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General introduction and outline

The skeletal system is composed of a wide variety of different bones and different
types of connective tissue, including cartilage, tendons, and ligaments. The bones
of the skeleton are held together by ligaments and muscles. Most bones in the limbs
are long bones, which consist of cancellous/trabecular/spongy and
cortical/compact bone and of which the medullary cavity is filled with bone
marrow. The joints between bones allow for movement and are lined with articular
cartilage. This articular cartilage allows for smooth movement and acts as a shock
absorber. The skeletal system provides different functions, including a framework
for support of the body, movement, protection of vital organs, and blood cell
production in the bone marrow.

Common, injury-related traumas to the skeletal system are bone fractures and
articular cartilage damage. Both bone and cartilage tissue can be affected in intra-
articular cartilage fractures. Bone fractures heal via a complex fracture healing
process, which results in bone restoration in the majority of cases. In case of
cartilage damage, a regeneration process arises, but the healing capabilities of
articular cartilage are extremely limited. The healing process following a bone
fracture or articular cartilage damage can be dramatically impaired by various
circumstances. This results in delayed healing or non-union development for bone
fractures. Injury-related articular cartilage damage can result in post-traumatic
osteoarthritis (PTOA). Both non-unions and PTOA are long-lasting problems that
affect the quality of life of the patients and result in a significant social and
economic burden. Molecular understanding of the different healing and impaired
healing processes is limited, despite the large amount of research performed.
Different molecular classes and key molecules have been identified for both bone
healing and articular cartilage repair, which will be addressed in detail in Chapter 2.
The exact contribution of different molecules and their role in the different healing
and repair processes are still largely unknown, due to the complexity of these
processes and the constantly changing molecular and cellular environment. In
addition, it is expected that impaired healing is not the result of the up- or
downregulation of one molecule or pathway, but is in fact related to a larger
molecular disturbance. The lack of molecular knowledge contributes to the clinical
challenges related to abnormal fracture healing. One of the biggest challenges is
the early outcome prediction following bone fracture and articular cartilage
damage. Improved molecular understanding can contribute to early detection and
determination of prediction markers of impaired healing. This can advance the
treatment of bone fractures and articular cartilage damage.

13



Chapter 1

The use of mass spectrometry (MS) to improve molecular understanding of the
different healing and impaired healing processes is explored in this thesis. MS is an
analytical technique that allows for the unlabeled analysis of a wide range of
molecular classes. This technique has been used in a wide variety of clinical
applications and biomedical tissue studies. The use of MS on bone, cartilage, and
other tissues related to the healing processes is very limited. Therefore,
methodological developments are still needed and this thesis aims to contribute to
this development and provide further insight into healing processes in the skeletal
system. A general introduction to MS will be provided, including more detailed
information on the different techniques applied and developed in this thesis.
However, bone fracture, bone fracture healing, and non-union will be introduced
first. In addition, articular cartilage damage, cartilage repair, and PTOA
development will be introduced before the MS introduction.

1.1 Bone fractures

Bone fractures are the first type of trauma to the skeletal system introduced in this
thesis. Around 200 000 bone fractures occur yearly in the Netherlands, of which
more than 70 000 patients are annually admitted to a hospital (see Table 1.1).12
The epidemiology of bone fractures is constantly changing and is area-dependent.?
Overall, the incidence of bone fractures is increasing, also due to a growing and
aging population.! The fracture location and incidence change with age and is
gender dependent.'?® Bone fractures are a major health issue, especially when
occurring in osteoporotic bone.»® The treatment of these bone fractures became
more complicated and expensive, also as a result of the aging population.?

A bone fracture is a complete or incomplete break of the anatomical continuation
of the bone resulting in mechanical instability.* Bone fracture occurs when the bone
absorbs too much energy/force and structurally fails.*> Contributing factors to
bone fractures are weakening of the bone due to specific bone diseases, such as
osteoporosis, and accumulation of micro-fractures in healthy bone due to
continuous loading.> A common classification is open versus closed fractures, which
is based on the nature of the fracture.® Bone fractures, especially open fractures,
are commonly related to damage to the surrounding soft tissue, vascularity, and
bone marrow, which results in a higher rate of abnormal healing.®

1.1.1 Bone fracture healing
Normal bone fracture healing is a highly complex process that involves many
different cell types and molecular pathways.>*° The process is a cascade of a well-
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General introduction and outline

Table 1.1: Number of fractures per year based on the hospital admissions in the
Netherlands. Data obtained from CBS Open data StatLine®?.

Fracture 2013 2014 2015 2016 2017 2018 2019
location

Skull/facial 4710 4300 4225 4210 4265 4290 4205
bone

Neck 830 955 1025 1065 1080 1130 1045
Rib/sternal/ 3690 3915 4155 4125 3910 4085 4010
thoracic spine

Lumbar spine/ 4095 4290 4525 4510 4425 4235 4180
pelvis

Spine, not 40 10 15 35 10 20 15
specified

Shoulder/ 8820 9120 9735 9410 8900 9230 8990
upper arm

Elbow/ 10785 10275 10815 11160 11125 11615 11645
forearm

Wrist/hand 4905 4565 4800 5135 4965 5050 5220
Upper 5 0 5 5 0 0 0
extremities,

not specified

Femur 21190 21840 22830 22595 22890 23260 23620
Lower leg/ 11955 11845 12620 12600 12760 12305 12750
ankle

Foot 1540 1520 1630 1705 1540 1600 1610
Lower 25 5 5 10 0 5 0
extremities,

not specified

Multiple body 800 920 895 1055 975 945 855
regions

Total 73390 73560 77280 77620 76845 77770 78145

defined series of biological phases and corresponding mechanical requirements.>*
8101213 There is a great amount of overlap in these phases, despite the well-defined
successive series of events.2®'2 The result is a continuously changing cellular and
molecular environment during bone fracture healing.”#° Different cells (e.g. bone
and cartilage forming cells) and regulatory factors (e.g. cytokines, and growth and
differentiation factors) are recruited from the tissues around the fracture site (e.g.
cortex, periosteum, bone marrow, and surrounding soft tissues) as well as
circulation.””*® The contribution of these tissues depends on conditions at the bone
fracture site in terms of the molecular and mechanical environment and the type
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Chapter 1

of fracture healing.”'®® The exact contribution of the different cellular and
molecular mechanisms involved in bone fracture healing is not fully understood,
due to the complexity of the process.>>1%1213 The objective of bone fracture healing
is to achieve complete structural and functional restoration of the affected bone
without any scar formation.>*>78121% Complete restoration can be achieved via
direct (primary) or indirect (secondary) fracture healing, of which indirect fracture
healing occurs for most bone fractures.*>781012-14

Direct fracture healing can only take place if the different fracture fragments are
secured closely to each other with a rigid internal fixation method to achieve
absolute stability and reduce inter-fragmentary strain.*>781%1214 The maximum
distance between fracture fragments that can be bridged with direct fracture
healing is between 200 and 500 um.*3 A direct effort is made to restore mechanical
continuity during direct fracture healing.>”#1%12 This is achieved by the formation
of discrete remodeling units, named ‘cutting cones’, formed from the cortex, which
attempts to bridge the gap and recreate the Haversian systems of the bone.>7/1%1314
The direct bridging allows the osteoclasts in the cutting cones to form cavities that
are filled with bone produced by the osteoblasts.>!?1* The absence of callus
formation is one of the characteristics of direct fracture healing.>”/*°

Indirect fracture healing is a well-defined process of four phases: inflammation and
hematoma formation, soft callus formation, hard callus formation, and bone union
and remodeling (see Figure 1.1).%>%° Indirect fracture healing is a combination of
intramembranous (direct bone formation) and endochondral ossification
(formation of cartilage that is calcified and replaced by bone).%%578101214
Endochondral ossification occurs at the parts of the fracture that are mechanically
unstable and dominates in the majority of fractures.*5”1° Indirect fracture healing
is enhanced by a certain amount of motion between the fracture fragments as well
as by weight-bearing.>”** Indirect fracture healing starts after a bone fracture and
surrounding tissue damage via the activation of different inflammation pathways.*
61214 A fracture hematoma is formed within the fracture site due to the
accumulation of blood.*®12* The initial inflammatory reaction and the formation
of the fracture hematoma are critical to the fracture healing process.>!? Different
types of inflammatory cells infiltrate the hematoma to fight potential infection and
secrete cytokines and growth factors.*® Mesenchymal stem cells are recruited by
the cytokines and growth factors from various origins and differentiate into
osteogenic cells.**!21% The hematoma is replaced by granulation tissue with blood
capillary ingrowth.*® The granulation tissue is replaced by cartilage to form a
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General introduction and outline

Figure 1.1: The different phases during indirect bone fracture healing, namely A
inflammation and hematoma formation, B soft callus formation, C hard callus formation,
and D bone union and remodeling.

fibrocartilaginous bridge between the fracture fragments.*%'%%* This soft callus is
formed to provide mechanical support and is the scaffold for bone formation.*®1214
The soft callus undergoes mineralization and is subsequently replaced with woven
bone.*%'%14 Mineralized bone is formed in areas that are stabilized due to the soft
callus formation.®>!* This newly formed bone is usually irregular and is named the
hard callus.**12'* This hard callus provides additional stability, but has reduced
strength and stiffness compared to the initial bone structure.*>'%1* The vascular
ingrowth into the woven bone is crucial for the hard callus formation.®** In the final
phase, the woven bone of the hard callus is remodeled into the initial cortical and
trabecular bone structure.*®'* Orderly bone resorption by osteoclasts and
formation by osteoblasts of lamellar bone is critical in this remodeling phase.?#%4
The bone structure after bone remodeling will respond to the mechanical demands
on the bone.>*® The bone remodeling can take years to regenerate the initial bone
structure. >

1.1.2 Non-union development

Complete fracture healing can only be achieved when inflammatory and osteogenic
cells, osteoconductive scaffolds, growth factors, and mechanical stability are
present, which are combined in the diamond concept.*®1%13 |n addition, adequate
blood flow to the fracture side is essential.*>1%1214 Bone fracture healing is affected
by numerous physiological and pharmacological factors, including the location and
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Chapter 1

extent of injury to the bone and surrounding soft tissue, amount of vascularization,
mechanical stability, infection, general bone health, and underlying diseases or
genetic conditions.2*®%1315 The fracture healing time and chances of functional
repair are affected by these factors, which complicates the prediction of the
outcome of fracture healing.® For example, the location of the fracture is directly
related to the blood supply, which can affect the fracture healing process in cases
of low blood supply.? Any variation in the molecular expression or imbalance
between growth factors and their inhibitors at any point in the complex fracture
healing process can result in complications and impaired healing.®° In addition, a
balance between anabolic (cartilage and bone formation) and catabolic (cartilage
and bone resorption) processes is essential.® Any failure in timely tissue resorption
or formation can result in impaired healing of the fracture.® Other factors that could
impair the fracture healing process are a lack of osteogenic cells due to extensive
tissue damage and/or low blood supply.* The gap between the fracture fragments
is too large to bridge in case of a critical defect, which can impair healing due to a
lack of osteoconductive scaffold.* All these complications during the fracture
healing can result in delayed healing or non-union development and prolong the
time until returning to complete functioning.**3 The initial treatment of a bone
fracture can be a contributing factor to the incidence of non-unions.>*®

A non-union occurs when there is a termination in the fracture healing process
without reaching a bone union, while the fracture healing process takes longer and
the outcome is uncertain in delayed healing.*'? The distinction between delayed
union and non-union can be challenging in practice.? Impaired healing can have
many causes and the viability for eventual fracture healing varies between different
types of non-unions.>®'* Delayed healing or non-union occurs in 5-10% of the
fractures, but non-union rates depend on the anatomical location and
treatment.>*>131> The annual number of cases of impaired fracture healing is
thousands of patients in the Netherlands.? Delayed healing and non-unions are a
major burden for both the patient and society.!>'*1¢ Besides, non-unions are
associated with high treatment costs due to the complexity and length of the
treatment and economic costs due to productivity loss.>*2131® The exact costs of a
non-union depend among others on the fracture location and treatment.®

1.2 Articular cartilage damage

Next to bone fractures, articular cartilage damage is another common trauma to
the skeletal system, especially in intra-articular fractures, that will be introduced
further. Estimation of the incidence of articular cartilage damage is difficult due to
the difficulty in early diagnosis and limited awareness.'”*° The relationship of initial
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articular cartilage damage to the development of joint degeneration later on is
unclear.’®?° The lack of symptoms up to a certain amount of damage is a
contributing factor to this.2! In addition, the understanding of the mechanisms,
frequency, and history of articular cartilage damage is poor.® It is likely that at least
some amount of articular cartilage damage will occur in a large amount of the
population, especially in the older generation.'”!® In addition, articular cartilage
damage due to injuries occurs frequently in athletes.”*® The risks for and the type
of articular cartilage damage are highly age-dependent, which might be related to
the changes in the mechanical properties of the cartilage with age.'”*

Articular cartilage damage can occur due to direct trauma, repetitive impact
loadings, indirect impact loading, or torsional loading of the joint, which can affect
the calcified cartilage-subchondral bone region with any effect on the surrounding
soft tissue.'”’®2° The extent of articular cartilage damage depends on the
magnitude of the applied force, the orientation relative to the articular surface, and
the rate/frequency of loading.2>?2 Damage to articular cartilage can be divided into
small defects in otherwise normal cartilage and degenerative defects that affect the
whole surface.? The pathogenesis, extent of involvement of the articular surface,
and location within the joints differ between the different types of cartilage
damage.” Some mechanical types of injury leave the articular cartilage surface
intact while damaging the calcified cartilage zone and/or the subchondral
bone.”1820 The small mechanical defect group is commonly injury-related and can
be divided into 1) chondral damage without visible tissue disruption, 2) chondral
damage with disruption to the articular cartilage, or 3) osteochondral damage with
disruption of the articular cartilage as well as the subchondral bone.”18:20.21.23 g
example, high intensity traumas or ligament injuries can result in intra-articular
fractures that extend from the cartilage into the subchondral bone.'”?* In contrast,
degenerative defects start as small regions of softening and superficial fraying and
fibrillation of the articular cartilage surface.??* These regions will extend over the
articular surface and progress into deeper layers of the cartilage, although this
process can be slow.??* Articular cartilage damage also affects other joint tissues,
like menisci, ligaments, and synovium,7:18:23.25,.26

1.2.1 Cartilage repair

In case of the articular cartilage damage and/or loss, the body tries to repair the
tissue.?! Often, articular cartilage damage is not or only partly repaired, due to the
extremely limited healing capacity of cartilage.'”**2124 The type of and potential for
healing depends highly on the kind, location, and size of the articular cartilage
damage.1820 Articular cartilage damage initiates a chronic remodeling process
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Chapter 1

that eventually results in cartilage degeneration in most cases.?’” The ability of
articular cartilage to repair itself decreases with age, due to structural, molecular,
cellular, and mechanical changes.'”*82021 |n addition, these changes result in
decreased tensile strength of the articular cartilage, which contributes to a higher
vulnerability to injury and degenerative defect development.!82!

In case of chondral damage without tissue disruption, the articular cartilage matrix
is altered.'*® The chondrocytes will respond to these changes by synthesizing new
molecules to repair the damage.”*8 The point of irreversible damage is unclear and
progressive loss of articular cartilage occurs after this point.1?82° |n case of
chondral damage with tissue disruption, the chondrocyte will try to repair the injury
by proliferation and synthesis of matrix molecules near the injury.?”*® This does not
result in a repair of the damage, as the tissue defect cannot be filled due to a local
lack of cells.'”*® Additionally, the increased synthesis and proliferation stop quickly
after the initial injury.t”*®

Osteochondral damage causes the formation of a hematoma in the bone injury site,
which is replaced by a fibrin clot.1182024 This fibrin clot extends into the cartilage
defect.}”1820 Qver time, the fibrin clot is replaced by immature bone, fibrous tissue,
and hyaline-like cartilage in the subchondral bone part and a repair tissue between
hyaline cartilage and fibrocartilage in the articular cartilage part (see Figure
1.2).171820.24 The repair tissue in the chondral part does not replicate the properties
of the articular cartilage.182%2% The repair tissue will disintegrate over time
resulting in the exposure of the subchondral bone due to the different mechanical
and structural properties, despite initially filling the osteochondral defect.”:18:20.24

Figure 1.2: The two phases of the healing response after osteochondral cartilage damage,
namely A fibrin clot formation extending from the subchondral bone into the cartilage
defect, and B immature bone, fibrous tissue, and hyaline-like cartilage formation in the
subchondral part and hyaline cartilage and fibrocartilage formation in the chondral part.
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In the case of degenerative defects, cartilage repair involves remodeling and
sclerosis of the subchondral bone along with the formation of subchondral bone
cysts and marginal osteophytes.'”?! This result in structural changes in the joint,
which affect joint movement and often causes pain.'”?! The effort of the articular
cartilage to repair itself often results in the development of osteoarthritis (OA).172
The structural changes occurring with osteoarthritis also affect other joint tissues,
including the subchondral bone and synovium.?!

1.2.2 Posttraumatic osteoarthritis

The healing potential of articular cartilage after a fracture is extremely
limited.'”*%2! Large gaps or step-offs in the articular cartilage have only very little
or no repair potential.2® Irregularities of the joint surface especially when combined
with joint instability will affect the articular cartilage repair process.?%?%2>282% These
areas of elevated joint contact stress can result in cartilage thinning.?2 Additionally,
the structure, composition, and mechanical properties of the repair tissue are not
the same as the initial articular cartilage.'’2%%

Viable chondrocytes are required for any type of repair that requires the
chondrocytes to proliferate and synthesize new matrix.}”2%28 The chondrocyte can
restore the cartilage matrix as long as the damage is not bigger than what the
chondrocytes can produce rapidly.2%? Herein, the balance between catabolic and
anabolic processes in the cartilage is of importance.’®® High impact loadings and
intra-articular fractures can result in chondrocyte death, reduced chondrocyte
viability, and affects the matrix composition.2%%32>27-30 The |ack of repair by
chondrocytes results in a decrease in the cartilage stiffness and causes increased
loading and stress on the remaining cartilage matrix and chondrocytes.?>?"2¢ These
alterations enhance the vulnerability of the articular cartilage and eventually can
result in cartilage degeneration.?%?”:2 A similar process takes place in the case of
osteochondral cartilage damage. Failure of the initial repair tissue results in altered
loadings on the surrounding matrix and progressive structural damage over time.?®
The structure and function of the subchondral bone are of great importance for the
health and repair capacity of articular cartilage.?>® Overall, the exact relation
between the injury severity and the risk for progressive cartilage degeneration is
UnCIear.l7'18'20'22

Direct, indirect, or repetitive impact loading, torsional joint loading, joint
dislocation, and joint instability after trauma can damage articular
cartilage.1®2023.25262831 A|| joint tissues are affected by this joint trauma, but the
irreversible cartilage damage seems to be the most critical.?’ The resulted injury-
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related articular cartilage damage increases the risk for progressive cartilage
degeneration, which is called posttraumatic osteoarthritis (PTOA),1820.22:2526,28,29
Especially, intra-articular fractures frequently progress into cartilage degeneration
and, thus, PTOA, although the degree of displacement and fracture size affect the
outcome.?0:2226:2830 Neyertheless, it is not only the magnitude and the type of injury
that will determine whether or not cartilage damage will progress into PTOA,
although it is of great importance.1%2%222%30 Chronic abnormal joint loading and
contact stress can also contribute to the development of PTOA 192022252931 Trayma-
related cartilage damage and the development of PTOA are often related to
participation in sports and affect a younger and more active population,1-20.2527.28:30
The risk for and rate of PTOA development varies between joints, joint regions, and
age.192023.252729 The complexity of the cartilage interaction with surrounding joint
tissues and response to external factors is a strong contributor that determines
patient outcome.®?32528 Approximately 12% of the symptomatic OA cases can be
attributed to PTOA.?223252931 |njury-related cartilage damage will result in PTOA in
10-75% of the cases depending on the involved joint and the time since
injury.?%23262831 Fyact incidence numbers are difficult to obtain due to the lack of
large population-based studies.?*>3! PTOA development is a major burden for the
patient and society due to its progressive nature and disabling effect on
patients.?3! Prevention and treatment options are very limited for PTOA and often
do not provide the desired long-term results, especially in younger patients.2%2830
These treatments are related to high costs and are accompanied by high costs
related to productivity loss.?®3!

1.3 Mass spectrometry (imaging)

Mass spectrometry (MS) is the analytical technique applied in this thesis and its
possibilities to improve molecular understanding of bone fracture healing, articular
cartilage repair, and impaired skeletal healing are explored. MS is a sensitive
analytical technique that allows for the rapid and simultaneous detection and
identification of a wide range of molecules without prior knowledge or labeling.3*
3 Molecular classes that can be analyzed with MS include metabolites, lipids,
peptides, and proteins.3%3%3> Mass spectrometry imaging (MSI) can be used to
study local molecular distributions in tissue sections.3>333%37 |n addition, different
near real-time techniques using MS have been developed during the past decade
for the analysis of native tissue and these have the potential to be used intra-
operatively. MS(I) has been used in an increasing number of clinical applications
for, for example, biomarker discovery, diagnosis, and prediction of treatment
outcome. One of the main clinical application fields is tumor research, although
many other diseases have been studied as well.?®
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A mass spectrometer consists of different parts, of which the ionization source,
mass analyzer, and ion detector are probably the most important elements.3*3* The
ionization source is responsible for the transformation of the different
biomolecules from the sample into gas phase ions.3* Numerous sampling and
ionization techniques have been developed, including hard and soft ionization
sources. Hard ionization sources cause extensive molecular fragmentation, due to
the high amount of energy delivered to molecules. This is not the case for soft
ionization techniques, which allow the ionization and analysis of larger biological
molecules without fragmentation. Secondary ion mass spectrometry (SIMS) is an
example of a hard ionization technique, while matrix-assisted laser
desorption/ionization (MALDI) and electrospray ionization (ESI) are examples of
soft ionization techniques.3>333¢ MALDI is one of the ionization methods that is
commonly used in MSI. Referred to as MALDI-MSI, it is applied to different tissue
types for biomedical and clinical research.?? The possibility to explore the use of MS
for in vivo tissue analysis was accelerated by the development of different ambient
ionization techniques. One of these techniques is rapid evaporative ionization MS
(REIMS) coupled to, for example, a CO; laser, which is referred to as laser-assisted
(LA-)REIMS.383° MALDI-MSI and LA-REIMS are the two techniques that were mainly
applied in this thesis and those techniques will be explained in more detail below.

The mass analyzer separates the ionized molecules (generated in the ionization
source) based on their mass-to-charge (m/z) ratio. lon signals are acquired by the
detection system and converted into electrical signals, which results in the
generation of a mass spectrum. Mass spectra display the signal intensity of different
detected molecular ions as m/z peaks in the acquired mass range. There are
different types of mass analyzers, including a time-of-flight (TOF), Fourier transform
ion cyclotron resonance (FT-ICR), and Orbitrap. In a TOF system, an electrical field
accelerates the ions towards the ion detector and the ions are separated based on
the time required to reach this detector.3334%041 The reflectron TOF in combination
with a quadrupole is the geometry predominantly used in this thesis. A reflectron
is an electrostatic mirror that reflects the ions at the end of the flight tube towards
the detector.333%4%41 The penetration depth in the reflectron depends on the
kinetic energy of the ions and the time spent in the reflectron differs.*>*! This effect
compensates for the initial time and velocity differences between ions with the
same m/z value with proper adjustment of the reflectron.3*%%4 This compensation
in combination with a longer flight distance improves the mass resolving power of
the TOF system.333*4! The addition of a quadrupole in front of the TOF mass
analyzer allows for tandem mass spectrometry, also called MS/MS or MS?2 3334
MS/MS experiments are used to obtain further structural information for the

23



Chapter 1

identification of the ionized molecule of interest, the so-called precursor ion.32-34

The precursor ion is isolated by the quadrupole and is subsequently fragmented
into pieces, i.e. the product ions, by, for example, collision-induced dissociation
(CID) in a collision cell before analysis in the TOF.333* An FT-ICR traps the ions in an
ICR cell after which the ion cyclotron motion is made spatially coherent and
detectable following excitation by the application of an oscillating electric field.334?
The ion cyclotron motion’s frequency is dependent on the magnetic field strength
in which the ICR is positioned and the m/z ratio of the ion.*? An Orbitrap traps the
ions in a static electrical field in which they oscillate in a stable trajectory along an
axial center electrode.”® These axial oscillation frequencies are related to the m/z
value of the ions and the detected current can be transformed into a mass spectrum
using Fourier transformation.*® The oscillation frequencies of the ions are detected
with increasing mass resolving power with increasing measurement time for both
the FT-ICR and Orbitrap.3**** Orbitraps and FT-ICRs can be combined with
quadrupoles and/or ion traps to enable tandem mass spectrometry.3? FT-ICRs can
also be used for tandem mass spectrometry inside the ICR cell.*?

1.3.1 MALDI-MSI

MALDI allows for the generation of intact gas-phase ions that are usually single-
charged, i.e. molecules that have one positive or negative charge.3*3* MALDI is a
two-step ionization process involving small organic molecules named the matrix,
which provide desorption and ionization of a wide range of molecules (see Figure
1.3).323337 The matrix molecules are dissolved in a solvent and this solution is
applied onto the sample via, for example, spotting or spraying. 33363744 A
homogeneous matrix coverage can be achieved by automated spraying a matrix
solution on the sample.3*36374 The solvents evaporate into the air after
application.?® Another method of matrix application is sublimation, in which the
matrix molecules are brought into the gas phase by heating and condense on the
sample by rapid cooling under vacuum conditions.3”*> The different application
methods result in the formation of a thin layer on the sample that consists of matrix
and analyte molecules that co-crystalize.3*3* The sample plate is placed into the
mass spectrometer for the second step of the ionization process. In this step, a
focused laser irradiates the matrix-analyte crystals.3 The focused laser is usually an
UV laser, but this depends on the spectral absorption properties of the used
matrix.3?33 The desorption and ionization of the matrix and analyte molecules occur
due to local the accumulation of large amounts of energy from the laser that excites
the matrix molecules.3® The matrix absorbs the majority of the laser energy and
makes the energy transfer to the analyte more efficient, which results in less

24



General introduction and outline

Cd
.i. ° ®
) 3 o ® 0
) [ L +
@ o o0 PY +
o :’zz —>Q. S e @ = To mass analyzer
a ® +
o &
o’ 0 o
:.. Desorption and ionization
Sample Section = Laser beam
® Matrix @ Matrixions

Analyte + Analyte ions

Figure 1.3: Simplified MALDI process for positive ionization mode. A thin sample section is
placed on a glass slide and covered with a matrix. Matrix and analyte molecules from the
sample section co-crystallize and form a layer on the glass slide. These crystals are irradiated
with a laser resulting in their sublimation. Expansion and charge transfer take place in the
gas phase resulting in ion formation of the matrix and analyte. The ions are transferred to
the mass analyzer.

damage, for example, fragmentation, to the analyte.3*333” The presence of protons
from the matrix or added acids support positive ionization, while the matrix acts as
a proton acceptor from analytes for negative ionization.323% Analytes generated
with MALDI are often single charged, but the exact ionization mechanism is still
under debate and not fully understood.* The resulting ions are transferred to the
mass analyzer for separation and detected by the ion detector. MALDI is often
combined with TOF mass analyzers due to the pulsed nature of the lasers, but can
also be combined with other mass analyzers.3>%

MALDI is often used for MSI, as it allows for spatial MS profiling directly from a
surface of endogenous molecules, like lipids and peptides, as well as exogenous
compounds, like drugs and their metabolites.323* MSI allows for the visualization of
molecular distributions in a sample by acquiring a single mass spectrum for each
defined pixel on the sample surface.323%3637 Commonly the sample plate moves
from position to position while the laser focus remains at a fixed position in MALDI-
MSI to acquire the mass spectra in the defined region of interest.333> The intensity
of a single (or multiple) m/z values are displayed in molecular distribution images,
which can be obtained by combining the information from the single pixel mass
spectra with their spatial location.3® These distributions can be associated with
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histological features in a tissue section, for example, by overlaying the molecular
distributions with an H&E staining.3%33

The MALDI-MSI workflow is highly dependent on the sample type and molecular
class of interest. The basic MALDI-MSI workflow consists of sample collection,
sample sectioning, sample preparation, including matrix application, spatial
ionization, MS analysis and acquisition of single pixel mass spectra, and data
analysis, which results in the construction of the molecular distribution images (see
Figure 1.4). Sample collection is the critical first step within the workflow, as sample
integrity should be preserved, and degradation and delocalization of biomolecules
should be limited.3*3%3744 Fresh-frozen samples, which are stored at -80 °C until
use, are preferred for MALDI-MSI, because of the wide variety of biomolecules that
can be analyzed.??3%% However, proteins and peptides can still be examined in
formalin-fixed and paraffin-embedded (FFPE) samples.3*3¢ The samples need to be
sectioned before they can be analyzed, as thin and flat sections are required for

AR

To mass analyzer
/ Laser

Figure 1.4: General MALDI-MSI workflow consisting of sample collection, sample sectioning
and mounting, matrix application, MSI analysis and data acquisition for each pixel, and data
analysis and visualization resulting in molecular distribution images.
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most MALDI-MSI approaches.?”* Samples are sectioned in a cryotome in slices with
a thickness usually between 10 and 20 um for fresh frozen samples.3¥363744 The
sections are commonly thaw-mounted on microscopic or indium tin oxide coated
(ITO) glass slides.333%37 Certain types of samples require embedding before
sectioning and/or transferring with tape support to maintain spatial integrity.3%337
The next step is sample preparation of the section, which is highly dependent on
the molecular class of interest as well as the type of sample. It usually consists of
specific washing steps to remove unwanted molecules that affect the ionization
efficiency, and/or digestion or derivatization steps to render the molecules of
interest amendable to desorption and ionization.333%3” Sample preparation is
continued with matrix application, which will enhance desorption and ionization of
the analytes of interest. The matrix crystal size and amount of delocalization will
depend on the application method and the matrix choice.3>3744% |n addition, the
matrix choice will depend on the molecular class of interest and the sample
type.333>3844 Different matrix application methods can be used, of which spraying
and sublimation are commonly used in MALDI-MSI.3>364445 The matrix-coated
sample is subsequently introduced into the MALDI-source of the mass
spectrometer and the data acquisition of the region of interest in performed.
During this data acquisition, a mass spectrum per pixel is acquired. Lastly, data
analysis is performed to create, among others, molecular images of molecules of
interest. Common steps in data analysis are normalization, baseline correction,
peak picking, visualization, and often molecular identification.3 The results of a
MALDI-MSI acquisition are highly dependent on the different steps in the workflow
from sample treatment to matrix application.3*353644 Therefore, optimization and
standardization of the sample preparation protocol and matrix selection are crucial
steps in method development, especially for tissue types that have not been
analyzed extensively yet.

1.3.2 LA-REIMS

REIMS is an ambient ionization technique that allows the analysis of native tissue
and requires minimal sample preparation.*®** The possibility to analyze native
tissue opens up the possibility to use MS for in vivo tissue classification, as with
REIMS near real-time evaluation of the sample is possible.*® The mass spectra
created with REIMS depict molecular profiles that are specific to tissue type.38394¢-
% |n the future, this can instantly provide a surgeon with tissue classification
information during surgery using the complex molecular information and could
contribute to improved surgical decision-making. Currently, REIMS in combination
with different handpieces is predominantly employed ex vivo for the analysis of
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tissues. One of the options explored in this thesis is the combination of REIMS with
a surgical CO; laser resulting in LA-REIMS, 3839

In LA-REIMS (see Figure 1.5), a CO; (or another type of) laser is used to thermally
ablate and aerosolize part of a biological tissue resulting in the generation of a
smoke rich in molecular information from the tissue.®*3%%4” The smoke is
transported via a tube to the front part of the mass spectrometer, the Venturi
pump, and the flow is supported by an additional aspiration pump.*®*® The
molecular-rich smoke is mixed with a solvent matrix in the Venturi, as this solvent
matrix improves ionization and signal intensity.*” The molecules in the aerosol rich
smoke are evaporated and ionized by collision with the heated impactor.4648
Thereafter, the resulting ions are transferred to the mass analyzer for m/z
separation and subsequent detection by the ion detector. REIMS is commonly
coupled to a qTOF analyzer. Metabolites and lipids are the molecular classes that
are mainly detected with REIMS.383%4648 | inid fragments and/or lipids clusters can
also be observed with LA-REIMS.3®

LA-REIMS is an invasive technique, as part of the biological tissue is ablated for MS
analysis. The amount of damage to the tissue depends on many factors, including

CO, laser To MS
~ - ™\ Heated impactor
Solvgnt — .... : _’ To mass
matrix o .0 ®  analyzer

v

Aspiration

Sample

Figure 1.5: Simplified LA-REIMS overview for negative ionization mode. A smoke rich with
molecules is ablated from a sample using a CO2 laser. This smoke is aspirated into the mass
spectrometer and mixed with a solvent matrix. The molecules are ionized by collision with
a heated impactor. The resulting ions are transferred to the mass analyzer.
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the type of laser, the laser power, the laser pulse duration, and the laser repetition
rate, but also the tissue type.3%49°! The damage to the tissue can be separated into
two classes: the ablation crater from which the tissue is removed and a zone of heat
damage to the surrounding tissue.***2>3 |n addition, some laser types, including a
CO; laser, result in the formation of a carbonized layer in the ablation crater.*>%%3
1.4 Thesis outline

The aim of this thesis is to explore the application of different MS techniques for
the analysis of skeletal tissue with a focus on MSI of these tissues. This thesis
concentrates on the methodological developments necessary to achieve MSI
analyses on skeletal tissue as well as their application in different aspects of skeletal
research. The thesis will start with a more extensive explanation of the clinical
importance of non-union and PTOA development in Chapter 2, which includes the
currently known risk factors and key molecules involved in both fracture healing
and cartilage repair, and the main challenges with the prediction of outcome after
injury. In addition, Chapter 2 will address the opportunities for MS to contribute to
extending the molecular understanding of normal and impaired healing by
discussing the current knowledge and challenges of analysis of bone and cartilage
tissue using MSI and ambient MS techniques. The optimization of the sample
preparation protocol of undecalcified bone tissue for MALDI-MSI will be discussed
and this protocol will be used in targeted forensic (methadone and EDDP detection)
and untargeted clinical (matrix selection for detection of unknown lipids)
applications in Chapter 3. The methodological development for lipid analysis in
fracture hematoma with MALDI-MSI and the specific lipid patterns related to
different time points after bone fracture will be addressed in Chapter 4. The
protocol developed in Chapter 3 will be applied in Chapter 5 for the analysis of lipids
using MALDI-MSI in a citrulline supplement study during fracture healing in rats.
Furthermore, the analysis of the proteome with LC-MS/MS of these samples will be
addressed in Chapter 5. Chapter 6 describes the development and functioning of
an automated device for the sampling of a 3D sample surface with LA-REIMS and
its application in the creation of 3D molecular distribution images of different types
of samples. Chapter 7 is the general discussion, including considerations for the
implementation and development into patient care. The impact paragraph
(Chapter 8), and English and Dutch summaries (Chapter 9) finalize this thesis.
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Clinical use of mass spectrometry (imaging) in abnormal fracture healing

2.1 Abstract

Common traumas to the skeletal system are bone fractures and injury-related
articular cartilage damage. The healing process can be impaired resulting in non-
unions in 5-10% of the bone fractures and in posttraumatic osteoarthritis (PTOA)
in up to 75% of the cases of cartilage damage. Despite the amount of research
performed in the areas of fracture healing and cartilage repair as well as non-unions
and PTOA, still, the outcome of a bone fracture or articular cartilage damage cannot
be predicted. Here, we discuss known risk factors and key molecules involved in the
repair process, together with the main challenges associated with the prediction of
outcome of these injuries. Furthermore, we review and discuss the opportunities
for mass spectrometry (MS) — an analytical tool capable of detecting a wide variety
of molecules in tissues — to contribute to extending molecular understanding of
impaired healing and the discovery of predictive biomarkers. Therefore, the current
knowledge and challenges concerning MS imaging of bone and cartilage tissue as
well as in vivo MS are discussed. Finally, we explore the possibilities of in situ, real-
time MS for the prediction of outcome during surgery of bone fractures and injury-
related articular cartilage damage.

2.2 Introduction

Bone fractures and injury-related articular cartilage damage are common traumas
to the skeletal system. A bone fracture is a complete or incomplete break of the
anatomical continuation of the bone, resulting in its mechanical instability.* Normal
fracture healing is a highly complex process involving a well-defined series of
biological phases and mechanical requirements (see Figure 1.1).2%>78105% Although
these phases are successive, there is great overlap between them, resulting in a
continuously changing environment in terms of cell populations and signaling
processes.? Bone fracture healing normally results in completely functional and
structural restoration of the involved bone.>*> Due to its complexity, fracture
healing is not fully understood in detail, as the exact contribution of different
molecules is largely unknown.%58

With cartilage injuries, its structures and functions are damaged, which can result
in reduced mobility.?®2%3! Cartilage damage can have different causes, but for
posttraumatic osteoarthritis (PTOA) a previous joint injury is the cause.?%262931 The
repair capacity of articular cartilage is extremely limited and, therefore, small
surface disruptions do not heal and even worsen over time.'®'%% Despite the
extracellular matrix (ECM) deposition by chondrocytes, an injury to cartilage will
often result in the loss of tissue and the formation of a defect.!®%® If an increasing
defect reaches the underlying bone, scar tissue will be formed in the defect from
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the bone (see Figure 1.2).182023 |t js unknown when cartilage damage becomes
irreversible and results in progressive damage.'®°¢ This is because of the complexity
of cartilage interaction with surrounding joint tissues and response to external
factors.1920.23

Abnormal healing of the bone and/or articular cartilage can result in long-lasting
problems for the patient, such as non-unions and PTOA. The bone fracture healing
process is abnormal in 5-10% of fractures, resulting in delayed healing or non-
union.2*135457 Nevertheless, the non-union rate differs per anatomical location and
per treatment method.**!> Non-union rates have been published in the range of
3-48% of the bone fractures.’>>®% Injury-related cartilage damage can result in
PTOA in 10-75% of the cases, depending on the involved joint.?%?%3% Furthermore,
approximately 12% of the osteoarthritis (OA) cases can be assigned to
PTOA.?3262931 Non-unions and PTOA are difficult to predict, diagnose in an early
phase, and treat, making them current challenges for surgeons and
researchers. 24119202331 Although some key molecules and risk factors associated
with abnormal healing are known, these cannot predict the outcome of bone
fractures or injury-related cartilage damages.??*2>60 Establishing predictive
markers could contribute to early detection (e.g. at the time of the initial surgery)
and/or prediction of abnormal healing, which can contribute to earlier and/or new
treatment options.

Despite the knowledge of some key molecules in the healing processes, the exact
molecular contribution to and interactions with these processes and how these
molecules are involved in non-union and PTOA development are still unknown. This
lack of knowledge contributes to the clinical challenges related to abnormal
fracture healing. Extending the knowledge of molecules involved in abnormal
fracture healing can support the development of new prediction, diagnosis, and
treatment options. Mass spectrometry (MS) is an analytical technique that is used
for an increasing number of applications in clinical research, including cancer
research and prediction of cancer treatment outcome.3*3>%! This technique allows
for unlabeled analysis of a wide range of molecules without the need for prior
knowledge or labeling; these include metabolites, lipids, peptides, and
proteins.333>62:64 Mass spectrometry imaging (MSI) is particularly used in clinical
applications to study the distribution of different molecules in tissue sections for,
among others, biomarker discovery, diagnosis, and studying the intra-tumor
heterogeneity, which has been used to a lesser extent for imaging molecular
distributions in bone and cartilage.3>%3%° Furthermore, intra-operative techniques
using MS are being developed mainly for diagnostic purposes in oncology, with one
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of the most important advantages being the real-time monitoring of the molecular
profile of native tissues.®®®° The main focus of studies using MSI or intra-operative
MS has been on tumor research, showing the potential of MS. The work performed
on hard tissues (bone and cartilage) and abnormal fracture healing using MS is
limited. Extending this work will provide new molecular insights, which can
contribute to a better understanding and prediction of abnormal healing.

This article provides an overview of the current knowledge of delayed fracture
healing and non-union development as well as the development of PTOA with a
focus on hard tissues (bone and cartilage). Herein, important molecules in the
healing processes and diagnostic opportunities will be discussed, which show the
current challenges in the prediction of outcome and resulting complications. Lastly,
we will discuss the potential for MS to overcome these current clinical challenges,
as this technique can contribute to discovery of novel biomarkers and involved
processes for development of delayed healing/non-union and PTOA, while it can
also be used as a prediction tool for these conditions and make a major leap in
patient management.

2.3 Delayed healing and non-union

A fracture non-union can be defined as the termination of the fracture healing
process without reaching a bone union, while in delayed healing the fracture
healing time is longer than expected.””*%7%72 Impaired healing can be caused by
disturbance of any of the phases in the fracture healing process.>*’ A lack of
consensus between surgeons exists about the definition of a non-union.?*'> Non-
union can be defined as no healing in 9 months and no progressive signs of healing
in the last 3 months according to the United States Food and Drug
Administration.>*575%7L72 Nevertheless, there is a great variation in healing time
based on different skeletal locations and amount of soft tissue damage.?*7%73

An often-used classification for non-unions is the differentiation between
hypertrophic and atrophic nonunions.>*”>%7274 |n 3 hypertrophic non-union, there
is formation of a large callus, but no bony bridging due to instability.%57>%7%74
Hypertrophic non-unions are characterized by their biological potential and can
further be divided into elephant foot, horsefoot, or oligotrophic non-
union.**7%%7L7% An atrophic non-union shows no to very little callus formation,
because of a lack of biological regeneration.?*”7%7274 Damage to the vascularization
at the fracture site is often a contributing factor in the development of an atrophic

non-union.?>
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The general goal of treatment is to achieve a union and return the affected bone to
complete functioning.>°”>%7® Nevertheless, treatment of non-unions is complex
and related to high costs.”””*73 The type and location of non-union in combination
with the alighment will dictate the best treatment option.>””*73 The parameters
necessary to achieve are based on the diamond concept: mechanical stability,
osteogenic cells, osteoconductive scaffolds, and growth factors, which result in an
adequate biological environment when adequate vascularity is present.*81357,59.72
These requirements can be reached using different treatment methods or a
combination thereof, which can be classified into biological, mechanical, and
biophysical treatments.>*” Each patient will need an individualized treatment plan
to achieve union, due to the unique nature of each non-union.>>73

Despite the large amount of research performed on fracture healing as well as
impaired healing and improvement of treatment, understanding of the causes of
non-unions is limited and there is still no accurate way to predict the
outcome.>1>>>737> Nevertheless, there are some known risk factors and essential
molecules for the bone fracture healing process. Furthermore, the current
diagnostic options will be discussed.

2.3.1 Risk factors for non-union development

Although there is still no way to predict the outcome of the fracture healing
process, there are some risk factors that can be related to non-union
development.® One of the most important factors is inadequate vascularization, as
disturbance of the blood supply can increase the risk of non-union
development.>>7,6070.737476 This can be caused by high-energy trauma resulting in
extensive soft tissue damage, excessive displacement, and operative treatment at
the fracture site.5®6070727376 |n addition, the amount of vascularization can be
related to the location of the fracture, which can influence its healing process, as
delayed unions and non-unions occur mainly in diaphyseal parts of the
bone.%57588076 Bones with lower blood supply (e.g. tibia and femoral neck) show
higher non-union rates compared to, for example, humeral fractures, which receive
higher blood supply.'>’#7¢ High-energy trauma and open fractures can result in
disruption of the biological environment and/or comminuted bone, which both are
risk factors.*%%7% Another important factor is instability and/or movement between
fracture fragments, as the natural fracture healing process is disturbed.?°7:5870.72-74
Other mechanical causes can be displacement and a fracture gap, in which the main
fracture fragments are not in contact and the fracture gap is too large to bridge.?*”
60,70,73,74,76 A contributing risk factor is the quality of the surgical treatment in terms
of stabilization and reduction of the fracture gap.?*”*%73 In addition, the type of
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fracture will also influence the fracture healing process, as unstable complex,
comminuted, or segmental fractures have a higher risk of non-union
development.>*>076 A (deep) infection resulting from contamination of an open
fracture or as a complication of operation is a risk factor for non-union
development.>>557-60727376 £y rthermore, there are some factors that increase the
risk of non-union development, but are not the main reason for impaired
healing.>**”’*  These contributing factors include old age, osteoporosis,
malnutrition, anemia, alcohol consumption, smoking, genetics, systematic
disorders (like diabetes mellitus), multiple trauma or fractures, and certain
medications (such as corticosteroids, anticoagulants, chemotherapeutic agents,
nonsteroidal anti-inflammatory drugs (NSAIDs), and some antibiotics).>%%%°>57
60.72,73,76 Because of the complexity and interaction between these risks factors,
early detection and accurate prediction of the outcome of the healing process
remain a challenge.>>>%77 Nevertheless, risk factors and prediction models could
allow for early identification and treatment initiation of non-unions.®®

2.3.2 Key molecules involved in bone fracture healing

Multiple classes of molecules have been reported to play a role in the normal bone
fracture healing process, and can be divided into three main classes: pro-
inflammatory cytokines, growth factors, and metalloproteinases and angiogenic
factors.*”10 Several cell types interact in a coordinated way with these molecules
in the fracture healing process, including immune cells, bone and cartilage forming
primary cells, and muscle mesenchymal stem cells (MSCs).>>71%13 Any alteration in
local and systemic regulatory molecules can have an effect on the cellular response,
which may result in impaired healing.*>®'* Table 2.1 gives an overview of the
molecules that have been shown to be involved in the bone fracture healing
process.

Despite the numerous molecules that have been discovered to contribute to the
bone fracture healing process, there is still no complete understanding of which of
these molecules are essential for the process.?'%>> No biomarkers for impaired
healing have been used yet in a clinical setting for outcome prediction, as the
consequences of the imbalance in the expression of different molecules are largely
unknown.?%>%%77 Thys, these molecules fail to serve as predictors of non-union.>>7”

2.3.3 Diagnosis and prediction of non-unions
For the diagnosis of non-unions and evaluation of fracture healing, clinicians use
mainly clinical, radiographic, and laboratory examinations.>>>727377 However, the
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diagnosis of non-unions is often difficult.*>’” Non-unions are diagnosed when they
have already established.”*””” Therefore, prediction of outcome and/or detection
at the beginning of the fracture healing process would allow for earlier diagnosis,
but this is lacking.

The clinical assessment contains documentation of the patient’s history and the
bone fracture history, as well as a physical examination.>’>%7273 The physiological
assessment of a non-union can show, among others, pain and tenderness at the
fracture site, persistent motion, the inability of complete weight-bearing, and
reduced motion in adjacent joints.>7>9727375

The radiographic appearance of the fracture is still the gold standard used to
confirm the non-union, to determine its classification, and to check the integrity of
implants.>”727377 General radiological signs of non-unions are the absence of bone
bridging, persistent fracture lines, the presence of loose or broken implants, lack of
progressive healing on serial radiographs, and hypertrophic or absent callus.>%°%7>
Furthermore, multiple additional imaging modalities can be helpful, for example,

computed tomography (CT), magnetic resonance imaging (MRI), and bone scans.>”
59,72,75,77

Laboratory evaluations are used to define whether an infection is present as well
as to discover metabolic or endocrine abnormalities that can explain the non-
union.>”*8737> The laboratory evaluation should include a complete blood count
(CBC), erythrocyte sedimentation rate (ESR), and C-reactive protein for the
detection of infections as well as tests for the nutritional status when necessary.>”
97275 Nevertheless, these tests have no direct linkage with the bone healing
process. A few studies have been performed to analyze biological markers of
fracture healing as predictors of impaired healing, for example, transforming
growth factor-p (TGF-B) and bone morphogenetic proteins (BMPs), but they have
not been applied in general clinical practice and sufficient evidence is lacking.*'*7’

Despite the diagnostic options available, non-unions can only be diagnosed when
they have already been established. Currently, it is not possible to predict the
outcome of a bone fracture in the early phase, e.g. during the initial surgery. Early
prediction would allow for adaption of treatment, if necessary, preventing non-
union development and, thereby, avoiding additional surgeries and long burden for
the patient.

41



Chapter 2

2.4 Post-traumatic osteoarthritis

PTOA can be defined as the development of OA after a known joint injury causing
cartilage degeneration, dysfunction, and pain.2>?62%31 |n general, PTOA has an
earlier onset than OA and, therefore, affects a younger and more active
population.’®?*3 PTOA-causing injuries can be an intra-articular fracture, acute
ligament sprain, or instability of ligaments.?>2%2%30 These injuries can be classified
into three groups: (1) joint injury without visible mechanical disruption, but with
articular cartilage and possibly subchondral bone damage; (2) joint injury with
visible mechanical damage limited to the articular cartilage; and (3) joint injury with
visible mechanical damage to the articular cartilage and the subchondral
bone.18,20,23

In PTOA development, the subchondral bone is of great importance and influence,
as its properties affect the articular cartilage and vice versa.?>#8> Nevertheless, the
relation between bone changes and cartilage degeneration is not well
understood.®# It has been shown that cartilage degeneration is associated with
increased bone resorption and trabecular bone thinning in the early phase.888
On the contrary, in the later phase of OA development, increased bone formation
and trabecular bone thickening have been shown.®2® Nevertheless, the
mineralization of the formed bone reduces with the progression of OA 82838

Treatment of cartilage damage should be focused on slowing or preventing the
progressive tissue damage in the development of PTOA.*®2%23 Orthopedic surgeons
try to achieve this by restoring the alignment, stability, and congruity of the joint,
which is currently the best possible treatment.?22>2%30 Nevertheless, joint
restabilization does not reduce the risk of PTOA development.2%2227.7886 The
treatment should focus on facilitating cartilage repair and remodeling, which is
currently clinically unavailable.’®2° Surgeons can penetrate the subchondral bone
to initiate a healing response resulting in fibrocartilage, which fails with time,
however.!® Cartilage repair may also be induced by periosteal or perichondrial
grafts, cell transplants, scaffolds, and growth factors, but these methods have not
been proven in clinical studies.'’®?” Furthermore, cartilage can be replaced by
osteochondral auto- or allografts.®®

Despite the amount of research performed for PTOA and OA, the reason for PTOA
development after a joint injury is still poorly understood.?>262%8¢ Some risk factors
and molecules, which have been defined, will be discussed as well as the current
diagnostic options.
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2.4.1 Risk factors for PTOA development

Cartilage health depends on a combination of biological, mechanical, and structural
factors.'®%5¢ Any disturbance in one of these factors, which cannot be
compensated for by the other factors, will potentially result in the development of
OA.Y

PTOA cannot be predicted, but some risk factors are known. Certain injuries often
result in development of PTOA, including joint impact loading; anterior cruciate
ligament (ACL); meniscal, ligament, or joint capsule tears and injuries; joint
dislocations; and recurrent joint instability.1%2%2>263178 Qne of the major risk factors
for the development of PTOA is damage to the chondral surface during injury, which
is related to the injury severity.?>2%293% |n intra-articular fractures, the underlying
subchondral bone is also affected, which increases the risk of PTOA
development.19262987 The severity of the injury depends on the magnitude,
orientation, and rate of the applied force and determines the absorbed energy and
mechanical damage to cartilage and the surrounding structures.'®29222327 The
injury results in chondrocyte death and ECM damage, which contributes to cartilage
loss.?>?>27.29 Nevertheless, Zhang et al. suggested that chondrocyte catabolism
instead of death results in cartilage degeneration, although the chondrocytes
eventually will die.” Although mechanical trauma is a major risk factor, it is
insufficient to explain all the changes in the cartilage in the unaffected areas.’®?
Therefore, the severity of the injury is not the only factor that determines whether
damaged cartilage will repair or undergo progressive degeneration.? After injury
and/or surgery, the joint kinematics change, which results in abnormal mechanical
loading and contact pressures at the articular cartilage.?%?23%87 Thus, chronic joint
instability, incongruity, and malalignment contribute to the development of PTOA
via abnormal distribution of joint loadings, which is worsened by surface gaps and
step-offs.1920:22:23,2526,293L87 |t has been shown that these increased contact stresses
can be related to cartilage thinning.?? In addition, the biological response to the
joint injury, for example, bleeding and inflammation, can lead to the development
of PTOA.?"%78 QOther risk factors of PTOA development are the involved joint,
certain bone fracture types and related dislocation, time since injury, genetics,
obesity and other co-morbidities, age, gender, muscle weakening, and joint disuse
or overuse!819232527.29.788 The relgtive contribution of each factor is poorly
understood as PTOA is considered a multifactorial condition, which makes optimal
treatment planning challenging.?227886
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2.4.2 Key molecules relevant for cartilage health

The molecular pathways involved in the development of PTOA are still mostly
unknown, which is mainly due to the complexity of cartilage interaction with
surrounding joint tissues and response to external factors.'>?%% |nflammatory
cytokines and chemokines are two major molecular classes involved in the
development of PTOA and interact with chondrocytes and other joint tissue cell
types.192%7880 pTOA development is affected by cytokines and chemokines in both
positive and negative ways.”®® Cartilage loss is caused by progressive cartilage
damage when the catabolic pathway is more active than the anabolic pathway and,
therefore, the chondrocytes are unable to restore the damage.%2%235687 Table 2.1
gives an overview of the molecules that have been shown to contribute to cartilage
loss and to be involved in intra-articular fracture repair.

A number of metabolic changes after a joint injury have been shown, but relating
these changes to healthy or pathological joint adaptions is challenging and using
them as predictors of clinical outcome is extremely difficult.'%262756.788 Therefore,
at the moment, no predictive biomarkers for PTOA are available.123:8°

2.4.3 Diagnosis and prediction of PTOA

Early detection of OA-related changes to the cartilage would allow for early
intervention, which might prevent the development of end-stage OA.® The
detection of PTOA (or OA) is very difficult and limited by the lack of symptoms in
the early phase.’®?%2 The variability in the time between injury and the
development of PTOA symptoms depending on the severity of the injury and
differences between patients is adding to this challenge.’®?*% |n addition, joint
injuries that can cause PTOA are difficult to diagnose and often overlooked in cases
of other joint tissue injuries.'® Therefore, PTOA is often diagnosed after the onset
of symptoms based on clinical and radiographic findings, when irreversible damage
to the articular cartilage has already occurred.'®%® This clearly illustrates the need
for early detection and prediction before irreversible changes occur.

Radiography and CT scans are often used for the assessment of articular fracture
reduction and diagnosis of OA.2%# With radiography, OA is diagnosed based on the
bone (sclerosis and osteophytes) and cartilage changes as well as reduction of the
joint space.98%8L83 CT scans have a higher sensitivity than radiography for articular
cartilage assessment, with improved detection of surface gaps, step-offs, and other
surface disruptions allowing for estimation of the absorbed energy during
injury.2>%298 pouble-contrast CT can be used for the measurement of cartilage
thickness to determine areas of cartilage thinning.?? MRI can be used for the
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measurement of, among others, cartilage thickness and the detection of cartilage
and bone marrow lesions.?>%>26 Nevertheless, there is currently no method to
measure the extent of cell and matrix damage.'®?° MRI has been proposed for
studying the amount of damage for injuries without visible mechanical disruption.*®

Biomarkers that can be measured in, for example, blood, urine, or synovial fluid
could contribute to early detection of OA, but they are currently not used for
diagnosis because of lack of specificity.!>®98¢ Different molecules have been
investigated, for example, ECM molecules and inflammation markers, but they
have not been applied in general clinical practice, as there is only limited consensus
about their predictive value.1%238086

PTOA can only be diagnosed when irreversible changes to the articular cartilage
have occurred, despite the current diagnostic options. Currently, it is not possible
to predict the outcome of injury-related cartilage damage in the early phase, e.g.
during the initial surgery. Early prediction would allow for adaption of treatment, if
necessary, delaying or even preventing PTOA development and, thereby, avoiding
additional surgeries and long burden for the patient.

2.5 Mass spectrometry imaging

A method is required that provides detailed molecular and spatial information to
understand the molecular and structural changes in bone and cartilage during
impaired healing. The spatial information also provides insight into the interaction
of these affected areas with surrounding tissues. MSl is a widely used technique for
the analysis of a broad variety of molecules in tissue slices, including metabolites,
drugs, lipids, peptides, and proteins while maintaining their spatial integrity.333%62
® The advantages over traditional histopathological methods, such as
immunohistochemistry (IHC), are rapid simultaneous detection and identification
of a wide variety of molecules in complex biological tissues without the use of
targeted labels.3**>83 |n clinical research, MSI has been employed for biomarker
discovery, tissue classification, and prediction of outcome.3%6365

The general workflow for MSI consists of sample preparation, MSI data acquisition,
and data processing and visualization (see Figure 2.1).3%%3 Sample preparation
depends partly on the ionization technique used, but for all of these techniques,
tissue sections need to be cut and mounted on a flat support, such as glass slides,
for analysis.®® The glass slide is placed in a mass spectrometer and the molecules
from the tissue are desorbed and ionized with an appropriate ionization technique
during MSI data acquisition.333>%3 The ionized molecules are subsequently analyzed
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Embedding of sample Frozen sample
Sectioning and mounting Matrix application

on glass slide

l

MALDI-MSI

Primary f'TD M5
ion beam

1

Data analysis

Distribution images

Figure 2.1: General mass spectrometry imaging workflow. The sample is collected and
stored frozen until use. For hard tissue samples, the tissue is embedded in an embedding
material, which supports sectioning. After embedding, the sample is sectioned and
mounted on a glass slide. For secondary ion mass spectrometry (SIMS), a primary ion beam
shoots at the sample and secondary ions are created from the sample, which are analyzed
by the mass spectrometer (MS). For matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI-MSI), first, a matrix is applied on the sample to support ion
generation. Afterward, a laser shoots at the sample and generates ions, which are analyzed
by the MS. Per pixel in the image, a mass spectrum is created of the generated ions. After
data processing and analysis, distribution images of mass-to-charge values (m/z) can be
created.

46



Clinical use of mass spectrometry (imaging) in abnormal fracture healing

based on their mass-to-charge ratio (m/z), which results in a complete mass
spectrum per pixel.3> Distribution images can be created for specific molecules
based on the intensities of corresponding m/z values per pixel, often after data
reduction and/or the removal of artifacts.3>6%63

Numerous surface sampling and ionization techniques exist, which have been
reviewed elsewhere.?*3% The techniques that have been specifically employed for
MSI of hard tissue are matrix-assisted laser desorption/ionization (MALDI) and
secondary ion mass spectrometry (SIMS) (see Table 2.2).°° MALDI requires a matrix
to be deposited on the tissue section during sample preparation to support the
desorption and ionization of the molecules from the tissue after exposure to laser
radiation.333>6263 S|MS utilizes the generation of secondary ions created and
ejected from the tissue by sputtering its surface with a focused primary ion
beam.?*% SIMS can be used for the analysis of the elemental and mineral
distribution in tissue sections, as well as small (<m/z 1000) inorganic and organic
molecules, like lipids and peptides.®>% The sensitivity of this technique for the
mass range above m/z 1000 is reduced as most larger organic ions will fragment as
a result of the energetic impact of the primary ion beam.3*°* These fragments of
larger molecules can, in selected cases, be informative on the surface composition
nevertheless.3% The analytical possibilities of MALDI are broader and range from
the analysis of small molecules such as metabolites to larger (intact) proteins,
including also lipids, peptides, and glycans.3*3>%3 The spatial resolution of SIMS is
higher (down to 50 nm) than the current achievable spatial resolution with MALDI
(commonly down to 10 pum),333590,94.95

The application of MALDI-MSI to the analysis of hard tissues (e.g. bone and
cartilage) is very limited so far, due to the complex sample preparation and the lack
of appropriate protocols.®>°” As bone consists of both hard and soft tissue parts (i.e.
the calcified matrix and bone marrow, respectively), bone sectioning is very
challenging.?® Therefore, bone is often decalcified and/or dehydrated during the
sample preparation to simplify the sectioning and to remove the interference of
hydroxyapatite crystals in the determination of the molecular distributions in
MALDI-MSI.**%7 During sample preparation for SIMS and sometimes for MALDI, the
necessary fixation and dehydration causes substantial chemical changes to the
tissue, such as the removal of phospholipids.®>*® However, decalcification and
removal of interfering molecules are highly undesirable when the molecular
distribution needs to be related to the in vivo situation, for example, for intra-
operative applications. The importance of embedding a hard tissue sample to keep

47



Chapter 2

98ueu

98ueu uonesedaud sjdwes o\ - wuw ul AjjeaidAy SINI3Y M
Jejndajow papwi - uoa34ns ay3 0} syusw3euy pidi| ‘l003 uidwes 01 p3|dnod w.
anbiuyoal aAISeAU| - MOeqpPID) dWI)-|edd JedN - pue spidi| Ajuie|n uo 3uipuadaqg Jase| e yoj Ajup SINI3Y
S|eJaulw pue s}jes Jo s9|nJsjow
9JUDJ34I31U| 3|qISSOd - 40 A1alien apim jo suedA|3
sanssi} pJey uo UoI129319p snoaueynwis -  ‘suidjoud ‘sapindad paldde Ajpuadau IS
paidde Ajapim joN - 98uel sendajow peoug -  ‘spidi| ‘s911j0qeIDIA| wrl QT 01 umogQ Ajuo ‘sap | -1V 2
sawn S
juswaJnseaw §uoT - spidi| ‘seyjogeisw °
93ueu S|eJaulw JO u0132939(Q - ‘sjeJauiw
Je[ndajow papwi - uolnjosad |eneds y3iH - ‘s|eyuswa)3 wu Qg 03 umo(Q SOA SINIS
(e8ejnnaed
‘auoq) anssn anbiuyd9l
piey jo sisAjeue | Anpwoardads
suolenwi] syi3uans S3sse|d Je|nad|oN uoinjosau |eneds 10} 3|qeasn sse|n

‘(SINI13Y) Arswouoads
ssew uofieziuo| aAnesodens pides pue ‘(ISN-IQTVIN) SuiSewr Asawouldads ssew uopieziuol/uondiosap Jase| paisisse-xLiew ‘(SINIS)
Anawoudads ssew uol Alepuodas Ajpweu ‘anssiy pey uo s|gessn sanbiuydal Ailswou3dads ssew JuaJaip Jo uosiedwo) :z'z dqel

4



Clinical use of mass spectrometry (imaging) in abnormal fracture healing

the structural composition has been shown, especially when soft tissue surrounds
the bone or cartilage, or for diseased bone.3*%3%09398 \While sectioning, applying
adhesive tape to the sample can contribute to maintaining the structural
composition and spatial integrity of the hard tissue.3*9% Despite the challenges in
sample preparation of native hard tissue, analysis of these tissue types is essential
for the understanding of impaired healing.

2.5.1 Mass spectrometry imaging of bone

Most of the research performed with MSI on bone has been performed with time-
of-flight (ToF) SIMS, but more recent literature reports the application of MALDI-
MSI. The limited number of studies applying MS proteomics methods on bone did
not use MSI, as they were either applied to cell cultures and ECM, or blood
products.® One of these studies was focused on bone fracture healing, in which
Grgurevic et al. showed that the detected proteins were involved in cell growth and
proliferation, transport, and coagulation using liquid chromatography-mS.%°

2.5.1.1 ToF-SIMS imaging of bone

One of the application fields of ToF-SIMS is to study bone mineralization in relation
to, among others, fracture healing, bone-implant interaction, and disturbances of
minerals (see Figure 2.2A).1°! This is mainly due to the high sensitivity of SIMS for
elements and elemental and molecular distributions of, for example, Ca, P, PO, and
POs. In addition, different fragments of hydroxyapatite and collagen have been
reported.91'92'95'101'102

Different studies have used ToF-SIMS on bone tissue to study its elemental and
molecular composition. In osteoporotic animal models, ToF-SIMS was used to show
decreasing trabecular number and thickness, and declining cortical bone based on
calcium and collagen distribution.”>*> For quantification of the calcium content,
calcium hydroxyapatite scaffolds have been used in a rat model with encouraging
results, although quantification was affected by the surface properties of the
standards.®? Furthermore, the bone-titanium implant interaction has been studied
with ToF-SIMS, showing higher mineralization around the implant after a longer
time period and specific molecules for bone tissue, the implant, and the
interface.®®2 Multiple studies have researched the effect of a strontium-enriched
calcium phosphate cement on fracture healing on healthy and osteoporotic
bone.’*103105 |t was shown that this implant improved bone formation and
strontium could be found in the newly formed bone as well as pre-existing tissue
as strontium diffused up to 6 mm from the implant, 94103-105
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Figure 2.2: Examples of application of mass spectrometry for the direct analysis of hard
tissues, namely ToF-SIMS on bone, MALDI-MSI on cartilage, and CO; laser coupled to REIMS
on bone and cartilage. A ToF-SIMS image of healthy sheep vertebra showing Ca* (inorganic
compound), CsHsN* (organic compound), and overlay of the selected m/z values. ToF-SIMS
measurement was performed with a Bi3*-primary ion beam and a lateral resolution of 10
um. Reprinted with permission from Miiller et al.>> B MALDI-MSI| image of osteoarthritic
cartilage showing an overlay image of SM (d18:1_16:0) in the damaged superficial part of
the tissue, PC (18:0_18:1) specific for chondrocytes, and DMPE (34:1) in the matrix of the
tissue. The arrows point at chondrocyte pellets. MALDI-MSI image was taken at a spatial
resolution of 15 um. Reprinted with permission from Barré et al.}°® C Mass spectra for the
mass range m/z 500-1200 obtained from a human femoral head with a CO: laser
(continuous wave with a laser power of 20 W with a pulse duration of 0.20 s) coupled to
REIMS from cartilage (top) and cortical bone (bottom).

2.5.1.2 MALDI-MSI of bone

A few studies have shown the opportunity of using MALDI-MSI on bone tissue.
Chughtai et al. studied lipids, peptides, proteins in bone, muscle, and skin from a
limb of a mouse model with rheumatoid arthritis (RA) using both ToF-SIMS and
MALDI-MSL.®5 With this multimodal approach, they showed the localization of
proteins involved in inflammation in different regions related to the effect of RA on
the tissues.® Fujino et al. compared different fixation and decalcification methods
for the preparation of bone samples for MALDI and concluded that sections from
trichloroacetic acid-treated samples were the most suitable.”” Nevertheless, no
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significant differences between the obtained mass spectra were observed between
bones that were decalcified, fixed, or both.”” Svirkova et al. showed the
combination of MALDI-MSI and micro X-ray fluorescence (uUXRF) to study the lipid
(focus on sphingomyelins and phosphatidylcholines) as well as the elemental
composition of bone and surrounding soft tissue without tissue decalcification.%®
They were able to combine the elemental distribution obtained from the
undecalcified tissue (uUXRF) with the lipid distribution of the surrounding soft tissue
(MALDI-MSI).%® Atmospheric-pressure scanning microprobe MALDI (APS-MALDI)
and ToF-SIMS have been applied on undecalcified human bone sections by Schaepe
et al.®® They showed the lateral localization of different major lipid classes, including
glycerolipids, glycerolphospholipids, and sphingolipids.®® Signals specific for the
hard part of the bone as well as the bone marrow were found with ToF-SIMS.* With
APS-MALDI, a hydroxyapatite fragment could be found in the mineralized tissues as
well as different triacylglycerols in the bone marrow.®®

The recent developments in the usage of MALDI-MSI on bone tissue show the
opportunities of this technique for the application in the impaired healing research
on bone, allowing for the discovery of a wide range of molecules that could be
linked to impaired molecular pathways.

2.5.2 Mass spectrometry imaging of cartilage

Several MSI studies have been performed on cartilage, but most studies use
electrospray ionization or liquid chromatography-MS/MS. These methods have
been used to study mainly proteins, peptides, and lipids in cartilage, other joint
tissues, serum, and synovial fluid. The MSI studies mainly employed ToF-SIMS and
MALDI for the analysis of cartilage and other joint tissues.5?

2.5.2.1 ToF-SIMS imaging of cartilage

With ToF-SIMS, osteoarthritic and healthy human cartilage were studied and
showed that these two types of cartilage could be distinguished by specific peaks.?’
Furthermore, colocalization of cholesterol and other lipids in lipid droplets was
seen in the superficial area of the cartilage, with a similar localization of fatty acids
in osteoarthritic cartilage.! Calcium and phosphate ions were observed in the
areas surrounding chondrocytes in osteoarthritic cartilage.’

2.5.2.2 MALDI-MSI of cartilage

In a study on peptides and proteins in human healthy and osteoarthritic cartilage
using MALDI-MSI, osteoarthritic-specific peptides and proteins were found with a
higher intensity in the deep cartilage.®? Distinctive peptides for OA included
fibronectin, cartilage oligomeric matrix protein, and fibromodulin.®? The peptides
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of young, old, and osteoarthritic equine cartilage showed different profiles
between the groups using MALDI-MSI.1® Increased intensities of fibronectin
peptides and decreased intensities of fibromodulin peptides were seen in
osteoarthritic cartilage, while collectin-43 and cartilage oligomeric matrix protein
were age-specific.% Recently, in a MALDI-MSI study about the lipid distribution in
human osteoarthritic cartilage, the superficial layer and the cartilage layer could be
distinguished by specific molecules, but more interestingly a phosphatidylcholine
was found to be specific for chondrocyte cluster cells (see Figure 2.2B).1®
Furthermore, N-glycans have been studied in cartilage and bone marrow with
MALDI-MSI, as the subchondral bone is affected by OA by bone marrow lesions.®
Different N-glycans showed different distributions over the cartilage and bone
marrow, with a high mannose N-glycan being prominent in osteoarthritic cartilage
and a disialylated biantennary complex glycan was prominent in bone marrow of
the patient with bone marrow lesion stage 1.1% The distribution of triamcinolone
acetonide (TAA) in cartilage was shown for sample submerged in TAA with MALDI-
MSI using an essential derivatization step.!°

MALDI-MSI has already been applied to cartilage to study a wide range of
molecules, including lipids and peptides, although most research is applied on late
osteoarthritic tissue. Applying this technique to impaired healing research on
cartilage could contribute to a better understanding of, among others, the early
phase of PTOA.

2.6 Ambient ionization mass spectrometry and the potential

toward in vivo tissue evaluation
The development of ambient ionization techniques opened up the possibility to
employ MS for in vivo tissue analysis, evaluating metabolic and lipid composition
and changes.®®%111 An advantage of the in vivo application of MS is the near real-
time evaluation of the tissue with minimal sample preparation.®6%111112 The
instant availability of complex molecular information allows for improved decision-
making by surgeons.®®!12 The ideal in vivo technology should have a high clinical
sensitivity and specificity and low invasiveness. Therefore, these in vivo techniques
have the potential to be employed for the early prediction of non-unions and PTOA
during the initial surgery. Existing or new surgical handpieces are connected to a
mass spectrometer for the evaluation of the molecular profile of the tissue for
future in vivo intra-operative MS-based diagnostic techniques. The development of
these in vivo techniques focuses on the ablation and ionization of minimal amounts
of molecules from the tissue that are analyzed by a mass spectrometer.®® This
ionization method allows for the analysis of living tissue in its native environment
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while creating tissue-specific mass spectra, which is considered its major
advantage.*® These techniques currently result in mass spectra that predominantly
contain lipids and their fragments.%¢111112 Different techniques have been coupled
to MS systems, including the electrocautery, different laser-based techniques, and
others. Table 2.3 gives an overview of the studies performed with these techniques,
which are reviewed below.

2.6.1 Electrocautery

Electrocautery combined with rapid evaporative ionization MS (REIMS) for rapid, in
situ profiling has been mainly used for cancer research and tumor margin
assessment (see Table 2.3).6468111113 The coupling of electrocautery with REIMS is
often referred to as the intelligent Knife (iKnife).64#58111113 With this approach,
electrocautery is used for cauterizing and cutting of the tissue resulting in aerosol-
rich smoke containing aerosolized molecules, which is transported to the mass
spectrometer via a tube using a Venturi pump.?66164113115 The hasis for this
technique is rapid thermal evaporation of biological tissue by, for example,
electrocautery resulting in the formation of gaseous ions.3>#64864111113,115 gayarg|
research groups have shown that different tissues show different and characteristic
mass spectra of specific lipid patterns allowing for differentiation between healthy
and cancer tissue, different tumor grades, and tumor necrosis. 4864113115 |
general, these studies show high accuracy (range 74.7-97%), sensitivity (range
78.6-97.7%), and specificity (range 89.7-100%) (see Table 2.3).4664113-116 Although
most of the research is currently performed ex vivo, the usage of the
electrocautery-REIMS has also been tested in vivo.464114115

In a similar manner, Balog et al. used electrosurgical dissection via an endoscopic
polypectomy snare connected to REIMS for the classification of gastrointestinal
tract tissue.!® This technique was able to differentiate between healthy intestinal
wall tissue, colorectal cancer, and adenomatous polyps.**®

2.6.2 Laser-based methods

Laser ablation of tissues has shown to result in characteristic ion patterns and
combined with MS could be used for the near real-time in vivo identification of
tissues.3¥12 For this, both ultraviolet and infrared lasers have been used, whereby
the CO; laser is the most common employed infrared laser in surgical
procedures, 3968111112

Schéfer et al. used laser desorption/ionization mass spectrometry (LDI-MS) for the
ex vivo analyses of biological tissues comparing different ultraviolet and infrared
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lasers.?® The reproducibility of the spectra obtained with the CO, laser was higher
than of those obtained with the ultraviolet (Nd:YAG) laser, resulting in high
accuracies for tissue identification with the CO; laser (see Table 2.3).3 The mass
spectra generated with the CO, laser differed considerably between the two modes
of the laser (continuous wave and pulsed mode) and was associated with the
different laser powers.?® This indicates that laser-tissue interaction differs per mode
and, therefore, should be optimized per tissue type and clinical application. The
obtained spectra showed high similarity with spectra obtained with electrocautery,
suggesting similar ion formation mechanisms, which was confirmed by Balog et
al.3** Genangeli et al. showed that the quality and reproducibility of the mass
spectra obtained with the CO, laser coupled to REIMS were higher compared to
electrocautery.3® In addition, the CO; laser enabled to generate a lipid-rich signal
from hard tissues, i.e. bone, bone marrow, and cartilage.3® An example of the mass
spectra obtained from hard tissues is provided in Figure 2.2C. The use of the CO,
laser has been tested in vivo.>®

Fatou et al. developed an in vivo near real-time analysis technique, named the
SpiderMass, which uses resonant infrared laser ablation (RIR-LA) for the production
of mainly lipid ions.3>®112! Different signals could be obtained for normal, cancer,
and necrotic tissue and high correct classification rates have been shown (see Table
2.3).5%121 The minimal invasiveness of this technique was shown in vivo on human
skin and canine tissue, although the technique can result in local dehydration of the
tissue.512

Woolman et al. developed a handheld sampling probe using picosecond infrared
laser (PIRL) ablation MS for the sampling of tissue with minimal thermal damage
and tissue removal.’® In different studies, m/z values in the signal were identified,
which belonged to fatty acids, ceramides, and (fragments of) phospholipids,
including phosphatidic acids, phosphatidylethanolamines, and
phosphatidylcholines.'18119123 Ex yjvo studies using PIRL showed good separation of
tissue types and medulloblastoma subgroups with high classification rates (see
Table 2.3).118119123 p|RL combined to MS has not been used in vivo yet.

2.6.3 Other techniques

Schafer et al. combined a cavitron ultrasonic surgical aspirator (CUSA), which uses
ultrasound for the disintegration of tissue, to sonic-spray ionization MS.11117 A
clear differentiation could be made between different tissues and tumor types (see
Table 2.3).17 With this technique, besides lipid-related ions, the spectra also
contained ions of metabolic constituents, carbohydrates, and peptides.!'” The
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combination of CUSA with MS has not been used in vivo yet, but is expected to give
similar results.*’

The MasSpec Pen extracts molecules (metabolites, lipids, and proteins) from the
tissue via a water droplet, which is analyzed in a mass spectrometer.'2%22 This
device allows for the rapid and nondestructive analysis of tissue, independently of
the tissue shape and rigidity.'?° The MasSpec Pen has been shown to be able to
differentiate between different tissue types and cancer and normal tissue with high
accuracy, sensitivity, and specificity (see Table 2.3).120122 Ng visible tissue damage
was observed in the in vivo testing of the MasSpec Pen 1%

2.6.4 Implementation and limitations

Although each potential in vivo MS technique has its own application field, only a
CO: laser coupled to REIMS has recently been used on bone and cartilage (see Table
2.2).3® The implementation and limitations of the different techniques will be
discussed to explore which technique could be used for the prediction of non-
unions and PTOA.

The main advantages of these ambient techniques are the possibility to analyze
intact samples in vivo in their native environment with the near real-time
feedback. 665111118124 £ rthermore, multiple techniques, including electrocautery
and the CO; laser, use surgically approved handpieces for the ablation and
ionization of tissue, which allows for easier implementation in the operating
room.34611L112 | contrast, other techniques, like the SpiderMass and the MasSpec
Pen, are not medically approved, which will extend the implementation process in
the operating room in the near future.

The amount of unwanted tissue damage generated by these in vivo techniques
varies depending on the approach used. The main disadvantage of the
electrocautery is the thermal and mechanical damage to healthy surrounding
tissue, which is unavoidable during surgery but additional damage is an unwanted
side effect.566:68120.121 Consequently, the spatial resolution of this method is low
and defined by the size of the blade used.®®!?> Furthermore, this tissue damage
complicates the use on healthy tissues and the histopathological validation of
tissues sampled with electrocautery.5#6611311% Other methods prevent extensive
tissue damage, with limited damage for different ablation-based methods (infrared
and ultraviolet lasers, CUSA, and PIRL) and almost no damage for other techniques
(SpiderMass and MasSpec Pen). 386166117124 £qr CO, laser and PIRL-based
techniques, another advantage compared to electrocautery is the minimal thermal
spread as well as the fact that these probes interact mostly with the top tissue
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surface 111112118119.123 Compared to the electrocautery, CO, laser-based techniques
allow for the more precise sampling of the tissue with less tissue damage.3®*° The
higher reproducibility of the CO, laser compared to other lasers allows for more
frequent sampling during surgical interventions to improve the efficiency of
analysis and decrease the invasiveness of intentional sampling.®

In addition, different techniques have their own disadvantages. As already
mentioned, electrocautery results in extensive tissue damage.t1.66:68120.121 The
possible contamination with tissue debris limits the usage of the SpiderMass, which
is the result of the close contact of the device and the tissue.? In the PIRL-based
technique, a separate plume collection tube is used for the transfer of the
molecules to the mass spectrometer.!'#11%12 The need for this additional tube
might limit the translation to the operating room because of practical reasons. For
the MasSpec Pen, the disposable tip can be cleaned by automated flushing of the
system or needs to be replaced.’® Due to the contact of the tip with the tissue,
contamination can occur when the tip is only flushed while replacing the tip every
time is clinically unpractical.®®

Until now, implementation of in vivo methods in the clinic has been limited, which
can partly be explained by the lack of multicenter and validation studies performed
in the operating room.'? In addition, the implementation is constrained by the
need for the development of large data sets (which can take years) to improve the
accuracy of the built tissue classification models as well as the need for validated
and quick data processing workflows.®111112 These databases are generated based
on ex vivo measurements of patient material and associated clinical information.
The potential for intra-operative MS techniques in the improvement of patient care
is foreseen as revolutionary, especially for those techniques using existing surgical
handpieces. For the prediction of non-unions and PTOA, we propose the usage of a
CO; laser coupled to REIMS, as it can be used on hard tissues, employs an existing
surgical handpiece, and has low invasiveness. This in vivo MS technique can be used
intra-operatively in patients for the prediction of outcome of fracture healing by
sampling the bone and/or cartilage without tissue removal.

2.7 Conclusions and outlook

Non-unions and PTOA can only be diagnosed in a later phase and, therefore, early
prediction of outcome of the healing process is required. Nevertheless, currently,
outcome prediction is not possible, despite the known risk factors and limited
knowledge of involved molecules. More detailed molecular information about the
bone fracture healing and cartilage repair processes is necessary, which can be
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provided by MS, as this technique can be used for the analysis of bone, cartilage,
and surrounding tissue. MSI has the potential to analyze the involved molecules in
the repair processes in more detail, while in vivo MS can be used for the outcome
prediction during the initial surgery.

MSI analysis of bone, cartilage, and surrounding tissue can contribute to the
improvement of our knowledge and understanding of the key molecular processes
involved in bone fracture healing and cartilage repair. As a broad range of
molecules can be studied, in the upcoming years, this can result in defining key
molecules and pathways, e.g. lipids and proteins, as well as their distribution. This
information can be used for the development of new treatment options for earlier
intervention.

Only recently a potential in vivo MS technique using CO; laser coupled to REIMS has
been shown to allow for the analysis of bone and cartilage. Therefore, this
technique has to be tested further for optimization of analysis of these tissues and
to assess the predictive value for outcome of bone fractures and injury-related
cartilage damage. Nevertheless, we expect that the CO; laser coupled to REIMS can
already be used as an in vivo MS technique in the operating room in the upcoming
years for the first analyses and, later on, for prediction of outcome.

Improved patient management will be possible by earlier intervention and more
treatment options based on both the improvement of the understanding of key
molecular pathways in the repair processes as well as the outcome prediction of
bone fracture and injury-related cartilage damage.
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Sample preparation of bone tissue for MALDI-MSI

3.1 Abstract

In the past decades, matrix-assisted laser desorption/ionization mass spectrometry
imaging (MALDI-MSI) has been applied to a broad range of biological samples, e.g.,
forensics and preclinical samples. The use of MALDI-MSI for the analysis of bone
tissue has been limited due to the insulating properties of the material, but more
importantly the absence of a proper sample preparation protocol for undecalcified
bone tissue. Undecalcified sections are preferred to retain sample integrity as much
as possible or to study the tissue-bone bio interface in particular. Here, we
optimized the sample preparation protocol of undecalcified bone samples, aimed
at both targeted and untargeted applications for forensic and preclinical
applications, respectively. Different concentrations of gelatin and carboxymethyl
cellulose (CMC) were tested as embedding materials. The composition of 20%
gelatin and 7.5% CMC showed to support the tissue best while sectioning. Bone
tissue has to be sectioned with a tungsten carbide knife in a longitudinal fashion,
while the sections need to be supported with double-sided tapes to maintain the
morphology of the tissue. The developed sectioning method was shown to be
applicable on rat and mouse as well as human bone samples. Targeted (methadone
and EDDP) as well as untargeted (unknown lipids) detection was demonstrated.
DHB proved to be the most suitable matrix for the detection of methadone and
EDDP in positive ion mode. The limit of detection (LOD) was estimated to
approximately 50 pg/spot on bone tissue. The protocol was successfully applied to
detect the presence of methadone and EDDP in a dosed rat femur and a dosed
human clavicle. The best matrices for the untargeted detection of unknown lipids
in mouse hind legs in positive ion mode were CHCA and DHB based on the number
of tissue-specific peaks and signal-to-noise ratios. The developed and optimized
sample preparation method, applicable on animal and human bones, opens the
door for future forensic and (pre)clinical investigations.

3.2 Introduction

The range of applications of mass spectrometry imaging (MSI) has grown
exponentially over the last decades.®>!?® A main advantage of MSI is the possibility
to detect a wide range of molecules and visualize their distributions without the
need for targeted labels while maintaining sample integrity.'?® The development of
matrix-assisted laser desorption/ionization (MALDI)-MSI has contributed to a
broader application field for MSI, due to the soft ionization of molecules and the
broader molecular weight range than previous ionization techniques, for example,
secondary ionization mass spectrometry (SIMS).12 MSI can be applied to a wide
variety of sample types, including tissue samples. As a consequence, MSI has been
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used more and more in (pre)clinical research, including tissue classification,
studying treatment efficacy, and biomarker discovery.3> Next to this, MALDI-MSI is
used to study in situ drug, metabolite, and lipid distributions.?>?” The sample
preparation workflow for MALDI-MSI is highly critical for the quality and reliability
of the MSI measurements. On one side, the measurements depend on the analytes
of interest. Small molecules can be masked by endogenous molecules or signals
from the selected matrix.1? On the other side, the quality and reliability depend on
the complexity of the tissue of interest. The sample preparation will affect, among
others, sample integrity, the ionization efficiency of molecules, and local ion
suppression due to salts and endogenous compounds in the tissue.

For calcified tissues, like bone, decalcification is often performed to allow for easier
sectioning and to reduce insulating properties of the sample, but more over to
remove the unwanted background signal in MALDI-MSI caused by the mineral
structure of these tissues.’® These procedures, however, pose a high risk of
contamination and analyte delocalization.® Despite the wide range of tissues that
have been studied using MALDI-MSI, there are only a few studies that apply this
technique on skeletal tissue.’%7,98130.131 This can be explained by the absence of
proper section preparation protocols for undecalcified bone tissue. Undecalcified
bone tissue is preferred to avoid solvent-induced analyte delocalization, which
better preserves the in vivo distribution. The lack of existing sample preparation
protocols can be explained by the complex morphology of bone tissue.%%%7130 The
combination of hard (bone), stiff (cartilage, tendons, skeletal muscle), and rather
soft tissue (bone marrow, surrounding periosteum, smooth muscle) in the skeletal
tissue makes sectioning a challenge.’®3° Bone sections have the tendency to curl
or fall apart.’3° Another difficulty lies in the creation of homogenous tissue sections
with MALDI-MSI-compatible techniques.'?® Previous methods for sectioning
skeletal tissue have been shown to be successful in preparing bone sections.!
However, they often involve decalcification and/or dehydration methods, which
consist of washing steps using an acid.’® In 2014, Hirano et al. reported an
application of MALDI-MSI on tooth cryosections, which were prepared using
adhesive film without any pretreatment of the tissue.'*® Nevertheless, teeth have
a different texture than bone tissue. In 2018, Svirkova et al. adapted Hirano’s
method to make cross-sectional sections of chicken digits, which only contain small
and thin bone pieces.?® These and the different studies provided in Table 3.1 show
that it is possible to cut samples containing bone and surrounding soft tissue,
although each of the methods is different. Here, we aim to optimize the sample
preparation and analytical workflow of undecalcified longitudinal bone sections for
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MALDI-MSI without any pretreatment. We will focus on the evaluation of the
potential of MALDI-MSI for targeted and untargeted applications, namely the
detection of small exogenous molecules (i.e., drugs of abuse) for the forensic field
and endogenous ones (i.e., lipids) for the (pre)clinical field in longitudinal bone
tissue sections.

During the last decade, the interest in the usage of skeletal tissue as an alternative
specimen in forensic toxicology has seen a revival.}3134 |t is shown that the bone
tissue acts as a depot for certain drugs.'*? However, the analysis of bone tissue is
still in its infancy. Nowadays, the gold standard for analysis of skeletal tissue is the
usage of liquid or gas chromatography MS.13> Although it is of great value, this
technique requires sample clean-up and extractions steps. MALDI-MSI could prove
a more time efficient alternative for the detection of certain drugs. Therefore, in
this study, the targeted detection of methadone and its metabolite 2-ethylidene-
1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP) in skeletal tissue will be studied using
MALDI-MSI.

In the clinical field, the application of MALDI-MSI related to skeletal diseases can
have a great potential, as the current molecular understanding of the underlying
processes of, for example, bone fracture healing and non-union development is
very limited.*1%13¢ The application of MALDI-MSI on undecalcified bone tissue can
be of additional value for improved understanding of molecular pathways involved
in different bone diseases. The untargeted application will be focused on different
lipid classes, because lipids have a regulatory function in healthy bone and repair
processes and are present in bone marrow as well as in bone.®>*%" |n this study, a
method for untargeted detection of a broad range of lipid classes with MALDI-MSI
in bone tissue will be optimized by comparing the efficiency of different matrices.

3.3 Materials and methods

3.3.1 Chemical and materials

Analytical reference standards of EDDP (1 mg/mL) and methadone (1 mg/mL) were
purchased from Cerilliant (Round Rock, TX, USA). Aqueous standard stocks of
different concentrations were prepared by mixing reference standards. All standard
solutions were stored at -20 °C. Acetone, acetonitrile (ACN), methanol,
isopropanol, and water were purchased from Biosolve BV (Valkenswaard, The
Netherlands) with HPLC grade (acetone) or ULC/MS—CC/SFC grade (other solvents).
Red phosphorus was obtained from Sigma-Aldrich (St. Louis, MO, USA). Tragacanth,
carboxymethyl cellulose (CMC) sodium salt, and gelatin were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Conductive indium tin oxide (ITO)-coated
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microscope glass slides were purchased from Delta Technologies (Loveland, MN,
USA) for the drug measurements. For the lipid measurements, SuperFrost Plus
microscopic glass slides were purchased from VWR International BV (Radnor, PA,
USA). All MALDI matrices, 2,5-dihydroxybenzoicacid > 98% (DHB), 2,4,6-
trihydroxyacetophenone hydrate > 98% (THAP), a-cyano-4-hydroxycinnamic acid >
98% (a-CHCA), 2',6'-dihydrixyacetophenone (DHA), 1',5'-diaminonaphthalene
(DAN), norharmane, N-(1-naphthyl)ethylenediamine dihydrochloride (NEDC), and
sinapic acid = 98% (SA) were purchased from Sigma-Aldrich. Different supportive
tapes were purchased: double-sided conductive copper tape and double-sided
carbon tape, double-sided Tesa® tape; double-sided Scotch® tape all manufactured
by 3M (MN, USA).

3.3.2 Sample collection

Male Wistar rats were obtained from the animal facility of Gasthuisberg (KU
Leuven, Belgium) to facilitate targeted drug experiments by spiking blank bones
with a methadone:EDDP (1:1) aqueous mixture. The animals served solely for
breeding purposes and were not involved in any prior experiments. Samples of
dosed rats were obtained from an experiment concerning chronic dosing of rats
with methadone.®® All applicable international, national, and institutional
guidelines for the care and use of the animals were followed. All experiments were
in accordance with ethical standards as approved by the Ethical Committee for
Animal Experimentation of the University of Leuven (P 113/2011). The animals
were euthanized using CO,. Bones were removed by dissection and stored at -20
°C until future use.

Human postmortem samples were obtained at autopsy of legal cases at UZ Leuven
(Belgium). Approval for this study was received from the Medical Ethics Committee
of the faculty of Medicine of the University Hospital of Leuven, Belgium. Cases were
selected after a positive screening result for methadone. The clavicle was chosen
as the specimen of choice due to the high accessibility during autopsy. After
removal of the breastplate, a ring of 1-cm width was serrated 1 cm from the center
of the distal clavicle head. The bones were cleaned by scraping the soft tissue off
with a scalpel. Bone marrow was not removed prior to cutting. Samples were stored
at-20 °C.

For the untargeted lipid experiments, the control (not fractured) hind legs of a
mouse study were used. These mice received pulsed electromagnetic field (PEMF)
therapy for 0, 1, 4, or 8 h per day for 14 days. The animals were euthanized by
cardiac puncture. The samples were stored on ice and transported to the freezer.
Approval for this study was received from the Animal Experiments Committee of
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Maastricht University (2014-030). Before embedding and sectioning, the fur was
removed, while the surrounding soft tissue and bone marrow remained. The
samples were stored at -80 °C.

3.3.3 Tissue sectioning

Based on previous experiments,? different embedding media were tested for thin
rat bone sections: (A) an aqueous mixture of 20% gelatin, 5% CMC (w/v); (B) an
aqueous mixture of 20% gelatin, 7.5% CMC (w/v); and (C) an aqueous mixture of
20% gelatin, 10% CMC (w/v). Also, different adhesive tapes were evaluated for
supporting the tissue sections. Four different tapes were evaluated: double-sided
conductive copper tape, double-sided carbon tape, double-sided Tesa® tape, and
double-sided Scotch® tape. For every tape separately, the optimal section thickness
and temperature were determined. The sample was mounted on the specimen disc
using 10% tragacanth (w/v). Tissue sectioning was performed on CryoStar NX50
(Thermo Scientific) or Leica CM1860 UV (Wetzlar, Germany) using a Shandon™
Tungsten Carbide D-Profile (Thermo Scientific). The tape was attached using the
second adhesive side to a conductive indium tin oxide (ITO)—-coated microscope
glass slides from Delta Technologies (Loveland, MN, USA) for the drug experiment
and on SuperFrost Plus microscopic glass slides (VWR International BV, Radnor, PA,
USA) for the lipid experiments. For the lipid experiments, the samples were stored
at -80 °C until future use. The sample was vacuum-dried in a desiccator overnight
at room temperature for the drug experiments and 30 min in the desiccator at room
temperature for the lipid experiments before matrix application. For the
application of the drug standards, it was necessary that the sections were
completely dry to prevent water-based drops from spreading due to capillary forces
while a short drying time for lipids is preferred due to the natural degradation of
lipids at room temperature. When the sections were completely dried, drug
standards with different concentrations of an aqueous methadone:EDDP mixture
were applied to bone sections using manually spotting of 0.5-uL drops. The spiked
sections were vacuum-dried for 15 min in a desiccator before matrix application.

3.3.4 MALDI matrix selection with dried droplet

For the drug experiments, four matrices were evaluated and prepared as follows: 7
mg of DHB and 10 mg of NaCl dissolved in 1 mL of H,O/ACN (70:30 v/v); 10 mg of
THAP and 10 mg of NaCl dissolved in 1 mL of methanol; and 5 mg of SA and 1 mg of
NaCl dissolved in 1 mL of H,O/ACN (40:60 v/v) and 5 mg of a-CHCA in 1 mL of
H,O/ACN (70:30 v/v). Matrix solutions were deposited 1:1 (v/v; 0.5 pL each)
together with a methadone:EDDP mixture on a stainless steel target and dried at
room temperature. All experiments were performed in duplo.
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3.3.5 MALDI matrix sublimation

The different matrices were either sublimated on a home-built sublimation unit at
TU Wien using experimental parameters as described previously®*® for preliminary
experiments or on the HTX Sublimator (HTX Technologies, Chapel Hill, NC, USA). For
the analysis of methadone and its metabolite, DHB was sublimated. For the matrix
selection for the lipid experiments, CHCA, DAN, DHA, DHB, and norharmane were
compared in positive ion mode, while DAN, NEDC, and norharmane were compared
in negative ion mode. The sublimation details per matrix can be found in Table 3.2.

3.3.6 MALDI-MSI instrumentation

A Waters SYNAPT G2 system was used for preliminary experiments before
switching to the more sensitive SYNAPT G2-Si system equipped with a prototype
UMALDI source, both provided with a Nd:YAG laser (Waters Corporation,
Manchester, UK) (for more information about the uMALDI source, see Barré et
al.l®). The data acquiring was performed using MassLynx version 4.1 and
HDImaging version 1.5 software (Waters Corporation). The measurements were
performed in sensitivity mode with a scan rate of 1.0 s per scan. Different mass
ranges were acquired: m/z 50-500 in positive ion mode for drug experiments, m/z
100-1200 in positive ion mode for lipid experiments, and m/z 100-2000 in negative
ion mode for lipid experiments. The instrument was calibrated with red phosphorus
for both positive and negative ion modes before each measurement. The laser
fluence was dependent on the matrix used as well as the application type. It varied
between 150 and 350 arbitrary units set in the control software, and no absolute
fluence measurement was performed. The spatial resolution was 150 um x 150 um
for the drug experiments and 100 pm x 100 um for the lipid experiments.

Table 3.2: Matrix sublimation details for the HTX sublimator unit. Per matrix, the amount of
matrix, solvent, sublimation temperature, and sublimation time are provided.

. Sublimation Sublimation
Matrix Amount (mg) Solvent (x5 mL) temperature (°C) time (s)
CHCA 55+1 ACN:H20 (70:30) 180 300
DAN 301 Methanol 120 80
DHA 50+1 Isopropanol 160 300
DHB ;8 i 1 E!Fr)i)) Acetone 180 280
NEDC 40+1 Methanol 160 150
Norharmane 501 Methanol 140 200
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3.3.7 Data analysis

For the data analysis of the measurements, HDImaging (version 1.4, Waters
Corporation), MassLynx (version 4.1,Waters Corporation), LipostarMSI (version
1.1.0b17, Molecular Horizon), and mMass (Open Source Mass Spectrometry Tool,
version 5.5.0) were used. All data analysis is performed on total ion current (TIC)—
normalized data and the shown distribution images are TIC-normalized.

3.3.8 Lipid identifications

The selected m/z values (shown in the overlay images in “3.4 Results”) were chosen
from the merged dataset created in LipostarMSI (version 1.1.0b17, Molecular
Horizon). In this dataset, all measurements of one ion mode were merged and the
m/z values were averaged over the different measurements. For each merged m/z
value as displayed in the figure, the corresponding m/z value from the average mass
spectrum for the specific matrix was obtained, as this value correlates to the shown
distribution. These average mass spectra were recalibrated to the high-intensity
matrix peaks and some general lipids using the manual mass warping option during
data import in LipostarMSI. For tentative identifications of selected m/z values
(from the average mass spectrum), the experimental m/z values were searched in
the LIPID MAPS® Structure Database (LMSD) and ALEX!® lipid calculator with a
maximum ppm error of 15 ppm, including all lipid classes and all single charged
adducts. 140141

3.4 Results

This study consists of three parts: (1) the optimization of a sample preparation
method of undecalcified bone tissue for MSI, focused on the embedding material
and sectioning method; (2) a targeted approach measuring drug concentrations in
rat and human bone tissue, and more specifically on the detection of methadone
and its metabolites to determine the limit of detection (LOD) and detection of these
molecules in dosed bones; and (3) an untargeted approach to select the most
suitable matrix for measuring lipids in mouse bone tissue.

3.4.1 Method optimization for tissue sectioning

Cutting undecalcified bone tissue without embedding resulted in shattered
fragments. Therefore, embedding bone tissue proved necessary to maintain
sample integrity during sectioning. In a previous study, gelatin and CMC has been
used as embedding materials for chicken digits.%® Chicken digits differ from rat and
mouse bone, the latter being harder and more brittle. An optimal embedding
material and sectioning protocol for undecalcified bone tissue of rats and mice
focusing only on MALDI-MSI has not been determined yet. Three different
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embedding media were tested with different concentrations of CMC to maintain
the integrity of the sample. Of these embedding media, 7.5% proved to provide the
best sections, while 10% CMC showed to exceed the solubility threshold. Tissue
sections were visually assessed by a light microscope to evaluate their integrity.
Optimal section parameters were chosen based on a surface homogeneity. As the
embedded samples still shattered during sectioning, double-sided tapes were used
to increase the support. The section thickness and temperature were optimized for
each of the four tapes. Optical images of a section obtained with different tapes are
shown in Figure 3.1. The Tesa® tape gave the most homogenous sections. The final
workflow for the sample preparation and MALDI-MSI measurements for
undecalcified bone tissue is shown in Figure 3.2.

3.4.2 Targeted detection of methadone and EDDP

3.4.2.1 Matrix selection for drugs

The limit of detection (LOD) was determined based on a signal-to-noise (S/N) ratio
of more than 3. In a common MALDI-MS experiment using the dried droplet
method on a stainless steel target, the LOD was estimated to approximately 2.5 pg
for methadone and 1 pg for EDDP using DHB as a matrix. The corresponding mass
spectra are shown in Figure 3.3. Using SA as a matrix, the LODs were estimated to
approximately 50 pg for methadone and 30 pg for EDDP. CHCA showed to have an
overlapping mass with EDDP. THAP did not co-crystallize with methadone and gave
no signal. The amount of DHB for detection of methadone and EDDP was optimized,
resulting in 70 mg of DHB. This latter resulted in 3.3 mg DHB on the ITO slide.

Normal tapes Conductive tapes

Double sided Double sided Double sided Double sided
Tesa® tape Scotch® tape carbon tape copper tape
-15°C, 12 um -15°C, 16 um -10°C, 16 um -20 °C, 12 um

Figure 3.1: Optical images of rat bones mounted on each of the four tapes used during
sectioning with optimized section thickness and temperature.
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Frozen sample Embedding of Sectioning and

sample mounting
=N — S,
Mass spectrum
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[_'TOMS Laser
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Figure 3.2: Analytical workflow for the analysis of bone tissue with MALDI-MSI. Samples
were collected and stored in the freezer until further use. Samples were embedded in 20%
gelatin with 7.5% CMC (w/v), sectioned at 12 um with the support of double-sided tapes,
and mounted with the other side of the tape on a glass slide such that the tissue was
available for analysis. The matrix was applied on the sample via sublimation. After matrix
sublimation, the MALDI-MSI measurement was performed, during which a mass spectrum
per pixel is obtained for the region of interest. After data processing and analysis of these
spectra, for example, intensity and signal-over-noise (S/N) values could be obtained and
distribution images of selected m/z values could be created that can provide information
about the location of these molecules.

3.4.2.2 Sensitivity test

On the SYNAPT G2-Si, the copper tape as well as the normal tape gave sufficient
signal intensities. Because the quality of the sections was better using the normal
Tesa® tape, the latter was used for future experiments. Different calibration series
were constructed to compare the influence of the different parameters (ITO slide,
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Figure 3.3: Detection of methadone and EDDP using DHB as matrix in positive ion mode. In
blue the mass spectrum of the measured droplet with a drug mixture of 1pg EDDP (m/z
278.18) and 2.5 pg methadone (m/z 310.21) and in red the spectrum of DHB.

tape, and bone tissue). Methadone and EDDP were detectable as [M+H]* ions in MS
mode in all calibration series. A significant decrease in intensity could be observed
from bone tissue compared with ITO glass slides exemplifying the significantly
reduced desorption/ionization efficiency of analytes. The LOD of detection for
methadone was estimated to approximately 5 pg, 25 pg, and 50 pg in a drop on the
ITO slide, the tape with gelatin, and the bone tissue, respectively. For EDDP, LODs
were estimated to approximately 25 pg on bone, 25 pg on tape with gelatin, and 5
pg on the ITO slide. On the ITO slide and the tape, methadone and EDDP generated
characteristic ion fragment signatures in MS/MS mode. On the bone tissue, below
500 pg, no specific MS/MS spectra could be generated. The calibration series are
shown in Figure 3.4. The mass spectra of a 50-pg spot on bone tissue are shown in
Figure 3.5.

3.4.2.3 Detection of methadone and metabolite in dosed rat bone

A femoral bone of a rat dosed with methadone was sectioned longitudinal and
imaged as described. The methadone concentration and EDDP concentration in the
bone were determined respectively at 14 ng/g and 4 ng/g as described by
Vandenbosch et al.**® The intensity of methadone in the bone was very low. The
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Figure 3.4: Calibration series for methadone and EDDP. A Longitudinal bone section spiked
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methadone (m/z=310.21) and CEDDP (m/z = 278.18). The distribution images are total ion
current (TIC)-normalized. Scale bar shows relative intensities.
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Figure 3.5: Detection of methadone and EDDP using DHB as matrix in positive ion mode. In
blue the mass spectrum of a spot with 50 pg methadone (m/z = 310.21) and 50 pg EDDP
(m/z = 278.18) on bone tissue and in green a mass spectrum of blank bone tissue.

methadone intensity in the bone marrow could clearly be distinguished from the
surrounding bone. The surrounding bone showed a slight intensity difference with
the surrounding matrix, but this difference is not significant. For the metabolite
EDDP, the same pattern was seen and the signals were more intense at some spots.
The bone tissue could be distinguished from the surrounding matrix, but this
difference is not significant. The distribution images of methadone and EDDP are
shown in Figure 3.6.

3.4.2.4 Detection of methadone and metabolite in postmortem forensic human
bone

A clavicular bone of a 37-year-old male who died of an overdose of methadone was
sectioned cross-sectional and imaged as described. Blood concentrations of
methadone and EDDP were respectively 3727.4 ng/mL and 32.9 ng/mL as described
in Vandenbosch et al.**? When looking at the distribution image of methadone, the
bone marrow could be distinguished from the surrounding bone (see Figure 3.7). In
addition, the bone tissue could clearly be distinguished from the surrounding
matrix. Similar observations were made for EDDP (see Figure 3.7).
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Figure 3.6: Distribution images of methadone and EDDP in a rat femur dosed with
methadone. A Longitudinal section of rat femur with region of interest (ROI) in blue. B
MALDI-MSI distribution image of methadone (m/z310.21). C MALDI-MSI distribution image
of EDDP (m/z 278.18). The distribution images are total ion current (TIC)-normalized. Scale
bar shows relative intensities.

3.4.3 Untargeted detection of lipids

In previous studies of MALDI-MSI on undecalcified bone tissue, CHCA, DHB, and
dithranol have been reported as matrices for the detection of metabolites and
lipids from bone tissue, but limited information is available on lipids and the
efficiency of these matrices to desorb and ionize different lipid classes.®%%7:%8
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Figure 3.7: Distribution images of methadone and EDDP in a human clavicle from someone
who overdosed on methadone. A Cross-section of the clavicle with the region of interest
(ROI) in blue. B MALDI-MSI distribution image of methadone (m/z 310.21). C MALDI-MSI
distribution image of EDDP (m/z 278.18). The distribution images are total ion current (TIC)-
normalized. Scale bar shows relative intensities.

Studying the different lipid classes present in bone is of great interest, because of
their regulatory role in bone health and repair.®®'¥ To test the different matrices
for the detection of lipids in bone tissue, the following matrices were assessed:
CHCA, DAN, DHA, DHB, and norharmane for positive ion mode; and DAN, NEDC,
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and norharmane in negative ion mode. NEDC was included in this analysis although
it is more often used for the detection of metabolites than for lipids, as multiple
molecules in the lower mass range were seen during initial analysis.

3.4.3.1 Positive ion mode

In positive ion mode, different matrices allowed for the detection of different
molecules from the bone and bone marrow, although some m/z values were
represented in multiple matrices (see Figure 3.8). For DAN, DHA, and norharmane,
it was not possible to obtain specific m/z values from bone, although for
norharmane some m/z values showed higher intensities in bone tissue compared
with the bone marrow and surrounding tissue. For CHCA and DHB, it was possible
to obtain m/z values specific for bone and bone marrow. In addition, CHCA and DHB
had the highest number of m/z values specific for bone or bone marrow (see Table
3.3). DAN and norharmane resulted in a high number of specific m/z values for bone
marrow compared with DHA. For CHCA, the specific m/z values were roughly half
divided between bone and bone marrow, while for DHB, the majority of the specific
m/z values were obtained from bone (see Table 3.3). DHB has relatively low signal
intensities (TIC-normalized) and signal-to-noise (S/N) ratios (see Table 3.3 and mass
spectra in Figure 3.9) for bone as well as bone marrow compared with the base
peak, while CHCA has low signal intensities and S/N ratios for bone in contrast to
data collected from bone marrow. DAN provided the highest S/N ratios for signals
derived from bone marrow, but in the positive ion mode, this matrix showed
significant interference with the tissue-related peaks. DHB and norharmane show
some interferences, and for CHCA and DHA, the interference is low (Figure 3.9).

3.4.3.2 Negative ion mode

In negative ion mode, different matrices allowed for the detection of different ions
from the bone and bone marrow and most m/z values were only presented in one
measurement (see Figure 3.10). For DAN and norharmane, it was only possible to
obtain specific signals for bone marrow, while for NEDC, it was possible to observe
specific signals from both, bone and bone marrow. NEDC had the highest number
of m/z values specific for bone or bone marrow, of which most of the m/z values
were obtained from the bone (see Table 3.5). However, these specific m/z values
are only in the lower mass range (m/z < 500). DAN resulted in the highest number
of specific m/z values for bone marrow. Furthermore, NEDC has higher signal
intensities for bone and relatively high S/N values for bone marrow (see Table 3.5),
while the intensities and S/N values for bone marrow are higher in DAN and
norharmane. DAN showed the highest S/N values for bone marrow. In negative ion
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Figure 3.8: Overlay images of selected m/z values for CHCA, DHA, DAN, DHB, and
norharmane in positive ion mode measured with MALDI-MSI of mouse hind legs for the
untargeted detection of lipids. The m/z values were selected to show the similarities and
differences between the matrices in terms of desorption and ionization efficiency. A Optical
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Figure 3.8 (legend continued): scan of the section with the measured area indicated with a
black line. Overlay images of the distributions of selected m/z values in the range 200-500
(B), 500-600 (C), and 700-800 (D). The distribution images are total ion current (TIC)-
normalized and the intensity scale shows the maximum relative intensity of the specific m/z
value (for tentative identifications of the selected m/z values, see Table 3.4).
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Figure 3.9: Profile mass spectra of the measured area for the different matrices in positive
ion mode using mice bone for the untargeted application. Full range (m/z 100-1200) mass
spectra with an insertion of a zoom in of the m/z range 500-1000 for CHCA (A), DAN (B),
DHA (C), DHB (D), and norharmane (E). Mass spectra represent the combined signal from
bone, bone marrow, surrounding (muscle) tissue and some surrounding background signal.
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Figure 3.10: Overlay images of selected m/z values for DAN, NEDC, and norharmane in
negative ion mode measured with MALDI-MSI of mice hind legs for the untargeted
detection of lipids. The m/z values were selected to show the agreement and differences
between the matrices in terms of desorption and ionization efficiency. A Optical scan of the
section with the measured area indicated with a black line. Overlay images of the
distributions of selected m/z values in the range 200-300 (B), and 300-500 (C). The
distribution images are total ion current (TIC) normalized and the intensity scale show the
maximum relative intensity of the specific m/z value. For tentative identifications of the
selected m/z values see Table 3.6.
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mode, DAN and NEDC have the most interference of matrix peaks with the tissue-
related peaks, while there is some interference for norharmane (see mass spectra
in Figure 3.11).

3.5 Discussion

3.5.1 Method optimization for sectioning of undecalcified bone tissue

Here, we present a sample preparation protocol for undecalcified bone tissue
developed and optimized for analysis with MALDI-MSI. Embedding in an aqueous
solution of 20% gelatin (w/v) and 7.5% carboxymethyl cellulose (CMC, w/v) in
combination with the use of double-sided tape proved to be necessary to maintain
sample integrity during sectioning. It is of utmost importance to avoid bubbles of
any kind (air, water from melting crystals in tissue) in the medium during
embedding of the tissue. Bubbles will result in holes in the embedding which cause
less support during sectioning and thus low-quality sections. While at 60 °C, the
embedding material is poured in a mold. The tissue sample is immersed
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Figure 3.11: Profile mass spectra of the measured area for the different matrices in negative
ion mode using mice bone for the untargeted application. Full range (m/z 100-2000) mass
spectra with an insertion of a zoom in of the m/z range 500-1000 for DAN (A), NEDC (B), and
norharmane (C). Mass spectra represent the combined signal from bone, bone marrow,
surrounding (muscle) tissue and some surrounding background signal.
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immediately. As a result, the frozen sample will start melting. It is recommended to
immediately start polymerization after sample embedding by freezing at -20 °C to
avoid tissue degeneration due to the heat. Only the tungsten carbide knife was
found to be robust enough to cut bone tissue without permanent deformation of
the blade. Different amounts of CMC were tested. The amount of CMC was
increased compared with that in previous studies to ensure a smooth transition
from embedding to bone tissue while sectioning. Increased amounts of CMC gave
more homogenous sections with less relief compared with lower CMC
concentrations. Above 7.5% (w/v), the solution was saturated and CMC could not
dissolve anymore. Still the sections were not completely homogenous. An
embedding medium with characteristics closer to those of bone tissue would have
been even better, but this medium still has to be MSI-compatible, making
conventionally used resins unsuitable. For example, other research groups use
tragacanth or SCEM-L1 embedding medium for sectioning bone tissue.%*3
Unfortunately, tragacanth is hygroscopic, making it not fit for use after storage in a
freezer. On the contrary, the gelatin/CMC-embedded samples could be easily
reused for at least 5 times after storage. Samples were stored in aluminum foil and
frozen at =20 °C or -80 °C. Although the gelatin/CMC mixture is MS-compatible, it
has the disadvantage of being used at higher temperature than the frozen tissue
during embedding, which can cause heat stress and/or affect the molecular
composition of the bone.3°

Four different double-sided tapes were evaluated for suitability, specifically two
non-conductive normal tapes and two conductive tapes. When choosing a tape as
a support during sectioning, different parameters should be taken into
consideration. The first one is the capability of the tape to stick to the frozen
gelatin/CMC block. While the temperature affects the adherence of the tape, it is
important to have a good adherence to the frozen sample to create a homogenous
sample. As a result, the adherence will determine the optimal temperature for
sectioning as well as the thickness of the sections. A tape with a good adherence
makes it possible to generate thinner sections. In addition, the thickness of the
sections should be considered carefully. On one side, a thin section will give less
insulation and hence a higher overall signal intensity. On the other side, thinner
sections also mean that less analyte will be available for extraction into the MALDI
matrix and subsequent desorption.?® Thicker sections will take more time to dry in
the desiccator. It is noteworthy that some mass spectrometers, such as linear ToF,
conductive samples/tape, and therefore the tape selected here, would be
unsuitable. The double-sided Tesa® tape resulted in the most homogenous sections
at a thickness of 12 um.
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3.5.2 Targeted detection of methadone and EDDP

The targeted detection of methadone and its metabolite EDDP requires the right
matrix which crystallizes with the chosen analyte but does not provide too many
background peaks overlapping with the peaks of interest. This is important since
most matrices show molecular ion signals, multiple adduct ions, as well as
aggregates in the lower mass range (m/z < 1000). A method for detection and
visualization of methadone and its metabolites was developed and optimized.
Matrix selection was performed using the dried droplet technique. Four common
matrices were tested, of which DHB gave the best results. DHB showed the lowest
LOD of 2.5 pg for methadone and 1 pg for EDDP. Additionally, no interfering peaks
with the small molecules from methadone and EDDP were found. SA showed to
ionize the analyte of interest, but increased LODs. CHCA also showed to ionize the
analyte of interest but an interfering peak was close to the mass of the metabolite
EDDP. THAP did not work for this application. The sensitivity of MALDI-MSI
technology was tested by investigating the LODs. Significant ion suppression was
noticed when spiking standards on bone tissue compared with ITO slides. In this
study, a deliberate choice was made for a sample preparation protocol without any
pretreatment of the bone tissue to reduce interfering molecules or other
contaminants. This is required to maintain the molecular distribution and to retain
the presence of minerals and lipids in the bone tissue. As lipids desorb/ionize
relatively easily, they are the dominant fraction of ions in every MALDI-MSI
spectrum. Thereby, lipids suppress molecular ion fractions of lower abundance or
molecular ion fractions that desorb/ionize with more difficulty.?® The intensities of
methadone and EDDP decrease on the tape and even further on the bone tissue
when compared to the ITO glass slide (Figure 3.4). The obtained findings indicate
that bone tissue and the supporting tape have a significant negative effect on the
grade of desorption/ionization. These negative effects can partly be accounted for
by the high content of minerals, e.g., hydroxyapatite, and lipids present in the bone.
When comparing the intensities between the spots on tape and those on the ITO
slide, also a diminishing effect on the desorption/ionization rate is seen solely due
to the tape.

Another factor of impact could be height differences in the sample surface. The
samples consisted of heterogeneous tissues such as bone tissue, bone marrow, and
even surrounding tissue. Due to drying, the thickness of the section can change in
nanometers. Bone does not shrink when dried, but bone marrow does. As a result,
minor peak shifts can occur. This problem was countered by the usage of an
orthogonal ToF system, in which the source is decoupled from the mass analysis.
This causes the mass analysis to be independent of the height of the sample, making
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it better suited for the analysis of non-homogenous samples, such as bone.*
Nevertheless, ionization efficiency may be affected as the laser is not optimally
focused on each part of the tissue if height differences occur.*

In the MALDI-MSI experiments, methadone (m/z 310.21) and EDDP (m/z 278.18)
were distinguishable from background signals in the bone marrow of the rat and
human bone (see Figures 3.6 and 3.7). Confirmatory MS/MS experiments were not
performed due to the low intensities of our analytes, but high mass accuracy of the
oToF system strongly corroborates our so far tentative assignment. Internal
calibration of the instrument was performed daily in the mass range 50-650 Da (<
1 ppm) using red phosphorus. Afterwards, the mass accuracy was checked with
quality control samples in the form of calibration series spiked on blank bone
sections. Aside to that, the untreated and dosed bones were analyzed in the same
experimental run to ensure a consistent mass accuracy.

When looking at the cross section of human bone tissue, it still looked slightly
shattered. This is in part caused by the histological structure of bone tissue.
Compact bone mostly consists of osteons or Haversian systems, which are
cylindrical structures. They are aligned parallel to the long axis of the bone.
Therefore, sections made in parallel with the osteons give the best results, while
sectioning perpendicular to the osteons causes fragmentation, as seen in the
human clavicle. Another important factor is that the sample sectioning method is
optimized using rat bone. Rat bone is less hard than human bone which causes
more fractions in the human sections.

3.5.3 Untargeted detection of lipids

As only a few studies have been performed on undecalcified bone using MALDI-
MSI, it is important to compare different matrices in their ability to desorb and
ionize a broad range of lipids from bone and bone marrow. Different lipid classes
are of interest in (pre)clinical research, because of their important regulating role
in maintaining bone health and fracture healing.’>*” This broad range of lipids can
contribute to improve the understanding of the lipid pathways in bone healing and
impaired bone healing. Here, different matrices were compared based on the
number of specific m/z values from bone as well as bone marrow, the intensity of
the specific m/z values in comparison with the matrix peaks, the amount of
background signal from the matrix, and the interference of the matrix peaks with
signal from the tissue.

In positive ion mode, five matrices for measurement of lipids were compared,
namely CHCA, DAN, DHA, DHB, and norharmane. Of these matrices, DAN was the
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only matrix that showed an unwanted reaction with components of the double-
sided tape over time after the measurement was performed. The tape became
untransparent, which can cause complications with staining of the same section
after the MALDI-MSI measurement. Besides, DAN showed the highest interference
of the matrix and background peaks with the tissue-related peaks of all the matrices
(Table 3.3). For all matrices in positive ion mode, it was possible to obtain ion
distribution images up to m/z 800 (see Figure 3.8). The bone and bone marrow-
specific m/z values could be found over the complete measured mass range,
although these intensities were lower for m/z values above 800. This broad range
of values indicated that different lipid classes could be obtained with these
matrices, which have been shown to be present in bone and bone marrow and
contribute to bone health.’®” With DAN, DHA, and norharmane, no specific m/z
values could be obtained from only bone tissue in the 2000 most abundant peaks,
which makes these matrixes less suitable for the (pre)clinical research related to
fracture healing. CHCA and/or DHB showed to be the best matrices for the analysis
of lipids in bone and bone marrow, as these matrices resulted in the highest
number of m/z values specific for bone as well as bone marrow with low
interference of the matrix and background peaks with the tissue-specific peaks.
Nevertheless, the intensities and S/N values of the specific m/z values for bone and
bone marrow are relatively low.

In Figure 3.8, it can be seen that most of the selected m/z values are not present in
all the different matrices. Most of the detected m/z values specific for bone or bone
marrow were found in only one of the compared matrices or showed different
distributions between matrices, for example, surrounding muscle tissue versus
bone marrow. This can indicate that the detected molecules at the same m/z value
might not be the same between matrices, emphasizing the fact that the desorption
and ionization mechanism of each matrix is different, resulting in the ionization of
different lipid classes.'* Therefore, matrix selection depends on the lipid class of
interest. For positive ion mode, CHCA and DHB showed to be able to absorb and
ionize a broad range of lipid classes from bone and bone marrow. These matrices
could be used in future preclinical studies about different skeletal diseases.

For the matrices tested in negative ion mode, it was possible to create distribution
images up to m/z 500 (see Figure 3.10). For DAN and norharmane, a few specific
m/z values for bone marrow could be found above m/z 500, but not for NEDC. With
limited or no detection of lipids in bone and bone marrow, major lipid classes can
be missed, for example, certain subclasses phospholipids that ionize better in
negative ion mode.'* Although these subclasses have been shown to play a role in
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bone health.®” No specific m/z values for bone tissue could be obtained with DAN
and norharmane. Based on specific m/z values, NEDC is the only matrix for which
specific m/z values for bone as well as bone marrow could be obtained. However,
the background signal and interference of this matrix is high (see Figure 3.11). In
negative ion mode, none of the tested matrices provided the desired result in terms
of detection of m/z values specific for bone and bone marrow in combination with
low interference of the matrix with the signal from the tissue. Therefore, further
testing of the best matrix in negative ion mode is necessary.

For most of the matrices, the intensities and S/N values for the detected molecules
were relatively low, especially compared with the high intensities of matrix peaks.
It is expected to obtain an improvement in these values by applying the matrix by
spraying it with an automated sprayer. Spraying the matrix is a wetter matrix
application method allowing for a better extraction of analytes from the tissue.'%
In addition, trifluoroacetic acid (TFA) can be added when spraying CHCA or DHB to
further enhance the extraction of molecules from the tissue.3*%> An advantage of
matrix sublimation in comparison with spraying of a matrix is the lower diffusion of
analyte and, therefore, less delocalization.®® In addition, sublimation results in
smaller crystals than when a matrix is sprayed, which can be an advantage for
measurements at lower spatial resolution.3® In general, the application of a matrix
by sublimation is faster than spraying and should provide good detection of
different lipid classes, which is why for this study sublimation was selected.
Nevertheless, whether or not spraying of the matrix will improve detection and
intensity of different lipid classes for bone tissue should be studied.

3.6 Conclusion

This study describes the optimization of the sample preparation protocol for
MALDI-MSI of undecalcified bone tissue in close contact with soft tissue like bone
marrow or muscle tissue. Embedding of the sample in combination with a
supportive tape to transfer the section to the sample holder is necessary to obtain
high-quality bone sections. As height differences may occur between bone and
bone marrow, mass spectrometers that are not affected by these differences are
more appropriate for analysis of bone tissue. Experiments can be performed on
mass spectrometers where the ionization is decoupled from the mass analysis. This
optimized bone tissue preparation protocol for MALDI-MSI was applied in a
targeted and untargeted approach. The sample preparation protocol was shown to
be applicable for the targeted detection of methadone and its metabolites as well
as the untargeted detection of lipids from bone tissue. MALDI-MSI has been used
to estimate the limits of detection and the distribution of the methadone and its
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metabolites in rat and human bone tissue. In addition, CHCA and/or DHB showed
to be the best matrix for lipid detection in positive ion mode. The optimized sample
preparation protocol and these targeted and untargeted approaches clear the path
for future forensic and (pre)clinical investigations.
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4.1 Abstract

Fracture healing is a complex process, involving cell-cell interactions, various
cytokines, and growth factors. Although fracture treatment improved over the last
decades, a substantial part of all fractures shows delayed or absent healing. The
fracture hematoma (fxh) is known to have a relevant role in this process, while the
exact mechanisms by which it influences fracture healing are poorly understood.
To improve strategies in fracture treatment, regulatory pathways in fracture
healing need to be investigated. Lipids are important molecules in cellular signaling,
inflammation, and metabolism, as well as key structural components of the cell.
Analysis of the lipid spectrum in fxh may therefore reflect important events during
the early healing phase. This study aims to develop a protocol for the determination
of lipid signals over time, and the identification of lipids that contribute to these
signals, with matrix-assisted laser desorption/ionization mass spectrometry
imaging (MALDI-MSI) in fxh in healthy fracture healing. Twelve fxh samples (6
porcine; 6 human) were surgically removed, snap frozen, sectioned, washed, and
analyzed using MALDI-MSI in positive and negative ion mode at different time
points after fracture (porcine: 72 h; human samples: range 1-19 days). A tissue
preparation protocol for lipid analysis of fxh sections was developed and optimized.
Although hematoma is a heterogeneous tissue, the intra-variability within fxh was
smaller than the inter-variability between fxh. Distinctive m/z values were detected
that contributed to the separation of three different fxh age groups: early (1-3
days), middle (6-10 days), and late (12-19 days). Identification of the distinctive m/z
values provided a panel of specific lipids that showed a time dependent expression
within fxh. This study shows that MALDI-MSI is a suitable analytical tool for lipid
analysis in fxh and that lipid patterns within fxh are time-dependent. These lipid
patterns within fxh may serve as a future diagnostic tool. These findings warrant
further research into fxh analysis using MALDI-MSI and its possible clinical
implications in fracture treatment.

4.2 Introduction

Fracture healing is a complex process in which a great variety of cells, signaling
molecules, and cellular signaling pathways are involved.'*” Although fracture
treatment has advanced greatly over the past decades, a substantial portion of
fractures still suffers from impaired healing in the form of delayed healing or non-
union.'*1% Treatment of these complications often consists of multiple surgical
interventions and, even if the interventions are successful, a long trajectory of
rehabilitation.'* Therefore, insights in fracture healing processes at an early stage
may help to prevent or treat these complications.”*°%51
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The fracture healing process can be divided into three main phases: inflammation,
bone repair, and bone remodeling.*® The first phase starts immediately after the
fracture occurs, with the formation of the fracture hematoma (fxh). The fxh is
considered to play a pivotal role in proper fracture healing, since it initiates the
inflammatory response and creates a microenvironment to which a variety of cells
is attracted by means of chemotaxis. Studies have shown that the removal or
debridement of the fxh as well as an overshoot in the inflammatory response can
induce adverse effects on fracture healing. 1147148152153 Cytokines and growth
factors within the fxh facilitate the influx of inflammatory and mesenchymal stem
cells and regulate capillary growth, which is necessary to replace extracellular
matrix with granulation tissue.}#”150153 Therefore, the molecular environment in fxh
changes based on this cellular trafficking. 150154155

During the following phases of fracture healing, the fxh acts as a basis for the
formation of granulation tissue, also known as callus, which will gradually ossify as
time progresses to bridge the fracture gap. Being an important initiator of the
fracture healing cascade, investigating the molecular environment of the fxh at
different time points after trauma could provide more insight into early fracture
healing processes. Mass spectrometry offers potential advantages in
understanding these dynamic molecular patterns and their regulatory effects on
fracture healing as well as their possible complications.

Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-
MSI) is a suitable imaging modality that allows for the untargeted, spatially resolved
detection of a variety of molecules in tissue sections. The applicability of this
technique to many research fields derives from its intrinsic property to detect a
broad range of molecular classes, such as lipids or proteins, in a single experiment,
without prior knowledge or hypothesis on the composition of a sample.®?

A schematic overview of the MALDI-MSI workflow is depicted in Figure 4.1. A tissue
section is covered with a matrix, which co-crystallizes with the analyte molecules.
The matrix-analyte mixture absorbs the energy of the focused laser beam hitting
the sample surface. This results in the local desorption and ionization of the
analytes into the gas phase. The analysis of these ions with a mass spectrometer
provides a mass spectrum, which depicts their mass-to-charge ratio (m/z). The
analysis of mass spectra of multiple laser spots (or pixels) allows for the
determination of the spatial distribution of certain molecules in the sample.33341%-
159 Histological staining of the same section after MSI enables the correlation of the
detected molecules to a certain anatomical region within the sample.
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v

Figure 4.1: General MALDI-MSI workflow, applied to fracture hematoma analysis. The fxh
was surgically removed and snap frozen in liquid nitrogen. The fxh was cryo-sectioned and
thaw mounted on ITO slides. The slides were washed by submerging them in either
ammonium formate or acetone. Afterwards, norharmane was homogenously sprayed onto
the slides. The coated slides were analyzed by MALDI-MSI after which the data were
processed and visualized.

To our knowledge, MALDI-MSI has not yet been reported for the analysis of fracture
healing processes. Using MALDI-MSI to analyze fxh at different time points during
the fracture healing process could help to understand changes in molecular
patterns throughout different phases of fracture healing. Lipids are suitable target
molecules for the examination of potential use and application of MALDI-MSI for
fxh analysis since they are key molecules in cellular signaling, inflammation, and
metabolism, as well as important structural components of the cell160-166

In this study, we used MALDI-MSI to investigate the lipid signature and its spatial
distribution in fxh samples taken at different time points between trauma and
surgery. A sample preparation procedure was developed to improve lipid signal
intensities. One of the key challenges in this sample preparation was the removal
of blood from the fxh with a washing step, since it contains large quantities of heme.
Heme is easily ionized and therefore negatively affects the ionization of lipids and
other molecules, a process called ion suppression. The washing step should
improve lipid signal intensities without delocalization. Furthermore, the intra-
variability of the detected molecules within the fxh was evaluated to establish if
differences in molecular patterns occur based on their specific location within the
fxh. Thus, the aims of this study are to: 1) Develop a methodology for analysis of

109



Chapter 4

fxh with MALDI-MSI, 2) Investigate the intra-variability of the molecular profile
within fxh, and 3) Identify fxh time-dependent molecular patterns between the fxh.

4.3 Materials and methods

4.3.1 Materials

Ammonium formate, norharmane, Mayer’s hematoxylin, and eosin were
purchased from Sigma Aldrich (St. Louis, MO, USA). Acetone (HPLC grade),
chloroform (HPLC grade), ethanol (HPLC grade), n-hexane (HPLC grade), methanol
(ULC/MS-CC/SFC grade), and deionized water (ULC/MS-CC/ SFC grade) were
purchased from Biosolve B.V. (Valkenswaard, the Netherlands).

4.3.2 Samples—Fracture hematoma

Fxh were obtained from pigs for method development and investigation of the
intra-variability. Fxh were obtained from humans for the method validation and the
investigation of time-dependent molecular patterns. An overview of the fxh tissue
and age used for the different objectives can be found in Table 4.1. The fxh age is
defined as the number of days between the bone fracture and surgical intervention.

4.3.2.1 Porcine fxh

Porcine fxh were collected from closed tibia shaft fractures that were created
during animal experiments, as previously published by Guo et al. (2020).%%” In short,
a multi-trauma model was used to study hematological and chemical profiles in a
porcine model of severe multi-trauma over a time period of 72 h after trauma.
During the experiments, all animals were kept sedated and fxh were harvested 72
h after fracture induction. All procedures were approved by the animal care and
use office of the state of Nordrhein-Westfalen (approval number: LANUV AZ 81—
02.04.2017.A412).

4.3.2.2 Human fxh

The human fxh were collected during open surgical reduction and internal fixation
of metaphyseal long bone fractures. For the detection of molecular patterns,
samples were gathered from male patients with metaphyseal bone fractures,
without further known comorbidities, that showed uneventful fracture healing,
with a mean age of 51 * 20 years. Due to patient-specific reasons, fracture surgery
was performed at different time points after trauma which enables harvesting of a
range of fxh of different ages (2-19 days). The Medical Ethical Committee of the
MUMC+ approved this study (approval number: MEC 16-4-251).
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Table 4.1: Overview of fxh tissues and ages used for the different objectives.

Objective fxh tissue fxh age
Tissue washing comparison 1 Human 3 days
1 Porcine 3 days
Intra-hematoma variability 4 Porcine 3 days
Detection of molecular patterns 2 Human 2 days
2 Human 9 days
2 Human 19 days

4.3.3 General sample preparation and MALDI-MSI protocol

The workflow for the sample preparation and MALDI-MSI analysis of fxh can be
described in six steps (Figure 4.1). H&E staining was performed after MALDI-MSI
analysis. The general protocol was used for the different experiments with minor
adaptions when specified.

4.3.3.1 Sample collection and freezing

The fxh were harvested and snap-frozen in aluminum containers dipped in liquid
nitrogen to stop cellular biological processes.3® The fxh were stored at -80 °C until
further use. The containers were put on ice when transferring for a short period of
time.

4.3.3.2 Cryo-sectioning

Indium tin oxide (ITO) slides were cleansed for 10 min each by sonicating them in
n-hexane and ethanol, consecutively. The fxh were cryo-sectioned at 12 um using
a Leica CM1860 UV cryostat (Leica microsystems, B.V., Amsterdam, the
Netherlands) between -22 and -24 °C. The sectioned fxh were thaw mounted on
ITO slides (Delta Technologies, Colorado, USA). Afterwards, the slides with fxh
sections were dried with nitrogenous gas. The slides were stored at —80 °C, until
further use.

4.3.3.3 Washing

The ITO slides with tissues sections were submerged for a defined amount of time
(15-120 s) in either ammonium formate or acetone. After submersion, the slides
were dried by nitrogen gas. More details about this step can be found in the
paragraph ‘4.3.4 Comparison of different tissue washing methods’.

4.3.3.4 Matrix application

In this study, 7 mg/ml norharmane in 2:1 chloroform and methanol (v:v) was
applied for the extraction of lipids. This matrix solution was sonicated for 15
minutes and applied to the slides using an HTX TM sprayer (HTX technologies, LC,
North Carolina, USA). Ten layers of matrix were applied with a drying time of 30 s
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between each layer using a nozzle temperature of 30 °C and a flow rate of 0.12
mL/min. The velocity was set at 1200 mm/min with a track spacing of 3 mm.

4.3.3.5 MALDI-MSI

Experiments were performed with a RapifleX MALDI Tissuetyper mass analyzer
system (Bruker, Bremen, Germany) in reflector mode. The data were acquired at a
50 um by 50 um raster size with 200 laser shots/pixel at a laser frequency of 10 kHz.
Positive and negative ion mode spectra were acquired to analyze lipids over a mass
range of m/z 340-1200 and 340-1600, respectively. The system was calibrated with
red phosphorus before acquisition.

4.3.3.6 Data analysis

FlexImaging v4.1 (Bruker Daltonik GmbH, Bremen, Germany) was used to visualize
the molecular distributions. SCiLS lab 2016b (SCiLS GmbH, Bremen, Germany) was
used for data analysis and data conversion. Principal component analysis—linear
discriminant analysis (PCA-LDA) was performed and visualized with an in-house
built ChemomeTricks toolbox for MATLAB (version 2014a, The MathWorks, Natick,
USA) to compare different groups.

4.3.3.7 H&E staining

After the MSI analysis, the matrix was removed from the slides with 70% ethanol.
The slides were hematoxylin-eosin (H&E) stained. The stained slides were scanned
with a M8 Microscope and Scanner (PreciPoint, Freising, Germany) at x20
magnification and co-registered with the MALDI-MSI distribution images.

4.3.4 Comparison of different tissue washing methods

Different tissue washing methods were compared to increase lipid signal intensities
after washing of heme. In addition, the possible delocalization of molecules caused
by the washing of the lipids was assessed. Slides with porcine or human fxh were
submerged in ammonium formate (50 mM in water, pH 7) or acetone. In-between
washing steps and at the end, slides were dried with a gentle flow of nitrogen gas.
Unwashed samples served as a control. An overview of the different washing
methods compared for negative and positive ion modes can be found in Table 4.2.
The number of washing methods tested for positive ion mode was reduced based
on the results in negative ion mode, as the longest washing methods resulted in
reduced lipid intensity and increased lipid delocalization. Three technical replicates
were acquired per washing method. The remaining tissue preparation protocol and
analyses were as described above in the general methods.
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Table 4.2: Overview of the different washing methods that were applied to the fxh,
including the polarity.

Washing solvent Washing time Negative ion mode Positive ion mode
30s X X
. 15 s twice X X
Ammonium formate -
30 s twice X -
15 s four times X -
Acetone 30 s twice X X
30 s four times X -
No-wash (control) - X X

Comparison of the washing methods was done based on the mean signal-to-noise
(S/N) values of ten selected ion peaks and the heme peak (m/z value based on
literature). In addition, the ratios of the intensity of selected m/z values over the
heme ion intensity (M/H) were compared. The m/z values were selected based on
the highest intensities (excluding isotopes) and to cover the mass range of m/z 650—
950. The optimal washing method was selected based on the combination of high
ratios, adequate blood removal, and minimal lipid delocalization.

4.3.5 Intra-variability of fxh

A comparison of the molecular profiles of the outside and center of the fxh was
performed to study the heterogeneity of the samples. For this purpose, multiple
slides were created with three consecutive sections of the outside and the center
for four porcine fxh (see Figure 4.2). The sections for the outside were sectioned as
close to the border of the sample as possible after minimal trimming. The center of
the fxh was determined based on visual observation of size and shape, as the center
differs distinctively for each fracture hematoma due to their differences in size and
shape. The remaining tissue preparation protocol and analyses were as described
above in the general method.

outside centre

Fracture hematoma

Figure 4.2: Schematic view of fxh and the location of sectioning for the outside and center
sections.
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4.3.6 ldentify fxh age-dependent molecular patterns

One of the objectives was to compare the molecular profiles of human fxh of
different fxh ages. The selected fxh ages were two, nine, and 19 days after bone
fracture to represent different time points in the early stages of the fracture healing
cascade. Per sample at least five technical replicates were acquired. The slides were
used for acquisition in negative and positive ion mode. The remaining tissue
preparation protocol and analyses were as described above in the general method.

The different fxh ages were compared in both negative and positive ion mode using
PCA-LDA. This analysis defines discriminant functions (DFs) that maximize the
variance between classes while minimizing the variance within classes. The DF-
score plots show which groups can be separated using that DF while the scaled
loadings plot provides the corresponding m/z values. The scaled loadings are a
combination of the intensity of the m/z value and the extent to which the molecule
contributes to the separation of classes across the specified discriminant function.
The scaled loadings on the positive side contribute more to the class at the positive
side of the DF score and vice versa.

4.3.7 Lipid identification

Molecules of interest were determined based on the PCA-LDA analysis of human
fxh of different fxh ages. These molecules of interest were identified based on the
highest scaled loadings for the different classes. Background peaks, matrix clusters,
and isotopes were removed from the lists of m/z values with high scaled loadings.
The molecules were identified by MS/MS analysis using collision-induced
dissociation (CID) to fragment molecules of interest. Data for lipid identification
were acquired using a data-dependent acquisition (DDA)-imaging method, as
described previously.2®® Shortly, MSI and MS/MS data were acquired on an Orbitrap
Elite hybrid ion trap mass spectrometer (Thermo Fisher Scientific GmbH, Bremen,
Germany) using a stage step size of 25 x 50 pm?2. MSI (MS1) data of m/z 300-2000
were acquired at a nominal mass resolution of 240,000 (at m/z 400) using an
injection time of 250 ms for both positive and negative ion mode. In parallel, the
MS/MS data were acquired using the ion trap with an isolation window of 1 Da; a
normalized collision energy of 30.0 (manufacturer units) with an activation g value
of 0.17 in positive ion mode, and 38.0 and 0.25 in negative ion mode, respectively.
Data analysis and lipid assignments were performed using Thermo Xcalibur (version
4.2, Thermo Fisher Scientific) and LipostarMSI*®® (version 1.1.0b26, Molecular
Horizon, Bettona, Italy).
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4.4 Results

4.4.1 Comparing different tissue washing methods

4.4.1.1 Porcine fxh

The ratios between the mean intensities of selected m/z values and heme, as well
as the S/N values of the selected m/z values of porcine fxh in both ion modes, were
increased after washing the sections in either ammonium formate or acetone
(Figures 4.3A, B, and Tables 4.3A, B).

In negative ion mode, submerging the sections in ammonium formate for 15
seconds twice resulted in the highest ratios for most m/z values, as seen in Figure
4.3A. Washing the sections in acetone for 30 seconds twice enhanced the S/N value
for heme compared to no wash, while for the other washing methods the heme
S/N value decreased (Table 4.3A). The highest S/N values for most of the selected
m/z values were obtained with washing in ammonium formate for 30 seconds once
or 15 seconds twice.

In positive ion mode, submerging the sections in ammonium formate for 15
seconds twice resulted in the highest ratios for most m/z values (Figure 4.3B). Only
washing twice with ammonium formate for 15 seconds decreased the S/N value for
heme compared to no wash (Table 4.3B). For the other methods, the S/N value of
heme increased. The highest S/N values for most of the selected m/z values were
obtained with washing in ammonium formate for 30 seconds once or 15 seconds
twice.

4.4.1.2 Human fxh

MSI results of human fxh also improved in both ion modes. The ratios between the
mean intensities of selected m/z values and heme as well as the S/N values of the
selected m/z values were increased after washing the sections in either ammonium
formate or acetone, as for the porcine samples (Figures 4.3C, D, and Tables 4.3C,
D).

In negative ion mode, submerging the sections in ammonium formate for 15
seconds four times resulted in the highest ratios for most m/z values (Figure 4.3C).
Washing the sections in ammonium formate for 30 seconds twice or 15 seconds
four times resulted in a decreased S/N value of heme compared to unwashed
controls, while the other washing methods resulted in an increased heme S/N value
(Table 4.3C). The highest S/N values for all the selected m/z values were obtained
with washing in ammonium formate for 30 seconds once or 15 seconds twice,
despite the S/N ratios being the highest for ammonium formate for 15 seconds four
times.
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Figure 4.3: Comparison of the ratios between heme and selected m/z values for different
washing methods for negative and positive ion mode for porcine and human fracture
hematoma. The ratios represent the ion intensities of selected m/z values over the heme
ion intensity. The m/z values were selected based on the highest intensities (excluding
isotopes) and to cover the mass range of lipids (m/z 650-950). A Ratios for 10 m/z values
for the six washing methods and the control (no wash) for porcine fxh in negative ion mode.
B Ratios for 10 m/z values for the three washing methods and the control (no wash) for
porcine fxh in positive ion mode. C Ratios for 10 m/z values for the six washing methods and
the control (no wash) for human fxh in negative ion mode. D Ratios for 10 m/z values for
the three washing methods and the control (no wash) for human fxh in positive ion mode.

In positive ion mode, submerging the sections in ammonium formate for 15
seconds twice resulted in the highest ratios for all of the m/z values (Figure 4.3D).
All the washing methods resulted in an increased heme S/N value compared to no
wash, but this increase was the smallest for an ammonium formate wash of 15
seconds twice (Table 4.3D). The highest S/N values for all the selected m/z values
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were obtained with washing in ammonium formate for 30 seconds once or 15
seconds twice.

4.4.1.3 Delocalization

Figures 4.4 and 4.5 show example images of MALDI-MSI distribution images for
different washing methods for selected washing methods. The ammonium formate
wash shows less delocalization than the acetone wash (Figures 4.4 and 4.5). Almost

Ammonium Formate Ammonium Formate Acetone
30s 15 s twice 30 s twice

H&E

m/z 885.6 m/z 615.2 (Heme)

m/z 788.6

Figure 4.4: H&E stained and MALDI-MSI distribution images for three different washing
methods for human fxh. MALDI-MSI images are shown for the distribution of heme (m/z
615.2) and lipids with m/z values 885.6 and 788.6 in negative ion mode for the washing
methods: ammonium formate for 30 s (left column), ammonium formate for 15 s twice
(middle column), and acetone for 30 s twice (right column). All shown intensities are total
ion current (TIC) normalized.
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Ammonium Formate Ammonium Formate Acetone
30s 15 s twice 30 s twice

H&E

80%

m/z 615.2 (Heme)

m/z 885.6

0%
80%

m/z 788.6

0%

Figure 4.5: H&E stained and MALDI-MSI distribution images for three different washing
methods for porcine fxh. MALDI-MSI distribution images are shown for heme (m/z 615.2)
and m/z values 885.6 and 788.6 in negative ion mode for the washing methods: ammonium
formate for 30 seconds (left column), ammonium formate for 15 seconds twice (middle
column), and acetone for 30 seconds twice (right column). All shown intensities are total
ion current (TIC) normalized.

no heme was present within the fxh tissue for the tissue washing method with
ammonium formate, in contrast to washing with acetone (Figures 4.4 and 4.5).
Nevertheless, the intensity of heme is relatively high outside the tissue for the
ammonium formate washing methods, which is attributed to the removal of the
heme from the tissue with these methods. Increased delocalization was observed
with increasing washing time, for example, the delocalization was larger for
ammonium formate wash 15 s four times than for 15 s twice. In addition, it was
observed that the delocalization for the selected m/z values was minimal and the
highest intensities were present within the tissue for the ammonium formate wash.

Taking the above-mentioned results into account, the optimal fxh washing method
is the ammonium formate wash for 15 s twice based on the increased intensity of
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the selected m/z values, the decreased heme intensity, and minimum
delocalization of the molecules of interest. This washing method was further
applied throughout this study.

4.4.2 Intra-variability of fxh

Fxh is a very heterogeneous tissue due to the presence of different cell types, which
affects the molecular profile as well. The molecular profiles of the outside and
center of fxh are compared to examine the intra-variability of this profile
throughout the fxh. This is important to prevent bias based on sampling location
within a fxh.

Four porcine fxh were used to determine if the molecular profiles differed based
on the sampling location within the fxh, which reflects the intra-variability of the
fxh. Figure 4.6A shows that molecular profiles of the outside and center of fxh
cannot be distinguished in negative ion mode, as the graphs for the outside and
center section per sample mostly overlap. For positive ion mode, the same holds,
although the intra-variability for sample 2 is bigger than for the other samples, as
those graphs overlap less (see Figure 4.6B). The DF-2 scores (see Figures 4.6C, D)
show the same trend for both negative and positive ion mode. In general, the
results from the PCA-LDA analysis show that the inter-variability between samples
is higher than the intra-variability within a sample.

4.4.3 I|dentification of fxh age-dependent molecular patterns

Human fxh of different fxh ages (2, 9, and 19 days) were analyzed to compare the
differences in molecular profiles at an early, middle, and late stage during fracture
healing. Changes in the molecular profiles can help to improve the understanding
of molecular changes during bone fracture healing.

4.4.3.1 Negative ion mode

In negative ion mode, DF-1 explains 1.47% of the total variance of the dataset and
can be used to separate day 2 from day 19 (Figure 4.7A). Figure 4.7C shows the
corresponding scaled loading plot. In the range from m/z 600 to 830, the peaks are
more distinctive of day 2, while the peaks in the range m/z 830 to 1000 and some
peaks in the mass range above that are more distinctive of day 19. The results of
the identification of the peaks with the highest scaled loadings can be found in
Table 4.4 (labeled with DF-1). For the separation between day 2 and day 19, certain
phosphatidylinositols (Pls) and cardiolipins (CLs) are more characteristic of day 19,
while a phosphatidylethanolamine (PE) is more characteristic of day 2. Phosphatidic
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Figure 4.6: DF-1 and DF-2 scores for comparison of the intra-variability of fracture
hematoma for negative and positive ion mode. The DF-1 score explains the biggest variance
in the data set as determined by a PCA-LDA of the mass spectra of the outside and center
sections of different porcine fxh. The DF-2 score explains the second biggest variance in the
data set as determined by a PCA-LDA of the mass spectra of the outside and center sections
of different porcine fxh. A DF-1 score for the outside and center sections of four porcine fxh
in negative ion mode. B DF-1 score for the outside and center sections of four porcine fxh
in positive ion mode. C DF-2 score for the outside and center sections of four porcine fxh in
negative ion mode. D DF-2 score for the outside and center sections of four porcine fxh in
positive ion mode.
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acids (PAs) and phosphatidylserines (PSs) are present on both day 2 and 19, but the
specific fatty acid chain composition and degree of saturation differ between both
classes.

DF-2 explains 2.39% of the total variance and can be used to separate day 2 from
day 9 (Figure 4.7B). The corresponding scaled loading plot (Figure 4.7D) shows that
most of the peaks in the mass range up to m/z 880 are more distinctive of day 9,
while most peaks above this value are more distinctive of day 2 except for the peaks
just above m/z 1515, which correspond to day 9. The results of the identification of
the peaks with the highest scaled loadings can be found in Table 4.4 (labeled with
DF-2). For the separation between days 2 and 9, certain PAs, PEs, and PSs are more
characteristic of day 9, while certain CLs are more characteristic of day 2. Pls are
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Figure 4.7: Results of the PCA-LDA of the human fxh of different fxh age (2, 9, and 19 days)
for negative ion mode. DF-scores and their corresponding scaled loading plots are shown.
The scaled loading is a combination of the intensity of the m/z value with how much the
molecule contributes to the separation of classes across the specified discriminant function.
The positive side for the DF-score plot is related to the positive side of the scaled loading
plots. This indicates that the m/z values at a certain side have a higher contribution in the

123



Chapter 4

Figure 4.7 (legend continued): class at that side. A DF-1 score representing the first
discriminant function, which corresponds to the highest variance in the dataset. B The DF-
2 score representing the second discriminant function. C Scaled loading plot of the full mass
range for DF-1. D Scaled loading plot of the full mass range for DF-2.

Table 4.4: Lipid assignments based on MS/MS data and high mass resolution experiments
in negative ion mode. For each assignment, the m/z value obtained with the high mass
resolution mass spectrometer (Orbitrap Elite), the lipid assignment, the detected ion, the
ppm error, the condition to which the m/z value contributes, and the DF are provided.

m/z value | Assignhment lon A ppm error  Condition DF
687.54 SM 16:0_18:1;02 [M-CHs] 0.5 Day 2 DF-1
PA 18:0_18:2 and
699.50 [M-H] 0.5 Day19  DF-1
PA 18:1_18:1
Day 2 DF-1
701.51 PA 18:0_18:1 [M-H] 0.5
Day 9 DF-2
716.52 PE 16:0_18:1 [M-HT 0.7 Day 9 DF-2
Day 2 DF-1
723.50 PA 18:0_20:4 [M-H] 0.4
Day 9 DF-2
PE 18:0_18:2 and
742.54 [M-HT 0.5 Day 9 DF-2
PE 18:1_18:1
744.60 PE 18:0_18:1 [M-H] 0.6 Day 9 DF-2
766.54 PE 18:0_20:4 [M-H] 0.9 Day 2 DF-1
PE 18:0_20:2 and
770.57 PE 18:1_20:1and [M-H] 1.8 Day 9 DF-2
PE 18:2_20:0
PS 18:0_18:2 and
786.53 [M-H] 0.5 Day 19 DF-1
PS18:1_18:1
Day 2 DF-1
788.54 PS 18:0_18:1 [M-H] 0.6
Day 9 DF-2
Day 2 DF-1
810.53 PS 18:0_20:4 [M-H] 0.5
Day 9 DF-2
Pl 16:0_18:2 and
833.52 Pl 16:1_18:1 and [M-H] 0.6 Day 9 DF-2
Pl 16:2_18:0
Pl 16:1_18:0and Day 19 DF-1
835.53 [M-H] 1.1
P116:0_18:1 Day 9 DF-2
859.53 Pl 18:1_18:2 [M-H] 0.1 Day 19 DF-1
Pl 18:0_18:2 and Day19  DF-1
861.54 [M-H] 0.6
PI18:1_18:1 Day 9 DF-2

124



Lipid analysis of fracture hematoma with MALDI-MSI

Table 4.4 (continued): Lipid assignments based on MS/MS data and high mass resolution
experiments in negative ion mode.

m/z value | Assighment lon A ppm error  Condition DF
Day19  DF-1
863.56 Pl 18:0_18:1 [M-H] 0.8
Day 9 DF-2
Day19  DF-1
883.53 Pl118:1_20:4 [M-HT 0.8
Day 2 DF-2
Day19  DF-1
885.55 Pl 18:0_20:4 [M-HT 0.8
Day 2 DF-2
909.55 Pl 18:0 22:6 [M-H] 0.9 Day19  DF-1
Pl 18:0_22:5 and
911.56 [M-H] 1.0 Day 19 DF-1
P118:1 22:4
Day 19 DF-1
1447.96 CL18:2_18:2_18:2_18:2 [M-H] 0.4
Day 2 DF-2
1449.98 CL18:1_18:2_18:2_18:2 [M-H] 1.0 Day 19 DF-1

present on both day 2 and 9, but the specific fatty acid chain composition and
degree of saturation differ between both classes.

4.4.3.2 Positive ion mode

In positive ion mode, DF-1 explains 2.23% of the total variance of the dataset and
can be used to separate day 2 from day 19 after trauma (Figure 4.8A). Based on the
scaled loadings (Figure 4.8C), most of the peaks are more distinctive of day 2 up to
m/z 925, except for a few peaks, most notably 3 clusters of peaks in the range of
m/z 700 to 800. Most of the peaks above m/z 925 are more distinctive of day 19.
The results of the identification of the peaks with the highest scaled loadings can
be found in Table 4.5 (labeled with DF-1). For the separation between day 2 and
day 19, it seems that certain lysophosphatidylcholines (LPCs) have a higher
presence on day 2. The main class of identified lipids is phosphatidylcholines (PCs),
PCs are present in both the day 2 and day 19. However, the specific fatty acid chain
composition and degree of saturation differ between day 2 and day 19.

DF-2 explains 2.79% of the total variance and can be used to separate day 9 from
day 2 + 19 (Figure 4.8B). The corresponding scaled loading plot (Figure 4.8D) shows
that clusters of peaks are more distinctive of day 9 or day 2 + 19. For the mass range
up to m/z 850 and from m/z 1020, most peaks are related to day 2 + 19, while for
the mass range m/z 850 to 1020 most peaks are related to day 9. The results of the
identification of the peaks with the highest scaled loadings can be found in Table
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Figure 4.8: Results of the PCA-LDA of the human fxh of different fxh age (2, 9, and 19 days)
for positive ion mode. DF-scores and their corresponding scaled loading plots are shown.
The scaled loading is a combination of the intensity of the m/z value with how much the
molecule contributes to the separation of classes across the specified discriminant function.
The positive side for the DF-score plot is related to the positive side of the scaled loading
plots. This indicates that the m/z values at a certain side have a higher contribution in the
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Figure 4.8 (legend continued): class at that side. A DF-1 score representing the first
discriminant function, which corresponds to the highest variance in the dataset. B The DF-
2 score representing the second discriminant function. C Scaled loading plot of the full mass
range for DF-1. D Scaled loading plot of the full mass range for DF-2.

Table 4.5: Lipid assignments based on MS/MS and high mass resolution experiments in
positive ion mode. For each assignment, the m/z value obtained with the high mass
resolution mass spectrometer (Orbitrap Elite), the lipid assighment, the detected ion, the
ppm error, the condition to which the m/z value contributes, and the DF are provided.

A ppm
m/z value | Assignment lon PP Condition  DF
error
400.34 CAR 16:0 [M+H]* 1.0 Day2+19 DF-2
426.36 CAR 18:1 [M+H]* 0.4 Day2+19 DF-2
Day 2 DF-1
496.34 LPC 16:0 [M+H]* 0.7 Y
Day 9 DF-2
524.37 LPC 18:0 [M+H]* 1.5 Day 2 DF-1
703.57 SM 34:1;02 [M+H]* 0.4 Day 9 DF-2
Day 19 DF-1
734.57 PC 16:0_16:0 [M+H]* 0.4 y
Day2+19 DF-2
Day 2 DF-1
758.57 PC 16:0_18:2 [M+H]* 0.5 y
Day 9 DF-2
Day 19 DF-1
760.58 PC 16:0_18:1 [M+H]* 0.7 y
Day 9 DF-2
768.59 PC 0-36:4 [M+H]* 0.7 Day 2 DF-1
Day 2 DF-1
782.57 PC 16:0_20:4 [M+H]* 0.6 Y
Day 9 DF-2
PC 16:0_20:3 and
784.58 PC18:1 18 [M+H]* 0.7 Day 19 DF-1
PC 18:0_18:2 and Day 19 DF-1
786.60 [M+H]* 0.7
PC 18:1_18:1 Day2+19 DF-2
788.62 PC 18:0_18:1 [M+H]* 1.4 Day 2 DF-1
810.60 PC 18:0_20:4 [M+H]* 0.7 Day 2 DF-1

4.5 (labeled with DF-2). For the separation between day 9 and day 2 + 19, it seems
that certain acyl carnitines (CARs) are more present at day 2 + 19, while an LPC and
sphingomyelin (SM) are more present at day 9. Just as for DF-1, the main class of
identified lipids is PCs, which are present on both day 9 and day 2 + 19. Again, the
specific fatty acid chain composition and degree of saturation differ between day 9
and day 2 + 19.
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4.5 Discussion

In this study, the use of MALDI-MSI as a tool to examine the molecular events in fxh
was explored. A methodology was developed for the analysis of fxh with MALDI-
MSI with a focus on defining the optimal washing method. The intra-variability of
the molecular profile in fxh was shown to be smaller than the inter-variability using
this method. Lastly, fxh age-dependent lipid patterns within the fxh were identified.
These age-dependent lipid patterns might be applied in predicting fracture healing
outcome in the future.

4.5.1 Tissue preparation

A two-step washing protocol with ammonium formate followed by an intermediary
drying step is most effective in reducing the heme signal, minimizing lipid
delocalization, and enhancing lipid signal intensities. Our results are in line with the
study by Angel et al. (2012), which shows that longer washing times go hand in hand
with increased lipid delocalization.'”®

In general, most molecular intensities were enhanced after tissue washing with
either ammonium formate or acetone, compared to no tissue washing at all. This
result is in line with the study by Seeley et al. (2008), which also showed enhanced
heme signal intensities after tissue washing with acetone as compared to not
washing tissue sections.’ In this study, acetone proved to be less effective, as
acetone tissue washing resulted in a higher heme signal as compared to ammonium
formate tissue washing or no washing. Additionally, more residual heme was
located within the tissue after acetone wash in comparison to the ammonium
formate wash.

4.5.2 Fracture hematoma intra-variability

For the sample location of the fxh, it was shown that the intra-variability within a
fxh was smaller than the inter-variability between fxh based on DF-1. No marked
regions within the fxh could be identified that exhibit a specific function based on
their spatial distribution. This is in line with expectations since the fxh is a very
dynamic and diverse environment in which, depending on the phase of the fracture
healing process, a great variety of cells is present. 4710

4.5.3 Comparison of human fxh of different fxh age

Using MALDI-MSI, distinct lipid patterns were identified in fxh samples that were
indicative of fxh age. Five lipid classes in negative ion mode and four lipid classes in
positive ion mode showed to contribute most to differentiating the three age-based
fxh groups. Herein, we focus on the lipid classes with the highest differentiating
contribution.
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4.5.3.1 Lipid patterns in negative ion mode

In negative ion mode, days 2 and 19 could predominantly be separated by the
relatively higher presence of Pls and CLs on day 19 as compared to a higher
presence of PEs on day 2 (Table 4.4).

Pls serve as precursors of signaling molecules within both the Inositol-3-
phosphate/diaglycerol (IP3/DAG), as well as the phosphatidylinositol-3-
Kinase/protein kinase B (PI3K/AKT) signaling pathway and assist in the effective
regulation of angiogenesis.'’? Regarding bone formation, another important aspect
is the recruitment and release of calcium through the binding of IP3 to the
endoplasmatic reticulum. Calcium release results in a positive feedback loop on the
production of DAG, which is counteracted by diaglycerol kinase due to the
conversion to PA, a key molecule in the mammalian target of rapamycin (mTOR)
signaling pathway, as described below.”® Placing the above-mentioned functions
of Pls into perspective, it can be expected that regulation of angiogenesis and
calcium mobilization will be more present at day 19 as compared to day 2.

Furthermore, days 2 and 9 could be distinguished from each other by the increased
presence of CLs on day 2 as compared to a higher presence of PAs, PSs, and PEs on
day 9 (Table 4.4). PA, a metabolite of phosphatidylcholine, plays a role in the mTOR
signaling pathway, which acts as a pivotal nutrient sensing mechanism and partakes
in regulating cellular differentiation, survival, growth, and division. Within this
pathway, PA proposedly serves as an indicator for the presence of its lipid precursor
molecules within the cell since these are important for the before-mentioned
processes.’* Additionally, PA has shown to be an important component in the
induction of angiogenesis through activating the HIF-1a-VEGF pathway.” Lastly,
PA enhances inflammation through mTOR signaling, both in vitro as well as in
vivo.Y8177 The higher presence of PA on day 9 as compared to day 2 is in line with
physiological fracture healing due to its roles in the regulation of cell fate and
angiogenesis, as well as a more widespread, regulated inflammatory response that
would more likely take place around day 9 after fracture as compared to day 2.

PEs, like PCs, are important precursor molecules of phosphoethanolamine, which
on its turn is catalyzed by phosphoethanolamine/phosphocholine phosphatase
(PHOSPHO1) to serve as a donor of inorganic phosphate in the production of
hydroxyapatite. Furthermore, they are involved in the glycine and serine
metabolism, two key amino acids in the production of collagen.'”® Increased
presence of PEs on day 9, combined with relatively large scaled loadings, matches
its role in both collagen metabolism, as well as a phosphate donor for
hydroxyapatite production.
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4.5.3.2 Lipid patterns in positive ion mode

In positive ion mode, day 2 and day 19 were mostly distinguishable by the presence
of specific PCs on days 2 or 19. Furthermore, a higher presence of LPCs was
observed on day 2 as compared to day 19 (Table 4.5).

PCs are amongst the most abundant phospholipids in mammalian cell membranes
and are known to play important roles in cellular metabolism and energetic state.'”
They also regulate endochondral bone formation by promoting chondrocyte
differentiation and cartilage matrix degradation in growth plates.’®® Furthermore,
PCs play a role in the glycine and serine metabolism, which are key amino acids in
collagen synthesis, and act as precursors of phosphocholines, important inorganic
phosphate donors in the production of hydroxyapatite and thus influence bone
mineralization.178180181 A study by @yen et al. (2017) showed that dietary
supplementation of choline, an essential nutrient that is predominantly supplied as
PC, was directly associated with increased bone mineral density.'®® Since PCs are
the most abundant phospholipids within mammalian cell membranes, it was to be
expected that their presence in fxh would be validated on both days 2 and 19.
However, it has yet to be revealed what causes the shift in specific lipid isoforms
amongst the different time points. Unfortunately, information about the presence
of specific lipids throughout fracture healing is lacking. The shift in specific PCs
might be due to certain osteogenic processes that can be expected to be more
present during day 19 as compared to day 2.

LPCs are known to elicit a seemingly contradictory effect on osteoclasts by
inhibiting their formation whilst enhancing their function. Besides, although
predominantly investigated in valvular calcification, LPCs enhance cellular
mineralization.’¥218 The dual (opposite) effect of LPCs on both osteoclast
formation and function could contribute to adequate osteoclast turnover and
functionality in the early fracture environment.

Furthermore, day 9 could be separated from day 2 + 19 due to the higher presence
of certain long chain CARs on day 2 + 19, whilst SM and LPC were more
characteristic of day 9 (Table 4.5).

SMs are important cellular signaling molecules that play a role in bone formation
and apoptosis. A deficiency in the enzyme that converts SM to PC has been shown
to impair bone and cartilage mineralization.'® Additionally, a lack of SM due to the
knockdown of sphingomyelin synthase 1 (SMS1) has been shown to impair bone
development and case growth retardation due to the regulatory role of SMS1 in
osteoblast developmen.'® An increased presence of SM is, therefore, more likely
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to occur during day 9 after fracture since osteoblast development is initiated
around that time.®

4.5.4 Limitations and future research

This study showed that MALDI-MSI allows for the identification of a fxh age-
dependent lipid signature. Still, a larger sample cohort is needed to validate these
data. Especially the lipid signature in fxh of fractures that develop impaired healing
would be of interest. Due to the limited sample size and the fact that all fractures
in our cohort healed without adverse events, no conclusions in relation to clinical
outcome can be drawn at this stage. Theoretically, the fracture location within a
bone could influence the presence of lipids in the fracture hematoma. However,
since all included fractures were located in the metaphyseal bone, we expect this
influence to be minimal. Moreover, analysis of metabolites or proteins, being key
players in bone healing and formation, could further provide insights into the
molecular mechanisms in fracture healing. Future research should therefore focus
on validating the results of the present study in a larger cohort and developing a
method for analyzing the protein signature of the fxh.

4.6 Conclusion

For the first time, our approach revealed the potential of MALDI-MSI as an
analytical tool for the assessment of lipid patterns in fxh samples over time. An
ammonium formate wash for 15 s twice was shown to adequately remove the
heme from the porcine and human fxh and increase the overall molecular signal for
negative and positive ion mode with minimum delocalization. The sample location
within fxh is of less importance, as it was shown that the intra-variability within fxh
was smaller than the inter-variability between fxh. Lastly, fxh age-dependent lipid
patterns were identified, which showed to be involved in various processes that are
important during fracture healing, such as angiogenesis, inflammation, cellular
differentiation, mineralization, hydroxyapatite production, and collagen synthesis.
Proper bone regeneration is in part dependent on the successful integration of the
above-mentioned processes, and our results emphasize the important contributing
role that lipids play. Assessment of specific molecular patterns within the fxh could
provide insights into fracture healing processes and could potentially serve as a
future source of theragnostic information on fracture healing.
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Effect of citrulline supplement on lipid and protein profiles during fracture healing

5.1 Abstract

Bone fracture healing is a complex process that occurs after a bone fracture and
consists of four overlapping phases. The exact molecular regulation and importance
of specific molecules throughout the different fracture healing phases is still poorly
comprehended, despite the improvement in understanding of fracture healing over
the past decades. The citrulline-arginine-nitric oxide metabolism is one of the
pathways involved in fracture healing and enrichment of this pathway via citrulline
supplement can enhance fracture healing. This study investigated the effect of
citrulline supplement on the lipid and protein profiles during different fracture
healing phases in a rat model. Matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI-MSI) and liquid-chromatography tandem mass
spectrometry (LC-MS/MS) were used for lipid and protein analyses, respectively.
The observed lipid profiles contributing to the citrulline supplement compared to
the control group and vice versa were distinct for the different stages of fracture
healing and differed between bone and bone marrow. The main lipid classes
observed were phosphatidylcholines (PCs) and lysophosphatidylcholines (LPCs),
while also acyl carnitines (CARs), triacyl/alkylglycerides (TGs), and a sphingomyelin
(SM) contributed to the separation between the treatment and control group. The
more abundant proteins in the citrulline supplement and control group were
different during the fracture healing phases. The citrulline supplement had a
changing effect throughout the different fracture healing phases, as limited overlap
between more abundant proteins at different time points was seen. An
enhancement of fracture healing in the citrulline supplement group was seen in
comparison to the control group based on the activation of different pathways. In
addition, multiple pathways related to the citrulline-arginine-nitric oxide
metabolism were more active in citrulline supplement group. This study showed
that citrulline supplement results in distinct differences in the lipid and protein
profiles during different fracture healing stages, especially during the first three
phases of fracture healing. In addition, enhancement of fracture healing was seen
as a result of citrulline supplementation.

5.2 Introduction

Bone fracture healing is a complex but well-defined process that occurs after a bone
fracture >7101314187  The  optimal outcome is the achievement of
biological/metabolic and structural restoration of the bone.*>7187.188 A sequence of
biological phases with different mechanical and biological requirements is part of
the regular fracture healing process.*>'21* The different phases, the overlap
between the phases, and the crosstalk between different cell types result in a
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constantly changing cellular and molecular environment around the fracture
site.#>1012188-1%0 practyre healing is usually divided into four overlapping phases: 1)
hematoma (fibrin clot) formation and inflammation phase, 2) soft callus formation,
3) hard callus formation, and 4) bone remodeling.*>12187.190.191 Tha majority of bone
fractures will heal normally, but the healing process is impaired in 1 to 10% of the
fractures resulting in delayed healing or non-union formation.*7:10:1213,188-150,192,193
The treatment of impaired healing cases is a complex, individualized, and lengthy
process, despite the improvements in treatment over the past decades.*31%
Prevention and treatment of impaired healing can be improved by further insights
into the fracture healing processes.

Some key molecules that affect the outcome of fracture healing are known and can
be associated with impaired fracture healing in case of alternation of the local or
systemic regulation.>”191319 The most abundant class of molecules in bone are
proteins with collagen being the largest group.'%%19>1% Different protein classes
play an important role during fracture healing, such as pro-inflammatory cytokines,
growth and differentiation factors, inhibitory molecules, and angiogenic
factors.»>7101213.188 | inids are other key molecular players, as they are structural
components of a cell as well as involved in cellular signaling, inflammation,
metabolism, and bone mineralization.®’ Lipids are mainly present in bone marrow,
but small amounts are present in the mineralized bone as well.*¥’ Lipid mediators,
like prostaglandins and leukotrienes, are important during bone regeneration and
regulate inflammation. 194197

The citrulline-arginine-nitric oxide metabolism (see Figure 5.1) is one of the
pathways that is important during fracture healing.1®%19192 |t has been shown that
disruption of this metabolism can result in impaired healing.1®1°%1%3 Citrulline is the
precursor of arginine.'®1%0192 Arginine can be converted back into citrulline via the
different nitric oxide synthases (NOS1, NOS2, and NOS3), which results in the
production of nitric oxide.'8-193198-201 Arginine is the only amino acid precursor of
nitric oxide.9%192.193.198 Nijtric oxide is important for fracture healing, as it affects the
inflammatory responses, stimulates regulation of bone remodeling, and capillary
growth 189193198200 |15 addition, arginine can also be converted into
ornithine 189190192193 Qrnithine is important in collagen synthesis via polyamine
production, 189190192193 preyvioys studies showed that the supplementation of
citrulline can improve fracture healing via stimulation of callus formation and
improvement of the inflammatory response and results in improved biomechanical
properties.’¥2%2 However, the exact affected and involved pathways are still not
fully explored.
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Figure 5.1: Schematic overview of citrulline-arginine-nitric oxide metabolism.
Abbreviations: Argl = arginase 1; ASS = argininosuccinate synthetase; ASL =
argininosuccinate lyase; NOS = nitric oxide synthase; OCT = ornithine transcarbamylase.

Mass spectrometry (MS) is a powerful analytical technique to explore the molecular
pathways that are affected by citrulline supplement. MS allows for the detection of
different molecular classes, including lipids and proteins, from a wide range of
tissue types without prior knowledge about the sample composition when
conducted in an untargeted fashion.®0:97/98130,131,203204 Natrix-assisted laser
desorption/ionization mass spectrometry imaging (MALDI-MSI) is often used to
study the molecular distributions in tissue sections, including lipid
analysis.9/98130,131,203204 N A| DI-MSI has only recently been applied on undecalcified
bone tissue, including for lipid analysis, due to the complicated sample preparation
protocol,%0-97:98130,131,203204 pdditionally, tandem mass spectrometry in combination
with liquid chromatography (LC-MS/MS) has been shown to be a powerful
technique to investigate proteome changes.®*252%7 Crushed tissue or tissue
homogenates are needed for the analysis with this technique, which results in the
loss of distribution information.?” LC-MS/MS has been applied the analysis of bone
tissue to study proteins, lipids, and drugs in various application fields.%%133142205-207
Therefore, the combination of lipid analysis with MALDI-MSI and protein analysis
with LC-MS can contribute to improving molecular understanding in bone fracture
healing.
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The objective of this paper is to study the molecular effects of citrulline supplement
during bone fracture healing on the lipid and protein profiles by applying two
different MS techniques on undecalcified bone. Fracture healing in the citrulline
supplement group was expected to be enhanced in comparison to the control
group based on these profiles. MALDI-MSI was applied for the analysis of the lipid
composition in the affected bone. In addition, protein analysis was performed on
bone tissue using LC-MS/MS. The lipid and protein profiles were compared
between the citrulline supplement and control group for the different time points.
In addition, the more abundant proteins in the citrulline supplement and control
group per time point were used for analysis of activated pathways.

5.3 Materials and methods

5.3.1 Chemicals and materials

Gelatin, carboxymethyl cellulose (CMC) sodium salt, tragacanth, red phosphorus,
a-cyano-4-hydroxycinnamic acid = 98% (CHCA), sulfosalicylic acid (SSA), ammonium
bicarbonate (ABC), dithiothreitol (DTT), iodoacetamide (IAM), and trifluoroacetic
acid (TFA, ULC grade) were purchased from Sigma-Aldrich (Zwijndrecht, the
Netherlands). Phosphate buffered saline (PBS) was purchased from Thermo Fisher
Scientific (Inc. Waltham, United States of America (USA)). SuperFrost Plus
microscopic glass slides were purchased from VWR International (Amsterdam, the
Netherlands). Urea was purchased from GE Healthcare (Chicago, IL, USA). The
enzyme mixture of Trypsin and LysC (mass spectrometry grade) was purchased
from Promega (Leiden, the Netherlands). Methanol, acetonitrile (ACN), formic acid
(FA), and water with ULC/MS—CC/SFC grade were purchased from Biosolve BV
(Valkenswaard, the Netherlands).

5.3.2 Animal study and sample collection

Female, adult Sprague Dawley rats (approximately 250 g) were obtained from
Envigo (Horst, the Netherlands) for this study. The animals were housed under
controlled environmental conditions with a 12-hour light-dark cycle and food and
water ad libitum. An intramedullary wire was inserted and a standardized femoral
fracture was generated at the right side under general anesthesia. General
anesthesia was induced with ketamine (100 mg/kg i.p.), xylazine (2%; 10 mg/kg i.p.)
and, if necessary, extended with isoflurane inhalation (2.0-2.5 vol.%). The
intramedullary wire (1-mm stainless-steel intramedullary Kirschner wire, Kénigsee
Implantate GmbH, Allendorf, Germany) was inserted in a retrograde manner. The
standardized fracture were created using the blunt guillotine method, as described
by Bonnarens and Einhorn.?®® Fluoroscopic evaluation was performed after
placement of the intramedullary pin and the fracture induction. Pre- and post-
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operative analgesia were ensured with buprenorphine hydrochloride (0.03—0.05
mg/kg s.c.) 30 minutes before the operation and every 6 hours for the first 24-48
hours after the operation, respectively. Afterwards, buprenorphine hydrochloride
was administered in the same way twice daily during the first three weeks. In
addition, the drinking water was supplemented with metamizole (1 mL/300 mL)
during the first post-operative week. The rats were assigned to the citrulline
supplement or control group at random. The citrulline supplement group received
a citrulline-supplemented diet for 14 days post-operative (DPO) and an isocaloric
normal diet for the remainder of the study protocol. The citrulline-supplemented
diet consisted of 10 g/kg/day citrulline-suspension administered per os over a bend
metal feeding tube. The control group received an isocaloric normal diet
throughout the study protocol.

Samples were collected at four different time points, namely 3, 7, 14, and 28 DPO
corresponding to the different phases in bone fracture healing: inflammation
phase, soft callus formation, hard callus formation, and bone remodeling,
respectively. At these time points, six rats per treatment group were exsanguinated
by cardiac puncture under anesthesia and analgesia. Three rats were excluded
because of premature death. An isotope administration was performed after
anesthesia induction with a bolus infusion of two tracers L-[guanidino-°N,]-
arginine (146 nmol/10 g body weight) and L-[ureido-'3C-2H,]-citrulline (44 nmol/10
g body weight) dissolved in NaCl over the tail vein. An infusion of these tracers (L-
[guanidino-'°N;]-arginine at 960 nmol/10 g body weight and L-[ureido-'3C-2H,]-
citrulline at 90 nmol/10 g body weight) was performed for 60 minutes before
exsanguination. The integral whole femur was collected, soft tissue was removed,
and the femurs were washed 3 times with PBS. The Kirschner wire was carefully
removed and 0.5 cm of the callus at the fracture site was collected. The sample was
divided in two pieces with a wire saw while cooling with ice-cold PBS. One piece
was used for lipid analysis and the other piece was homogenized and used for
protein analysis. The samples were rapidly frozen and stored at -80 °C until further
use. An overview of the number of samples collected for each group is provided in
Table 5.1. The samples containing pieces of bone were used for lipid analysis with
MALDI-MSI and the homogenized samples were used for protein analysis with LC-
MS/MS, as shown in the overview of the study workflow in Figure 5.2. The
Governmental Animal Care and Use Committee of the state Nordrhein-Westfalen
approved this study (approval number: LANUV NRW 84-02.04.2015.A078).
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Table 5.1: Overview of sample group references and number of samples collected from
citrulline supplement rat study.

Days post-operative | Citrulline group  Control group
3 C1: 6 samples F1: 6 samples
7 C2: 6 samples F2: 6 samples
14 C3: 6 samples F3: 4 samples
28 C4: 5 samples F4: 6 samples

Lipid analysis with MALDI-MSI

S N N
/ J TS TS,

Bone Embedding + Matrix

/f\ Oy tissue Sectioning application MALDIS!
@;._ m LC-column
fyTOMS
: =
Crushed i Protein
rushe PI’OtEI.n e LC-MS/MS
bone tissue extraction digestion

Protein analysis with LC-MS/MS

Figure 5.2: Overview of the study analytical workflow combining the analysis of lipids using
MALDI-MSI and proteins using LC-MS/MS. Small pieces of bone were used for lipids analysis.
These pieces were embedded and sectioned during sample preparation. Matrix was
sprayed onto the section before MALDI-MSI analysis. Crushed bone tissue was used for the
protein analysis. Proteins were extracted from the crushed bone tissue and subsequently
digested using enzymes. The resulting peptides were analyzed with LC-MS/MS.

5.3.3 Lipid analysis with MALDI-MSI

5.3.3.1 Sample preparation and matrix application

The lipid distribution in bone tissue, consisting of bone and bone marrow, were
analyzed with MALDI-MSI. The embedding and sectioning of these samples
followed the protocol described by Vandenbosch et al. (2021).2°% In short, samples
were embedded in 20% gelatin and 7.5% CMC dissolved in water (w/v) and directly
frozen. 10% tragacanth was used to mount the samples on the specimen disc of the
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cryotome to ensure firm attachment. Tissue sectioning was performed in a Leica
CM1860 UV (Wetzlar, Germany) using a Shandon™ Tungsten Carbide D-profile
knife (Thermo Scientific Emergo, Landsmeer, the Netherlands). The samples were
sectioned at -15 °C and at a thickness of 12 um. The sections were supported during
sectioning using double-sided tape (Tesa®), and transferred and thaw-mounted on
SuperFrost Plus microscopic glass slides. The samples were stored at -80 °C until
further use.

Slides with tissue sections were dried in the desiccator for 35 minutes. Matrix
application was performed using a TM-sprayer (HTX Technologies, Chapel Hill, NC,
USA). CHCA was dissolved in methanol:water (70:30) at a concentration of 5
mg/mL. Thirteen layers were sprayed with a drying time of 10 s between layers
using a nozzle temperature of 30 °C, a flow rate of 0.12 mL/min, nozzle velocity of
1300 mm/min, track spacing of 1.5 mm, and CC pattern.

5.3.3.2 MALDI-MSI

A 9.4T Solarix Fourier Transform lon Cyclotron Resonance (FT-ICR) Mass
Spectrometer (Bruker Daltonik GmbH, Bremen, Germany) was used for MALDI-MSI
acquisition operated with FTMS control (version 2.2.0, Bruker). The pixel size was
set to 50 um with SmartWalk enabled with a width of 25 um and grid increment of
5 um. The laser focus was set to a minimum (<30 um), the laser power at 25% and
750 laser shot were fired per pixel at a frequency of 2000 Hz. 1M data points were
acquired for each pixel for a m/z range of 100.44 to 1200. The lower cut-off
frequency was set to m/z 350 by setting the Q1 mass to 350 to reduce the intensity
of the matrix peaks in the lower mass range. A data reduction factor of 95% was
used to save the reduced profile spectra. Fleximaging (version 5.0, Bruker) was used
for setting up regions of interest for acquisition. The calibration of the instrument
was performed before each measurement using red phosphorus. The Solarix mass
spectrometer has a large depth of laser focus and the ionization and mass analysis
are consecutive, which makes the instrument less susceptible to height differences.

5.3.3.3 Data analysis

All measurements were imported into SCiLS Lab 2022a (SCiLS GmbH, Bremen,
Germany) using the centroided mass spectra. Annotations of bone and bone
marrow were manually performed in QuPath (v0.2.3)**®® and imported into SCiLS.
Peak picking was performed on the overview spectrum of all regions using mMass
(Open Source Mass Spectrometry Tool, version 5.5.0)%1°. The distribution images of
m/z values from this list were inspected to remove background peaks, due to the
high number of matrix clusters and other background peaks. The obtained peak list
included detected isotopes and was used in further data analysis. The imzml files
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including only the peaks of the reduced peak list were exported per region of
interest, with separate files for the bone and bone marrow regions. These imzml
files were converted into MATLAB compatible files using an in-house-written R-
script. The in-house-built ChemomeTricks toolbox (version 2.71c) for MATLAB
(version 2014a, The MathWorks, Natick, USA) was used to perform principal
component analysis-linear discriminant analysis (PCA-LDA) for comparison of the
citrulline supplement and control group per time point. These analyses were
performed separately for bone and bone marrow based on the exported
information of the different regions.

5.3.3.4 Lipid identification

m/z values of interest were selected based on the PCA-LDA analyses of the
comparison of the citrulline supplement and control group for each time point.
These m/z values were selected based on the highest unscaled loadings for each
sample group per PCA-LDA analysis. Isotopic and low intensity peaks were removed
from the lists with interesting m/z values, as detection is challenging after
fragmentation. MS/MS analysis was used for the identification of the molecules
using collision-induced dissociation (CID) fragmentation. Data for lipid
identification were manually acquired on a SYNAPT HDMS G2-Si coupled with a
prototype uMALDI source (Waters Corporation, Manchester, UK) operated with
MassLynx (version 4.1, Waters), which has been described by Barré et al.®® The
MS/MS measurements were performed in sensitivity mode with a scan rate of 1.0
s per scan. The instrument was calibrated with red phosphorus twice a day. The
laser fluence was set to 250 on bone marrow and 300 on bone arbitrary units set in
the control software. The MS/MS isolation window was optimized per m/z value
and was between 1 and 1.5 Da, depending on peak intensity and potentially
interfering background and matrix cluster peaks. The trap collision energy varied
between 15 and 25 arbitrary units. Lipid identifications were performed using a
combination of MassLynx (version 4.1), LipostarMSI (version 1.3.0, Molecular
Horizon, Bettona, Italy),®® and database searches in ALEX*?? lipid calculator.4

5.3.4 Protein analysis with LC-MS

5.3.4.1 Protein extraction

Pieces of bone tissue, consisting of bone and bone marrow, per animal were
homogenized using a pestle and mortar on liquid nitrogen. At least 30 mg of sample
(range 37 to 238.7 mg) was placed into an Eppendorf tube containing 250 uL 5%
SSA. Samples were stored at -80 °C until further use.
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The homogenized sample was thawed and centrifuged. The SSA was removed and
500 pL of 5 M Urea/50 mM ABC was added. The proteins from the bone pellet were
dissolved by shortly sonicating in an ultrasonic bath and 10 minutes at 10 °Cin a
thermoshaker at 750 rpm. Undissolved particles and the bone pellets were
removed by centrifugation and the proteins in the solution were transferred to 3
kDa filters. The dissolved proteins were filtered three times using centrifugation
and adding 400 pL of 5 M Urea/50 mM ABC. The remaining volume was centrifuged
to remove any remaining undissolved particles and the proteins in the solution
were transferred to new Eppendorf tubes. The protein concentration of each
sample was determined using Bradford Protein Assay (Bio-Rad Laboratories,
Hercules, CA, USA) according to the manufacturer’s protocol by measuring the
absorption at 595 nm (optical density). Samples were stored at -80 °C until further
use.

5.3.4.2 Protein digestion

A total of 50 ug protein was used per sample for the protein digestion. The sulfur
bridges were broken with 20 mM DTT for 45 minutes at room temperature. The
protein samples were alkylated with 40 mM IAM for 45 minutes at room
temperature in the dark. The alkylation was terminated using 20 mM DTT for 45
minutes.

A mixture of Trypsin and LysC was used for protein digestion and was added at a
ratio of 1:25 (enzyme:protein). The proteins were digested for 2 hours at 37 °Cin a
thermoshaker at 250 rpm. The urea concentration of the samples was reduced to
1 M by adding 50 mM ABC. Further digestion took place overnight at 37 °Cin a
thermoshaker at 250 rpm. The addition of FA with a final relative concentration of
1% was used to terminate the digestion. The samples were centrifuged to remove
any remaining particles, transferred to new Eppendorf tubes, and stored at -80 °C
until analysis.

5.3.4.3 LC-MS/MS

A LC-MS based bottom-up proteomics experiment was conducted on the digested
protein extract from the crushed bone samples. The peptide separation was
performed on a Thermo Scientific Ultimate 3000 Rapid Separation UHPLC system
(Dionex, Amsterdam, the Netherlands) equipped with a PepSep C18 analytical
column (15 cm, ID 75 pum, 1.9 pm Reprosil, 120A). The peptide samples were
desalted on an online installed C18 trapping column and were separated on the
analytical column with a 90 minutes linear gradient from 5% to 35% ACN with 0.1%
FA at a flow rate of 300 nL/min. The UHPLC system was coupled to an Orbitrap
QExactive HF mass spectrometer (Thermo Scientific, GmbH, Bremen, Germany).
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Data-dependent acquisition (DDA) was used for the measurement of full mass
spectrometry (MS) and MS/MS spectra. The full MS scans were acquired for m/z
250-1250 at a resolution of 120 000 and were followed by MS/MS scans of the top
15 most intense ions at a resolution of 15 000.

5.3.4.4 Data analysis and protein identification

The DDA spectra were processed and analyzed with Proteome Discoverer (PD,
version 2.2, Thermo Scientific) for the identification and quantification of the
proteins. The search engine Sequest was used within the PD software applying the
rat protein database (Rattus norvegicus, SwissProt TaxID= 10116, 8150 proteins
included). The following settings were selected for the database search: trypsin as
the enzyme, a maximum of 2 missed cleavages, minimum peptide length of 6,
precursor mass tolerance of 10 ppm, fragment mass tolerance of 0.02 Da, dynamic
modifications of methionine oxidation and protein N-terminus acetylation, and
static modification of cysteine carbamidomethylation. In addition, two dynamic
modifications were added to account for the administered labeled amino acids,
namely N, or 13C;-?H, label both for arginine. The label of citrulline was included
for arginine, as citrulline is not one of the amino acids used for proteins, but it is a
precursor of arginine. The default Label Free Quantification (LFQ) settings in PD
were used for protein quantification. In short, the peptide precursor intensities
were used for peptide abundancies. Normalization was performed on the total
peptide amount. Protein ratios were calculated based on pairwise peptide ratios.
Background-based ANOVA was applied for hypothesis testing.

One of the samples of the citrulline supplement day 7 group (C2) was excluded from
the data analysis and LFQ after the initial data analysis. These analyses showed a
much lower number (less than 40% compared to other samples) of proteins
identified with high confidence in this sample. The cause of this was an issue during
protein digestion. Data analysis, including principal component analysis (PCA), and
LFQ were performed using the remaining five samples for C2. The number of
identified proteins was a total of 1186 for all samples combined, of which 883
proteins were identified with high confidence, after the exclusion of one of the
samples. The more abundant proteins for the citrulline supplement and control
group were determined per time point by protein ratio analyses. Proteins were
considered as more abundant in one of the groups in the ratio with a fold change
of 1.5 (log2 of >0.58 or <-0.58) and an adjusted p-value of <0.05.

5.3.4.5 Pathway analysis
Pathway analysis was performed to identify the biological processes that differ
between the citrulline supplement and respective control groups, based on the
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more abundant proteins found during data analysis of the proteomics data.
Pathway analysis was performed using Reactome Pathway Database.?!! The gene
names related to the more abundant proteins were used for analysis to obtain a
higher coverage compared to the use of UniProt accession codes. The p-value was
set to <0.05 for the selection of involved pathways. In addition, the threshold for
the false discovery rate (FDR) was set to <0.25 for possible involved pathways. This
FDR threshold was set to <0.05 for involved pathways with high confidence. In case
multiple pathways that were connected in the pathway overview of Reactome were
noticed to have the same matched gene name, one of these pathways was selected
based on the specificity that could be expected based on the matched gene names.

5.4 Results
5.4.1 Comparison of lipids between citrulline supplement and control

group

5.4.1.1 Lipid profiles in cortical bone

The PCA-LDA analyses for the reduced peak list showed no complete separation for
3,7, 14, and 28 DPO between the citrulline supplement and control group for bone,
as represented in Figure 5.3A, B, C, and D, respectively. The citrulline supplement
and control group distributions show quite some overlap in their discriminant
distributions for the different time points, indicating small differences between the
treatment and control group. The lipids in the top 30 unscaled loadings per time
point contributing to the separation between the treatment and control group
were identified (Table 5.2). The major classes of identified lipids are
phosphatidylcholines (PCs) and lysophosphatidylcholines (LPCs). Furthermore,
some acyl carnitines (CARs), triacyl/alkylglycerides (TGs), and a sphingomyelin (SM)
contributed to the difference between the citrulline supplement and respective
control group. Certain lipids were identified with different adducts and the sample
groups overlapped between the different adducts in most cases, except for PC 32:0.
The LPCs with an alkyl group are contributing more to the lipid profiles of the
citrulline supplement group at different time points. On the contrary, the TGs are
only contributing to the control group at 28 DPO. The other lipid classes contribute
to both the treatment and control group depending on the lipid and the time point,
as the some lipids contribute the lipid profile of both the treatment and control
group depending the time point. Some lipids show the same pattern in
contributions, like SM 34:1;02 and PC 34:1 for the [M+H]* ions. The overlap
between the lipids contributing to the different time points in the citrulline
supplement and control group are displayed in Figure 5.4A and B, respectively.
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Figure 5.3: The first discriminant function (DF1) for the lipid comparison of the citrulline
supplement (C) and control (F) group per time point for bone representing the results of the
PCA-LDA analyses. DF1 plots are shown for A3,B 7, C 14, and D 28 DPO representing 2.20,
1.47, 1.94, and 1.61% of the variance in the dataset, respectively. C1, C2, C3, and C4
represent 3, 7, 14, and 28 DPO in the citrulline supplement group, respectively. F1, F2, F3,
and F4 represent 3, 7, 14, and 28 DPO in the control group, respectively.

Interestingly, most of the lipids contributing to 3, 7, and 28 DPO overlap in the
citrulline supplement group, while no overlap is seen for 14 DPO. Quite a high
number of lipids contributing to the control group displays overlap with other time
points, especially overlap between 7 DPO with other time points can be noticed.
Some lipids contribute to two or more consecutive time points. No lipid is
contributing to all time points in either the treatment and control group.

5.4.1.2 Lipid profiles in bone marrow

Figure 5.5A, B, C, and D shows the separation between the citrulline supplement
and control group for bone marrow for 3, 7, 14, and 28 DPO, respectively, based on
the PCA-LDA analyses for the reduced peak list. The separation between the
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Table 5.2: Lipid assignments based on high mass resolution data and MS/MS data for bone.
For each assignment, the m/z value obtained with the high mass resolution mass
spectrometer (Solarix), the lipid assignment, the detected ion, the ppm error, and the
sample group, in which the assigned lipid has a higher presence, are provided. The higher
lipid contribution for a sample group is in comparison to the other treatment group at the
same time point. C1, C2, C3, and C4 represent 3, 7, 14, and 28 DPO in the citrulline
supplement group, respectively. F1, F2, F3, and F4 represent 3, 7, 14, and 28 DPO in the
control group, respectively.

m/zvalue | Assighment lon A ppm error Sample group
C1
400.343 CAR 16:0 [M+H]* 2.25 a
F3
426.359 CAR 18:1 [M+H]* 2.81 ca
C1
478.330 LPCO-16:2  [M+H]* 1.67 C2
C4
496.341 LPC 16:0 [M+H]* 2.42 F2
504.346 LPC0-18:3  [M+H]* 2.18 2‘11
C1
506.362 LPCO0-18:2  [M+H]* 2.96 C2
C4
522.357 LPC 18:1 [M+H]* 3.06 C1
F2
524.372 LPC 18:0 [M+H]* 1.72 =
546.354 LPC 18:0 [M+Na]* 1.83 F3
562.328 LPC 18:0 [M+K]* 1.96 F3
F1
703.577 SM 34:1;02 [M+H]* 3.13 F2
C3
F1
706.540 PC 30:0 [M+H]* 2.69 a3
F1
725.558 SM 34:1;02 [M+Na]* 1.65 3
F2
732.556 PC32:1 [M+H]* 3.00 a3
F2
734.570 PC 32:0 [M+H]* 0.82 3
C3
756.554 PC32:0 [M+Na]* 3.44 Fa
F2
758.571 PC 34:2 [M+H]* 2.64 Fa
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Table 5.2 (continued): Lipid assignments based on high mass resolution data and MS/MS
data for bone.

m/zvalue | Assignment lon A ppm error  Sample group
F1
760.587 PC34:1 [M+H]* 2.50 F2
C3
772.527 PC32:0 [M+K]* 2.20 C3
780.553 PC 34:2 [M+Na]* 2.05 Ei
F1
F2
782.571 PC 36:4 [M+H]* 2.04 3
F4
804.554 PC 36:4 [M+H]* 3.23 F1
808.587 PC 38:5 [M+H]* 2.35 F1
F1
810.603 PC 38:4 [M+H]* 2.84 >
820.528 PC 36:4 [M+K]* 3.29 F1
832.585 PC 38:4 [M+Na]* 2.76 F1
853.730 TG 52:5 [M+H]* 2.34 F4
879.745 TG 54:6 [M+H]* 1.59 F4
A o A
e s
N 0 4
\
1 | 2
/
//
y 1

Figure 5.4: Venn diagrams of the lipids from bone contributing at the different time points
for citrulline supplement and control group. Lipids detected with different adducts were
grouped together per sample group. A Overlap in the contributing lipids in the citrulline
supplement group (C). B Overlap in the contributing lipids in the control group (F). The
number depicted in the overlapping areas indicate the contribution of a lipid to all the
related time points. C1, C2, C3, and C4 represent 3, 7, 14, and 28 DPO in the citrulline
supplement group, respectively. F1, F2, F3, and F4 represent 3, 7, 14, and 28 DPO in the
control group, respectively.
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citrulline supplement and control group is better for 7 and 14 DPO than for 3 and
28 DPO, as the overlap between the discriminate distributions of the citrulline
supplement and respective control group is less. Therefore, the difference between
the treatment groups at 7 and 14 DPO are probably bigger than at 3 and 28 DPO.
The lipids in the top 30 unscaled loadings per time point contributing to the
separation between treatment groups were identified and can be found in Table
5.3. No identifications were included for the citrulline supplement group 28 DPO
(C4), as the top 30 unscaled loadings included only the isotopes of molecules and
unidentified peaks. PCs and LPCs are the major classes of identified lipids, but also
one CAR, one SM, and two TGs contribute to the separation between treatment
and control group. The different identified adducts per lipid show little similarity
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Figure 5.5: The first discriminant function (DF1) for the lipid comparison of the citrulline
supplement (C) and control (F) group per time point for bone marrow representing the
results of the PCA-LDA analyses. DF1 plots are shown for A 3, B 7, C 14, and D 28 DPO
representing 2.69, 3.46, 3.53, and 2.75% of the variance in the dataset, respectively. C1, C2,
C3, and C4 represent 3, 7, 14, and 28 DPO in the citrulline supplement group, respectively.
F1, F2, F3, and F4 represent 3, 7, 14, and 28 DPO in the control group, respectively.
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between them in terms of the sample groups they contribute to, which is same as
for the lipids in the cortical bone. The CAR and LPCs with an alkyl group are only
contributing to the lipid profile of the citrulline supplement group, while the TGs
contribute to the control group, specifically at 28 DPO. The LPCs and PCs seem to
contribute to both groups during their separation on different time points.
Interestingly, the LPCs are contributing mainly to the citrulline supplement group,
while the PCs contribute more the control group. Some lipids contribute to both
the treatment and control group, but their contribution to the lipid profile of each
group is at different time points. A few lipids show the same pattern in contribution
throughout the different time points, for example PC 36:6 and PC 38:8 for the
[M+H]* ions. Figure 5.6A and B show the overlap between the lipids contributing to
the different time points for the citrulline supplement and control group,
respectively. Only overlap of three lipids between 3 and 14 DPO can be noticed for
the citrulline supplement group. More overlap in contributing lipids between the
different time points can be seen for the control group. Especially the lipids
contributing to 3 DPO overlap with different time points. In addition, some overlap
can be seen between 14 and 28 DPO. No lipid is contributing to all time points in
either the treatment and control group.

The separation between the citrulline supplement and control group is better for
bone marrow than for bone when comparing Figures 5.3 and 5.5. A pattern of
medium separation at 3 DPO, good separation at 7 and 14 DPO, and limited
separation at 28 DPO is seen for bone marrow. However, this pattern was not
present for cortical bone. A high number of lipids can be seen that are contributing
to treatment group separation in bone and bone marrow based on a comparison
between Tables 5.2 and 5.3. In general, the identified lipid classes overlap between
bone and bone marrow and the main classes are LPC and PC in both. Four, zero,
three, and zero lipids overlap between bone and bone marrow for the citrulline
supplement group for 3, 7, 14, and 28 DPO, respectively. Four, six, zero, and three
lipids overlap between bone and bone marrow for the control group for 3, 7, 14,
and 28 DPO, respectively.

5.4.2 Comparison of proteins and pathways between citrulline
supplement and control group

5.4.2.1 Protein profiles in cortical bone and bone marrow

Protein profiles were obtained for each sample group from the mix of crushed

cortical bone and bone marrow. PCAs were performed to compare the protein

profiles between the citrulline supplement and control groups per time point. The
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Table 5.3: Lipid assignments based on high mass resolution data and MS/MS data for bone
marrow. For each assignment, the m/z value obtained with the high mass resolution mass
spectrometer (Solarix), the lipid assignment, the detected ion, the ppm error, and the
sample group, in which the assigned lipid has a higher presence, are provided. The higher
lipid contribution for a sample group is in comparison to the other treatment group at the
same time point. C1, C2, C3, and C4 represent 3, 7, 14, and 28 DPO in the citrulline
supplement group, respectively. F1, F2, F3, and F4 represent 3, 7, 14, and 28 DPO in the
control group, respectively.

m/zvalue | Assighment lon A ppm error Sample group
400.343 CAR 16:0 [M+H]* 2.25 C3
478.330 LPC0O-16:2  [M+H]* 1.67 C1
C1
496.341 LPC 16:0 [M+H]* 2.42 3
504.346 LPC0-18:3  [M+H]* 2.18 C1
506.362 LPC0-18:2  [M+H]* 2.96 C1
518.323 LPC 16:0 [M+Na]* 2.51 F2
522.357 LPC18:1 [M+H]* 3.06 +
524.372 LPC 18:0 [M+H]* 1.72 C3
534.297 LPC 16:0 [M+K]* 2.62 C3
546.354 LPC 18:0 [M+Na]* 1.83 F2
703.577 SM 34:1;02 [M+H]* 3.13 +
C1
706.540 PC 30:0 [M+H]* 2.69 a3
720.592 PC 0-32:0 [M+H]* 2.78 F2
F2
734.570 PC32:0 [M+H]* 0.82 I
754.538 PC32:1 [M+Na]* 3.05 C2
756.554 PC32:0 [M+Na]* 3.44 F2
C2
758.571 PC 34:2 [M+H]* 2.64 Fa
F1
766.578 PC 0-36:5 [M+H]* 4.57 o
768.592 PC 0-36:4 [M+H]* 2.34 F2
C2
778.541 PC 36:6 [M+H]* 3.72 F3
F4
C2
802.540 PC 38:8 [M+H]* 2.37 F3
F4
F1
804.554 PC 36:4 [M+Na]* 3.23 =
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Table 5.3 (continued): Lipid assignments based on high mass resolution data and MS/MS
data for bone marrow.

m/zvalue | Assignment lon A ppm error  Sample group
806.572 PC 38:6 [M+H]* 3.22 IF:£31
808.587 PC 38:5 [M+H]* 2.35 F1
810.603 PC38:4 [M+H]* 2.84 F2
F1
820.528 PC 36:4 [M+K]* 3.29 F3
F4
F1
Cc2
828.557 PC 40:9 [M+H]* 3.86 =
F4
F1
830.572 PC 40:8 [M+H]* 3.13 Fa
832.585 PC38:4 [M+Na]* 2.76 F1
853.730 TG 52:5 [M+H]* 2.34 F4
F1
856.588 PC42:9 [M+H]* 3.39 =
879.745 TG 54:6 [M+H]* 1.59 F4

Figure 5.6: Venn diagrams of the lipids from bone marrow contributing at the different time
points for citrulline supplement and control group. Lipids detected with different adducts
were grouped together per sample group. A Overlap in the contributing lipids in the
citrulline supplement group (C). B Overlap in the contributing lipids in the control group (F).
The number depicted in the overlapping areas indicate the contribution of a lipid to all the
related time points. C1, C2, C3, and C4 represent 3, 7, 14, and 28 DPO in the citrulline
supplement group, respectively. F1, F2, F3, and F4 represent 3, 7, 14, and 28 DPO in the
control group, respectively.
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PCA plots of the first two principal components (PC1 and PC2) do not show
separation between the citrulline supplement and the control group, as displayed
in Figure 5.7. Higher PCs did not contribute to improved separation between the
citrulline supplement groups and respective control groups.

The more abundant proteins were determined by comparing the citrulline
supplement and control group per time point. Ten, thirteen, nine, and five proteins
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Figure 5.7: Principal component analysis (PCA) of protein profiles of the citrulline
supplement (C) and control groups (F) per time point. Each dot represents one sample. The
first two principal components are shown, namely PC1 and PC2, for A3,B 7, C 14, and D 28
DPO. C1, C2, C3, and C4 represent 3, 7, 14, and 28 DPO in the citrulline supplement group,
respectively. F1, F2, F3, and F4 represent 3, 7, 14, and 28 DPO in the control group,
respectively.
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were more abundant in the citrulline supplement group compared to the control
group at 3, 7, 14, and 28 DPO, respectively. Five, sixteen, nineteen, and nineteen
proteins were more abundant in the control group compared to the citrulline
supplement group at 3, 7, 14, and 28 DPO, respectively. An overview of these
proteins for each sample group in comparison to the other treatment group per
time point can be found in Table 5.4. The overlap between proteins with higher
abundance within the citrulline supplement and control group is limited between
different time points, as shown in Figures 5.8A and B, respectively. This can be
attributed to the different fracture healing phases that take place at different time
points. The overlap of proteins between the different time points is higher for the
control group than for the citrulline supplement group. Seven DPO shows the most
overlap with the other time points, especially for the control group. In addition, the
more abundant proteins of 28 DPO for the control group overlap quite a bit with
the other time points. Comparison of the more abundant proteins between the
treatment and control group shows that only four proteins overlap between the
citrulline supplement and control group, namely Cathepsin G (Ctsg), Guanine
deaminase (Gda), Proteasome subunit beta type-2 (Psmb2), and Slit homolog 1
protein (Slitl). The abundance of these proteins was higher at a later time point in
the control group than in the citrulline supplement group.
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Figure 5.8: Venn diagrams of the more abundant proteins at the different time points for
citrulline supplement and control group. A Overlap in the more abundant proteins in the
citrulline supplement group in comparison to the respective control group. B Overlap in the
more abundant proteins in the control group in comparison to the respective citrulline
supplement group. The number depicted in the overlapping areas indicate the higher
abundance of the same protein at different time points. C1, C2, C3, and C4 represent 3, 7,
14, and 28 DPO in the citrulline supplement group, respectively. F1, F2, F3, and F4 represent
3,7, 14, and 28 DPO in the control group, respectively.
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Chapter 5

5.4.2.2 Pathway analysis

The pathways related to the more abundant proteins can be found in Table 5.5A-D
for the different time points. Figure 5.9A and B show the overlap between the more
active pathways for the citrulline supplement and control group, respectively. The
overlap between the pathways of the citrulline supplement group is limited, while
the pathways of the control group show a higher number overlapping pathways,
despite the different fracture healing processes going on at the different time
points. Interestingly, the striated muscle contraction pathway is more active at all
time points in the control group (Table 5.5). Most overlap of more active pathways
is seen for 7 DPO for citrulline supplement and control group and 28 DPO for the
control group, similar to the more abundant proteins.

The comparison of the overlap in proteins (Figure 5.8) and pathways (Figure 5.9)
shows that overlap in more abundant proteins does not indicate overlap in
pathways, as each protein can be part of many different pathways. On the other
hand, the overlap between more active pathways between time points can be seen
in Figure 5.9 that is not related to overlap in the more abundant proteins at the
same overlapping area in Figure 5.8. This indicates that different proteins with
higher abundance contribute to these overlapping pathways at different time

B & . <
9 A 33 \

’» /,/‘ /(‘
3 ]/ 1 1 b4
6 0 1 4
e .

Q 0 0
0

Figure 5.9: Venn diagrams of the more active pathways at the different time points for
citrulline supplement and control group. A Overlap in the more active pathways in the
citrulline supplement group in comparison to the respective control group. B Overlap in the
more active pathways in the control group in comparison to the respective citrulline
supplement group. The number depicted in the overlapping areas indicate the higher
activity of the same pathway at different time points. C1, C2, C3, and C4 represent 3, 7, 14,
and 28 DPO in the citrulline supplement group, respectively. F1, F2, F3, and F4 represent 3,
7, 14, and 28 DPO in the control group, respectively.
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points, which makes sense considering the number of proteins involved in each
pathway.

5.5 Discussion

Two different MS techniques were applied to explore the effect of citrulline
supplement on the molecular profiles during bone fracture healing. MALDI-MSI
analyses showed distinct lipid profiles for bone and bone marrow at the different
time points for both the citrulline supplement and control groups. LC-MS/MS was
used to identify the more abundant proteins in the citrulline supplement group
compared to the control group per time point and vice versa. The more abundant
proteins showed limited overlap between time points for both the treatment and
the control group. Pathway analyses were based on these more abundant proteins
and showed different activated pathways for both the citrulline supplement and
control group at different time points. These pathways included pathways involved
in the citrulline-arginine-nitric oxide metabolism.

5.5.1 Lipid analyses: Different lipids contribute to the citrulline supplement
and control group
The separation between the citrulline supplement and control group is better for
bone marrow in comparison to bone, as shown in Figures 5.3 and 5.5. The best
separations between the citrulline supplement and control group are for 7 and 14
DPO and a slightly less at 3 DPO for bone marrow. This could indicate that the
largest effect of the citrulline supplement during fracture healing on the lipid
profiles is during these days. While the differences between the treatment and
control group are smaller at 28 DPO, indicating the citrulline supplement has less
effect at the final phase of the fracture healing process. This can also be related to
the citrulline supplement time, as this was stopped after 14 days. These separations
could also be a combination of differences in lipid content and involvement in the
fracture healing process between bone and bone marrow. On one hand, this could
indicate that the differences in lipid profiles between the citrulline supplement and
control group are bigger in bone marrow compared to bone. This could hint at a
more important involvement of lipids in bone marrow during the fracture healing
process than in bone. At the other hand, these differences could be related to the
intrinsic composition of bone and bone marrow as well as the experimental setup.
Bone marrow contains a higher percentage of lipids than bone and the extraction
of lipids from bone is more challenging than from bone marrow due to the
mineralization of the tissue.'® These differences could reduce the desorption and
ionization efficiency from bone in comparison to bone marrow, as the bone tissue
was not demineralized during sample preparation.’?® The mass spectra obtained

170



Effect of citrulline supplement on lipid and protein profiles during fracture healing

from bone marrow contained more and higher intensity peaks of interest than
bone, while the mass spectra from bone included more matrix cluster and
background peaks. The differences in separation between the treatment and
control group between bone and bone marrow could potentially be attributed to
differences in desorption and ionization efficiencies affecting the lipid profile
obtained.

The lists identified lipids that contribute to the separation between the citrulline
supplement and control group show a great amount of overlap between bone and
bone marrow (Tables 5.2 and 5.3). The overlap between bone and bone marrow
for the lipids contributing to each sample group is limited, despite the overlap in
the overall lists. There are even lipids that contribute to the citrulline supplement
group in one tissue type while contributing to the control group in the other tissue
type at a specific time point. The lack of overlap and differences between bone and
bone marrow could indicate that different lipid patterns are involved in the fracture
healing process in both tissue types and these patterns are affected by citrulline
supplement differently. The analysis of the lipid processes that are affected by
citrulline supplement throughout the different time points is challenging because
of among others the different contribution patterns of lipids and even between the
different adducts of the same lipid. Therefore, no conclusive changes lipid class or
changes in sum composition of the fatty acid chains between different time points
were observed for bone or bone marrow. The overlap between the contributing
lipids for different time points is different between bone and bone marrow. There
is more overlap between contributing lipids in the control group than in the
citrulline supplement group (Figures 5.4 and 5.6). However, no lipid is contributing
to all time points in both treatment groups for both tissue types. This could indicate
a changing effect throughout fracture healing of citrulline supplement on the
contributing lipids, depending on the stage of fracture healing. In general, CARs and
LPCs with an alkyl group contribute more to the citrulline supplement group in both
bone and bone marrow. TGs are specifically contributing to the control group at 28
DPO. The LPCs, PCs, and SM contribute to the citrulline supplement and control
group depending on the time point and in different patterns between specific lipids.
Furthermore, potentially contributing lipids might have been missed due to the
manual removal of matrix cluster and background peaks from the peak list. Overall,
the lipid profiles of bone and bone marrow show specific lipids contributing to each
treatment group at different time points during the fracture healing process, as a
result of the citrulline supplement.
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Recently, we published a paper describing different lipid profiles throughout
fracture healing in the fracture hematoma.?'? Different lipids from fracture
hematoma in positive ion mode contributed more at different time points after
fracture. Most of these lipids were also observed to be contributing to the
separation between the citrulline supplement and control group per time point.
The time points of the contributing lipids do not always match. However, direct
comparison of the lipid profiles per time point is impossible, due to the different
aims of the analyses performed to get the lists of contributing lipids (time point
comparison versus treatment comparison). The presence of the same lipids and
their contribution to different time points in both studies show that these lipids are
involved in fracture healing. In addition, this could indicate the importance of CARs,
LPCs, PCs, and SMs for normal fracture healing, although this should be confirmed
in future research.

Unfortunately, the knowledge about the involvement and importance of lipids
during fracture healing is limited and usually generalized per lipid class. Early
evidence of changes in the phospholipid composition in the callus throughout
fracture healing were provided by Boskey et al.?** They showed that the ratio of
different phospholipid classes changed when comparing different time points,
although most of these changes were insignificant. The two main observed lipid
classes that contribute to the separation between the citrulline supplement and
control group are LPCs and PCs. PCs are one of the most abundant phospholipids in
mammals and are an important part of in cell membranes.’3"177%214 PCs are an
essential source of lipid-derived secondary messengers and play a role in cellular
metabolism and energy production, in which the fatty acid chain composition can
be of importance.’317%214 pCs are involved in the regulation of soft callus formation
via promotion of chondrocyte proliferation and differentiation and during the
replacement of the soft callus by the hard callus.'®® The production and function
PCs are essential for osteoblast proliferation and function, especially
mineralization.?!®> Furthermore, PCs are potentially involved in the recruitment of
osteoclasts.’® LPCs inhibit osteoclast formation, but promote osteoclast
function.?’? The dietary intake of choline, which is required for the synthesis of PCs,
improved bone mineral density.'® PCs containing a 20:5 fatty acid chain have been
shown to enhance the formation of bone via the promotion of osteoblast
differentiation.?’® Besides LPCs and PCs, some CARs, a SM, and TGs were
contributing to the separation between the citrulline supplement and control group
at different time points. SMs are an important source of ceramides and
phosphocholine, which is relevant in the production of PCs, as well as parts of lipid
membranes and secondary messengers.'3"/1418 |mpairment of the SM metabolism
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can result in abnormal cartilage development and reduction of bone
mineralization.!371%418 Fyrthermore, insufficient levels of SM can result in impaired
bone development via the regulation of osteoblast differentiation and
mineralization.'®* TGs are commonly used for energy storage mainly in bone
marrow.’®” This matches well with the observation that this lipid class only
contributes to the control group in the separation between the treatment and
control group at 28 DPO, as during the bone remodeling phase also the energy
storage is restored. Most of the observed lipid classes are involved in the different
fracture healing phases, and, therefore, differences in expression can be expected.
However, the role of specific lipids during fracture healing are unknown and
extrapolation to the effect of citrulline supplement impossible, consequently. In
addition, the differences in expression and role for lipids from bone and bone
marrow are largely unknown. The effect of the specific identified lipids and their
potential importance and role as lipid mediators in different pathways should be
explored in future research.

This research highlights the distinct effect of citrulline supplement on lipids during
the different phases of fracture healing, because of the different lipid profiles for
cortical bone and bone marrow for the citrulline supplement and respective control
group at the different time points. Although the effect of each specific lipid is
unknown at the moment. The specific lipid profiles and patterns for bone and bone
marrow for the citrulline supplement and control group for the different time
points should be confirmed in future research and the role further explored.

5.5.2 Protein analyses: Citrulline supplement has a changing effect
throughout the fracture healing process
The PCA analyses did not show a good separation between the citrulline
supplement and control groups at the different time points based on the complete
protein profile (Figure 5.7). This indicates that the citrulline supplement did not
result in a completely different protein profile throughout the fracture healing
process. A different protein profile could have indicated that the treatment groups
were in different stages of the fracture healing process at the same time point. The
effect of citrulline supplement on the protein profiles throughout fracture healing
is thus expectedly more subtle. The small differences between the treatment and
control group are also reflected in the low numbers of more abundant proteins for
the citrulline supplement and control group at the different time points.
Interestingly, a decreasing trend in the number of more abundant proteins in the
citrulline supplement group can been seen over the different time points, while an
increasing trend can be noticed for the control group. This could indicate a bigger
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effect of the citrulline supplement during the early stages of the fracture healing.
Previous research has shown enhancement of fracture healing by citrulline
supplement via improved angiogenesis and callus formation.®*2°? The higher
number of more abundant proteins in the citrulline supplement group at the early
phases of fracture healing seem to match with these results. The higher numbers
of more abundant proteins in the control group at the later time points could
indicate a more active fracture healing process in comparison to the citrulline
supplement group.

The overlap between the more abundant proteins in the citrulline supplement
group throughout the different time points is limited, as shown in Figure 5.8A.
There is some overlap in more abundant proteins in consecutive time points in the
citrulline supplement group, as Histone H3.3 (H3-3b) and Slit homolog 1 protein
(Slitl) are more abundant at 3 and 7 DPO, and Glycogen phosphorylase (Pygm) is
more abundant at 7 and 14 DPO. The limited overlap between time points can be
expect, as they represent different phases of fracture healing. In addition, this
indicates that citrulline supplement does not have a constant effect on the protein
profile throughout the different phases of fracture healing. The overlap of the more
abundant proteins between the different time points for the control group is also
limited, although the total number of proteins overlapping between groups is
higher (Figure 5.8B). Most overlap between abundant proteins is between
consecutive time points, although one protein (Keratin, type Il cytoskeletal 5 (Krt5))
is more abundant at 3 and 28 days in the control group. The limited overlap
between the different time points in the control group is related to the different
phases of fracture healing, similar to the citrulline supplement group. Therefore,
the effect of citrulline supplement on the protein expression throughout the
fracture healing process is not constant and does not have a consistent effect in the
citrulline supplement or the control group. This indicates that citrulline supplement
might have a distinct effect in different processes throughout fracture healing.

The more abundant proteins per sample group listed in Table 5.4 provide an
overview, but an extensive discussion of each protein separately is beyond the
scope of this paper. Some molecules that are a known part of the extracellular
matrix (ECM) of bone tissue are more abundant throughout the fracture healing
process in the treatment or control group. These include different collagens,
fiboromodulin, and thrombospondin, which have a role in regulation of bone
formation and resorption via effects on the osteoblast and osteoclast
function.'®®27 Furthermore, for example, different myosins, myosin light chains,
and troponins are more abundant in the control group at different time points,
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while an actin and annexin are more abundant in the citrulline supplement group.
Involvement of actin and different myosins during fracture healing is not surprising,
due to their role in the cytoskeleton. For example, myosins have been shown to
play an important role in osteoclast differentiation and function, while annexins are
important in osteoblast differentiation and function.?8220 However, little is known
about the role of these proteins and many other more abundant proteins during
fracture healing. In general, it is more informative to examine the different
pathways related to the combination of the more abundant proteins per sample
group, because of the involvement of proteins in main different pathways.
Therefore, the more active pathways will be discussed in the next section.

Four proteins are more abundant in both the treatment and control group,
although at different time point, namely 1) Cathepsin G (Ctsg) is more abundant in
the citrulline supplement group at 7 DPO and in the control group at 14 DPO, 2)
Guanine deaminase (Gda) in the citrulline supplement group at 7 DPO and in the
control group at 28 DPO, 3) Proteasome subunit beta type-2 (Psmb2) in the
citrulline supplement group at 7 DPO and in the control group at 14 DPO, and 4) Slit
homolog 1 protein (Slit1) in the citrulline supplement group at 3 and 7 DPO and in
the control group at 14 DPO. These proteins are involved in main different
pathways and do not have one general effect. For example, Slit homolog 1 protein
(Slit1) is a known member of the Slit/Robo signaling pathway, which is involved
during different phases in fracture healing.???*2 Each of these four proteins is more
abundant at an earlier time point in the citrulline supplement group than in the
control group. This could imply an enhancement of the fracture healing process in
the citrulline supplement group in comparison to the control group.

5.5.3 Pathway analyses: Citrulline supplement results in enhanced fracture

healing

This part focuses on pathways with biological meaning in bone fracture healing.
One of the reasons for this decision is the high number of more active pathways in
the different sample groups, which is partly caused by the low number of proteins
with higher abundance. In addition, only one matched gene name is found for most
pathways, which is also related to the low number of proteins. For these reasons,
the pathway analyses should be considered with caution and be confirmed in future
research.

5.5.3.1 3 days post-operative: inflammatory phase
One of the interesting more active pathways in the citrulline supplement group is
eNOS activation (see Table 5.5A). eNOS is also known as NOS3 and its activation is
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important in the production of nitric oxide.'%%! Previous research has shown that
citrulline supplement can enhance fracture healing among other by improvement
of the inflammatory response.’®? Nitric oxide is important during the inflammatory
phase, because of its role as secondary messenger in inflammatory pathways, in
increasing blood flow at the fracture site, and potentially in infection
prevention.>19193.201 The activation of eNOS at this time point does match previous
research, as Corbett et al. (1999) showed increased eNOS expression 1 day after
fracture.!® However, Zhu et al. (2001, 2002) found a higher protein expression of
iNOS(/NOS2) than eNOS at 4 days.?°>20 Nevertheless, activation of eNOS is the only
form of NOS that is incorporated in the Reactome Pathway Database for nitric oxide
metabolism. A more active nitric oxide metabolism via activation of eNOS is
important in the inflammatory phase and can directly be related to the citrulline
supplementation of the rats. Furthermore, signaling by ROBO receptors and Netrin-
1is more active in the citrulline supplement group. Both these pathways are known
for their role in axon guidance and cell migration during nervous system
development, but have also other functions.???22 The ROBO receptors are part of
the Slit/Robo signaling pathway.????2 This pathway has a regulatory role in
inflammation due to its inhibition of inflammatory cell infiltration.??? In addition,
the Slit/Robo signaling pathway can promote angiogenesis, which is important for
regulation of bone formation and nutrients and other supplies.???22 Netrin-1 has
been shown to be involved in angiogenesis as well as differentiation of and
interaction between osteoblasts and osteoclasts.??! The higher activity of the
signaling by ROBO receptors and Netrin-1 in the citrulline supplement group are
connected and can potentially indicate faster healing in this group, due to the
inhibition of inflammation and promotion of angiogenesis. Furthermore, pathways
related to PA and collagen synthesis are more active in the citrulline supplement
group. PA is important in the regulation of inflammation via the secretion of
inflammatory cytokines, like interleukins (ILs).'”” Upregulation of iNOS expression
by PA was shown in macrophages by Lim et al. (2003).7 The activation of PA
synthesis indicates an active regulation of the inflammatory response and could
potentially be related to the citrulline supplement. Collagen has a critical role in
fracture healing, also because of its essential role in ECM of bone and
hydroxyapatite formation.*®>?'7 Collagen formation during the inflammatory phase
is essential for cell anchoring and in the formation of callus.'>27 Activation of this
pathway in the citrulline supplement group could indicate an earlier start of the
formation of the soft callus in comparison to the control group.

Two related more active pathways in the control group are regulation of interleukin
gene transcription by RUNX1 (runt-related transcription factor 1) and interleukin-6
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(IL-6) signaling. IL-6 is one of the pro-inflammatory cytokines that is secreted by,
among others, macrophages to recruit mesenchymal stem cells and promote
angiogenesis.>”10121418 || 5 and other pro-inflammatory cytokines show a peak
expression during the first days of fracture healing.”!° Activation of the IL-6
signaling matches with its role in the fracture healing process, while higher
activation in the control group could indicate a more active inflammatory response
than in the citrulline supplement group. The activation of IL gene transcription by
RUNX1 is probably related to IL-6 signaling, as these pathways have the same single
matched gene name. Pathways related to fibrin clot formation are more active in
the control group. The formation of a fibrin clot is the start of the fracture healing
process and form the hematoma, which is the scaffold for soft callus
formation.>2223 Higher activity of these pathways in the control group can indicate
a faster completion of the clot formation in the citrulline supplement group
compared to the control group and, therefore, this pathways is more active in the
control group. Furthermore, matrix metalloproteinases (MMPs) are activated in the
control group. MMPs are enzymes that are important in ECM degradation, which
are especially important in soft callus degradation and bone remodeling.'>??* In
addition, they facilitate cell migration the formation of blood vessels through the
bone matrix, also by releasing growth factors from the remaining ECM.%>224 MIMPs
play a role in chondrocyte proliferation and differentiation.??* Activation of MMPs
in the control group could indicate a slower angiogenesis and chondrocyte
differentiation in comparison to the citrulline supplement group.

5.5.3.2 7 days post-operative: soft callus formation

One of the pathways more active in the citrulline supplement group at 7 DPO is
glycogen breakdown (see Table 5.5B). Glycogen breakdown results in glucose 1-
phosphate and is important in the glucose homeostasis, which can enter glycolysis
for energy production.??®> However, the glycolysis pathway was not more active in
the citrulline supplement group in comparison to the control group. Higher
activation of the glycogen breakdown in the citrulline supplement group could
indicate a higher need for glucose related to, for example, cell differentiation in
comparison to the control group. Neutrophil degranulation is more active in the
citrulline supplement group. Neutrophils are the first inflammatory cells that arrive
at the damaged tissue site and their number decrease after the first days.>4223:226
Neutrophils presence increases again in later phases of fracture healing in blood
and their presence is related with normal fracture healing.’>* Neutrophils release
the contents of their granules during degranulation.?®® The importance of
neutrophil presence and degranulation during later stages of fracture healing is not
clear. Antimicrobial peptides show a higher activity in the citrulline supplement
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group. Antimicrobial peptides are an important part of the innate immune system
and can be produced by, among others, neutrophils.?2622” Besides this role,
antimicrobial peptides can promote wound healing via modulation of cytokine
production, cell migration and proliferation, angiogenesis, and ECM production,
especially collagen.??” Antimicrobial peptide could potentially have a similar role in
fracture healing, because of the similarities in early phases of wound and fracture
healing. The antimicrobial peptides could potentially promote cell proliferation,
ECM formation, and angiogenesis during the soft callus formation, indicating a
higher activity of these processes in the citrulline supplement group in comparison
to the control group. Different signaling pathways are more active in the citrulline
supplement group, namely multiple interleukins, including IL-1 and IL-13, NOTCH2
(neurogenic locus notch homolog 2), and ROBO receptors. IL-1 promotes the
formation of the soft callus by the recruitment of cells and differentiation of
osteoblasts and osteoclasts as well as promotion of angiogenesis.”1%1214 |-13
enhances osteoblast differentiation and function resulting in bone formation.?
Based on these functions the activation of interleukin signaling matches well with
the fracture healing phase. NOTCH signaling pathways have different functions
during fracture healing that can be contradicting and are depending on cell and
receptor-ligand combination.?282% At one hand, these pathways are important for
promotion of proliferation of progenitor cells during the early stage of osteoblast
formation, but can inhibit osteoblast differentiation.??*?3° At the other hand,
NOTCH2 enhances osteoclast formation and activation emphasizing its double role
in fracture healing.??®2%° Furthermore, NOTCH signaling pathways have a critical
role in angiogenesis during bone development.?252% Higher activity of NOTCH2 at
this stage can be related to proliferation of osteoblast progenitor cells or is
potentially a sign of early osteoclast formation for remodeling of the soft callus. The
Slit/Robo signaling pathway regulates bone formation and resorption, especially
soft callus formation by promoting chondrocyte differentiation via the inhibition of
B-catenin in the Wnt pathway.??! In addition, the Slit/Robo signaling pathway can
promote angiogenesis, which is an important event occurring during soft callus
formation.??! Higher activity of the Slit/Robo signaling pathway in the citrulline
supplement group can indicate more soft callus formation and angiogenesis in
comparison to the control group. Two pathways related to the transport of small
molecules are more active in the citrulline supplement group, namely bicarbonate
transporters and 0,/CO; exchange in erythrocytes. The more active pathway of
reversible hydration of CO; in the control group is related to these pathways.
Erythrocytes are important for the transport and exchange of the waste CO; for
0,.231 Bicarbonate equilibrates the production of CO,, as reversible hydration of CO,
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results in the production of bicarbonate and protons via carbonic anhydrases.?! In
addition, bicarbonate transporters have a role pH-regulation during acid secretion
occurring during formation of hydroxyapatite during fracture healing. %!
Interpretation of the higher activation of these pathways is challenging due to the
limited knowledge in the fracture healing processes. These activations could
potentially indicate more cell activity in the citrulline supplement group compared
to the control group. However, it could be related to differences in amount of blood
containing bone marrow between sample groups. MMPs are more activated in the
citrulline supplement group. MMPs play a role in angiogenesis, and osteoblasts and
osteoclast recruitment and functioning, besides their role in ECM degradation,
which is important in the replacement of the soft callus by a hard callus and bone
remodeling.??* Higher activity in the citrulline supplement group could indicate
more angiogenesis and recruitment of osteoblasts and osteoclasts, which can
suggest earlier start of the hard callus formation compared to the control group.

The metabolism of angiotensinogen to angiotensins is activated in both the
citrulline supplement and control group, although the matched gene name is
different. Angiotensinogen and angiotensins are part of the renin-angiotensin-
aldosterone system (RAAS), which affects bone metabolism via activation of
osteoclasts and inhibition of osteoblasts.?*? Expression of components of the RAAS
have been shown in mature chondrocytes and osteoblast during callus
formation.?*® This matches with the activation of this pathway during soft callus
formation in both the treatment and control group, although the exact role is
poorly understood.

Different signaling pathways are more active in the control group for 7 DPO, namely
IL-1, ERBB4, and NTRK1 (neurotrophic receptor tyrosine kinase 1, TRKA). IL-1 is one
of the interleukins that is also activated in the citrulline supplement group and,
therefore, its role has been described above. Activation of IL-1 can be related to its
role in angiogenesis and soft callus formation and potentially in callus remodeling
in the control group. ERBB4 is a tyrosine kinase receptor for different angiogenic
factors, which is related to the epidermal growth factor receptor (EGFR).%* ERBB4
plays a role in cell migration and angiogenesis.?** NTRK1 is a tyrosine kinase
receptor for nerve growth factor (NGF) and is expressed in, among others, bone.?®
NTRK1 has been suggested to play a role in the proliferation and differentiation of
chondrocytes and osteoblasts as well as to potentially promote angiogenesis.?®
Activation of ERBB4 and NTRK1 signaling in the control group can indicate delayed
angiogenesis and chondrogenesis compared to the citrulline supplement group.
Advanced glycosylation end-product receptor signaling and TRAF6 (TNF receptor
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associated factor 6) mediated NF-kB (nuclear factor kappa B) activation are two
related pathways in the control group that show higher activation. Receptor for
advanced glycation end-products (RAGE) is one of the receptors regulating the
immune response and is involved in bone metabolism via osteoblast and osteoclast
differentiation and function.?®® The NF-kB signaling pathway can be stimulated after
activation of RAGE resulting in the secretion of pro-inflammatory cytokines.?3¢237
Besides, the TRAF6 mediated activation of NF-kB is important in the osteoclast
differentiation and function.?**23® Higher activation of these pathways could
indicated that the inflammation phase is not completely finalized in the control
group, while at the other hand, it can indicate differentiation of osteoclasts,
although these cells are usually not active during this phase. One of the fibrin clot
formation pathways is more active in the control group. Fibrin clot formation is the
part of the first phase of the fracture healing process.>'%22 The activation of this
pathway could indicate that this process is still ongoing or the remaining presence
of a fibrin clot, which could imply a delayed fracture healing process in comparison
to the citrulline supplement group.

5.5.3.3 14 days post-operative: hard callus formation

Interestingly, the eNOS (NOS3) is activated in both the treatment and control group
at 14 DPO, while in the citrulline supplement group the regulation of ornithine
decarboxylase (ODC) is also activated (see Table 5.5C). Nitric oxide production by
NOSs is important in the regulation of fracture callus and bone remodeling, because
of its effect on the proliferation, differentiation, and functioning of osteoblasts and
osteoclasts. 192198201239 The eNOS activation at this time point for both groups
matches with the eNOS mRNA found at 15 days by Diwan et al. (2000) and peak
protein levels of eNOS at 14 days by Zhu et al. (2001, 2002).191.200.201 Rajfer et al.
(2017) demonstrated an increased iNOS expression during fracture healing at 14
days for COMB-4 supplement group, which included citrulline, in comparison to the
control group.??2 Nevertheless, the pathways of iNOS are not included in the
Reactome Pathway Database. The activation of eNOS in both the treatment and
control group can be related with stage of fracture healing. The matched gene
names are different between the groups. The regulation of ODC is directly related
to the metabolism of polyamines. Polyamines are a precursor of in the formation
of collagen and are related to the arginine-citrulline-nitric oxide metabolism via the
formation of ornithine.'® The activation of the regulation of ODC might be related
to the citrulline supplement of the rats in this group, as more citrulline is available
that can be converted to ornithine via arginine (see Figure 5.1).
Tetrahydrobiopterin (BH4) metabolism is more active in the control group. BH4 is
important in the regulation of NOS activity as necessary cofactor.?*® Based on this
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function and the same matched gene name, the activation of this pathway is
related to the eNOS activation in the control group at this time point.

The metabolisms of different carbohydrates are activated in the citrulline
supplement group, namely glycogen, glucose, and galactose, of which the glucose
and glycogen metabolisms are activated in the control group as well. These
different carbohydrates can be metabolized from the other carbohydrates and,
therefore, are related.””® These carbohydrates are important in the energy
production, but also are involved in the production of, among others, fatty acids,
glycolipids, and proteoglycans.?® Interpretation of these activated carbohydrate
pathways is irrelevant, as most of them are activated in both the treatment and
control group. Another pathway that is activated in both the citrulline supplement
and control group is neutrophil degranulation. Neutrophil degranulation results in
the release of, among others, proteases and cytokines.??® However, the importance
and role of this process in fracture healing is poorly understood, as indicated above.

Deubiquitination is one of the pathways that is more active in the citrulline
supplement group at 14 DPO. Deubiquitination is the process of removal of
ubiquitin from target proteins by deuiquitinases (DUBs).2** DUBs have been shown
to be essential for the regulate differentiation and functioning of osteoblasts and
osteoclasts during bone remodeling.2?”?*! The higher activity in the citrulline
supplement group and the importance of deubiquitination during bone remodeling
could indicate an earlier start of the bone remodeling phase in this group in
comparison to the control group. The RAF/MAP kinase cascade and NF-kB signaling
are more active in the citrulline supplement group. The mitogen-activated protein
(MAP) kinase signaling pathway has a wide range of biological effects and play a
regulatory role in bone development and homeostasis due to the regulation and
stimulation of differentiation and maturation of osteoblasts as well as
osteoclasts.?*® The activation of NF-kB is also involved these effects.??”-238 Activation
of the RAF/MAP kinase cascade and NF-kB signaling matches with the hard callus
formation at this time point, due to their role on osteoblast and osteoclast
differentiation and function. Especially, the activation of NF-kB could indicate early
osteoclast activation for bone remodeling before the start of this phase in the
control group. Furthermore, Hou et al. (2009) demonstrated increased iNOS
expression via RAF/MAPK and NF-kB signaling pathways in ultrasound stimulated
pre-osteoblasts.?? Therefore, the activation of these pathways might be directly
related to citrulline supplement, also in relation to the eNOS activation. NFE2L2
(nuclear factor erythoid 2-related factor 2, NRF2) degradation is a more active
pathway in the citrulline supplement group. NFE2L2 plays a role in different

181



Chapter 5

fracture healing phases as key regulator of antioxidants enzyme expression and has
been suggested to play a role in fracture callus formation via chondrocyte and
osteoblast differentiation, although its role is poorly understood.?*® NFE2L2
degradation at this time point can be related to this role, as its higher activity in the
citrulline supplement group can indicate earlier completion of osteoblast
differentiation compared to the control group. Degradation of AXIN and Disheveled
(DVL) is more active in the citrulline supplement group. AXIN and DVL both play a
role in the Wnt/B-catenin signaling pathway, which is important in the
differentiation of mesenchymal stem cells (MSCs) into osteoblasts or
chondrocytes.?**2%5 AXIN is part of a multi-protein complex that phosphorylates B-
catenin in absence of Wnt ligands, which results in degradation.?*#?* DVL is an
intercellular protein that transduces the signal after binding of Wnt to its receptor
and results in the accumulation of B-catenin that is followed by increased gene
transcription.?#*2%> Activation of the degradation of both AXIN and DVL is
unexpected due to their opposite roles. However, this is caused by the same single
matched gene name for both pathways. Degradation of AXIN would be expected at
this time point in the fracture healing process, as this would result in enhance Wnt
signaling via DVL resulting in increased osteoblast differentiation. Furthermore,
negative regulation of NOTCH4 signaling was more active in the citrulline
supplement group. The effects of NOTCH4 signaling on osteoblasts and osteoclasts
as well as its role during fracture healing are unclear, due to the low expression
levels in bone.??822° The activation of this pathway can currently not linked to bone
fracture healing, and further research is necessary.

The signaling by ROBO receptors is a more active pathway in the control group at
14 DPO. The Slit/Robo signaling pathway regulates bone remodeling via inhibition
of osteoclasts formation and function as well as stimulating osteoblast migration
and proliferation and, therefore, plays an important role in regulation of bone
formation and resorption.??! In addition, the protein Robo-1 was more abundant in
the control group at this time point. This protein is probably also involved in the
Slit/Robo signaling pathway, but the gene name did not match with the Reactome
database. The Robo-1 protein has been shown to play a role in bone homeostasis
and remodeling.?%® Activation of the signaling by ROBO receptors pathway is related
to replacement of the soft callus with the hard callus. The higher activation of this
signaling is in the control group later than in the citrulline supplement group could
potentially indicate a slower healing process in the control group compared to the
citrulline supplement group. Different calmodulin induced events are more active
in the control group, namely Cam-PDEl activation, CaMK IV-mediated
phosphorylation of CREB, and PKA activation. There are seven more active
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pathways in the control group related to the activation and regulation of NMDA
receptors, which is an ion channel for among others Ca%. Also, the activation of Ca-
permeable Kainate receptor, sodium/calcium exchange, and reduction of cytosolic
Ca* levels are more active pathways in the control group. All these different
pathways are related to calcium ions and/or calmodulin. Calmodulin mediates
many of the cellular effects of Ca?* and one of the target proteins of Ca?*/calmodulin
is calcineurin.?*2®8 The signaling of calcium/calmodulin via calcineurin is also more
active in the control group via two pathways. Ca?*, calmodulin, and calcinerin play
an important role in proliferation and differentiation of osteoblasts.?*® Ca?,
calmodulin, and calcineurin stimulate in osteoclast differentiation as well, while
changes in Ca?* regulate bone resorption in mature osteoclasts.?*” Higher activation
of these calcium-related pathways in the control group could indicate a later
differentiation of osteoblasts and osteoclasts, which are needed for hard callus
formation and bone remodeling, in comparison to the citrulline supplement group.
Antimicrobial peptides is another pathway with a higher activity in the control
group. Antimicrobial peptides can be generated by neutrophils.??®??” Because of
this reason and the overlap in matched gene names, the activity of this pathway
might be related to the activation of neutrophil degranulation. In addition,
antimicrobial peptides might play a role in fracture healing via cell proliferation and
ECM production, as their role in promotion of wound healing has already been
shown.??’ The higher activation of this pathway in the control group is at a later
time point than in the citrulline supplement group, which could indicate a slower
fracture healing process in the control group. NOTCH2 regulation of transcription is
more active in the control group. The NOTCH signaling pathways have different
target genes, including Hes1, which is involved in bone remodeling and regulation
of bone mass.??%2% Activation of the NOTCH2 regulation of transcription can result
in increased bone resorption.?®2? Bone resorption is important during the
formation of the hard callus, but the formation of new bone is also important.
Activation of this pathway in the control group can indicate more bone resorption
in this group compared to the citrulline supplement group. The regulation of IGF
transport and uptake of IGFBPs is more active in the control group. IGFs promote
bone matrix formation during fracture healing via osteoblast differentiation and
their actions are modulated by IGF-binding proteins (IGFBPs).”1° The higher activity
of the regulation of IGF transport and uptake of IGFBPs matches with the time point
in the fracture healing process, but could indicate a delay in bone matrix formation
in the control group in comparison to the citrulline supplement group. Degradation
of the ECM is another pathway with higher activity in the control group. The
degradation of ECM is mainly performed by MMPs.??* This process is important
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during the replacement of the soft callus by the hard callus. Activation of ECM
degradation in the control group could indicate slower healing in this group than in
the citrulline supplement group. Another more active pathway is the metabolism
of angiotensinogen to angiotensins in the control group. Angiotensinogen and
angiotensins activate osteoclasts and inhibit osteoblasts via de RAAS, and are
expressed by osteoblasts, as indicated.?3>%33 The activation of this pathway can be
matched with this role, as bone remodeling starts at the end of the hard callus
formation. The longer activation of this pathway in the control group in comparison
to the citrulline supplement group could indicate higher amounts of callus
resorption in the control group. VEGFR2 mediated cell proliferation is more active
in the control group. Vascular endothelial growth factor (VEGF) is important in the
formation of blood vessels and is expressed by osteoblasts and chondrocytes.”1%*
Angiogenesis starts already during the inflammation phase via the angiopoietin-
dependent pathway, while VEGF-mediated angiogenesis occurs at during the hard
callus formation.”1014223 Activation of this pathway can indicate that the
angiogenesis in the control group is behind in comparison to the citrulline
supplement group. More activity of the pathways related to RHO GTPases (RAS
homolog family member of nucleotide guanosine triphosphate-ases) results in the
activation of PAKs and NADPH oxidases in the control group. Activation of PAKs via
GTPases plays an important part in the cytoskeletal reorganization and promotes
bone resorption by osteoclasts.?'>?*° NADPH oxidases are important in the
controlled formation of reactive oxygen species (ROSs) and ROSs can contribute to
osteoblast and osteoclast differentiation.?*° Activation of these pathways can be
related to the formation of the hard callus and the start of bone remodeling, in
which both osteoblasts and osteoclasts are active. Higher activity of these pathways
in the control group can indicate delayed osteoblast and osteoclast differentiation
in comparison to the citrulline supplement group.

5.5.3.4 28 days post-operative: bone remodeling

Regulation of insulin secretion by acetylcholine is more active in the citrulline
supplement group at 28 DPO in comparison to the respective control group (see
Table 5.5D). One of the functions of bone is its contribution to regulation of the
energy metabolism.?°*2>2 Especially, osteoblasts are involved in the regulation of
the secretion of insulin, which might be related to the constant bone
remodeling.??>2 The higher activation of this pathway in the citrulline supplement
group could indicate higher activation of the bone remodeling pathways compared
to the control group. Signaling by BMP (bone morphogenetic protein) is more active
in the citrulline supplement group. BMPs are an important class of molecules
involved in different phases of fracture healing.!* Different BMPs have been shown
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to be upregulated during the bone remodeling phase of fracture healing, which
indicates their involvement in this phase.”?%!* Higher activity of the signaling by
BMPs in the citrulline supplement group in comparison to the control group could
indicate a higher amount of ongoing bone remodeling.

Reversible hydration of CO; is more active in the control group at 28 DPO. This
process results in the production of bicarbonate, which can be equilibrate an acidic
environment.! An acidic environment is created by osteoclasts during bone
resorption.?! The higher activity of the reversible hydration of CO, in the control
group could indicate a higher osteoclast activity and a less complete bone
remodeling phase in comparison to the citrulline supplement group. Purine
catabolism is another pathway with higher activity in the control group. Bone
remodeling and the functioning of osteoblasts and osteoclasts is mediated by
extracellular purines, while their effect is highly dependent on the activated
receptors.?>® Nevertheless, the role of purine catabolism during bone remodeling is
unclear.

5.5.3.5 Citrulline supplement versus control group

The paragraphs above discuss the more active pathways in the citrulline
supplement and respective control group per time point post-operation. These
pathways are discussed individually or in sets of closely related pathways. However,
there is a great amount of interplay between the different pathways and different
pathways affect each other or are part of one larger signaling pathway in some
cases. These interplays between the different pathways are of great importance in
the fracture healing process. Higher activity of different related pathways confirms
their importance in the fracture healing process of the related treatment group,
although caution is necessary in cases with the same single matching gene name.
Besides, some pathways show higher activity in both the treatment and control
group at the same time point. This can be related to differences in more abundant
proteins (and their related gene names) between the citrulline supplement and
control group. However, these proteins from different the treatment and control
group are part of the same pathway in these cases.

The combination of the pathway analyses for all time points suggests an enhanced
fracture healing process in the citrulline supplement group compared to the control
group. This difference is less pronounced during the bone remodeling phase, as a
lower number more active pathways are different at 28 DPO. This could be related
to the end of citrulline supplement after 14 DPO. The fracture healing process
seems to be enhanced via improved angiogenesis and earlier formation of the soft
and hard callus as a result of the citrulline supplement. These results are in
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agreement with the previous citrulline supplement study performed in mice by
Meesters et al.1®? On the contrary, the inflammation phase and angiogenesis take
longer in the control group. The production of nitric oxide is more activated in the
citrulline supplement fgroup at different time points via NOS activation. In addition,
there are different pathways with higher activity that can be linked to the NOS
activation in the citrulline supplement group.

5.5.4 Limitations and future research

This study provided insight in the effect of citrulline supplement during bone
fracture healing on lipids and proteins. Nevertheless, there are some
methodological limitations that merit discussion. A relative wet matrix spraying
protocol was used during the sample preparation for lipid MSI. This protocol was
optimized to enhance desorption and ionization of the molecules of interest from
the tissue, especially since extraction from bone is challenging. A consequence of a
wet spraying protocol can be the delocalization of molecules.?*?>* Some
delocalization of the lipids was indeed observed in the samples, but this was limited
and accepted for the sake of desorption and ionization efficiency. Lipid MSI was
only performed in positive ionization mode, as we have previously shown that this
ionization provides better results than negative ionization mode.?** Acquisitions in
only positive ion mode, will affect which lipid classes can be extracted.?>>2>” Mainly
PCs and LPCs were detected in this study, but also some CARs, a SM, and two TGs
were observed. The extracted lipid composition of a rat bone and bone marrow
consist mainly of TGs and different phospholipid classes, of which PCs are the major
class.’¥ We believe MALDI-MSI acquisition only in positive ionization mode
provides sufficient information in this study, as the major lipid classes present in
bone and bone marrow are more commonly detected in this mode. However,
additional information about the contribution of and changes in specific lipid
classes during bone fracture healing can be provided by MALDI-MSI in negative
ionization mode.

The protein extractions were performed on crushed pieces of bone and, therefore,
no separate analysis of bone and bone marrow proteins could be performed, unlike
for the lipid analysis. The composition and function of bone and bone marrow are
different.”®® Separate analysis would have allowed to protein compositional
changes for bone and bone marrow, which was not implemented in this study. The
collection of bone and bone marrow for analysis resulted in differences in the ratio
between them. This might have affected the data analysis due to differences in
composition, although housekeeping proteins showed similar abundances
between samples. In addition, protein digestion was performed using a
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combination of LysC and Trypsin, which cut the proteins at amino acids lysine and
arginine.?®® The efficiency of LysC and Trypsin on ECM proteins is limited by their
post-translational modifications and structural organization.? Improved digestion
of ECM proteins, like collagen and elastin, have been shown with collagenase and
MMP.2° The use of MMPs as enzyme is not recommended in proteomics studies of
bone fracture healing due to their important role in this process.>”3

This study showed the effect of citrulline supplement on lipids and proteins during
fracture healing in a rat model by applying different mass spectrometry techniques.
The effect of citrulline supplement on lipid changes in bone and bone marrow
should be confirmed in future, as little is known about specific lipids during fracture
healing. In addition, the role of the different lipid classes and specific lipids during
fracture healing should be explored to improve understanding of the effect of
citrulline supplement. Furthermore, the observed activated pathways as result of
the citrulline supplement or the lack of citrulline supplement should be validated,
especially the ones that have only a single matched gene name. The high number
of pathways with a single matched gene name was related to the low number of
more abundant proteins in each sample group, indicated a limited effect of
citrulline supplement on the overall protein profile throughout fracture healing,
which should be confirmed in future research. Furthermore, it would be interesting
to study the effect of citrulline supplement in a non-union animal model, as this
supplement seems to enhance fracture healing. Lastly, a clinical study would be
necessary to see the effect of citrulline supplement during bone fracture healing in
human patients. Traditional methods to track fracture healing in clinical studies
should be used, as obtaining samples from the fracture site is not desirable due to
potential disturbance of normal fracture healing. However, there are some
additional challenges related to human samples, in case they can be obtained from
the fracture site, for example, during reduction or fixation surgeries. Bone samples
will be more difficult to section for MALDI-MSI or crush for LC-MS/MS, due to the
size and hardness of a human bone. Another option is the use of the fracture
hematoma, as we have shown previously.?'? However, the molecular effects of
citrulline supplement will need to be confirmed in this tissue type. Comparison
between the treatment and control group in a clinical study will be more
challenging than in an animal study, due to the wide variety of fracture types and
differences in healing rates between patients.

5.6 Conclusion
The effect of citrulline supplement on fracture healing was explored by using
different mass spectrometry techniques to analyze lipids and proteins at different
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time points after operation in a rat model. An summary of these results can be
found in Figure 5.10. Lipid analysis with MALDI-MSI showed different lipids
contributing to the citrulline supplement and control group. The observed lipid
profiles for the citrulline supplement and control group were distinct for bone and
bone marrow at the different time points. Protein analysis with LC-MS/MS
displayed different abundant proteins at the different time points in the citrulline
supplement and control group. The overlap between abundant proteins at different
time points was limited, which indicates a changing effect of citrulline supplement
during the stages of fracture healing. The analysis of activated pathways based on
the abundant proteins indicated an enhancement of the fracture healing process in
the citrulline supplement group via improved angiogenesis and earlier formation of
the soft and hard callus. The differences between the treatment and control group
were smaller during the bone remodeling phase for the pathway analysis, which
was also observed for the lipid profiles. The animals were no longer supplemented
with citrulline at this stage. In addition, different pathways in the citrulline-arginine-
nitric oxide metabolism and related pathways were more active in the citrulline
supplement group. Overall, citrulline supplement results in a distinct effect on the
lipid and protein profiles during fracture healing and pathway analysis showed an
enhancement of fracture healing in the citrulline supplement group.
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Citrulline supplement group

c1 Cc2 c3 c4
LPCs (B + BM) LPCs (B) LPCs (BM) CARs (B)
PCs (BM) PCs (B + BM) LPCs (B)
IL signaling Regulation
Robo signaling NOTCH signaling RAF/MAP insulin secretion
Robo signaling kinase cascade BMP signaling
MMP activation NF-kB signaling
Angiogenesis oft callus formation Osteoblast Energy metabolism
Osteoblast differentiation/ Bone remodeling
differentiation function
Bone remodeling

Control group

F2 F3
PCs (B + BM) LPCs (B + BM) CARs (B) PCs (B + BM)
PCs (B + BM) LPCs (B) TGs (B +BM)
PCs (BM)
IL signaling IL signaling Hydration of CO,
Fibrin clot Fibrin clot Robo signaling Purine catabolism
formation pathways [{formation pathways§§ Ca?*/calmodulin
signaling

ECM degradation

2 ) 4 4 ) 2

Inflammation Fibrin clot formation Osteoblast Bone remodeling
Fibrin clot formation Angiogenesis differentiation/
Soft callus formation function

Bone remodeling

Figure 5.10: Overview of the results of the lipid and pathway analyses and the resulting
processes for the citrulline supplement and control group. B and BM represent bone and
bone marrow, respectively, for the lipid rows. C1, C2, C3, and C4 represent 3, 7, 14, and 28
DPO in the citrulline supplement group, respectively. F1, F2, F3, and F4 represent 3, 7, 14,
and 28 DPO in the control group, respectively. The colors show the same lipid class,
pathway, or related process, but the colors for the lipid, pathway, and resulting processes
rows are not related.
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Automated 3D sampling and imaging of uneven sample surfaces with LA-REIMS

6.1 Abstract

The analysis of samples with large height variations remains a challenge for mass
spectrometry imaging (MSI), despite many technological advantages. Ambient
sampling and ionization MS techniques allow for the molecular analysis of sample
surfaces with height variations, but most techniques lack MSI capabilities. We
developed a 3D MS scanner for the automated sampling and imaging of a 3D
surface with laser-assisted rapid evaporative ionization mass spectrometry (LA-
REIMS). The sample is moved automatically with a constant distance between the
laser probe and sample surface in the 3D MS Scanner. The topography of the
surface was scanned with a laser point distance sensor to define the MS
measurement points. MS acquisition was performed with LA-REIMS using a surgical
CO; laser coupled to a qTOF instrument. The topographical scan and MS acquisition
can be completed within 1 h using the 3D MS scanner for 300 measurement points
on uneven samples with a spatial resolution of 2 mm in the top view, corresponding
to 22.04 cm?. Comparison between the automated acquisition with the 3D MS
scanner and manual acquisition by hand showed that the automation resulted in
increased reproducibility between the measurement points. 3D visualizations of
molecular distributions related to structural differences were shown for an apple,
a marrowbone, and a human femoral head to demonstrate the imaging feasibility
of the system. The developed 3D MS scanner allows for the automated sampling of
surfaces with uneven topographies with LA-REIMS, which can be used for the 3D
visualization of molecular distributions of these surfaces.

6.2 Introduction

Over the past decades, mass spectrometry imaging (MSI) has been increasingly
used to investigate biological and biomedical samples. Nevertheless, the surface
sampling of large areas with topographical height variations with 3D MSI is very
limited. The analysis of samples with large and uneven surfaces has a potentially
broad range of applications, including for the analysis of whole fruits or vegetables
as well as clinically for analysis of large surface areas on bones and joints. The
analysis of these types of surfaces can be of added value in reproducible molecular
mapping of samples surfaces to study the molecular changes on the sample surface.
For clinical applications, this can be used to improve molecular understanding of
processes related to structural changes, which can be applied to tissue classification
model building for identification of diseases. In addition, the number of sampling
spots, and thus, tissue damage can be reduced by determining the optimal
sampling point due to the improved molecular understanding of the sample surface
for further applications.
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Samples with uneven surfaces are more challenging to analyze with MSI, as mass
analyzers, like time-of-flight (TOF) analyzers, are frequently affected by small height
variations in the sample resulting in signal intensity variations or peak shifts.?% For
example, a linear TOF is more sensitive to height variation than an orthogonal TOF,
asin an orthogonal TOF the ionization source is decoupled from the mass analysis.*
Height variations of even a few micrometers in the sample can cause defocusing of
the laser beam during analysis for MSI technique relying on laser beams, resulting
in decreasing sensitivity.?®® Because of these challenges, most MSI techniques
require a constant distance between the sample, the ionization source, and the
extraction to the mass analyzer. Samples prepared for 2D MSI techniques, such as
matrix-assisted laser desorption/ionization (MALDI) and desorption electrospray
ionization (DESI), are often sectioned to create planar surfaces for easy
analysis.144260-262 Nevertheless, sectioning is not always an option for certain tissue
types or surface analyses. Some techniques have been developed that can
compensate for small variations in sample height. These compensation techniques
are based on obtaining surface height measurements by, for example, camera
image analysis,?®*%%* atomic force microscopy,?®>2%® shear force microscopy,’®
scanning near-field optical microscopy,?’>%"! laser triangulation,'**?”? or confocal
distance sensor.?®° The height variation tolerance remains limited to only hundreds
of ums and still requires the (biological) samples to be relatively flat for all these
compensation techniques. Therefore, the analysis of biological sample surfaces
with large height variations in terms of millimeters, for example, bones and joints
removed during surgery, is not possible with these developments.

It is important to determine the topography of the surface that needs to be
analyzed to achieve MSI of 3D surfaces. This topography will determine the position
of the sample, ionization source, and MS inlet to keep a constant distance and
orientation relative to each other by moving the sample or the ionization source
and MS inlet. Only a few MSI studies have been performed on large 3D surfaces
with sampling MS techniques that applied the concept of aligning the sampling
probe with the uneven surface to create 3D distributions and, therefore, are
described as 3D MSI. In 2014, Bennett et al. coupled direct analysis in real time
(DART) with robotic probe surface sampling via a needle and showed the
distribution of different dyes on the polystyrene hemisphere.?! In 2018, Li et al.
used a robotic arm with a needle probe combined with an open port sampling
interface (OPSI) and showed the relative abundance of molecules on a plastic coffee
cup cover, medicine blister pack, football, and six-well spot plate.?? In 2021, Ogrinc
et al. coupled a robotic arm with the SpiderMass (a water-assisted laser desorption
ionization MS technique) for in vivo surgical applications.?”® In this setup, 3D
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topographical imaging of the surface is combined with molecular surface sampling
with the SpiderMass. Topological images and 3D mass distributions were shown ex
vivo for a sponge spotted with lipid standards, an apple core with seeds, a skin
biopsy, and parts of a whole-body mouse model and in vivo on a human fingertip.
Although these prior methods are innovative, they have not been applied to
samples that are difficult to sample, like bone and cartilage of joints.

The development of different ambient sampling and ionization mass spectrometry
techniques, for in vivo applications, allows for the sampling of sample surfaces
without sample preparation independent of the flatness of the sample.26272274 One
of these techniques is rapid evaporative ionization mass spectrometry (REIMS
combined with either electrocautery or laser ablation sampling.3®3° REIMS works
by analyzing the smoke containing aerosolized molecules created when
electrocautery or laser ablation is applied to biological tissue.®®4¢ This smoke is rich
in lipids and metabolites and is aspirated to a mass spectrometer via tubing
connected to a Venturi pump.3®% Schifer et al. showed that laser desorption
ionization MS with a CO, laser could be applied to biological tissue to generate
similar spectra as those created with electrocautery when combined with REIMS.*°
Recently, Genangeli et al. demonstrated the use of a CO; laser coupled with REIMS
for the sampling of bone, cartilage, and bone marrow.*® Of all the developed
ambient techniques, the combination of a CO; laser with REIMS (LA-REIMS) and the
SpiderMass are the only techniques that were demonstrated to be able to sample
hard tissue samples, like bone and cartilage.3®'?! LA-REIMS was selected, as this
technique is promising for the 3D MSI of samples with large height variations and
can be used on bone and cartilage. Laser-assisted REIMS (LA-REIMS) has been used
for different tissue classification, metabolic screening, and other applications.327+
279 L A-REIMS and similar techniques can be used for sampling of 3D surfaces, but
the created mass spectra are often not spatially correlated back to the three-
dimensional sample location to create distribution images. For LA-REIMS, a high-
throughput and automated platform has been developed for the metabolic
screening.?’427°

)46
’

Despite the promising field of applications, LA-REIMS has not yet been applied to
the analysis of complex 3D sample surfaces, to the authors’ knowledge. In addition,
LA-REIMS currently lacks imaging capabilities, despite the development of
automated screening platforms. The coordinates in the three-dimensional space of
the sample locations as well as the order of the sampling locations need to be
correlated back to the obtained mass spectra per sampling point to enable imaging
capabilities for LA-REIMS. Automation of 3D surface sampling with LA-REIMS would
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allow for 1) increased reproducibility between measurement points, as the distance
and the angle between the sampling device and the sample surface is constant; 2)
increased precision, as all sampling positions will be defined by a sampling grid with
constant distances between measurement points; 3) faster analysis, as the sample
or the laser probe is moved to the next measurement position automatically; and
4) the creation of molecular distribution images, as the spatial location of each
measurement point can be coupled to the mass spectrum of the sample location.
Besides, 3D MSI of the surfaces of, for example, bones and joints, can improve the
generation of clinical classification models, as they will be more robust and small
changes can be related back to the annotation of the sample surface.

Herein, we describe the development and demonstrate the effectiveness of such
an automated device - the “3D MS scanner” - for the sampling of a 3D surface with
LA-REIMS. We focus on the comparison between manual analysis of a 3D surface
with LA-REIMS and the automated analysis. Furthermore, we show for the first time
for LA-REIMS the added value of this automated sampling technique in terms of
retaining spatial information on each sampling location, which allows for 3D
visualization of the acquired area.

6.3 Materials and methods

6.3.1 Materials and samples

2-Propanol and leucine-enkephalin were purchased from Honeywell (Seelze,
Germany) and Sigma-Aldrich (St. Louis, MQO), respectively. A 0.5 mM sodium
formate solution was used for calibration of the mass spectrometer.

Apples and cow marrowbone were purchased at the local supermarket for different
types of experiments with the 3D MS scanner. The apple and marrowbone were
used without any further sample preparation, except for analysis of the bone of the
marrowbone for which the remaining soft tissue was removed with a scalpel.

Human femoral heads were collected from five patients that underwent total hip
replacement surgeries at Maastricht University Medical Center (MUMC+). The
Medical Ethical Committee of the MUMC+ (approval number: 09-2-123) approved
the use of “waste” materials from surgeries for scientific research without an
additional written informed consent of the patient. The human femoral heads were
stored in a -80 °C freezer until analysis and were left to thaw at room temperature
before analysis. No further sample preparation was performed.
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6.3.2 Surgical CO; laser

An AcuPulse Class IV CO; surgical laser (Lumenis GmbH, Germany) with a
wavelength of 10.6 um was used for all experiments. The laser has a maximum
power of 60 W and can be operated in the modalities continuous wave (CW), pulsed
wave (PW), and super pulsed wave (SPW). The used laser settings depended on the
sample type. An overview of the different laser settings used for the different
samples (apple, cow marrowbone, and human femoral head) during the different
experiments (comparison between manual and automated sampling, 3D
visualization of molecular distributions, and MS/MS experiments) is provided in
Table 6.1.

6.3.2.1 Safety considerations

Appropriate safety measures were put in place, in accordance with local safety
regulations when working with a Class IV laser CO; surgical laser. The laser was
placed fully shielded in either the purposely designed and constructed mechanical
CO, laser probe holder or the 3D MS scanner to prevent holding the laser in the
hand while it fires. The experimental area was shielded with Class IV laser safety
curtains, and all people inside this area wore CO; laser-grade safety goggles. An
anodized aluminum plate was placed underneath the laser beam to prevent
scattering of the CO, laser beam outside of the class Il biosafety cabinet. All
experiments were performed inside a class Il biosafety cabinet that ventilated the
created smoke safely. The CO; laser has a safety interlock to stop the laser on the
laser body, which could be pressed in case of emergency.

6.3.3 Manual setup: Mechanical CO; laser probe holder
A custom-built, articulated, mechanical arm was used to secure the CO; laser probe
(the end of the laser arm through which the laser beam passes) for safety

Table 6.1: Overview of laser settings for different samples during the different experiments.

M is the operation mode, P is the laser power (in W), D is the laser pulse duration (in s), and
E is the corresponding sampling energy (in J) per measurement point.

Comparison 3D visualization MS/MS
M P D E M P D E M P D E
Apple CW 25 01 25 |CwW 25 01 25 (Cw 25 04 100
Cow PW 30 04 120|CW 30 01 30|CW 30 04 120
marrowbone
E:;‘ja” femoral | v 20 03 60 |cwW 20 01 20|CW 20 04 80
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considerations and to allow for operation of the laser at a fixed position when the
laser was fired. This mechanical CO; laser probe arm has been previously described
by Genangeli et al.3® In short, the arm is made of aluminum alloy 6082, which
wasglass bead blasted. The moving parts of the arm were kept in place with air-
powered breaks, which cause small movements in the position of the arm when
releasing them. The laser probe in the holder could be moved by hand to the
required position, where it remained while the laser was fired. The laser was fired
with a two-button safety box outside of the biosafety cabinet for safety reasons.
The sample is placed underneath the laser at a plate at the bottom of the biosafety
cabinet.

6.3.4 Automated setup: 3D MS Scanner development

The 3D MS scanner was developed to measure the surface of a sample in an
automated way using LA-REIMS. The main components of the 3D MS scanner are
the different axes, the sample holder, distance sensor, clamps for fixation of the
laser probe, and the control box (see Figure 6.1). For the operation of the 3D MS
scanner, a sample is placed in a custom-designed sample holder positioned
underneath the laser probe for safety considerations. The sample holder is
positioned in the middle of the biosafety cabinet. The sample is automatically
moved for each measurement point while maintaining a constant distance and
angle between the laser probe and sample surface. The aim of this movement is to
place the sample underneath the laser probe in such a way that the laser beam is
aligned with the surface normal at the measurement point as perfect as achievable
within the implemented degrees of freedom. The setup has four degrees of
freedom: three translational axes (x, y, and z axes) and one rotational axis (around
the x axis). Electric slides (models EGSK and EGSC, FESTO, Esslingen am Neckar,
Germany) in combination with stepper motors (model EMMS, FESTO) were used
for the motion along the translational axes. A rotary driver (model ERMO, FESTO)
was used for the rotational motion with a manufacturer specified repeatability of
10.05°. A high-performance laser point distance sensor (model BA_OM70, Baumer
Holding AG, Frauenfeld, Switzerland) was used for the measurement of the
topography of the surface sample. The distance sensor was placed at a fixed
distance from the laser probe and has an optimal measurement range of 40 mm.
Therefore, the maximum z-height variation in the acquisition areas should not
extend this value. The laser probe was held by two magnetic clamps made of the
plastic Stratasys-Verowhiteplus that would release the laser probe if a collision
between the sample and laser probe occurred to prevent damage to the fragile
laser arm. The base frame and sample holder of the 3D MS scanner were made of
aluminum and an anodized aluminum plate was attached at the bottom.
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Control box

Figure 6.1: Images of the 3D MS scanner. A Picture of the 3D MS scanner setup in the
biosafety cabinet with the CO2 laser probe inserted. Besides the laser probe, the following
elements are indicated: the tubing through which the created smoke is aspirated toward
the mass spectrometer (MS), the distance sensor that is used for the topographical
measurement, and the sample holder. B Design image of the 3D MS scanner with indication
of the three translational axes, the rotational axis, and the control box.

The 3D MS scanner was operated using home-built control electronics that were
programmed with custom LabVIEW software (version 2020, National Instruments).
The control software was running on a Microsoft Surface Pro 6 using the custom-
build LabVIEW application MS3D version 2.01.

6.3.4.1 Analog laser trigger registration with mass spectral data

The position (in three dimensions) of a measurement point must be registered with
the correct corresponding mass spectrum for each sampling event for correct
processing of the data and the generation of images. Registration of an analogue
laser trigger into the mass spectrometer next to the total ion current (TIC) signal is
important for this alignment. An eSAT/IN box (D16ESTO83M, Waters Corp.) was
used for the registration of an analog signal during the MS acquisition. An analogue
trigger was registered next to the TIC chromatogram in MassLynx (version 4.1,
Waters Corp.) during the MS measurement of the sample whenever the surgical
CO; laser was fired. See Figure 6.2 for an example of an overlay image between the
analogue signal and the TIC chromatogram.
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6.3.4.2 Acquisition process
The acquisition process consists of three steps: 1) homing of the motors, 2)

performing a topographical scan, and 3) performing the MS measurement. The
three translational motors are homed, and the center of the rotational motor is
determined to ensure accuracy and reproducibility at the start of each experiment.
The measurement settings and the rectangular acquisition area are defined.
Currently, a control software limitation requires all acquisition areas to be
rectangles. In the next step, the topographical scan is used to determine the
topography of the surface and translate this into motor positions for each

Figure 6.2: Overlay between analog laser signal and TIC chromatogram. A Overlay of the
analog signal (green) and TIC chromatogram (red) at the start of a measurement of 300
points. B Overlay of the analog signal (green) and TIC chromatogram (red) at the end of a

measurement of 300 points.
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measurement point. The topographical scan consists of two phases: 1) a quick scan
of the sample surface where a spline is fitted through the points to define the mesh
for the measurement points and 2) adjustment of the motor positions at each
measurement point based on the mesh and optimization of the distance between
the distance sensor and the surface. When the topographical scan is finished, the
MS measurement is performed. The control box will send a trigger to the XEVO G2-
XS to start the MS acquisition, which also starts the acquisition of the analogue laser
trigger signal. The following steps are repeated for each measurement point: (a)
the surgical CO; laser is triggered to fire one laser pulse and an analog trigger is
registered at the eSAT/IN box at the same time, (b) the sample is held still for a
short waiting period (optimized value: 0.1 s) to allow for the aspiration of the
ablated smoke to the mass spectrometer and to prevent disturbance of the smoke
by movement, and (c) the sample is repositioned to the next measurement point.
A file is generated that contains the x, y, and z coordinates of each of the
measurement points at the end of the acquisition. This file is used to assign the 3D
coordinates to the mass spectral data of each measurement point in post-
processing.

6.3.5 REIMS-qTOF instrumentation

The smoke created with the CO; laser was analyzed with REIMS by aspiration
through a flexible tube by a Venturi pump to the source. A benchtop XEVO G2-XS
gTOF (Waters Corp., Manchester, UK) equipped with a REIMS source was used for
the ionization and detection of the molecules from this smoke. The measurements
were acquired in negative ion mode, in sensitivity mode, and with a mass resolution
of around 15 000 full width at half-maximum (fwhm) at m/z 600. The acquired m/z
range for all samples was 100-1500. The instrument was calibrated daily with a 0.5
mM solution of sodium formate. A lock mass solution of leucine-enkephalin (Leu-
Enk) in 2-propanol (final concentration 0.075 ng/uL) was continuously infused at a
flow rate of 150 pL/min in the REIMS source using a syringe pump. A lock mass
solution was constantly infused as it has been shown that infusion of a solvent
matrix during the REIMS experiment can significantly improve the ion intensity.*’

6.3.6 Optimization of the functioning of the 3D MS Scanner

6.3.6.1 Optimization of the height between laser probe and sample surface

Seven distances between the laser probe and the sample surface were compared;
0.5mm, 1.0 mm, 1.5 mm, 2.0 mm, 3.0 mm, 4.0 mm, and 10.0 mm. Fifty points were
measured on an apple using the 3D MS Scanner for each distance. (Except for a
distance of 3.0 mm, as the first 3 points were not recorded in the mass
spectrometer due to an issue with aspiration.) The different distances were
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compared based on the overall intensity and the intensity of nine m/z values
specific for the apple signal defined over the measured mass range. The overall
signal intensity was determined by 1) the maximum total ion current (TIC) peak
value in the chromatogram trace of the measurement, and 2) the area of the TIC
peak in the chromatogram trace of the measurement. The maximum of each of the
TIC peaks corresponding to measurement points were determined to obtain the
maximum TIC peak values. The TIC peak per measurement point was integrated to
calculate the area of the TIC peak. The intensities of nine selected m/z values were
compared using the areas of the extracted ion chromatograms (EICs). The areas
under the peaks corresponding to measurement points in the EICs for the m/z
values were calculated using integration. Results are represented as average *
standard deviation (SD) and coefficient of variance (CV, %).

6.3.6.2 Optimization of the waiting time after laser shot and before sample
movement

Seven waiting times between the laser shot and sample movement were
compared; 0.1 s,0.35s,0.5s,0.7s,1.0s, 1.5 s, and 2.0 s. Twenty points were
measured on an apple using the 3D MS Scanner for each waiting time. The different
waiting times were compared based on the overall intensity and the intensity of
nine m/z values specific for the apple signal defined over the measured mass range.
The overall signal intensity was determined by 1) the maximum total ion current
(TIC) peak value in the chromatogram trace of the measurement, and 2) the area
of the TIC peak in the chromatogram trace of the measurement. The maximum of
each of the TIC peaks corresponding to measurement points were determined to
obtain the maximum TIC peak values. The TIC peak per measurement point was
integrated to calculate the area of the TIC peak. The intensities of nine selected m/z
values were compared using the areas of the EICs. The areas under the peaks
corresponding to measurement points in the EICs for the m/z values were
calculated using integration. Results are represented as average + standard
deviation (SD) and coefficient of variance (CV, %).

6.3.7 Comparison between manual and automated measurements

Manual and automated measurements of 50 points were acquired to compare the
reproducibility for the manual (see 6.3.3. Manual Setup) and automated (see 6.3.4
Automated Setup) setups in data acquisition. The manual data acquisition was
always performed subsequent to the automated data acquisition, as the manual
measurements points were placed in between the automated measurement points
to prevent overlap between the sample location of the measurement points. The
data acquisition for the manual and automated setups were performed within the
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same rectangular acquisition area to keep the biological variance in both data sets
similar. The comparisons were performed on an apple, the outside surface of a
marrowbone (bone tissue), and five human femoral heads. Human femoral heads
are molecularly more heterogeneous than apples and bone, and therefore, areas
were selected that were homogeneous by eye.

The manual and automated setups were compared based on the overall intensity,
the intensity of 10 selected m/z values, and the variance between measurement
points. These m/z values were defined per sample to be specific for the sample
signal and to cover the measured mass range. The overall signal intensity was
determined by 1) the maximum TIC peak intensity value and 2) the area of the TIC
peak. The maximum TIC peak intensity values corresponding to each measurement
point were determined by taking the maxima in the chromatogram trace of the
measurement. The TIC peak per measurement point in the chromatogram trace of
the measurement was integrated to calculate the area of the TIC peak. The
maximum TIC peak intensity value represents the maximum total signal intensity in
one scan for each measurement point, while the TIC peak area represents the total
signal intensity for the whole measurement point. Therefore, both values are
compared between manual and automated measurements. The 10 selected m/z
values were compared based on the calculated areas of the extracted ion
chromatograms (EICs) for the measurement points. Results are reported as average
+ standard deviation (SD) and coefficient of variance (CV, %). The variance between
measurement points was compared using principle component analysis (PCA) of
the manual and automated setups per sample. The PCA plots can be related to the
variance, as the closer the different measurement points (represented by spheres)
are together the lower the variance in between them and vice versa.

MassLynx (version 4.1, Waters Corp.) was used for the analysis of the acquired MS
data. The coefficients of variances (CV) for the manual and automated data were
calculated to determine whether they were significantly different with a coefficient
of variance test. The determination threshold for significance was set at p-values
<0.05. Abstract Model Builder (AMX) (version 1.0.1581.0, Waters Corp.) was used
for the PCA analyses. The mass spectra were binned with a bin size of m/z 0.2 for
the mass range of m/z 100-1500. The mass spectra of each measurement point
were lock mass corrected, background subtracted and removed, and normalized
(TIC normalization) before building the a 10 component PCA model.

6.3.8 3D MSI measurements
Three experiments were set up to show the use of the 3D MS scanner for the 3D
visualization of molecular distributions on different types of samples: 1) 300
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measurements points on an apple of which part of the peel was removed, 2) 200
measurement points on the outside of a marrowbone, and 3) 150 measurement
points on the outside of a human femoral head. The spatial resolution was set to 2
mm, and the MS acquisition time per measurement point was 5.0 s.

Home-built MATLAB (version 2018b, Mathworks) algorithms were used for data
conversion and 3D visualization of the measurements acquired with the 3D MS
scanner.

6.3.9 Molecular identifications

Tentative molecular identifications were performed on the basis of MS/MS and
database searches for the m/z values that are displayed in the different figures in
the Results. MS/MS fragmentation was performed on a REIMS-qTOF in negative
ionization mode with varying collision energies (CEs) between 10 and 40 arbitrary
units. Alex*?? lipid calculator, METLIN, LIPID MAPS Structure Database (LMSD), and
MassLynx (version 4.1, Waters Corp.) were used for the identification of the m/z
values. The data sets were lock-mass corrected using mMass (Open Source Mass
Spectrometry Tool, version 5.5.0) when the internal lock mass (Leu-Enk) showed a
ppm error above 10 ppm. The lock mass corrected m/z values were used for the
identifications.

6.4 Results

This study consisted of three parts: 1) the optimization and characterization of the
3D MS scanner, 2) comparison between the mechanical CO; laser probe holder
controlled by hand and the automated 3D MS scanner, and 3) 3D visualization of
the data acquired with the 3D MS scanner.

6.4.1 Optimization and characterization of the 3D MS Scanner

The developed 3D MS scanner (see Figures 6.1 and 6.3) allows for the mass
spectrometer analysis of sample surfaces with large topographical variations in 3D.
The optimization and characterization of the 3D MS Scanner consists of three parts:
1) the optimization of the height between laser probe and sample surface, and the
waiting time after laser shot and before sample movement; 2) the alignment of the
analog laser trigger and raw TIC chromatogram; and 3) the speed of the whole
process.

204



Automated 3D sampling and imaging of uneven sample surfaces with LA-REIMS

Aspirg;cor CoNtrol "BoX 3PS Scanner CO, laser
Windows Surfac@ Pro

Figure 6.3: Details of the 3D MS Scanner setup. A Overview of the setup in the lab. The 3D
MS Scanner is placed in the biosafety cabinet. The control box and the Windows Surface
Pro, control the 3D MS Scanner and send the triggers to the laser, the mass spectrometer,
and the eSAT/IN module. These are placed outside of the biosafety cabinet. The smoke
created by the laser is aspirated through the tubing towards the mass spectrometer with
the REIMS source. B Close up picture of the sample holder with a (frozen) femoral head. C
Close up picture of the laser probe and aspiration tube.
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6.4.1.1 Optimization of settings of the 3D MS Scanner

6.4.1.1.1 Height between laser probe and sample surface

The distance between the laser probe and the sample surface is important for the
amount of smoke that is aspirated into the mass spectrometer, as the increasing
distance is expected to result in decreasing signal. Although no distance between
the laser probe and the sample surface would result in the highest signal intensities,
this is not preferred because of cross-contamination between sampling points.
Besides, because of the shape of the laser probe (see Figure 6.3C), small distances
between the laser probe and the sample surface can result in unwanted collisions
between the laser probe and the sample.

The overall signal intensity decreases with an increasing height between the laser
probe and the sample surface, which was as expected and can be seen from the
peak TIC value (see Figure 6.4A) and the TIC peak area (see Figure 6.4B). In addition,
the CVs show an upward trend with increasing height, which indicates a raising
variation between TIC peaks in the chromatogram occur the further away the laser
probe is from the sample surface. The most pronounced result is the big drop
(almost 90% between 2.0 mm and 3.0 mm) in peak area for m/z value 833.5 from
3.0 mm onwards (see Figure 6.4C). The peak areas show a drop for the bigger
heights (3.0, 4.0, and 10.0 mm) for the other m/z values as well. In general, an
increasing trend can be seen with increasing distance between the laser probe and
sample surface for the CVs of the different m/z values. Large CVs can be noted for
m/z 133.0 in comparison to other m/z values. The CVs for the distances 0.5, 1.0,
1.5, and 2.0 mm are in the acceptable range (<25 %) for all m/z values except m/z
133.0, as they vary from 9.47 to 22.72 %. In addition, the absolute intensities of all
m/z values decrease with increasing height and five of the m/z values show a big
drop in absolute intensity for heights from 3.0 mm onwards (data not shown).

To conclude, the optimal height between the laser probe and the sample surface is
2.0 mm to avoid collision between the laser probe and sample surface while
maintaining good signal intensities over the measured mass range.

6.4.1.1.2 Waiting time after laser shot and before sample movement

The waiting time between the laser shot and the start of the sample movement to
the next measurement point might affect the amount of aspirated smoke, as when
the sample movement is too quick the created smoke might be disturbed before it
is aspirated to the mass spectrometer. It is important to keep this waiting time as
short as possible to reduce the overall speed of the acquisition of the mass spectra
for each measurement point.
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Figure 6.4: Comparison of heights between the laser probe and sample surface. Comparison
of signal intensity between seven different distances between the laser probe and the
sample surface, namely 0.5 mm, 1.0 mm, 1.5 mm, 2.0 mm, 3.0 mm, 4.0 mm, and 10.0 mm.
A The average of the peak TIC values in the chromatogram per measurement point with the
standard deviation. In addition, the coefficient of variation (CV) is provided as a percentage
in the table underneath. B The average of the areas under the TIC peaks in the
chromatogram determined with integration. Average with the standard deviation as well as
the CV (%) are provided. C The average of the areas under the extracted ion chromatogram
peaks for nine selected m/z values. The m/z values were selected based on their specificity
for the sample and to cover the measured mass range as much as possible. For each m/z
value, the average area with standard deviation and the CV (%) are provided.
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No decreasing trend for the overall signal intensity was observed with decreasing
the waiting time between the laser shot and the sample movement, as can be seen
from the peak TIC value (see Figure 6.5A) and the TIC peak area (see Figure 6.5B).
The overall signal intensity is even the highest for the shortest waiting time of 0.1
s, contradicting the expectations. The CVs for the TIC peak values and TIC peak areas
show no clear trend with decreasing waiting time, indicating the variations in
overall signal intensity vary between measurements, but are not dependent on the
waiting time. No general trends can be seen in the peak areas for the nine selected
m/z values (see Figure 6.5C), although the peak areas are quite stable or show a
slightly decreasing trend for 2.0 s to 0.3 s for most m/z values. The waiting time of
0.1 s resulted in the highest peak area for m/z values 279.2, 301.0, 697.5, 721.5,
745.5, and 833.5, and is among the highest normalized intensities for m/z values
415.2 and 455.4 in comparison to the other waiting times. Only for m/z 133.0, the
peak areas is among the lowest values for all waiting times. No trends can be seen
for the CVs of the different m/z values. Nevertheless, the CVs of the different m/z
values is the lowest for 0.1 s for 6 of the 9 m/z values. m/z 133.0 shows a larger
variation between measurement points even within one measurement than the
other m/z values. The CVs for a waiting time of 0.1s are in the acceptable range
(<20 %) for all m/z values except 133.0 and 301.0. In addition, for the absolute
intensities of all the m/z values except 133.0, the waiting time of 0.1 s resulted in
the highest intensity with an almost twofold increase for 0.1 s in comparison to the
other waiting times (data not shown).

To conclude, the optimal waiting time between the laser shot and the sample
movement is 0.1 s, as this allows for fast acquisition speeds and results in both a
high signal intensity without disturbance of the smoke before aspiration.

6.4.2 Alignment between the laser trigger and raw TIC chromatogram

Alignment between the laser shots and the measurement points is important for
the conversion of the data for 3D visualization, as only with the correct alignment
between the 3D coordinates with the correct peak in the TIC chromatogram is the
visualization representative of the sample surface. The registration of an analog
signal together with a TIC chromatogram was used to achieve this. In the analog
signal, peaks are recorded that corresponds to the trigger given to the CO; laser to
fire per measurement point. In case a measurement point gives no signal, the
misalignment between measurement points and coordinates can be prevented by
using the alighnment between the analog signal and the TIC chromatogram. Another
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Figure 6.5: Comparison of waiting times between laser shot and sample movement.
Comparison of signal intensity between seven different waiting times between the laser
shot and the sample movement, namely 2.0s,1.5s,1.05,0.75,0.55,0.3s,and 0.1s. AThe
average of the peak TIC values in the chromatogram per measurement point with the
standard deviation. In addition, the coefficient of variation (CV) is provided as a percentage
in the table underneath. B The average of the areas under the TIC peaks in the
chromatogram determined with integration. Average with the standard deviation as well as
the CV (%) are provided. C The average of the areas under the extracted ion chromatogram
peaks for nine selected m/z values. The m/z values were selected based on their specificity
for the sample and to cover the measured mass range as much as possible. For each m/z
value, the average area with standard deviation and the CV (%) are provided.

added value is ensuring that no measurement points are missed during longer
periods of only background signal in case the acquisition times vary between
measurement points, despite the snake pattern that is implemented.
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An example of the overlay between the analog signal and the TIC chromatogram
can be seen in Figure 6.2A. The overlay shows that the TIC peak is recorded slightly
after the peak in the analog signal representing the laser trigger. This can be
explained by the time required for the smoke to be aspirated to the mass
spectrometer. Each of the TIC peaks fits nicely between two peaks of the analog
signal. Nevertheless, over time an increasing shift occurs between the analog signal
and the TIC chromatogram (see Figure 6.2B). A comparison between the overlays
of the start and the end of the measurement shows that the delay between the
laser trigger and the TIC peak is increased. A possible explanation can be the
difference in the registration of both signals, as the analog signal is acquired using
an eSAT/IN module and TIC chromatogram is acquired by the mass spectrometer.
Therefore, the maximum number of measurement points that can be acquired
using this approach will be around 350 points (or half an hour acquisition time for
the mass spectrometer) to prevent the falling edge of the TIC peak from occurring
after the analog peak of the next measurement point.

6.4.3 Speed of the whole process of the 3D MS Scanner

The whole process of the 3D MS Scanner consists of multiple steps, namely homing
the axes, performing the height scan, and performing the mass spectrometry
measurement (see 6.3 Materials and methods). Each of the steps has been
optimized to ensure the whole process is as quickly as possible. In general, the
performance of the three stepper motors of the translational axes and the rotary
driver of the rotational axis were optimized in terms of acceleration, deceleration,
and maintaining position. The height scan consists of two phases: 1) a quick scan of
the surface and a spline is fitted through the points, and 2) optimization of the
motor positions at each measurement point. In the first step, twice as many points
as the number of measurement points are quickly scanned to determine the
distance for each of these points without the use of the rotational axis. A spline is
fitted through these points to calculate the coordinates of each measurement and
to correct for any inaccuracies or unexpected height differences. Based on these
points, the motor positions are optimized for each measurement point by
determining the distance for each point by movement to these points with the
application of the rotational axis. After the height scan, the user can check the
obtained topography for any unexpected height differences or other potential
issues before the mass spectrometry analysis. For the mass spectrometry
measurement, two different aspects define the speed of the measurement, namely
how fast the sample can be moved to the next measurement point and how fast
the mass spectrometry acquisition is performed. To reduce the required time to
move to the next measurement point a snake pattern was implemented and the
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performance of all motors was optimized (as indicated before). For the mass
spectrometry acquisition, the limiting factor is the aspiration of the created smoke
to the mass spectrometer, as this will always take a few seconds. In relation, the
peak created in the TIC chromatogram is always a few seconds wide, as not all the
molecules in the smoke are aspirated at the same speed. The smoke arrives more
quickly at the mass spectrometer and the peaks in the TIC chromatogram are
smaller by using small tubing for the aspiration than in comparison to the broader
tubing. The measurement time required per point is 4 s when allowing the system
to go back to the baseline background intensity after a measurement peak, but can
be shorter when allowing overlap between measurement peaks in the TIC
chromatogram.

The homing of the axes for alignment takes less than one minute, the topographical
scan of the sample surface takes 5.1 s per measurement point, and the MS data
acquisition using LA-REIMS takes 5.0 s per measurement point after optimization.
Three hundred measurement points can be acquired within 1 h taking into account
the whole process. The sample positions are defined based on the topography of
the surface such that there is a constant distance and angle between the sample
surface and the laser probe. The spatial resolution is constant in the top view with
a distance of 2 mm between measurement points, which is difficult to achieve with
manual analysis. The 3D MS scanner allows for the analysis of 3D sample surfaces
in an automated and fast way with LA-REIMS.

6.4.4 Comparison between manual and automated measurements

The CVs were calculated as a representation of the reproducibility between
measurement points. The reproducibilities of automated acquisitions were
compared with the reproducibilities of manual acquisitions for different sample
types. Three of the seven CVs were significantly lower for the automated setup
using the 3D MS scanner in comparison to the manual setup looking at the TIC peak
intensity values (see Table 6.2). In addition, the CVs for the TIC peak intensity for
the manual setup for femoral heads 3 and 5 are lower than the CVs of the
automated setup, but the CVs are not significantly different. The CVs for TIC peak
area values (see Table 6.3) are lower for the automated setup than the manual
setup with significant differences in the CVs for five samples. The results of the TIC
peak intensities and TIC peak areas show the same trend, with lower CVs for the
automated setup. These lower CVs for the TIC peak intensity and TIC peak area
show the improved signal reproducibility between measurement points for the
automated setup compared to the manual setup. This is further emphasized by the
CVs for the selected m/z values, most of the CVs are lower or similar for the
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automated setup in comparison to the manual setup (see Table 6.4). The variation
between the measurement points for the whole mass range (m/z 100-1500) for
both setups can be assessed using PCA plots (see Figure 6.6). These plots display a
smaller or similar variation between the measurement points of the automated
setup than between those of the manual setup.

Table 6.2: Comparison of TIC peak intensities between automated and manual
measurements. Comparison of the absolute maximum TIC peak values in the chromatogram
per measurement point between automated and manual measurements for the different
samples; apple, marrowbone, and five femoral heads. The average maximum TIC peak
intensity value is given with the standard deviation as well as the coefficient of variance (CV)
as a percentage. In addition, the result of the coefficient of variance test is provided,
indicating if the CVs are significantly different (p < 0.05).

TIC peak intensity
Automated Manual P-value
Average + SD CV (%) Average + SD CV (%)

Apple 5.97E7 £+ 1.08E7 18.13 7.99E7 £ 1.47E7 18.46 | 0.9026
Marrowbone 1.27E8 £ 2.66E7 20.90 | 6.09E7 £2.76E7 45.31 | <0.0001
Femoralhead 1 | 1.25E8 + 3.24E7 25.88 | 7.49E7 +2.70E7 36.08 | 0.0347
Femoral head 2 | 2.10E8 £ 3.25E7 15.48 | 1.02E8 +3.79E7 37.23 | <0.0001
Femoral head 3 | 1.46E8 + 3.51E7 23.98 1.19E8 £ 2.14E7 18.03 0.0577
Femoral head 4 | 2.04E8 + 3.57E7 17.46 1.57E8 £3.35E7 21.41 | 0.1691
Femoralhead 5 | 1.53E8 £+ 3.21E7 20.99 | 1.23E8+2.42E7 19.79 | 0.6916

Table 6.3: Comparison of TIC peak areas between automated and manual measurements.
Comparison of the areas under the TIC peaks in the chromatogram per measurement point
between automated and manual measurements for the different samples; apple,
marrowbone, and five femoral heads. The areas are determined with integration of the TIC
peaks. The average TIC peak area value is given with the standard deviation as well as the
coefficient of variance (CV) as a percentage. In addition, the result of the coefficient of
variance test is provided, indicating if the CVs are significantly different (p < 0.05).

TIC peak area
Automated Manual P-value
Average + SD CV (%) Average + SD CV (%)

Apple 1.39E6 + 1.42E5 10.17 | 1.45E6+2.31E5 15.94 | 0.0024
Marrowbone 3.29E6 +3.20E5 9.73 1.35E6 +5.60E5 41.48 | <0.0001
Femoral head 1 | 3.66E6 + 7.23E5 19.74 | 1.52E6+5.08E5 33.49 | 0.0007
Femoral head 2 | 5.83E6 + 4.37E5 7.49 2.64E6+1.13E6 42.70 | <0.0001
Femoral head 3 | 4.29E6 + 6.55E5 15.25 2.47E6 +4.22E5 17.05 0.4464
Femoral head 4 | 4.82E6 + 4.57E5 9.48 4.39E6 £ 7.48E5 17.03 0.0001
Femoral head 5 | 4.00E6 + 4.67E5 11.68 2.74E6 £ 6.09E5 22.24 | <0.0001
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Table 6.4: Comparison of selected m/z values between automated and manual
experiments. For the different samples, apple, marrowbone, and five femoral heads, a
comparison of signal intensity is provided between automated and manual experiments.
This comparison is based on the average of the areas under the extracted ion chromatogram
peaks with the standard deviation (SD) for 10 selected m/z values as well as the coefficient
of variance (CV, %). The m/z values were selected based on their specificity for the sample
and to cover the measured mass range as much as possible.

Apple
Automated measurements Manual measurements
m/z | Average SD Ccv Average SD cv

147.0 89800 48091 53.55 70643 18123 25.65
279.2 | 309842 57597 18.59 | 444828 89840 20.20
301.0 | 828577 156155 18.85 | 1016699 214975 21.14
415.2 85173 14814 17.39 | 118220 25323 21.42
455.4 24671 4793 19.43 37554 7702 20.51
671.5 26194 5123 19.56 41958 10998 26.21
721.5 | 189082 35126 1858 | 293713 64804 22.06
745.5 | 226378 41144 18.17 | 308987 69024 22.34
833.5 91428 17535 19.18 | 118533 29316 24.73
861.6 64850 13086 20.18 78707 20898 26.55

Marrowbone

Automated measurements | Manual measurements
m/z | Average SD cv Average SD cv
140.0 25279 11082 43.84 6666 5270 79.07
185.0 12057 3366  27.92 2619 1605 61.29
221.9 8901 1933 21.72 738 630 85.32
237.9 10202 3118 30.57 731 639 87.48
362.2 633 954 150.84 252 376 149.38
585.5 402 1087 270.06 488 1585 324.85
744.6 182 274 150.58 98 211 216.37
867.7 285 369 12941 108 152 141.33
893.7 1026 1615 157.42 336 579 172.05
921.8 513 691 13481 177 244 137.97
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Table 6.4 (continued): Comparison of selected m/z values between automated and
manual experiments.

Femoral head 1

Automated measurements | Manual measurements
m/z Average SD cv Average SD cv
128.0 3040 1281 42.15 1283 725  56.49
189.9 553 776  140.16 113 373 329.49
281.2 71 28 39.04 1721 2193 127.42
303.2 1244 1217 97.83 633 809 127.89
559.5 1929 2053 106.45 186 465 250.60
642.5 853 226 26.52 625 286  45.76
687.5 1477 629 42.63 1170 695  59.45
744.5 913 434 47.60 563 263 46.73
893.7 486 313 64.54 124 76  61.56
1008.7 291 62 21.38 194 81 41.81

Femoral head 2

Automated measurements | Manual measurements
m/z | Average SD Ccv Average SD cv
128.0 2513 431 17.15 1048 567 54.15
189.9 563 570 101.26 46 77 167.15
281.2 19100 17277 90.46 1429 843  59.01
303.2 1119 622 55.57 691 344 49.84
572.5 1404 1018 72.52 1003 406  40.46
642.5 773 839 108.56 45 15 3245
687.5 2155 3157 146.52 1744 921  52.79
744.5 831 600 72.23 689 346  50.23
893.7 1283 764 59.57 632 393  62.22
919.7 1001 602 60.13 514 325 63.11
Femoral head 3

Automated measurements | Manual measurements
m/z | Average SD cv Average SD cv
128.0 1576 446 28.29 803 273 3394
186.0 332 74 22.41 113 68 60.43
281.3 13638 8251 60.50 1823 2025 111.04
303.2 651 260 39.97 450 416  92.45
572.5 2302 2281 99.06 2389 2233 93.46
642.5 1518 1450 95.52 1524 1649 108.19
687.6 4002 4383 109.54 4310 5100 118.33
797.7 682 592 86.72 672 663  98.55
893.7 744 344 46.17 217 136 62.57
919.8 576 243 42.12 184 120 65.08
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Table 6.4 (continued): Comparison of selected m/z values between automated and
manual experiments.

Femoral head 4

Automated measurements | Manual measurements

m/z | Average SD cv Average SD cv

128.0 2918 519 17.77 2423 734 30.30
189.9 247 130 52.75 103 63 61.06
281.3 18190 14891 81.86 11872 8208 69.14
303.2 611 213  34.90 537 172 32.10
572.5 1103 437  39.60 939 409 43.53
642.5 355 102  28.75 339 127 37.45
687.6 650 302 46.56 622 226 36.29
744.6 324 109 33.81 316 150 47.53
893.8 1024 458 44.71 684 515 75.20
919.8 894 392 43.84 600 418 69.64

Femoral head 5
Automated measurements | Manual measurements

m/z | Average SD Ccv Average SD cv

128.0 2866 750 26.17 1450 677 46.68
166.1 1586 292 18.40 911 283 31.05
281.2 14087 12702 90.16 6293 6373 101.27
303.2 1067 613 57.47 570 277 48.62
572.5 2085 528 25.32 1691 476  28.18
642.5 893 230 25.69 700 161  23.03
687.5 2189 617 28.19 1870 504  26.96
744.6 788 353 4482 542 233  43.03
893.7 1277 672 52.67 503 356 70.80
919.8 865 452  52.25 361 251 69.61

6.4.5 3D visualization of molecular distributions on sample surfaces

An advantage of data acquisition automation with LA-REIMS is the possibility of
combining the mass spectra for each measurement point with the coordinates of
that point. This allows the study of the molecular distributions of sample surfaces
using LA-REIMS.

Comparison of the before (Figures 6.7A and 6.8A) and after (Figures 6.7B, 6.8B, and
6.9A) images shows regularly spaced patterns of the laser burning spots created
during the acquisition. Optical differences in the laser burning spots are assumed
to be related to the structural differences of the sample surface for all three
samples. It was possible to select m/z values with different molecular distributions
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Figure 6.6: PCA plots displaying the variation in the automated and manual acquisitions.
Principle component analysis (PCA) plots of the automated and manual acquisitions for the
different samples, which display the variation between measurement points. These PCA
plots can be related to the variation between measurement points, as the closer the
different measurement points (represented by spheres) are together the lower the variance
in between them and vice versa. A PCA plot for the apple acquisitions with PC1, PC2, and
PC3 explaining 75.3%, 8.96%, and 2.94% of the variance, respectively. B PCA plot for the
bone acquisitions with PC1, PC2, and PC3 explaining 49.26%, 28.57%, and 9.53% of the
variance, respectively. C PCA plot for the femoral head 1 acquisitions with PC1, PC2, and
PC3 explaining 58.07%, 20.67%, and 5.22% of the variance, respectively. D PCA plot for the
femoral head 2 acquisitions with PC1, PC2, and PC3 explaining 55.10%, 26.24%, and 4.40%
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Figure 6.6 (legend continued): of the variance, respectively. E PCA plot for the femoral head
3 acquisitions with PC1, PC2, and PC3 explaining 65.65%, 23.86%, and 1.64% of the variance,
respectively. F PCA plot for the femoral head 4 acquisitions with PC1, PC2, and PC3
explaining 74.96%, 7.63%, and 3.86% of the variance, respectively. G PCA plot for the
femoral head 5 acquisitions with PC1, PC2, and PC3 explaining 63.17%, 19.64%, and 4.14%
of the variance, respectively.

that were related to structural differences visible by eye for each measurement. In
addition, m/z values could be selected that showed molecular distributions that
were related to structural differences not visible by eye. For the apple, m/z 455.4
has a higher intensity in the peel of the apple, m/z 671.5 has a higher intensity in
the spots visible in the part without the peel and a bit higher intensity in the peel,
and m/z 846.6 has a higher intensity in the parts without the peel (see Figure 6.7C).
For the outside of a marrowbone, for example, m/z 393.3 seems to be related to
the whiter part of the marrowbone with the highest intensities where the white
tissue seems to be the thickest, m/z 419.2 seems to be related to the nonwhite
parts of the surface, and m/z 717.5 seems to be related to the remaining muscle
tissue at the edges of the measurement area (see Figure 6.8C). For the human
femoral head, different structures can be seen, including a white/soft pink part at
the right of Figure 6.9A that is the formation of bony tissue due to sclerosis,
yellowish tissue in the middle of the image that is a small piece of cartilage, and red
tissue toward the stem of the femoral head on the left of the image. For example,
m/z 205.9 seems to be more related to the red tissue on the femoral head, m/z
744.5 seems to be related to part of the white, and m/z 1080.9 seems to be related
to the more yellow tissue and a bit of the red tissue (see Figure 6.9B).

6.5 Discussion

6.5.1 Development and optimization of the 3D MS Scanner

The 3D MS scanner was developed to analyze sample surfaces in 3D using LA-
REIMS. Each of the three phases in the acquisition was optimized, and the
acquisition rate of the 3D MS scanner is 300 points in approximately 1 h,
corresponding to 22.04 cm? with a spatial resolution of 2 mm. After homing of the
axes, the topographical scan and MS acquisition take 5.1 and 5.0 s per
measurement point, respectively. This is faster than the surface sampling setups
developed by Bennett et al. and Li et al., which were on the order of minutes per
measurement point.?%262 The acquisition time for the 3D MS scanner is slower than
the one reported by Ogrinc et al., which was approximately 0.6 s per measurement
point with optimized parameters and simultaneous collection of topographical and
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Figure 6.7: 3D visualization of molecular distributions obtained from an apple with the 3D
MS scanner. A Apple before analysis with LA-REIMS using the 3D MS scanner. Parts of the
peel have been removed to show different molecular patterns can be created. B Apple after
analysis with LA-REIMS using the 3D MS scanner. The total number of measurement points
acquired was 300 with a spatial resolution of 2 mm, thus covering an area of 28 x 38 mm
(15 x 20 measurement points). C 3D visualization of the molecular distributions (absolute
intensities) of the imaging experiment on an apple. Three m/z values were selected based
on their different distributions: 455.4, 671.5, and 846.6. Tentative identifications of the m/z
values can be found in Table 6.5.

Table 6.5: Tentative assignments of m/z values of 3D visualization of molecular distributions
of apple (Figure 6.7). Identifications are based on MS/MS in combination with the m/z value.
For each identification, the experimental m/z value, the assignment, the detected ion, the
ppm error, and level of identification are provided.

m/z Assignment  lon ppm error Level of identification
455.352 | Ursolic acid [M-H] -2.41 MS

671.467 | PA16:0_18:2 [M-H] 1.89 MS/MS

846.552 | PS 36:2 [M+CHsCOO] 2.13 MS
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Figure 6.8: 3D visualization of molecular distributions obtained from the outside of a
marrowbone with the 3D MS scanner. A Outside of a marrowbone before analysis with LA-
REIMS using the 3D MS scanner. B Outside of the marrowbone after analysis with LA-REIMS
using the 3D MS scanner. The total number of measurement points acquired was 200 with
a spatial resolution of 2 mm, thus covering an area of 18 x 38 mm (10 x 20 measurement
points). C 3D visualization of the molecular distributions (absolute intensities) of the
imaging experiment on the outside of a marrowbone. Six m/z values were selected based
on their different distributions: 128.0, 279.2, 419.3, 585.5, 744.6, and 865.8. Tentative
identifications of the m/z values can be found in Table 6.6.

MS imaging data.?”® One of the reasons for the slower acquisition with the 3D MS
scanner is the consecutive acquisition of the topographical scan and the MS
measurement. Simultaneous collection is not possible with the 3D MS scanner due
to the distance between the laser probe and laser point distance sensor. A risk in
slower acquisitions could be molecular degradation of the biological samples, but
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Table 6.6: Tentative assignments of m/z values of 3D visualization of molecular distributions
of marrowbone (Figure 6.8). Identifications are based on MS/MS in combination with the
m/z value. For each identification, the experimental m/z value, the assignment, the
detected ion, the ppm error, and level of identification are provided.

m/z Assignment lon ppm error Level of identification
128.035 | CsH7NOs [M-H]- -2.34 MS

279.233 | FA 18:2 [M-H]" -3.58 MS

419.255 | cLPA 18:0 [M-H]" -4.29 MS/MS

585.486 | DG 0-35:5 [M-H]" -4.84 MS

744.557 | PE 36:1 [M-H]" 2.82 MS

865.753 | TG 48:0 [M-H]" 3.24 MS

this is expected to be minimal within 1 h. However, molecular degradation should
be taken into consideration for the acquisition of larger surfaces, which will have
longer acquisition times.

The 3D MS scanner was developed to keep the distance and angle between the
laser probe and sample surface consistent. With the implemented four degrees of
freedom (three translational axes and one rotational axis) curvatures along the y-
axis are fully compensated. Curvatures along the x- and z-axis cannot be fully
compensated with these four degrees of freedom, as this would require additional
degrees of freedom in the x- and z-axes. An angle of 10° along one of these axes
will result in a decrease of only 3% in the laser fluency per measurement point,
which is expected to not have a significant effect on the signal intensity in this setup
due to the use of a CO; laser. Bennett et al,, Li et al., and Ogrinc et al. used a robotic
arm with six degrees of freedom for sampling of the surface.?62262273 Sjx degrees of
freedom will allow for better compensation of the surface topography along all
axes. Our in-house built setup with four degrees of freedom can still compensate
for most topographical height variations, although the possibilities are more limited
than for a robotic arm.

Another difference between the 3D MS scanner and previously published setups
using robotic arms is the movement of the sample underneath the laser probe for
the 3D MS scanner, while in previously published setups the sample lays still. The
needle probe connected to the robotic arm needed to move from the sampling
surface to DART ion source or the OPSI in the setup of Bennett et al. and Li et al.,
respectively.?®%?62 The SpiderMass probe was connected to the robotic arm
together with the transfer line to the mass spectrometer for the robot-assisted
SpiderMass setup.?” The laser probe is moved relative to the sample in the setup
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Figure 6.9: 3D visualization of molecular distributions obtained from part of a human
femoral head with the 3D MS scanner. A Outside of a human femoral head after analysis
with LA-REIMS using the 3D MS scanner. The total number of measurement points acquired
was 150 with a spatial resolution of 2 mm, thus covering an area of 18 x 28mm (10 x 15
measurement points). B 3D visualization of the molecular distributions (absolute
intensities) of the imaging experiment on the outside of a human femoral head. Nine m/z
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Figure 6.9 (legend continued): values were selected based on their different distributions:
205.9,274.1,281.2,642.5,682.6,699.5, 744.6, 1008.7, and 1081.0. Tentative identifications
of the m/z values can be found in Table 6.7.

Table 6.7: Tentative assignments of m/z values of 3D visualization of molecular distributions
of femoral head (Figure 6.9). Identifications are based on MS/MS in combination with the
m/z value. For each identification, the experimental m/z value, the assignment, the
detected ion, the ppm error, and level of identification are provided. The data of the femoral
head acquisition was recalibrated in mMass.

m/z Assignment lon ppm error Level of identification
205.899 | -

274119 | CisH17N3O3 [M-H]" -2.55 MS

281.248 | FA18:1 [M-H]"  -2.13 MS/MS

642.488 | CerP 36:2;02 [M-H]- 1.87 MS

682.591 | Cer 42:2;02 [M+CI]" -0.15 MS

699.498 | PA 36:2 [M-H]- 1.43 MS

744.554 | PE 36:1 [M-H]-  -1.21 MS

1008.684 | Hex3Cer 34:0;,0 [M-H]" -1.98 MS

1081.011 | -

of Ogrinc et al., as they aimed to develop a system that could potentially be used in
vivo during surgeries in the future.?’”? Our main consideration for a setup where the
sample moves underneath the laser was safety, as the system is equipped with a
Class IV CO; laser. Another reason for this setup of the 3D MS scanner is the focus
on improved understanding of molecular distributions on sample surfaces with
large height variations.

6.5.2 Comparison between manual and automated setup

Comparison between the manual and automated setups showed that the
acquisition with the automated setup has a higher signal reproducibility between
measurement points than with the manual setup. This was shown by the lower CVs
for the TIC peak maximum intensities and areas for most of the automated
acquisition than for the manual acquisitions (Tables 6.2 and 6.3), which is according
to expectations. The lower CVs for the automated setup are caused by the higher
reproducibility of the tissue ablation by the CO, laser due to the constant distance
between the laser probe and the sample surface with the 3D MS scanner. In
addition, the laser probe is placed as perpendicular to the sample surface as
possible. Both considerations are more difficult to achieve with manual
acquisitions, especially due to small movements of the laser probe holder caused
by the air-powered breaks in the manual setup.
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The reported CVs for the manual and automated setups are slightly higher than
previously reported by Genangeli et al. for the CO; laser, especially for the manual
setup.®® Direct comparison between the CVs of both studies is complicated by the
differences between the studies, which contribute to the CVs. In this study, more
heterogeneous samples, especially the femoral heads, more measurement points
per experiment, and different sizes of acquisition areas were used in comparison to
the work of Genangeli et al. The CVs for the automated and manual setups were
based on 50 measurement points, which covers a larger area than the 10 points
acquired by Genangeli et al. Therefore, part of the higher CVs might be explained
by small differences in the molecular composition and tissue ablation across the
area. Another factor contributing to the high CVs can be LA-REIMS, although the
whole setup is not changed during acquisitions. LA-REIMS is based on the analysis
of the aspirated smoke created by laser ablation. The aspiration of the smoke might
be different between measurement points, resulting in variations in the TIC peak
intensities and TIC peak areas contributing to higher CVs. In addition, the surface
sample will affect the aspiration of the smoke, as the topography of the surface will
influence the flow of the smoke. For example, it has been observed that the
aspiration of the smoke can be affected for samples with large height variations.

The TIC peak intensities and TIC peak area values were 8.82-58.94 % lower for the
manual setup than for the automated setup, except for the apple acquisitions. A
contributing factor to this might be the different positions of the sample in the
biosafety cabinet in both setups. Changes in the aspiration of the smoke were
observed based on sample position due to the airflow inside the biosafety cabinet.
It is more difficult to keep the same distance between the sample and laser probe
as well as the orientation of the laser probe compared to the sample with the
manual setup, which can affect the aspiration of the smoke. Decreasing signal
intensities with increasing distance between the sample surface and laser probe
were shown for the automated setup (see Figure 6.4). Therefore, a larger distance
between the sample surface and laser probe with the manual setup can contribute
to the lower signal intensities.

The manual and automated setup both have their advantages. The manual setup is
preferred if only a few measurements points, for example, for MS/MS data, need
to be acquired, as no homing of the axis and topographical scan needs to be
performed, making the manual acquisition faster than the automated one. Besides
the higher signal reproducibility, one of the advantages of the automated setup is
the larger area of the sample that is available for analysis. For the manual
measurements, the sample is placed on a flat surface or could be placed in a clamp.
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The fixed position of the sample in the manual setup limits the area available for
data acquisition, which is not the case for the automated setup. The sample is
fixated in the sample holder by tightening the screws for the automated
measurements. The sample can be orientated and moved in such a way that the
area of interest can be placed underneath the laser probe in the automated setup.
The only limitation is that the screws should not be tightened at a position that
might be of interest in later acquisitions. Another advantage of the automated
acquisition is the automated movement to the next measurement point while
maintaining a constant distance between the different measurement points, which
prevents any overlap between the laser burning spots of different measurements
points. Some overlap between the measurement points for the manual setup
occurs sometimes due to the small movements of the holder due to the air-
powered breaks. Therefore, the accuracy of the sampling position is higher for the
automated setup due to the predefined sampling grit in comparison to the manual
setup.

6.5.3 Comparison of 3D visualization between the 3D MS Scanner and
similar technologies

3D visualization of molecular distributions in Figures 6.7, 6.8, and 6.9 demonstrates
that different m/z values could be selected that represented molecular
distributions related to visible structural differences, but also distributions that
were not related to visible structural differences. The spaces between the laser
burning spots were equal for the three different analyzed sample types when
looking from the top view, but differences between laser burning spots were seen
based on structural differences in the surface. Recently, Ogrinc et al. have shown
that their robot-assisted SpiderMass setup allows for the visualization of 3D
molecular distributions on different samples.?’® The robot-assisted Spider- Mass
setup has not been applied to human bone and joints, like the human femoral
heads used in this study. The SpiderMass is mini-invasive,?’®* while the CO; laser
leaves clear burning spots, due to the different equipped laser types. This is a result
of differences in interaction between the biological tissue and the laser wavelength
as well as different laser energies.

All the acquisitions with the 3D MS scanner were acquired with a spatial resolution
of 2 mm. This is larger than the spatial resolution reported by Ogrinc et al., which
was 500 um without oversampling.?’ One of the factors that will limit the spatial
resolution is the diameter of the laser focus point. The diameter of the focus point
of a CO; laser is larger than the Nd:YAG laser used in the SpiderMass setup.
Therefore, a spatial resolution of 500 um cannot be reached with a CO; laser
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without major overlap between laser burning spots. It is noteworthy that the spatial
resolution of the 3D MS scanner could be reduced to the size of the laser focus
point, which is approximately 1 mm in this setup.

6.5.4 Future applications

The 3D visualizations created from the data acquired with the 3D MS scanner allow
for observing and correlating changes in molecular intensity to locations on the
sample surface and, therefore, structural differences. The 3D correlative images
can, for example, be used to study the different molecules present in the different
tissue types of a femoral head and the transitions areas between them (see Figure
6.9). This can increase the molecular understanding of the processes underlying the
structural changes in, for example, osteoarthritis of the femoral head. Large areas
consisting of different tissue types should be acquired of a large cohort of femoral
heads to achieve this. Furthermore, this molecular information on a large cohort of
samples can be used to improve models build for clinical applications. Another
potential application of the 3D molecular visualizations is to determine the optimal
sampling spot for tissue classification for in vivo applications of LA-REIMS. On the
basis of the molecular distributions, the most informative region for tissue
classification can be determined, which can be specifically targeted during in vivo
applications. This will reduce the amount of tissue damage created by the CO; laser
as fewer sampling points will be required.

In addition to this specific potential clinical application for femoral heads, the 3D
MS scanner has the potential to be used in a wide range of biomedical applications
either as is or with small adjustments, for example, to the sample holder. Any type
of sample could potentially be placed in the 3D MS scanner if it can be ablated with
a CO; laser, although caution is advised to prevent contamination of the mass
spectrometer. Adjustments could be made to include other types of ambient
sampling probes that could be triggered in a similar way to also enable analysis of
samples that cannot be ablated with a CO; laser. Two of the biggest advantages of
this 3D MSI setup are the lack of sample preparation and the ambient conditions.
Sectioning of the sample is commonly needed for 2D MSI techniques, which is not
possible for all sample types or can be difficult to achieve. Furthermore, some
samples are too large to fit on a microscope slide, which would not be an issue with
the 3D MS scanner combined with LA-REIMS. In addition, the ambient conditions
can allow for the analysis of samples that cannot withstand the vacuum used in, for
example, MALDI-MSI. The 3D MS scanner could have a broad range of 3D MSI
applications, for example, in the food industry as well as biomedical and preclinical
applications, as shown in Figures 6.7, 6.8, and 6.9.
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6.6 Conclusion

This study describes the development of the 3D MS scanner, which allows for the
analysis of large and uneven 3D sample surfaces with LA-REIMS under ambient
conditions. The 3D MS scanner automates the positioning of the sample
underneath the laser probe and keeps the distance between them constant. This
automated acquisition results in increased reproducibility of the obtained
molecular information on the sample surface when compared to manual
acquisitions. In addition, the data acquired with the automated setup can be used
for the visualization of molecular distributions on the sample surface in 3D. This
application was shown on an apple, a marrowbone, and a human femoral head,
which showed distinct molecular distributions that could be related to structural
differences. Therefore, the developed 3D MS scanner can be used to improve
molecular understanding based on 3D molecular distributions and might have a
potential application in determining optimal in vivo sampling points to reduce
biological tissue damage.
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The pre-clinical application of different mass spectrometry techniques for the
analysis of bone, fracture hematoma, and human femoral heads has been
described in this thesis. The different biomedical studies focused on developments
contributing to the clinical application of mass spectrometry and their applications
in research into traumas to the skeletal system, like bone fractures and articular
cartilage damage. In addition, the forensic application of mass spectrometry is
briefly touched upon for bone tissue as well as possibilities for food samples
analysis with one of the mass spectrometry techniques. This discussion focuses on
the use of mass spectrometry as a biomedical and potential (pre)clinical tool in the
fields of fracture healing and cartilage repair, also in relation to the impaired healing
of these injuries. First, the application of matrix-assisted laser desorption and
ionization mass spectrometry imaging (MALDI-MSI) for bone tissue and fracture
hematoma will be discussed. The second part focuses on 3D imaging with laser-
assisted rapid evaporative ionization mass spectrometry (LA-REIMS). Finally, the
translation from the results presented in this thesis towards a (pre)clinical
application will be explored by addressing the ex vivo application of MALDI-MSI and
ex vivo and in vivo application of LA-REIMS.

7.1 Application of MALDI-MSI for bone tissue and fracture

hematoma
Despite its growing number of biomedical applications, MALDI-MSI is only used in
a limited number of studies for the analysis of undecalcified bone and has not yet
been employed for the analysis of fracture hematoma. Methodological
developments for the analysis of these tissue types are important to further extend
the application field of MALDI-MSI into the research of the skeletal system after
trauma as well as skeletal diseases. The possibility to investigate different
molecular classes with MALDI-MSI in an untargeted manner offers diagnostic
innovations and molecular understanding. The application of MALDI-MSI for bone
tissue and fracture hematoma can contribute to improving molecular
understanding of, for example, bone fracture healing and non-union development.

7.1.1  MALDI-MSI analysis of bone tissue

The methodological developments for the analysis of undecalcified bone tissue
with MALDI-MSI and a targeted forensic and untargeted pre-clinical application are
described in Chapter 3. The most important step in this development was the
optimization of the sample preparation with a focus on the embedding and
sectioning of the undecalcified bone tissue. The embedding material composition
was optimized to contain 20% gelatin and 7.5% carboxymethyl cellulose (CMC) to
overcome challenges related to sectioning bone tissue. Bone tissue needs to be
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sectioned with a tungsten carbide knife longitudinally to limit the fracturing of bone
in the sections. In addition, the sections need to be transferred to a glass slide with
the support of double-sided tape to maintain the morphology. The optimized
sectioning parameters were a sectioning thickness of 12 um and temperature of
-15 °C when using Tesa® double-sided tape. This sample preparation protocol was
applied to mouse, rat, and human bone samples for the targeted detection of
methadone and 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP) and
untargeted detection of lipids, as described in Chapter 3. The best matrix for the
detection of methadone and EDDP was DHB with a limit of detection of
approximately 50 pg/spot on bone tissue. The presence of methadone and EDDP
was shown in dosed rat and human bone. None of the tested matrices gave the
desired lipid desorption and ionization results in negative ion mode. The best
matrices for the detection of unknown lipids from bone and bone marrow in
positive ion mode were CHCA and DHB.

The sample preparation protocol for lipid analysis with MALDI-MSI from Chapter 3
was applied in Chapter 5 in combination with protein analysis with liquid-
chromatography tandem mass spectrometry (LC-MS/MS). These MS techniques
were deployed to study the effect of citrulline supplementation during bone
fracture healing throughout the fracture healing process. The observed lipid
profiles were distinct at the different stages of fracture healing in the separation
between the citrulline supplement and respective control group. Besides, these
profiles were different between bone and bone marrow. Different lipid classes
contributed to these separations, including phosphatidylcholines (PCs),
lysophosphatidylcholines (LPCs), acyl carnitines (CARs), triacyl/alkylglycerides
(TGs), and a sphingomyelin (SM). The protein analysis showed that the more
abundant proteins in the citrulline supplement or control group were different
throughout the different fracture healing phases. This indicates that the effect of
citrulline supplementation is different throughout the different phases. The more
abundant proteins per time point per treatment group were used for analysis of
the activated pathways. This analysis indicated enhanced fracture healing in the
citrulline supplement group in comparison to the control group, although the
differences during the bone remodeling phase were less pronounced. Different
pathways related to the citrulline-arginine-nitric oxide metabolism were more
active in the citrulline supplement group and fracture healing enhancement was
induced via improved angiogenesis and earlier soft and hard callus formation.

Despite the early evidence of changes in the ratio of the different phospholipid
classes in the callus throughout fracture healing,?*® the knowledge about the role
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and importance of lipids during fracture healing is limited and usually described per
lipid class. Therefore, the understanding of the role of the lipid changes in the
citrulline supplement versus control group observed in Chapter 5 is limited. PCs
play a role in cellular metabolism and energy production and are an essential source
of secondary messengers.1¥”179214 For example, PCs are involved in chondrocyte
and osteoblast proliferation, differentiation and function as well as osteoclast
recruitment.®®21> | PCs inhibit osteoclast formation, while promoting osteoclast
function.?!2 The fatty acid chain composition of the PCs and LPCs is of importance
for the function, but details are often unknown in case of bone health and fracture
healing. TGs are used for energy storage, especially in the bone marrow.®” This
matches with the fact that TGs only contribute to the separation between the
citrulline supplement and control group during the bone remodeling phase, as in
this phase the energy storage is restored. Different expression of lipids throughout
fracture healing as well as between the citrulline supplement and control group can
be expected based on the roles of different lipid classes. However, the effect of
citrulline supplementation on the role of lipids during fracture healing and their role
in bone versus bone marrow cannot be fully explained. Therefore, the role and
effect of the different identified lipids for the citrulline supplement and control
group should be further explored in future research.

Chapter 5 also discusses the effect of citrulline supplementation during fracture
healing on proteins and associated activated pathways. The comparative analysis
of the more abundant proteins between the citrulline supplement and control
group at different time points showed, among others, different collagens,
fiboromodulin, thrombospondin, annexin, and different myosins to be more
abundant in of the treatment groups. These different proteins are part of the
extracellular matrix (ECM) and affect the osteoblast and osteoclast function, which
regulates the bone formation and resorption.?® 2 Annexin and myosins play an
important role in osteoblast and osteoclast differentiation and function,
respectively.?’®220 The activated pathways in the citrulline supplement and control
group were explored using the more abundant proteins. For example, the increased
production of nitric oxide was observed for the citrulline supplement group at 3
and 14 days post-operative (DPO) as well as 14 DPO in the control group. The
regulation of ornithine decarboxylase is more active in the citrulline supplement
group at 14 days DPO. These pathways can directly be related to the citrulline
supplementation. Other pathways show activation of various fracture healing-
related pathways for both the citrulline supplement and control group with
different activations throughout the fracture healing process. An enhancement in
fracture healing in the citrulline supplement group can be recognized in comparison
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to the control group based on the protein and pathway analysis. The effects of
citrulline supplementation on fracture healing are in agreement with previous
research.'%202 Nevertheless, the activation of the different pathways as result of
citrulline supplementation should be validated in future research.

The sample preparation for bone tissue is a complex and challenging process due
to the different structures. 27130203204 Qply 3 [imited number of recent studies
analyzed undecalcified bone with MALDI-MS]|.%%-97,98130,131,203,204,280 pegpite all the
optimization steps, the bone still substantially breaks into pieces during sectioning,
although this is also depending on the sectioning direction. Sectioning in the
longitudinal direction of the bone reduces bone fracturing, due to the structure of
the bone matrix. In addition, the bone marrow cracks during thaw mounting and
the sample drying steps afterwards, which can hamper the quality of the generated
results. A recent publication by Good et al. (2021) showed reduced bone marrow
cracking by freeze-drying the sample.?®® They were able to detect different lipids
from bone marrow and surrounding tissues with matrix sublimation and
recrystallization up to a spatial resolution of 10 um. Freeze-drying the sample
extends the time required for the sample preparation even further. Another
consideration related to the sample preparation protocol is the effect of the
protocol on the molecular composition of the bone tissue. The exposure of the
bone tissue to high temperature embedding material thaws the sample during
embedding and the embedded sample is immediately thereafter frozen. The
thawing of the sample to a high temperature can result in molecular degradation,
especially for molecules that are unstable at higher temperatures, like lipids and
metabolites.130281-283 Therefore, freezing of the sample is advisable to be as quickly
as possible after embedding. It is important to consider the density of the
embedding material during sample preparation, as the consistency of the
embedding material should match the tissue as close as possible to provide enough
support for easy sectioning.?®* In addition, the embedding material needs to be
compatible with MALDI-MSI, as some embedding materials cause ion suppression
or high background signals.3®?% Finding the right embedding material for bone
tissue is complex, due to the presence of the different tissue consistencies of bone
and bone marrow and the brittleness of bone. The advice is to match the density
of the hardest tissue, in this case the cortical bone, as this tissue is most fragile and
is often the outward material. The density of bone can be different within a bone
as well as between bones, as the amounts of cortical and trabecular bone changes
throughout the body.?®>2 Bone density can be affected by disease and differs
between species.?®%2%7 |t might be necessary to optimize the embedding material’s
density for each different type of bone. The sectioning parameters also need to be
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optimized per brand of double-sided tape, as described in Chapter 3. The
attachment of the tape to the sample will be affected by the temperature and,
thereby affect the sectioning thickness. Once the required optimization steps are
completed, it is possible to obtain high-quality bone sections with limited fracturing
using the sample preparation protocol developed in this thesis.

Matrix application for MALDI-MSI is performed after sample sectioning and there
are several factors to consider during this step. The matrix can be applied using
sublimation or spraying. The risk of tissue loss during sublimation of bone tissue is
minimal, but the overall intensities of the lipid signals are relatively low in
comparison to the matrix peaks as shown in Chapter 3. The relative intensities of
lipids can be improved by spraying the matrix. Due to the flow and pressures during
spraying, tissue was observed to detach from the tape (unpublished research). In
addition, certain solvents should be avoided as they result in the increased
loosening of tissue from the sample. For example, acetonitrile resulted in the loss
of most of the bone during spraying (unpublished research). A relatively wet
spraying method is needed to extract sufficient molecules from the sample,
although this is at the risk of molecular delocalization.®%>* A major disadvantage of
spraying the matrix is the potential formation of matrix clusters on the bone and
the surrounding tape and embedding material. This matrix cluster formation was
observed for both CHCA and DHB after spraying, especially on bone, as indicated in
Chapter 5 and recently described by Kaya et al., respectively.?° The high-intensity
matrix clusters have a potentially ion suppressing effect for bone-related
molecules, although lipid peaks can still be observed. The desorption and ionization
of lipids is more efficient in positive ion mode than in negative ion mode for both
matrix sublimation, as shown in Chapter 3, and spraying, as applied in Chapter 5.
The focus of MALDI-MSI in positive ion mode will affect the detected lipid classes,
examples of lipid classes that are commonly identified in positive ion mode are acyl
carnitines (CARs), sphingomyelins (SMs), phosphatidylcholines (PCs), and
potentially triacylglycerols (TGs) and diacylglycerols (DGs).?5>-25728 Different
commonly used matrices for lipid analysis in negative ion mode have been tested
with sublimation in Chapter 3 and with spraying (unpublished research).
Nevertheless, desorption and ionization of lipids remained insufficient for the
different matrices. An option for improvement of the desorption and ionization
efficiency could be the adaption of the spraying protocol to create a more wet
spray, although this is at the risk of increasing delocalization.3®?>* Other options to
improve desorption and ionization efficiency of lipids in negative ion mode could
be the use post-ionization using MALDI-2 or the application of other less commonly
applied matrices, for example, novel matrices like anthranilic acid derivatives,
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inorganic matrices like graphene oxide, or nanoparticles like silver nanoparticles.?8>
294

Some factors merit discussion related to MALDI-MSI acquisition. Not all mass
spectrometers are suitable for the data acquisition from bone tissue samples, due
to the isolating properties of the tissue and the use of non-conductive double-sided
tape. In addition, height differences within the sample can occur due to the
heterogeneity in sample morphologies.?’>?% The thickness of the section can vary
throughout the tissue because of differences in shrinkage and drying. This can
complicate the acquisition and data analysis, due to mass shifts and intensity
variations.?®2%* A mass spectrometer is needed that does not require a conducting
sample and is less affected by height differences for the analysis of non-
homogeneous and isolating tissues, like bone. This is the case for mass
spectrometers in which the ionization and mass analysis are consecutive by
decoupling of the ionization source from the mass analyzer.*® MALDI-MSI of bone
tissue was performed on a qTOF instrument (Chapter 3) and an FT-ICR (Chapter 5)
in this thesis. Both instruments were able to ionize and analyze molecules from the
bone tissue despite the challenges described. lonization efficiency might vary due
to height differences that affect the laser focus height and associated laser fluence
variations can cause intensity fluctuations.!#4260

The combination of lipid and protein analyses was performed in Chapter 5. The
benefit of this combination is the additional, increased amount of molecular
information obtained from the samples. Limited literature usually only describes
the involvement in pathways per lipid class. The effects of these pathway are quite
general and can be linked to different phases throughout fracture healing.
Therefore, describing the effects of specific lipids and relating those to pathways is
still troublesome. The combined data analysis of lipids and proteins can be
challenging, as software programs and web applications have been separately
developed for both molecular classes, and the data formats and processing can
differ.29>2% Some databases allow for the combination of both datasets, but often
require lipid names related to higher level of identification than commonly
achieved with MALDI-MSI experiments. A limitation of the study in Chapter 5 is the
separation of the sample in two pieces to get one for each of the analyses. Recent
studies have shown the potential of using the same tissue section for MALDI-MSI
followed by LC-MS/MS with the use of laser capture microdissection (LMD) and the
effects of different glass slides.?®’2% Kaya et al. showed the use LMD on
undecalcified bone samples with adhesive cryofilm for quantitation of different
drugs using LC-MS/MS.28 This study shows the potential of combining MALDI-MSI
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with LC-MS/MS on the same tissue section for undecalcified bone. Its applicability
might be depending on the tape used during sample preparation. LC-MS/MS based
on LMD can also be used to simplify the separate analyses of bone and bone
marrow. In general, the combination of MALDI-MSI and LC-MS/MS offers the
potential to analyze different molecular classes or the same molecular class in more
detail.2%82% A spatial-omics approach that combines different mass spectrometry
techniques together is one of the directions in which the MSI field is moving in the
recent years. The potential of spatial-omics for bone tissue is great, as it can
contribute to improved understanding of molecular processes, especially related to
changes in lipids.

The complex sample preparation protocol, matrix cluster formation, and challenges
during MALDI-MSI raise the question of whether MALDI-MSI is a suitable technique
for the molecular analysis of undecalcified bone tissue for (pre)clinical applications
in impaired bone healing. The protocol developed in Chapter 3 is most suitable for
the analysis of lipids in positive ionization mode, while other molecular classes are
of interest as well. Metabolites will probably suffer from the heat stress caused by
the embedding. Another molecular class of potential interest is proteins, but the
direct analysis or on-tissue digestion of this class requires washing of the tissue,
which can result in loss of sample because of the composition of the tape. This
considerably reduces the field of application of the sample preparation protocol.
One could consider the use of decalcified bone tissues instead of undecalcified
samples to overcome some of the limitations. Submerging in a solvent, usually, an
acid such as ethylenediaminetetraacetic acid (EDTA), for days is required for
decalcification.?”2% This could result in substantial molecular delocalization or even
removal, which will affect the obtained mass spectra and molecular
information.?”-2043% The use of undecalcified samples avoids the negative molecular
effects of decalcification. Another option is the use of other molecular analytical
techniques than MALDI-MSI for analysis of bone tissue, of which three are shortly
discussed. A complementary MSI technique could be secondary ion mass
spectrometry (SIMS). SIMS analysis of bone has been used to study the elemental
and molecular distributions, for example, Ca, PO,, and fragments of hydroxyapatite
and collagen have been shown 9929596101102 gIMS can be used for the analysis of
lipids and peptides, but the sensitivity for these molecules is limited compared to
MALDI-MSI.33%3-% |n addition, substantial fragmentation of larger organic
molecules is observed due to the energetics of the primary ion beam and its
interaction with the sample surface.3*% LC-MS is another MS technique that could
be used for the analysis of bone tissue. LC-MS has been used to analyze, among
others proteins, lipids, and drugs in bone tissue for different research fields and has
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been applied for protein analysis in Chapter 5.1331422052% The gdvantage of LC-MS
is the additional separation provided by the column, which can support getting
more molecular information from the sample due to sample cleanup before
introduction into the mass spectrometer.®®2’ Furthermore, LC-MS can provide
more quantitative information on the molecules present in a sample than MALDI-
MSI. A major drawback of LC-MS is that tissue homogenates and crushed tissue are
commonly used. The creation of tissue homogenates of bone tissue is possible, but
the extracted molecules depend on the composition of the homogenized tissue, for
example, the ratio of bone and bone marrow. Homogenization of only bone will
result in powder like material, due to the mineral composition of bone. These
minerals from the bone can affect MS analysis if not separated out due to potential
ion suppression effects. Lastly, immunohistochemistry (IHC) can be used to get
additional functional and molecular information by the analysis of specific
molecular distributions and pathological processes.?3%? |HC is a targeted
technique that requires knowledge about the molecular contents of the sample.
IHC is applied to proteins and molecules targeted in bone tissue are, among others,
osteocalcin, osteonectin, collagen, specific growth factors, and nuclear or
membranous proteins concerning bone regeneration, bone tumors, and other
bone diseases.3%303 An advantage of IHC is the possibility to apply a counterstaining
with IHC to get more information about the exact location of the targeted
molecules.3 |HC requires extensive sample preparation that can affect the
immunostaining, but it is required for the staining to reach the target in bone
tissue.39%392 |mmunohistochemistry on undecalcified bone tissue results in stronger
immunostaining compared to decalcified bone, but the calcified tissue can affect
the stainings.3%? So, lipid analysis using MALDI-MSI of undecalcified bone tissue
allows for the separate analysis of molecular profiles and distributions in bone and
bone marrow, while this might be limited with application of SIMS, LC-MS, or IHC.
Separate analysis of bone and bone marrow is of interest, as the molecular
composition and ionization efficacy of these two tissue types differ significantly. For
example, the desorption and ionization of lipids with MALDI-MSI is more efficient
from bone marrow than from cortical bone, as described in Chapter 5. The lower
lipid content of cortical bone compared to bone marrow is also contributing to
this.’®” Nevertheless, other analytical techniques can be combined with MALDI-MSI
to provide additional molecular information depending on the research question.

A sample preparation protocol of bone tissue for the lipid analysis with MALDI-MSI
has been developed that allows for the separation of molecular information from
bone and bone marrow during data analysis. The molecular composition and/or
changes in bone and bone marrow could be studied by separating these tissues, as
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shown in Chapter 5. The application of MALDI-MSI on bone tissue using the
developed methodology is not limited to the analysis of fracture healing and non-
union development. Other clinical applications could be molecular analysis related
to bone diseases, for example, osteoporosis and bone cancers, and the uptake
and/or effect of drugs on bone tissue. The methodology could also be applied in
bone tissue engineering, for example, to study if the molecular patterns of the
engineered bone are the same as for healthy bone. The combination of developed
MALDI-MSI protocol with LC-MS/MS can be adopted, for example, to explore
multiple molecular classes, as displayed in Chapter 5. Furthermore, applications in
forensics (as shown in Chapter 3) and paleontology are possible.

7.1.2 MALD-MSI analysis of fracture hematoma

Chapter 4 describes the optimization of a washing method for the analysis of lipids
with MALDI-MSI in bone fracture hematoma, the comparison of the intra-variability
within fracture hematoma with the inter-variability between samples, and the
exploration of time-dependent lipid patterns in fracture hematoma. An ammonium
formate wash of 15 seconds twice showed to be the best washing method when
focusing on lipids for both positive and negative ion mode. This washing method
resulted in decreased heme intensity, increased intensities of potential lipid peaks,
and minimal molecular delocalization. The intra-variability within a fracture
hematoma was smaller than the inter-variability between samples and, therefore,
the sampling location within a fracture hematoma is not affecting the molecular
profile. Lastly, time-dependent lipid patterns were observed in both positive and
negative ion modes. These patterns were able to separate fracture hematoma
taken 2, 9, and 19 days after fracture. Phosphatidylethanolamines (PEs) had a
higher presence on day 2, while phosphatidylinositols (PIs) and cardiolipins (CLs) on
day 19 in negative ion mode when comparing day 2 and day 19. CLs had a higher
presence on day 2 and phosphatidic acids (PAs), phosphatidylserines (PSs), and PEs
on day 9 in negative ion mode when comparing day 2 and day 9. Specific
phosphatidylcholines (PCs) and lysophosphatidylcholines (LPCs) had a higher
presence on day 2 and other PCs on day 19 in positive ion mode when comparing
day 2 and day 19. Acyl carnitines (CARs) had a higher presence on day 2 + 19 and
sphingomyelins (SMs) and LPCs on day 9 in positive ion mode when comparing day
2 +19 and day 9.

Different lipid classes were shown to contribute to the separation between fracture
hematoma of different time points in Chapter 4, as described above. The different
lipid classes can be related to different signaling pathways, because of their role as
signaling molecules. Pls contribute to the Inositol-3-phosphate/diaglycerol
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(IP3/DAG) and the phosphatidylinositol-3-Kinase/protein kinase B (PI3K/AKT)
signaling pathways and are involved in the regulation of angiogenesis and calcium
mobilization through these pathways.’>1”® Therefore, the higher contribution of
Pls on day 19 in comparison to day 2 can be expected. PAs are involved in
inflammation regulation and cell differentiation via the mTOR signaling pathway,
and angiogenesis via the HIF-1a-VEGF pathway.?”*!”> The role of PAs explains their
higher contribution to day 9 compared to day 2, although the inflammatory
response is already present on day 2. PEs and PCs are both involved in the
production of hydroxyapatite as phosphate donors and glycine and serine
metabolism, which is important in the production of collagen.163178180.181 Higher
contribution for day 9 compared to day 2 in negative ion mode can be explained by
the role of PEs. PCs are the main component of cell membranes, which explains
their presence at different time points.}”® The fatty acid chain composition of PCs
at different time points is changing, which should be explored further to
understand the effect of these changes on the fracture healing process. SMs play a
role in bone formation, osteoblast development, and apoptosis as signaling
molecules, but also as a precursor of PCs.?%48 The higher contribution of SMs on
day 9 compared to day 2 + 19 could be related to the initiation of osteoblast
development. In general, the presence of different lipid classes during fracture
healing can be explained using their role in signaling pathways, although the role of
some lipid classes as well as the importance of specific lipids are more difficult to
explain. The lipid analysis throughout the fracture healing process provides new
insights into their contribution, although it should be taken into consideration that
certain molecules might be removed during the washing step. The results shown in
Chapter 4 should be confirmed in a study with a larger sample size to validate the
assigned roles of different lipids. The addition of more time points is important to
get a more complete description of the lipid pathways during fracture healing.

The washing method for the removal of the blood containing heme from the
fracture hematoma section is crucial for the acquisition of informative mass
spectra. Heme will be a high-intensity peak without blood removal, due to the easy
ionization of the heme. This results in ion suppression of other molecules present
in the fracture hematoma. Lipid intensity can be enhanced by washing away the
blood containing the heme, as shown in Chapter 4. Prevention of molecular
delocalization of the lipids is important, although some delocalization and potential
removal of molecules are always expected to result from a washing step.3® It is not
possible without further optimization of the washing method to acquire the MALDI-
MSI data at a single cell resolution, due to the delocalization. Single cell resolution
MSI would allow for studying the molecular contributions of, for example, different
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inflammation cells in the early phases of the bone healing process. It might be
possible to link impaired healing to a specific cell type with this spatial resolution.
The limited spatial resolution is a disadvantage of the developed protocol. The
washing protocol might serve as a starting point for the analysis of other molecular
classes in fracture hematoma, like proteins. Furthermore, this washing protocol for
blood removal could be applied to other samples with high blood content.

A point of discussion is the constantly changing environment within the fracture
hematoma. The formation of the fracture hematoma starts with the formation of a
blood clot due to the inflow of blood into the fracture site.>*%° This blood clot is
replaced by granulation tissue, soft callus, and hard callus, consecutively.?*®° The
highest amount of blood is present just after bone fracture and during the different
consecutive phases the amount of blood changes resulting in different amounts of
heme from hemoglobin. In addition, the structure of the fracture hematoma
changes with time, which might affect the removal of blood from it. The amount of
remaining blood can vary between fracture hematoma taken at different time
points after bone fracture, due to variances in the efficiency of the washing
method. Consequently, the amount of ion suppression caused by the heme differs.
In addition, the amount of remaining tissue after washing might vary due to the
different structures of the fracture hematoma at different time points. Washing of
the fracture hematoma sections can result in holes in the tissue where blood used
to be present. Therefore, the amount of tissue that can be used for MALDI-MSI
differs. The potential differences in remaining blood and acquisition areas of
fracture hematoma of different time points are no problem as long as one is aware
of these factors and if needed they are corrected for during data analysis.

The intra-variability within a fracture hematoma was smaller than the inter-
variability between samples, as shown in Chapter 4. This indicated that there was
no effect on the molecular profile based on the sample location. This is
counterintuitive with the constantly changing environment within the fracture
hematoma that will affect the molecular distributions throughout the sample. One
of the reasons contributing to small intra-variability between samples is the use of
combined molecular profiles per sample location. The different sample locations
could show similar molecular profiles while different molecular profiles are present
within each sample location because of this approach. These different molecular
profiles per sample location will be more difficult to detect, because of the
delocalization caused by the washing method. Only one time point was used for
this comparison, which might not reflect the structural differences found
throughout the fracture healing process. The sampling location might have a bigger
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effect on other time points with more defined structural differences within the
fracture hematoma. Therefore, these results should be confirmed in future
research, in which the molecular distributions within fracture hematoma should be
explored as well.

Fracture hematoma have not been studied with MALDI-MSI before and, therefore,
the method development and analyses performed in Chapter 4 were the first on
this tissue type. The advantage of MALDI-MSI for fracture hematoma is the
potential to understand the molecular changes within the tissue during fracture
healing. It might be possible to relate local molecular variations to certain steps in
the fracture healing process, although it was shown that the intra-variability
between different parts of the fracture hematoma is low. These molecular
distributions in the tissue cannot be discovered when the tissue is homogenized as
commonly done for different types of molecular analysis. The application of the
developed methodology will be limited to clinical research, as fracture hematoma
are related to bone fractures. Within the clinical research, analysis of fracture
hematoma can be used to study molecular changes in this tissue during normal
fracture healing as well as to improve molecular understanding of the causes of
impaired healing.

7.2 3D imaging with LA-REIMS

The development of an automated setup that allows for 3D acquisition on sample
surfaces using LA-REIMS is described in Chapter 6. The automated setup, the 3D
MS Scanner, creates a topographical scan based on a laser point distance sensor.
This scan is used to define a measurement mesh on the sample surface and based
on this the sample is moved underneath the laser for MS analysis. A constant
distance between the sample surface and laser probe is obtained by automated
positioning of the sample. Compensating for these height variations is important,
as they can cause laser defocusing and associated intensity variations in the
obtained mass spectra.’%144260 The higher signal reproducibility between
measurement points for the automated acquisition in comparison to manual
acquisition shows the importance of keeping the distance between the sample
surface and laser probe constant. The 3D MS Scanner enables the possibility to use
LA-REIMS for MSI on a sample surface and allows for the 3D visualization of
molecular distributions on sample surfaces. This feasibility was shown by the
visualization of different molecular distributions on the surfaces of an apple, a
marrowbone, and a human femoral head. The demonstrated molecular
distributions were related to structural differences in the sample surfaces, but
additional distributions that were not related to structures were observed.
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The 3D MS Scanner is equipped with a surgical CO; laser for the ablation of tissue
and generation of smoke rich in molecules. This smoke is aspirated towards the
mass spectrometer for ionization and mass analysis. Two important aspects of 3D
imaging with LA-REIMS should be taken into consideration and addressed in the
future, if possible. Firstly, only one combination of laser settings (mode of
operation, laser power, and pulse duration) can be set per 3D imaging acquisition.
The settings cannot be changed between measurement points, as the preparation
of different laser settings takes longer than the preparation time of the laser. The
fixed laser settings can be a problem for complex samples with many different
tissue types, as ablation efficiency is affected by differences in structure and
mechanical properties between tissues.>*33% Each tissue type will have its own set
of optimal laser settings that produces the highest intensity and cleanest mass
spectra. The laser settings that work best for all different tissue types have to be
selected in case of samples with complex surfaces, despite the resulting intensity
variations. Secondly, the diameter of the laser focus might be a limiting factor. The
laser spot size was around 1 mm for the acquisitions performed in Chapter 6. The
spot size of a CO; laser is larger than for most other types of lasers, due to its
wavelength. The laser spot size will limit the achievable spatial resolution and,
therefore, some smaller molecular changes on sample surfaces might not be
noticed. The effect of this will be limited for a larger sample, like human femoral
heads. The CO; laser causes visible damage, due to its large spot size. Depending
on the sample, firing a CO, laser on the surface result in a clean crater or a
carbonized layer in the crater. The amount of damage depends on the combination
of sample and laser settings. The limitations in laser settings and spot size are
related to the characteristics of the surgical CO; laser. A CO; laser enables an easier
transition to in vivo application in the future, but another type of laser might be
beneficial for research purposes, especially outside clinical research. An alternative
laser ideally should have a smaller spot size and faster adjustment of laser settings,
although enough tissue ablation is crucial. Other infrared lasers or even UV lasers
can be explored, for example, the IR lasers used in the SpiderMass setup and
picosecond infrared laser (PIRL) setup. The Spidermass laser has been shown to be
low invasive, has a diameter of 500 um, and results a smoke rich of in lipid
ions.®+121273 The use on bone tissue of the SpiderMass system might be complicated
by its low water content. The SpiderMass system has been used to analyze
sarcomas, including osteosarcomas, and, therefore, can be applied on bone
tissues.’! In addition, SpiderMass has also been used in a 3D imaging approach in
which a robotic arm moves the laser probe and MS inlet according to the
topography of the sample.?’®> The PIRL setup ablates molecules belonging to
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different lipid classes and fragments thereof with a spot size of approximately 500
um and minimal thermal damage.'#11912 Sampling for multiple seconds is needed
to desorb enough lipids and small molecules.’'® The PIRL has not been used for a
3D imaging approach like the CO; laser and SpiderMass setup. An Er:YAG laser with
a wavelength similar to the PIRL, is able to cut through dental enamel.}1%3% The
possibility to ablate bone tissue with the PIRL setup seems likely, although this has
not been shown yet. The ablation of bone for the wavelengths of SpiderMass and
PIRL systems could be explained by the vibrational band of hydroxyapatite in that
range.*-3% Both the SpiderMass and PIRL setup have several advantages over the
CO, laser used in Chapter 6, but a drawback is that it is not yet surgically approved,
which prolongs the implementation into the operating room in the near future.

The molecular distributions shown in Chapter 6 to demonstrate the feasibility of
the 3D imaging capabilities were acquired on a limited surface area. Acquisitions of
larger areas should be possible with the 3D MS Scanner. There are a few factors
that need to be taken into consideration for these longer acquisitions. Molecular
degradation of lipids from the sample at room temperature is expected to be
minimal and does not cause a problem for shorter acquisitions. Potential increasing
molecular degradation should be taken into account during data analysis and
interpretation for longer acquisitions.?®>?83 The 3D MS Scanner first performs the
topographical scan and subsequently the MS acquisition, which should keep the
molecular degradation more consistent throughout the sample. The application of
this sequence also contributes to molecular degradation, especially for the
acquisitions of large areas. The developed 3D MS Scanner might be too slow at the
moment to perform such large area acquisitions without too much molecular
degradation. Future developments of the 3D MS Scanner should focus on improving
the speed of the topographical scan and MS measurement. In addition, the
alignment between the analog laser trigger registration and the total ion current
chromatogram will be affected by longer acquisitions. There is a slight
misalignment in time between the registration of the analog signal and the mass
spectra, which will amplify with time. The misalignment can be fixed during data
processing, as the misalignment is constantly increasing.

The direct in vivo application of the 3D MS Scanner is not possible, because of the
created setup in which the sample moves underneath the laser probe. In vivo
application was not the goal of the present setup, as the development was focused
on the LA-REIMS analysis of uneven sample surfaces to study molecular
distributions. The movement of the sample underneath the laser was adopted
because of safety considerations of the class IV CO; laser. The in vivo application of

244



General discussion and outlook

a system similar to the 3D MS Scanner can result in more precise and reproducible
sampling during operations. This would aid in the model classification of the
obtained signal, for example, in outcome prediction. Therefore, the explicit ex vivo
use of the 3D MS Scanner is a limitation of the developed system at the present.

The developed 3D MS Scanner allows for the acquisition of 3D MSI data from
samples with uneven surfaces using LA-REIMS. The use of ambient mass
spectrometry techniques for the surface images of 3D samples is a new field of
applications. Therefore, any contribution to this developing field is of significance.
The 3D MS Scanner as described in Chapter 6 is the first application of LA-REIMS
for 3D MSI. This allows for the analysis of molecular distributions of any surface as
long as the sample keeps its shape during analysis and can be ablated by the laser.
Clinical applications can explore the molecular distributions on, for example,
healthy and osteoarthritic joints or fractured bones. This can contribute to the
improved molecular understanding of the different processes in the skeletal
system. Besides the clinical application of the 3D MS Scanner, applications in the
food industry are possible, as shown in Chapter 6 by the acquisitions on apple and
marrowbone. An additional application could be in the material science field, for
example, to study material homogeneity. The sample possibilities of this
development are endless as long as ablation and analysis of the sample are possible
with LA-REIMS without contamination of the mass spectrometer.

7.3 Translation to a (pre)clinical application

The results presented in this thesis are preliminary and need validation studies
before implementation in clinical practice. The enhancement of fracture healing by
citrulline supplementation shown in Chapter 5 could be further explored in
extended clinical studies. In general, some hurdles still exist for the (pre)clinical
application for MALDI-MSI and LA-REIMS, of which a few examples are provided. In
general, the reproducibility should be improved, which can be done by further
automation of the different workflows. In addition, reproducibility could be
addressed by implementation of quality control measurements to assess the
instrument and laser status, and sample preparation in case of MALDI-MSI.
Furthermore, the preliminary results should be confirmed and validated in large
sample size studies and multicenter studies. Quantification for a specific molecule
is difficult with MALDI-MSI, but especially with LA-REIMS. The quantification of
molecules is complicated by the differences in ionization efficiency between tissue
types. Different efforts have been made for molecular quantification with MALDI-
MSI, especially in the drug development field. These include the use of calibration
curves off or on tissue (spotted or sprayed), the application of spiked homogenates,
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and the use of stable isotopes.3%6-3% Nevertheless, for LA-REIMS and other REIMS
techniques this has not been implemented yet. Molecular quantification for REIMS
is more difficult due to the aspiration of smoke and differences in sampling volume,
which will affect amount molecules detected by the MS. The different mass
spectrometry techniques used in this thesis (MALDI-MSI and LA-REIMS) have
potentially clinical applications in the research and patient care of traumas to the
skeletal system. The steps, considerations, and research possibilities for the
potential translation to (pre)clinical applications are described in section 7.3.1 for
MALDI-MSI and 7.3.2 for LA-REIMS.

7.3.1 Exvivo application of MALDI-MSI

In a clinical context, MALDI-MSI can only be applied ex vivo, due to the nature of
the MS technique. The sample preparation protocols developed in Chapters 3 and
4 for the application of MALDI-MSI on bone tissue and fracture hematoma allow
for the expansion of the preclinical utilization of this technique. One of the
application fields of these new protocols will be in healthy and impaired fracture
healing, i.e. delayed healing and non-union development. MALDI-MSI of bone
tissue and fracture hematoma can contribute to an improved molecular
understanding of healthy and impaired fracture healing, as a preclinical research
tool. Investigating the molecular profiles of healthy and abnormal fracture healing
can contribute to new early diagnostic and prediction developments as well as
potential new therapies to treat the over- or under-expression of molecules during
abnormal fracture healing. Furthermore, MALDI-MSI could be applied to study the
effect of therapies on fracture healing. Chapter 5 provides an example application,
as the enhancing effect of citrulline supplementation on fracture healing was
studied using MALDI-MSI for lipid analysis. Another application is the discovery of
the spots in the tissue that are of the highest molecular importance to distinguish
between healthy and impaired healing. These spots can be targeted with in vivo
applications for diagnosis and prediction, either by an in vivo mass spectrometry
technique or by reducing biopsy size due to a focused analysis. In this thesis, MALDI-
MSI was applied with a focus on lipid analysis, but also other molecular classes
could be analyzed, such as metabolites and peptides.

MALDI-MSI is an untargeted technique and can be used to investigate molecular
pathways in fracture healing for different molecular classes. Attention should be
paid to the reproducibility of different steps in the MALDI-MSI workflow, especially
the sample preparation and matrix application in the protocols for bone tissue and
fracture hematoma. The sample preparation protocol for bone tissue and fracture
hematoma are quite complex. The analysis of bone tissue with MALDI-MSI will
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remain mainly a research tool, because of these steps. Nevertheless, potentially
MALDI-MSI can provide supporting information besides pathology analyses based
on biopsies taken during the operation with further optimization and
standardization. MALDI-MSI of fracture hematoma has the potential to become a
rapid diagnostic analysis tool, although attention should be paid to the
reproducibility of the washing step. One should be wary of the reproducibility of
matrix application. The sublimation or spraying of the matrix will affect the
extraction of the molecules and acquired mass spectra will depend hereon.3%%>* The
reproducibility of the matrix application has greatly improved over the past years
with the development of automated sprayers and sublimators.3® In addition, the
matrix application takes time, limiting the potential as a rapid diagnostic tool. In
general, spraying is more time-consuming than sublimation, but fast spraying
protocols have been developed that take approximately the same time as
sublimation.?*3% |n the current state, MALDI-MSI can be applied as an untargeted
analytical technique as shown in this thesis, which can be used in research to
improve molecular understanding. MALDI-MSI has a potential to provide diagnostic
information next to pathological evaluations with further optimization and
standardization.

The preliminary results of a small cohort study using human fracture hematoma in
Chapter 4 have shown that the lipids have time-dependent patterns throughout
the healthy fracture healing process. Large cohort studies will be necessary to
improve the molecular understanding of healthy fracture healing as well as
impaired healing. Fracture hematoma can relatively easily be collected from
patients in case they have a surgical intervention for their bone fracture. Another
option is the use of bone tissue in cases where bone pieces are removed during
surgical intervention. It will take time until a large enough cohort is collected for
studying molecular changes for fracture hematoma as well as bone samples. A
number of confounding factors will be present within the cohort and, therefore,
large cohort sizes are needed. For example, the speed of fracture healing is affected
by the fracture location and type. Besides, certain diseases can potentially affect
the healing process, such as osteoporosis and diabetes mellitus. The number of
days between the fracture and surgery will depend on the patient’s treatment plan.
Sample collection from certain time points will be restricted, for example, during
the hard callus formation and bone remodeling phase. An additional complication
to studying molecular pathways in fracture healing is the differences in healing
rates between patients. Therefore, the time point after the fracture as well as the
stage of the fracture healing process should be defined for each sample. Especially,
shortly after fracture, the time between the incident and surgery should be noted
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as precisely as possible due to the rapidly changing molecular and cellular
environment. In addition, patients should be followed-up after surgery to obtain
information about the result of the healing process. An option to overcome a few
of the sampling issues is to group the samples on the fracture healing phases for
initial analyses. This could result in a better definition of the different molecular
pathways active during certain fracture healing phases. In addition, this information
could be used to understand the importance of different pathways, also related to
impaired healing. If molecular differences are found between the groups, it might
be possible to predict the outcome of the fracture healing process based on the
analysis of removed fracture hematoma after surgery or potentially even during
surgery by direct analysis of the fracture hematoma. A surgeon could adapt the
treatment based on this prediction to prevent impaired healing and, thereby,
improve treatment outcomes.

The methodology for the analysis of undecalcified bone tissue developed in
Chapter 3 shows the possibility to analyze lipids with MALDI-MSI from the bone and
bone marrow of samples from mice. This methodology can also be applied to rat
bones, as shown in Chapter 3 and 5. Furthermore, pig fracture hematoma were
used in Chapter 4 for washing method optimization and analysis of the intra-
variability of the fracture hematoma. Bone samples from an animal model was used
to study the effect of citrulline supplementation during fracture healing in Chapter
5. These examples show the diversity and suitability of samples collected from
animal experiments to explore molecular changes. Animal models can be used to
study normal and abnormal fracture healing.3® One of the important
considerations herein is the differences between the fracture healing process
between humans and animals.3!° For example, the fracture healing in rats is more
rapid than in humans, namely, four to five weeks.3¥° Rats are the most commonly
used animal model due to their high predictability and practicality in performing
surgeries and biomechanical testing.3!° Mice are also commonly used, as they allow
for genetic manipulation.3!° Larger animals, like dogs, sheep, and goats, have a
more similar fracture healing process to human fracture healing than small rodents
and biomechanical analysis can easily be performed.3!° These animals are used less
in research because of a lack of social acceptance and higher costs.3'° An advantage
of animal studies is the higher similarity between animals than between humans,
due to breeding and the controlled environment. The higher similarity also extends
to the fracture, as it is created in a controlled manner. In addition, it is easier to
collect multiple different tissue samples from animal studies than from a patient,
which, for example, allows for the collection of the fracture hematoma as well as
the bone tissue during the fracture healing process. This possibility allows for more
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extensive research options including different tissue types. The overall goal of this
research should be to improve molecular understanding of the pathways involved
in fracture healing as well as their importance, also with the use of impaired healing
and knock-out animal models. The complexity of these studies is the comparability
of these impaired healing animal models with the development of impaired healing
in human, as whether or not healing will be abnormal is depending on many factors,
which are impossible to all cover in animal models. Another application of animal
experiments could be studying the effect of different treatments on fracture
healing, as presented in Chapter 5 for citrulline supplementation. Other treatments
that could improve or facilitate fracture healing or prevent impaired healing based
on the improved understanding of the molecular pathways could also be explored.
The translational aspects of the treatment and its effects on fracture healing from
animal model to patients should be taken into consideration in these treatment
studies. Animal experiments should be limited as much as possible, due to their
controversy. In addition, for all animal experiments the 3R principle should be
applied, namely replacement, reduction, and refinement.

The developed methodology for the sample preparation of bone tissue from
Chapter 3 could also be used to investigate of cartilage repair. The methodology
can be used to section bone with bone marrow, despite their different tissue
densities. The addition of cartilage within these sections should be possible,
although it will be difficult to transfer all tissues intact to a glass slide due to the
different densities. Most of the research performed with MALDI-MSI related to
cartilage is applied on the different layers of cartilage and exclude the subchondral
bone.®%105108 Eor example, Briggs et al. did include subchondral bone, but they used
formalin-fixed and paraffin-embedded (FFPE) tissues, of which lipid analysis is more
complicated.® The inclusion of the subchondral bone in the cartilage repair
research is important, as this bone plays a crucial role in the cartilage repair
processes.'?! The developed methodology can contribute to an improved
understanding of the importance and effect of the subchondral bone during
cartilage repair.

7.3.2 Exvivo and in vivo application of LA-REIMS

LA-REIMS can be (pre)clinically applied ex vivo as well as in vivo, as no sample
preparation is needed and the samples can be analyzed directly under ambient
conditions. The ex vivo application will be mainly research-oriented to improve
molecular understanding. Another important aspect of ex vivo experiments is the
collection of data for diagnostic model building for the in vivo application. The goal
of in vivo application is the near real-time diagnosis of the sampled tissue based on
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a built recognition model. LA-REIMS is one of the few ambient mass spectrometry
techniques that can generate a molecular signal from bone and cartilage. The
analysis of whole bones and joints is possible with LA-REIMS due to the ambient
conditions of the technique. Therefore, LA-REIMS could be applied to improve
molecular understanding of healthy fracture healing as well as cartilage repair, from
fractured bones and joints, as well as impaired skeletal healing. The analyzed
molecular classes with LA-REIMS will be mainly lipids and metabolites, due to the
nature of the technique. It is expected that the lipid composition will also be
affected in cases of impaired healing.

The ex vivo analysis of samples with LA-REIMS can be used to improve molecular
understanding, as the number of sampling points is not limited, unlike for in vivo
applications. Ex vivo application could, for example, be used to study molecular
patterns on joints, like a femoral head. An interesting field to explore here is to
study the molecular differences between healthy and damaged cartilage, and the
transition area between them. Herein, of special interest is to explore the range of
damage and to what extent the surrounding cartilage is already affected after
cartilage damage, as the size of the affected area might be related to the
development of post-traumatic osteoarthritis (PTOA).1>2%3° Another example of ex
vivo research can be exploring the molecular distributions within a bone fracture
and the surrounding bone and other tissues. This could be used to study the range
of damage to the surrounding bone, but also potentially the contribution of
surrounding tissues to the fracture healing process. For example, it is know that
mesenchymal stem cells are recruited from the periosteum (bone membrane),
bone marrow, and surrounding tissue by different cytokines and growth factors.®*
In the case of a non-union, the amount of damage and the vitality of the
surrounding bone could be explored. The accurate and reproducible acquisition of
mass spectra for each sampling point is important for these examples of research
directions. Automated acquisition is necessary to achieve this, as manual
acquisition can be too inaccurate and results in high coefficients of variance.
Therefore, the 3D MS Scanner was developed, as described in Chapter 6. The 3D
MS Scanner has increased reproducibility between measurement points and
imaging capabilities, and this setup could be applied for further research on bones
and joints. Overall, the samples should not be too small, as this would reduce the
number of sampling points, due to the laser spot size of approximately 1 mm. The
laser spot size also affects the minimal achievable spatial resolution and this might
be too large to pick up smaller changes, especially in small samples. Ex vivo research
can have multiple research fields for different applications. One of these research
fields can be the improved molecular understanding of normal and impaired

250



General discussion and outlook

skeletal healing, although detailed molecular understanding might not be required
to distinguish between these groups. Recognition models can be built to identify
different molecular profiles between different groups in vivo. Large databases that
extensively cover all potential conditions need to be acquired to create robust and
accurate models. This is still one of the main challenges of moving REIMS-based and
other in vivo techniques into the operating room for near-real time identification
during surgery.®9111112 Another application of ex vivo research is finding the spots
in the tissue that are of the highest molecular importance to identify the tissue, for
example, as where to detect healthy or abnormal bone. These optimal spots can be
targeted for sampling with the in vivo application, reducing the amount of damage
caused by sampling with LA-REIMS.

There are a few considerations for the translation from an ex vivo to an in vivo
application, due to the different environmental conditions. The concerns are
related to the translatability of the recognition models from ex vivo to in vivo, as
these might affect the molecular profile of the sampling points. Firstly, often the
samples used for ex vivo are frozen and thawed before data acquisition, although
direct analysis also possible due to lack of sample preparation.3! It is expected that
the effect of freezing and thawing is minimal in most cases. However, in the case of
multiple thaw and freeze cycles or longer periods of thawed condition, molecular
changes and degradation might occur.?® Secondly, blood circulation could affect
the measurement in case of in vivo tissue sampling, while this effect is limited in ex
vivo samples. The effect of the presence of blood on the acquire mass spectra is
unclear. On one hand, blood might have a positive effect on the ablation of tissue
during sampling, as the presence of liquid (water) can enhance absorption of the
laser, due to laser wavelength.*>°3% The presence of perfusion might also protect
the bone against thermal damage, which has been shown for water.312313 On the
other hand, the presence of molecules, like heme, and other components from
blood might negatively affect the ionization efficiency of the molecules from the
tissue and can potentially be detected. Lastly, often saline solution is used for
cleaning during surgeries. This solution contains, among others, salts, which might
affect the ionization efficiency of the molecules present in the tissue.3® Due to these
different reasons, the resulting molecular profile can be different between the ex
vivo and in vivo measurements and might not be classified correctly by the
recognition model. The effect of these different potentially contributing factors
should be studied before in vivo application based on standard operating
procedures. Furthermore, the laser settings used to build the ex vivo model should
be the same as the in vivo settings. Each of the laser settings will affect the obtained
mass spectra, as the signal intensity and amount of fragmentation will differ
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between modes and settings. Higher laser powers and pulse durations might result
in higher intensities in the mass spectra, which can be beneficial for building
recognition models. The resulting amount of damage to the tissue is also higher,
due to the invasiveness of the CO, laser at higher laser fluencies.>52314315
Therefore, the optimal laser settings are always a trade-off between signal intensity
and the amount of tissue damage and clinically suitable laser settings should be
used for ex vivo model building. Overall, more testing and optimization of the laser
settings and acquisitions are necessary before LA-REIMS is clinically applicable. In
addition, building robust and accurate models requires large databases. Despite
these hurdles and considerations, the in vivo application of LA-REIMS has the
potential for the recognition and near-real time diagnosis of the healing capacity of
bone and the amount of articular cartilage damage. A surgeon could adapt the
treatment based on this diagnosis if necessary, which would improve the outcome.

The a main concern related to the in vivo application of a surgical CO; laser with LA-
REIMS is the effect of the tissue damage caused by the invasive nature of the laser.
The amount of tissue ablation and damage is depending on the type of tissue, the
type of laser, and laser fluence.*°1-53304313314 The |aser spot size of CO, lasers is
relatively big in comparison to other laser types, which results in larger areas of
damage.® In low dosages, CO, laser irradiations could have potentially a positive
effect on bone healing, but those values are below the ablation threshold.31%317 The
tissue damage of higher CO; laser dosages for bone is characterized by a
carbonization layer (burned discolored layer with charred bone debris), a layer with
disturbance of the bone matrix, and a layer of thermal damage including cell
death.9°1,52315318320 The thickness of these layers is affected by the mode of
operation (continuous wave or pulsed mode) and laser fluency depending on laser
power and pulse duration.5°2314315319.321 | addijtion, plasma formation can occur
at high laser fluencies, which will affect laser ablation.’*3!* The thermal damage
layer and carbonization can be reduced using a layer of water for bone tissue, which
also increases the ablation efficiency.312313322 Multiple studies have shown delayed
healing of the bone after osteotomy or drilling of holes with a CO, laser caused by
the thermal damage to the bone tissue, especially the formation of the
carbonization layer.318320:323-325 gome studies show that the bone healing process
will continue with no significant long-term biomechanical effects of the laser
osteotomy, although charred bone debris can remain in the healed fracture site
and is encapsulated.31>320323324 On the contrary, other studies show continued
bone formation with time except for in the ablation affected area and the bone
healing does not reach completion.3'®32 Qverall, the negative effect of the CO;
laser on bone healing increases with higher laser energies, due to the larger area of
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thermal damage and increasing ablation depths.*>>231° Less research has been
performed to study the effect of CO, laser ablation on cartilage. High dosages of
CO; laser irradiations result in thermal damage layer, including cell death and the
destruction of healing.3?7:328 A discolored layer can be seen at the ablation site.3?’
In addition, the subchondral bone could potentially be damaged, depending on the
cartilage thickness and the laser energy. The cartilage damage created with a CO;
laser has the same low repair capability as ‘normal’ cartilage damage, resulting in
filling of the defect with fibrous tissue.3?® The damage to articular cartilage did not
progress either.32® Another type of laser than a CO; laser might be a better option
for in vivo application, but different laser types result in tissue damage and a
thermal damage zone as well.*318327 Not all lasers result in the formation of a
carbonization layer and the thermal damage layer might be thinner.* In general,
the amount of thermal damage is lower for cartilage than for bone.3?” The ablation
efficiency of bone by a CO; laser is low due to its relatively low water content, as
water has a high absorption coefficient at the CO, laser wavelength (10.6
um).4951,304325326 Other components of the bone, including hydroxyapatite and
minerals, contribute to ablation.?9313314,318319.326 The ablation of cartilage with a CO»
laser is more efficient, due to the higher water content.3?® The CO; laser is a good
option for the ablation of bone and cartilage, due to its excellent depth control and
efficient vaporization.3?>328 |n addition, the CO; laser is one of the few lasers that
can create mass spectra from bone and cartilage, as shown in Chapter 6.
Furthermore, Schafer et al. (2011) compared a CO; laser with a Nd:YAG laser for
different tissue types, although they did not include bone or cartilage.?® The CO,
laser resulted in a higher reproducibility between the mass spectra, improved
coagulative properties, and reduced photochemical process in the tissues
compared to the Nd:YAG laser.?® Unfortunately, these studies are not directly
translatable to the potential in vivo application of the surgical CO; laser coupled to
REIMS, due to the differences in tissues, energies and application of the laser, and
operational conditions. Therefore, additional research to explore the effects of
tissue damage should be performed before in vivo application of LA-REIMS. Firstly,
the tissue damage of only a few sampling points with a CO, laser should be
investigated for bone and cartilage. The effect of the presence of blood and/or
saline on the tissue damage should be explored, as these might be able to reduce
the thermal damage. Besides, other solutions that could potentially reduce the
thermal damage should be researched. Secondly, the effect of the tissue damage
on bone healing and cartilage repair should be studied. Herein, it is not only
important to study the effect of tissue damage from different laser settings, but
also to explore this effect for different sampling locations. Overall, it is important
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to optimize the laser settings such that tissue damage is minimized both for the
carbonization and the thermal damage layer, although these settings will be
different for each tissue type. Despite the considerations about the effect of tissue
damage, CO; lasers are a good option for in vivo application as long as the number
of sampling points is kept to a minimum to reduce the amount of tissue damage.

7.4 Conclusion and outlook

The application of different mass spectrometry techniques for the analysis of bone,
fracture hematoma, and cartilage is shown in this thesis. Different developments
were undertaken that enable the analysis of these tissue types using different MSI
approaches. The sample preparation of bone and fracture hematoma was
optimized to allow for their analysis with MALDI-MSI. The results for MALDI-MSI of
bone tissue showed the highest intensity mass spectra using CHCA or DHB as
matrix. Time-dependent lipid patternsin fracture healing were revealed by applying
MALDI-MSI on fracture hematoma at different time points after bone fracture.
Distinct lipid and protein profiles were observed for the citrulline supplement group
in comparison to the control group at different time points during fracture healing
using MALDI-MSI and LC-MS/MS, respectively. Furthermore, the development of
an automated setup for acquisitions with LA-REIMS allowed for the visualization of
molecular distributions on different sample types, including a human femoral head.
This development contributes to future MS analyses of samples with an uneven
surface without any sample preparation.

The different developments presented in this thesis highlight the potential for mass
spectrometry to improve molecular understanding of the processes and impaired
pathways underlying non-union and PTOA development in comparison to normal
bone fracture healing and cartilage repair, respectively. MALDI-MSI can be applied
ex vivo for research involving bone and fracture hematoma, while LA-REIMS can be
applied ex vivo as well as potentially in vivo on cartilage and bone. The ultimate
ambition is to apply LA-REIMS in vivo for the outcome prediction during operation.
This can help surgeons to earlier adapt treatment to prevent impaired healing if
needed, potentially already at the time of the surgery. MALDI-MSI can be used to
find important molecular changes in impaired healing, which can be targeted with
new treatments. A few examples of future research directions applying the
developed methods are given, but the possibilities are more extensive. Firstly, the
lipid analysis in bone and bone marrow using MALDI-MSI in a non-union animal
model can show the importance and contribution of certain lipids during the
healing process. Secondly, a large cohort study on fracture hematoma of normal
and impaired healing patients for different time points in the healing process can
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show the lipid patterns during fracture healing using MALDI-MSI as well as the
molecular differences between patient groups. Thirdly, the 3D MS Scanner
connected with LA-REIMS can be used for the analysis of the complete surface of a
femoral head from a healthy person and OA patient to demonstrate the difference
in molecular distributions in 3D. Lastly, MALDI-MSI can be applied on samples after
LA-REIMS analysis of, for example, a femoral head to examine the extent of heat
damage caused by the CO; laser.
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8.1 Scientific impact

The scientific impact of the work described in this thesis can be divided between
the impact of the developments for sample preparation for matrix-assisted laser
desorption/ionization mass spectrometry imaging (MALDI-MSI) and the
development of a 3D imaging setup using laser-assisted rapid evaporative
ionization mass spectrometry (LA-REIMS), which will be discussed separately.

The sample preparation protocols developed in this thesis for MALDI-MSI allow for
the analysis of new tissue types, namely bone and fracture hematoma, that were
limitedly analyzed with this technique before. In the case of bone tissue, the
developed embedding and sectioning protocol allows for the sectioning of
undecalcified bone tissue with limited fragmentation. The sectioning of bone tissue
is complicated by the different structures present. The optimized sample
preparation protocol for mouse, rat, and human bones as well as a targeted
forensic and untargeted preclinical application were published in Analytical and
Bioanalytical Chemistry and was presented as a lecture and as a poster during a 24
hours IMSI (International Mass Spectrometry Imaging) conference. Bone tissue can
be analyzed with MALDI-MSI using this protocol allowing for a broad range of
potential applications, for example, in preclinical and biomedical research, forensic
research, and paleontology. In preclinical research, MALDI-MSI analysis of
undecalcified bone tissue can be used to improve molecular understanding of
different healing conditions of the skeletal system. One of these topics was the
research into the molecular pathways during bone fracture healing and the
impaired pathways in non-union development, which was the main protocol
development target. The animal study into the effects of citrulline supplementation
during fracture healing described in this thesis is an example of an application of
the developed MALDI-MSI protocol. Other applications related to bone diseases,
like osteoporosis and bone cancer, are now possible as well. In biomedical research,
the sample preparation protocol will find innovative applications, for example, in
the field of tissue engineering for the analysis of fabricated bone with MALDI-MSI.
In forensic research, it can be applied for the detection of drugs and other
compounds that might have been related to someone’s death, like methadone and
its metabolite EDDP. The potential application in the field of paleontology can be
to study the different components present in fossils.

In the case of fracture hematoma, the optimized washing method allows for the
analysis of the tissue with MALDI-MSI. The washing method is essential to reduce
the ion suppression caused by heme presented in the blood of the fracture
hematoma. In addition, this was the first time that fracture hematoma was
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analyzed with MALDI-MSI. The optimization of the washing methods as well as
preliminary results about lipid patterns at different time points after bone fracture
were published in Frontiers in Chemistry and were presented as a poster during a
TERMIS (Tissue Engineering and Regenerative Medicine International Society)
conference, an ECTES (European Congress of Trauma and Emergency Surgery)
conference, an EFFORT (European Federation of National Associations of
Orthopedics and Traumatology) conference, and an IMSC (International Mass
Spectrometry Conference) showing the broader impact of this research. The
analysis of fracture hematoma with MALDI-MSI will mainly be applied in preclinical
and biomedical research, as bone fracture hematoma are specific for bone
fractures, although hematoma are formed after injury. The MALDI-MSI analysis of
fracture hematoma can be used to improve molecular understanding of bone
fracture healing and non-union development. The general results obtained during
the optimization of the washing protocol can be extrapolated to other tissues
containing substantial amounts of blood. The washing method will need to be
tested and optimized per tissue type, due to structural differences between tissues.

The 3D MS Scanner is developed to deploy LA-REIMS for the imaging of uneven
sample surfaces. The setup is one of the few techniques that has been developed
for 3D imaging of sample surfaces with height differences in terms of millimeters.
The setup was not patented, as similar techniques were already developed in
parallel by other research groups. This imaging setup is the first one to use a surgical
CO; laser in combination with REIMS. Furthermore, it is the first ambient mass
spectrometry 3D imaging performed on the bone from marrowbone and cartilage
from a human femoral head resulting in different molecular distributions on these
surfaces. LA-REIMS is one of the few ambient mass spectrometry techniques that
can be applied to these tissue types. The 3D MS Scanner and the obtained results
with this setup were published in the Journal of the American Society for Mass
Spectrometry and orally presented at a MSACL (Mass Spectrometry & Advances in
the Clinical Lab) conference. The 3D MS Scanner can be used to visualize molecular
distributions on sample surfaces with height differences by applying 3D imaging, as
indicated. This allows for the extensive analysis of surfaces of a wide range of
objects. The fields of application can be (pre)clinical and biomedical research, the
food industry, material sciences, and many others. In (pre)clinical and biomedical
applications, the surfaces of whole bones and joints could be analyzed to explore
the molecular distributions. This can be used to improve molecular understanding
of cartilage damage and repair and the impaired pathways in osteoarthritis (OA)
and post-traumatic osteoarthritis (PTOA) development. This data can be used to
build more accurate recognition models, for example, for the classification of
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normal versus impaired healing. These models can be used for in vivo recognition
with precise in vivo sampling using LA-REIMS. This is just one example of a potential
(pre)clinical and biomedical application, but many other tissue types could be
analyzed with this setup. Furthermore, the 3D MS Scanner could be used in the
food industry, for example, to study the distribution of compounds (pesticides,
waxes, etc.) on the surfaces of these foods or to explore the effects and spread of
parasites, bacteria, and fungi on the surface of the food, such as fruits and
vegetables. Another example application of the 3D MS Scanner is its use to analyze
the surfaces of developed materials to evaluate their chemical homogeneity in the
field of material sciences. In general, almost all objects could be analyzed in the 3D
MS Scanner with the application of LA-REIMS as long as they fulfill four
requirements: 1) the object has to maintain its shape while it is being moved during
the topographical scan and the mass spectrometry acquisition; 2) ablation of the
material of the object should be possible with a CO; laser; 3) ionization of the
ablated molecules should be possible with REIMS; and 4) the resulting ablated
smoke and molecules should not contaminate the source or mass spectrometer.

8.2 Social impact

In general, the end goal of (pre)clinical research is to apply research in such a way
that it can help to improve health care and the patient’s quality of life. Possible
improvements are a progression in understanding of the disease, formulation of
new treatment options, earlier or more accurate diagnosis, or prediction of
outcome. Currently, the burden of non-union and PTOA development is high for
the patients. This is due to the amount of time between bone fracture or cartilage
damage and diagnosis as well as the long and/or intensive treatments and
revalidation times, which causes a lower quality of life for the patients during these
periods. The results as described in this thesis are preliminary and cannot directly
be applied in the clinical environment without further validation through future
research and clinical trials. These applications do have the potential to evolve from
research to earlier prediction of outcome in the near future. In addition, the
citrulline supplementation study showed enhancement of fracture healing in a rat
model, which could be further explored in impaired healing and is a potential
clinical target. The developed MALDI-MSI methodologies as well as the 3D imaging
approach for LA-REIMS can be used to study the impaired molecular pathways
involved in the development of non-unions and PTOA. This can improve molecular
understanding by defining which pathways are essential for bone fracture healing
and cartilage repair. In addition, the different molecular profiles between normal
and impaired healing can be explored. These profiles can be used to build
recognition models for early diagnosis and prediction of outcome. This early
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prediction of the outcome can be done either in vivo using LA-REIMS for near-real
time diagnosis during operation, or ex vivo by applying LA-REIMS or MALDI-MSI on
a sample taken during surgery. The earlier prediction of outcome allows a clinician
to adapt or start additional treatment before the onset of the symptoms related to
non-union and PTOA development and possibly prevents the development of non-
union or PTOA resulting in improved quality of life for the patient and reducing the
burden of the disease.

This research emphasizes the importance of collaborations between the research
institutes and clinical practice. This is specifically the case in (pre)clinical and
biomedical research, as the researchers in these fields try to answer clinically
relevant questions. The first important and impactful aspect of collaboration is to
define an unmet clinical need, which can be either a more fundamental or a more
applied question. The fundamental questions answered using mass spectrometry
are molecular by nature and can be, for example, to understand the importance of
one specific molecule in a certain pathway or disease, or to find a molecular profile
that can be used for the classification between healthy and disease as well as
different disease types or stages. All these questions are related to the
improvement of the molecular understanding of health and disease. Mass
spectrometry targets the discovery of molecular profiles that can be used for early
diagnosis and prediction of outcome, which would allow for earlier adaption of
treatment if necessary. Samples of different disease stages or classes as well as
healthy tissue is necessary to answer these questions. Therefore, the second aspect
of the collaboration is for the clinic to provide part of the samples necessary for the
research if possible. These clinical samples are of importance to finding molecular
profiles and test prediction models, as not all research can be based on animal
models alone. The last important aspect is the exchange of knowledge between
research institutes and the clinic. Often, all the different possibilities and
techniques in the research institutes are not well known to the clinicians. It is
important to ensure they get familiar with the possibilities and understand how the
techniques can be applied. The other way around, the researchers work hand in
hand with the clinicians to understand not only their unmet needs, but also to learn
from what they already know and what the hurdles are when applying such a
technology in “real life”. The collaboration between research institutes and clinical
practice is essential to incorporate mass spectrometry techniques like LA-REIMS
and potentially MALDI-MSI into patient care.

Besides collaborations between research institutes and the clinic, the
collaborations between different research institutes are also of importance.
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Sharing knowledge about all the different aspects of research boosts the research
performed at the collaborating institutes. This is accomplished via CORE lab
(collaborative open research and education) within M4i, which, among others,
allows other research groups to use the facilities at M4i. | had the pleasure of
experiencing this type of collaboration myself during my month-long visit to
Martina Marchetti-Deschmann’s research group at the TU Wien (Vienna, Austria).
| learned a lot about the sample preparation protocol developed by a research
group member (Anastasiya Svirkova) and another guest visitor (Michiel
Vandenbosch) during this visit. Without this knowledge, | would not have been able
to get the MALDI-MSI results on bone tissue as presented in this thesis. This visit
also resulted in a shared publication between the research institutes, namely the
research shown in Chapter 3. In terms of personal development, this visit taught
me that | can adapt to a different research group and its dynamics. In addition, |
developed my experimental and data analysis skills further during this visit. Of
course, | also used my time in Vienna to explore many of the cultural sights.

Performing a Ph.D. project and the related research is of course a personal
investment as well. The obvious acquired skills are the knowledge | acquired about
different sample preparation and mass spectrometry techniques. | learned a lot
about data analysis and visualization in general as well as specifically for mass
spectrometry data. My instrumental knowledge increased as well, especially
because of all the troubleshooting on different instruments that | had to perform
over the past years. In addition, | developed numerous soft skills further, for
example, scientific writing and presenting. It was confirmed for me that | work in
an organized and structured manner throughout my project, although | should be
on the lookout to not let this slow me down. Furthermore, | developed my
communication skills during the past years. Not only in the form of scientific
publications and presentations at international conferences, but also in the
communication with different types of people. Specifically, the collaboration
between M4i and MUMC+, which is the basis of this research, challenged me to
explain my research, for example, to surgeons. This collaboration is important to
me, as the potential direct clinical implications and applications of the project drove
me. In addition, it made it possible for me to visit the operating room during which
| could see the challenges surgeons are facing. All of the things | learned during the
past years have turned me into the person | am now and will impact the rest of my
carrier.
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8.3 Economicimpact

The future applications of the developments described in this thesis are, in short,
the improvement of molecular understanding in the development of non-unions
and PTOA as well as the early prediction of outcome based on these different
molecular profiles. In addition, the effect of citrulline supplementation on the lipid
and protein profiles during fracture healing can be used for improved molecular
understanding as well as a potential clinical target. Improved molecular
understanding could result in the development of new or more efficient treatments
to prevent or cure impaired healing. These developments can be interesting for
pharmaceutical companies, as they can research, fabricate, and distribute these
new treatment options. In addition, the potential early prediction of outcome
might require additional developments that different companies can contribute to,
in the mass spectrometry field as well as beyond. Mass spectrometers need to be
further developed such that they can be placed in the operating room without
being affected by the cleaning processes taking place there and without taking too
much space in case of in vivo prediction of outcome using LA-REIMS. In addition,
companies might contribute to the development of the surgical CO; laser. This laser
was selected, as it is already clinically approved, but, for example, future
improvements could be made to the spot size of the laser to reduce the tissue
damage. For the ex vivo application of MALDI-MSI, companies could develop
sample preparation kits that would allow for quicker and/or easier sample
preparation of bone tissue and fracture hematoma. Another possibility for an
investment of companies or a spin-off company is offering sample analysis to
hospitals. In this case, the distinguishing profiles for normal and impaired healing
should have been defined. A company could in that case do the sample preparation
and analysis and provide the surgeon with the information. This could be applied
to the ex vivo application of MALDI-MSI or LA-REIMS. Another option for a spin-off
company is to further advance the developed 3D MS Scanner to sell it as an ambient
3D imaging technique. For example, other types of lasers or probes could be
explored or the sample types could be broadened with different types of sample
holders. These are just a few of the examples in which companies could invest
based on the research performed in this thesis.

Besides the potential investment options for companies, the potential
development of new treatments and the early prediction of outcome can both
contribute to shorter treatment times and, thereby they will reduce health care
costs. A specific example of this is the potential fracture healing enhancing effect
of citrulline supplementation after bone fracture, as shown in this thesis. Currently,
the treatments for non-union and PTOA are long and expensive and, therefore,
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these treatment costs are an economical burden. Contributing to the high
treatment costs is the long duration until diagnosis. Overall, the research presented
in this thesis positively impacts the costs related to non-union and PTOA
development in health care.
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9.1 English summary

Common, injury-related traumas to the skeletal system are bone fractures and
articular cartilage damage. Bone fractures are repaired via a well-defined series of
overlapping healing phases, which result in constantly changing cellular and
molecular environment. Impaired bone fracture healing can cause non-union
development, which occurs in 1-10% of the fractures. The articular cartilage and
underlying bone attempt to heal the damage after articular cartilage damage.
However, the repair capacity of cartilage is limited and, therefore, articular cartilage
damage results in post-traumatic osteoarthritis (PTOA) in up to 75% of the cases.
The knowledge of the molecular processes that are essential for successful healing
after trauma are limited. Mass spectrometry (MS) is an analytical technique that
can be applied in an untargeted fashion to a broad range of sample types. The
application of mass spectrometry imaging (MSI) techniques for the analysis of
skeletal tissue has been limited, although recent developments show an increase
in studies on these tissues. In this thesis, the use of different mass spectrometry
techniques for the analysis of skeletal tissues was explored with a focus on imaging
of skeletal tissues. The following techniques have been applied: 1) matrix-assisted
laser desorption/ionization mass spectrometry imaging (MALDI-MSI) for lipid
analysis, 2) liquid-chromatography tandem mass spectrometry (LC-MS/MS) for
protein analysis, and 3) laser-assisted rapid evaporative ionization mass
spectrometry (LA-REIMS) for analysis with minimal sample preparation.

Chapter 2 reviews the current knowledge of non-union and PTOA development, as
well as the use of MSI and different ambient ionization MS techniques for the
analysis of skeletal tissue. Risk factors and key molecules that are involved in the
normal and impaired healing processes, as well as the current possibilities of
diagnosis and outcome prediction, are described for both non-unions and PTOA. At
the moment, it is impossible to accurately predict the outcome of the healing
process after skeletal trauma, despite the amount of research performed in the
past years. Additional molecular knowledge is necessary to obtain further insight
into impaired healing, which can be provided by MS. Therefore, the use of
secondary ion mass spectrometry (SIMS) imaging as well as MALDI-MSI of bone and
cartilage were explored. Both tissue types have been analyzed with both MSI
techniques. No research is available in relation to fracture healing and non-union
development, while only some research on cartilage with MSI techniques is
available in relation to osteoarthritis (OA). In addition, the use of different ambient
ionization MS techniques and their potential towards in vivo tissue evaluation were
discussed, with a focus on the use on skeletal tissue. Different ambient ionization
MS techniques have been developed based on electrocautery, laser ablation, and
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other molecular extraction methods. The application of these techniques on
skeletal tissue is limited and has only been shown for a CO; laser coupled to REIMS.
These MS techniques have the potential to be used in vivo for outcome prediction
during surgery, although each of these techniques has their own advantages and
limitations.

Chapter 3 describes the optimization of a sample preparation protocol for MALDI-
MSI for the analysis of undecalcified bone tissue for targeted forensic and
untargeted (pre)clinical applications. The first optimized sample preparation step
was the embedding material used for the bones. A composition of 20% gelatin and
7.5% carboxymethyl cellulose (CMC) showed the best support of the tissue while
sectioning. Secondly, the sectioning of the bone tissue was optimized and this step
needed to be performed with a tungsten carbide knife while the sections were
supported by double-sided tape to maintain their morphology. Methadone and
EDDP were detected using DHB in positive ion mode for the targeted forensic
application. The limit of detection was estimated at 50 pg/spot on bone tissue and
the presence of methadone and EDDP in dosed rat femur and human clavicle were
show. The untargeted (pre)clinical application was focused on the detection of
unknown lipids. The desorption and ionization efficiency of lipids was compared for
different matrices. CHCA and DHB demonstrate to be the best matrices for
detection of lipids in mouse hind legs in positive ion mode based on the number of
tissue-specific peaks and signal-to-noise ratios. None of the tested matrices
provided the desired results in negative ion mode. The developed sample
preparation protocol can be used in future forensic and (pre)clinical research.

Chapter 4 shows the optimization of a washing protocol for fracture hematoma for
lipid analysis with MALDI-MSI. In addition, the intra-variability within a fracture
hematoma was studied as well as the changes of lipid patterns throughout the
fracture healing process. The fracture hematoma was analyzed because of its
relevant role in fracture healing. A washing protocol of 15 seconds twice in
ammonium formate provided the best results in terms of removal of heme from
the blood present in the fracture hematoma, increase of lipid peak intensity, and
minimal delocalization. The intra-variability within a fracture hematoma was
smaller than the inter-variability between fracture hematoma indicating that
sampling location within a fracture hematoma was of less importance. Different
lipid patterns were detected for human fracture hematoma of 2, 9, and 19 days
after fracture in both positive and negative ion mode. Days 2 and 19 could be
separated in negative ion mode based on higher presence of
phosphatidylethanolamines (PEs) on day 2 and phosphatidylinositols (Pls) and
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cardiolipins (CLs) on day 19. Days 2 and 9 could be separated in negative ion mode
based on the higher presence of CLs on day 2 and phosphatidic acids (PAs), PEs, and
phosphatidylserines (PSs) on day 9. Days 2 and 19 were separated in positive ion
mode by the higher presence of specific, but different phosphatidylcholines (PCs)
at day 2 and 19 and lysophosphatidylcholines (LPCs) on day 2. Day 9 could be
separated from days 2 + 19 in positive ion mode based on the higher presence of
acyl carnitines (CARs) on days 2 + 19 and a sphingomyelin (SM) and LPC on day 9 as
well as specific PCs on days 9 and 2 + 19. These different lipid classes are involved
in various processes throughout fracture healing, such as inflammation,
angiogenesis, cell differentiation, and extracellular matrix production.
Nevertheless, the contribution and importance of the different lipids throughout
fracture healing is still unknown.

Chapter 5 explores the effect of citrulline supplementation on the lipids and
proteins during bone fracture healing in a rat model. The effect of citrulline
supplementation was studied because of the importance of the citrulline-arginine-
nitric oxide metabolism in fracture healing. Lipids were analyzed with MALDI-MSI
on bone sections and proteins were analyzed using LC-MS/MS on protein extracts
of crushed bone tissue. The lipid profiles that separated the citrulline supplement
and the respective control group were distinct for the different stages of fracture
healing, as well as for bone and bone marrow. The main lipid classes contributing
to the separation between citrulline supplement and control group were PCs and
LPCs, but also CARs, triradylglycerols (TGs), and a SM were observed. However, no
pattern could be observed in the contribution of the different lipid classes to either
one of the groups or throughout the different phases of fracture healing. The more
abundant proteins in the citrulline supplement and control group were different
throughout the fracture healing phases, indicating a changing effect of the citrulline
supplementation. Pathway analyses based on these proteins showed an
enhancement of the fracture healing process in the citrulline supplement group in
comparison to the control group. This enhancement was based on improved
angiogenesis and earlier formation of the soft and hard callus. In addition, different
pathways related to the citrulline-arginine-nitric oxide metabolism were more
active in the citrulline supplement group. The differences between the citrulline
supplement and control group were less pronounced during the bone remodeling
phase, which was reflected in the lipid, protein, and pathway analyses.

Chapter 6 describes the development of an automated setup for LA-REIMS and the
application of this setup, the “3D MS Scanner”, for the imaging of sample surfaces
in 3D. This automated setup has been developed because conventional MSI
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techniques are affected by height variations in samples surfaces. While LA-REIMS
can be used on sample surfaces with height variations, but it does not have any
imaging capabilities. Different parameters of the 3D MS Scanner were optimized to
obtain the highest signal intensities in combination with the lowest coefficients of
variation between measurement points. These optimized settings resulted in the
completion of a measurement of 300 points within 1 hour. Automated acquisitions
with 3D MS Scanner resulted in increased reproducibility between measurement
points in comparison to manual acquisitions for different sample types, including
human femoral heads. These differences were seen for the total molecular signal
as well as for selected m/z values. In addition, the 3D MS Scanner can be used for
3D imaging of a sample surface, which allows for visualization of molecular
distributions on these surfaces. The feasibility of this application was shown on the
surfaces of an apple, marrowbone, and human femoral head. These acquisitions
showed distinct molecular distributions on the sample surfaces that could be
related to structural differences.

In conclusion, different developments necessary for the MSI analysis of skeletal
tissue were presented in this thesis. Firstly, sample preparation protocols for
undecalcified bone and fracture hematoma were optimized for analysis with
MALDI-MSI. Time-dependent changes in the lipid profiles were observed for
different time points in human fracture hematoma in positive and negative ion
mode. In addition, different lipid profiles were seen between the citrulline
supplement and control group as well as for bone and bone marrow at different
time points after fracture in a rat model in positive ion mode. Protein and pathway
analyses showed an enhancement of fracture healing in the citrulline supplement
group in comparison to the control group. An automated setup for LA-REIMS was
developed for the analyze of sample surfaces with height variations. This setup
allowed for the visualization of molecular distributions for a wide variety of
samples, including human femoral heads. The different methodological
developments and the applications shown in this thesis can be used for future
research in skeletal tissue and its healing processes to improve molecular
understanding and outcome prediction.
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9.2 Nederlandse samenvatting

Botbreuken en gewrichtskaakbeenschade zijn vaak voorkomende trauma’s aan het
skelet. Botbreuken worden genezen via een reeks van goed gedefinieerde, maar
overlappende genezingsfases. Deze fases resulteren in een constant veranderende
cellulaire en moleculaire omgeving. Een verstoorde fractuurgenezing kan de
ontwikkeling van een non-union veroorzaken, wat voorkomt in 1-10% van de
botbreuken. Het gewrichtskraakbeen en het onderliggende bot proberen de schade
te herstellen na gewichtskraakbeenschade. Het reparatievermogen van kraakbeen
is echter beperkt en daarom leidt gewrichtskraakbeenschade in tot 75% van de
gevallen tot posttraumatische osteoartrose (PTOA). De kennis van de essentiéle
moleculaire processen voor een succesvolle genezing na trauma is beperkt.
Massaspectrometrie (MS) is een analytische techniek die op een ongerichte manier
kan worden toegepast op veel verschillende soorten weefseltypes. De toepassing
van beeldvormende massaspectrometrie (mass spectrometry imaging, MSI)
technieken voor de analyse van weefsels van het skelet is beperkt. Al laten recente
ontwikkelingen wel een toename in onderzoeken naar deze weefsels zien. In dit
poefschrift wordt het gebruik van verschillende massaspectrometrie technieken
onderzocht voor de analyse van skeletweefsels. Hierin ligt de focus op
beeldvorming van skeletweefsels met deze technieken. De volgende MS
technieken zijn toegepast: 1) matrix-geassisteerde laser desorptie/ionisatie
beeldvormende massaspectrometrie (matrix-assisted laser desorption/ionization
mass  spectrometry  imaging, = MALDI-MSI)  voor lipidenanalyse, 2)
vloeistofchromatografie tandem massaspectrometrie (liquid-chromatography
tandem mass spectrometry, LC-MS/MS) voor eiwitanalyse, en 3) laser-
geassisteerde snelle verdampingsionisatie massaspectrometrie (laser-assisted
rapid evaporative ionization mass spectrometry, LA-REIMS) voor analyse met
minimale weefselvoorbereiding.

Hoofdstuk 2 geeft een overzicht van de huidige kennis over de ontwikkeling van
non-union en PTOA. Daarnaast worden in Hoofdstuk 2 het gebruik van MSI en
verschillende ambient ionisatie MS technieken voor de analyse van skeletweefsel
beschreven. Risicofactoren, belangrijke moleculen die betrokken zijn bij de normale
en verstoorde genezingsprocessen, als ook de huidige mogelijkheden van diagnose
en voorspelling van de uitkomst van het genezingsproces worden beschreven voor
non-unions en PTOA. Momenteel is het niet mogelijk om de uitkomst van het
genezingsproces na trauma aan het skelet accuraat te voorspellen, ondanks de
onderzoeken die de afgelopen jaren zijn uitgevoerd. MS kan aanvullende
moleculaire kennis bieden, die nodig is om verder inzicht te krijgen in verstoorde
genezingsprocessen. Daarom wordt het gebruik van beeldvormende secundaire
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ionenmassaspectrometrie (secondary ion mass spectrometry, SIMS) en MALDI-MSI
op bot en kraakbeen onderzocht. Beide weefseltypes zijn geanalyseerd met beide
MSI technieken. Er is nog geen onderzoek beschikbaar met betrekking tot
fractuurgenezing en non-union ontwikkeling, terwijl er slechts enkele onderzoeken
gedaan zijn op kraakbeen met MSI technieken in relatie tot osteoartrose (OA).
Daarnaast worden verschillende ambient ionisatie MS technieken besproken en
hun potentie voor het gebruik bij in vivo weefselevaluatie, hierbij ligt de focus op
het gebruik op skeletweefsel. Er zijn verschillende ambient ionisatie MS technieken
ontwikkeld op basis van elektrocauterisatie, laserablatie en andere moleculaire
extractiemethoden. De toepassing van deze technieken op skeletweefsel is beperkt
en is alleen aangetoond voor een CO; laser die wordt gekoppeld aan REIMS. De
beschreven MS technieken hebben de potentie om in vivo gebruikt te worden voor
het voorspellen van de uitkomst tijdens een operatie, hoewel elk van deze
technieken zijn eigen voordelen en beperkingen heeft.

Hoofdstuk 3 beschrijft de optimalisatie van een weefselvoorbereidingsprotocol
voor MALDI-MSI voor de analyse van niet-ontkalkt botweefsel voor gerichte
forensische en ongerichte (pre)klinische toepassingen. De eerste stap in de
optimalisatie van het weefselvoorbereidingsprotocol was het inbeddingsmateriaal
dat voor botten wordt gebruikt. De beste steun om het weefsel te snijden werd
behaald met een samenstelling van 20% gelatine en 7,5% carboxymetylcellulose
(CMC). In de tweede stap werd het snijden van het botweefsel geoptimaliseerd.
Het snijden van botweefsel moet uitgevoerd worden met een mes van wolfraam
carbide terwijl secties ondersteund worden door dubbelzijdige tape voor het
behoud van morfologie. Methadon en EDDP werden gedetecteerd met behulp van
DHB in positieve ionenmodus voor de gerichte forensische toepassing. De
detectielimiet werd geschat op 50 pg/spot op botweefsel. De aanwezigheid van
methadon en EDDP in gedoseerde rattendijen en menselijk sleutelbeen werden
aangetoond. De ongerichte (pre)klinische toepassing was gericht op de detectie van
onbekende lipiden. De desorptie- en ionisatie-efficiéntie van lipiden werden
vergeleken voor verschillende matrices. CHCA en DHB waren de beste matrices
voor de detectie van lipiden in muizenachterpoten in positieve ionenmodus op
basis van het aantal weefselspecifieke pieken en signaal-ruisverhoudingen. Geen
van de geteste matrices gaf het gewenste resultaat in negatieve ionenmodus. Het
ontwikkelde weefselvoorbereidingsprotocol kan worden gebruikt in toekomstig
forensisch en (pre)klinisch onderzoek.

Hoofdstuk 4 toont de optimalisatie van een wasprotocol voor fractuurhematomen
voor lipidenanalyse met MALDI-MSI. Daarnaast wordt de intra-variabiliteit in een
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fractuurhematoom bestudeerd, evenals de veranderingen in lipidenpatronen
gedurende het fractuurgenezingsproces. Het fractuurhematoom wordt bestudeerd
vanwege zijn relevante rol in fractuurgenezing. Een wasprotocol van tweemaal 15
seconden in ammoniumformiaat leverde de beste resultaten op het gebied van
verwijderen van heem als onderdeel van het bloed dat aanwezig is in het
fractuurhematoom, toename van piekintensiteit van lipiden en minimale
delokalisatie. De intra-variabiliteit in een fractuurhematoom was kleiner dan de
inter-variabiliteit tussen fractuurhematomen. Dit geeft aan dat de plaats van de
monstername binnen een fractuurhematoom minder van belang is. Verschillende
lipidenpatronen werden gedetecteerd voor menselijke fractuurhematomen voor 2,
9 en 19 dagen na een botbreuk in zowel positieve als negatieve ionenmodus.
Onderscheid tussen dag 2 en 19 kan worden gemaakt op basis van de hogere
aanwezigheid van fosfatidylethanolamines (phosphatidylethanolamines, PEs) op
dag 2 en fosfatidylinositolen (phosphatidylinositols, Pls) en cardiolipines
(cardiolipins, CLs) op dag 19 in negatieve ionenmodus. Onderscheid tussen dag 2
en 9 kan worden gemaakt op basis van de hogere aanwezigheid van CLs op dag 2
en fosfatidezuren (phosphatidic acids, PAs), PEs en fosfatidylserines
(phosphatidylserines, PSs) op dag 9 in negatieve ionenmodus. Onderscheid tussen
dag 2 en 19 kan worden gemaakt op basis van de hogere aanwezigheid van
specifieke, maar verschillende fosfatidylcholines (phosphatidylcholines, PCs) op dag
2 en 19 en lysofosfatidylcholines (lysophosphatidylcholines, LPCs) op dag 2 in
positieve ionenmodus. Onderscheid tussen dag 9 en 2 + 19 kan worden gemaakt
op basis van hogere aanwezigheid van acylcarnitines (acy! carnitines, CARs) op dag
2 + 19 en een sfinogomyeline (sphingomyelin, SM) en LPC op dag 9, evenals
specifiek PCs voor dag 9 en 2 + 19 in positieve ionenmodus. Deze verschillende
lipidenklassen zijn betrokken bij een grote verscheidenheid aan processen tijdens
de fractuurgenezing, zoals ontsteking, angiogenese, cel differentiatie en
extracellulaire matrixproductie. Desalniettemin zijn de bijdrage en het belang van
de verschillende lipiden tijdens de fractuurgenezing nog steeds onbekend.

Hoofdstuk 5 onderzoekt het effect van citrulline-supplement op de lipiden en
eiwitten tijdens fractuurgenezing in een rattenmodel. Het effect van citrulline-
supplement werd bestudeerd vanwege het belang van het citrulline-arginine-
stikstofmonoxide-metabolisme tijdens de genezing van botbreuken. MALDI-MSI
werd gebruikt voor het analyseren van lipiden in botsecties en eiwitten werden
geanalyseerd met behulp van LC-MS/MS op eiwitextracties van verbrijzeld
botweefsel. De lipidenprofielen die de citrulline-supplement- van de
respectievelijke controlegroepen onderscheiden, waren verschillend voor de
verschillende stadia van fractuurgenezing en voor bot en beenmerg. De
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belangrijkste lipidenklassen die een bijdrage leverden aan de onderscheiding
tussen de citrulline-supplement- en controlegroepen waren PCs en LPCs, maar ook
CARs, triradylglycerolen (triradylglycerols, TGs) en een SM. Er kon echter geen
patroon worden waargenomen in de bijdrage die verschillende lipidenklassen aan
één van de groepen of in de verschillende fasen van fractuurgenezing leverden. De
meer aanwezige eiwitten in de citrulline-supplement- en controlegroepen waren
verschillend gedurende de fractuurgenezingsfasen, dit wijst op een veranderend
effect van citrulline-supplement. Pathway-analyses op basis van deze eiwitten
toonden een verbetering van het fractuurgenezingsproces aan in de citrulline-
supplementgroep in vergelijking tot de controlegroep. Deze verbetering was
gebaseerd op verbeterde angiogenese en een eerdere vorming van de zachte en
harde callus. Bovendien waren er verschillende pathways gerelateerd aan het
citrulline-arginine-stikstofmonoxide-metabolisme actiever in de citrulline-
supplementgroep. De verschillen tussen de citrulline-supplement- en
controlegroep waren minder duidelijk tijdens de bot-remodelleringsfase, wat tot
uiting kwam in de lipiden-, eiwit- en pathway-analyses.

Hoofdstuk 6 beschrijft de ontwikkeling van een geautomatiseerde opstelling voor
LA-REIMS en de toepassing van deze opstelling, de “3D MS Scanner”, voor de
beeldvorming op weefseloppervlakken in 3D. Deze geautomatiseerde opstelling is
ontwikkeld omdat conventionele MSI technieken worden beinvioed door
hoogtevariaties in weefseloppervlakken. Daarentegen kan LA-REIMS worden
gebruikt op weefselopperviakken met hoogtevariaties, maar deze techniek heeft
echter geen beeldvormingsmogelijkheden. Verschillende parameters van de 3D MS
Scanner zijn geoptimaliseerd om de hoogste signaalintensiteiten te verkrijgen met
de laagste variatiecoéfficiénten tussen meetpunten. Een meting van 300 punten
kan binnen 1 uur worden voltooid met deze geoptimaliseerde instellingen. De
geautomatiseerde metingen met de 3D MS Scanner resulteerden in een verhoogde
reproduceerbaarheid tussen meetpunten in vergelijking met handmatige metingen
voor verschillende soorten weefsels, waaronder menselijke heupkoppen. Deze
verschillen waren zowel voor het totale moleculaire signaal als voor geselecteerde
m/z-waarden te zien. Bovendien kan de 3D MS Scanner worden gebruikt voor 3D-
beeldvorming van weefseloppervlakken en hierdoor kunnen moleculaire
distributies op deze opperviakken worden gevisualiseerd. De haalbaarheid van
deze toepassing werd aangetoond op het oppervlak van een appel, mergpijp en
menselijke heupkop. Deze metingen toonden duidelijke moleculaire distributies op
de weefseloppervlakken aan die in verband konden worden gebracht met
structurele verschillen.
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Concluderend zijn in dit proefschrift verschillende ontwikkelingen gepresenteerd
die nodig zijn voor MSI analyses van skeletweefsel. Ten eerste zijn de
weefselvoorbereidingsprotocollen voor niet-ontkalkt botweefsel en voor
fractuurhematomen geoptimaliseerd voor MALDI-MSI analyses. Tijdsafhankelijke
veranderingen in de lipidenprofielen werden waargenomen voor verschillende
tijdstippen in menselijke fractuurhematomen in positieve en negatieve
ionenmodus. Daarnaast werden verschillende lipidenprofielen waargenomen
tussen de citrulline-supplement- en controlegroepen, evenals voor bot en
beenmerg op verschillende tijdstippen na een botbreuk in een rattenmodel in
positieve ionenmodus. Eiwit- en pathway-analyses toonden een verbetering van de
fractuurgenezing in de citrulline-supplementgroep aan in vergelijking met de
controlegroep. Voor de analyse van weefseloppervlakken met hoogtevariaties is
een geautomatiseerde opstelling voor LA-REIMS ontwikkeld. Deze opstelling maakt
de visualisatie van moleculaire distributies mogelijk voor een breed scala aan
weefsels, waaronder menselijke heupkoppen. De verschillende methodologische
ontwikkelingen en de toepassingen, die in dit proefschrift worden getoond, kunnen
worden gebruikt voor toekomstig onderzoek naar skeletweefsel en bijbehorende
genezingsprocessen om de moleculaire kennis en de uitkomstvoorspelling te
verbeteren.
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11.1 List of abbreviations

ABC

ACL

ACN
ADAMTS
APS-MALDI
Argl

ASL

ASS

BAMBI

BH4
BMP
CAR
CBC
CCL
CCR
CE
CerP
CerPE
CHCA
CID
CL
CcMC
COX
CT
CUSA
cv
CWwW
D
DAG/DG
DAN
DART
DDA
DESI
DF
DHA
DHB
DPO
DTT
DUB

Ammonium bicarbonate

Anterior cruciate ligament

Acetonitrile

ADAM metallopeptidase with thrombospondin type 1
Atmospheric-pressure scanning microprobe MALDI
Arginase 1

Argininosuccinate lyase
Argininosuccinate synthetase

Bone morphogenetic protein and activin membrane-bound
inhibitor

Tetrahydrobiopterin

Bone morphogenetic proteins

Acyl carnitine

Complete blood count

C-C chemokine ligand

C-C chemokine receptor

Collision energy

Ceramide phosphate
Glycerophosphoethanolamine ceramide
a-cyano-4-hydroxycinnamic acid
Collision-induced dissociation
Cardiolipin

Carboxymethyl cellulose
Cyclooxygenase

Computed tomography

Cavitron ultrasonic surgical aspirator
Coefficient of variance

Continuous wave

Laser pulse duration
Diacyl/alkylglycerides (diglycerides)
1',5'-diaminonaphthalene

Direct analysis in real time
Data-dependent acquisition

Desorption electrospray ionization
Discriminant function
2',6'-dihydrixyacetophenone
2,5-dihydroxybenzoicacid

Days post-operative

Dithiothreitol

Deuiquitinase
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E

ECM
EDDP
EDTA
EGFR
EIC

EPC

ESI

ESR

FA

FA

FDR
FFPE
FGF
FT-ICR
fwhm
Fxh

GDF
H&E
HexCer
HIF-1a
IAM
IFN-y
IGF
IGFBP
IHC

IL
IP3/DAG
IR-MALDESI
ITO
LA-REIMS
LC-MS/MS
LDA
LDI-MS
Leu-Enk
LFQ
LIPC
LMD
LOD
LPA

LPC

304

Sampling energy

Extracellular matrix
2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine
Ethylenediaminetetraacetic acid

Epidermal growth factor receptor

Extracted ion chromatogram
Ethanolaminephosphorylceramides
Electrospray ionization

Erythrocyte sedimentation rate

Fatty acids

Formic acid

False discovery rate

Formalin-fixed and paraffin-embedded
Fibroblast growth factor

Fourier transform ion cyclotron resonance

Full width at half-maximum

Fracture hematoma

Growth differentiation factor

Hematoxylin and eosin

Hexosylceramide

Hypoxia-inducible factor 1a

lodoacetamide

Interferon-y

Insulin-like growth factor

IGF-binding protein

Immunohistochemistry

Interleukin

Inositol-3-phosphate/diaglycerol

Infrared matrix assisted laser desorption electrospray ionization
Indium tin oxide coated

Laser-assisted rapid evaporative ionization mass spectrometry
Liquid-chromatography tandem mass spectrometry
Linear discriminant analysis

Laser desorption/ionization mass spectrometry
Leucine-enkephalin

Label free quantification
Lyso-inositolphosphorylceramides

Laser capture microdissection

Limit of detection

Lysophosphatidic acid
Lysophosphatidylcholines



LPI
LSM

m/z
MALDI
MAP
MGDG
MGMG
MMP
MRI
MS
MS/MS
MSC
MSI
mTOR
NAE
NEDC
NFE2L
NF-kB
NGF
NOS
NOTCH
NSAID
NTRK
OA

oC
OCT
oDC
OPN
OPSI
oTOF

P

PA
PAA
PBS

PC

PCA
PCA-LDA
PDGF
PE
PEMF
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Lysophosphatidylinositol
Lysosphingomyelin

Operation mode

Mass-to-charge ratio

Matrix-assisted laser desorption/ionization
Mitogen-activated protein
Monogalactosyldiacylglycerol
Monogalactosylmonoacylglycerol
Matrix metalloproteinase

Magnetic resonance imaging

Mass spectrometry

Tandem mass spectrometry
Mesenchymal stem cell

Mass spectrometry imaging
Mammalian target of rapamycin
N-acyl ethanolamine
N-(1-naphthyl)ethylenediamine dihydrochloride
Nuclear factor erythoid 2-related factor
Nuclear factor kappa B

Nerve growth factor

Nitric oxide synthase

Neurogenic locus notch homolog
Nonsteroidal anti-inflammatory drug
Neurotrophic receptor tyrosine kinase
Osteoarthritis

Osteocalcin

Ornithine transcarbamylase

Ornithine decarboxylase

Osteopontin

Open port sampling interface
Orthoganol time-of-flight

Laser power

Phosphatidic acid
Glycerophospholipid class

Phosphate buffered saline
Phosphatidylcholine

Principal component analysis
Principle component analysis-linear discriminant analysis
Platelet-derived growth factor
Phosphatidylethanolamine

Pulsed electromagnetic field
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PFA

PG

PGE2
PHOSPHO1
Pl
PI3K/AKT
PIRL

PS

PTOA

PW

qTOF

RA

RAAS

RAGE
REIMS
RHO GTPase

RIR-LA
ROI
ROS
RUNX
S/N
SA
SD
SIMS
SM
SMS
SPB
SPW
SQMG
SSA
ST
TAA
TAG/TG
TCA
TFA
TGF-B
THAP
TIC
TIMP
TLR
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Paraformaldehyde

Phosphatidylgylcerol

Prostaglandin E2
Phosphoethanolamine/phosphocholine phosphatase
Phosphatidylinositol
Phosphatidylinositol-3-Kinase/protein kinase B
Picosecond infrared laser

Phosphatidylserine

Post-traumatic osteoarthritis

Pulsed wave

Quadrupole time-of-flight

Rheumatoid arthritis
Renin-angiotensin-aldosterone system
Receptor for advanced glycation end-products
Rapid evaporative ionization mass spectrometry
RAS homolog family member of nucleotide
triphosphate-ase

Resonant infrared laser ablation

Region of interest

Reactive oxygen species

Runt-related transcription factor
Signal-to-noise ratio

Sinapic acid

Standard deviation

Secondary ion mass spectrometry
Sphingomyelin

Sphingomyelin synthase

Sphingoid base

Super pulsed wave
Sulfoquinovosylmonoacylglycerol
Sulfosalicylic acid

Sterol

Triamcinolone acetonide
Triacyl/alkylglycerides (triglycerides)
Trichloroacetic acid

Trifluoroacetic acid

Transforming growth factor-8
2,4,6-trihydroxyacetophenone hydrate

Total ion current

Tissue inhibitors of matrix metalloproteinase
Toll-like receptor

guanosine



TnC
TNF-a
TOF
TRAF
VEGF
UXRF

Tenascin-C

Tumor necrosis factor-a
Time-of-flight

TNF receptor associated factor
Vascular endothelial growth factor
Micro X-ray fluorescence
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Appendices

11.4 Curriculum Vitae

Sylvia Paulien Nauta was born on the 31t of August,
1993 in Almere (the Netherlands). She completed
her pre-university education in 2011 at the
Lindenborg in Leek. She studied at the University of
Groningen from 2011 to 2014 to obtain a Bachelor
degree in Life, Science, and Technology with a
major in Biomedical Engineering. This study
allowed her to combine her interests in science and
technology with the additions of biological and
medical aspects.

She continued her education at the University of
Groningen from 2014 to 2016 to obtain a Master
degree with honors in Biomedical Engineering with
a sub-specialization in Prothesis & Implant design. During her internship at Center
for Congenital Heart Diseases at UMCG, she developed a computational model to
evaluate the stiffness of pulmonary arteries in pulmonary arterial hypertension.
She completed her master thesis at SPRINT@Work at UMCG and started with the
validation of a measuring device using IMUs and sEMG for studying the mechanical
workload in physical active employees.

In March 2018, she started her PhD research under supervision of Prof. Dr. R.M.A.
Heeren, Prof. Dr. M. Poeze, Dr. T. Porta Siegel, and later Dr. E. Cuypers in a
collaboration between the Maastricht MultiModal Molecular Imaging (M4i)
institute at Maastricht University and the Traumasurgery department of MUMC+.
Her research was focused on the use of different mass spectrometry imaging
techniques to study bone and cartilage in relation to skeletal healing. During this
research she collaborated with different research group and visited the TU Wien
for a month as guest researcher. The results of these collaborations and the
performed research are presented in this thesis.

In March 2023, she started as a postdoctoral researcher in the Specturi project at
Radboudumc joining the neonatology department under supervision of Dr. P. van
Setten in collaboration with the molecular kidney physiology group of Prof. Dr. J.
Hoenderop.
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