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Mass spectrometry imaging (MSI) is a technique used to visualize the spatial distribution of biomolecules such as
peptides, proteins, lipids or other organic compounds by their molecular masses. Among the different MSI strat-
egies, MALDI-MSI provides a sensitive and label-free approach for imaging of a wide variety of protein or peptide
biomarkers from the surface of tissue sections, being currently used in an increasing number of biomedical appli-
cations such as biomarker discovery and tissue classification. In the field of rheumatology, MALDI-MSI has been
applied to date for the analysis of joint tissues such as synovial membrane or cartilage. This review summarizes
the studies and key achievements obtained using MALDI-MSI to increase understanding on rheumatic patholo-
gies and to describe potential diagnostic or prognostic biomarkers of these diseases. This article is part of a Special
Issue entitled: MALDI Imaging, edited by Dr. Corinna Henkel and Prof. Peter Hoffmann.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Mass spectrometry imaging (MSI) is an analytical technique
employed for determining both the relative abundance and the spatial
distribution of biomolecules in tissue sections without using any labeling
or staining [1]. These biomolecules can be lipids, peptides, proteins, me-
tabolites and even elemental ions [2–4]. The main advantage of MSI is
the possibility to study different areas of a tissue section with or without
previous knowledge of the heterogeneity of the sample [5]. Therefore,
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MSI has already shown its usefulness for a number of applications, includ-
ing biomarker discovery, tissue/patient classification or drug monitoring.
Among the different MSI strategies, MALDI-MSI has been used in an in-
creasing number of biomedical applications such as biomarker discovery
and tissue classification. In the present review,we present an overview of
those recent studies carried out in the rheumatology field using MALDI-
MSI. These include analyses of tissues from affected joints, such as osteo-
arthritic cartilage and synovium, meniscal lesions, osteoporotic bone or
synovium from rheumatoid arthritis or haemophilic arthritis patients.
Furthermore, we describe the application of other MSI techniques, such
as secondary ion mass spectrometry (SIMS), for the characterization of
these tissues and also to analyze the early steps of the chondrogenic pro-
cess induced in mesenchymal stem cells.

2. MSI workflow for protein and peptide analysis in joint-derived
samples

MALDI-MSI is amulti-step process involving sample preparation, data
acquisition, processing and visualization. A typical workflow summariz-
ing the general process for the detection of tryptic peptides in cartilage
samples by MALDI-MSI is described in Fig. 1. This workflow requires an
antigen retrieval step following deparaffinization for FFPE samples, in
situ trypsin digestion, matrix application and MSI acquisition. Briefly,
sample surface is treated with a proteolytic enzyme, such as trypsin, in
order to detect proteins above 25 kDa. After digestion, samples are
covered with a suitablematrix solution and introduced in themass spec-
trometer. Then, the tryptic peptides are desorbed from the tissue surface
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Fig. 1. Representative workflow for protein identification in cartilage samples byMALDI-MSI. Cartilage tissue (either snap-frozen or FFPE) is cut in thin slices and collected on conductive
plates. FFPE sections should be previously deparaffinized and antigen retrieved. Then, trypsin solution followed bymatrix solution is usually automatically spotted onto the section. Mass
spectra are acquired from many points of the tissue section and subjected to statistical analysis to select candidates for suitable identification. Bidimensional ion images are finally
reconstructed from the mass spectra, indicating the spatial distribution of the detected tryptic peptides. Target tryptic peptides are then identified by MS/MS. Subsequent to the MALDI
measurement, sections may also be stained for histological analyses.
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using amatrix-assisted laser desorption/ionization (MALDI) source. After
MALDI-MSI analysis, the correspondingmass spectral data is analyzed by
statistical tools in order to select the peptide precursors of interest.
MALDI-MS/MS experiments can be directly performed over the tissue
to obtain sequence information for the tryptic peptides and thereby iden-
tify the original protein. In addition, peptides can be also extracted from
the tissue samples and analyzed by LC-MS/MS for protein identification.
Finally, MSI data can be correlated with different histological areas
using classical staining like hematoxylin and eosin.

2.1. Sample preparation of joint-derived tissues

MSI is commonly performed over fresh frozen tissues. Cartilage, syno-
vialmembrane andmeniscus tissue can be taken from the knee and snap
frozen in liquid nitrogenwithin hours. An alternativemethod is to fix the
samples immediately in formalin after collection and embed in paraffin.
However, formalin-fixed paraffin-embedded (FFPE) tissues require addi-
tional sample preparation steps to reverse protein cross-linking and re-
move paraffin, which is incompatible with MS [6,7]. For fragile or small
tissues, like cellular pellets, it is possible to embed the samples in gelatin
in order to facilitate the cutting process. Methacrylate-based resins are
commonly used as embedding materials for mineralized hard tissues
like bone. All tissues biopsies, organs, or whole organisms should be im-
mediately stabilized after collection to preserve tissue morphology and
avoid spatial delocalization and degradation of the proteins through
endogenous enzymes or oxidation processes. Some specific devices,
which combine heat and pressure, have been developed in order to
stop the degradation activity [8,9]. Sample stabilization step can be per-
formed before or after freezing the samples. Frozen tissues are usually
cut at 10–12 μm, whereas FFPE samples are approximately cut between
3–4 μm [10]. Tissues slides are then mounted onto regular glass slides,
metal targets or metal-coated glass slides (indium tin oxide (ITO)-coated
slides) depending on the mass spectrometer [11,12]. Consecutive tissue
sections can be stained in order to correlate MSI and histology images,
which can be performed either before or after an MSI experiment. If
staining is carried out before MSI measurements, the sections must be
stained with histological stains compatible with MSI, like methylene
blue or cresyl violet [13]. After MSI analysis, sections can be also stained
with hematoxylin and eosin after matrix removal [14,15].

Tissue samples can be then washed to remove ionization-
suppressing small molecules, salts or lipids in order to increase the effi-
ciency of the enzymatic digestion and the detection of the tryptic pep-
tides [16]. The most commonly employed washing protocol involves
ethyl alcohol washes at different percentages [7,17]. Other solvents
such as acetic acid, chloroform or toluene have been successfully ap-
plied to eliminate salts and lipids in frozen tissues. Snap frozen cartilage
and synovial membrane are usually rinsed in 100% ethyl alcohol for 30 s
and 2 min in 70% ethyl alcohol. A final washing step in chloroform for
30 s is optional [18–20]. For FFPE tissues, deparaffination is a crucial
step that involves washing the samples in toluene or xylene and then
rehydrating in a graded ethanol series before drying at room tempera-
ture [6,7]. FFPE synovial tissues are largely deparaffined in xylene
(100% twice for 3 min), and then rehydrated with successive washes
in 95% and 70% ethyl alcohol for 1 min each [21]. Protein cross-linking
induced by formalin fixation can be reduced using either enzymatic or
heat-mediated processes [22,23]. The most common protocol uses a
heating step because it denatures the proteins allowing amore efficient
proteolysis. In addition, recent methods have incorporated the use of
high temperature citric acid buffering to allow partial reversal of FFPE
protein cross-linking [24]. Antigen-retrieval of FFPE synovialmembrane
can be performed incubating the slides in Tris-HCl buffer at pH 9.0, at
95 °C for 20min. All these washing steps can be performed using differ-
entmethods. The use of a beaker and pipetting are the two frequent sol-
vent applicationmethods used for FFPE samples. A recent alternative to
this standard washing that is applicable to frozen delicate tissues uses
paper blotting of sample. This procedure uses solvent wetted fiber-
free paper to enable local washing of tissue sections for MALDI-MSI
and tissue profiling experiments [25]. In recent years, the processes of
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deparaffinization and antigen retrieval for MALDI-MSI analysis of FFPE
tissues have been optimized [26–29]. These protocols suggest that sam-
ples should be heated for 1 h at 60 °C and directly transferred into xy-
lene solution (100%, twice for 2–5 min), ethanol (70%, twice 2–3 min)
and HPLC grade H2O or NH4HCO3 buffer (10 mM, twice for 3 min) for
deparaffinization. Heat-induced antigen retrieval in the presence of
citric acid solution (98 °C, 30min) has been proposed as the best option.
After antigen retrieval step, samples should be cooled down in
NH4HCO3 buffer (10mM, twice for 1min) to optimize the pH for the fol-
lowing on-tissue digestion. Apart from this optimized protocol, alterna-
tive methods have been found suitable for both lipids and peptide
imaging. For instance, it has been described that tissue samples fixed
with formalin and processed without the paraffin embedding step pro-
vide results of protein/peptide imaging comparable to those obtained
for classical FFPE and fresh-frozen samples [27].

The next step of sample preparation in a MALDI-MSI experiment
(as shown in Fig. 1) is the application of the proteolytic enzyme on
the tissue or region of interest (ROI). The digestion of the tissue pro-
duces characteristic peptides that will allow us to locate and identify
the corresponding proteins. Different parameters, including the
buffer used, the concentration of the enzyme or the time and tem-
perature of incubation must be optimized according to the analyzed
sample. Among the different enzymes, trypsin is the most commonly
employed enzyme in the imaging field. Several detergents, such as
octylglucoside, or surfactants, like RapiGest (Waters), can be added
before trypsin application to improve the efficiency of trypsin activ-
ity and thereby enhance the detection and identification of proteins
[30]. Joint-derived tissues digestion is usually performed at temper-
atures ranging from RT to 37 °C for an incubation period of 1.5 h until
several hours (e.g. overnight) depending on the research tissue and
protocol used. For instance, cartilage samples are mainly incubated
overnight at 37 °C with 50 ng/μl trypsin solution. The slides should
be kept in a wet atmosphere in order to avoid the dehydration of
the enzyme/tissue. Other enzymes like chymotrypsin, elastase, pep-
sin or PNGase F have been used in MALDI-MSI either alone or in com-
bination with trypsin [31–33]. After digestion, samples are then
covered with a matrix solution. Matrices are in general small organic
compounds whose function is to promote the ionization of the mol-
ecules. Matrix deposition, as well as enzyme application, can be per-
formed through spraying or spotting methods. Several different
types of matrices are used for MALDI-MSI, which are usually deter-
mined by the type of molecules that are to be investigated. The
most used matrix for peptide detection in joint derived tissues is
α-cyano-4-hydroxycinnamic acid (CHCA) at 7–10 mg/ml and dis-
solved in different organic solvents like acetonitrile (ACN), ethanol
or methanol with trifluoroacetic acid (TFA) (0.1 to 0.5%). 2,5-
dihydroxybenzoic acid (DHB) has been also reported as a useful ma-
trix for peptide identification in the mouse brain [34,35]. Sinapinic
acid (3,5-dimethoxy-4-hydroxycinnamic acid, SA) is a matrix com-
monly used to map the spatial distribution of peptides and high
Mw proteins [11,36,37]. Location of several proteins in the synovial
sublining and lining layer has been easily achieved using SA at
20 mg/ml and dissolved in 1:1 ACN/0.2% TFA [38]. In addition, pro-
tein spatial distributions of prostate cancer tissue and skin have
been recently obtained by MALDI-MSI employing SA as matrix [31,
39]. Several other matrices, such as aniline or 2,4
dinitrophenylhydrazine (2,4-DNPH) are also a good option for pro-
tein identification. It has been shown that the combination of 2,4-
DNPH and CHCA is ideal for peptide extraction above 5000 kDa.
Moreover, in FFPE samples, adducts corresponding to the formalin
fixation are suppressed with this matrix [40].

2.2. Data acquisition

After sample preparation, the tissue sections are introduced in the
mass spectrometer to perform the MS analysis. Firstly, the molecules
within the tissue need to be ionized using aMALDI source. The ions gen-
erated by these approaches are then detected by their mass to charge
ratio (m/z) in a mass analyzer, leading to a mass spectrum that shows
the intensity of each detected ion. MALDI is often used for the analysis
and detection of a wide range of molecular classes, mainly proteins
and peptides, as well as small molecules such as lipids or metabolites
[14]. Several matrices have been developed and optimized to analyze
a wide variety of molecules by MALDI [41,42], although their use pre-
sents some limitations as they can interfere with the molecules from
the sample and limit the resolution to the size of their crystals, which
is typically many tens of microns. Table 1 shows an overview of those
matrices that have been employed in this type of assays.

2.3. Data processing and visualization

MSI produces large data sets that contain a huge amount of informa-
tion. The data are typically subjected to preprocessing steps prior to data
analysis and ion image generation. The purpose of preprocessing is to
remove artefacts introduced during the data acquisition, to make spec-
tra comparable to one another and to improve the efficacy of peak de-
tection [50]. The common preprocessing methods applied in MS are
smoothing, baseline correction, realignment of them/z scale, peak selec-
tion andmatching, and normalization [51]. Normalization processes are
performed in order to solve inherent limitations of theMALDI technique
and sample preparation protocols, such asmatrix heterogeneity and ap-
plication, differential ionization efficiency, ion suppression due to sam-
ple complexity and composition, instrumental variation and differential
levels of analyte solubility and extraction from different tissue regions
[51–53]. Several different procedures are being used for MSI data nor-
malization. Total Ion Current (TIC) is themost commonly normalization
method used in practice inMSIfield [53,54]. Here, the TIC (the sumof all
intensities) is calculated for one spectrum and then all spectra intensi-
ties are divided by this TIC value [55]. Normalization can be also per-
formed scaling the peak intensities by a factor calculated from matrix-
related peaks. This type of normalization is mainly a correction for
unevenmatrix coating and is based on the fact thatmore analyte ismea-
sured if there is more matrix signal present, since the matrix co-
crystallizes with the analytes. Apart from matrix signal, endogenous
species with a homogenous tissue distribution can be used as reference
molecules for data normalization. Recently, a method based on the me-
dian intensity of selected peaks has improved the normalization of
MALDI-MSI data compared with the other procedures described above
[56]. All these preprocessing steps can be performed automatically
through different specialized software programs and tools included in
the mass spectrometers, such as FlexImaging and ClinProTools (Bruker
Daltonics, Bremen, Germany, www.bdal.com) [14], which can be used
for data visualization and statistical analysis (multivariate analysis,
classification, principal component analysis (PCA)); ImageQuest
(ThermoFisher Scientific, Waltham, MA, USA), HDI software (Waters,
Manchester, UK) which can be coupled to MaasLynx or Biomap
(Novartis, Basel, Switzerland, www.maldi-msi.org) which can be also
used for data visualization and calculating basic statistics of the full
dataset or of ROI. Commercial SCiLS Lab (SCiLS, Bremen, Germany) is a
very new software for visualization, analysis and interpretation of
MALDI imaging data. Nowadays, in-house developments are necessary
to increase the functionality and flexibility of commercial software
andMatlab is probably themost popular platform for data analysis pur-
pose in theMSIfield. For instance,MSiReader is an open source software
built on theMatlab environment to process, analyze and visualize imag-
ing data [57]. Peptide localization in cartilage samples using Biomap
software is illustrated in Fig. 2. Finally, mass spectra from multiple re-
gions in the sections can be exported for subsequent statistical analysis
such as principal component analysis (PCA) [58,59] or discriminant
analysis (DA) [60]. PCA can be applied to the spectra from specific
ROIs, in order to distinguish groups in the extracted spectra, and from
the entire tissue section, to trace the distribution of the groups [50,61].

http://www.bdal.com
http://www.maldi-msi.org


Table 1
Overview of the main matrices currently used for MALDI-MSI.

Matrix Acronym Application Type Reference

Alpha-cyano-4-hydroxycinnamic acid CHCA Small proteins, peptides and glycopeptides Crystalline [43]
3,5-dimethoxy-4-hydroxycinnamic acid SA Large proteins and peptides, lipids Crystalline [11,16,42]
2,5-dihidroxibenzoic acid DHB Sugars, proteins, peptides, nucleotides, phospholipids, drugs Crystalline [33,44]
2,6-dihidroxyacetphenone DHA Phospholipids, drugs Crystalline [16,42]
CHCA/aniline – Peptides Solid ionic [45]
CHCA/N,N-dimethylaniline – Peptides Solid ionic [45]
CHCA/2-amino-4-methyl-3-nitropyridine – Peptides Liquid ionic [45]
CHCA/n-butylamine CHCAB Peptides and lipids Liquid ionic [46]
2,4,6-trihydroxiacetophenone THAP Lipids and nucleotides Crystalline [47]
3-hydroxypicolinic acid 3-HPA Glycoproteins, lipids and nucleotides Crystalline [41,42]
9-aminoacridine 9-AA Phospholipids Crystalline [48]
4-paranitroaniline PNA Lipids Crystalline [49]
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The combination of PCA with complementary statistical approaches,
such as hierarchical clustering, is used to investigate if the real differ-
ences between groups are affected by inter-patient variability. In addi-
tion, the supervised method DA can be used after a preprocessing step
with PCA. By these means, the PCA first reduces the dimensionality of
the data (from several hundredMS peaks to a small number of principal
components) obtaining different groups/conditions, and then the DA is
calculated using the principal components to classify the predefined
groups/conditions. This strategy has been successfully used to classify
human cancer and cartilage samples based on protein profile patterns
[18,62].

2.4. Identification and validation

Confident identification of the detected molecules can be achieved
by tandem mass spectrometry (MS/MS) or accurate mass measure-
ments, either on the same slide after performing the imaging analysis,
or in a consecutive section. This allows correlation between the ob-
served m/z and its identity. Peptide sequence information derived
from MS/MS analysis provides the basis for protein identification. Tan-
demMS/MS provides amino acid sequence information on peptide frag-
ments from a specific peptide. A peptide with good fragmentation
spectra (minimum 6–7 aminoacids, and 4 consecutive amino acid ion
series) ormore than two peptideswithminimal quality spectra are gen-
erally required for correct protein identification. MS/MS spectra are
submitted into a database search engine to match tryptic peptide se-
quences to their respective intact proteins. One of themost used search
engines is Mascot (www.matrixscience.com), which compares the ex-
perimental mass values with calculated peptide mass or fragment ion
mass values, obtained by applying cleavage rules to the entries in a com-
prehensive primary sequence database. The sequence databases that
can be searched on the Mascot server are MSDB, NCBInr, SwissProt,
and dbEST [63]. Furthermore, there are other MSI databases available
for protein identification. Some examples of public libraries of MALDI-
MSI include MSiMass list database [64] and MaTisse [65]. In the last
Fig. 2. MALDI-MSI of peptides identified in osteoarthritic cartilage samples using Bioma
prolargin (m/z 2744.3), aggrecan (m/z 2271.1), decorin (m/z 2763.3), biglycan (m/z 3082
few years, several databases have become available, making the identi-
fication of lipids and metabolites much easier. Currently, the most
employed lipidome databases include LipidBank [66,67], Lipid Maps
[68,69], the HumanMetabolome Database (HMBD) [70], and LipidBlast
[71]. In the field of cell metabolites, databases such as METLIN [72],
KEGG [73] and HMBD can be used.

Direct MS/MS measurements have the advantage of fast acquisition
times and smaller data files. This method is very useful when high-
resolution images are not needed. However, not all the precursor
peaks (especially those corresponding to low abundant proteins) can
be selected and fragmented using this approach. In fact, no more than
a few tens of peptides are directly identified on tissue by tandem MS,
due to ion suppression or the high complexity of the samples [74].
Therefore, these limitations can be overcome by a combination of MSI
with classical proteomic methodologies such as liquid chromatography
coupled to mass spectrometry (LC-MS). In this method, one tissue sec-
tion is usually analyzed by MSI, while an adjacent section is homoge-
nized and analyzed by LC–MS/MS in order to identify those molecules
that are firstly detected by imaging. This approach has recently been ap-
plied to lipids [75], peptides [76,77] and proteins [78,79]. A new strategy
for protein identification is the combination of localized on-tissue pro-
tein digestion and liquid microextraction followed by LC-MS/MS analy-
sis. Here, a chemical inkjet printer is firstly used to perform on-tissue
microdigestion on selected ROI of the tissue. Then, the tryptic peptides
of the region are extracted using an appropriate solvent by liquid
microjunction. Finally, the resulting tryptic peptides are subjected to
LC separation prior to MS/MS identification. This innovative technique
has been successfully used on frozen and FFPE tissue sections [80,81].
Accurate mass measurements also enable the identification of thou-
sands of molecules in a single analysis. In this strategy, MS analysis is
performed on a high resolution mass spectrometer to obtain accurate
mass measurements of the analytes of interest. Then, the information
from the analysis is compared to a reference database (see above for
the databases). Finally, histological and molecular biology techniques
such as immunohistochemistry, western blot or even quantitative RT-
p. Ion distribution of five tryptic peptides corresponding to five different proteins:
.5) and bromodomain and PHD finger-containing protein 3 (m/z 1974.8).

http://www.matrixscience.com
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PCR offer alternativemethods to confirm and validate the abundance or
distribution of the target molecules in the tissue [82].

3. MALDI-MSI-based studies in rheumatic diseases

MSI has recently begun to be applied for investigating joint tissues
and rheumatology disorders. Fig. 3 illustrates a representative result ob-
tained by MALDI-MSI analysis on human articular cartilage. For in-
stance, MALDI-MSI has been successfully employed for the first time
on cartilage to explore the differences in the lipid composition and dis-
tribution betweenhealthy and osteoarthritic (OA) tissue [83]. OtherMSI
studies using the TOF-SIMS strategy have focused on synovial mem-
brane and bone, and also on the molecular characterization of mesen-
chymal stem cells (MSCs) undergoing chondrogenic differentiation. A
summary of the approaches performed to date in this field is presented
in Table 2.

3.1. MALDI-MSI analysis of cartilage

Articular cartilage is a connective tissue comprising a unique type of
cells, chondrocytes, which are surrounded by an extensive extracellular
matrix (ECM). Progressive articular cartilage degradation is the main
process that characterizes osteoarthritis (OA) pathophysiology. This
process is driven by different molecularmechanisms such as the activa-
tion of matrix metalloproteinases (MMPs), aggrecanases and other
enzymes, which are responsible for the degradation of ECM [84]. How-
ever, OA is a systemic disease that affects thewhole joint, including car-
tilage, synovium, tendons, muscles and subchondral bone [85,86].

Using MSI, recent studies have been conducted to provide informa-
tion about the identification and localization of proteins, tryptic
peptides and lipids from articular cartilage, either healthy or osteoar-
thritic. Representative proteins that have been identified in MALDI-
MSI analysis of cartilage samples are summarized in Table 3. Among
these, fibronectin (FN) has been extensively identified in OA cartilage
[18,19]. FN is an ECM glycoprotein that has been associated with en-
hanced levels of catabolic cytokines and up regulation of MMPs in-
volved in OA disease [87]. FN is present at low levels in the ECM of
control cartilage but its expression is higher in OA cartilage which pro-
duces a change in chondrocyte phenotype and in the activity of MMPs.
In fact, several tryptic peptides of FN have shown a higher presence in
human OA cartilage compared to healthy tissues [18]. In another
work, some of the FN peptides described above displayed a stronger in-
tensity in equine OA cartilage versus young and old cartilage [19]. The
higher intensity of FN peptides in OA cartilagewas verified using immu-
nohistochemistry. In addition, FN has shown a different distribution
pattern within cartilage, being more abundant in the deep area than
in the tissue surface [18]. Previous immunoassay studies have reported
that FN is highly abundant in the deep area of bovine articular explants
[88]. More recently, this protein has been detected in equine articular
cartilage by classical immunostaining showing a higher expression in
Fig. 3. Representative MALDI-MSI analysis of tissue sections from the human articular cartila
fibromodulin (FM, m/z 1951.1 and 1966.2) are specifically detected and visualized by MSI in
and superficial zones of cartilage tissue.
the deep zone compared to either superficial or middle layers [89]. Fur-
thermore, tryptic peptides of COMP have been also identified in OA car-
tilage by MALDI-MSI, also preferably localized in the deep area of the
tissue. COMP has been suggested as a potential biomarker for OA and
it has been detected in cartilage secretome [90,91] synovial fluid [92,
93], serum [94,95] and urine [96] from human and equine OA patients
using classical proteomics. In addition, high levels of COMP in OA carti-
lage compared to control tissue have been recently displayed by an
iTRAQ-based quantitative proteomic analysis [97].Another ECM-
related protein identified in OA cartilage is fibromodulin (FM). Many
tryptic peptides of FM were found increased in OA samples compared
to healthy tissues [18]. Some of these peptides, such as m/z 2256.1 of
COMP and m/z 1361.7 of FM were identified as being distinctive for
old equine samples compared to young and OA cartilage, whereas a
peptide of collectin-43 protein was specific of young cartilage [19].
Other ECM proteins such as aggrecan core protein, biglycan, prolargin,
collagen α 1(II) chain and matrilin-3 were also detected and localized
in cartilage by MSI (Table 3).

Glycans are polysaccharides that aremainly found attached to glyco-
proteins located on the cell surface, in the ECMor serum. Themost com-
mon glycans in cartilage areN-glycans that are attached to ECMproteins
such as CD44 or integrins. Structure modifications of N-glycans have
been related to the pathogenesis of various rheumatic diseases such as
RA or OA. For instance, it has been described that changes in the N-
glycan structure of serum IgG molecules contribute to RA progression
[106]. In addition, alterations in cartilage N-glycans have been reported
in the early phases in a rabbit model of OA [107]. MALDI-MSI has been
recently employed to spatially characterize the N-glycome in the carti-
lage and subchondral bone of knee OA patients [100]. In this study,
more than 50 N-glycan structures were identified from cartilage and
subchondral bone proteins. Among them, high mannose N-glycans
showed differential spatial distribution through the OA tissues. Particu-
larly, (Man)3 + (Man)3 (GlcNAc)2 was found increased in cartilage
compared to subchondral bone. Other examples were (NeuAc)1(Hex)2
(HexNAc)2 + (Man)3 (GlcNAc)2, only detected in cartilage and
(NeuAc)2(Hex)2 (HexNAc)2 + (Man)3 (GlcNAc)2 detected in the bone
marrow of the subchondral bone. Alterations in high manosse type N-
glycans have been also detected in human OA cartilage and degraded
mouse cartilage by High-Performance LC-MS [108]. Here, a significantly
decrease of high-mannose N-glycans in human OA cartilage compared
with control cartilage were reported.

3.2. MALDI-MSI analysis of synovial membrane

Inflammation of the synovium results in synovitis, a process com-
monly associated with rheumatology diseases such as arthritis rheuma-
toid (RA) and osteoarthritis (OA). Synovitis can occur in early stages of
OA [85] but the prevalence and severity of synovium inflammation in-
creases in advancedOA [109]. In addition, OA synovium shows histolog-
ical changeswhen compared to normal individuals, such as hyperplasia,
ge. In the pictures, two tryptic peptides of fibronectin (FN, m/z 1401.8 and 1693.0) and
these samples. Significant differences on its abundance can be observed between deep



Table 2
MSI-based studies performed to date on cartilage, synovial membrane and bone.

Tissue Origin Disease explored Target molecules MSI technique Validation Ref.

Cartilage Human OA Peptides/Proteins MALDI-MSI IHC [18]
Human Not mentioned (Meniscal lesions) Peptide/Proteins MALDI-MSI Berlin blue staining [98]
Human OA Lipids TOF-SIMS Oil Red staining [83]
Equine OA Peptides/Proteins MALDI-MSI IHC [19]
Human (MSCs) OA (chondrogenic differentiation) Lipids MALDI-MSI and TOF-SIMS Real-Time PCR [60]
Human (MSCs and
chondrocytes)

OA (chondrogenic differentiation) Lipids TOF-SIMS Oil Red staining/ Real-Time PCR [99]

Human OA N-glycans MALDI-MSI – [100]
Synovial membrane Human OA Peptides/Proteins MALDI-MSI IHC [20]

Human OA/RA Peptides/Proteins MALDI-MSI – [38]
Human Haemophilic arthropathy Peptides/Proteins MALDI-MSI Berlin blue staining [21]

Bone Rat Osteoporosis Calcium/HAp TOF-SIMS – [101]
Human (MSCs) Osteoporosis

(osteogenic differentiation)
Strontium TOF-SIMS – [102]

Human (MSCs) Not mentioned Lipids TOF-SIMS – [103]
Human Not mentioned HAp TOF-SIMS – [104]
Human Not mentioned Inorganic/Organic bone

components
TOF-SIMS – [105]

Human OA N-glycans MALDI-MSI – [100]

Abbreviations: HAp, hidroxyapatite; IHC, immunohistochemistry; MALDI-MSI, matrix-assisted laser desorption ionization-mass spectrometry imaging; MSCs, mesenchymal stem cells;
OA, osteoarthritis; RA, rheumatoid arthritis; TOF-SIMS, time of flight-secondary ion mass spectrometry.
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with an increase in number of synovial lining cells and infiltration of in-
flammatory cells consisting mainly of macrophages and lymphocytes
[85,110]. MALDI MSI analysis has been applied to date for the study of
protein distribution in RA, OA and haemophilic arthropathy (HA) syno-
vial membranes. A list of the identified proteins in synovial membrane
by MALDI-MSI analysis is shown in Table 3. Interestingly, fibronectin-
related tryptic peptides were preferentially identified in OA synovial
membranes, showing a specific localization in the hypertrophic sample
area, which is characterized by a higher grade of inflammation [20].
Table 3
Representative peptides or proteins identified and localized directly in joint tissues by
MALDI-MSI.

Peptide/Protein Sample ID ina Ref.

Actin, aortic smooth muscle Synovium Ctrl [20]
Aggrecan core protein Cartilage OA [18]
Aggrecan interglobular domain Cartilage OA [19]
Annexin A2 Synovium Nb-HA [21]
Biglycan Cartilage, Synovium OA/Ctrl [18,19,20]
Cartilage intermediate layer
protein 1

Cartilage OA/Old [18,19]

Cartilage oligomeric matrix
protein

Cartilage OA [18,19]

Cathepsins B and D Synovium Nb-HA [21]
Collagen alpha 1 (II) chain Cartilage OA [18,19]
Collectin 43 Cartilage Young [19]
Condroadherin Cartilage OA [19]
Decorin Cartilage Ctrl [18]
Defensins alpha-1 and -3 Synovium RA [38]
Ferritin chains Synovium/Meniscus B-HA/HG-L [21,98]
Fibrinogen chains Synovium B-HA [21]
Fibromodulin Cartilage OA [18,19]
Fibronectin Cartilage, Synovium OA [18,19,20]
Hemoglobin subunits Cartilage, Synovium OA/B-HA [20,21]
Histones H2A2, H2B and H4 Synovium RA [38]
Matrilin-3 Cartilage OA [19]
Melanoma inhibitory activity 3 Cartilage OA [19]
Prolargin Cartilage OA/Ctrl [18]
Protein ELYS Cartilage OA [18]
S100 A11 (calgizzarin) Synovium RA [38]
S100 A6 (calcyclin) Synovium RA [38]
S100 A8 (calgranulin A) Synovium RA [38]
Thymosins beta-4 and −10 Synovium RA [38]

a Condition in which the protein was preferentially identified. Abbreviations: B-HA,
bleeding areas in haemophilic arthropathy; Ctrl, healthy controls; Nb-HA, non-bleeding
areas in haemophilic arthropathy; HG-L, lesions with high grade of degeneration.
These peptides were previously described by MSI in OA-affected carti-
lage [18]. Therefore, these findings suggest that FN is common to OA
samples (cartilage and synovium) and could be used as biomarker to
discriminate between healthy and OA-related tissues using this meth-
odology. On the other hand, thymosin beta-related native peptides
were mainly found in RA synovial membranes, displaying a strong in-
tensity in the synovial sublining layer [38]. In the same study, a higher
intensity of defensin alpha-related native peptides was found in RA tis-
sue samples. These peptides were localized in both synovial membrane
layers after MALDI-MSI measurements. Finally, many other proteins
were described by MSI in RA synovial membranes, including members
of the S100 protein family such as S100 A6 or S100 A11 and several his-
tones [20].

Haemophilic arthropathy is a rheumatic disease caused by repeated
bleeding into the joint of patients with haemophilia [111]. It is charac-
terized by synovial inflammation and cartilage and bone destruction,
features of degenerative joint diseases, such as OA an RA [112–115]. In
addition, bleedingmay lead to osteoclast activation and bone resorption
[116]. The resulting decrease in bone mineral density induces osteopo-
rosis, another rheumatology disease which has been associated with
haemophilic arthropathy [117]. To explore the pathogenesis mecha-
nisms of this disease, the protein profile of synovial membranes from
patients affected by HA has been characterized by MSI [21]. This has
allowed to discriminate between bleeding and non-bleeding areas
within the synovium, by associating differential protein patterns to
the specific zones: for instance, ferritin chains, several hemoglobin sub-
units, fibrinogen and truncated coagulation factor VIII tryptic peptides
were mainly localized in the bleeding tissue areas, whereas tryptic pep-
tides of annexin A2, and cathepsins were more abundant in areas with-
out blood.

3.3. MALDI-MSI analysis of meniscus

Recently, meniscal lesions have been also characterized by MALDI-
MSI [98]. It has been shown that traumatic and degenerative meniscal
lesions led to knee osteoarthritis [118]. In this work, MALDI-MSI analy-
sis has allowed to discriminate acute (areaswith high-grade of degener-
ation) and non-acute (areas with low-grade of degeneration) meniscal
lesions, by associating differential peptide profiles to these specific
areas. Tryptic peptides such as m/z 1151.6, 1431.7 and 1927.1 were
mainly detected in the high-grade degenerated areas whereas m/z
1356.0, 1138.0 and 1303.0 were only identified in the meniscal areas



Table 4
Representative lipids identified and localized directly inMSCs undergoing chondrogenesis
by MALDI-MSI.

Lipid name Observed m/z ratio Condition

Choline 104.1 Day 2
Sodiated headgroup of PC 146.9 Day 2
Dehydrated phosphoglycerol 153.0 Day 14
Potassiated headgroup of PC 162.9 Day 2
Phosphocholine 184.1 Day 2
Phosphocholine-related ion 198.1 Day 2
Inositol monophosphate 259.0 Day 14
Arachidonic acid (C20:4) 303.2 Day 14
Docosahexaenoic acid (C22:6) 327.2 Day 14
Lipid fragments

PC (C16:0/C18:1) 478.3 Day 2
PC (C16:0/C18:1) 504.3 Day 2
SM (d18:1/C16:0) 542.5 Day 2
PC (C16:0/C18:1) 577.5 Day 2
PC (C16:0/C18:1) 599.5 Day 2
SM (C18:1/C16:0) 666.5 Day 2

Sphingolipids
SM (d18:1/C16:0-N(CH3)3 682.5 Day 2
SM (d18:1/C16:1) 723.5 Day 2
SM (d18:1/C16:0) 725.5 Day 2
SM (d18:1/C18:1) 729.5 Day 14
SM (d18:1/C16:0) 741.5 Day 2
SM (d18:1/C19:0)/SM (d18:1/C18:1) 767.5 Day 2
SM (d18:1/C24:0) 853.6 Day 2
ST (d18:1/C16:0) 778.5 Day 14

Glycerolipids (GLs)
PC (C16:0/C18:1-N(CH3)3 739.5 Day 2
PC (C16:0/C18:1) 782.6 Day 2
PC (C18:0/C18:0) 790.5 Day 14
PC (C16:0/C18:1) 798.5 Day 2
PC (C34:0) 800.5 Day 2
PC (C36:2) 824.5 Day 2
PC (C18:0/C18:1) 826.6 Day 2
PC (C18:4/C20:0) 832.5 Day 14
PE (C18:0/C20:4) 750.5 Day 14
PE (C18:0/C22:4) 794.5 Day 14
PI (C18:1/C20:4) 883.6 Day 2
PI (C18:0/C20:4) 885.6 Day 14
PI (C42:3) 943.5 Day 14
PG (C18:1/C22:6) 819.5 Day 14

PC: phosphatidylcholine; SM: sphingomyelins; PE: phosphatidylethanolamine; ST:
sulfatide; PG: phosphatidylglycerol; PI: phosphatidylinositol. Reproduced from Ref. 46.
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with low-grade of degeneration. In addition, ferritin light (m/z 676 and
1608) and heavy chains (m/z 658 and 1345) were found in the acute
meniscal tissue. The detection of ferritin in the meniscus is a clear indi-
cation of a previous strong trauma.

3.4. MALDI-MSI analysis of mesenchymal stem cells undergoing
chondrogenesis

A different research topic intimately related with cartilage is chon-
drogenesis, the process by which mesenchymal stem cells (MSCs) dif-
ferentiate towards chondrocytes and begin to secrete the molecules
that form the extracellularmatrix of cartilage [119]. Alterations in chon-
drogenesis have been associated with OA pathology, thus this process
has been recently proposed as a new target for disease-modifying OA
drugs (DMOADs) or chondroprotective treatments [120]. Following
this reasoning, DMOAD agents would be able to induce chondrogenesis,
encouraging the reparation of damaged articular cartilage. Therefore,
gaining knowledge on this differentiation process would be very valu-
able not only for a better understanding of cartilage biology, but also
to facilitate the development of novel therapeutic strategies for OA.

Focused in chondrogenesis, MSI analyses have been performed to
date with the aim of characterizing the spatial distribution of lipids in
human bone marrow MSCs (hBMSCs) during their differentiation to-
wards chondrocyte-like cells after 2 and 14 days of chondrogenic induc-
tion [60]. In this work, phosphocholine-related species have been
identified in hBMSCs monocultures after 2 days of chondrogenesis using
MALDI-MSI. Other lipids specifically increasedduring theundifferentiated
chondrogenic stage (day 2) were sphingomyelins (SMs), whereas unsat-
urated fatty acids (FA) such as arachidonic acid and docosohexaenoic acid
were only detected after 14 days of differentiation. In addition, several
types of phospholipids such as phosphatidylethanolamines (PE) and
phosphatidylinositols (PI) were also predominantly identified at day 14
of chondrogenesis. A summary of the lipids identified by MALDI-MSI in
MSCs is shown in Table 4.

4. Analysis of joint-derived tissues using other MSI techniques

Apart from MALDI, other ionization techniques have been used to
explore tissues or cells relatedwith rheumatic disorders byMSI analysis.
These include analysis of lipids in cartilage by TOF-SIMS, and also stud-
ies on mesenchymal stem cells subjected to chondrogenic inducers and
on osteoporotic bone.

4.1. MSI analysis of cartilage by TOF-SIMS

OA is a chronic systemic musculoskeletal disorder involving inflam-
mation, immunity aswell asmetabolic alterations [121]. Recent investi-
gations suggest that a wide variety of lipid mediators, including fatty
acids, sphingolipids, and glycerolipids, are potentially involved in the
pathophysiology of cartilage degradation in OA and in other arthritic
diseases such as RA [122,123]. TOF-SIMS is becoming a more and
more common analytical platform for lipid and metabolite imaging.
Even if this technique is limited to small molecules (typically below
1000 Da), it offers enough sensitivity to detect and locate several lipids
directly on the surface of tissue sections and cells [124,125]. According-
ly, TOF-SIMS technology has been recently applied to investigate the
composition and distribution of lipids in osteoarthritic cartilage [83].
The lipid species identified directly from cartilage sections include vita-
min D-3 and several glycerolipids such as monoacylglycerols (MAGs)
and diacylglycerols (DAGs) [83]. Interestingly, all these lipids were di-
rectly identified in OA cartilage and localized in the superficial region
of the tissue. In addition, several cholesterol species have been observed
in the superficial ECM of the OA cartilage compared to the deep area, as
well as several saturated and unsaturated FA such as oleic acid (m/z
281.2), pamitic acid (m/z 255.2) or stearic acid (m/z 283.1). Generally,
all these FA were located in the cholesterol-rich area. This increased
amount of lipids in the diseased tissue was also detected through the
observation of lipid droplets in the superficial area of the OA cartilage
by Oil red staining [83]. Several proteomic-based studies have support-
ed a high lipid deposition during OA. For instance, several FA, DAGs and
other lipids have been detected in high concentrations in the plasma of
OA patients by liquid chromatography (LC) [126]. In addition, different
metabolites involved in the metabolism of FA and lipids, identified by
ultra-performance LC-MS, have been found significantly altered in the
serum of OA patients compared to control donors [128]. Free FA have
been described as potential proinflamatory mediators in joint diseases
[127]. In fact, it has been recently reported that stearic acid induces
proinflamatory cytokine production partly through the activation of a
novel lactate-HIF1α pathway in chondrocytes [129]. Moreover, chon-
drocyte apoptosis and articular cartilage degradation can also be in-
duced by palmitic acid in synergy with interleukin 1 β citokine [130].
4.2. TOF-SIMS MSI analysis of mesenchymal stem cells undergoing
chondrogenesis

An evaluation of the changes in the lipid profiles during chondrogen-
esis has also been conducted by Georgi and co-workers [99], who
analyzed cocultures and monocultures of hBMSCs and primary
chondrocytes under normoxic and hypoxic conditions using TOF-
SIMS. Normoxic cultures revealed a higher lipid content compared to
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those cells cultured under hypoxic conditions, a finding that was
verified by Oil Red staining. In addition, several cholesterol species
displayed a higher intensity in normoxic culture pellets. Moreover,
many DAGs were predominantly expressed in cultures containing
MSCs, whereas phosphocholine was increased in chondrocytes
monocultures. Finally, a higher glycosaminoglycan deposition in co-
cultures of hBMSCs and chondrocytes under normoxia was observed,
indicating a better cartilage formation in normoxic conditions com-
pared to cocultures in hypoxia. This decrease in chondrogenesis in
hypoxic conditions was associated with a decrease in the mRNA ex-
pression of the chondrogenic marker SOX9, as well as in the expres-
sion of fibroblast growth factor 1 (FGF-1). Moreover, the loss in
cartilage formation was also attributed to the lower content of lipids,
especially cholesterol. The application of TOF-SIMS has revealed
variations in the lipid localization between different stages of chon-
drogenesis [60]. For instance, phosphocholine-related ions were pre-
dominantly expressed in the peripheral cells, suggesting a more
advanced differentiation of the cells situated in the micromass
core. In addition, TOF-SIMS experiments showed that several
MAGs, DAGs, and ceramide lipid classes are more abundant in ad-
vanced stages of chondrogenesis.
4.3. MSI analysis of bone

Bone is a highly vascular, connective tissue formed by different cells
such as osteoblasts (bone formation), osteocytes (bone remodeling and
mineralization) and osteoclasts (bone reabsorption), and the mineral-
ized ECM. Bone ECM has an organic component, mainly composed of
type I collagen, lipids, non-collagenous proteins and proteoglycans,
and an inorganic fraction formed by different salts such as phosphates
and calcium carbonates. Changes in the composition of the tissue have
been associated to rheumatic diseases such as osteoporosis [131] and
OA [132], as well to other disorders such as Turner's syndrome [133]
[134] or osteogenesis imperfecta [135]. For instance, calcium(Ca) distri-
bution and concentration in bone is essential for the assessment of bone
quality, enabling the diagnosis of osteoporosis. This latter disease is
characterized by a decreased bone mineral density (BMD) and a loss
of bone quality, which significantly increase the risk of bone fracture
[136].

RecentMSI-based studies have been carried out to optimize prep-
aration protocols for the molecular characterization of bone [103]
[105], whereas other works have been performed to investigate
structural variations and changes on the mineral content and distri-
bution in bone cells and tissue. The biomolecules identified in these
studies include several hydroxyapatite fragments, which have been
preferentially observed in mineralized bone areas after TOF-SIMS
analysis [101,104,137]. Furthermore, a decrease of several calcium
phosphate ions generated from hydroxyapatite has been observed
in bone affected by osteoporosis, compared to healthy tissue. The
distribution of these different calcium phosphate molecules within
the bone has been evaluated through the Ca/P ratio, showing that
the mineralization areas of the osteoporotic bone display a lower
Ca/P ratio compared to healthy [101]. A decrease in calcium content
and an alteration on its distribution have been also described by TOF-
SIMS in osteoporotic bone [101], since Ca concentration found to be
lower in the edge region than in the centre of the trabecula.

Apart from calcium, strontium (Sr) content has been also character-
ized by TOF-SIMS, in this case in bone cells during osteogenic differenti-
ation [102]. A high Sr content inside osteogenically differentiated
hMSCs that were expanded in different Sr-enriched bone cements was
observed. Moreover, a very high Sr signal was also found in the miner-
alized ECM of those osteoblast-like cells cultured in the bone cements
mentioned above. Strontium (Sr) could have potential application in
the treatment of osteoporosis because of their antiresorptive effect
[138]. In fact, there is currently a high interest in the development of
Sr-enriched biomaterials as promising implant materials for the osteo-
porotic bone.
5. Conclusions

Taken all together, MALDI-MSI methods carried out to date have
identified and localized many proteins that may relate to pathological
mechanisms of rheumatic diseases such as OA, RA or haemophilic
arthropathy. TOF-SIMS analyses have also highlighted the relevant
role of lipid metabolism in joint-related diseases. The results obtained
demonstrate the usefulness of this technology as a novel source of infor-
mation about pathogenesis of rheumatic diseases. Although still techno-
logical improvements need to be made, MALDI-MSI is a promising tool
for rheumatology research in order to gain better knowledge on disease
pathogenesis and describe novel biological markers of the disease state.
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