distributions. Standardized protocols for H&E staining 
are sufficient when including matrix removal in ethanol series (>70%). 

DDaattaa  aannaallyyssiiss  

H&E images were co-registered to the MALDI-MSI data in FlexImaging v5.0 (Bruker 
Daltonics). SCiLS lab MVS, version 2022a (SCiLS GmbH, Bremen, Germany) was used 
for principal component analysis (PCA) on the MS1 data. Lipid spectra of the MS1 
results after PCA were acquired using in-house ChemomeTricks for MATLAB (The 
MathWorks, Natick, MA, USA). Recalibration of the DDA data was performed using 
RecalOffline software (Thermo Fisher Scientific GmbH), using Norharmane (m/z 
333.11457 [2M − 3H]-) and m/z 885.54985 (PI 38:4 [M − H]-. Lipid assignments were 
performed with Lipostar MSI version 1.1.0b26 (LIPID MAPS database, 3- and 4-star 
rating, Molecular Horizon, Bettona, PG, Italy)261 and Thermo Scientific FreeStyle 1.8 
SP1 software version 1.8.51.0 (Thermo Fisher Scientific GmbH) in combination with 
the web application ALEX123 lipid calculator262. 

    

4
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RReessuullttss  aanndd  ddiissccuussssiioonn  

VViissuuaalliizzaattiioonn  ooff  lliippiiddss  

Multivariate analysis of the MALDI-MSI data revealed different tissue types within 
the IPFP. Comparing this finding with the H&E staining, it could be seen that some 
principal components (PCs) represented specific tissue types such as connective 
tissue (red, PC 9), synovium (blue, PC 2), and adipose tissue (green, PC 10) (FFiigguurree  
44..22). For example, we were able to visualize a specific lipid for adipose tissue in the 
IPFP without delocalization: m/z 698.57 (RapifleX). This lipid could be identified as 
ether-linked phosphatidylethanolamine (PE O-) PE O-34:3 [M − H]- (FFiigguurree  44..22). 
Additional ion images and lipid assignments can be found in the supplementary 
information, SSuupppplleemmeennttaarryy  FFiigguurree  44..11 and SSuupppplleemmeennttaarryy  TTaabbllee  44..11. Repeated 
experiments showed similar results. 

  

FFiigguurree  44..22..  Results overview. Hematoxylin and Eosin (H&E) image (A) of a tissue section of 
the infrapatellar fat pad (IPFP). Principal component analysis (PCA, B), based on the spectra 
gathered during matrix-assisted laser desorption/ionization mass spectrometry imaging 
(MALDI-MSI) showed different lipid distributions of connective tissue (red, PC 9), synovium 
(blue, PC 2) and adipose tissue (green, PC 10) within the IPFP. In image (C) an adipose tissue-
specific lipid (m/z 698.5, RapifleX) represented. m/z 698.5 could be identified as 
glycerophospholipid PE O-34:3 [M − H]- (m/z 698.5131 (Orbitrap)). H&E = hematoxylin and 
eosin, m/z = mass-to-charge ratio, PCA = principal component analysis, PC = principal 
component, PE = phosphatidylethanolamine. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article). 
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IIPPFFPP’’ss  iinnttrraa--ttiissssuuee  hheetteerrooggeenneeiittyy  

At the cellular level, adipose tissue consists of adipocytes, progenitor cells, immune 
cells, and fibroblasts, as well as connective tissue matrix and vasculature263. All these 
compositional factors can influence the tissue structure and ability to process it. For 
example, the more adipocytes with fat droplets, the higher the chances of 
delocalization of molecules from the tissue. IPFP or fat can contain pro-inflammatory 
cells (early osteoarthritis development264, obesity248, etc.) and undergo fibrosis as a 
reaction to injury or disease265, which might change its appearance, structure, and 
lipid signature. Other protocols, such as (copper/conductive) tape transfer251 or 
specific glass slide coatings252 are suggested for adipose tissue containing a high 
adipocyte/low fibroblast ratio such as abdominal fat. However, using our protocol, 
while decreasing the chamber temperature in the cryotome and keeping the 
material as cold as possible using dry ice, we do not need these steps to acquire 
tissue sections and prevent molecules from delocalizing. 

CCoonncclluussiioonnss  

This paper presents for the first time a method for MALDI-MSI lipid analysis on IPFP. 
Important considerations for the experimental design include washing and freezing 
in the operating theater, as well as IPFP's adipose-like structure and additional 
problems regarding cryosectioning, matrix application, and MS. We have observed 
that the IPFP consists of different tissue types with distinctive lipid profiles and that 
its composition has an influence on the ability to obtain good quality sections and 
subsequently data. The protocol describes a method for tissue sectioning without 
the use of additional tape or coating for MALDI-MSI. Most importantly, 
cryosectioning below −30°C, fast thaw-mounting and refreezing, and keeping the 
sample in a desiccator box when possible, helps to acquire MALDI-MSI data of lipids 
without delocalization. 

  

4
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SSuupppplleemmeennttaarryy  iinnffoorrmmaattiioonn  

 

SSuupppplleemmeennttaarryy  FFiigguurree  44..11.. Representation of multiple ion-images displaying multiple lipid-
associated m/z within one single tissue section of the infrapatellar fat pad, measured in 
negative ion mode.  

SSuupppplleemmeennttaarryy  TTaabbllee  44..11.. Lipid assignments. 

MMAALLDDII--
TTOOFF  MMSS11

  

((mm//zz))  

OOrrbbiittrraapp    
MMSS11

  ((mm//zz))  
ΔΔppppmm  mmss//mmss  ffrraaggmmeennttss  IIDD    AAdddduucctt  

698.6 698.5130 0.0 

253.2 FA 16:1(+O) 

PE O-34:3 [M-H]- 
279.2 FA 18:2(+O) 
418.2 -FA 18:2(+HO) 
436.3 -FA 18:2(-H) 

746.6 746.5130 0.0 

255.2 FA 20:6(-CO) 

PE O-38:7 [M-H]- 

259.2 FA 20:4(-CO) 
283.2 FA 22:6(-CO) 
303.2 FA 20:4(+O) 
327.2 FA 22:6(+O) 
418.3 -FA 22:6(+HO) 
436.3 -FA 22:6(-H) 
442.3 -FA 20:4(+HO) 
460.3 -FA 20:4(-H) 

FA = Fatty acid, MALDI-TOF MS = Matrix-assisted laser desorption/ionization – time of flight 
mass spectrometry, m/z = mass-to-charge ratio, PE = phosphatidylethanolamine, PI = 
phosphatidylinositol, ppm = parts per million, PS = phosphatidylserine. 
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SSuupppplleemmeennttaarryy  TTaabbllee  44..11  ((ccoonnttiinnuueedd)).. Lipid assignments. 

MMAALLDDII--
TTOOFF  MMSS11

  

((mm//zz))  

OOrrbbiittrraapp    
MMSS11

  ((mm//zz))  
ΔΔppppmm  mmss//mmss    ffrraaggmmeennttss  IIDD  AAdddduucctt  

810.6 810.5279 1.4 

283.2 FA 18:0(+O) 

PS 38:4 [M-H]- 

303.2 FA 20:4(+O) 
419.2 -FA 20:4(+HO) -PS(87) 
437.3 -FA 20:4(-H) -PS(87) 
439.2 -FA 18:0(+HO) -PS(87) 
457.2 -FA 18:0(-H) -PS(87) 
723.5 -PS(87) 

883.6 883.5341 0.1 

259.2 FA 20:4(-CO) 

PI 38:5 [M-H]- 

281.2 FA 18:1(+O) 
303.2 FA 20:4(+O) 
417.2 FA 18:1 (+C3H5O5P) 
435.2 FA 18:1 (+C3H7O6P) 
439.2 FA 20:4 (+C3H5O5P) 
457.2 FA 20:4 (+C3H7O6P) 
579.3 -FA 20:4(+HO) 
597.3 -FA 20:4(-H) 
601.3 -FA 18:1(+HO) 
619.3 -FA 18:1(-H) 

885.5 885.5497 0.2 

259.2 FA 20:4(-CO) 

PI 38:4 [M-H]- 

283.2 FA 18:0(+O) 
303.2 FA 20:4(+O) 
419.3 FA 18:0 (+C3H5O5P) 
437.3 FA 18:0 (+C3H7O6P) 
439.2 FA 20:4 (+C3H5O5P) 
581.3 -FA 20:4(+HO) 
599.3 -FA 20:4(-H) 
601.3 -FA 18:0(+HO) 
619.3 -FA 18:0(-H) 

FA = Fatty acid, MALDI-TOF MS = Matrix-assisted laser desorption/ionization – time of flight 
mass spectrometry, m/z = mass-to-charge ratio, PE = phosphatidylethanolamine, PI = 
phosphatidylinositol, ppm = parts per million, PS = phosphatidylserine. 
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AAbbssttrraacctt  

The incidence of osteoarthritis (OA) has been expected to increase due to an ageing 
population, as well as an increased incidence of intra-articular (osteo-) chondral 
damage. Lipids have already been shown to be involved in the inflammatory process 
of OA. This study aims at revealing region-specific lipid profiles of the infrapatellar 
fat pad (IPFP) of OA or cartilage defect patients by matrix-assisted laser 
desorption/ionization mass spectrometry imaging (MALDI-MSI), which could be 
used as biomarkers for early OA detection. A higher presence of phospholipids was 
found in OA patients compared to cartilage defect patients. In addition, a higher 
abundance of ether-linked phosphatidylethanolamines (PE O-s) containing 
arachidonic acid was specifically found in OA patients compared to cartilage defect 
patients. These lipids were mainly found in the connective tissue of the IPFP. Specific 
lipid species were associated to OA patients compared to cartilage defect patients. 
PE O-s have been suggested as possible biomarkers for OA. As these were found 
more abundantly in the connective tissue, the IPFP’s intra-tissue heterogeneity 
might play an important role in biomarker discovery, implying that the amount of 
fibrous tissue is associated with OA.  
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IInnttrroodduuccttiioonn  

Knee osteoarthritis (OA) is one of the leading causes of disability in the elderly 
population due to its high prevalence 266. While OA is affecting millions of patients 
already, its incidence is expected to increase over the next years due to our aging 
population 267, 268. OA development early in life is often related to an increased 
incidence of diabetes mellitus type 2 and obesity 267, 268, but also to an increase in 
intra-articular or osteochondral damage caused by (sport) injuries or trauma 269, 270. 
As a result, total knee replacement surgery is being conducted at a younger age, 
resulting in higher chances of prosthesis revision 56 and immobility later in life. 
Considering this, the urge for joint-preserving or preventive therapy has never been 
stronger.  

Cartilage has a limited ability to regenerate due to a lack of vasculature and a low 
abundance of cells 271. When treated insufficiently, cartilage damage may lead to the 
development of OA 31. This could be the result of changes in the cartilage matrix 
structure, leading to degradation of matrix or collagen type II 272, 273. Additionally, 
accompanying inflammation, the release of pro-inflammatory cytokines 272, 274 
accelerate cartilage degradation, resulting in OA development.  

Currently used (surgical) treatments after a cartilage defect, to prevent OA from 
developing, focus on regeneration (minced cartilage, autologous chondrocyte 
transplantation, or hedgehog) or resurfacing (autograft or allograft transplantation 
and metal implant) 275-278. Less common, but not less important, are treatments like 
osteotomy, joint distraction, or pharmaceuticals to prevent further OA development 
279-281. The major hurdle for successful treatment is the early detection of cartilage 
damage and finding the right treatment for the right patient. Therefore, biomarker 
research is needed to fill this gap 81. These biomarkers can be derived invasively from 
tissues or fluids inside the knee (proteins, peptides, metabolites, lipids, genes) but 
also non-invasively from follow-up imaging (magnetic resonance imaging (MRI) or 
radiographic imaging) or questionnaires 282. A clear predictive biomarker, indicating 
if and which joint-preserving treatments might have an OA disease-modifying effect, 
could further facilitate the clinical decision-making of these joint-preserving 
treatments and improve patient outcomes. 

OA has been acknowledged as a whole joint disease, affecting not only cartilage, but 
also other intra-articular tissues such as the meniscus, synovial membrane, or 
infrapatellar fat pad (IPFP) 16, 283, 284. The IPFP, or Hoffa’s fat pad, is a piece of fat 
tissue located underneath the patella (tendon) 16, 285 and is often removed (partially) 
to gain access to the knee capsule during surgery. It is already known to be involved 
in the inflammatory process of OA by secretion of pro-inflammatory factors such as 

5
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prostaglandins 16, 286 and might therefore be a potential source for biomarker 
discovery. 

Since IPFP can be used as an accessible biopsy target, molecular markers found in 
the IPFP may have potential as diagnostic biomarkers in the use of joint-preserving 
treatments and the development of (early) OA. Histologically, the IPFP is a 
heterogeneous tissue, containing adipose-, fibrous- and synovial tissue, as well as 
blood vessels. Due to its heterogeneous composition, matrix-assisted laser 
desorption/ionization mass spectrometry imaging (MALDI-MSI), a technique to 
study the spatial distribution of molecules and possible detection of biomarkers, 
could reveal local tissue-specific molecular changes 91.  

MALDI-MSI has already been used in the past in the field of biomedical research 239, 
enabling the visualization of the spatial distribution of molecules in sections of 
tissues, to identify possible diagnostic compounds or biomarkers 240-242. The analysis 
of lipids is already a growing area in the MSI field 244-246. OA in the knee has been 
associated with an increased inflammatory profile and increased secretion of pro-
inflammatory factors by the IPFP 16, 250. Lipids have been shown to play an important 
role in OA 287 in which lipid deposits are stored in chondrocytes of OA articular 
cartilage 179, 287 and elevated levels of fatty acids have been associated with 
histological severity of OA 287. Additionally, it has been hypothesized that an altered 
lipid metabolism could lead to a variety of changes related to OA 288.  

This study aims to identify the differences in lipid profiles of the IPFP between OA 
and cartilage defect patients; and to identify OA and cartilage defect-specific lipids 
which could be used as a biomarker for OA development. In addition, the influence 
of the two main tissue types in the IPFP (adipose tissue and connective tissue) on 
the lipid profile, and its effect on characterizing OA and cartilage defect patients was 
investigated. 

MMaatteerriiaallss  aanndd  MMeetthhooddss  

PPaattiieenntt  iinncclluussiioonn  aanndd  ttiissssuuee  ccoolllleeccttiioonn  

Human IPFP was collected as surgical waste material from seven patients with 
moderate-late-stage OA undergoing total knee arthroplasty (TKA), and seven control 
patients undergoing cartilage repair surgery for an osteochondral defect in a femoral 
condyle. Patients were matched for age (median 50.4 (OA) and 43.9 (cartilage 
defect), ns), gender (4 (OA) vs 3 (cartilage defect), ns), and body mass index (BMI, 
median 27.3 (OA) and 27.1 (cartilage defect), ns) as accurately as possible regarding 
the availability of tissue. The Medical Ethics Committee (MEC) assigned non-WMO 
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(wet medisch-wetenschappelijk onderzoek, law for medical-scientific research in 
humans in the Netherlands) approval for the collection of waste material during TKA 
(ID: MEC 2017-0183, 2017) or cartilage repair surgery (ID: MEC 2018-0963, 2018). In 
addition, patients signed informed consent for the use of this waste material for 
experimental purposes. Patients were graded for radiographic OA severity using 
Kellgren-Lawrence (KL) score (3.3 (OA) vs 0.3 (cartilage defect), p < 0.001) by an 
orthopedic surgeon (PE).   

SSaammppllee  pprreeppaarraattiioonn  aanndd  mmaassss  ssppeeccttrroommeettrryy  iimmaaggiinngg  

The sample preparation workflow has been previously described in detail 91. In 
summary, directly after dissection, every IPFP was washed in phosphate-buffered 
saline (PBS), snap-frozen in liquid nitrogen, and stored at -80°C until further 
processing. Frozen IPFPs were sectioned at 15 μm thickness with a cryostat (Leica 
Microsystems Cryotome, Wetzlar, Germany) in the presence of dry ice (cryotome 
temperature below -30°C) and mounted onto indium tin oxide (ITO) coated glass 
slides (Delta Technologies, CO, USA). All tissue sections were sublimed (HTX 
Sublimator, HTX Imaging, Chapel Hill, NC, USA) with 55 ± 2 mg Norharmane matrix 
(Sigma-Aldrich, Zwijndrecht, the Netherlands) to extract lipids (preheating at 60°C, 
pressure at < 0.04 mBar, sublimation at 140˚C for 200 seconds). Lipid analysis was 
performed by MALDI-MSI in positive and negative ion modes on consecutive 
sections at a lateral resolution of 50 μm on a RapifleX Tissue Typer (Bruker Daltonics, 
Bremen, Germany), running in reflectron mode. The instrument was calibrated using 
a standard mixture of red phosphorous (Sigma-Aldrich, Saint Louis, MO, USA). Lipids 
were detected over a mass range of m/z (mass-to-charge ratio) 100-2000 Da.  

LLiippiidd  iiddeennttiiffiiccaattiioonnss  

Identification of lipids was performed on an Orbitrap-Elite mass spectrometer 
(Thermo Fisher Scientific, Waltham, MA, USA) running in data-dependent acquisition 
(DDA, positive and negative) mode 91, 260, on consecutive sections at a spatial 
resolution of 100 µm and a laser repetition rate of 1000 Hz. Here, mass spectrometry 
(MS)1 data of m/z 200-2000 were acquired at a nominal mass resolution of 240,000 
(FWHM m/z 400) with an injection time of 250 ms. In parallel, MS2 data were 
acquired in the ion trap with collision-induced dissociation (CID) using an isolation 
window of 0.7 Da. A normalized collision energy (NCE) of 30 (manufacturer units) 
and an activation Q of 0.17 were used in positive mode, and 38 and 0.25 in negative 
mode, respectively. A selected number of lipids with inclusive spectra were manually 
fragmented in the higher-energy collisional dissociation (HCD) cell using an injection 
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time of 2000 ms and an NCE between 25 and 30 for 30 scans, while continuously 
moving the stage.   

HHiissttoollooggyy  

To correlate the tissue structure to the MSI data, the same tissue sections were 
stained with Mayer’s Hematoxylin (Dako, Agilent Technologies, Glostrup, Denmark) 
and Eosin (Merck KGaA, Darmstadt, Germany) (H&E) after MALDI-MSI using a 
standard protocol to correlate the IPFP’s tissue structure to the MSI data. In brief, 
the matrix was removed from the slide by incubating the slide in 70% ethanol for 5 
minutes. Subsequently, slides immersed in distilled water for 3 minutes. Then, the 
tissue sections were stained with Mayer's Hematoxylin (Dako, Agilent Technologies, 
Glostrup, Denmark) for 3 minutes before being rinsed under running tap water for 
3 minutes. After rinsing the slide in distilled water for 30 seconds, tissue sections 
were stained with Eosin (Merck KGaA, Darmstadt, Germany) for another 30 seconds. 
To remove an excess of Eosin, the slides were dipped 10 times in 70% ethanol. 
Subsequently, the slides were dehydrated in 100% for 5 min twice. Then the slides 
equilibrated in xylene for 5 minutes twice. The sections were mounted with 
Histomount (Sigma-Aldrich) and covered with a glass coverslip. Microscopic images 
were taken with an Aperio CS2 with a 20x objective (Leica Biosystems, Wetzlar, 
Germany). 

DDaattaa  aannaallyyssiiss  

Using a Kolmogorov-Smirnov normality test with Dallal-Wilkinson-Lillie for p-value (p 
< 0.05) normal distribution was tested. Differences between groups regarding age, 
gender, BMI, left or right knee, and KL score were determined using an unpaired 
nonparametric Mann-Whitney test in GraphPad Prism version 8.1.2 (GraphPad 
Software, San Diego, CA, US) to compare ranks (p < 0.05).  

 All files were exported from FlexImaging 5.0 (MS1, Bruker Daltonics, Bremen, 
Germany) as imzML and loaded in SCiLS lab 2019b (SCiLS lab, GmbH, Bremen, 
Germany) software. From here, data were exported to MATLAB 2016b (The 
MathWorks, Natick, MA, USA). A region of interest (ROI), including the tissue types 
of interest (adipose tissue or connective tissue), based on histological examination, 
was selected for each tissue section using in-house ChemomeTricks data analysis 
tool for MATLAB.  

Additionally, tissue sections were assigned to either OA or cartilage defect groups- 
for spectrum-based principal component analysis (PCA), followed by linear 
discriminant analysis (LDA) to analyze the differences between patient groups and 
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tissue types (FFiigguurree 55..11). Score projections were performed in the same program. A 
region of interest, based on the H&E images of both adipose tissue and connective 
tissue, was selected for further analysis. Lipid species were manually assigned using 
MS1 and MS2 spectra acquired from DDA measurements using Freestyle software 
(Thermo Fischer Scientific), Lipostar MSI version 1.1.0b26 (MS2, Molecular 
Discovery, Borehamwood, UK) using the LIPID MAPS database (3- and 4-star rating, 
Molecular Horizon, Bettona, PG, Italy) 261, and the ALEX123 web application 262. The 
top 20 lipids showing the highest loading for each group (OA, cartilage defect, 
adipose tissue, or connective tissue) in negative and positive ion mode after PCA and 
LDA were selected for identification. 

FFiigguurree 55..11.. An example in which adipose tissue (PC+2) and connective tissue (PC-2) could be 
separated using principal component analysis (PCA) and linear discriminant analysis (LDA), 
showing the distribution of lipids based on Hematoxylin and Eosin (H&E) staining in negative 
ion mode. 

RReessuullttss 

PPaattiieenntt cchhaarraacctteerriissttiiccss 

In this study, lipid profiles in the IPFP of patients with late-stage OA were compared 
to patients undergoing cartilage repair surgery for a cartilage defect. Patient 
characteristics, including age, BMI, gender, and KL score were depicted in TTaabbllee 55..11. 
In addition, found lipid species were identified and IPFP intra-tissue heterogeneity 
was evaluated. An example of IPFP intra-tissue heterogeneity is visualized in FFiigguurree 
55..22.

The data regarding patient characteristics did not show a normal distribution. 
Gender, age, and BMI were not statistically different between groups (p > 0.05). The 
KL score was significantly decreased in the cartilage defect group compared to the 
OA group (p < 0.001).
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TTaabbllee  55..11..  Characteristics of osteoarthritis (n = 7) and cartilage defect (n = 7) patients 
undergoing total knee arthroplasty or cartilage repair surgery. 

PPaattiieenntt  OOAA//CCDD  GGeennddeerr  AAggee  BBMMII  
KKLL  
ggrraaddee  

FFeemmaallee  
((nn))  

AAggee  
((mmeedd..))  

BBMMII  
((mmeedd..))  

KKLL  
((mmeedd..))  

1 OA Male 56 26.9 3 

 
 
 
4 

50.4 27.3 3.3 

2 OA Male 42 29.6 3 
3 OA Female 60 25.7 4 
4 OA Female 54 28.3 4 
5 OA Male 52 23.2 4 
6 OA Female 58 26.0 3 
7 OA Female 40 31.5 2 
8 CD Male 47 23.7 1 

3  
(ns) 

43.9 
(ns) 

27.1 
(ns) 

0.3 
*** 

9 CD Male 38 34.3 0 
10 CD Female 49 24.3 0 
11 CD Male 48 26.6 0 
12 CD Male 33 31.0 0 
13 CD Female 56 27.2 0 
14 CD Female 36 22.5 1 

OA = osteoarthritis, CD = cartilage defect, BMI = body mass index, KL = Kellgren-Lawrence, ns 
= not significant, med. = median, *** = p < 0.001. 

MMAALLDDII--MMSSII  aapppprrooaacchh  oonn  tthhee  IIPPFFPP  

As described before 91, the main challenge of the use of MALDI-MSI on the IPFP is 
the IPFP’s adipose-like structure. Sample handling and sample preparation are of 
importance while applying MALDI-MSI on the IPFP to prevent delocalization of 
molecules. The most important aspects of the working method included 
cryosectioning at 15 µm below a temperature of -30°C, the use of an anti-roll system, 
quick thaw-mounting and refreezing, and matrix application by sublimation. 
Furthermore, it has been shown of importance that the slides were transported 
inside a silica carrier box and dried thoroughly in a desiccator before matrix 
application.  

PPaattiieenntt  pprrooffiilliinngg  bbaasseedd  oonn  IIPPFFPP  lliippiidd  ccoommppoossiittiioonn  iinn  nneeggaattiivvee  iioonn  mmooddee  

Data analysis, after PCA and LDA, showed a separation between the group of 
patients with OA (n = 7) and the group of patients with a cartilage defect (n = 7) in 
negative ion mode. Discriminant function 1 (DF1) was differentially distributed in OA 
and cartilage defect patients according to the IPFP’s lipid profile, independent from 
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tissue type (adipose tissue or connective tissue) (FFiigguurree 55..33AA). Likewise, in DF2, 
adipose tissue separated from connective tissue, independent from disease 
pathology (OA or cartilage defect) (FFiigguurree 55..33BB). The differences in DF1 can be 
appreciated in the score projections as well (FFiigguurree 55..44), independent from tissue
type (yellow-to-red representing cartilage defect patients and light-to-dark blue 
representing OA patients), as well as a clear separation between adipose tissue 
(yellow-to-red) and connective tissue (light-to-dark blue) in DF2 (FFiigguurree 55..55). 

FFiigguurree 55..22.. Example of a Hematoxylin and Eosin stained microscopic image of the infrapatellar 
fat pad. The synovial membrane (A), connective tissue (B), adipose tissue (C) and blood 
vessels (D) could be identified from tissue sections. 

In general, a higher abundance of lipids was present in the OA patient IPFP samples 
compared to cartilage defect patient IPFP samples, independently from tissue type, 
measured by MALDI-MSI in negative ion mode (TTaabbllee 55..22). In the OA patient group 
specifically, ether-linked phosphatidylethanolamines (PE O-38:6, PE O-38:7, PE O-
36:5, and PE O-40:7) and phosphatidylethanolamines (PE 38:4 and PE 36:1) could be 
identified with the highest loadings (TTaabbllee 55..22), driving the LDA as has been shown 
in FFiigguurree 55..33. No lipids specific for cartilage defect patients could be identified after 
PCA and LDA within the 20 lipids with the highest loading. 

5
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FFiigguurree 55..33.. Discriminant function 1 (DF1) discriminates between osteoarthritis (OA) and 
cartilage defect (CD) patients, independently from tissue type (adipose tissue or connective 
tissue) after principal component analysis (PCA) and discriminant analysis (DA) in negative 
ion mode (A, between/within (B/W) = 2.4). Additionally, DF2 showed discrimination between 
adipose tissue (AT) of OA and CD patients and connective tissue (CT), independently from 
patients’ disease pathology (B, B/W = 1.3).

FFiigguurree 55..44.. Score projection figures (discriminant function 1 (DF1)) of osteoarthritis (OA) and 
cartilage defect (CD) patients in negative ion mode. A separation in CD (yellow-to-red) and 
OA (blue) patient groups was visualized (A). The red line displays the ROI used for analysis.
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FFiigguurree 55..55.. Score projection figures (discriminant function 2 (DF2)) of osteoarthritis (OA) and 
cartilage defect (CD) patients in negative ion mode. A separation in connective tissue (blue) 
and adipose tissue (yellow-to-red) was visualized (A). The red line displays the ROI used for 
analysis. 

TTiissssuuee ssppeecciiffiicc lliippiidd pprrooffiilleess iinn nneeggaattiivvee iioonn mmooddee 

When comparing adipose tissue with connective tissue, PEs, PE O-s, and 
phosphatidylserines (PSs) were highly abundant in both tissue types. Phosphatidic 
acid (PA) 36:2 and phosphatidylinositol (PI) 38:3 specifically, were more abundant in 
adipose tissue in negative ion mode (TTaabbllee 55..33 and 55..44). More specifically, for adipose 
tissue, PE O-34:3, PE O-36:3, PE O-36:2, PE O-36:4, PE O-34:2, PE 34:4, PI 38:3, PA 
36:2, PS 36:2, and PS 38:5 could be identified (TTaabbllee 55..33). For connective tissue, PE 
O- 40:6, PE O-40:7, PE O-40:5, PE O-38:7, PE O-38:5, PE O-40:8, PE 38:4, PE 40:4, PS 
36:1, PS 40:5 were identified (TTaabbllee 55..44).
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TTaabbllee  55..22  Lipid assignments for osteoarthritis patients (DF1) based on MS2 data in negative 
ion mode. The m/z values were collected on an Orbitrap Elite running in data-dependent 
acquisition mode.      

TTyyppee  
IIoonn  
mmooddee  

RRaappiifflleexx  
MMSS11

  

((mm//zz))  
LLooaaddiinngg  

OOrrbbiittrraapp  
MMSS11  ((mm//zz))  

ΔΔ  
ppppmm  

LLiippiidd  IIDD  AAdddduucctt  

OA Negative 748.6 -0.351 748.5286 0.1 
PE O-38:6 
PE O-18:2_20:4 
PE O-16:1_22:5 

[M-H]- 

OA Negative 766.6 -0.351 766.5391 0.1 
PE 38:4 
PE 18:0_20:4 

[M-H]- 

OA Negative 746.6 -0.343 746.5130 0.0 
PE O-38:7 
PE O-16:1_22:6 
PE O-18:3_20:4 

[M-H]- 

OA Negative 722.6 -0.328 722.5130 0.0 
PE O-36:5 
PE O-16:1_20:4 

[M-H]- 

OA Negative 744.6 -0.314 744.5548 0.1 
PE 36:1 
PE 18:0_18:1 
PE 16:0:20:1 

[M-H]- 

OA Negative 774.6 -0.291 774.5442 0.1 

PE O-40:7 
PE O-18:1_22:6 
PE O-22:6_18:1 
PE O-18:2_22:5 
PE O-20:3_20:4 

[M-H]- 

MS = mass spectrometry, m/z = mass to charge ratio, OA = osteoarthritis, PE = 
phosphatidylethanolamine, PE O- = ether-linked phosphatidylethanolamine, ppm = parts per 
million.  
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TTaabbllee  55..33..  Lipid assignments for adipose tissue in osteoarthritis and cartilage defect patients 
(DF2) based on MS2 data in negative ion mode. The m/z values were collected on an Orbitrap 
Elite running in data-dependent acquisition mode.      

TTyyppee  
IIoonn  
mmooddee  

RRaappiifflleexx  
MMSS11

  ((mm//zz))  
LLooaaddiinngg  

OOrrbbiittrraapp  
MMSS11  ((mm//zz))  

ΔΔ  
ppppmm  

LLiippiidd  IIDD  AAdddduucctt  

AT Negative 698.6 0.662 698.5130 0.0 
PE O-34:3 
PE O-16:1_18:2 
PE O-18:2_16:1 

[M-H]- 

AT Negative 726.6 0.648 726.5443 0.0 
PE O-36:3 
PE O-18:1_18:2 
PE O-18:2_18:1 

[M-H]- 

AT Negative 699.6 0.636 699.4971 0.1 
PA 36:2 
PA 18:0_18:2 
PA 18:1_18:1 

[M-H]- 

AT Negative 786.6 0.568 786.5290 0.1 
PS 36:2 
PS 18:0_18:2 
PS 18:1_18:1 

[M-H]- 

AT Negative 728.6 0.553 728.5599 0.1 
PE O-36:2 
PE O-18:1_18:1 
PE O-18:0_18:2 

[M-H]- 

AT Negative 724.6 0.547 724.5286 0.1 
PE O-36:4 
PE O-18:2_18:2 
PE O-16:1_20:3 

[M-H]- 

AT Negative 808.6 0.459 808.5112 2.7 

PS 38:5 
PS 18:0_20:5 
PS 18:1_20:4 
PS 16:1_22:4 
PS 18:2_20:3 

[M-H]- 

AT = adipose tissue, MS = mass spectrometry, m/z = mass to charge ratio, PA = phosphatidic 
acid, PE = phosphatidylethanolamine, PE O- = ether-linked phosphatidylethanolamine, PI = 
phosphatidylinositol, ppm = parts per million, PS = phosphatidylserine. 
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TTaabbllee  55..33  ((ccoonnttiinnuueedd))..  Lipid assignments for adipose tissue in osteoarthritis and cartilage 
defect patients (DF2) based on MS2 data in negative ion mode. The m/z values were collected 
on an Orbitrap Elite running in data-dependent acquisition mode.      

TTyyppee  
IIoonn  
mmooddee  

RRaappiifflleexx  
MMSS11

  ((mm//zz))  
LLooaaddiinngg  

OOrrbbiittrraapp  
MMSS11  ((mm//zz))  

ΔΔ  
ppppmm  

LLiippiidd  IIDD  AAdddduucctt  

AT Negative 700.6 0.443 700.5287 0.1 

PE O-34:2 
PE O-16:1_18:1 
PE O-16:0_18:2 
PE O-18:1_16:1 
PE O-18:2_16:0 

[M-H]- 

AT Negative 883.6 0.428 883.5341 0.1 
PI 38:3 
PI 38:1_20:4 

[M-H]- 

AT Negative 714.6 0.399 714.5080 0.1 
PE 34:2 
PE 16:0_18:2 
PE 16:1_18:1 

[M-H]- 

AT = adipose tissue, MS = mass spectrometry, m/z = mass to charge ratio, PA = phosphatidic 
acid, PE = phosphatidylethanolamine, PE O- = ether-linked phosphatidylethanolamine, PI = 
phosphatidylinositol, ppm = parts per million, PS = phosphatidylserine. 
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TTaabbllee  55..44..  Lipid assignments for connective tissue in osteoarthritis and cartilage defect 
patients (DF2) based on MS2 data in negative ion mode. The m/z values were collected on an 
Orbitrap Elite running in data-dependent acquisition mode.    

TTyyppee  
IIoonn  
mmooddee  

RRaappiifflleexx  
MMSS11

  ((mm//zz))  
LLooaaddiinngg  

OOrrbbiittrraapp  
MMSS11  ((mm//zz))  

ΔΔ  
ppppmm  

LLiippiidd  IIDD  AAdddduucctt  

CT Negative  810.6 0.459 810.5279 1.4 
PS 38:4 
PS 18:0_20:4 
PS 18:1_20:3 

[M-H]- 

CT Negative  776.6 0.439 776.5598 0.2 

PE O-40:6 
PE O-20:2_20:4 
PE O-18:2_22:4 
PE O-18:1_22:5 

[M-H]- 

CT Negative  774.6 0.427 774.5442 0.1 

PE O-40:7 
PE O-18:1_22:6 
PE O-22:6_18:1 
PE O-18:2_22:5 
PE O-20:3_20:4 

[M-H]- 

CT Negative  778.6 0.426 778.5754 0.2 

PE O-40:5 
PE O-20:2_20:4 
PE O-18:2_22:4 
PE O-18:1_22:5 

[M-H]- 

CT Negative  766.6 0.403 766.5391 0.1 
PE 38:4 
PE 18:0_20:4 

[M-H]- 

CT Negative  746.6 0.399 746.5130 0.0 
PE O-38:7 
PE O-16:1_22:6 
PE O-18:3_20:4 

[M-H]- 

CT = connective tissue, MS = mass spectrometry, MMPE = monomethyl-
phosphatidylethanolamine, m/z = mass to charge ratio, PE = phosphatidylethanolamine, PE 
O- = ether-linked phosphatidylethanolamine, PG = phosphatidylglycerol, ppm = parts per 
million, PS = phosphatidylserine. 

  

5

168085 Haartmans BNW.indd   103168085 Haartmans BNW.indd   103 05-01-2024   12:0405-01-2024   12:04



Chapter 5 

104 

TTaabbllee  55..44  ((ccoonnttiinnuueedd))..  Lipid assignments for connective tissue in osteoarthritis and cartilage 
defect patients (DF2) based on MS2 data in negative ion mode. The m/z values were collected 
on an Orbitrap Elite running in data-dependent acquisition mode.    

TTyyppee 
IIoonn  
mmooddee 

RRaappiifflleexx  
MMSS11

  ((mm//zz)) 
LLooaaddiinngg 

OOrrbbiittrraapp  
MMSS11  ((mm//zz)) 

ΔΔ  
ppppmm 

LLiippiidd  IIDD AAdddduucctt 

CT Negative  750.6 0.386 750.5442 0.1 
PE O-38:5 
PE O-18:1_20:4 
PE O-16:1_22:4 

[M-H]- 

CT Negative  794.6 0.385 794.5703 0.2 
PE 40:4 
PE 20:0_20:4 
PE 18:0_22:4 

[M-H]- 

CT Negative  788.6 0.383 788.5446 0.1 
PS 36:1 
PS 18:0_18:1 

[M-H]- 

CT Negative  836.6 0.347 836.5445 0.3 
PS 40:5 
PS 18:0_22:5 

[M-H]- 

CT Negative  772.6 0.342 772.5286 0.2 
PE O-40:8 
PE O-18:2_22:6 

[M-H]- 

CT = connective tissue, MS = mass spectrometry, MMPE = monomethyl-
phosphatidylethanolamine, m/z = mass to charge ratio, PE = phosphatidylethanolamine, PE 
O- = ether-linked phosphatidylethanolamine, PG = phosphatidylglycerol, ppm = parts per 
million, PS = phosphatidylserine. 

PPaattiieenntt  pprrooffiilliinngg  bbaasseedd  oonn  IIPPFFPP  lliippiidd  ccoommppoossiittiioonn  iinn  ppoossiittiivvee  iioonn  mmooddee  

In positive ion mode, one IPFP section of the OA group and one IPFP section of the 
cartilage defect group were excluded from analysis because a comparison between 
adipose tissue and connective tissue was not possible due to the lack of or absence 
of either one of the tissues. Data analysis, after PCA and LDA, showed a separation 
between the group of patients with OA (n = 6) and the group of cartilage defect 
patients (n = 6) in positive ion mode. DF1 was differentially distributed between OA 
and cartilage defect patients according to the IPFP’s lipid profile, independent from 
tissue type (adipose tissue or connective tissue) (FFiigguurree  55..66AA). Likewise, in DF2, 
adipose tissue separated from connective tissue, independent from disease 
pathology (OA or cartilage defect) (FFiigguurree  55..66BB). In addition, score projections show 
the same distribution of OA vs cartilage defect (FFiigguurree  55..77), independent from tissue 
type, as well as a clear separation between adipose tissue and connective tissue 
(FFiigguurree  55..88).  
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FFiigguurree 55..66.. Discriminant function 1 (DF1) discriminates osteoarthritis (OA) and cartilage 
defect (CD) patients, independently from tissue type (adipose tissue or connective tissue) 
after principal component analysis (PCA) and discriminant analysis (DA) in positive ion mode 
(A, B/W = 2.0). Additionally, DF2 showed discrimination between adipose tissue (AT) of OA 
and CD patients and connective tissue (CT), independently from patients’ disease pathology 
(B, B/W = 1.2).

TTiissssuuee ssppeecciiffiicc lliippiidd pprrooffiilleess iinn ppoossiittiivvee iioonn mmooddee 

Whereas sphingomyelin (SM) SM 40:2;O2 and PC 36:3 were identified in the OA 
group in positive ion mode, only PC 36:3 could be identified for cartilage defect in 
the highest 20 loadings (TTaabbllee 55..55 and 55..66). PC 36:3 was thus non-specific as it was 
found in both OA and cartilage defect patient groups. 

TTaabbllee 55..55.. Lipid assignments for osteoarthritis patients (DF1) based on MS2 data in positive 
ion mode. The m/z values were collected on an Orbitrap Elite running in data dependent 
acquisition mode.   

TTyyppee 
IIoonn 
mmooddee 

RRaappiifflleexx 
MMSS11

 ((mm//zz)) 
LLooaaddiinngg 

OOrrbbiittrraapp 
MMSS11 ((mm//zz)) 

ΔΔ 
ppppmm 

LLiippiidd IIDD AAdddduucctt 

OA Positive 785.7 0.169 785.6529 0.2
SM 
40:2;O2

[M+H]+

OA Positive 806.7 0.178 806.5670 0.0 PC 36:3 [M+Na]+

OA Positive 784.7 0.163 784.5847 0.5 PC 36:3 [M+H]+

OA = osteoarthritis, MS = mass spectrometry, m/z = mass to charge ratio, PC = 
phosphatidylcholine, ppm = parts per million, SM = sphingomyelin 
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FFiigguurree  55..77..  Score projection figures (discriminant function 1 (DF1)) of the tissue-specific 
separation in positive ion mode. A separation in cartilage defect (CD, yellow-to-red) and 
osteoarthritis (OA, blue) patient groups was observed.  

FFiigguurree  55..88..  Score projection figures (discriminant function 2 (DF2)) of the tissue-specific 
separation in positive ion mode. A separation in connective tissue (blue) and adipose tissue 
(yellow-to-red) was observed.  

In positive ion mode, (ether-linked) PCs (PC O-34:2, PC O-34:3, PC O-34:3, PC O-32:2, 
PC O- 36:3, PC 32:2, and PC 34:2) were highly abundant in the adipose tissue (TTaabbllee  
55..77), whereas PCs (PC 38:4, PC 38:5, and PC 36:4), together with two SM (SM 42:2;O2 
and SM 34:1;O2) were more abundant in the connective tissue (TTaabbllee  55..88).  
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TTaabbllee  55..66..  Lipid assignments for cartilage defect patients (DF1) based on MS2 data in positive 
ion mode. The m/z values were collected on an Orbitrap Elite running in data dependent 
acquisition mode.     

TTyyppee  
IIoonn  
mmooddee  

RRaappiifflleexx  
MMSS11

  ((mm//zz))  
LLooaaddiinngg  

OOrrbbiittrraapp  
MMSS11  ((mm//zz))  

ΔΔ  ppppmm  LLiippiidd  IIDD  AAdddduucctt  

CD Positive 806.5 -0.253 806.5670 0.0 PC 36:3 [M+Na]+ 
CD = cartilage defect, MS = mass spectrometry, m/z = mass to charge ratio, PC = 
phosphatidylcholine, ppm = parts per million. 

TTaabbllee  55..77..  Lipid assignments for adipose tissue in osteoarthritis and cartilage defect patients 
(DF2) based on MS2 data in positive ion mode. The m/z values were collected on an Orbitrap 
Elite running in data dependent acquisition mode.      

TTyyppee  
IIoonn  
mmooddee  

RRaappiifflleexx  
MMSS11

  ((mm//zz))  
LLooaaddiinngg  

OOrrbbiittrraapp  
MMSS11  ((mm//zz))  

ΔΔ  
ppppmm  

LLiippiidd  IIDD  AAdddduucctt  

AT Positive 744.5 0.566 744.5900 0.2 PC O-34:2 [M+H]+ 
AT Positive 742.7 0.472 742.5744 0.2 PC O-34:3 [M+H]+ 
AT Positive 764.7 0.419 764.5563 0.1 PC O-34:3 [M+Na]+ 
AT Positive 730.6 0.416 730.5380 0.2 PC 32:2 [M+H]+ 
AT Positive 758.5 0.393 758.5690 0.3 PC 34:2 [M+H]+ 
AT Positive 716.6 0.373 716.5588 0.1 PC O-32:2 [M+H]+ 
AT Positive 770.7 0.372 770.6055 0.4 PC O-36:3 [M+H]+ 

AT = adipose tissue, MS = mass spectrometry, m/z = mass to charge ratio, PC = 
phosphatidylcholine, PC O- = ether-linked phosphatidylcholine, ppm = parts per million.  

TTaabbllee  55..88..  Lipid assignments for connective tissue in osteoarthritis and cartilage defect 
patients (DF2) based on MS2 data in positive ion mode. The m/z values were collected on an 
Orbitrap Elite running in data dependent acquisition mode.      

TTyyppee  
IIoonn  
mmooddee  

RRaappiifflleexx  
MMSS11

  ((mm//zz))  
LLooaaddiinngg  

OOrrbbiittrraapp  
MMSS11  ((mm//zz))  

ΔΔ  
ppppmm  

LLiippiidd  IIDD  AAdddduucctt  

CT Positive 832.7 -0.317 832.5827 0.0 PC 38:4 [M+Na]+ 
CT Positive 830.7 -0.304 830.5670 0.0 PC 38:5 [M+Na]+ 

CT Positive 813.8 -0.292 813.6843 0.2 
SM 
42:2;O2 

[M+H]+ 

CT Positive 725.7 -0.291 725.5567 0.1 
SM 
34:1;O2 

[M+Na]+ 

CT Positive 804.7 -0.279 804.5513 0.1 PC 36:4 [M+Na]+ 
CT = connective tissue, MS = mass spectrometry, m/z = mass to charge ratio, PA = 
phosphatidic acid, PC = phosphatidylcholine, ppm = parts per million, SM = sphingomyelin 
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DDiissccuussssiioonn    

This study compared for the first time the lipid profiles in the IPFP of OA and cartilage 
defect patients as well as specific lipids for adipose and connective tissues, using 
MALDI-MSI. Different lipid profiles for OA and cartilage defect patients were 
revealed. The IPFP phenotype of OA patients was characterized by a great plethora 
of phospholipids, which also has been demonstrated in the synovial fluid of early and 
late OA patients by Kosinska et al. 155. 

Phospholipids contribute to the maintenance of homeostasis in a healthy joint.  They 
function as cell membrane elements and play an important role in facilitating 
lubrication of the joint in synovial fluid 289-291. Phosphocholines are essential 
components of the lubricating layer in the joint 291. However, the increase of 
phospholipids in the synovial fluid of the OA joint results in the formation of 
aggregates, such as micelles 291 that disturb the lubrication of the joint. Also in line 
with our findings, most phospholipids show increased levels in OA synovial fluid 289, 

291, contributing to OA pathogenesis by modulating inflammatory responses 155, 289.  

PE O-s, including arachidonic acid (fatty acid 20:4), were highly abundant in OA 
patients (TTaabbllee  55..22). Ether-linked lipids such as PE O- contain high amounts of 
arachidonic acid and have been shown to be involved in the pro-inflammatory 
response in diseases like obesity 292. Eicosanoids, including prostaglandins, derived 
from arachidonic acid, are important inflammatory factors 293, 294, and have been 
shown involved in the inflammatory response in OA 51, 198, 292, 295. Additionally, SM 
40:2;O2 was identified as highly abundant in OA patients. Sphingolipids have been 
suggested as possible biomarker species in OA, as they are involved in synovial 
inflammation and joint repair responses 156. An increase of SMs has been shown to 
be involved in the down-regulation of type II collagen by disruption of the articular 
cartilage matrix homeostasis in vitro 296 and in bovine articular chondrocytes 297. As 
example, Kosinska et al. reported SM 42:2;O2 upregulated in patients with late OA, 
suggesting it as possible biomarker for (early) OA 156. 

The IPFP shows tissue heterogeneity within and between samples. Adipose tissue, 
connective tissue, synovial tissue, and blood vessels (dependent on tissue section) 
were identified using H&E histological staining (FFiigguurree  55..22). Here, we focused on the 
two main tissues present in the IPFP, namely adipose tissue and connective tissue. 
The consistency and proportion of these tissues inside the IPFP determine which 
lipids are detected, as well as what their importance is in disease discrimination.  

The PE O-s highly present in the adipose tissue part of the IPFP did not contain 
arachidonic acid (TTaabbllee  55..33). Contrarily, the majority of the PE O-s found in the 
connective tissue of the IPFP did contain arachidonic acid (TTaabbllee  55..44), suggesting that 
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the pro-inflammatory phenotype of OA is represented in the connective tissue of 
the IPFP. In general, in the tissue samples measured in this work, the IPFP of OA 
patients contained more connective tissue and was thus more fibrotic compared to 
the IPFP of cartilage repair patients. Fibrosis of especially cartilage and synovial 
tissue of the joint has been shown associated to OA 298, 299. Likewise in the IPFP, 
fibrosis was found as a typical characteristic in OA patients, indicating that changes 
in the IPFP due to molecular and biomechanical alterations, influence the OA 
development process 124, 300.  

The IPFP is not commonly studied in OA research, where the focus is predominantly 
on synovial fluid, cartilage, or synovial membrane 81. The importance of the IPFP in 
OA has already been acknowledged 16, 20, 124, 300. However, the knowledge on the 
IPFP’s lipid profile and its role in OA development is limited. Because IPFP is not 
located inside the knee joint capsule and therefore accessible with limited infection 
risk and the IPFP is often removed (partly or as a whole) during knee surgery, it is 
suggested as promising biopsy target for diagnostic and as a predictive source for 
OA or cartilage regenerative biomarker discovery 81. The lipids found as specific 
biomarkers for OA in this research, might contribute to future diagnostic 
applications for early OA and OA development.  

By unraveling the lipidome of IPFP, we emphasize its importance, in combination 
with MALDI-MSI, in possible clinical diagnostic or predictive research regarding OA 
or cartilage regeneration. MALDI-MSI gives us a clear visualization of the lipid profile 
of the IPFP, taking into account the IPFP intra-tissue heterogeneity. Additional 
research on the lipid profile of the IPFP is necessary before a specific biomarker 
(profile) for OA can be identified and implementation in the clinic would be possible. 

LLiimmiittaattiioonnss  aanndd  ffuuttuurree  rreesseeaarrcchh    

To identify OA markers in IPFP for predictive biomarkers and possible treatment 
purposes, the analysis of lipid profiles in early OA patients would be of importance. 
Certainly, a healthy control would be optimal, although this is not feasible due to 
ethical reasons. This study analyzed the lipid profile of the IPFP of end-stage OA 
patients, undergoing TKA. As control tissue, waste IPFP of cartilage repair surgery 
was analyzed. Cartilage repair patients can be considered as patients who are early 
in the process of OA development. Therefore, the IPFP collected from these patients 
is an interesting alternative. Whereas this IPFP of cartilage repair patients has been 
suggested healthier than OA IPFP, there might already be an inflammatory response 
present in these patients’ joints influencing the acquired results. Additionally, 
although patients’ IPFP were selected with care, age, BMI, gender, or the presence 
of synovial tissue can play a considerable role in lipid distribution. In addition, 
whereas MALDI-MSI gives us important information on the spatial distribution of 
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molecules throughout the tissue, differences in ionization or signal intensity per pixel 
prevents us from measuring the amount of the analyte of interest present. 
Validation of our results is necessary and can possibly be done by cutting out the 
region of interest (e.g. connective tissue) within the IPFP using laser microdissection 
(LMD) prior to quantitative liquid chromatography tandem MS (LC-MS/MS) 301.  

The IPFP is suggested as potential source for biomarkers for OA. Compared to more 
favorably explored fluids or tissues such as synovial fluid or cartilage, the IPFP is 
(almost) always present in the affected knee, easy to biopsy with limited infection 
risk, and commonly removed as waste material during cartilage repair surgery or 
TKA, thus highly available for research purposes. It is suggested that future 
experiments should be performed on larger patient groups and that not only inter-
patient variability, but also intra-tissue heterogeneity should be taken into account. 
Possible biomarkers within the IPFP might relate to the genesis of OA and lead to 
possible novel interventions, treatments, or drug targets. 

CCoonncclluussiioonn  

In conclusion, several lipid species were identified that are characteristic of OA and 
cartilage defect phenotypes. Highly expressed PE O-s, containing arachidonic acid, 
in the connective tissue of the IPFP, suggested a connection of these lipids to the OA 
phenotype. Intra-tissue heterogeneity has been shown of importance and might be 
associated with the different phenotypes.  
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AAbbssttrraacctt    

Young adults following knee injury, such as cartilage defects, have a severely 
increased risk for development of osteoarthritis (OA) later in life if not treated 
accordingly. Adequate treatment of these defects and better phenotyping of these 
patients can contribute to early detection of OA and is critical for a delay in OA 
development later in life. In this study, we 1) analyzed the lipid profiles in the 
infrapatellar fat pad (IPFP) of cartilage defect and OA patients using Rapid 
Evaporative Ionization Mass Spectrometry (REIMS) for analysis of electrosurgical 
vapors associated to patient outcome and 2) analyzed the protein profile of the IPFP 
to identify potential biomarkers. To validate the use of REIMS, snap-frozen IPFP 
explants, collected during cartilage defect surgery or total knee arthroplasty, were 
analyzed using a diathermic knife linked to a REIMS ionization source to collect lipid 
spectral profiles. Then, 53 snap-frozen IPFPs of cartilage defect patients were 
collected and measured using the same method. Diagnostic variables based on 
magnetic resonance imaging (MRI), patient reported outcome measures (PROMs) 
and patient history were collected from the patient’s pre-operative, and treatment 
outcome state at 1-year follow-up.  The status of the IPFP according to its lipid profile 
was evaluated using these MRIs and PROMs. Additionally, these 53 IPFPs were 
cryosectioned and used for liquid-chromatography mass spectrometry (LC-MS) to 
analyze the proteome. Specific m/z (lipids) were found to be distinctive for OA and 
cartilage defect patients. In addition, specific proteins were found as possible 
biomarker profile for clinical outcome after cartilage repair surgery, including an 
upregulation of cartilage intermediate layer protein 2 (CILP-2) and hematopoietic 
progenitor cell antigen CD34 (CD34), and a downregulation of aggrecan core protein 
and proteoglycan 4 (PRG4) in patients with bad surgical outcome. The finding of 
these proteins in the IPFP suggests an interaction between the IPFP and cartilage. 
CILP-2, CD34, aggrecan and PRG4 (lubricin) are proteins involved in maintaining 
tissue structure (CILP-2 and aggrecan), cell adhesion and division (CD34), and 
lubrication of the joint (PRG4). (A combination of) these protein biomarkers can 
possibly be used as potential prognostic factors to predict patient outcome after 
cartilage repair surgery. In addition, the finding of these therapeutic targets might 
also contribute to the development of novel (personalized) therapeutic or surgical 
strategies, improve patient outcome, and delay OA development.  
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IInnttrroodduuccttiioonn  

Young adults following knee injury such as osteochondral and cartilage defects, have 
an increased risk at the development of osteoarthritis (OA) later in life if not treated 
adequately302. Current knowledge on which type of cartilage repair surgery to 
perform on which patient it lacking and the treatment options available are often 
limited or with insufficient effectiveness67. Examples of osteochondral/cartilage 
repair surgeries are microfracture (in which holes are drilled in the underlying bone 
to release bone marrow derived stem cells), minced cartilage or hedgehog 
techniques (in which a loosened cartilage body is placed back in the defect using 
stitches or glue (e.g. Chondrofiller)), autologous chondrocyte transplantation (in 
which chondrocytes are harvested, cultured, and transplanted in the defect), 
osteochondral autograft (mosaicplasty)/allograft transplantation (in which an 
osteochondral graft is harvested and transplanted in the defect), or (metal) 
implant67. Current decision making on the treatment used after an osteochondral 
injury is mainly dependent on the availability of surgical tools and therapy, or the 
opinion and experience of the performing surgeon67. Nonetheless, patient outcome 
after cartilage repair surgery might be related to the type of treatment, the patient’s 
cartilage regenerative potential, compliance to adequate rehabilitation, and/or 
other influencing factors such as age and body mass index (BMI), fibrosis, or previous 
surgery.  

The infrapatellar fat pad (IPFP) is a type of adipose tissue inside the knee joint. This 
highly potential source for the identification of potential diagnostic or prognostic 
target for biomarkers and future treatment options is easily accessible as it is located 
outside of the knee capsule, and plays an important role in OA pathology and 
development303. The IPFP is generally (partial) removed as waste material during 
total knee arthroplasty (TKA) or cartilage repair surgery to improve visibility into the 
joint.  

Rapid evaporative ionization mass spectrometry (REIMS) is a mass spectrometry 
(MS) technique that provides on-the-spot molecular information of the measured 
tissue. Connected to a diathermic knife, similar to the one already used in the 
operating theater, REIMS has great potential to be used intraoperatively (point-of-
care) as diagnostic or prognostic tool. The smoke generated during surgical incision 
making is aspirated into the mass spectrometer, providing us with a molecular 
profile of the tissue of interest. Using this molecular information, specific software 
can be used to build diagnostic or prediction models, which can be used for clinical 
decision-making or personalized patient care. REIMS has already been utilized as a 
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method for drug detection304, tissue identification194, and tissue classification96. The 
potential of REIMS being used as diagnostic intraoperative tool has already been 
described in, for example, cancer research305, 306. However, its potential use as 
prediction tool for patient outcome after cartilage repair surgery remains 
unexplored.  

In tthhiiss  CChhaapptteerr, the IPFP’s potential as possible (biomarker/biopsy) target for 
diagnosis and/or classification of OA and possible prognosis of cartilage repair after 
an (osteo)chondral defect were investigated. Patient characteristics such as gender, 
BMI, or age, as well as IPFP fibrosis, pre-operative patient reported outcome 
measures (PROMs) and patient outcome after surgery were correlated to the IPFP’s 
lipid and protein profile. Pre- and post-operative pain- and clinical performance 
scores were determined using self-reported questionnaires based on the visual 
analogue scale (VAS) and knee injury and osteoarthritis outcome score (KOOS) 
respectively. A VAS score is determined based on a 10-point scale in which a patient 
can indicate pain intensity with zero defining “no pain”, towards “worst pain” at a 
score of 10307. The KOOS score evaluates short- and long-term consequences of 
knee-specific injury and consists of 42 items distributed over five subscales: pain, 
additional symptoms (including swelling, range of motion restriction, and 
mechanical symptoms), situation in daily life (ADL), situation in sport/recreation, and 
knee-related quality of life (QOL)308.   

In tthhiiss  CChhaapptteerr, first, the application of MS in the form of REIMS was explored as 
potential tool to predict patient outcome after cartilage repair surgery based on 
lipid-based biomarkers. Additionally, a protocol for laser capture microdissection 
(LMD) on the IPFP was tested. Using LMD, a specific tissue type of interest can be 
cut from a cryosection with a laser, captured in an Eppendorf tube and analyzed 
using liquid chromatography tandem mass spectrometry (LC-MS/MS) for label-free 
proteomics.   

As a proof of concept, regarding the results showed in CChhaapptteerr  55 of tthhiiss  TThheessiiss, the 
differences in the IPFP lipid profile of OA and cartilage defect patients were 
investigated using REIMS connected to a diathermic knife. To investigate the 
potential of this technique on prediction patient outcome after cartilage repair 
surgery in the clinic, the lipid profile of the IPFP of a cohort of patients undergoing 
cartilage repair surgery was investigated. Although REIMS is a very promising 
technique for the in situ analysis of a variety of tissue samples in a diversity of disease 
pathologies, REIMS connected to a diathermic knife is a relatively destructive 
technique, burning away tissue to generate smoke for analysis. In combination with 
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the IPFP, a tissue that has not only a fatty, but also an adhesive signature, keeping 
the morphological information after analysis is difficult. LMD in a multi-omics 
approach would give us the opportunity to not only evaluate the identification and 
spatial distribution of lipids in the IPFP after matrix-assisted laser 
desorption/ionization mass spectrometry imaging (MALDI-MSI), as has been 
described in CChhaapptteerr  44 and CChhaapptteerr  55. In addition, LC-MS/MS proteomic analysis 
would also give us additional information on the proteome of (specific parts of) the 
IPFP. Therefore, an LMD protocol for the IPFP, in combination with LC-MS/MS, was 
optimized to evaluate whether proteins might be a better target for the classification 
of patients based on their characteristics (e.g. gender, age, or BMI) and pre- and 
post-operative clinical state or outcome (VAS and KOOS).  

Altogether, this study aimed to identify possible diagnostic and prognostic 
biomarkers (or biomarker profiles) that might lead to a better understanding of post-
traumatic OA development, possible personalized treatment, and better surgical 
outcomes after cartilage repair surgery. Using REIMS as a potential in situ analysis 
technique, tthhiiss  CChhaapptteerr briefly touches upon the use of this system as a tool to 
predict patient outcome after cartilage repair surgery. In parallel, we identified 
protein biomarkers associated to patient response after which might serve as novel 
targets for clinical decision-making on therapy and surgical strategies.  

MMeetthhooddss    

TTiissssuuee  ssaammpplliinngg  aanndd  ssaammppllee  pprreeppaarraattiioonn::  oosstteeooaarrtthhrriittiiss  vvss  ccaarrttiillaaggee  ddeeffeecctt  

IPFP was collected as waste material from 14 cartilage repair (7 patients > 35 years 
and 7 patients < 35 years) and seven TKA patients (all patients > 35 years, but < 60 
years of age) at Maastricht University Medical Center (MUMC+) in the Netherlands. 
Non-WMO (Wet Medisch-Wetenschappelijk Onderzoek, law for medical-scientific 
research in humans in the Netherlands) approval for the collection of waste material 
during TKA (ID: MEC 2017-0183, 2017) or cartilage repair surgery (ID: MEC 2018-
0963, 2018) was assigned by the Medical Ethics Testing Committee (METC). In 
addition, informed consent was signed by each patient. Patients were matched for 
cartilage damage/OA grade (Kellgren-Lawrence (KL) grade, graded based on MRI or 
X-ray by an orthopedic surgeon (PE)) and age.  In CChhaapptteerr  11, it was described that a 
treatment gap for OA exist between the ages of 40-60 years, in which TKA is not the 
solution56, 57. However, to prevent age-related differences between the study groups 
as much as possible in this analysis, a cut-off age of 35 was used: 7 OA patients below 
the age of 59, 7 cartilage defect patients above the age of 35 years, and 7 cartilage 
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defect patients below the age of 35 years. Directly after dissection at the surgical 
theater, IPFPs were washed in phosphate-buffered saline (PBS) to remove possible 
blood residue. Samples were snap-frozen in liquid nitrogen and stored at -80°C until 
further analysis. 

TTiissssuuee  ssaammpplliinngg  aanndd  ssaammppllee  pprreeppaarraattiioonn::  ccaarrttiillaaggee  rreeppaaiirr  ppaattiieenntt  ccoohhoorrtt  

53 IPFP of patients with a cartilage defect undergoing any type of cartilage repair 
surgery at the MUMC+ were collected as waste material with non-WMO approval 
for the collection of waste material during cartilage repair surgery, assigned by the 
METC (ID: MEC 2018-0963, 2018). Of each patient, pre- and post-operative MRI and 
questionnaires, including patient characteristics and scores for pain (VAS) and KOOS, 
were collected. MRI images were scored by an experienced musculoskeletal 
radiologist on a 3-point scale (none, normal-mild, moderate-severe) for levels of IPFP 
fibrosis. As described above, after dissection at the surgical theater, IPFPs were 
washed in PBS to remove possible blood residue. Samples were snap-frozen in liquid 
nitrogen and stored at -80°C until further analysis. When frozen, prior to REIMS and 
LC-MS/MS analysis, each IPFP explant was cut in two pieces and placed back in the -
80°C. One piece was used for REIMS analysis, one piece for cryosectioning and LMD 
prior to LC-MS/MS analysis.   

RRaappiidd  EEvvaappoorraattiivvee  IIoonniizzaattiioonn  MMaassss  ssppeeccttrroommeettrryy  ((RREEIIMMSS))  

IPFPs were cauterized ex vivo using a hand-held iKnife disposable device (Waters 
Research Center, Hungary) supplied with a 1.7 cm diameter blade, connected to an 
electrosurgical heat generator (Force FX, Covidien) operating in CUT mode. The 
electrocautery device was connected to a mobile REIMS Xevo G2-XS Q-ToF mass 
analyzer (Waters Corporation, Wilmslow, UK), aspirating the smoke generated.  

Experiments were performed in a laminar flow class II biosafety cabinet (Biowizard 
Xtra Line, Kojair Blue Series Technologies). The IPFP of each patient thawed on ice 
and was placed on a chemically inert wipe (Kimtech, Kimberly Clark) on a silicone 
counter electrode (Erbe) and wetted with deionized water. Samples were cauterized 
at least five times using cut modality with a power of 30W. Generated vapors were 
aspirated into the REIMS Xevo G2-XS Q-ToF mass analyzer (Waters Corporation, 
Wilmslow, UK) via a polytetrafluoroethylene tube, connected to the electro-
cauterization device. Aspiration was improved using an aspiration system (ZERO 
SMOG 2, Weller FT), connected to the venture in the REIMS system to avoid 
excessive smoke nuisance. The lock mass solution (0.075 μg/ml Leucine-Encephalin 
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(Leu-Enk, Sigma-Aldrich, The Netherlands) in isopropanol (Biosolve, Honeywell, 
Germany), m/z 554.26, was infused at 150 μL/min (31194519 and 33208813) and 
acquisition was performed in negative ionization mode and sensitivity mode with 
mass range m/z 50-1500. 

HHiissttoollooggyy  

To keep the morphology of the IPFP after REIMS analysis and to identify in which 
specific tissue type within the IPFP the cut was made, the IPFP explants measured 
were embedded in paraffin and stained with Hematoxylin and Eosin (H&E) using 
standard protocols as described in CChhaapptteerr  55.  

DDaattaa  aannaallyyssiiss  ((RREEIIMMSS))  

Abstract Model Builder (AMX) software version 0.9.2092.0 (Waters Research Center, 
Budapest, Hungary) was used for data analysis. Of each tissue, five correctly 
performed scans were selected for additional analysis (m/z 600-1000). For the 
model used, 0.1 binning, lock-mass correction, background subtraction, and 
normalization were performed. Patient groups were analyzed using built-in linear 
discriminant analysis (LDA) and cross-validation (20% out) with confusion matrix was 
performed to test the model for correct classification rate. 

CCrryyoosseeccttiioonniinngg  aanndd  llaasseerr  ccaappttuurree  mmiiccrrooddiisssseeccttiioonn  ((LLMMDD))    

15 μm cryosections of the IPFP of 53 cartilage defect patients were obtained as 
described in CChhaapptteerr  44  aanndd  CChhaapptteerr  55 of tthhiiss  TThheessiiss. Next to thaw-mounting the tissue 
section on indium tin oxide (ITO) slides (4–8 Ω resistance, Delta Technologies, CO, 
USA), polyethylene naphthalate (PEN) membrane slides (2.0 µm, Leica Biosystems, 
Nußloch, Germany) and metallic frame polyphenylene sulfide (PPS) (FRAME) 
membrane slides (1.2 µm, Leica Biosystems, Nußloch, Germany) were used to test 
multiple LMD approaches. Subsequently, the slides were stored at -80°C until use.  

Prior to LMD, the slides went through a variety of washing steps to remove excessive 
lipid content. The washing protocols included 1) desiccation only; 2) three minutes 
in milliQ water, two minutes in 100% ethanol; 3) two minutes each in 50%, 70%, 
95%, 100%, and 100% ethanol; 4 three minutes in milliQ, two minutes in 100% 
ethanol, and two minutes in chloroform; and 5) two minutes each in 50%, 70%, 95%, 
100%, and 100% ethanol, and two minutes in chloroform. All slides air-dried for 10 
minutes after washing.  
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For testing purposes, different areas (0.15 cm2 and 0.25 cm2) of adipose tissue inside 
the IPFP sections on either ITO, PEN or FRAME slides were cut using a Leica LMD 
7000 system (Leica Biosystems) for LC-MS/MS analysis. The LMD system were set as 
follows: a wavelength of 349 nm, a power of 40, aperture of 38, speed of 17, 
specimen balance of 0, line spacing of 5, head current of 60%, and a pulse frequency 
of 310 Hz. Slightly different for PEN membrane and FRAME slides, power was set at 
60, speed at 9, specimen balance at 20 and head current at 100%, with a pulse 
frequency of 119 Hz.  

Due to insufficient protein amounts in the tested samples, for the cartilage defect 
patient cohort, a minimum of 20 sections of 15 μm thickness were collected in an 
Eppendorf tube prior to protein extraction and LC-MS/MS analysis. All sections were 
stored at -80°C until protein digestion.  

PPrrootteeiinn  eexxttrraaccttiioonn  aanndd  qquuaannttiiffiiccaattiioonn  

Proteins were extracted from the IPFP through an in-house developed protocol, 
taking into account the considerations of Feist et al.309, using 50 µL 5 M Urea (GE 
Healthcare, Chicago, IL)/50 mM ammonium bicarbonate (ABC, Sigma-Aldrich, Saint 
Louis, MO) buffer. After briefly spinning down the sample, three freeze-thaw cycles 
were performed using dry ice and water bath sonication, followed by a quick 
vortexing step between each cycle. The samples were then centrifuged for 30 
minutes at 15,000 x g at 10°C. Total protein content was determined through 
Bradford Protein Assay (Bio-Rad Laboratories, Hercules, CA) according to the 
manufacturer’s protocol. Absorption was measured at 595 nm (optical density) using 
a Spark 10M microplate reader (Tecan, Männedorf, Switzerland). 

PPrrootteeiinn  ddiiggeessttiioonn    

Protein digestion, as has been described before in CChhaapptteerr  33  of  tthhiiss  TThheessiiss, was 
performed using a protein amount of 50 µg in 50 µl 5 M Urea/50 mM ABC buffer. In 
brief, the samples incubated for 45 minutes at room temperature with 5 µl 20 mM 
dithiothreitol (DTT, Sigma-Aldrich)/50 mM ABC (Sigma-Aldrich) buffer. Then, 6 µl 40 
mM iodoacetamide (IAM, Sigma-Aldrich) was added to the samples and incubated 
for 45 minutes at room temperature in the dark, before 10 µl of 20 mM DTT was 
added and incubated at room temperature for 45 minutes. A trypsin/Lys-C solution 
in resuspension buffer (Promega, Leiden, the Netherlands) was added in an enzyme 
to protein ratio of 1:25 and incubated in a Thermoshaker (Eppendorf, Hamburg, 
Germany) for 2 hours at 250 rpm and 37°C. Hereafter, 200 μl of 50 mM ABC (Sigma-
Aldrich) sample buffer was added to the samples and incubated overnight in a 
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Thermoshaker (Eppendorf) at 250 rpm and 37°C. Finally, 30 μl of 20% acetonitrile 
(ACN, Biosolve)/10% formic acid (FA, Biosolve) was added to the samples and 
vortexed to stop the reaction. Samples were centrifuged for 30 minutes at 15,000 x 
g to remove possible particles and the supernatant were stored at −20°C until LC-
MS/MS analysis. 

LLiiqquuiidd  cchhrroommaattooggrraapphhyy  ttaannddeemm  mmaassss  ssppeeccttrroommeettrryy  ((LLCC--MMSS//MMSS))  

Proteomic analysis was performed on a Thermo Scientific Ultimate 3000 Rapid 
Separation UHPLC system (Dionex, Amsterdam, the Netherlands), coupled to a Q-
Exactive HF mass spectrometer (Thermo Fisher Scientific), equipped with a PepSep 
C18 analytical column (15 cm, ID 75 µm, 1.9 µm Reprosil, 120 Å). Samples were 
desalted on a C18 trapping column and separated on an analytical column with a 90-
minute linear gradient (5%-35% ACN with 0.1% FA, flow rate 300 nl/min). Mass 
spectra were acquired in positive ion mode and in data-dependent acquisition mode 
(DDA) using a mass-to-charge ratio (m/z) of 250-1250 at a 12,000 resolution. MS/MS 
scans were acquired from the 15 most intense ions at a 15,000 resolution51, 160.  

DDaattaa  aannaallyyssiiss  ((LLCC--MMSS//MMSS))  

The data acquired was analyzed using Proteome Discoverer (PD) Software version 
2.2 (Thermo Fisher Scientific, Waltham, MA). Proteins were identified and quantified 
using the built-in Sequest HT search engine with SwissProt (Human) database (Homo 
sapiens, Tax ID 9606) as described in CChhaapptteerr  33  of  tthhiiss  TThheessiiss. Only proteins present 
in 60% of the patients in one group with an abundance ratio ≤ 0.67 or ≥ 1.5 (-0.58 < 
log2 > 0.58) and abundance ratio adjusted p-value < 0.05 were considered 
differentially expressed between groups. Subsequent pathway analysis was 
conducted in String-db310 version 11.5 for clinical outcome parameters ΔKOOS and 
ΔVAS. The description of each parameter used for evaluation, based on the minimal 
clinically important difference (MCID) (age, BMI, fibrosis, KOOS and VAS), as well as 
the cut-off values used are depicted in TTaabbllee  66..11. All descriptive statistics (including 
calculations of averages and calculations of differences between groups (one-way 
ANOVA with post-hoc Tukey test)) were performed in SPSS Statistics 27 (IBM Corp., 
Armonk, NY). 
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TTaabbllee  66..11..  Cut-off values for age, body mass index (BMI), fibrosis, knee injury and 
osteoarthritis outcome score (KOOS) and visual analogue scale (VAS).    

PPaarraammeetteerr    ddeessccrriippttiioonn  ccuutt--ooffff  

Age 61, 311 Biological age in years 
Young ≤ 35 
Old > 35 

BMI 312, 313 
Body mass index: body weight 
(kg) divided by square height 
(m2). 

Low BMI ≤ 25 
High BMI > 25 

Fibrosis 299, 314, 315 
Thickening or scarring of the 
IPFP on MRI. 

Subjective grouping into a non-
fibrosis group, mild fibrosis, and 
moderate fibrosis 

KOOS 308, 316, 317 

Self-reported questionnaire 
related to knee pain and 
function on a 100-point scale 
(knee injury and osteoarthritis 
outcome score). 

Pre-operative KOOS ≤ 45 
Pre-operative KOOS > 45 
Post-operative KOOS ≤ 70 
Post-operative KOOS > 70 
ΔKOOS ≤ 10 
ΔKOOS > 10 

VAS 318, 319 
Visual analogue scale for self-
reported measure of pain on a 
10-point scale. 

Pre-operative VAS ≤ 5.8 
Pre-operative VAS > 5.8 
Post-operative VAS ≤ 2.4 
Post-operative VAS > 2.4 
ΔVAS ≤ 2.7 
ΔVAS > 2.7 

IPFP = infrapatellar fat pad, MRI = magnetic resonance imaging, KOOS = knee injury and 
osteoarthritis outcome score, VAS = visual analogue scale. 

RReessuullttss    

OOsstteeooaarrtthhrriittiiss  vvss  ccaarrttiillaaggee  ddeeffeecctt  ((RREEIIMMSS  aannaallyyssiiss))  

For the analysis of the data collected using REIMS on the IPFP of OA or a cartilage 
defect patients, patients were matched for age and BMI regarding the patient 
material available (TTaabbllee  66..22).  

The LDA results of OA and cartilage defect showed a trend towards a separation 
between the three groups (FFiigguurree  66..11). According to this analysis, the old cartilage 
defect group showed the highest discrimination from OA and young cartilage defect 
groups (FFiigguurree  66..11). 
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TTaabbllee  66..22..  Characteristics osteoarthritis patients vs “old and young” cartilage defect patients.    

PPaattiieenntt  OOAA  //  CCDD  GGeennddeerr  AAggee  LLeefftt//rriigghhtt  BBMMII  KKLL  ggrraaddee  
1 OA < 60  Male 56 Left 26.9 3 
2 OA < 60  Male 42 Right 29.6 3 
3 OA < 60  Male 58 Left 27.1 4 
4 OA < 60  Female 54 Right 28.3 4 
5 OA < 60  Male 52 Left 23.2 4 
6 OA < 60  Female 58 Left 26 3 
7 OA < 60  Female 40 Left 31.5 2 
1 CD > 35 Male 48 Left 25.2 0 
2 CD > 35 Male 47 Left 23.7 1 
3 CD > 35 Male 38 Left 34.3 0 
4 CD > 35 Female 49 Left 24.3 0 
5 CD > 35 Male 48 Right 26.6 0 
6 CD > 35 Female 56 Left 27.2 0 
7 CD > 35 Female 36 Right 22.5 1 
1 CD < 35 Male 21 Left 25.1 0 
2 CD < 35 Female 20 Right 22.8 0 
3 CD < 35 Male 20 Left 26.1 0 
4 CD < 35 Female 21 Right 21.4 0 
5 CD < 35 Female 19 Left 24.1 0 
6 CD < 35 Male 22 Right 27.4 1 
7 CD < 35 Male 19 Left 26.9 0 

OA = osteoarthritis, CD = cartilage defect, BMI = body mass index, KL = Kellgren-Lawrence.  

A cross validation (20% out) with confusion matrix showed an overall classification 
rate of 62.9%, meaning that 62.9% (66 out of 105) of the cuts made in the IPFP were 
correctly classified. The highest correct classification rates were acquired in the 
cartilage defect > 35 years (71.4%) and cartilage defect < 35 years (80%) (TTaabbllee  66..33).  

Each group of patients (OA, cartilage defect > 35, and cartilage defect < 35) was 
characterized by a specific lipid profile when compared to either one of the patient 
groups (FFiigguurreess  66..22  ––  66..44). The top 20 m/z with the highest loadings contributing to 
the discrimination between each group were depicted in TTaabblleess  66..44  ––  66..66. 
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FFiigguurree 66..11.. Linear discriminant analysis (LDA, per burn) of osteoarthritis (OA) and cartilage 
defect (CD, < 35 years and > 35 years) patients. The confusion matrix (20% out) showed an 
overall correct classification rate of 62.9%.

TTaabbllee 66..33.. Classification rates of cartilage defect patients > 35 years, cartilage defect patients 
< 35 years, and OA patients.  

PPaattiieenntt ggrroouupp CCllaassssiiffiieedd ccoorrrreeccttllyy ((%%)) 
CCllaassssiiffiieedd iinnccoorrrreeccttllyy iinn …… 
ggrroouupp ((%%)) 

Overall 66 / 105 cuts (62.9%) Overall 37.1%

CD > 35 years 25 / 35 cuts (71.4%)
CD < 35 (17.1%)
OA (11.4%)

CD < 35 years 28 / 35 cuts (80%)
CD > 35 (0%)
OA (20%)

OA 13 / 35 cuts (37.1%)
CD < 35 (31.4%)
CD > 35 (31.4%) 

CD = cartilage defect, OA = osteoarthritis
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TTaabbllee  66..44..  The top 20 m/z with highest loadings corresponding to cartilage defect patients < 
35 years and cartilage defect patients > 35 years.    

CCDD  <<  3355  yyeeaarrss  CCDD  >>  3355  yyeeaarrss  
mm//zz  LLooaaddiinngg  mm//zz  LLooaaddiinngg  
919.75 0.290406 717.55  0.19477  
678.45 0.209656 885.55  0.16872  
744.55 0.185506 891.75  0.16203  
921.75 0.179975 698.55  0.15164  
920.75 0.177214 697.55  0.13047  
687.55 0.164929 750.55  0.12724  
770.55 0.149358 767.55  0.10517  
735.45 0.140175 715.55  0.10261  
742.55 0.115902 886.55  0.10035  
788.55 0.108539 726.55  0.0983  
757.45 0.103484 891.65  0.09318  
699.55 0.095331 715.45  0.08884  
733.45 0.088999 892.75  0.08274  
922.75 0.086216 716.55  0.08144  
680.45 0.083501 863.65  0.08049  
759.45 0.077837 865.65  0.08049  
761.45 0.076077 717.45  0.07796  
802.55 0.075334 681.45  0.07705  
709.45 0.072937 724.55  0.07616  
673.45 0.069633 893.75  0.07505  

CD = cartilage defect, m/z = mass-to-charge ratio.  
    

6
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TTaabbllee  66..55..  The top 20 m/z with highest loadings corresponding to cartilage defect patients < 
35 years and OA patients.  

CCDD  <<  3355  yyeeaarrss  OOAA  
mm//zz  LLooaaddiinngg  mm//zz  LLooaaddiinngg  
742.55 0.162135 773.55  0.36781  
766.55 0.154785 774.55  0.21184  
768.55 0.117489 797.65  0.19856  
749.55 0.112191 752.55  0.18446  
655.55 0.102957 698.55  0.17751  
917.75 0.102745 885.55  0.17307  
629.45 0.098395 699.45  0.13512  
919.75 0.096676 715.55  0.13336  
744.55 0.089203 799.65  0.12768  
673.45 0.087215 891.75  0.12136  
792.55 0.084819 717.55  0.10942  
627.45 0.078987 771.55  0.10841  
771.65 0.078201 798.65  0.10007  
986.75 0.076426 681.45  0.0937  
988.75 0.075683 670.55  0.08495  
962.75 0.072076 746.55  0.08111  
725.55 0.070747 886.55  0.0807  
794.55 0.064444 747.55  0.06883  
769.55 0.062895 775.55  0.068  
785.45 0.062671 939.75  0.06773  

CD = cartilage defect, OA = osteoarthritis, m/z = mass-to-charge ratio.  
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TTaabbllee  66..66..  The top 20 m/z with highest loadings corresponding to cartilage defect patients > 
35 years and OA patients. 

CCDD  >>  3355  yyeeaarrss  OOAA  
mm//zz  LLooaaddiinngg  mm//zz  LLooaaddiinngg  
715.55 0.19952 885.55  0.181598  
726.55 0.18105 773.55  0.18107  
737.55 0.13072 742.55  0.167505  
673.45 0.13028 744.55  0.162459  
681.45 0.12514 921.75  0.14312  
917.75 0.12491 678.45  0.134635  
769.55 0.1249 721.45  0.133211  
767.55 0.11222 788.55  0.129197  
718.55 0.10837 774.55  0.128693  
743.55 0.104 770.55  0.114589  
661.45 0.10189 923.75  0.101201  
715.45 0.09921 735.45  0.09927  
727.55 0.09543 909.75  0.097712  
728.55 0.09518 747.55  0.097561  
713.55 0.09237 757.45  0.090112  
765.55 0.09139 935.75  0.082247  
918.75 0.08681 746.55  0.081568  
717.55 0.08315 865.75  0.080347  
741.55 0.08171 937.75  0.077268  
691.45 0.07617 699.55  0.075634  

CD = cartilage defect, OA = osteoarthritis, m/z = mass-to-charge ratio.  

  
  

6

168085 Haartmans BNW.indd   127168085 Haartmans BNW.indd   127 05-01-2024   12:0405-01-2024   12:04



Chapter 6 

128 

CCaarrttiillaaggee  ddeeffeecctt  ppaattiieenntt  ccoohhoorrtt  ––  RREEIIMMSS  aannaallyyssiiss    

To evaluate if certain patient groups with less distinctive profiles could be identified 
based on their lipid profile, lipid analysis was performed on the IPFP of 53 cartilage 
defect patients (TTaabbllee  66..77). Per patient five cuts were made (with the exception of 
one cut that was not taken into account due to low intensity (not recognized as cut 
in the program used)). A list of the top 20 lipids responsible for the discrimination 
between groups is shown if the cross validation (20% out) confusion matrix was 
above 65%. 

For all patients in this cohort, information on gender, age, and BMI were available 
(TTaabbllee  66..77). The majority of patients in the cartilage defect patient cohort (n = 53) 
were male (35 compared to 18 female). The mean age and BMI of the population 
measured were 29.4 ± 11.7 years and 24.3 ± 3.6 kg/m2 respectively. Pre- and post-
operative (1 year after surgery) questionnaires (KOOS and VAS) were filled in by 43 
of 53 patients. Pre-operatively, an average of 44.7 ± 18.1 for KOOS and 5.5 ± 2.3 cm 
for VAS were calculated; post-operatively, average scores of 67.1 ± 20.3 (KOOS) and 
3.0 ± 2.9 cm (VAS). Both pre- and post-operative KOOS and VAS were available from 
34 patients (ΔKOOS, mean 24.5 ± 23.1; ΔVAS, mean -2.9 ± 2.8 cm) (TTaabbllee  66..77). 

Dependent on the type of surgery performed, patients were allocated in one of three 
groups: 1) regenerative (loosened cartilage body was glued or used to fill up the 
cartilage defect using e.g. minced cartilage or hedgehog techniques combined with 
stitches or glue such as Chondrofiller), 2) biological resurfacing (the defect was filled 
with the patient’s own material collected from a different, less weight-bearing part 
of the joint (e.g. mosaicplasty), cultured cells (articular chondrocyte transplantation, 
ACT), or derived from bone marrow derived stem cells (microfracture)), or 3) metal 
resurfacing (metallic implant). Average age, BMI, pre- and post- operative KOOS and 
VAS, and ΔKOOS and ΔVAS were depicted in TTaabbllee  66..88. A one-way ANOVA (F = 50.75 
and p < 0.001) with post-hoc Tukey test showed statistical significance between age 
groups based on the different types of surgery (p < 0.001) (TTaabbllee  66..88).   

Information on previous trauma was available from 53 patients. 32 patients have 
had previous knee-related trauma, compared to 21 patients without previous 
trauma (TTaabbllee  66..77). In addition, information on previous knee surgery was available 
from 52 of 53 patients. 23 patients already underwent surgery prior to the surgical 
treatment for the (osteo)chondral defect, compared to 29 without previous surgery 
(TTaabbllee  66..77). 
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In addition, fibrosis scored by a radiologist through MRI were available from 51 of 
53 patients based on a 0-2 scale with 0) no fibrosis, 1) normal-mild fibrosis, and 2) 
moderate-severe fibrosis. 12 patients did not show IPFP fibrosis on the MRI prior to 
surgery. 39 patients, of which 28 patients showed normal-to-mild fibrosis and 11 
patients moderate-to-severe fibrosis showed signs of IPFP fibrosis on the MRI prior 
to surgery (TTaabbllee  66..77).  

PPaattiieenntt  pprrooffiilliinngg  bbaasseedd  oonn  lliippiidd  pprrooffiillee  iinn  tthhee  iinnffrraappaatteellllaarr  ffaatt  ppaadd  

TTaabbllee  66..99 gives an overview of the correct classification rates of cartilage defect 
patients after LDA and cross validation analysis (20% out) based on gender (53.4%), 
age (65.5%), and BMI (43.9%). The highest correct classification rate was found for 
the group of cartilage defect patients < 35 years (FFiigguurree  66..55), matching previous 
results (TTaabbllee  66..33). The top 20 m/z with highest loading in each of the group (cartilage 
defect patients < 35 years and cartilage defect patients > 35 years) are depicted in 
TTaabbllee  66..1100. 

It was not possible to discriminate cuts made in the IPFP of patients that already had 
previous knee-related trauma and/or underwent surgery based on their lipid profile 
(TTaabbllee  66..99). In addition, it was not possible to discriminate IPFP fibrotic profiles based 
on the IPFP lipid profile (TTaabbllee  66..99).  

RReessppoonnddeerrss  aanndd  nnoonn--rreessppoonnddeerrss  ((uunnrreellaatteedd  ttoo  ttyyppee  ooff  ssuurrggeerryy))  

Based on the pre- and post-operative KOOS and VAS scores it was determined if 
patients responded well (responders) or not (non-responders) to cartilage repair 
surgery. For pre- and post-operative KOOS and VAS scores, it was not possible to 
discriminate cuts made in the IPFP of responders from non-responders (TTaabbllee  66..1111). 
The same was true for the difference between pre- and post-operative KOOS and 
VAS scores (ΔKOOS and ΔVAS) (TTaabbllee  66..1111). 
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TTaabbllee 66..88.. Patient characteristics and statistical analysis.  

PPaarraammeetteerr RReeggeenneerraattiivvee BBiioollooggiiccaall rreessuurrffaacciinngg MMeettaalllliicc rreessuurrffaacciinngg 
N 24 13 15
Age*** 20.46 ± 6.7 30.46 ± 6.04 43.13 ± 7.69
BMI 23.29 ± 3.79 24.44 ± 3.05 25.62 ± 3.42
KOOS0 49.85 ± 15.58 (n = 17) 49.73 ± 18.12 (n = 10) 34.77 ± 18.02
KOOS3 72.71 ± 17.53 (n = 19) 68.24 ± 13.69 (n = 11) 57.84 ± 26.07 (n = 13)
ΔKOOS 31.3 ± 15 (n = 12) 17.91 ± 27.04 (n = 9) 22.67 ± 26.32 (n = 13)
VAS0 4.9 ± 2.65 (n = 17) 5.17 ± 2.41 (n = 10) 6.26 ± 1.48
VAS3 2.33 ± 2.73 (n = 19) 3.14 ± 2.76 (n = 10) 3.89 ± 3.14 (n = 14)
ΔVAS -4.23 ± 2.31 (n = 12) -1.81 ± 3.59 (n = 8) -2.32 ± 2.3 (n = 14)

BMI = body mass index, CD = cartilage defect, KOOS = knee injury and osteoarthritis outcome 
score, OA = osteoarthritis, VAS = visual analogue scale, *** = p < 0.001.

FFiigguurree 66..55.. Linear discriminant analysis (LDA) of the age-related differences in the lipid profile 
of the infrapatellar fat pad (IPFP). A cross validation analysis (20% out) showed an overall 
classification rate of 65.5%. An age above or equal to 35 has been categorized as high; an age 
below 35 has been categorized as low.  

6
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TTaabbllee  66..99..  Correct classification rate of gender, age, and body mass index (BMI) after linear 
discriminant analysis (LDA) and cross validation with confusion matrix (20% out).    

PPaarraammeetteerr  CCoorrrreecctt  ccllaassssiiffiiccaattiioonn  ttyyppee  CCoorrrreecctt  ccllaassssiiffiiccaattiioonn  rraattee  

Gender 

Overall (n = 53) 53.4% (141 of 264 cuts) 

Female (n = 18) 51.1% (46 of 90 cuts) 

Male  (n = 35) 54.6% (95 of 174 cuts) 

Age 

Overall (n = 53) 6655..55%%  ((117733  ooff  226644  ccuuttss))  

Age > 35 (n = 17) 61.9% (52 of 84 cuts)  

Age < 35 (n = 36) 6677..22%%  ((112211  ooff  118800  ccuuttss))  

BMI 

Overall (n = 53) 43.9% (116 of 264 cuts) 

BMI > 25 (n = 31) 45.9% (50 of 109 cuts) 

BMI < 25 (n = 22) 42.6% (66 of 155 cuts)  

Previous 

trauma 

Overall (n = 53) 56.1% (148 of 264 cuts) 

No previous trauma (n = 21) 52.9% (55 of 104 cuts) 

Previous trauma (n = 32) 58.1% (93 of 160 cuts) 

Previous 

surgery 

Overall (n = 52) 51.1% (134 of 259 cuts) 

No previous surgery (n = 29) 52.8% (76 of 144 cuts) 

Previous surgery (n = 23) 50.4% (58 of 115 cuts) 

Fibrosis  

(3 groups) 

Overall (n = 51) 41.3% (105 of 254 cuts) 

None (n = 12) 28.3% (17 of 60 cuts) 

Normal-mild (n = 28) 41% (57 of 139 cuts)   

Moderate-severe (n = 11) 56.4% (31 of 55 cuts) 

Fibrosis 

(yes/no) 

Overall (n = 53) 51.6% (131 of 254 cuts) 

No (n = 12) 51.7% (31 of 60 cuts)  

Yes (n = 49) 51.5% (100 of 194 cuts) 

BMI = body mass index. 
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TTaabbllee  66..1100..  The top 20 m/z with highest loadings discriminating between cartilage defect 
patients > 35 years and cartilage defect patients < 35 years.  

AAggee  >>  3355  AAggee  <<  3355  
mm//zz  LLooaaddiinngg  mm//zz  LLooaaddiinngg  
893.75 0.230998 919.75  0.19423  
750.55 0.212063 700.55  0.19041  
885.55 0.196176 742.55  0.17309  
642.45 0.192793 611.25  0.1674  
766.55 0.187951 698.55  0.15113  
794.55 0.167064 920.75  0.13147  
900.75 0.136513 687.55  0.09868  
895.75 0.117847 701.55  0.09778  
901.75 0.11666 716.55  0.09509  
751.55 0.113136 863.65  0.09261  
615.15 0.111595 865.65  0.07981  
767.55 0.111367 728.55  0.07839  
792.55 0.110379 935.75  0.07422  
721.45 0.100634 726.55  0.07394  
886.55 0.098939 743.55  0.06986  
894.75 0.098588 892.75  0.06769  
749.55 0.093295 724.55  0.06669  
797.65 0.09022 714.55  0.06548  
790.55 0.086624 909.75  0.05902  
926.75 0.083528 740.55  0.05522  

    

6
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TTaabbllee  66..1111..  Correct classification rate of pre- and post-operative knee injury and 
osteoarthritis outcome score (KOOS) and visual analogue scale score (VAS) after linear 
discriminant analysis (LDA) and cross validation with confusion matrix (20% out).  

PPaarraammeetteerr  CCoorrrreecctt  ccllaassssiiffiiccaattiioonn  ttyyppee  CCoorrrreecctt  ccllaassssiiffiiccaattiioonn  rraattee  

Pre-op KOOS 
Overall (n = 43) 53.7% (115 of 214 cuts) 
KOOS > 45 (n = 21) 53.8% (56 of 104 cuts) 
KOOS < 45 (n = 22) 53.6% (59 of 110 cuts) 

Post-op KOOS 
Overall (n = 43) 55.4% (119 of 215 cuts) 
KOOS > 70 (n = 24) 55.8% (67 of 120 cuts) 
KOOS < 70 (n = 29) 54.7% (52 of 95 cuts) 

Pre-op VAS 
Overall (n = 43) 52.8% (113 of 214 cuts) 
VAS > 5.8 (n = 22) 54.5% (60 of 110 cuts) 
VAS < 5.8 (n = 21) 51.0% (53 of 104 cuts) 

Post-op VAS 
Overall (n = 41) 44.4% (91 of 205 cuts) 
VAS > 2.4 (n = 20) 47% (47 of 100 cuts) 
VAS < 2.4 (n = 21) 41.9% (44 of 105 cuts) 

ΔKOOS 
Overall (n = 34) 51.8% (88 of 170 cuts) 
ΔKOOS > 10 (n = 24) 51.3% (59 of 115 cuts) 
ΔKOOS < 10 (n = 10) 52.7% (29 of 55 cuts) 

ΔVAS 
Overall (n = 34) 52.9% (90 of 170 cuts) 
ΔVAS > -2.7 (n = 16) 53.3% (48 of 90 cuts) 
ΔVAS < -2.7 (n = 18) 52.5% (42 of 80 cuts) 

Pre-op = pre-operative, Post-op = post-operative, KOOS = knee injury and osteoarthritis 
outcome score, VAS = visual analogue scale.  
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RReessppoonnddeerrss  aanndd  nnoonn--rreessppoonnddeerrss  ((iinn  rreellaattiioonn  ttoo  ttyyppee  ooff  ssuurrggeerryy))  

The results acquired from patient outcome scores ΔKOOS and ΔVAS were matched 
with the type of surgery performed. Based on the results described in TTaabbllee  66..1122, it 
could be acknowledged that one patient with a ΔKOOS < 10, or bad clinical outcome, 
of the group in which the own cartialge was used to fill the defect could be classified 
in the correct group with a correct classification rate of 80%. However, it should be 
noted that this is only one patient.  

TTaabbllee  66..1122..  Correct classification rate of delta knee injury and osteoarthritis outcome score 
(KOOS) with a certain type of surgery (autograft resurfacing, regenerative, or prosthesis) 
after linear discriminant analysis (LDA) and cross validation with confusion matrix (20% out).  

PPaarraammeetteerr  CCoorrrreecctt  ccllaassssiiffiiccaattiioonn  ttyyppee  CCoorrrreecctt  ccllaassssiiffiiccaattiioonn  rraattee  

ΔKOOS 

Overall (n = 34) 26.5% 
ΔKOOS > 10 + biological resurfacing (n = 4) 5% 
ΔKOOS > 10 + regenerative (n = 11) 9.1% 
ΔKOOS > 10 + metal resurfacing (n = 8) 32.5% 
ΔKOOS < 10 + biological resurfacing (n = 5) 40% 
ΔKOOS < 10 + regenerative (n = 1) 8800%%  
ΔKOOS < 10 + metal resurfacing (n = 5) 48% 

ΔVAS 

Overall (n = 34) 17.1% 
ΔVAS < -2.7 + biological resurfacing (n = 3) 6.7% 
ΔVAS < -2.7 + regenerative (n = 8) 0% 
ΔVAS < -2.7 + metal resurfacing (n = 7) 2.9% 
ΔVAS > -2.7 + biological resurfacing (n = 5) 40% 
ΔVAS > -2.7 + regenerative (n = 4) 40% 
ΔVAS > -2.7 + metal resurfacing (n = 7)  25.7% 

KOOS = knee injury and osteoarthritis outcome score, VAS = visual analogue scale  

IInnffrraappaatteellllaarr  ffaatt  ppaadd  iinnttrraa--hheetteerrooggeenneeiittyy    

In addition, histological scoring was performed to address in which tissue type 
(adipose tissue or connective tissue) the cuts in the IPFP were made. An estimation 
of the amount of adipose tissue or connective tissue was made of the whole IPFP 
tissue section in 53 patients on a 1-5 scale with 1) mostly adipose tissue (90-100%), 
2) predominantly adipose tissue (60-90%), 3) equal amount of adipose tissue and 
connective tissue (40-60%), 4) predominantly connective tissue (60-90%), and 5) 
mostly connective tissue (90-100%).  

6
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Overall, evaluating the whole IPFP biopsy section, 119 cuts were estimated to be 60-
90% of adipose tissue, 100 cuts were estimated to be equal adipose tissue and 
connective tissue (40-60%), 40 cuts were estimated to be predominantly connective 
tissue (60-90%), and 5 cuts were estimated to be connective tissue (90-100%) (TTaabbllee  
66..1144 and FFiigguurree  66..66). No discrimination in lipid profile after LDA was shown based on 
tissue type (FFiigguurree  66..66).  

A cross validation (20% out) with confusion matrix showed an overall correct 
classification rate of 42.4% (112 of 264 cuts). For the cuts made in predominantly 
adipose tissue (60-90%), 66 of 119 cuts were correctly classified (55.5%), 13 were 
classified incorrectly as equally adipose tissue and connective tissue (40-60%), 19 
were incorrectly classified as predominantly connective tissue (60-90%), and 21 
were incorrectly classified as mostly connective tissue (90-100%). For the cuts 
classified as having an equal amount of adipose tissue and connective tissue, 21 of 
100 cuts (21%) were correctly classified, compared to 29 incorrectly classified as 
predominantly adipose tissue, 20 incorrectly classified as predominantly connective 
tissue and 30 incorrectly classified as mostly connective tissue. Next, for the cuts 
made in predominantly connective tissue, 22 of 40 were correctly classified (55%), 
compared to 7 incorrectly classified as predominantly adipose tissue, 4 as equally 
adipose tissue or connective tissue, and 7 mostly connective tissue. Finally, for the 
cuts made in the connective tissue, 3 of 5 were correctly classified (60%), compared 
to 1 incorrectly classified as mostly adipose tissue, and 1 incorrectly classified as 
predominantly connective tissue.  

Additionally an estimation of the tissue type of each cut was made using the same 
scale. Out of a total of 265 cuts, 23 were not found and 55 were inconclusive. A total 
of 187 cuts were used for LDA and cross validation analysis. 11 cuts were classified 
as mostly adipose tissue (90-100%), 70 cuts were classified as predominantly 
adipose tissue (60-90%), 66 cuts were classified as equal amount of adipose tissue 
and connective tissue (40-60%), 73 cuts were classified as predominantly connective 
tissue (60-90%), and 20 cuts were classified as mostly connective tissue (90-100%) 
(FFiigguurree  66..66).  
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FFiigguurree 66..66.. Linear discriminant analysis (LDA) of the differences in the lipid profile of the 
infrapatellar fat pad (IPFP) related to intra-tissue heterogeneity. A cross validation analysis 
(20% out) showed an overall classification rate of 42.4%. AT = adipose tissue, CT = connective 
tissue.  

For LDA and cross validation (20% out) the 2 most distinctive profiles (adipose tissue 
and connective tissue 90-100%) were used. 11 cuts were characterized as adipose 
tissue, divided over 7 patients. In comparison, 19 cuts were characterized as 
connective tissue, divided over 9 patients. LDA (FFiigguurree 66..77) and cross validation (20% 
out) with confusion matrix showed an overall correct classification rate of 90% (27 
of 30 cuts). 9 of 11 cuts (81.8%) were classified correctly as adipose tissue, whereas 
18 of 19 cuts (94.7%) were classified correctly as connective tissue. The top 20 lipids 
corresponding to adipose tissue or connective tissue after LDA were depicted in 
TTaabbllee 66..1133. 

6
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FFiigguurree 66..77.. Linear discriminant analysis (LDA) of the differences in the lipid profile of the 
infrapatellar fat pad (IPFP) related to intra-tissue heterogeneity. A cross validation analysis 
(20% out) showed an overall classification rate of 90% for the comparison of adipose tissue 
vs connective tissue. 

TTaakkiinngg iinnttoo aaccccoouunntt IIPPFFPPss iinnttrraa--ttiissssuuee hheetteerrooggeenneeiittyy 

Additionally, the IPFPs tissue heterogeneity was taken into account while running 
the analysis (only cuts classified as 90-100% adipose tissue or connective tissue). 
Looking at the three most important measures for patient outcome, post-operative 
KOOS (adipose tissue or connective tissue) and post-operative VAS (connective 
tissue) give overall correct classification rates of ≥ 70% (TTaabbllee 66..1144). However, it has 
to be taken into account that the sample size for these analyses was very low. Out 
of all cuts made in 53 patients (= 265), only 11 cuts were with confidence classified 
as adipose tissue and 19 cuts were classified as connective tissue (90-100% adipose 
tissue or connective tissue). Whereas not scores were available for all patients, low 
numbers of patients or cuts were used for analysis. 
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TTaabbllee  66..1133..  Loadings corresponding to LD1 depicted in Figure 6.7, discriminating adipose 
tissue from connective tissue.    

AAddiippoossee  ttiissssuuee    CCoonnnneeccttiivvee  ttiissssuuee  
mm//zz  LLooaaddiinngg  mm//zz  LLooaaddiinngg  
615.15 0.395762 687.55 0.05958 
919.75 0.316416 600.25 0.05128 
893.75 0.315596 717.35 0.04726 
616.15 0.249757 744.55 0.04645 
891.75 0.235283 601.25 0.04537 
617.15 0.235109 601.35 0.04254 
917.75 0.198516 643.35 0.04214 
920.75 0.184062 602.25 0.04208 
921.75 0.172514 629.35 0.04095 
894.75 0.15439 602.35 0.03795 
892.75 0.129241 628.35 0.03737 
918.75 0.125189 630.35 0.03704 
612.25 0.124764 641.35 0.03698 
895.75 0.119912 629.25 0.03676 
618.15 0.11469 628.25 0.03438 
659.15 0.111297 718.55 0.03407 
610.15 0.097067 770.55 0.03389 
922.75 0.066484 615.35 0.03347 
697.45 0.065953 627.25 0.03344 
661.15 0.063116 642.35 0.03321 

m/z = mass-to-charge ratio 
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TTaabbllee  66..1144..  Correct classification rate of pre- and post-operative knee injury and 
osteoarthritis outcome score (KOOS) and visual analogue scale (VAS) taking only one tissue 
type (adipose tissue or connective tissue) into account after linear discriminant analysis (LDA) 
and cross validation with confusion matrix (20% out).  

PPaarraammeetteerr  AATT  oorr  CCTT  OOvveerraallll  ccoorrrreecctt  ccllaassssiiffiiccaattiioonn  rraattee  
Pre-op KOOS Adipose tissue 11% 
Pre-op KOOS Connective tissue 53% 
Post-op KOOS Adipose tissue 7700%%  
Post-op KOOS Connective tissue 7733%%  
Pre-op VAS Adipose tissue 33% 
Pre-op VAS Connective tissue 33% 
Post-op VAS Adipose tissue 33% 
Post-op VAS Connective tissue 7733%%  
ΔKOOS Adipose tissue 50% 
ΔKOOS Connective tissue 7700%%  
ΔVAS Adipose tissue 50% 
ΔVAS Connective tissue Not enough data 
Fibrosis Adipose tissue 45% 
Fibrosis Connective tissue 50% 

AT = adipose tissue, CT = connective tissue, Pre-op = pre-operative, Post-op = post-operative, 
KOOS = knee injury and osteoarthritis outcome score, VAS = visual analogue scale.  

Considering the described method and according to the results described above, we 
were not able to discriminate patients who responded well to cartilage repair 
treatment (responders) from patients who responded poorly to cartilage repair 
patients (non-responders) based on their lipid signature using REIMS. It was shown 
that the IPFP’s intra-tissue heterogeneity (the appearance of adipose tissue or 
connective tissue) might have an influence on the lipid signature measured, 
although this was based on very low sample numbers (TTaabbllee  66..1144). Therefore, in the 
next section of tthhiiss  CChhaapptteerr, the use of a method utilizing LMD in combination with 
a well-understood proteomics approach was investigated to identify the proteome 
of either adipose tissue or connective tissue in the IPFP of cartilage repair patients. 
Because of the fact that LMD has not been utilized on the IPFP according to our 
knowledge, a protocol had to be optimized.   
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LLaasseerr  ccaappttuurree  mmiiccrrooddiisssseeccttiioonn  ((LLMMDD))  

The IPFPs adipose like, fatty, and sticky nature has been demonstrated to cause 
problems during the cutting and collecting part of the LMD procedure, including 
burning of the tissue or lack of detachment. To overcome this, multiple slides (ITO, 
PEN membrane and FRAME) and washing steps were tested for dehydration of the 
tissue and the removal of lipids within the IPFP and facilitate cutting with LMD.  

After LMD on tissue sections treated with desiccation only or slides which were not 
completely dehydrated, tissue was not detached from the slides or captured. It was 
acknowledged that the membrane of PEN and FRAME slides loosened after 
chloroform washing. Although the membrane detaches from the slide alongside the 
edges, sections, which were dehydrated through ethanol series followed by 
chloroform, were best cut and captured. Using LMD on IPFP on ITO slides, as has 
been described by Mezger et al. for multi-omics approaches257, would have been 
favored, however was not possible due to the amount of IPFP tissue necessary for 
LC-MS/MS analysis and the time necessary for tissue ablation. In addition, the tissue 
on ITO slides is prone to burn, the time needed might cause molecule delocalization 
or breakdown.  

An area of 0.15 cm2 of adipose tissue of IPFP led to a concentration of 1.62 μg/μl 
protein and the identification of 33 proteins with high confidence. Additionally an 
area of 0.2 cm2 led to a protein concentration of 4.14 μg/μl and the identification of 
71 proteins with high confidence. Alternatively, concentrations of 3.1 (15 sections) 
and 3.5 (20 sections) μg/μl were obtained using cryosectioning and collection in an 
Eppendorf tube only instead of LMD. Here, 809 and 955 proteins were identified 
with high confidence respectively (FFiigguurree  66..88).  

6
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FFiigguurree 66..88.. Protein count with high 
confidence in the adipose tissue of the 
infrapatellar fat pad (IPFP) after cutting 0.15 
cm2 or 0.25 cm2 with LMD, or 15 or 20 
cryosections of the whole IPFP, not taking 
into account the IPFPs intra-tissue 
heterogeneity.   

 

 

 

 

In conclusion, it was not feasible to cut enough IPFP tissue using LMD for proteomics 
analysis and acquire a sufficient amount of proteins for analysis. Therefore, in the 
next section of tthhiiss CChhaapptteerr, proteomic analysis of whole tissue sections of the IPFP 
of cartilage repair patients was performed.  

PPrrootteeoommiicc aannaallyyssiiss iiddeennttiiffiieedd pprrooggnnoossttiicc bbiioommaarrkkeerrss iinn tthhee iinnffrraappaatteellllaarr 
ffaatt ppaadd ooff ccaarrttiillaaggee ddeeffeecctt ppaattiieennttss   

Proteomic analysis was conducted to evaluate the proteome of the IPFP and to 
evaluate whether proteins might be a better target for the classification of patients 
based on their characteristics and pre- and post-operative clinical state or outcome.

Despite the fact that a big variety (341-898 proteins, average 601.6 ± 124.1) in 
protein numbers was measured in this sample cohort, no batch effect (ANOVA with 
F value 0.411 and p-value 0.665) or outlier (interquartile range (IQR = Q3 - Q1) 
stating that values > Q3 + 1.5*IQR or values < Q1 – 1.5*IQR are considered outliers) 
could be detected. 
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PPaattiieennttss  wwiitthh  ddiiffffeerreenntt  ggeennddeerr,,  aaggee,,  aanndd  BBMMII  sshhooww  ddiissttiinnccttiivvee  pprrootteeiinn  
aabbuunnddaanncciieess  iinn  tthhee  iinnffrraappaatteellllaarr  ffaatt  ppaadd  ooff  ccaarrttiillaaggee  ddeeffeecctt  ppaattiieennttss  

GGeennddeerr  rreellaatteedd  ddiiffffeerreenncceess  iinn  pprrootteeiinn  pprrooffiilleess  ooff  ccaarrttiillaaggee  ddeeffeecctt  ppaattiieennttss    

Looking at gender-related differences, 12 proteins were found to be significantly 
upregulated in female patients compared to male patients, including a top three of 
hematopoietic progenitor cell antigen CD34 (CD34), cytochrome c (CytC), and serum 
amyloid A-4 protein (SAA4) with the highest abundance ratio’s (TTaabbllee  66..1155). On the 
contrary, four proteins were found significantly downregulated in female patients 
compared to male patients, including hemoglobin subunit zeta (HBZ), nucleoside 
diphosphate kinase A (NDPKA), aggrecan core protein (ACAN), and 40S ribosomal 
protein S27 (MPS1) (TTaabbllee  66..1155).  

AAggee  rreellaatteedd  ddiiffffeerreenncceess  iinn  pprrootteeiinn  pprrooffiilleess  ooff  ccaarrttiillaaggee  ddeeffeecctt  ppaattiieennttss    

In addition, seven proteins were found to be in patients above 35 years compared 
to patients below the age of 35, among which a top three of cartilage intermediate 
layer protein 2 (CILP-2), protein S100-A9 (S100A9/ MRP14), and neutrophil defensin 
1 (DEFA1) (TTaabbllee  66..1166). Contrarily, six proteins were found significantly 
downregulated in older patients compared to younger patients, including myelin 
basic protein 7 (MBP7), microfibril-associated glycoprotein 4 (MAGP4), and desmin 
(TTaabbllee  66..1166).  

BBMMII  rreellaatteedd  ddiiffffeerreenncceess  iinn  pprrootteeiinn  pprrooffiilleess  ooff  ccaarrttiillaaggee  ddeeffeecctt  ppaattiieennttss    

Furthermore, seven proteins were found to be upregulated in patients with high BMI 
(BMI > 25), compared to low BMI (BMI < 25) among which a top three of CILP-2, 
CILP-1, and tenascin-X (TNX) (TTaabbllee  66..1177). Moreover, 13 proteins were found 
significantly downregulated in patients with high BMI compared to low BMI, 
including a top three of tubulin beta-4A chain (TUBB4A), coatomer subunit epsilon 
(COPE), and ubiquitin-60S ribosomal protein L40 (TTaabbllee  66..1177).  
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TTaabbllee  66..1155..  Significant up- and down-regulated proteins in the infrapatellar fat pad of female 
patients compared to male patients.    

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  rraattiioo  
aaddjj..  pp--  vvaalluuee  

UUpprreegguullaatteedd  

P28906 
Hematopoietic 
progenitor cell antigen 
CD34  

100 6.64 5.27E-16 

P99999 Cytochrome c  2.44 1.28 3.47E-07 

P35542 
Serum amyloid A-4 
protein 

2.18 1.12 1.46E-05 

P07099 Epoxide hydrolase 1  2.09 1.06 5.08E-05 
P01019 Angiotensinogen 1.84 0.88 1.65E-03 
P00738 Haptoglobin  1.64 0.72 0.02 
P06702 Protein S100-A9  1.63 0.70 0.02 

P08185 
Corticosteroid-binding 
globulin 

1.62 0.70 0.02 

P00450 Ceruloplasmin  1.61 0.69 0.02 
Q03135 Caveolin-1  1.61 0.69 0.02 

P62987 
Ubiquitin-60S ribosomal 
protein L40  

1.57 0.65 0.04 

Q99707 Methionine synthase  1.57 0.65 0.04 
DDoowwnnrreegguullaatteedd  

P02008 
Hemoglobin subunit 
zeta 

0.39 -1.35 6.44E-07 

P15531 
Nucleoside diphosphate 
kinase A  

0.47 -1.08 2.13E-04 

P16112 Aggrecan core protein  0.53 -0.93 2.99E-03 

P42677 
40S ribosomal protein 
S27 

0.60 -0.74 0.04 
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TTaabbllee  66..1166..  Significant up- and down-regulated proteins in the infrapatellar fat pad of patients 
with an age above 35 compared to patients with an age below 35.    

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  rraattiioo  
aaddjj..  pp--  vvaalluuee  

UUpprreegguullaatteedd  

Q8IUL8 
Cartilage intermediate 
layer protein 2  

2.09 1.06 2.09E-03 

P06702 Protein S100-A9  1.81 0.86 6.22E-03 
P59665 Neutrophil defensin 1  1.70 0.76 0.02 
P00918 Carbonic anhydrase 2  1.69 0.75 0.03 
P00915 Carbonic anhydrase 1  1.66 0.73 0.03 

P68871 
Hemoglobin subunit 
beta  

1.65 0.72 0.04 

P35542 
Serum amyloid A-4 
protein  

1.61 0.69 0.04 

DDoowwnnrreegguullaatteedd  
P02686 Myelin basic protein  0.33 -1.58 3.42E-05 

P55083 
Microfibril-associated 
glycoprotein 4  

0.37 -1.42 8.88E-05 

P17661 Desmin 0.44 -1.20 2.96E-03 
P29536 Leiomodin-1 0.47 -1.09 0.03 

Q08170 
Serine/arginine-rich 
splicing factor 4  

0.49 -1.02 0.03 

Q8N474 
Secreted frizzled-
related protein 1  

0.52 -0.94 0.03 
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TTaabbllee  66..1177..  Significant up- and down-regulated proteins in the infrapatellar fat pad of patients 
with a BMI above 25 compared to patients with a BMI below 25.    

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  
rraattiioo  aaddjj..  pp--  
vvaalluuee  

UUpprreegguullaatteedd  

Q8IUL8 
Cartilage intermediate 
layer protein 2 

2.72 1.44 9.42E-13 

O75339 
Cartilage intermediate 
layer protein 1 

1.71 0.78 5.62E-04 

P22105 Tenascin-X 1.61 0.69 3.28E-03 
P35443 Thrombospondin-4 1.55 0.63 8.38E-03 
Q99972 Myocilin 1.52 0.6 0.01 

Q8N474 
Secreted frizzled-related 
protein 1 

1.51 0.6 0.02 

Q9BXN1  Asporin 1.50 0.58 0.02 
DDoowwnnrreegguullaatteedd  
P04350 Tubulin beta-4A chain 0.01 -6.64 7.23E-16 
O14579 Coatomer subunit epsilon 0.385 -1.38 1.81E-09 

P62987 
Ubiquitin-60S ribosomal 
protein L40 

0.47 -1.09 9.92E-06 

P02686 Myelin basic protein 0.492 -1.02 5.15E-05 

P69891 
Hemoglobin subunit 
gamma-1 

0.536 -0.9 8.94E-04 

P49327 Fatty acid synthase 0.581 -0.78 7.88E-03 

P15531 
Nucleoside diphosphate 
kinase A 

0.591 -0.76 0.01 

Q14767 
Latent-transforming 
growth factor beta-
binding protein 2 

0.616 -0.7 0.03 
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TTaabbllee  66..1177  ((ccoonnttiinnuueedd))..  Significant up- and down-regulated proteins in the infrapatellar fat 
pad of patients with a BMI above 25 compared to patients with a BMI below 25.    

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  
rraattiioo  aaddjj..  pp--
vvaalluuee  

DDoowwnnrreegguullaatteedd  

P08571 
Monocyte 
differentiation antigen 
CD14 

0.616 -0.7 0.03 

P09486 SPARC 0.619 -0.69 0.03 

P30047 
GTP cyclohydrolase 1 
feedback regulatory 
protein 

0.626 -0.68 0.04 

O95399 Urotensin-2 0.632 -0.66 0.05 
Q93077 Histone H2A type 1-C 0.634 -0.66 0.05 

EEffffeecctt  ooff  pprreevviioouuss  ttrraauummaa  oorr  ssuurrggeerryy  oonn  tthhee  pprrootteeiinn  pprrooffiillee  ooff  tthhee  iinnffrraappaatteellllaarr  
ffaatt  ppaadd  ooff  ccaarrttiillaaggee  ddeeffeecctt  ppaattiieennttss  

Previous trauma was associated with a significant upregulation of five proteins, 
including CD34, CILP-2, and dynamin-2 (TTaabbllee  66..1188). Contrarily, previous surgery was 
associated with a significant downregulation of 11 proteins, including MBP, fatty acid 
synthase (FAS), and glutathione hydrolase 5 proenzyme (P36269) (TTaabbllee  66..1188).  

Similarly, patients with a history of previous surgery show a significant upregulation 
of four proteins, among which CD34, CILP-2, and CILP-1 (TTaabbllee  66..1199). On the other 
hand, 10 proteins were significantly downregulated, including beta-actin-like protein 
2 (ACTBL2), NDPKA, and GTP cyclohydrolase 1 feedback regulatory protein (GFRP).  

IInnffrraappaatteellllaarr  ffaatt  ppaadd  ffiibbrroossiiss  aaffffeeccttss  pprrootteeiinn  aappppeeaarraannccee  iinn  tthhee  IIPPFFPP  ooff  ccaarrttiillaaggee  
ddeeffeecctt  ppaattiieennttss  

The fibrotic state of the IPFP, based on the patients’ MRI, was associated with a 
significant upregulation of 10 proteins, including CD34, dynamin-2, and microsomal 
glutathione S-transferase 1 (MGST1) (TTaabbllee  66..2200). 14 proteins were found to be 
significantly downregulated in the group of patients with high IPFP fibrosis, including 
S100A9, apoliprotein C-II (APOC-II), and von Willebrand factor A domain-containing 
protein 5A (VWA5A) (TTaabbllee  66..2200). 

6
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TTaabbllee  66..1188..  Significant up- or down-regulated proteins in the infrapatellar fat pad of patients 
with a history of previous trauma.    

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  
rraattiioo  aaddjj..  pp--  
vvaalluuee  

UUpprreegguullaatteedd  

P28906 
Hematopoietic progenitor 
cell antigen CD34  

100 6.64 5.01E-16 

Q8IUL8 
Cartilage intermediate 
layer protein 2 

2.08 1.05 1.15E-05 

P50570 Dynamin-2 1.91 0.93 1.53E-03 

O75339 
Cartilage intermediate 
layer protein 1 

1.58 0.66 7.13E-04 

P49747 
Cartilage oligomeric matrix 
protein 

1.51 0.6 1.42E-03 

DDoowwnnrreegguullaatteedd  
P02686 Myelin basic protein 0.434 -1.2 7.45E-08 
P49327 Fatty acid synthase 0.476 -1.07 2.50E-07 

P36269 
Glutathione hydrolase 5 
proenzyme 

0.566 -0.82 9.88E-03 

P30047 
GTP cyclohydrolase 1 
feedback regulatory 
protein 

0.586 -0.77 0.01 

P40261 
Nicotinamide N-
methyltransferase 

0.608 -0.72 0.05 

P11413 
Glucose-6-phosphate 1-
dehydrogenase 

0.627 -0.67 0.03 

P07108 Acyl-CoA-binding protein 0.645 -0.63 0.03 
P16930 Fumarylacetoacetase 0.646 -0.63 0.03 
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TTaabbllee  66..1188  ((ccoonnttiinnuueedd))..  Significant up- or down-regulated proteins in the infrapatellar fat pad 
of patients with a history of previous trauma.    

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  rraattiioo  
aaddjj..  pp--vvaalluuee  

DDoowwnnrreegguullaatteedd  

P55083 
Microfibril-
associated 
glycoprotein 4 

0.649 -0.62 0.03 

P33121 
Long-chain-fatty-
acid--CoA ligase 1 

0.652 -0.62 0.03 

P35568 
Insulin receptor 
substrate 1 

0.665 -0.59 0.05 

TTaabbllee  66..1199..  Significant up- or down-regulated proteins in the infrapatellar fat pad of patients 
with a history of surgery.   

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  
rraattiioo  aaddjj..  pp--  
vvaalluuee  

UUpprreegguullaatteedd  

P28906 
Hematopoietic 
progenitor cell antigen 
CD34 

100 6.64 6.73E-16 

Q8IUL8 
Cartilage intermediate 
layer protein 2 

3.03 1.6 3.15E-10 

O75339 
Cartilage intermediate 
layer protein 1 

1.74 0.8 6.87E-06 

Q14956 
Transmembrane 
glycoprotein NMB 

1.59 0.67 7.93E-04 

DDoowwnnrreegguullaatteedd    
Q562R1 Beta-actin-like protein 2 0.323 -1.63 2.91E-08 

P15531 
Nucleoside diphosphate 
kinase A 

0.491 -1.03 0.01 

P30047 
GTP cyclohydrolase 1 
feedback regulatory 
protein 

0.504 -0.99 9.89E-05 

P04271 Protein S100-B  0.557 -0.85 1.11E-03 
P49327 Fatty acid synthase 0.576 -0.8 5.31E-04 
P07108 Acyl-CoA-binding protein 0.588 -0.77 1.08E-03 
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TTaabbllee  66..1199  ((ccoonnttiinnuueedd))..  Significant up- or down-regulated proteins in the infrapatellar fat pad 
of patients with a history of surgery.   

AAcccceessssiioonn DDeessccrriippttiioonn 
AAbbuunnddaannccee  
rraattiioo 

AAbbuunnddaannccee  
rraattiioo  ((lloogg22)) 

AAbbuunnddaannccee  
rraattiioo  aaddjj..  pp--
vvaalluuee 

DDoowwnnrreegguullaatteedd 

P55083 
Microfibril-associated 
glycoprotein 4 

0.618 -0.69 5.30E-03 

P02686 Myelin basic protein 0.628 -0.67 0.03 
Q01469 Fatty acid-binding protein 5 0.653 -0.61 0.03 

Q08170 
Serine/arginine-rich splicing 
factor 4 

0.661 -0.6 0.03 

TTaabbllee  66..2200..  Significant up- or down-regulated proteins in the infrapatellar fat pad of patients 
with high fibrosis. 

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  
rraattiioo  aaddjj..  pp--
vvaalluuee  

UUpprreegguullaatteedd  

P28906 
Hematopoietic progenitor 
cell antigen CD34  

5.97 2.58 5.64E-13 

P50570 Dynamin-2  2.60 1.38 7.05E-03 

P10620 
Microsomal glutathione 
S-transferase 1  

2.54 1.34 8.48E-05 

P17612 
cAMP-dependent protein 
kinase catalytic subunit 
alpha  

2.41 1.27 0.01 

P0DOX3 
Immunoglobulin delta 
heavy chain  

2.36 1.24 0.01 

Q14767 
Latent-transforming 
growth factor beta-
binding protein 2 

2.35 1.23 0.01 

P68133 
Actin, alpha skeletal 
muscle  

2.31 1.21 2.71E-06 

P15559 
NAD(P)H dehydrogenase 
[quinone] 1  

2.28 1.19 0.02 

Q13596 Sorting nexin-1  2.24 1.16 0.01 
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TTaabbllee  66..2200  ((ccoonnttiinnuueedd))..  Significant up- or down-regulated proteins in the infrapatellar fat pad 
of patients with high fibrosis. 

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  
rraattiioo  aaddjj..  pp--  
vvaalluuee  

UUpprreegguullaatteedd  

Q8IUL8  
Cartilage intermediate 
layer protein 2   

2.14  1.1  0.05  

DDoowwnnrreegguullaatteedd  
P06702 Protein S100-A9 0.48 -1.08 1.98E-06 
P02655 Apolipoprotein C-II  0.57 -0.81 8.45E-05 

O00534 
von Willebrand factor A 
domain-containing 
protein 5A  

0.58 -0.8 0.01 

O15144 
Actin-related protein 2/3 
complex subunit 2  

0.58 -0.79 0.01 

P04003 
C4b-binding protein 
alpha chain  

0.58 -0.79 1.11E-04 

P01871 
Immunoglobulin heavy 
constant mu  

0.59 -0.75 2.35E-04 

O75367 
Core histone macro-
H2A.1  

0.61 -0.72 3.54E-03 

P00738 Haptoglobin 0.61 -0.71 5.39E-04 

P01861 
Immunoglobulin heavy 
constant gamma 4  

0.61 -0.71 5.39E-04 

P01591 Immunoglobulin J chain  0.62 -0.68 1.19E-03 
O43866 CD5 antigen-like  0.63 -0.66 1.55E-03 

P00739 
Haptoglobin-related 
protein  

0.65 -0.63 0.01 

P02671 Fibrinogen alpha chain  0.66 -0.59 0.01 
P02675 Fibrinogen beta chain  0.67 -0.58 0.01 

CCaann  pprrootteeiinnss  iinn  tthhee  iinnffrraappaatteellllaarr  ffaatt  ppaadd  pprreeddiicctt  ppaattiieenntt  oouuttccoommee  bbaasseedd  oonn  pprree--  
aanndd  ppoosstt--ooppeerraattiivvee  kknneeee  iinnjjuurryy  aanndd  oosstteeooaarrtthhrriittiiss  oouuttccoommee  ssccoorree  ((KKOOOOSS))  aanndd  
vviissuuaall  aannaalloogguuee  ssccaallee  ((VVAASS))  ssccoorree??  

Looking at pre-operative patient outcome based on KOOS, 4 proteins were 
significantly upregulated in patients which had good KOOS scores prior to surgery 

6
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compared to bad KOOS scores, including collagen alpha-1(I) chain (COL1A1), 
collagen alpha-2(V) chain (COL5A2), urotensin-2, and TUBB4A (TTaabbllee  66..2211). No 
proteins were found significantly downregulated in the same group (TTaabbllee  66..2211).  

Furthermore, for post-operative patient outcome based on KOOS, 13 proteins were 
significantly upregulated  in patients with  good KOOS scores after surgery compared 
to bad KOOS scores, including SPARC-related modular calcium-binding protein 1 
(SMOC1-SPARC), collagen alpha-1(XIV) chain (COL14A1), and rho-related GTP-
binding protein RHOC (TTaabbllee  66..2222). 13 proteins were found significantly 
downregulated in the same group, including CD34, hemoglobin gamma subunit 2 
(HBG2), and epoxide hydrolase 1 (EPHX1) (TTaabbllee  66..2222).  

Patients with bad surgical outcome (ΔKOOS < 10), four proteins were significantly 
upregulated in comparison to good surgical outcome, including CD34, CILP-2, 
TUBB4A and platelet basic protein (PBP) (TTaabbllee  66..2233). Nine proteins were 
significantly downregulated in the same group, including a top three of ACAN, 
hematopoietic lineage cell-specific protein (HCLS1), and gamma-interferon-
inducible lysosomal thiol reductase (GILT) (TTaabbllee  66..2233).   

TTaabbllee  66..2211..  Significant upregulated proteins in the infrapatellar fat pad of patients with good 
pre-operative knee injury and osteoarthritis outcome scores (KOOS).    

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  rraattiioo  
((lloogg22))  

AAbbuunnddaannccee  rraattiioo  
aaddjj..  pp--vvaalluuee  

UUpprreegguullaatteedd  

P02452 
Collagen alpha-
1(I) chain 

1.62 0.69 0.69 

P05997 
Collagen alpha-
2(V) chain 

1.52 0.60 0.60 

DDoowwnnrreegguullaatteedd  
O95399 Urotensin-2 0.34 -1.57 0.01 

P04350 
Tubulin beta-4A 
chain 

0.01 -6.64 8.12E-16 
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TTaabbllee  66..2222..  Significant up- or down-regulated proteins in the infrapatellar fat pad of patients 
with good post-operative knee injury and osteoarthritis outcome scores (KOOS).    

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  
rraattiioo  aaddjj..  pp--  
vvaalluuee  

UUpprreegguullaatteedd  

Q9H4F8 
SPARC-related modular 
calcium-binding protein 1  

2.04 1.03 3.46E-03 

Q05707 
Collagen alpha-1(XIV) 
chain  

1.77 0.83 1.32E-04 

P08134 
Rho-related GTP-binding 
protein RhoC  

1.71 0.78 0.04 

P14555 
Phospholipase A2, 
membrane associated 

1.71 0.78 0.01 

Q4ZHG4 
Fibronectin type III 
domain-containing protein 
1  

1.67 0.74 0.02 

P14317 
Hematopoietic lineage 
cell-specific protein  

1.63 0.71 0.04 

P42677 40S ribosomal protein S27  1.61 0.69 0.04 

Q15651 

High mobility group 
nucleosome-binding 
domain-containing protein 
3  

1.61 0.68 0.01 

P62995 
Transformer-2 protein 
homolog beta 

1.56 0.64 0.03 

P08311 Cathepsin G  1.56 0.64 0.01 

P27695 
DNA-(apurinic or 
apyrimidinic site) lyase  

1.53 0.61 0.05 

P16401 Histone H1.5  1.51 0.59 0.03 
P15880 40S ribosomal protein S2  1.49 0.58 0.04 
DDoowwnnrreegguullaatteedd 

P28906 
Hematopoietic progenitor 
cell antigen CD34  

0.139 -2.84 5.27E-16 

P69892 
Hemoglobin subunit 
gamma-2 

0.30 -1.75 5.27E-16 

P07099 Epoxide hydrolase 1 0.47 -1.1 3.42E-09 
Q99972 Myocilin 0.52 -0.95 3.94E-12 
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TTaabbllee  66..2222  ((ccoonnttiinnuueedd))..  Significant up- or down-regulated proteins in the infrapatellar fat pad 
of patients with good post-operative knee injury and osteoarthritis outcome scores (KOOS).    

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  
rraattiioo  aaddjj..  pp--
vvaalluuee  

DDoowwnnrreegguullaatteedd  
P02775 Platelet basic protein 0.53 -0.92 1.12E-11 
P07451 Carbonic anhydrase 3 0.54 -0.89 5.16E-05 
P00915 Carbonic anhydrase 1 0.55 -0.87 1.73E-10 

P01889 
HLA class I histocompatibility 
antigen, B alpha chain 

0.56 -0.85 4.41E-03 

P16452 
Erythrocyte membrane protein 
band 4.2 

0.58 -0.79 4.81E-05 

Q8IUL8 
Cartilage intermediate layer 
protein 2 

0.59 -0.75 3.46E-03 

P01871 
Immunoglobulin heavy constant 
mu 

0.62 -0.68 4.02E-07 

P15559 
NAD(P)H dehydrogenase 
[quinone] 1 

0.64 -0.65 0.05 

P02042 Hemoglobin subunit delta 0.64 -0.65 1.35E-06 
P69891 Hemoglobin subunit gamma-1  0.66 -0.6 8.53E-06 
P00918 Carbonic anhydrase 2 0.66 -0.59 1.21E-05 
P68871 Hemoglobin subunit beta 0.67 -0.59 1.32E-05 
P21926 CD9 antigen 0.67 -0.59 1.35E-05 
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TTaabbllee  66..2233..  Significant up- or down-regulated proteins in the infrapatellar fat pad of patients 
with bad surgical outcome (Δ knee injury and osteoarthritis outcome score (KOOS).    

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  rraattiioo  
aaddjj..  pp--  vvaalluuee  

UUpprreegguullaatteedd  

P28906 
Hematopoietic progenitor 
cell antigen CD34 

100 6.64 4.32E-16 

Q8IUL8 
Cartilage intermediate 
layer protein 2 

2.98 1.58 2.49E-05 

P04350 Tubulin beta-4A chain 2.14 1.1 5.52E-03 
P02775 Platelet basic protein 1.60 0.68 3.18E-03 
DDoowwnnrreegguullaatteedd  
P16112 Aggrecan core protein 0.01 -6.64 4.32E-16 

P14317 
Hematopoietic lineage 
cell-specific protein 

0.36 -1.46 3.5E-05 

P13284 
Gamma-interferon-
inducible lysosomal thiol 
reductase 

0.37 -1.43 1.8E-05 

P30047 
GTP cyclohydrolase 1 
feedback regulatory 
protein 

0.40 -1.33 3.25E-03 

P08571 
Monocyte differentiation 
antigen CD14 

0.42 -1.24 0.05 

P14555 
Phospholipase A2, 
membrane associated 

0.42 -1.24 4.83E-04 

P05413 
Fatty acid-binding protein, 
heart 

0.46 -1.12 0.01 

Q07065 
Cytoskeleton-associated 
protein 4 

0.47 -1.09 0.01 

Q92954 Proteoglycan 4 0.53 -0.93 0.05 

A String pathway analysis of the proteins significantly different in patients with bad 
clinical outcome (ΔKOOS) showed 11 of 13 proteins (in red) to be related to the 
extracellular region (Cellular Component, Gene Ontology, false discovery rate (FDR) 
= 0.0035) (FFiigguurree  66..99AA). In addition, eight proteins were related to the hematopoietic 
system (yellow, Tissue expression, TISSUES, FDR = 0.0273), four to bone marrow cells 
(green, Tissue expression, TISSUES, FDR = 0.0077), and two to synovia (red, Tissue 
expression, TISSUES, FDR = 0.0081), and rheumatoid arthritis disease specific 
synovial tissue (blue, Tissue expression, TISSUES, FDR = 0.0116) (FFiigguurree  66..99BB). 
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FFiigguurree 66..99.. String pathway analysis of ΔKOOS with functional enrichments of the network in 
which (A) shows proteins related to the extracellular region (red) and (B) proteins related to 
synovia (red), rheumatoid arthritis disease specific synovial tissue (blue), bone marrow cells 
(green) and/or the hematopoietic system (yellow). 

Patients with high pain scores (VAS) prior to surgery, showed seven proteins 
significantly upregulated compared to low VAS scores, including urotensin-2, 
fibrillin-1 and stromelysin-1 (TTaabbllee 66..2244). Four proteins were significantly 
downregulated in the same group: CD34, actin, phosphatidylinositol-binding clathrin 
assembly protein (PICALM), and nucleolar protein 3 (NOL3) (TTaabbllee 66..2244). 

Post-operatively, high VAS scores were associated with a significant upregulation of
13 proteins, including CD34, PBP, and EPHX1 (TTaabbllee 66..2255). On the other hand, five 
proteins were significantly downregulated in the same group, including allograft 
inflammatory factor 1 (AIF1), PICALM, and agrin (TTaabbllee 66..2255).

Finally, high ΔVAS scores, or bad patient outcome, was associated with a significant 
upregulation of 12 proteins, among which insulin receptor substrate 1 (IRS1), GILT, 
and fatty acid-binding protein (FAB) (TTaabbllee 66..2266). 13 proteins were associated with a 
significant downregulation, including CD34, ACAN, and RHOG in the same group 
(TTaabbllee 66..2266). 
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TTaabbllee  66..2244..  Significant up- or down-regulated proteins in the infrapatellar fat pad of patients 
with high pre-operative visual analogue scale (VAS) scores.    

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  
rraattiioo  aaddjj..  pp--
vvaalluuee  

UUpprreegguullaatteedd  
O95399 Urotensin-2 2.97 1.57 3.20E-06 
P35555 Fibrillin-1 2.67 1.42 5.24E-05 
P08254 Stromelysin-1 2.28 1.19 1.52E-03 

Q8N163 
Cell cycle and apoptosis 
regulator protein 2 

2.13 1.09 0.01 

P14555 
Phospholipase A2, 
membrane associated 

1.93 0.95 0.03 

Q8IUL8 
Cartilage intermediate 
layer protein 2 

1.93 0.95 0.03 

P09874 
Poly [ADP-ribose] 
polymerase 1 

1.89 0.91 0.04 

DDoowwnnrreegguullaatteedd  

P28906 
Hematopoietic progenitor 
cell antigen CD34 

0.06 -3.98 6.30E-16 

P68133 
Actin, alpha skeletal 
muscle 

0.41 -1.29 1.61E-04 

Q13492 
Phosphatidylinositol-
binding clathrin assembly 
protein 

0.54 -0.89 0.03 

O60936 Nucleolar protein 3 0.55 -0.87 0.04 
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TTaabbllee  66..2255..  Significant up- or down-regulated proteins in the infrapatellar fat pad of patients 
with high post-operative visual analogue scale (VAS) scores. 

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  rraattiioo  
aaddjj..  pp--vvaalluuee  

UUpprreegguullaatteedd  

P28906 
Hematopoietic progenitor 
cell antigen CD34 

6.78 2.76 4.88E-16 

P02775 Platelet basic protein 2.08 1.05 7.90E-10 
P07099 Epoxide hydrolase 1  2.08 1.05 2.87E-06 
P99999 Cytochrome c  1.89 0.92 1.60E-05 

P69892 
Hemoglobin subunit 
gamma-2  

1.86 0.89 2.20E-06 

P10620 
Microsomal glutathione S-
transferase 1  

1.83 0.87 1.08E-3 

Q8IUL8 
Cartilage intermediate layer 
protein 2 

1.67 0.74 0.04 

P53814 Smoothelin  1.65 0.73 0.01 
P20908 Collagen alpha-1(V) chain  1.60 0.67 2.80E-05 
P23946 Chymase  1.54 0.62 9.31E-04 
P02100 Hemoglobin subunit epsilon 1.52 0.61 0.02 
Q99685 Monoglyceride lipase 1.52 0.60 0.02 

P02730 
Band 3 anion transport 
protein 

1.49 0.58 1.85E-03 

DDoowwnnrreegguullaatteedd 

P55008 
Allograft inflammatory 
factor 1 

0.45 -1.15 0.05 

Q13492 
Phosphatidylinositol-binding 
clathrin assembly protein 

0.48 -1.06 0.03 

O00468 Agrin 0.50 -1.00 0.05 
P16401 Histone H1.5 0.54 -0.89 0.01 

P13284 
Gamma-interferon-
inducible lysosomal thiol 
reductase 

0.57 -0.82 0.04 
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TTaabbllee  66..2266..  Significant up- or down-regulated proteins in the infrapatellar fat pad of patients 
with bad surgical outcome (Δ visual analogue scale (VAS)). 

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  
rraattiioo  aaddjj..  pp--
vvaalluuee  

UUpprreegguullaatteedd  
P35568 Insulin receptor substrate 1 2.22 1.15 7.51E-06 

P13284 
Gamma-interferon-inducible 
lysosomal thiol reductase 

2.18 1.12 7.91E-06 

P05413 
Fatty acid-binding protein, 
heart 

2.11 1.07 1.01E-04 

Q96HN2 Adenosylhomocysteinase 3 2.07 1.05 0.03 
P69892 Hemoglobin subunit gamma-2 2.00 1.00 2.52E-04 
P06702 Protein S100-A9 1.97 0.98 0.01 

P07919 
Cytochrome b-c1 complex 
subunit 6, mitochondrial 

1.97 0.98 0.01 

P07451 Carbonic anhydrase 3 1.91 0.93 0.04 

Q4ZHG4 
Fibronectin type III domain-
containing protein 1 

1.87 0.90 0.01 

Q92954 Proteoglycan 4 1.80 0.85 0.01 
P28300 Protein-lysine 6-oxidase 1.74 0.80 0.01 
P49746 Thrombospondin-3 1.73 0.79 0.035822 
DDoowwnnrreegguullaatteedd  

P28906 
Hematopoietic progenitor cell 
antigen CD34 

0.01 -6.64 6.08E-16 

P16112 Aggrecan core protein 0.51 -0.97 4.59E-03 

P84095 
Rho-related GTP-binding 
protein RhoG 

0.52 -0.95 3.95E-05 

P02686 Myelin basic protein 0.55 -0.88 3.05E-03 
P53814 Smoothelin 0.56 -0.85 3.51E-04 
Q9Y5X3 Sorting nexin-5 0.56 -0.84 0.01 
P07099 Epoxide hydrolase 1 0.58 -0.78 1.25E-03 

P15559 
NAD(P)H dehydrogenase 
[quinone] 1 

0.60 -0.73 0.04 

Q99715 Collagen alpha-1(XII) chain 0.62 -0.68 4.57E-03 
P00915 Carbonic anhydrase 1 0.64 -0.64 9.44E-04 
P00738 Haptoglobin 0.64 -0.64 1.03E-03 
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TTaabbllee  66..2266  ((ccoonnttiinnuueedd))..  Significant up- or down-regulated proteins in the infrapatellar fat pad 
of patients with bad surgical outcome (Δ visual analogue scale (VAS)). 

AAcccceessssiioonn  DDeessccrriippttiioonn  
AAbbuunnddaannccee  
rraattiioo  

AAbbuunnddaannccee  
rraattiioo  ((lloogg22))  

AAbbuunnddaannccee  
rraattiioo  aaddjj..  pp--  
vvaalluuee  

DDoowwnnrreegguullaatteedd  
O14791 Apolipoprotein L1 0.65 -0.63 8.10E-04 

P16452 
Erythrocyte membrane 
protein band 4.2 

0.65 -0.63 0.03 

A String pathway analysis of the proteins significantly different in patients with bad 
clinical outcome (ΔVAS) showed 14 proteins to be related to biological processes, 
including the one-carbon metabolic process (red, Gene Ontology, FDR = 0.0437), 
cellular oxidant detoxification (blue, Gene Ontology, FDR = 0.0374), response to toxic 
substance (green, Gene Ontology, FDR = 0.0041), and connective tissue 
development (yellow, Gene Ontology, FDR = 0.0385) (FFiigguurree  66..1100AA). In addition, 11 
proteins were related to the extracellular region (blue, Subcellular localization 
(COMPARTMENTS, FDR = 0.0402). Seven proteins were related to eicosanoids in the 
metabolic syndrome (red, Reference publications, PubMed, FDR = 0.0408) or 
proteoglycans (green, Annotated Keywords, UniProt, FDR = 0.0366) (FFiigguurree  66..1100BB). 
Finally, five, six and nine proteins were related to bone marrow cells (yellow, Tissue 
expression, TISSUES, FDR = 0.0047), bone marrow (pink, Tissue expression, TISSUES, 
FDR = 0.0125), and skeletal system (red, Tissue expression, TISSUES, FDR = 0.0101) 
respectively (FFiigguurree  66..1100CC).  
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FFiigguurree 66..1100.. String pathway analysis of ΔVAS with functional enrichments of the network in 
which (A) shows proteins related to biological processes, including the one-carbon metabolic 
process (red), cellular oxidant detoxification (blue), response to toxic substance (green), and 
connective tissue development (yellow), (B) proteins related to the extracellular region 
(blue), eicosanoids in the metabolic syndrome (red), or proteoglycans (green), and (C) 
proteins related to bone marrow cells (yellow), bone marrow (pink), and/or the skeletal 
system (red). 
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DDiissccuussssiioonn    

RRaappiidd  EEvvaappoorraattiivvee  IIoonniizzaattiioonn  MMaassss  SSppeeccttrroommeettrryy  ((RREEIIMMSS))  aass  ppootteennttiiaall  ttooooll  ffoorr  
tthhee  ddeetteeccttiioonn  ooff  lliippiidd--ssppeecciiffiicc  bbiioommaarrkkeerrss  ffoorr  oosstteeooaarrtthhrriittiiss  aanndd  ccaarrttiillaaggee  
rreeggeenneerraattiioonn  

First, REIMS was evaluated as potential diagnostic or prognostic tool for OA or 
(surgical outcome after) a cartilage defect. Based on the IPFPs lipid signature, LDA 
with confusion matrix showed an overall correct classification rate of 62.9% when 
comparing OA, and patients with a cartilage defect above or below the age of 35. 
Although no MS/MS was performed, some m/z (MS1) were found more distinctive 
for either OA or cartilage defect patients. Comparable to the matrix-assisted laser 
desorption/ionization mass spectrometry imaging (MALDI-MSI) data described in 
CChhaapptteerr  55 of tthhiiss  TThheessiiss, m/z 744.55 (identified as PE O-38:6), 766.55 (PE 38:4), 
774.55 (PE O-40:7), and 746.55 (PE O-38:7) were found to be characteristic for OA 
patients. In addition, m/z 885.55 (phosphatidylinositol (PI) 38:4320), found 
characteristic for OA patients, as well as in cartilage defect patients with an age 
above 35, in this study, suggests the presence of an inflammatory profile in these 
patients. This implies that the group of patients, who are less likely to have high 
regenerative potential, are already showing a potential inflammatory profile 
associated with OA. PI is an important source of arachidonic acid, necessary for 
eicosanoid (and prostaglandin) synthesis, as has been described in CChhaapptteerr  33 and 
CChhaapptteerr  55198, 292, 294, 295.   

In more detail, the least cuts made in the IPFP of OA patients were classified correctly 
in the OA group (only 37.1%). Better classification was acquired with cartilage defect 
patients. Namely, 71.4% of the cuts made in the IPFP of the group of cartilage defect 
patients older than 35 was correctly classified and 80% of the cuts made in the IPFP 
of the group of cartilage defect patients younger than 35. Potentially, factors such 
as age and previous surgery (possibly leading to fibrosis of the IPFP) play an 
important role in this discrimination, indicating the importance of taking into 
consideration the inter-patient variabilities in similar studies.  

The results acquired from the cartilage defect patient cohort (n = 53), in which the 
lipid profile of the IPFP was studied, show a similar trend. Here, age has been shown 
one of the influencing factors when classifying patients based on their IPFP lipid 
profile. Patients could be classified in the correct age group with a correct overall 
classification rate of 65.5%. A better classification was again acquired in the younger 
age group. In this comparison, m/z 885.55 (PI 38:4, tentative assignment) popped 
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up in the older patient group as one of the important lipids in this separation, 
suggesting an increased inflammatory profile in these patients. With increasing age, 
already from the age of 30, the proliferation and differentiation of adipose 
progenitor cells and stem cells has been shown to decrease in white adipose 
tissue321-323. In addition, aging fat is associated with an accumulation of senescent 
cells324, causing dysfunctions such as inflammation321.  

Furthermore, in this study, patients could not be classified in the correct group based 
on their IPFP lipid profile while looking at gender, BMI, previous trauma, previous 
surgery, or based on the fibrotic status of the IPFP. It is therefore suggested that for 
these factors the differences between patients are not substantial enough to be 
measured and classified using REIMS or that REIMS is not sensitive enough to 
measure differences at this moment.  

Prediction of patient outcome prior to surgery would be beneficial for the patient, 
as well as the surgeon, as (personalized) therapeutic or clinical decisions could be 
taken accordingly. Therefore, it was investigated if patients with good or bad pre- 
and post-operative outcomes (VAS and KOOS) could be identified based on their IPFP 
lipid profile at the time of surgery. Patients could not be classified correctly based 
on the pre- or post-operative clinical outcome scores KOOS and VAS.  In addition, it 
was investigated if the type of surgery performed had any measurable influence on 
the patient outcome and accompanying IPFP lipid profile. One group of patients, a 
ΔKOOS < 10 with use of own cartilage (regenerative) during surgery, showed a 
correct classification rate of 80%. However, only one patient belonged to this group.  

Using REIMS, the intra-tissue heterogeneity of the IPFP has been shown of 
importance. While taking into account the lipid profiles of only the cuts made in 
adipose tissue or connective tissue, an overall classification rate of 90% was 
acquired. This suggests that REIMS can be used to discriminate between highly 
discriminative factors such as tissue type, as has been shown previously while 
comparing lipid profiles of different tissues194, different diseases (OA vs cartilage 
defect, disease vs healthy), or tumor vs non-tumor in cancer research305, 306. Taking 
into account this intra-tissue heterogeneity while investigating patient outcome 
after surgery, it has been shown that correct classification rates increased above 
70% while only taking into account the cuts made in adipose tissue or connective 
tissue for post-operative KOOS, and connective tissue for post-operative VAS.  

It is less likely that REIMS, as has been utilized as such, can be used for the purpose 
of patient prediction models, improved clinical decision-making, and personalized 
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treatment for cartilage repair surgery at the operating theater. The inter-patient 
differences within this patient cohort were too small to predict patient outcome 
based on IPFP lipid profiles. Inter-patient variabilities might influence the results 
gathered in this study. Future studies should analyze large patient groups with 
limited inter-patient differences. In addition, improvements of the REIMS system as 
a clinical predictive tool would be necessary before implementation in the clinic 
would be possible. It would be beneficial to be able to guide, for example using 
microscopy, in which part of the tissue (or which tissue type) the probe cut. 
Eventually this might even lead to the development of a probe, which can analyze at 
single tissue-, or even, cell level.  

PPootteennttiiaall  pprrootteeiinn  bbiioommaarrkkeerrss  ffoorr  cclliinniiccaall  rreessppoonnssee  aafftteerr  ccaarrttiillaaggee  rreeppaaiirr  

Multi-omics approaches are developed to do a variety of analysis (MALDI-MSI and 
proteomics) on the same tissue section257. It requires less tissue for analysis and is 
less destructive than REIMS with a diathermic knife or needle. In previous study, 
using MALDI-MSI and REIMS, we acknowledged the importance of the IPFP intra-
tissue heterogeneity. Therefore, a variety in protocols for LMD were investigated to 
cut specific parts of the IPFP for proteome analysis. Whereas multiple washing steps 
with ethanol and chloroform improved the cutting ability of the IPFP with LMD, 
reducing the amount of lipids and drying the tissue section, only small amounts of 
proteins could be identified using LC-MS/MS. Instead, full-biopsy cryosections were 
acquired for LC-MS/MS analysis to be able to identify enough proteins for analysis 
and investigate the IPFP proteome.  

Whereas our method requires a relatively large sample, generally consisting of 
hundreds to thousands of cells, methods for single-cell proteomics are being 
developed to overcome the cellular heterogeneity we acknowledged using 
advanced, simplified sample processing procedures325.  

In this study, it was shown that gender-related differences could be measured in the 
IPFP of patients with a cartilage defect. Women have been associated with better 
post-operative KOOS scores compared to men, despite the fact of a worse initial 
situation. On the contrary, women have also been associated with increased revision 
rates and discomfort326. A variety of proteins was significantly up- or downregulated 
in female patients compared to male patients. For example, increased levels of ACAN 
in the synovial fluid has been associated with cartilage destruction in OA patients327. 
ACAN is one of the building blocks of cartilage. A decrease of free ACAN in the intra-
articular tissues suggests better regeneration of cartilage and better patient 
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outcome in female patients. A downregulation of ACAN was also associated with bad 
clinical outcome (ΔKOOS and ΔVAS) in this study.  

CILP-1 and CILP-2 have been shown upregulated in patients older than 35, patients 
with a history of previous trauma, patients with IPFP fibrosis (only CILP-2), high pre- 
and post-operative VAS scores (only (CILP-2), and bad clinical outcome (ΔKOOS, only 
CILP-2), and downregulated in patients with good post-operative KOOS outcome 
(only CILP-2). CILP-2 is a glycoprotein most abundantly expressed in cartilaginous 
tissue and other connective tissues328, where it contributes to the organization of 
tissue structure329. Whereas CILP-1 has been linked to cartilage degenerative 
diseases such as OA328, 330-332, a decrease of CILP-2 expression has also been 
associated with OA pathology and might therefore function as possible biomarker 
for cartilage damage328. An increase of CILP-1 in patients older than 35 years might 
already indicate an indication of an OA-like phenotype in the joints of these patients.  

Next, this study found a significant upregulation of CD34 in the IPFP of female 
patients compared to male patients, patients with a history of previous trauma, 
patients with high IPFP fibrosis, bad clinical outcome (ΔKOOS), and patients with high 
post-operative VAS scores. CD34 has been found downregulated in patients with 
good post-operative KOOS scores, as well as in patients with high pre-VAS and ΔVAS 
scores. These results suggest that CD34 might function as potential biomarker for 
bad post-operative clinical outcome after cartilage repair surgery. CD34 has been 
shown to play a role in the regulation of hematopoietic cell adhesion333, 334 in human 
bone marrow335. The function on CD34 expressing hematopoietic stem cells is not 
fully understood, however, it is suggested that positive CD34 expression becomes 
apparent approaching cell division335-338.  

ACAN, as well as proteoglycan 4 (PRG4, lubricin) have been found downregulated in 
patients with bad surgical outcome (ΔKOOS). ACAN is a proteoglycan, one of the 
building blocks of the cartilage extracellular matrix (ECM) and plays an important 
role in articular cartilage function327. Its degradation is a factor contributing to the 
development of OA327. Lubricin, which has been found in synovial fluid and on 
articular cartilage surface, plays an important role in the lubrication of the joint. 
Lubricin plays an essential role in the regulation of macrophages in the synovium, as 
well as inflammatory joint infiltration of macrophages339. A reduction of lubricin has 
been associated with an increase in synovial pro-inflammatory M1 macrophages339. 
In patients with joint trauma or inflammatory arthritis, lubricin is not sufficient to 
prevent articular cartilage damage340. Its downregulation in patients with bad clinical 
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outcome after surgery might indicate that these patients have less lubrication in 
their joint, which might cause pain and damage corresponding to poor outcome340.  

Furthermore, the extracellular matrix protein cartilage oligomeric matrix protein 
(COMP)341 was found upregulated in patients with a history of previous trauma, 
indicating cartilage turnover in these patients342. COMP has been considered a 
marker for cartilage breakdown and has been proposed as biomarker for OA343. In 
addition, a variety of collagens has been found upregulated in patients with good 
pre- and post-operative KOOS scores. Collagen alpha-1(XIV) (COL14A1, upregulated 
with good post-operative KOOS), for example, plays an important role in the 
adhesion of collagen bundles and has been shown to regulate fibrillogenesis (the 
development of fibrils in collagen fibers of connective tissue) in mice344.  

Related to pre-operative pain, stromelysin-1 (MMP-3) has been shown upregulated 
in patients with high pain vs low pain. MMP-3 is involved in the breakdown of 
extracellular matrix proteins such as fibronectin, proteoglycans, and denatured 
COL1345.  

PPaatthhwwaayy  aannaallyyssiiss  

Additional pathway analysis on proteins significantly different in patients with bad 
clinical outcome (ΔKOOS) showed that the majority of proteins were related to the 
extracellular region. An interaction between PRG4 (lubricin), ACAN, CD34, and CD14 
was formed in this analysis. Although no direct link between these proteins has been 
described, PRG4, ACAN, and CD34 are involved in cartilage development and 
function. PRG4 and ACAN, secreted by chondrocytes, are important components of 
the ECM327, 346.  CD34, as well as CD14, although not directly linked to OA, are both 
linked to the inflammatory process347, 348. All four proteins have also been shown 
related to bone marrow cells and the hematopoietic system. 

For ΔVAS, differential proteins were related to biological processes, including the 
one-carbon metabolic process, cellular oxidant detoxification, response to toxic 
substance, and connective tissue development. A connection has been shown 
between carbonic anhydrase (CA) 1 and CA3. CAs are involved in a variety of 
biological processes, among which calcification and bone resorption349, 350. In 
addition, a connection was shown between HBG2, haptoglobin (HP), and S100A9 
related to the extracellular region, cellular detoxification, response to toxic 
substances, as well as proteoglycans. HBG2 and S100A9 have been shown 
overexpressed in patients with bad surgical outcome (based on ΔVAS). HBG2 is 
usually present in the bone marrow and involved in oxygen and ion transport351. 
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S100A9 is a calcium-binding protein, involved in the inflammatory process352, and 
might contribute to cartilage matrix calcification353.  

Pathway analysis of ΔVAS also showed a connection between COL12A1 
(downregulated) and protein-lysine 6-oxidase (LOX, upregulated) related to 
connective tissue development. LOX is essential for the cross-linking of extracellular 
matrix components such as collagen fibrils and elastin354, 355, and is with that 
essential for the articular cartilage function355. In fibroblasts, prostaglandin E2 
(PGE2) has been shown to reduce LOX expression356. PGE2, produced through 
cyclooxygenase (COX), as described in CChhaapptteerr  33 of tthhiiss  TThheessiiss, is involved in the 
inflammatory process in OA and has been shown to suppress LOX expression in the 
inflammatory response occurring after injury357. 

LLiimmiittaattiioonnss    

IPFPs collected from the operating theater were washed in PBS to reduce the 
contamination of blood. However, PBS, with its high salt content, has been shown to 
have a negative effect on electrospray ionization mass spectrometry (ESI-MS)358. 
Nevertheless, previous results in CChhaapptteerr  44 and CChhaapptteerr  55 did not show a reduction 
in signal intensity due to PBS washing.  

In this study, we were able to identify the location of the cuts made in the IPFP with 
a diathermic knife, as well as the tissue type in which was cut for a large proportion 
of the data set. In general, the morphology of adipose tissue can change dependent 
on the method of storage, fixation, and preparation. Additionally, the IPFPs intra-
tissue heterogeneity might have had an influence on the lipid signature and thus 
outcome of our analysis. Optimization of our method, in combination with an 
increased patient cohort, would be necessary to reduce the effect of patient 
variability and tissue heterogeneity. Further, although not determined in this study, 
a previous surgery in the same knee of a patient might have an influence on the IPFP 
as scarring of the tissue (or fibrosis) might occur.  

Although the study size of the cartilage defect cohort was already of great value, it 
should be acknowledged that the degree of inter-patient and treatment (plan) 
heterogeneity might still have a big influence on the results. In the study performed, 
patients were matched for inter-patient differences as good as possible. Here, we 
were not able to perform LMD for multi-omics approaches, thus did not take into 
account the intra-tissue heterogeneity of the IPFP for LC-MS/MS analysis.  
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CCoonncclluussiioonn  

To our best knowledge, this is the first study utilizing REIMS on the IPFP as possible 
diagnostic or prognostic technology in the orthopedic research field of biomarker 
discovery. In conclusion, it was discussed that it is not likely that REIMS (as described 
in tthhiiss  CChhaapptteerr) can be used as method to develop clinical prediction models for 
cartilage repair surgery after a cartilage defect. Differences in lipid profile between 
patients, measurable with REIMS, are too small compared to for example the 
difference seen in distinctive disease pathologies such as healthy and cancer. Further 
development of this technique and its use in the orthopedic operating theater could 
contribute to better understanding of patients’ regenerative potential after a 
cartilage defect, better surgical outcome, and delay in OA development. 

Although LMD is a promising technique for the development and implementation of 
multi-omics approaches, this method did not apply to the IPFP as has been 
described. Alternatively, proteomics results show promising potential biomarkers 
for the prediction of patient outcome after cartilage repair surgery including CILP-1 
and CILP-2, CD34, COMP, and ACAN, among some less prominent proteins.  

The results described in tthhiiss  CChhaapptteerr suggests an interaction between the IPFP and 
cartilage, involved in OA development and cartilage repair. A variety of cartilage 
proteins related to cartilage degradation or OA could be measured in the IPFP, 
making it a promising, less invasive, and highly available tissue source for biomarker 
discovery. Before the IPFP can be used as biomarker source for OA or prediction 
models for cartilage regeneration, future studies should focus on even bigger patient 
cohorts. In addition, future research should take into account the IPFPs intra-tissue 
heterogeneity utilizing different MS approaches such as MSI, possibly at the cellular 
level.  
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TThhiiss  TThheessiiss expands on the existing knowledge on diagnostic and prognostic 
biomarkers for cartilage repair and (early) osteoarthritis (OA) development, as well 
as currently existing treatment options. In addition, the possible application of 
different mass spectrometry (imaging) (MSI) techniques for novel biomarker 
discovery and prediction models for patient outcome after a cartilage defect, as well 
as its potential implementation in the clinic were investigated. First, this discussion 
focusses on the currently available biomarkers and treatment options for cartilage 
repair and OA development.  The currently known (mass spectrometry-based) 
biomarkers, as well as the currently used treatment options for (early) OA will be 
discussed. Secondly, the use of mass spectrometry (imaging) for novel biomarker 
discovery in the infrapatellar fat pad (IPFP) using matrix-assisted laser 
desorption/ionization mass spectrometry imaging (MALDI-MSI), rapid evaporative 
ionization mass spectrometry (REIMS), or label free proteomics will be discussed in 
light of the discoveries in tthhiiss  TThheessiiss. Finally, the use of mass spectrometry as 
diagnostic or predictive technology and its potential implementation in the clinic will 
be explored. 

TThheerree  iiss  nnoott  oonnee  ssppeecciiffiicc  bbiioommaarrkkeerr  ffoorr  oosstteeooaarrtthhrriittiiss  

The wide variety of MS techniques available makes it possible to identify molecular 
profiles in a variety of tissue types and disease states. These differences in MS 
techniques and approaches, tissue source, and targeted class of molecules, 
however, makes is difficult to determine which biomarker is most promising for OA. 
The results in CChhaapptteerr  22  show that LC-MS is the most frequently used MS technique 
used in the search for OA biomarkers. LC-MS is a well-established technique, which 
provides important molecular information for a wide range of molecules. 
Alternatively, recent techniques still under development, such as MALDI-MSI, show 
promising potential in the search for local biomarkers as it allows the identification 
of molecules (lipids, metabolites, glycans, proteins, or peptides), while providing us 
with their spatial distribution throughout the tissue. A literature study provided a 
detailed overview of the currently known potential MS-based biomarkers for knee 
OA from a variety of different sample types. A variety of proteins, as well as 
metabolites and lipids were found specific for OA and therefore suggested as 
potential biomarkers for OA. The use of a molecular panel, rather than one single 
biomarker, increases the power of discriminating OA patients from non-OA patients. 
According to these results, it is likely that a combination of molecular classes or a 
group of proteins, lipids, and/or metabolites has added value as a biomarker profile 
for OA compared to the use of one single (molecular) biomarker81.  

Several OA phenotypes have been previously described76, 78 and can be defined at 
the molecular level160. These phenotypes are the fundament of the development of 
personalized treatment plans for OA81. The differences between patients have an 
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influence on the biomarker profile measured. To reduce this inter-patient variability, 
patient groups analyzed should be large, representable for the population, and 
matched for features such as age, gender, or body mass index (BMI). In addition, the 
selection of the control group can also have an influence on the molecular profile. 
The use of healthy material is crucial in the search for a potential biomarker profile 
for OA, however, is usually not available as the procedure to collect the tissue is 
invasive. Analysis of blood or urine, or post-mortem tissue collection could be of 
added value, however come with certain drawbacks, possibly not representing the 
local changes (blood/urine), or tissue degradation (post-mortem)81. Tissue collection 
from the general population would be favored, but would ethically be prohibited. 
However, tissue collection post-mortem, or during autograft or allograft 
transplantation, as well as during (traumatic) surgery at the site near the unaffected 
knee, or contra-lateral biopsies during total knee arthroplasty (TKA) could possibly 
be taken into consideration as healthy alternative. A contra-lateral biopsy of the 
same patient helps to prevent inter-patient variabilities. For this, approval from the 
medical ethics committee (METC) as well as informed consent of the patient are 
needed. Specifically for the IPFP, taking a sample with a needle similar to a biopsy 
device for e.g. muscle, would be a minimally invasive option to acquire healthy 
material. In addition, analysis can be performed in a standardized way using a MS 
technique such as LC-MS. Still, the possibility of linking clinical and demographic 
data, with patient reported outcome measures (PROMs), magnetic resonance 
imaging (MRI) and X-ray information, as well as tissue analysis using MS, as has been 
performed in this study, is a unique way of researching the potential improvements 
in clinical decision making towards personalized treatment strategies.  

There are already alternatives for healthy material available; however, they come 
with certain drawbacks. For example, degradation products can be visible in the 
analysis of material collected postmortem or inflammatory features in tissues 
derived from knee-related surgery such as anterior cruciate ligament (ACL) or 
meniscus surgery. Another option would be to collect tissue samples during bone-
related trauma close to the joint of interest, although the sample size is usually low81. 
In CChhaapptteerr  22, it was acknowledged that material collected from early vs late OA 
patients could contribute to the identification of biomarkers for OA stratification; 
estimation of the degree of OA, the progression of OA, or the possibility to alter the 
course of OA (e.g. by joint-preserving treatment such as lifestyle-changes, 
pharmacology, or surgery). However, to inhibit OA development and postpone TKA, 
it is of great importance to detect OA at the earliest moment possible. It would be 
beneficial to compare tissue samples from early OA patients to healthy material for 
the detection of biomarkers present at the earliest moment of development.    

In CChhaapptteerr  55,, we compared the lipid profiles in the IPFP of patients undergoing 
surgery for a cartilage defect with patients undergoing TKA as a treatment for late 
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stage OA. In addition, in CChhaapptteerr  66, we made steps towards clinical implementation 
of the use of the IPFP’s lipid profile in patient profiling. Although tissues from 
cartilage defect patients can be considered as a healthy alternative, a traumatic 
incident in the knee can induce inflammation69. In our research, the IPFP was 
collected and studied. Whereas the IPFP is not frequently used as biopsy source in 
the search for OA biomarkers, compared to e.g. synovial fluid or cartilage, the IPFP 
is highly available and easily accessible (usually as waste material) during surgery. 
The IPFP has already been shown to play an important role in the pro-inflammatory 
signature of OA164, 165, 171. As it is located outside of the knee capsule and biopsy 
taking would be minimally invasive (apart from a potential bleed), this tissue type 
could be taken into consideration as healthy biopsy source. It has therefore been 
suggested that the IPFP would be a great source for the identification of possible 
diagnostic, prognostic, or therapeutic targets for OA.  

As of today, there is no disease-modifying treatment for OA available. However, 
certain surgical interventions, such as joint distraction359, 360, osteotomy361, 362, or 
cartilage repair surgery363 may be considered disease-modifying as they might result 
in changes which influence OA development or improve a patient’s quality of life. 
Nevertheless, surgery increases the risk of side effects or complications such as pain, 
wound infection, nerve damage or thrombosis. The identification of biomarkers to 
predict OA development or patient outcome after surgery, might contribute to the 
development of individualized treatment plans. For example, a biomarker (profile) 
can help make clinical decisions such as if a surgery is necessary, or if this surgery 
should be conducted intra- or extra-articular. In addition, it might help estimate 
patient outcome by predicting regenerative potential, combined with a specific 
regenerative treatment. In addition, novel insights on the development and 
treatment of OA might contribute to the development of novel disease-modifying 
drugs for OA.  

Early diagnosis of OA, or even the pre-stages of OA, is important. Early detection 
contributes to early treatment as has been shown in FFiigguurree  11..55 (e.g. physical therapy, 
lifestyle/overweight, labor advise/participation, (anti-inflammatory) medication, or 
lubricating injections364) and possible delay in OA progression or development, and 
with this a delay in TKA and delay or even prevent possible revision surgery. 
Currently, joint-preserving surgery is the only proven way to delay OA development 
(e.g. the repair of an osteochondritis dissecans66, joint-distraction360, or 
osteotomy279, 365). In the search for biomarkers for OA, a variety of MS techniques 
with a diversity of sample preparation protocols are used in literature (CChhaapptteerr  22). 
The variation in patient characteristics and material, sample storage and 
preparation, MS technique, and data analysis options complicates the discovery of 
potential biomarkers for OA. It is of great importance that standardized methods for 
biomarker discovery are applied on large patient cohorts and healthy, early OA and 
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late OA patients are defined in a more standardized manner (e.g. by the 
osteoarthritis research society international (OARSI) endorsed Early-stage 
Symptomatic Knee Osteoarthritis (EsSKOA) Classification Criteria) and that data is 
combined and shared via available databases. Preferably, patients that underwent 
(cartilage repair) surgery with high chances of developing OA early in life should be 
followed in time with among other testing questionnaires and MRI to be able to 
intervene and treat OA progression at the earliest moment possible. Appropriate 
treatment, together with lifestyle changes and physical therapy, inhibits OA 
progression, and will in turn postpone TKA surgery, reduce the chances of revision 
surgery, as well as surgery-related infections and patient’s immobility, accompanied 
by long-term health costs.  

In addition, new insights and the development of novel treatments or surgical 
techniques might lead to a reduction in health costs or better cost-effectiveness366. 
Novel techniques are evaluated in the health technology assessment (HTA), where 
all information about medical, economic, social, and ethical issues related to the 
technology (e.g. medicinal products, diagnostic and treatment equipment, or 
methods for prevention) are summarized.  

CCuurrrreenntt  ttrreeaattmmeennttss  ffoorr  ccaarrttiillaaggee  rreeppaaiirr  aanndd  OOAA  

The currently available options for cartilage repair surgery and early OA 
development are discussed in CChhaapptteerr  11 of tthhiiss  TThheessiiss. Despite the fact that there is 
still no disease-modifying treatment for OA available, treatment of intra-articular 
damage and changes in lifestyle may contribute to a delay in OA development in 
these patients. The first line of treatment of OA focusses on diet, exercise and weight 
loss35-37, and/or braces38. Symptoms such as pain and inflammation are treated 
pharmacologically using non-steroidal inflammatory drugs (NSAIDs)39.  

CChhaapptteerr  33  elaborates on the use of celecoxib, a widely used NSAID to treat OA 
symptoms, and its potential chondroprotective potential. Celecoxib is known for its 
inhibition of pro-inflammatory mediators via the inhibition of cyclooxygenase-2 
(COX-2)40, 41. Celecoxib has been shown to act chondroprotective in literature42-47. 
On the contrary, its lacking chondroprotective potential has been described48-50.   

As has been discussed in tthhiiss  TThheessiiss, differences in study design could have an 
influence on the results acquired. Likewise, the contradiction in the 
chondroprotective effect of celecoxib found in literature can possibly be related to 
differences in study design, including the way of administration (e.g. oral or intra-
articular injection) or dosage (e.g. repeated administration or single bolus injection). 
In tthhiiss  TThheessiiss in CChhaapptteerr  33, the chondroprotective effect of celecoxib on cartilage 
explants, as well as its chondroprotective effect in an OA mouse model, 
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administered as a single intra-articular bolus injection, was investigated. Although it 
has not been used in the clinic, an intra-articular bolus injection could have its 
advantages over oral administration, preventing adverse effects as a result of COX-
2 and COX-1 inhibition, including cardiovascular or gastrointestinal complications47, 

52. The methods developed in tthhiiss  TThheessiiss could be directly employed to monitor 
treatment effect in such a study. 

The anti-inflammatory effect of celecoxib has been confirmed in CChhaapptteerr  33.. This 
effect of celecoxib on the proteoglycan (PG) release of cartilage ex vivo has been 
shown previously by Dave et al219. These results suggest that PG production in 
cartilage is predominantly COX-2 driven200.  It was suggested that PGs have an 
influence on chondrogenic differentiation of progenitor cells, indicating their anti-
catabolic effect220, 221. It would be of great importance to further study the influence 
and effect of the different PG subtypes in cartilage as possible therapeutic target for 
inflammation or catabolic processes in OA.  

In addition, celecoxib treatment of cartilage in an explant culture altered gene 
expression of proteolytic enzymes. The reduction of ADAMTS4 and ADAMTS5 could 
play an important role in the inhibition of OA by reducing aggrecan (ACAN) 
degradation in cartilage222, 223. In addition, the inhibition of MMP13 would reduce 
the collagen degradation process223-225. The regulation of enzymes involved in OA 
development by celecoxib indicates its potential anti-proteolytic effect226. The 
results in tthhiiss  TThheessiiss on the effects of celecoxib, together with the substantiating 
results demonstrated in literature, show the importance of celecoxib, already used 
as NSAID in OA patients, as a potential chondroprotective drug, as well as COX-2 as 
a potential target for OA treatment. The increase of TIMP-2 in this study indicates 
that TIMP-2 contributed to the decrease in MMPs (the connection between TIMP-2 
and MMP13 however, was not investigated in tthhiiss  TThheessiiss), support the potential anti-
inflammatory and anti-degenerative effect of celecoxib on cartilage224, 228-230.  

The experimental set-up described in CChhaapptteerr  33 of tthhiiss  TThheessiiss does not take into 
account the adverse gastrointestinal or cardiovascular events of celecoxib in vivo47. 
Whereas intra-articular injections of celecoxib show contradictive results in 
literature, in CChhaapptteerr  33 the importance of study design, including dosage or 
concentration, way of administration, initiation, treatment duration, and scoring 
method were addressed. Although this study implies that a single intra-articular 
bolus injection of celecoxib acts chondroprotective in OA, the discussion on 
celecoxib’s chondroprotective effect remains as long as study designs are not 
standardized and acquired results contravene. In literature, contrasting evidence on 
the chondroprotective effect of celecoxib, due to differences in drug concentration, 
timing, and other study-related factors, was reported. Additionally, the adverse 
effects of celecoxib might be due to its analgesic effect, improving mobility and 
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increasing cartilage wear and OA development207. It was suggested that 
administration by means of single intra-articular bolus injection positively influences 
the chondroprotective effect of celecoxib by better regulating the dosage at the 
affected site of the joint, while limiting potential adverse side effects47, 238. 

OOAA  iiss  aa  ggrroowwiinngg  pprroobblleemm  iinn  tthhee  yyoouunnggeerr  ppooppuullaattiioonn  

It is not only the elderly population that is increasingly affected by OA33. The 
incidence of OA in the younger population rises alarmingly54 due to an increase in 
obesity and intra-articular trauma such as (osteo)chondral defects, ligament tears or 
patella luxations28, 33, 54. Taking into account the limited life-span of a total joint 
prosthesis and an increasing risk of revision surgery at younger age56, 57, it is of high 
importance that joint damage is treated accordingly66.  

The type of treatment is dependent on its effectiveness, taking into account the 
patient’s age, severity of the defect, and expected outcome, among others61. It is of 
great importance that the treating surgeon is aware of the latest insights concerning 
the treatment of an osteochondral defects67. Knowledge and availability of a variety 
of joint-preserving treatment strategies will contribute to better surgical decision-
making and patient outcome67, 68.  A better understanding of the (molecular) 
pathophysiology of OA has already contributed to the development of a variety of 
joint-preserving therapies61. Lipids are an important class of molecules involved in 
OA pathology287. Lipid deposits are found in the chondrocytes of OA articular 
cartilage179, 287 and elevated levels of fatty acids are associated with OA severity287. 
Considering what has already been described in literature, it has been hypothesized 
that alterations in the lipid metabolism in the joint, could lead to a variety in OA 
related changes367. Therefore, in CChhaapptteerr  44, a MALDI-MSI protocol for the IPFP was 
developed to identify potential lipid biomarkers for OA. Next, in CChhaapptteerr  55, this 
protocol was implemented and the molecular lipid profile of the IPFP of cartilage 
repair and OA patients was investigated. Within the field of MSI, the analysis of lipids 
in adipose tissue is a growing field of research244-246.  

Current surgical decision-making on joint-preserving surgery is predominantly based 
on MRI and/or X-ray results, in combination with clinical aspects (e.g. medical 
history, age, and BMI), as well as the surgeons experience aligning to an 
individualized treatment plan including clinically and in literature proven, both 
surgical and non-surgical treatments. The discovery of a biomarker (panel) which can 
predict OA development and improve surgical decision-making would be of great 
benefit for a patient undergoing joint-preserving surgery to delay OA development. 
The MALDI-MSI method developed in CChhaapptteerr  44 and its implementation on a small 
patient cohort of cartilage repair and OA patients in CChhaapptteerr  55, although of great 
value to identify possible biomarkers, requires multiple processing and analysis steps 
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which are too time-consuming for implementation in the clinic. Therefore, in 
CChhaapptteerr  66, a near real-time MS method (REIMS) was connected to an electrocautery 
knife, comparable to the one used in the operating theater, to analyze the IPFP lipid 
profile and identify possible lipid profiles that could be used as diagnostic or 
predictive tool in the clinic.  

AApppplliiccaattiioonn  ooff  MMAALLDDII--MMSSII  aass  ppoossssiibbllee  ddiiaaggnnoossttiicc//pprrooggnnoossttiicc  ttooooll    

MALDI-MSI is one of the most frequently used MSI techniques in the biomedical 
field239. Among other applications, MALDI-MSI has been used to detect and identify 
molecules (e.g. lipids, metabolites, or proteins) and their distribution throughout a 
tissue section for clinical diagnostics and biomarker discovery in a variety of 
pathological conditions and biological samples240-242, as well as for the analysis of 
drugs or compounds101, 243, or find treatment targets22, 101.  

CChhaapptteerr  44 describes a sample preparation method for MALDI-MSI on IPFP. 
Subsequently in CChhaapptteerr  55, this method was applied on fresh-frozen IPFP of cartilage 
defect and OA patients to find (a) possible biomarker(s) profile for OA. The biggest 
challenge in CChhaapptteerr  44 to overcome was the challenge of matrix application without 
the delocalization of molecules252. The IPFP has a heterogeneous morphology, 
consisting of synovium, connective tissue (including blood vessels), and adipose 
tissue. Adipose tissue is prone to melting. Therefore, sample handling and 
preparation of the tissue are important factors to take into consideration. Another 
important factor to be taken into account is that a possible trauma or previous 
surgery at the same area as the taken biopsy could have led to the development of 
scar tissue or IPFP fibrosis.   

The general MALDI-MSI sample preparation workflow includes cryosectioning of 
snap-frozen tissue samples at a few micrometers and low temperatures. 
Subsequently, mounting on the glass slide can be done using a variety of methods 
including thaw mounting, coating of the slide, gluing, or tape transfer251-253. The 
tissue is dried under vacuum before a matrix, dependent on the molecule of interest, 
is applied using spraying or sublimation258. Usually, a scan of the slide is made at 
room temperature for co-registration of the MALDI-MSI image to histological 
staining. Delocalization of molecules happens most likely during one of the sample 
handling steps, including mounting, drying, or matrix application. Mounting of the 
tissue sample on the slide is important as it is possible that the tissue detaches during 
either one of the sample preparation steps. Thaw-mounting is a widely used method 
to attach a tissue section to a slide. During this procedure, the section is placed on 
top of a slide and heated from below using body-heat. Thawing and re-freezing of 
the tissue can have a negative effect on the morphology, as well as the delocalization 
of the molecules in the tissue because the tissue is likely to expand and shrink. Other 
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methods to mount a tissue section to a slide using a type of coating, glue or tape 
might contaminate the sample because of the existence of polymers or interfere 
with histological examination. Frozen tissue sections are subsequently dried under 
vacuum to prevent delocalization of molecules before matrix application. Usually, 
the slide is taken out of the freezer, into room temperature, and placed in a 
desiccator for a certain time to dry. Subsequently, the slide is taken out of the 
desiccator and matrix is applied. The spraying application of the matrix is performed 
at room temperature. The matrix is usually dissolved in a fast-drying spraying solvent 
such as methanol. The nozzle used for spraying is commonly heated, causing the 
matrix to reach the tissue at high temperature. The time it takes for the matrix to 
dry is dependent on the solvent used.  

In CChhaapptteerr  44, a method was described which prevented molecule delocalization of 
adipose-like tissue as has been seen before when using spray deposition252, without 
the addition of a slide coating, polymer-containing tape, or glue251-253. Samples were 
collected as waste material, washed in phosphate-buffered saline (PBS) to remove 
blood residue, and snap-frozen in liquid nitrogen directly after dissection at the 
surgical theater to prevent tissue degradation. The IPFP is highly vascularized, 
causing blood to be present throughout the tissue sample. Performing a PBS wash 
prior to snap-freezing removes the majority of blood present in the sample. Heme 
and hemoglobin are two molecules highly present in the blood that can considerably 
disturb the MS analysis because these molecules prevent the ionization of other 
molecules of interest. The use of PBS as washing solution might not be optimal for 
MALDI-MSI255, but did not disturb MS analysis in negative ion mode. Alternative 
washing solutions, containing less salt molecules would be more favorable; however 
its use is limited by strict regulations and protocols within the hospital.  

In the method described in CChhaapptteerr  44, tissue sections were cut at 15 μm thickness at 
a temperature of below -30°C. The anti-roll system inside the cryotome prevented 
the tissue from rolling up or sticking to the knife. Tissue sections were thaw mounted 
onto cooled (in the chamber of the cryotome) indium tin oxide (ITO) coated glass 
slides using the body heat of a finger. To prevent delocalization of the lipids in the 
tissue, the slide was directly refrozen on the cooled stage of the cryotome. Again, 
the slides were transported on dry ice to the ultra-low temperature freezer (ULF) 
and stored at -80°C until matrix application and MALDI-MSI.  

Compared to other sample preparation methods for MALDI-MSI, thaw mounting 
prevents the use of tape transfer251 or additional slide coating252. Nevertheless, it 
was not ruled out that different (adipose-like) tissue types need a different sample 
preparation approach. Another important step in the sample preparation approach 
described is transportation from the ULF to the laboratory for matrix application. 
Slides were transported horizontally in a cooled silica carrier box258, 259. These in-
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house developed carrier boxes are employed to prevent molecule delocalization 
from condensation of the frozen sample when it is taken out of the freezer into room 
temperature. These closed carrier boxes contain a case with silica gel granules, 
which absorb the condensation moisture coming from the sample, preventing 
molecules from delocalizing throughout the tissue section. Subsequently, the carrier 
box containing a sample was placed slightly open in a desiccator to dry. To prevent 
sudden changes in air pressure, the desiccator stayed closed for the total drying time 
of 30 min. When dry, the silica carrier box was closed and taken out of the desiccator. 
Norharmane matrix was applied using sublimation. Furthermore, using Norharmane 
as a matrix, lipids can be measured in both, negative and positive, polarities. The 
matrix application protocol was adjusted according to the IPFP. Since the IPFP is a 
fatty tissue and thus prone to melting, the slide with tissue sections was removed 
from the silica carrier box and placed into the sublimator at the latest moment 
possible. Before placing the slide, it was made sure that the slide holder of the 
sublimator was cooled using the in-built water-cooling system. The vacuum created 
in the sublimator prevents molecules from delocalizing when the chamber is heated. 
Sublimation was performed at a temperature of 140°C for 200 s. Although keeping 
the tissue as dry as possible while applying the matrix, leaving the sample for a longer 
period under vacuum (either in the desiccator or sublimator) might increase the 
subtraction of volatile compounds from the tissue. Although application of the 
matrix by spraying is described to be more efficient, enhancing the extraction of 
molecules and thus the signal measured253. Concerning the IPFP this was not favored 
because of potential melting of the tissue with accompanied molecule 
delocalization252. Sufficiently dried matrix should prevent molecules from 
delocalizing when handling the slides at room temperature. Nevertheless, the silica 
carrier boxes were used for transportation.  

Utilizing MALDI-MSI, a variety of lipid species were identified inside the IPFP. Based 
on the lipid profiles of each separate tissue type within the IPFP, using principal 
component analysis (PCA), adipose tissue, connective tissue, and synovial tissue 
could be distinguished. MALDI-MSI has been shown an excellent method to visualize 
specific lipids, as well as their spatial distribution throughout the tissue section, along 
with the identification of specific lipid profiles within the different IPFP tissue types, 
showing its intra-tissue heterogeneity.  

Subsequently in CChhaapptteerr  55, the method described in CChhaapptteerr  44 was applied to the 
IPFPs of a small patient cohort consisting of 7 cartilage repair and 7 OA patients as a 
proof of concept and to identify possible biomarkers for OA. Lipid profiles of the IPFP 
of cartilage defect and OA patients were investigated. Additionally, the IPFPs intra-
tissue heterogeneity was explored. According to the patients’ IPFP lipid profile, a 
clear differential distribution between cartilage defect and OA patients could be 
visualized, independent from tissue type. Likewise, a different distribution between 
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adipose tissue and connective tissue within the IPFP could be appreciated, 
independent from disease state (cartilage defect or OA). This separation between 
patient groups and tissue types was acquired in both polarities (negative and positive 
ion mode), though the analysis in negative ion mode was more distinctive.  

Additionally, a higher abundance of phospholipids was found to be present in OA 
patients compared to cartilage defect patients, as has been described before by 
Kosinska et al comparing lipids in early and late OA synovial fluid155. The most 
discriminate lipid species found for OA patients included ether-linked 
phosphatidylethanolamines (PE O-s) and phosphatidylethanolamines (PEs), as well 
as a sphingomyelin (SM). There were no specific lipid species found for cartilage 
defect patients. Most likely this is due to the fact that the intensity of lipids in the OA 
patient samples was substantially higher than in the cartilage repair patient samples. 
The fact that no distinguishing lipids could be identified for the cartilage defect 
patient group in CChhaapptteerr  55 was also observed in CChhaapptteerr  66, where the lipid profile of 
the IPFP of patients with a cartilage defect measured with REIMS was not sufficient 
to discriminate patient groups based on clinical outcome.   

Phospholipids are important species contributing to healthy joint homeostasis289-291. 
In line with the findings in the IPFP described in CChhaapptteerr  55, in synovial fluid, elevated 
levels of phospholipids induced the formation of lipid aggregates, disturbing 
lubrication291 or modulating inflammation289.  In addition, PE O-s, including the fatty 
acid arachidonic acid, were found to be highly abundant in OA patients. Ether-linked 
lipids such as PE O-s are known to play an important role in the pro-inflammatory 
response via prostaglandins and thromboxanes292, 368, 369 (as described in CChhaapptteerr  33 
of tthhiiss  TThheessiiss). Prostaglandins, derived from arachidonic acid, play an important role 
in the inflammatory response in OA51, 198, 292-295. According to these results, PE O-s 
are suggested as possible biomarker group for OA. Furthermore, the SM (SM 
40:2;O2) was found to be specific for OA in CChhaapptteerr  55. Sphingolipids have been 
shown to be involved in synovial inflammation and joint repair responses and are 
therefore suggested as possible biomarker for OA156. The discovery of biomarkers 
for OA is of great importance, as they would help with early detection and possible 
prediction of treatment outcome. A predictive biomarker could indicate which joint-
preserving treatment could have a disease-modifying effect in each patient and 
would facilitate clinical decision-making and improve patient outcome.  

CChhaapptteerr  55 shows the IPFPs intra-tissue and inter-patient heterogeneity. The 
combination of MALDI-MSI with histology provides us with additional information of 
the spatial distribution of specific lipids throughout the different tissue types of the 
IPFP. Arachidonic acid, as part of a PE O- was found mainly in the connective tissue 
of the IPFP, suggesting that the connective tissue is most likely involved in the pro-
inflammatory phenotype of OA. A higher amount of connective, or fibrous tissue in 
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the IPFP was present in the tissue sections of OA patients. Fibrosis of cartilage and 
synovium has been shown of importance with OA298, 299. Similarly, fibrosis in the IPFP 
is characteristic for OA patients, indicating that molecular and biomechanical 
alterations in the IPFP might have an influence on OA development124, 300. The 
correlation between cartilage repair patient outcome and fibrosis and its influence 
on lipid and protein profiles has been described in CChhaapptteerr  66.  

MALDI-MSI allows us to identify analytes of interest and their spatial distribution 
throughout different tissue types. The MS instrument used in CChhaapptteerr  44 and CChhaapptteerr  
55 (RapifleX Tissue Typer, Bruker Daltonics, Bremen, Germany) provides us with 
molecular distributions molecular profiles which might contribute to the discovery 
of potential prognostic or diagnostic biomarkers. Although sample preparation 
consists a variety of steps including sample handling, storage, sectioning, and matrix 
application, this method provides us with a fast and complete overview of the 
lipidome of the IPFP in a variety of tissue sections and patients. The samples in 
CChhaapptteerr  55 were measured at a lateral resolution of 50 μm. MALDI-MSI is an evolving 
MS method, progressing towards measurements with a lateral resolution of < 5 μm. 
The IPFP mainly consists relatively large adipocytes (~0.1 mm) compared to other 
cells. As these experiments mainly focused on adipocytes, it was not necessary to 
measure at a higher spatial resolution. High mass resolution measurements using 
e.g. an Orbitrap instrument are still necessary for tandem MS (MS/MS) analysis and 
identification of molecules. Additionally, multi-omics approaches, combining MS 
analysis, histology, laser microdissection (LMD), and liquid-chromatography MS (LC-
MS) for proteomics, are being developed to identify a variety of molecules on the 
same tissue section, reducing the amount of tissue necessary for analysis257. 
Combining lipid with protein analysis increases the molecular information in these 
samples. Pathway analysis on a combination of molecular species would provide us 
with a more complete overview of the disease pathology of interest and possible 
treatment targets. LMD on the IPFP has been briefly addressed in CChhaapptteerr  66, 
however, was not implemented in the final experimental set-up. Nevertheless, the 
role of spatial biology (including spatial multi-omics studies) in molecular biological 
studies is increasing370, 371.  

Ultimately, it would be of great value if these methods could be implemented in the 
clinic. While measurements performed at higher resolution provide us with higher 
specificity, the time it takes to run the experiment, as well as the data analysis, 
should be taken into account. In addition, sample preparation is time-consuming and 
requires optimization, making this method less likely to be used in the clinic. 
Therefore in CChhaapptteerr  66, a real-time MS method which can be implemented in the 
clinic directly by measuring (explant) tissue samples at the site of the defect in the 
operating theater was described.  
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AApppplliiccaattiioonn  ooff  RREEIIMMSS  aass  ppootteennttiiaall  ddiiaaggnnoossttiicc//pprrooggnnoossttiicc  ttooooll  iinn  tthhee  cclliinniiccaall  
sseettttiinngg  ((&&  pprrootteeiinn  aannaallyyssiiss))  

REIMS is a near real-time MS method, which allows us to analyze lipids in a variety 
of tissue types to make a molecular discrimination between healthy and disease (e.g. 
cancer), detect drug compounds, or identify potential predictive or diagnostic 
biomarkers. Connected to an electrocautery device, as has been used in the clinic, it 
could function as a potential tool to predict patient outcome after surgery and work 
towards personalized treatment for cartilage repair.  

Although REIMS has great potential to be used in the operating theater for on-the-
spot lipid analysis, the results in CChhaapptteerr  66 did not show clear separation of patients 
with OA or a cartilage defect, or cartilage defect patients based on their clinical 
outcome. Although REIMS has been used successfully to discriminate between 
different organs (e.g. muscle and liver), or different tissue pathologies (e.g. healthy 
and cancer), the differences in IPFP lipid profiles of the OA and cartilage defect 
patients in current study might be too small to detect. Nevertheless, using this 
technique, it was possible to distinguish patients with an age above 35 from patients 
with an age below 35 based on their IPFP lipid profile with a correct classification 
rate of 65%, suggesting that the IPFPs lipid profile changes with increasing age. 

In addition, the importance of tissue type has been acknowledged. The cuts made in 
adipose tissue could be distinguished from the ones made in connective tissue with 
a correct classification rate of 90%. While taking into account these intra-tissue 
differences, cuts made in the IPFP of patients with good or bad post-operative 
clinical outcome (knee injury and osteoarthritis outcome score (KOOS), adipose 
tissue or connective tissue; and visual analogue scale (VAS), connective tissue) were 
correctly classified with a rate of > 70%.  

REIMS cannot yet be, according to these results, implemented in the clinic as 
predictive or prognostic tool; however, shows great potential. REIMS has already 
been used in a clinical setting372. No major alterations to the system are necessary 
to make the transition from a laboratory setting to a clinical setting as REIMS can 
already be connected to a diathermic knife as is used in the operating theater. It 
would be a great implementation as REIMS gives (additional) information about a 
patient on the molecular level, instead of only at macro-level by MRI. Whereas 
REIMS at this moment is not yet suitable to predict patient outcome based on the 
lipid profile of the IPFP of patients with a cartilage defect and more research needs 
to be conducted (including bigger patient cohorts with more distinctive patient 
groups), other techniques might already be applicable. The lack of sensitivity of 
REIMS on the IPFP is most likely caused by the IPFP’s intra-tissue heterogeneity. A 
combination with microscopy would make it possible to visualize in which tissue of 
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the IPFP is cut. In addition, recognition and prediction models for the tissue of 
interest could contribute to the identification of a tissue type at the time of cutting.    

As has been shown in CChhaapptteerr  66, distinctive protein profiles of the IPFP, with clear 
(already known) markers, could function as predictive tool to facilitate clinical 
decision-making and personal treatment after a cartilage defect. LC-MS is already a 
well-developed technique to identify protein biomarkers in any type of tissue or 
disease. In combination with a potential biopsy tool, which can already be used pre-
operatively or in outpatient clinic373, protein analysis might be able to predict a 
patients clinical outcome after surgery or help determining which cartilage repair 
treatment should be conducted. Whereas lipids are a very interesting type of 
molecules to investigate and the IPFP is full of them, a lot more is known about the 
relation of proteins in cartilage repair and OA development374. Not only proteomics 
approaches are used to analyze the proteome of OA patients, other methods such 
as immunoassays are also conducted to identify novel biomarkers in the field of 
OA375.  

Although LC-MS analysis demands time-consuming sample preparation (including 
long waiting steps) and is more prone to mistakes (many sample preparation steps), 
for now, it might be the best way to predict patient outcome after surgery. However, 
it is doubtlessly worth further developing REIMS for the same purpose, as it is fast, 
gives immediate information on the molecular status of the patient, and can be 
implemented in a clinical setting immediately.  

TThhee  IIPPFFPP  aass  ppootteennttiiaall  bbiioommaarrkkeerr  ssoouurrccee  ffoorr  OOAA  ssttrraattiiffiiccaattiioonn  

OA has been acknowledged as whole joint disease, affecting most, if not all intra-
articular tissues, including cartilage, meniscus, synovium, synovial fluid, and IPFP16, 

283, 284. The IPFP is located underneath the patella and patella tendon16. During intra-
articular surgery the IPFP is removed (partially) to gain access into the knee capsule 
and improve visibility and therefore highly available as surgical waste material. The 
IPFP is not located inside the knee capsule and therefore easily accessible with 
limited risk of infection, proposing it as potential biopsy target and biomarker source 
for OA. CChhaapptteerr  22 describes that, with regard to MS research, the IPFP is not 
(commonly) used as biomarker source for OA81, although its importance in OA 
already has been acknowledged16, 20, 124, 300. The IPFPs lipid profile and its role in OA 
has not been studied thoroughly. Therefore, the results described in tthhiiss  TThheessiiss 
might contribute to a better understanding of the IPFPs lipid profile and 
identification of a possible biomarker (profile) for OA. These findings might provide 
more insight in the future prognostic and diagnostic application of MS on the IPFP 
for OA development, as well as prediction of patient-related treatment outcome and 
potential treatment targets.  
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A drawback or potential future challenge in the use of the IPFP for OA biomarker 
discovery is its intra-tissue and inter-patient heterogeneity. At this moment, 
histological analysis (in combination with MSI) should be used to identify possible 
fibrosis, inflammation, or other influencing factors before drawing conclusions. 
Another drawback is the fact that the IPFP is affected when an intra-articular surgery, 
or even arthroscopy, is performed. A previous surgery shows scarring or fibrosis of 
the IPFP, has a negative effect on surgical outcome, increases the risk of a failure of 
cartilage repair376, and might increase the risk at pre/early OA development in these 
patients. A previous surgery might therefore influence the IPFP in such way, that it 
can no longer be used as predictable biopsy target or for biomarker discovery. If this 
is not the case, and the IPFP is not affected and can be used as biomarker source for 
clinical decision making, it might be thinkable to already perform a diagnostic 
arthroscopy (e.g. using the NanoScope377 (Arthrex, Naples, FL, USA) in outpatient 
clinic to gain the information necessary for treatment.  

CCoonncclluussiioonnss  aanndd  ((cclliinniiccaall))  oouuttllooookk  

BBiioommaarrkkeerrss  ffoorr  OOAA  ssttrraattiiffiiccaattiioonn  

The results described in tthhiiss  TThheessiiss need to be validated in future studies in 
independent cohorts before being implemented in the clinic. Predictive and 
diagnostic biomarkers have been shown of importance in cartilage regeneration 
(surgery) and early development and diagnosis of OA. In CChhaapptteerr  22 the currently 
known biomarkers for OA, measured with MS, were described. It is not likely that 
one single biomarker will be specific enough to diagnose OA or predict its 
development. Instead, a panel of dry (e.g. patient characteristics or previous 
surgery) and wet (e.g. lipids or proteins) biomarkers is presumed to serve as 
diagnostic or predictive model for OA (development). With the existence of a 
biomarker panel, which can be used as model for early OA diagnosis or prediction of 
clinical outcome after joint-preserving surgery/treatment, clinical decision making, 
as well as patient outcome will be improved. In addition, novel biomarkers might 
contribute to the discovery of unique therapeutic targets and potential personalized 
treatment for cartilage repair and OA. A combined biomarker panel of dry and wet 
biomarkers is likely an optimal strategy to predict patient outcome after surgery or 
OA development.  

It is important that surgeons and rheumatologists, as well as the first line of care 
(including family doctors and physiotherapists) are well informed on the recent 
findings and new applications regarding the treatment of a cartilage defect and/or 
OA that follows. This is not only paramount in the clinic, but also transmural and 
inter-specialist collaborations are needed. Although this might lead to competition, 
some competitive forces are necessary to feel rewarded, rather than only treating a 
patient.   

7

168085 Haartmans BNW.indd   189168085 Haartmans BNW.indd   189 05-01-2024   12:0505-01-2024   12:05



Chapter 7 

190 

TTrreeaattmmeenntt  ssttrraatteeggiieess  ffoorr  ccaarrttiillaaggee  rreeppaaiirr  aanndd  OOAA  

Before surgical intervention, the first lines of treatment for OA focuses on exercise, 
diet, the use of braces, and/or medication (e.g. NSAIDs). In CChhaapptteerr  33, the anti-
inflammatory and chondroprotective effect of one of these NSAIDs, celecoxib, has 
been investigated. Implementation in the clinic of the results described on the use 
of celecoxib as single intra-articular bolus injection, would potentially inhibit or 
reverse OA development and avoid the known adverse events linked to oral 
administration. NSAIDs such as celecoxib are already used in the first lines of 
treatment for OA to inhibit the inflammatory response in OA. It has been shown in 
CChhaapptteerr  33 that celecoxib reduces the inflammatory profile, which is present in OA 
patients, in a cartilage explant culture via the COX-2 signaling pathway. In vivo, it was 
shown that celecoxib acts chondroprotective, inhibiting OA development. This 
experiment was conducted in mice. The chondroprotective effect of celecoxib found 
in tthhiiss  TThheessiiss could be further explored in larger animal models such as equine, or 
possibly even using organ-on-a-chip set-ups taking into account the physiology of 
the tissue, to represent better the human situation. It is important that dose, time 
of application after OA development, OA state, and frequency of administration are 
taken into consideration before applying this method in the clinic.  

The step towards clinical implementation should not be too complicated as celecoxib 
has already been used for the treatment of OA symptoms in patients. A limitation of 
this newly explored therapy using intra-articular injections of celecoxib for OA to 
treat not only inflammation, but also prevent cartilage from degrading, would be 
that it is a more invasive way of administration. The positive results we acquired 
from the animal model after a single bolus injection in CChhaapptteerr  33 might not reflect 
the clinical and/or pharmacological legislation for intra-articular joint injections. The 
difficulty with animal studies like this is that there is no consensus on which OA 
animal model represents which human OA phenotype best. In addition, celecoxib is 
a lipophilic drug with low pH, potentially harmful with poor pharmacokinetics in the 
joint. Another option would be the use of a drug-delivery system such as 
nanoparticles for controlled drug delivery and release, and to target a specific area 
or cell type378-380. However, if an intra-articular injection of celecoxib overcomes the 
adverse effects of oral administration, it would be of great importance to explore its 
intra-articular use for future clinical purpose. Additionally, if this treatment would 
also have a chondroprotective effect in human studies, OA development is inhibited, 
TKA is postponed, and revision surgery is prevented, high health care costs, as well 
as long waiting lists could be avoided.  
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TThhee  aapppplliiccaattiioonn  ooff  MMAALLDDII--MMSSII  aanndd  RREEIIMMSS  iinn  tthhee  cclliinniicc  

In CChhaapptteerr  44  and CChhaapptteerr  55 of tthhiiss  TThheessiiss, the (pre-) clinical application of MALDI-MSI 
was investigated. In CChhaapptteerr  66, the first steps towards clinical implementation of 
REIMS for predictive patient outcome measures were addressed.  

There are still some hurdles to overcome before MALDI-MSI and REIMS can be 
implemented in a clinical setting for cartilage repair and OA. Standardization and 
automating of the different workflows, including sample preparation, laser, and 
detector settings for MALDI-MSI, would contribute to an improvement in 
reproducibility of experiments. In addition, quality control measurements should be 
performed to address performance of the instrument, as well as for the sample 
preparation method used. Experiments utilizing MALDI-MSI are often performed on 
small sample sizes or cohorts with a variety in sample preparation and 
instrumentation methods. Results should therefore be confirmed in validation 
experiments including large cohorts and large sample sizes, ideally acquired in multi-
center studies.  

MS experiments are prone to batch effects, caused by day-to-day differences in 
laboratory environmental factors such as temperature and humidity, affecting 
sample preparation and instrument performance. Laboratory circumstances should 
be taken into account when performing experiments. Variance caused by these 
differences should be addressed during data analysis before drawing conclusions.  

Another subject that needs to be addressed before MALDI-MSI and REIMS can be 
implemented in the clinic is quantification of a specific analyte of interest. In CChhaapptteerr  
55 and CChhaapptteerr  66, it has been acknowledged that intra-tissue heterogeneity is of great 
importance when comparing data sets and searching for biomarkers. Each molecule 
type has a different ion suppression, complicating the quantification of specific 
molecules. If the compound of interest is known, for example in drug assessment, 
quantification is performed utilizing a calibrant, spiked homogenate, or stable 
isotope381-383. In tthhiiss  TThheessiiss, the untargeted analysis of unknown compounds was 
performed, making quantification difficult. Quantification for REIMS is even more 
difficult as detection of molecules is dependent on the smoke aspirated, sample 
volume, intra-tissue heterogeneity, and contamination of the system in time. On the 
contrary, LC-MS/MS, used for proteomic analysis on the IPFP in CChhaapptteerr  66, and on 
medium samples in CChhaapptteerr  33, has already been extensively used in clinic for 
diagnostic purposes, including secretome and proteome analysis.  

In CChhaapptteerr  44,, a sample preparation method for MALDI-MSI on the IPFP was 
described. In CChhaapptteerr  55, this method was applied to the IPFP of a small cohort 
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cartilage repair and OA patients. Whereas this technique has not been applied on 
the IPFP in the search for OA biomarkers, future experiments utilizing MALDI-MSI on 
IPFP gives the opportunity to describe novel biomarkers or therapeutic targets for 
cartilage repair and OA. One of the biggest challenges in biomedical research is the 
implementation of a healthy control group. With the analysis of the lipid profile of a 
larger cohort of healthy, cartilage defect, early OA, and late OA patients would 
provide information on the profile changes throughout the development of disease 
with the incorporation of a healthy control. In addition, the effect of celecoxib on 
the lipid profile, as has been described ex vivo and in vivo in an OA mouse model on 
cartilage in CChhaapptteerr  33, could be analyzed utilizing MALDI-MSI. Using MSI, combined 
with histology, this effect or these changes can be visualized, providing additional 
spatial information. TThhiiss  TThheessiiss only focused on measuring lipids with MALDI-MSI, 
though the analysis of metabolites, proteins, or peptides could be of interest as has 
been reviewed in CChhaapptteerr  22.  

With the information acquired, (joint) pathway analysis can be conducted. Molecular 
pathways that could be of interest for analyzing the pathophysiology of OA, as well 
as potential novel treatment targets. Importantly, for the IPFP, the different steps in 
the MALDI-MSI workflow, including sample handling and matrix application, as well 
as reproducibility of the experiments should be taken into account. In tthhiiss  TThheessiiss, in 
CChhaapptteerr  44, the challenges regarding sample preparation for MALDI-MSI on the IPFP 
were described. Delocalization of molecules has been described as one of the most 
challenging aspects. Currently, MALDI-MSI stays a tool for biomedical research. 
Application of this technique as diagnostic tool in the field of OA is unlikely at this 
moment due to its workload and expertise needed. However, MALDI-MSI is a fast 
MS technique, providing spatial information of the molecules of interest throughout 
a tissue section. Optimized for the tissue type of interest, MALDI-MSI could provide 
supporting molecular information to the pathological analysis. MALDI-MSI was able 
to discriminate cartilage repair patients from OA patients in CChhaapptteerr  55.  

REIMS, as has been described in CChhaapptteerr  66, has most potential to be utilized in a 
clinical setting, possibly for in situ analysis at the operating theater. Although this 
technique is very promising, it needs to be further developed before it can be used 
in the clinic as prognostic or diagnostic tool for cartilage repair or OA. At this 
moment, the development of a biopsy device (for the IPFP), in combination with LC-
MS (proteomics) analysis is most likely the best way to define a patients potential to 
regenerate and predict patient outcome after cartilage repair surgery, or even 
define OA phenotypes. However, more research is needed before this technique can 
be implemented. 
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SSoocciiaall  aanndd  eeccoonnoommiicc  iimmppaacctt  

Understanding the molecular roots of a disease could advance (personalized) 
treatment, improve a patient’s quality of life, and contribute to better (public) health 
care. A biomarker (panel) for cartilage repair patient outcome and early 
osteoarthritis (OA) development would improve accurate diagnosis, surgical 
decision making, and facilitate personalized treatment, inhibiting OA development 
and improving a patient’s quality of life by increasing its ability to move. This will 
eventually lead to a reduction in OA-related comorbidities, a reduction in total knee 
arthroplasty (TKA) revision surgery accompanied with a reduction in surgery-related 
infections, and a reduction in health costs. However, it will take years before these 
benefits are accessible for the patient, as scientific studies need to be converted into 
clinical trials and money needs to be invested to make it applicable for the patient.  

Unlike for example in cardiology, where asymptomatic patients are treated 
according to e.g. blood pressure or blood lipid levels, there is no proper 
measurement control in the diagnosis of pre-, early, or moderate OA. When OA is 
diagnosed early in its development, preventive measures, such as an already used 
anti-inflammatory drug like celecoxib, with a chondroprotective potential, could 
contribute to this delay in OA development. Additional research on the effect of 
celecoxib on the pathways involved in OA development could lead to a better 
understanding of the molecular changes happening in OA and facilitate the 
development of (novel) therapeutic targets and treatments. Potential injection with 
disease modifying OA drugs (DMOADs) in an early phase of the disease is of interest, 
however, the outcome might only be visible on MRI (structural changes), rather than 
improving quality of life by e.g. reducing pain, where pain is often not existing in 
early stages of disease. Therefore, at this moment, the FDA (Food and Drug 
Administration) dictates that (injectable) drugs should act on both pain as well as 
structural changes.  

Early diagnosis of OA would give the opportunity to intervene early in the disease 
development and postpone TKA and revision surgery. MALDI-MSI can give us a 
better understanding of the molecular changes, as well as the molecular 
distributions of OA development. Knowledge on the molecular profiles can be 
applied to point-of-care in situ analysis techniques such as REIMS for the 
development of pattern recognition models for early diagnosis of OA or prediction 
models for cartilage repair. According to the results acquired, a clinician can adjust 
treatment to the patient’s profile, start OA treatment early in its development, and 
possibly prevent OA from developing further. This would lead to a reduction in TKA 
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surgeries, TKA revision surgeries, and health care costs, while improving a patient’s 
quality of life and public health. The biggest risk of losing an implant are stress 
shielding – a reduction in bone density – or  bacterial infection. Especially prosthetic 
joint infections are difficult to treat as patients are often too weak for additional 
surgery and antibiotics alone do not eradicate the infection, leading to bacterial 
resistance. The FDA has acknowledged this problem and pays special attention to 
the majority of joint-preserving treatments.  

In this research, we address the importance of data sharing, as well as the 
importance of collaborations between research institutes and clinical facilities. In the 
field of biomedical research, studies are conducted to find answers to clinical 
questions and improve patient care. The fundamental research conducted 
throughout tthhiiss  TThheessiiss provides us with results, which can lead to a better 
understanding of disease development and pathways involved. Working closely 
together with a university medical center, the lines between fundamental findings 
in the laboratory and its application in the clinic are kept close. Here, the clinic 
provided us with the essential patient samples for the identification of molecular 
pathways involved in the closest human situation available. Knowledge should not 
only be shared between research institute and hospital, but also between research 
institutes. Providing other researchers with information on protocol development, 
application, and data acquirement (even if it is not working) is of great importance 
as usually only small optimization steps (dependent on the tissue type, materials, 
and techniques available) have to be taken prior to utilization. This would eventually 
save time, reduce workload, and experimental costs.  

The biomedical research conducted in tthhiiss  TThheessiiss would not have been possible 
without the financial funding of a variety of instances and companies. Not only have 
we been collaborating between the Laboratory for Experimental Orthopedics, the 
department of Orthopedic Surgery of the MUMC+ (Joint-Preserving clinic), and the 
Maastricht Multimodal molecular imaging institute (M4i), our data has also been 
presented to the instances and companies financially involved. Collaborations 
between research facilities and companies makes it possible to get new 
developments patented, further developed, and produced for clinical 
implementation. In addition, changes in design of the instruments used (e.g. for 
application in the clinic), can be made by the owner company who is invested in a 
type of treatment or a novel method. Whereas companies have the best interest in 
helping the patient, developing new treatment strategies, incurred costs from many 
years of research have to be repaid, bringing potential high health care costs. The 
patient and provider (e.g. the surgeon or hospital) is caught between the incentive 
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of articles showing promising results and patents of products on the other hand. In 
tthhiiss  TThheessiiss we showed that with a close collaboration between the patient (having a 
problem), the surgeon (bringing the question), researchers (providing the research 
and results), funds, and companies (providing money), this gap might be closed. 
However, the risk vs benefit, as well as data vs ownership coming with this type of 
research are still under debate.   

SScciieennttiiffiicc  iimmppaacctt  

Early detection of OA development is of great importance to intervene in its 
progression and outcome by treating the early stages of the disease. Biomarkers 
might contribute to the development of novel therapeutic treatment options. In tthhiiss  
TThheessiiss, we provide further knowledge on the (lipid and protein profile of the) 
infrapatellar fat pad (IPFP) and acknowledge its function as biochemical organ in 
maintaining (healthy) joint homeostasis. Fat pads are present in every joint and are 
highly available and accessible for research or as biopsy target. This in contrast to 
the widely studied synovial fluid, which is not easy to harvest in a healthy, pre-, or 
early OA patient.  

Importantly, we found through our review in CChhaapptteerr  22 that most likely, a 
combination of proteins, lipids, and metabolites would contribute to a biomarker 
profile for OA, rather than one single biomarker. Additionally, we are stressing the 
importance of the use of large patient cohorts for analysis, the use of standardized 
methods, and allocation of acquired information through shared and open 
databases. These statements should be taken into account in future scientific 
research while searching for novel OA biomarkers.  

According to the results on celecoxib described in tthhiiss  TThheessiiss, future studies should 
focus on the use of a single intra-articular bolus injection of celecoxib in bigger 
animal models, such as equine, to make implementation in the human situation 
possible. It is difficult to translate these findings in animal studies to the clinic, as 
there is no consensus on which animal model corresponds to which “theoretical” OA 
phenotype best. These OA phenotypes should then be connected to a treatment 
algorithm, as for example has been described by the Dutch Orthopedic Association 
(NOV) for surgical treatment of (osteo)chondral defects in the knee in 2019. The 
results described in tthhiiss  TThheessiiss on celecoxib were presented during the International 
Cartilage Regeneration and Joint Preservation Society (ICRS) in 2022, where the 
broad impact of this research was acknowledged. Celecoxib is an example of a 
possible disease-modifying drug still under debate, which may benefit from the 
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results in tthhiiss  TThheessiiss,, as our results are not modifying, but thriving the discussion 
towards the benefits of celecoxib as a disease-modifying drug for OA. Our findings 
on potential biomarkers for cartilage repair and OA might contribute to new or 
additional therapeutic targets and possibly identify which patient population might 
benefit from the use of celecoxib in the clinic.  

A variety of methods were optimized for the analysis of the IPFP lipid and protein 
profile in a variety of patients, with a variety of (pre-)OA pathologies. The further 
scientific impact of the results described in tthhiiss  TThheessiiss is based on the methodological 
development of the use of matrix-assisted laser desorption/ionization mass 
spectrometry imaging (MALDI-MSI) on the IPFP of OA and cartilage defect patients. 
Additionally, the differences in lipid profiles between OA and cartilage repair 
patients were described. Furthermore, a considerable step towards clinical 
implementation of mass spectrometry (MS) as a potential point-of-care technique 
in the form of rapid evaporative ionization MS (REIMS) was made by analyzing 
differences in lipid profiles of OA and cartilage defect patients, as well as differences 
in lipid profiles in a cartilage defect patient cohort for prediction profiling. 
Proteomics analysis on this same patient cohort was performed to get a better 
insight in the changes occurring in the IPFP of patients after a cartilage defect, as 
well as after surgery.  

The sample preparation and MALDI-MSI analysis to measure lipid profiles in the IPFP 
of patients with OA or a cartilage defect has not been described before. This method 
allows for the sectioning of fresh-frozen IPFP and application of matrix with limited 
delocalization of molecules. The results contributing to this future publication have 
been presented during the European Orthopedic Research Society (EORS) in 2019 
and 2020, as well as during the Mass Spectrometry School in Biotechnology and 
Medicine (MSBM) Summer School in 2019, and the LipidMaps Spring School and 
Tissue Engineering and Regenerative Medicine International Society (TERMIS) in 
2021. By presenting our results at a variety of conferences in a variety of cities with 
a variety of researchers, we were able to share and discuss our knowledge on the 
current status of biomarkers in cartilage repair and OA. It is of great importance to 
share knowledge in an honest and public way to, in the end, provide the patient with 
the best care possible.  

The method for MALDI-MSI on the IPFP has a multipurpose application, as it can be 
used as basis for the development of sample preparation and MALDI-MSI protocols 
on other fatty tissue such as abdominal fat or breast tissue. Among other 
applications, the use of MALDI-MSI on the IPFP has the potential to identify possible 
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biomarkers for cartilage regeneration, prediction models, OA development, or OA 
phenotyping.  The IPFP is a type of tissue which is easy accessible and usually 
removed as waste material during cartilage repair surgery or TKA. This makes the 
IPFP a promising tissue type for biomarker discovery. In addition, the IPFP might be 
easily biopsied during out-patient clinic visits prior to surgery, as the risk at infection 
or other complications is relatively low. Pre-clinically, the MALDI-MSI analysis on the 
IPFP might contribute to a broader knowledge and better molecular understanding 
of the development of OA, as well as the effect of cartilage repair surgery on patient 
outcome.  

While we slightly addressed the use of MS in the clinical setting, utilizing REIMS on 
the IPFP for diagnostic or prognostic purposes, this field of research needs 
optimization in future experiments. REIMS is a highly potential tool which can be 
used in situ in a variety of surgical applications such as cancer or cartilage repair 
surgery. When connected to a diathermic knife, as is already been used in the 
surgical theater for electrocautery cutting, no big alterations have to be made for 
implementation in the clinical setting. TThhiiss  TThheessiiss describes the first application of 
the use of REIMS, connected to a diathermic knife, on the IPFP of OA and cartilage 
defect patients. The preliminary results have been presented at TERMIS 2020 and 
the European Society of Tissue Regeneration in Orthopedics and Traumatology 
(ESTROT) in 2022. Furthermore, the results are planned to be presented at the 
European Society for Biomaterials (ESB) in 2023. In (pre)clinical setting and future 
biomedical research, REIMS is used to study the molecular profiles in a variety of 
tissues and a variety of disease pathologies, allowing it to be used in a wide range of 
applications. Utilizing this technique on the IPFP of OA and cartilage defect patients 
can improve the understanding of impaired molecular pathways and pathologies. 
The data acquired could be used to construct accurate pattern recognition and 
prediction models to, for example, identify different molecular OA phenotypes, or 
predict patient outcome after cartilage repair surgery to improve surgical decision 
making and possibly contribute to the development of (novel) personal treatment 
strategies.  

Not only can REIMS be used on the IPFP, with the right optimization, it can be used 
on many other tissue types, using less destructive techniques such as laser-assisted 
REIMS on cartilage384. Moreover, REIMS can be applied in the food industry to, for 
example, study food quality and safety, or for the identification of specific types of 
species in flora and fauna, or accompanying (resistance to) parasites, bacteria, and 
fungi. Its application is unlimited, as long as ablation of the tissue and the ionization 
of molecules is possible with REIMS. 
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SSuummmmaarryy  

Osteoarthritis (OA) is not only affecting the elderly population, but also more and 
more affecting the younger population, causing not only disability, but also co-
existing conditions such as heart disease, diabetes, or mental health problems. Its 
incidence is expected to increase due to an ageing population, an increase in obesity, 
and an increase in sport injuries. A variety of intra-articular tissues, including the 
infrapatellar fat pad (IPFP), contributes to a healthy joint homeostasis. The IPFP is an 
important inflammatory mediator in the knee joint and has been associated to knee 
pain after injury, as well as progression of knee OA. A disturbed joint homeostasis 
due to e.g. injury or an inflammatory event can cause OA in this joint. OA is 
characterized by a progressive loss of cartilage and has a negative impact on a 
patient’s quality of life. OA is usually diagnosed in late stage of the disease.  

At this moment, there is no specific biomarker for early diagnosis of OA, OA 
progression, or prognosis after cartilage repair surgery. Most studies focus on 
biomarkers in cartilage, synovium, or synovial fluid. However in tthhiiss  TThheessiiss, the 
potential of the IPFP as biomarker discovery was addressed. In addition, in CChhaapptteerr  
22, it was discussed that, rather than one specific biomarker, a group of molecules 
(including lipids, proteins, and metabolites) would provide us with a biomarker panel 
that gives better insight in OA development and potential therapeutic targets. The 
use of untargeted mass spectrometry (MS) techniques could contribute to gaining 
more knowledge on the molecular understanding of OA. Early detection and 
treatment of OA are of great importance. Life-style changes, as well as joint-
preserving surgeries have been shown to slow down, stop, or reverse OA 
development. As soon as a patient suffers from end-stage OA, the only treatment 
option available is total knee arthroplasty (TKA). Whereas this treatment has a 
limited lifespan, postponing OA progression and TKA in patients is of great 
importance.  

The first line of treatment options for OA include exercise and dietary changes, as 
well as the use of non-steroidal anti-inflammatory drugs (NSAIDs) to treat 
symptoms. One of these NSAIDs is celecoxib, a selective cyclooxygenase-2 (COX-2) 
inhibitor. In CChhaapptteerr  33, the anti-inflammatory and chondroprotective effect of 
celecoxib were studied in a human cartilage explant culture, as well as an OA animal 
model by ways of intra-articular single bolus administration. Celecoxib reduced the 
secretion of pro-inflammatory prostaglandins, as well as proteins, and altered gene 
expression in human articular cartilage explants. In vivo, in a rat OA model, celecoxib 
acted chondroprotective after a single intra-articular bolus injection.  
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To investigate the potential of the IPFP in the search for biomarkers for OA, in 
CChhaapptteerr  44, a method for the analysis of lipids in the IPFP using matrix-assisted laser 
desorption/ionization mass spectrometry imaging (MALDI-MSI) was optimized. The 
biggest challenge lays within the sample preparation. The IPFP is an adipose-like 
tissue and is therefore prone to melt. Melting tissue during various steps of the 
sample preparation, including cryosectioning, transportation, or matrix application 
would cause delocalization of molecules. To prevent this from happening and to 
keep the IPFPs spatial molecule information, cryosections were made at very low 
temperatures. Thaw mounting and refreezing were performed at very fast rates and 
transportation was always performed using silica gel carrier boxes. The main 
different tissue types within the IPFP explant (adipose tissue, connective tissue, and 
synovium) could be identified with MALDI-MSI. Subsequently in CChhaapptteerr  55, this 
method was applied to visualize the differences in lipid profiles in the IPFP of OA and 
cartilage defect patients. Different lipid profiles were identified for OA and cartilage 
defect patients. In addition, the IPFPs intra-tissue heterogeneity was acknowledged, 
as it might be associated to patient phenotypes. Arachidonic acid-containing, ether-
linked phosphatidylethanolamines (PE-O-s) in the connective tissue of the IPFP were 
suggested specific for OA.  

In CChhaapptteerr  66,, we worked towards a point-of-care device for diagnosis of OA, as well 
as prediction of OA development after a cartilage defect. Rapid evaporative 
ionization mass spectrometry (REIMS) was used to visualize the lipid profiles of OA, 
as well as a variety of cartilage defect patients. REIMS was only able to correctly 
classify cuts made in the IPFP of patients with an age above 35 or below 35 years 
(65%). Further, as has been shown previously in CChhaapptteerr  44 and CChhaapptteerr  55, the IPFPs 
intra-tissue heterogeneity was of importance. Cuts made in either adipose tissue or 
connective tissue could be correctly classified with a rate of 90%. Taking into account 
this intra-tissue heterogeneity while looking at clinical outcome after surgery, the 
highest correct classifications were acquired with post-operative knee injury and 
osteoarthritis outcome score (KOOS) for adipose tissue (70%) and connective tissue 
(73%), as well as for post-operative visual analogue scale (VAS) scores for connective 
tissue (73%). According to these results, it is not likely that REIMS will be used as 
method to develop clinical prediction models for cartilage repair surgery. More 
research and optimization of the technique is necessary to identify the small changes 
occurring in the IPFP after a cartilage defect.  

Proteomic results in CChhaapptteerr  66 suggest that there is an interaction between the IPFP 
and cartilage as a variety of cartilage proteins related to cartilage degradation or OA 
were measured in the IPFP. The IPFP could therefore been seen as promising tissue 
source for (OA) biomarker discovery. Future studies however, should take into 
account the IPFP’s intra-tissue heterogeneity when drawing conclusions. 

9
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NNeeddeerrllaannddssee  ssaammeennvvaattttiinngg  

Artrose treft niet alleen de oudere bevolking, maar treft ook steeds meer de jongere 
bevolking. Het veroorzaakt niet alleen handicaps, maar ook bestaande 
aandoeningen zoals hartaandoeningen, diabetes of psychische problemen. De 
incidentie zal naar verwachting toenemen als gevolg van een vergrijzende bevolking, 
een toename van obesitas en een toename van sportblessures. Een verscheidenheid 
aan intra-articulaire weefsels, waaronder het infrapatellaire vetkussentje, draagt bij 
aan een gezonde gewrichtshomeostase. Het infrapatellaire vetkussentje is een 
belangrijke ontstekingsmediator in het kniegewricht en wordt in verband gebracht 
met kniepijn na een blessure, evenals progressie van knieartrose. Een verstoorde 
gewrichtshomeostase door b.v. letsel of een ontstekingsgebeurtenis kan artrose in 
dit gewricht veroorzaken. Artrose wordt gekenmerkt door een progressief verlies 
van kraakbeen en heeft een negatieve invloed op de kwaliteit van leven van een 
patiënt. Artrose wordt meestal gediagnosticeerd in een laat stadium van de ziekte. 
 
Op dit moment is er geen specifieke biomarker voor vroege diagnose van artrose, 
artrose-progressie of prognose na kraakbeenherstelchirurgie. De meeste 
onderzoeken richten zich op biomarkers in kraakbeen, synovia of synoviaal vocht. In 
dit proefschrift werd echter aandacht besteed aan het potentieel van het 
infrapatellaire vetkussentje voor de ontdekking van biomarkers. Bovendien werd in 
HHooooffddssttuukk  22 besproken dat, in plaats van één specifieke biomarker, een groep 
moleculen (waaronder lipiden, eiwitten en metabolieten) ons een biomarkerpaneel 
zou opleveren dat een beter inzicht geeft in de ontwikkeling van artrose en 
potentiële therapeutische doelen. Het gebruik van ongerichte massaspectrometrie 
(MS)-technieken zou kunnen bijdragen aan het verkrijgen van meer kennis over het 
moleculaire begrip van artrose. Vroege opsporing en behandeling van artrose zijn 
van groot belang. Het is aangetoond dat veranderingen in levensstijl, evenals 
operaties die de gewrichten beschermen, de ontwikkeling van artrose vertragen, 
stoppen of omkeren. Zodra een patiënt lijdt aan artrose in het eindstadium, is de 
enige beschikbare behandelingsoptie een totale knieartroplastiek. Waar deze 
behandeling een beperkte levensduur heeft, is het uitstellen van artrose-progressie 
en totale knieartroplastiek bij patiënten van groot belang. 
 
De eerste lijn van behandelingsopties voor artrose omvat lichaamsbeweging en 
dieetveranderingen, evenals het gebruik van niet-steroïde anti-inflammatoire 
geneesmiddelen (NSAIDs) om symptomen te behandelen. Een van deze NSAIDs is 
celecoxib, een selectieve cyclo-oxygenase-2 (COX-2)-remmer. In HHooooffddssttuukk  33 
werden het ontstekingsremmende en chondroprotectieve effect van celecoxib 
bestudeerd in een menselijke kraakbeenexplantcultuur, evenals in een diermodel 
voor artrose door middel van intra-articulaire enkelvoudige bolustoediening. 
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Celecoxib verminderde de secretie van pro-inflammatoire prostaglandinen, evenals 
eiwitten, en veranderde genexpressie in explantaten van menselijk 
gewrichtskraakbeen. In vivo, in een artrosse-model bij ratten, werkte celecoxib 
chondroprotectief na een enkele intra-articulaire bolusinjectie. 
 
Om het potentieel van het infrapatellaire vetkussentje in de zoektocht naar 
biomarkers voor artrose te onderzoeken, werd in HHooooffddssttuukk  44 een methode voor de 
analyse van lipiden in het infrapatellaire vetkussentje met behulp van matrix-
geassisteerde laserdesorptie/ionisatie massaspectrometrie-beeldvorming (MALDI-
MSI) geoptimaliseerd. De grootste uitdaging ligt bij de sample voorbereiding. Het 
infrapatellaire vetkussentje is een vetachtig weefsel en is daarom vatbaar voor 
smelten. Het smelten van weefsel tijdens verschillende stappen van de 
monstervoorbereiding, inclusief cryosectie, transport of matrixtoepassing, zou 
delokalisatie van moleculen veroorzaken. Om dit te voorkomen en om de ruimtelijke 
molecuulinformatie van het infrapatellaire vetkussentje te behouden, werden 
cryosecties gemaakt bij zeer lage temperaturen. Het ontdooien en opnieuw 
invriezen gebeurde met zeer hoge snelheden en het transport gebeurde altijd met 
behulp van draagdozen met silicagel. De belangrijkste verschillende weefseltypen 
binnen het vetkussentje-explantaat (vetweefsel, bindweefsel en synovium) konden 
worden geïdentificeerd met MALDI-MSI. Vervolgens werd deze methode in 
HHooooffddssttuukk  55 toegepast om de verschillen in lipidenprofielen in het infrapatellaire 
vetkussentje van patiënten met artrose en kraakbeendefecten te visualiseren. Er 
werden verschillende lipidenprofielen geïdentificeerd voor patiënten met artrose en 
kraakbeendefecten. Bovendien werd de intra-weefselheterogeniteit van het 
infrapatellaire vetkussentje erkend, omdat deze mogelijk verband houdt met 
patiëntfenotypes. Arachidonzuur-bevattende, ether-gekoppelde 
fosfatidylethanolamines (PE-O-s) in het bindweefsel van het infrapatellaire 
vetkussentje werden voorgesteld als specifiek voor artrose. 
 
In HHooooffddssttuukk  66 hebben we gewerkt aan een point-of-care-apparaat voor de diagnose 
van artrose en voor het voorspellen van de ontwikkeling van artrose na een 
kraakbeendefect. Snelle verdamping-ionisatie-massaspectrometrie (REIMS) werd 
gebruikt om de lipidenprofielen van artrose te visualiseren, evenals een 
verscheidenheid aan patiënten met kraakbeendefecten. REIMS was alleen in staat 
om de sneden in het infrapatellaire vetkussentje van patiënten met een leeftijd 
boven de 35 of onder de 35 jaar (65%) correct te classificeren. Verder, zoals eerder 
is aangetoond in HHooooffddssttuukk  44 en HHooooffddssttuukk  55, was de intra-weefselheterogeniteit 
van het infrapatellaire vetkussentje van belang. Sneden gemaakt in vetweefsel of 
bindweefsel konden correct worden geclassificeerd met een percentage van 90%. 
Rekening houdend met deze heterogeniteit binnen het weefsel, terwijl gekeken 
werd naar de klinische uitkomst na een operatie, werden de hoogste correcte 
classificaties verkregen met postoperatieve knieblessure en osteoartritis 

9
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uitkomstscore (KOOS) voor vetweefsel (70%) en bindweefsel (73%), evenals voor 
postoperatieve visuele analoge schaal (VAS) scores voor bindweefsel (73%). Volgens 
deze resultaten is het niet waarschijnlijk dat REIMS zal worden gebruikt als methode 
om klinische voorspellingsmodellen voor kraakbeenhersteloperaties te ontwikkelen.  
 
Meer onderzoek en optimalisatie van de techniek is nodig om de kleine 
veranderingen in het infrapatellaire vetkussentje na een kraakbeendefect te 
identificeren. Eiwit-resultaten in HHooooffddssttuukk  66 suggereren dat er een interactie is 
tussen het infrapatellaire vetkussentje en kraakbeen, aangezien een 
verscheidenheid aan kraakbeeneiwitten die gerelateerd zijn aan kraakbeenafbraak 
of artrose werden gemeten. Het infrapatellaire vetkussentje kan daarom worden 
gezien als een veelbelovende weefselbron voor de ontdekking van (artrose) 
biomarkers. Toekomstige studies zouden echter bij het trekken van conclusies 
rekening moeten houden met de intra-weefselheterogeniteit van het infrapatellaire 
vetkussentje.
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LLiisstt  ooff  aabbbbrreevviiaattiioonnss  

1 H NMR 1 H nuclear magnetic resonance 
2D-DIGE-MS Two-dimensional difference gel electrophoresis mass spectrometry  
2DE  Two-dimensional gel electrophoresis 
ABC  Ammonium bicarbonate 
ABI3BP  Target of Nesh-SH3 
ACAN  Aggrecan 
ACL  Anterior cruciate ligament 
ACLT/pMMx  Anterior cruciate ligament and partial medial meniscectomy  
ACN  Acetonitrile  
ACT  Articular chondrocyte transplantation 
ACTBL  Beta-actin-like protein  
ADAMTS  A disintegrin and metalloproteinase with thrombospondin motifs 
ADL  Activities of daily living 
AIF  Allograft inflammatory factor  
APCI  Atmospheric pressure chemical ionization 
APO  Apolipoprotein 
APPI  Atmospheric pressure photoionization 
ARRIVE  Animal research reporting of in vivo experiments  
BMI  Body mass index 
B/W  Between/within 
CA  Carbonic anhydrase 
CD  Hematopoietic progenitor cell antigen  
CI  Collision induced  
CID  Collision-induced dissociation 
CILP  Cartilage intermediate layer protein 
COL  Collagen 
COMP  Cartilage oligomeric matrix protein 
COX  Cyclooxygenase 
COPE  Coatomer subunit epsiloon 
CytC  Cytochrome C 
DDA  Data-dependent acquisition 
DEC  Animal ethics committee 
DEFA  Neutrofil defensin  
DF  Discriminant function 
DMEM  Dulbecco’s modified Eagle’s medium 
DMOAD  Disease modifying osteoarthritis drug 
DMSO  Dimethyl sulfoxide  
DOC  Deoxycholate 
DTT  Dithiothreitol 
ECM  Extracellular matrix 
EDTA  Ethylenediaminetetraacetic acid  
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EI  Electron ionization  
ELISA  Enzyme-linked immunosorbent assay 
eOA  Early osteoarthritis 
EORS  European orthopedic research society 
EPHX  Epoxide hydrolase 
ESB  European society for biomaterials 
ESI  Electrospray ionization  
EsSKOA  Early-stage Symptomatic Knee Osteoarthritis 
ESTROT  European society of tissue regeneration in orthopedics and traumatology 
lOA  Late osteoarthritis  
FA  Formic acid 
FAB  Fatty acid-binding protein 
FAS  Fatty acid synthase 
FDA  Food and drug administration 
FDR  False discovery rate  
FFPE  Formalin-fixed and paraffin embedded 
GAG  Glycosaminoglycan 
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase 
GC-MS  Gas chromatography 
GFRP  GTP cyclohydrolase 1 feedback regulatory protein 
GILT  Gamma-interferon-inducible lysosomal thiol reductase 
H&E  Hematoxylin and eosin  
HB  Hemoglobin  
HCD  Higher-energy collisional dissociation 
HCLS  Hematopoietic lineage cell-specific protein 
HFP   Hoffa’s fat pad  
HP  Haptoglobin 
HPLC   High performance liquid chromatography 
HTA  Health technology assessment 
IAM  Iodoacetamide  
ICRS  International cartilage regeneration and joint preservation society 
IPFP  Infrapatellar fat pad 
IQR  Inter quartile range 
IRS  Insulin receptor substrate 
ITO  Indium tin oxide 
ITS  Insulin-transferrin-selenite  
KL  Kellgren-Lawrence 
KOOS  Knee injury and osteoarthritis outcome score 
LC-MS  Liquid chromatography mass spectrometry  
LC-MS/MS Liquid chromatography tandem mass spectrometry  
LDA  Linear discriminant analysis  
Leu-Enk  Leucine-Encephalin   
LMD  Laser microdissection 
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LOX  Protein-lysine 6-oxidase 
MAGP  Microfibril-associated glycoprotein 
MALDI  Matrix-assisted laser desorption/ionization 
MBP  Myelin basic protein 
MCID  Minimal clinically important difference 
MEC  Medical ethics committee  
METC  Medical ethics testing committee 
MGST  Microsomal glutathione S-transferase 
MMP  Matrix metalloproteinase 
MPS1  40S ribosomal protein S27 
MRI  Magnetic resonance imaging 
MS  Mass spectrometry  
MS1  Mass spectrometry  
MS/MS  Tandem mass spectrometry 
MS2  Tandem mass spectrometry  
MSBM  Mass spectrometry school in biotechnology and medicine 
m/z  Mass-to-charge ratio 
MSI  Mass spectrometry imaging 
MUMC+  Maastricht university medical center + 
NCE  Normalized collision energy 
NDPKA  Nucleoside diphosphate kinase  
NOL  Nucleolar protein 
NOV  Dutch orthopedic association 
NS  Not stated 
NSAID  Non-steroidal anti-inflammatory drug 
OA   Osteoarthritis 
OARSI  Osteoarthritis research society international 
OPLS-DA  Orthogonal partial least squares discriminant analysis  
P36269  Glutathione hydrolase 5 proenzyme  
PA  Phosphatidic acid  
PBP  Platelet basic protein 
PBS  Phosphate buffered saline 
PC  Principal component  
PCA  Principal component analysis 
PD  Proteome discoverer 
PE  Phosphatidylethanolamine 
PEN  Polyethylene naphthalate  
PE O-  Ether-linked phosphatidylethanolamine  
PG  Prostaglandin 
PI  Phosphatidylinositol 
PICALM  Phosphatidylinositol-binding clathrin assembly protein 
PPIA  Peptidylprolyl isomerase A 
PPS  Polyphenylene sulfide 

168085 Haartmans BNW.indd   208168085 Haartmans BNW.indd   208 05-01-2024   12:0505-01-2024   12:05



List of abbreviations 

209 

PRG  Proteoglycan 
PRISMA  Preferred reporting items for systematic reviews and meta-analysis 
PROM  Patient reported outcome measure 
PS  Phosphatidylserine 
PTOA  Post-traumatic osteoarthritis 
QOL  Quality of life 
Q-TOF  Quadrupole time-of-flight 
REIMS  Rapid evaporative ionization mass spectrometry 
RHOC  Rho-related GTP-binding protein 
ROI  Region of interest 
RP-LC-MS Reversed phase liquid chromatography mass spectrometry 
rRNA  Ribosomal RNA 
RT-qPCR  Quantitative real-time polymerase chain reaction 
SA  Serum amyloid 
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis  
SIMS  Secondary ion mass spectrometry 
SM  Sphingomyelin 
SMOC  SPARC-related modular calcium-binding protein 
SOP  Standard operating procedure 
SPARC  Secreted protein acidic and rich in cysteine 
SWATH-MS SWATH mass spectrometry  
T2DM  Type 2 diabetes mellitus 
TCA  Trichloroacetic acid 
TERMIS  Tissue engineering and regenerative medicine international society 
TIMP  Tissue inhibitor of metalloproteinase 
TKA  Total knee arthroplasty 
TNX  Tenascin-X 
TOF  Time-of-flight 
TUB  Tubulin 
TX  Thromboxane 
UHPLC  Ultra high performance liquid chromatography 
ULC/MS  Ultra liquid chromatography/mass spectrometry 
ULF  Ultra-low temperature freezer 
VAS  Visual analogue scale 
VW  Von Willebrand  
WMO  Wet medisch-wetenschappelijk onderzoek 
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steeds weer op de been houden.  

 

Mirella  

A
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on January 24, 1995. In 2013, she graduated from pre-
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Heerlen) with a combined profile Nature & Technique 
and Nature & Health. She started a Bachelor in 
Biomedical Sciences (Biological Healthy Sciences) at 
Maastricht University and performed an internship on 
platelet function tests at CARIM, School for 
Cardiovascular Diseases and the Laboratory for Central Diagnostics at Maastricht 
University and Maastricht University Medical Center under the supervision of Dr. 
Minka Vries and Prof. Dr. Ir. Yvonne Henskens.   

From 2016 to 2018, Mirella attended the Master in Biomedical Sciences at the 
Transnational University Limburg (collaboration between Maastricht University and 
Hasselt University) with a specialization in Clinical Molecular Sciences. For her junior 
practical internship, she investigated skeletal development in immature mice at the 
department of Orthopedic Surgery, Maastricht University, under the supervision of 
Dr. Marjolein Caron and Prof. Dr. Tim Welting. Finally, for her senior practical 
internship, Mirella studied the angiogenic potential of human umbilical vein 
endothelial cells by investigating direct and indirect interactions with bone 
regenerative cells in 2D and 3D. This research was performed at the Orthopaedic 
Biomechanics Group of the department of Biomedical Engineering at Eindhoven, 
University of Technology, under the supervision of Dr. Nicole van Gestel, Dr. Sandra 
Hofmann, Dr. Chris Arts and Prof. Dr. Keita Ito.  

Since September 2018, Mirella worked as a PhD candidate with her promotors Prof. 
Dr. Ron Heeren and her co-promotors Dr. Berta Cillero-Pastor and Dr. Pieter Emans 
on a collaborative project between the Maastricht MultiModal Molecular Imaging 
Institute M4I and the department of Orthopedic Surgery/Laboratory for 
Experimental Orthopedics at Maastricht University. This PhD position was part of the 
William Hunter Revisited project, leaded by Prof. Dr. Marcel Karperien. She searched 
for molecular characteristics and biomarkers for osteochondral defect and 
osteoarthritis patients using multiple mass spectrometry techniques, as part of this 
Thesis. 

From February 2024, Mirella will start working at Philips Healthcare – Imaging 
Guided Therapy through Bright Society.  
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