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Abstract

Acute myocardial infarction (AMI) and osteoarthritis (OA) are both diseases of tissues with poor
regenerative capacities. Stem cell therapies administered post-AMI have shown therapeutic
potential. With the previously used approaches, the engraftment of the cells in the myocardium
has been low and the mechanisms behind the observed therapeutic effects are thought to involve
multifactorial processes. It has been hypothesized that the earliest biochemical changes, mainly
proteoglycan depletion, of OA, might be reversible. Delayed gadolinium-enhanced magnetic
resonance imaging of cartilage (dAGEMRIC) has been shown to be a sensitive way to assess
proteoglycan depletion in OA, however the use of gadolinium has now raised safety concerns.

Magnetic resonance (MR) imaging is currently the preferred method for assessing the label in
vivo. The label contrast is attributable to the high magnetic moment of the label which shortens the
T, and T, relaxation times. Superparamagnetic iron oxide (SPIO) nanoparticles have shown some
potential for stem cell labelling however there are interpretational challenges with the contrast and
those labelling methods that are considered to be safe are time consuming.

The object of the present work was to develop labels and labelling methods for cellular MR
imaging. The usability of a novel fast rotation incubation SPIO labelling method for labelling bone
marrow mononuclear cells (BMMNC) and the evaluation of cell homing in an experimental AMI
model were studied. The labelling method appeared to be feasible for acute phase cell tracking.
The transplantation of BMMNCs seemed to improve the ejection fraction at three weeks’ post-
AML

Novel manganese oxide (MnO) labels were developed to overcome the signal interpretational
problems associated with the SPIO label. Amorphous MnO (MnOx) was observed to have better
relaxometric properties than crystalline MnO, although both compounds appeared to be safe, high
in relaxivity and suitable for cellular imaging in vitro. The usability of MnOx in assessing the
proteoglycan content in OA was investigated. The relaxation of MnOx seemed higher than the
corresponding phenomenon with gadolinium and the behavior of MnOx was observed to mimic
that of dGEMRIC.

In conclusion, both the novel fast labelling method and the novel label were demonstrated to
be feasible and functional in these experimental models.

Keywords: acute myocardial infarction, articular cartilage, cell labeling, magnetic
resonance imaging, nanoparticles, stem cell transplantation






Korpi, Riikka, Nanopartikkelit magneettikuvauksen varjoaineina. Kiytettivyys
solujen leimauksessa, akuutin sydéinlihasinfarktin kuvantamisessa ja nivelruston
kuvantamisessa

Oulun yliopisto; Oulun yliopisto, Ladketieteellinen tiedekunta; Medical Research Center Oulu;
Oulun yliopistollinen sairaala; Abo Akademi

Acta Univ. Oul. D 1572, 2020

Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelma

Akuutti sydéninfarkti ja artroosi ovat molemmat huonosti uusiutumiskykyisissd kudoksissa
ilmenevid tauteja. Kantasoluhoidot sydénlihasinfarktin jdlkeen ovat osoittautuneet terapeuttisik-
si. Solujen kudosintegraation sijaan terapeuttinen vaikutus ndyttdé kuitenkin olevan monitekiji-
nen ja edelleen solujen kohtalo tunnetaan huonosti. Artroosin mekaaniset muutokset rustossa
ovat palautumattomia, mutta on esitetty hypoteesi, ettd niitd edeltédvét biokemialliset muutokset,
padasiassa proteoglygaanipitoisuuden lasku, olisi mahdollista parantaa. Magneettikuvaus kaytta-
en my6hiistd gadolinium-tehostusta on osoittautunut herkéksi menetelmiksi maérittda proteog-
lygaanipitoisuus rustossa. Nykykasityksen mukaan lineaariset gadoliniumia siséltivit varjoai-
neet ovat kuitenkin myrkyllisid.

Magneettikuvaus on kéytetyin solukuvantamismenetelma. Varjoaineen kontrasti perustuu
aineen korkeaan magneettiseen momenttiin, miké lyhentéd T, ja T, aikaa. Rautaa siséltavit
nanopartikkelit ovat osoittautuneet lupaavaksi varjoaineeksi, vaikkakin niiden tiedetéén aiheutta-
van tulkinnan vaikeutta T, relaksaatioaikaa lyhentdvien elimiston omien prosessien kanssa.
Lisédksi, leimamenetelmat ovat aikaa vievia.

Tyon tavoitteena oli kehittdd solukuvantamisen varjoaineita ja leimausmenetelmid. Uuden
nopean leimausmenetelmén kaytettdvyyttd kantasolujen leimaukseen ja kéytettdvyyteen kokeel-
lisessa syddninfarktimallissa tutkittiin. Menetelma vaikutti turvalliselta ja ndytti soveltuvan
akuuttivaiheen siirrettyjen solujen havainnointiin. Soluhoidetuilla eldimilld syddmen iskutila-
vuus parani kolmen viikon kohdalla sydaninfarktista.

Uusi mangaania siséltdvd varjoaine kehitettiin tarkoituksena voittaa rautaa sisiltdvén varjoai-
neen tulkinnan paallekkdisyydet. Amorfinen mangaanioksidi vaikutti relaksaatiometrisiltd omi-
naisuuksilta kdytetympéda kiteistd muotoa paremmalta, relaksiivisuudeltaan korkealta ja turvalli-
selta. Leimatut solut olivat havaittavissa sekd 3 T ettd 7.1 T. Amorfisen mangaanioksidin kéytet-
tavyyttd proteoglykaanimédrin arvioimiseksi nivelrustossa tutkittiin. Mangaanin relaksiivisuus
oli korkeampi kuin gadoliniumin ja kdyttdytyminen muistutti gadolinium-mallin k&ytdsté nivel-
rustossa.

Molemmat kehitellyt leima-aine ja leimamenetelma vaikuttivat lupaavilta soluleimaukseen ja
molemmat vaikuttivat turvallisilta ja kédyttokelpoisilta kédytetyissd koeasetelmissa.

Asiasanat: akuutti sydéninfarkti, kantasolusiirto, magneettikuvaus, nanopartikkeli,
nivelrusto, soluleimaus
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1 Introduction

Acute myocardial infarction (AMI) and osteoarthritis (OA) can be considered as
examples of an acute and a chronic ulcer and share many similarities including low
self-renewal capacity of the damaged tissues. Both diseases manifest typically in
adulthood and are a significant burden to public health and are responsible for high
costs. Regardless of the current therapies, AMI is the number one leading cause of
mortality (Yusuf et al., 2017), while OA is one of the common diseases causing
chronic pain and a major cause of disability (From Centers for Disease Control and
Prevention, 1994; Felson et al., 1995; Losina et al., 2015). Regenerative stem cell
therapies ideally should be able to restore the tissue however currently stem cell
therapies post-AMI are considered to be therapeutic although they exert only a
minor effect on the damaged tissue (Clifford, Fisher, Brunskill, Doree, Mathur,
Clarke et al., 2012; Jeong et al., 2018; Ward, Abadeh, & Connelly, 2018). It would
be beneficial to be able to track the post-transplantation fate of the cells in order to
understand the mechanisms of the provided therapy and possibly to enhance it.
Similarly, in osteoarthritis, the ability to monitor the early changes of the disease
might enhance the current therapies or even achieve a curative treatment since it is
known that the later structural changes of OA are incurable.

Magnetic resonance (MR) imaging is currently the pre-eminent non-invasive,
non-toxic in vivo imaging method with superior endogenous tissue contrast.
Paramagnetic or superparamagnetic nanoparticles possess a high magnetic moment
which enables the shortening of the 7 or 7, relaxation time and thus enables
additional contrast and allows them to be used as contrast agents for MR imaging
(Han, Xu, Taratula, & Farsad, 2019). In general, nanoparticles are metal ions and
thus toxic in their free ionic form and therefore typically they are bound into a
chelate in biomedical imaging applications. Furthermore, surface modification may
enhance their properties and these alterations allow for the development of
numerous innovative applications.

In this work, the usability of nanoparticle labels for cell imaging and for
imaging proteoglycan content was investigated. The usability of a novel fast
superparamagnetic iron oxide (SPIO) labelling method for bone marrow
mononuclear cell (BMMNC) labelling and cell tracking using MR imaging was
assessed. The feasibility of novel amorphous and crystalline manganese oxide
(MnO) labels for labelling mesenchymal stem cell (MSC) was studied. Moreover,
the role of amorphous MnO in determining the proteoglycan content of articular

17



cartilage was investigated. Finally, the role of therapy with BMMNCs in an
experimental AMI model was assessed.
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2 Review of the literature

2.1 Nanoparticles in magnetic resonance imaging

2.1.1 General aspects of contrast agents for MR imaging

Magnetic resonance imaging, characterized by its good soft tissue contrast and
spatial and temporal resolution, is based on the relaxation of spinning protons in an
external magnetic field after they have been excited by a given radio frequency (RF)
pulse (Han et al., 2019; Lauterbur, 1973; Odeblad & Lindstrom, 1955; Odeblad,
Bhar, & Lindstrom, 1956). After the RF pulse, the realignment of the magnetic
moment of proton nuclei to their original alignment, parallel to the external
magnetic field, is called a longitudinal relaxation (7)) (Estelrich, Sanchez-Martin,
& Busquets, 2015). Simultaneously to 7 relaxation, there is a transverse relaxation
(T2), which in turn characterizes the time taken for the in-phase magnetization of
the proton nuclei, that occur in a perpendicular manner to the external magnetic
field, to lose coherence after the given pulse. The 75 relaxation time is determined
by interactions of random fashion spinning proton nuclei. The time taken for de-
phasing may also depend on non-homogeneities of the external magnetic field and
together these result in an even more rapid relaxation than pure 75 spin-spin
relaxation, a phenomenon referred to as transverse star relaxation (7>*). (Ridgway,
2010)

There are a few key elements that are important in determining a soft tissue
contrast on MR image. Firstly, divergences in the hydrogen proton density in
tissues, thus the amount of protons, result in differences in 7; and 7> relaxation
times (Bottomley, et al., 1984; Crooks, et al., 1984; Fullerton, Potter, & Dornbluth,
1982, Kiviniitty, 1984). Secondly, given the nature of longitudinal and transverse
relaxation parameters; in living tissue, the 75 relaxation is much faster (Rumenapp,
Gleich, & Haase, 2012). Thirdly, in MR imaging, there are subsequent RF pulses
and therefore the relaxation rate of water protons before another RF pulse
determines the signal intensity of the image. In other words, the molecules or
tissues where protons may relax more rapidly before another RF pulse have a high
T signal intensity, thus appear as bright, on the 71 MR image. Subsequently, tissues
where protons do not reach relaxation before another RF pulse show the appearance
of a lower signal intensity, i.e. they appear darker on the 7 image. (Stephen, Kievit,
& Zhang, 2011) On the contrary, because of the differences in relaxation physics,
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a shorter 7> relaxation time results in a decrease in the signal intensity in the 7>
image (Czeyda-Pommersheim, Martin, Costello, & Kalb, 2017). Furthermore, by
using a computational contrast which makes it possible to select the favourable
time points for image creation, then an additional endogenous contrast may be
achieved, for example fat saturation and water sensitive sequences (Brateman, 1986;
Moore & Chung, 2017; Yousaf, Dervenoulas, & Politis, 2018).

In order to achieve better differentiation of tissue pathology in the MR image
a wide variety of contrast agents have been developed (Han et al., 2019). When
using a contrast agent, the diseased tissue has to possess higher vascularity than the
surrounding tissue or in some other way permit a higher uptake of contrast agent in
order to stand out (Geraldes & Laurent, 2009). In molecular and cellular imaging,
the cells or molecules of interest may be labelled with contrast agent before delivery
to the host tissue to be distinguishable from surrounding tissue (Cromer Berman,
Walczak, & Bulte, 2011). In MR imaging, the contrast enhancement can be
achieved by reducing either to a greater extent of 7' or 7> relaxation. Those contrast
agents that mainly shorten 7 relaxation time are usually utilized to increase signal
on MR images and therefore called as positive contrast agents. Similarly, the
contrast agents that mainly shorten 7> relaxation time are utilized to decrease signal
on MR images and therefore called as negative contrast agents. (Shokrollahi, 2013).

Magnetic nanoparticles have unpaired electrons and possess a strong magnetic
moment which allows them to be used as contrast agents for MR imaging (Cromer
Berman et al., 2011). Nanoparticles can be characterized as either paramagnetic or
super-paramagnetic according to their chemical properties (Shokrollahi, 2013).
Other significant requirements for MR contrast agents when one is aiming at
clinical use such as low toxicity, optimal dissolution or elimination, and good
tolerance. Therefore, the paramagnetic metal ions, gadolinium (Gd*"), manganese
(Mn?"), and iron (Fe*"), agents that are highly toxic in their free ionic form can only
be accepted when bound to chelate if they are to be used as a contrast agent (Bellin
& Van Der Molen, A J, 2008; Bulte, J. W. & Kraitchman, 2004; Gilad et al., 2008).
Furthermore, when trying to achieve multivalency, higher relaxivity, and/ or
targeted drug or gene delivery, further coating and surface modification and
encapsulation of the chelate compound have been developed (Veiseh, Gunn, &
Zhang, 2010). The characteristic trajectory of an MR imaging contrast agent is
presented in a pictorial form in figure 1.
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Fig. 1. Schematic illustration of the structural formation of an MR imaging contrast
agent.

2.1.2 The longitudinal relaxation (T1) contrast agents

Gadolinium based contrast agents

Gadolinium based contrast agents (GBCAs) accelerate 7) relaxation and create a
bright contrast in 7 weighted images. GBCAs have been the most widely used 7
contrast agents and several types of gadolinium chelates have been approved by the
European Medicines Agency and the US Food and Drug Administration (FDA) for
use as contrast agents in humans (Estelrich et al., 2015). Gadolinium chelates can
be classified into linear and macrocyclic forms according to their ligands, the most
usual compounds are gadopentetate dimeglumine (Gd-DTPA), which is a linear,
and gadoterate (Gd-DOTA), which is a macrocyclic agent (Czeyda-Pommersheim
et al., 2017). Furthermore, GBCAs can be classified based on their biodistribution
into extracellular, hepatocyte-specific, and blood-pool agents (Aime & Caravan,
2009). These agents differ in terms of tissue behavior, their plasma half-life, and
excretion. Most GBCAss are considered as non-specific agents because due to their
low molecular weight they leak rapidly form the vascular space to the extravascular
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space. They are eliminated through the kidneys with a half-life of 1.5 hours in
patients with normal renal function (Bellin & Van Der Molen, A J, 2008). The rapid
plasma half-life excludes their application in long-term cellular or molecular
tracking studies (Estelrich et al., 2015).

Blood-pool agents created for vascular imaging, have slower extravasation
from the vascular space because they have a larger molecular size due to their
complexation with polymers and because they non-covalently bind with serum
albumin (Estelrich et al., 2015). They are excreted primarily through the kidneys,
however with longer plasma half-lives because of interactions with albumin
(Czeyda-Pommersheim et al., 2017).

Hepatobiliary agents are designated according to their name, for hepatobiliary
imaging and are based on the uptake of the contrast agent by hepatocytes (Aime &
Caravan, 2009). Up to half of the administered dose is excreted via hepatic
clearance with the rest excreted through the kidneys (Czeyda-Pommersheim et al.,
2017).

A prolonged plasma half-life, mostly because of renal insufficiency, is
associated with gadolinium ion release from the chelating agent and is likely to be
the major reason why these agents have been claimed to cause the development of
nephrogenic systemic fibrosis (NSF) (Czeyda-Pommersheim et al., 2017). The
disease has been linked to linear, and to a lesser extent also to macrocyclic GBCAs
(Beam et al., 2017). The difference between the linear and the macrocyclic agents
may be due to the fact that the macrocyclic agents appear to be more stable which
reduces the chances for exposure to gadolinium ion and thus toxicity (Schmitt-
Willich, 2007). In addition, GBCAs have been recently associated with the
accumulation of gadolinium into the human brain, and again linear agents appear
to be more of a risk (Kanda, Ishii, Kawaguchi, Kitajima, & Takenaka, 2014; Kanda,
Oba, Toyoda, Kitajima, & Furui, 2016; Kanda et al., 2017; Radbruch et al., 2015;
Radbruch, 2018). In contrast, this phenomenon has been observed also with
patients with normal renal function (Murata, Murata, Gonzalez-Cuyar, & Maravilla,
2016). The effects of this type of accumulation are however unclear and at the
present time, there are no publications depicting brain toxicity (Kanda et al., 2017).
Furthermore, as with practically all medicines or exogenous substances
administered into the human body, GBCAs may cause immediate hypersensitivity
reactions and other side effects, although the incidence of this phenomenon appears
to be low (Jung et al., 2012).
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Manganese based contrast agents

Manganese accelerates to a greater extent 77 relaxation time than 75 relaxation time
and similarly to gadolinium, provides a bright contrast on 77 weighted MR images.
The published literature describes a few approaches using manganese in its
different forms as a contrast agent or a cell label. For example, manganese chloride
(MnCl,) has been used to study neural and brain function of both healthy and
Parkinson’s disease animals, to study cardiac function (Pelled, Bergman, Ben-Hur,
& Goelman, 2007; Silva, Lee, Aoki, & Koretsky, 2004; Soria et al., 2011), and for
labelling white blood cells in vitro, suggesting that MnCl, could be used to study
cell migration (Aoki et al, 2006). Crystalline manganese oxide (MnO)
nanoparticles encapsulated in a polyethylene glycol (PEG)-phospholipid shell have
been used for cellular imaging of breast cancer cells of brain metastases in rats (Na
et al., 2007), and for cellular labelling of rat glioma cells with a double-labelling
design with SPIO (Gilad et al., 2008). Manganese nanoparticles, in the form of a
PEGylated ultra-small MnO, have been studied for determining the diagnosis of
malignancy (Huang, H. et al., 2015; Liu, Song, & Tang, 2013) or PEGylated
KMnF3 particles for contrast agent for in vivo brain imaging of mice (Liu et al.,
2013).

While studies using MnCl, have focussed on the yet unresolved toxicity (Silva
et al,, 2004), MnO appears to be biocompatible and tolerable with respect to
toxicity (Gilad et al., 2008; Na et al., 2007). However, those MnO nanoparticles
which have been developed have faced some challenges with rather low relaxivity,
which reduces the observed signal (Gilad et al., 2008; Na et al., 2007). PEGylated
MnO has shown higher relaxivity and appears to be biocompatible and with low
toxicity, but in its present form, it does not appear to be suitable for longer cellular
tracking experiments as it is excreted from animals within 24 hours (Liu et al.,
2013). Nonetheless, Huang et al. did remark on the good contrast and the suitability
of PEGylated MnO for long-term tracking (Huang et al., 2015).

Further studies have examined novel manganese oxide forms, for example
silica coated hollow MnO nanoparticles, which have achieved improvements in
relaxivity (Bae et al., 2011; Kim et al., 2011; Shin et al., 2009) , as well as in the
toxicity rate (Kim et al., 2011), an improved payload of therapeutic agents (Bae et
al., 2011; Shin et al., 2009), and long term viability (Kim et al., 2011).

In summary, the major benefits of MnO complexes appear to be their positive
contrast ability and sufficient surface modification and apparently low toxicity. In
addition, Mn?" is able to enter cells through calcium channels and thus it can pass
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through the blood brain barrier, which means that manganese complexes may have
feasibility in neuroimaging applications (Estelrich et al., 2015). While advances are
made in terms of both usability and safety, at present the published literature mainly
describes novel methods with large variations in terms of both study designs and
the used form of manganese nanoparticles.

2.1.3 The transverse relaxation (T2) contrast agents

Ferromagnetic or superparamagnetic nanoparticles, characterized by their
shortening of 7> and 7>* relaxation, have been used as negative contrast agents for
over two decades, mainly for research purposes as cellular contrast agents (Bulte
& Kraitchman, 2004). Other applications include identification of lymph nodes
(Geraldes & Laurent, 2009; Heesakkers et al., 2008), cancer cell detection
(Bakhtiary et al., 2016) and drug delivery applications (Mahmoudi, Sahraian,
Shokrgozar, & Laurent, 2011) to name only a few.

Superparamagnetic iron oxide nanoparticles

Superparamagnetic iron oxide nanoparticles can be divided into three subgroups
according to their size: 1, superparamagnetic iron oxide (SPIO) particles; 2, ultra-
small superparamagnetic iron oxide (USPIO) nanoparticles (Weissleder et al.,
1990), which are both in the nanometer size range; and 3, micron-sized
paramagnetic iron oxide (MPIO) nanoparticles (Shapiro, Skrtic, & Koretsky, 2005).
The structure of these compounds contains a highly crystalline core including
multiple Fe?* and Fe" ions and a stabilizing coating substrate, most commonly
dextran or carboxydextran, which are biodegradable through uptake by Kupffer
cells and macrophages, i.e. the metabolism pathway of endogenous iron in humans
(Weissleder et al., 1989). There have been a few FDA approved SPIO nanoparticles
which have been used in imaging of the mononuclear phagocyte system, lymph
node imaging, hepatocellular carcinoma imaging, and for cell labelling in humans
(Thakor et al., 2016). Three dextran coated SPIO contrast agents were even recently
briefly evaluated in clinical trials (de Vries et al., 2005; Karussis et al., 2010; Toso
et al., 2008; Zhu, Zhou, & XingWu, 2006) before the substances were subsequently
withdrawn from the market and from clinical use because of concerns over fatal
anaphylaxis and potential toxicity (Estelrich et al., 2015). Currently, only
ferumoxytol is an FDA approved SPIO label, however its use is restricted to the
treatment of iron deficiency anemia in patients with renal failure (Thakor et al.,
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2016). Furthermore, a solution of dextran-coated USPIO nanoparticles,
ferumoxtran-10, which was previously withdrawn from the market, is now again in
clinical use for diagnosing lymph node metastases by using magnetic resonance
lymphography in patients with prostate cancer in the Netherlands (Fortuin et al.,
2018), although it previously showed moderate false positive rates (Heesakkers et
al., 2008; Heesakkers et al., 2009). Several other SPIO and USPIO solutions using
dextran or carboxydextran have been developed, with some being commercially
available for experimental use (Shokrollahi, 2013). There are other coating options
e.g. polyethylene glycol (Basly, Felder-Flesch, Perriat, Pourroy, & Begin-Colin,
2011), polystyrene (Seymour, Schacht, & Duncan, 1991), and silica (Laurent et al.,
2008). In addition, chitosan and polyethyleneimine are used for coating, however
those substances are mainly used as delivery carriers or for targeted delivery
(Veiseh et al., 2010). MPIOs coated with polystyrene, have displayed higher
relaxivity as compared to nanometer sized SPIO particles (Hinds et al., 2003) and
even have been demonstrated to be sufficiently sensitive to allow single cell
detection both in vitro (Hinds et al., 2003; Shapiro et al., 2004; Shapiro et al., 2005)
and in vivo in mouse/ rat brain (Heyn et al., 2006; Shapiro, Sharer, Skrtic, &
Koretsky, 2006). However, polystyrene is not biocompatible (Seymour et al., 1991)
and thus the use of MPIO is restricted to experimental settings. Nonetheless, by
exploiting additional shell modifications, SPIO nanoparticles may be customised
for further biological and targeting purposes (Veiseh et al., 2010).

In the design of a stem cell label, the effects of labeling with SPIO
nanoparticles are rather well described in terms of cellular viability, migration, and
differentiation capacity of labeled cells and in general SPIO labeling appears to be
safe at clinically relevant doses (Arbab et al., 2003; Arbab et al., 2004; Frank et al.,
2003; Kostura, Kraitchman, Mackay, Pittenger, & Bulte, 2004; Suzuki et al., 2007).
The differentiation capacity of stem cells to the host tissue cell lineage/ lineages are
of importance when designing stem cell therapy, and interestingly, the SPIO label
has been found to block chondrogenesis of mesenchymal stem cells (Kostura et al.,
2004). In another publication, in vitro SPIO labeling was shown to dose-
dependently reduce osteogenesis and chondrogenesis of mesenchymal stem cells
(Chen, Y. C. et al., 2010).

Other iron oxide contrast agents

In addition to SPIO particles, the published literature describes a few other ferrous
contrast agents with preliminary promising results Firstly, magnetite iron
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nanoparticles (Fe3Os), which have initially displayed high relaxivity but also
appreciable cytotoxicity (Rasouli et al., 2018; Wei et al., 2018). Secondly, cross-
linked iron oxides (CLIOs) (Senpan et al., 2009) and monocrystalline iron oxide
nanoparticles (MIONs), which in its smallest form (<5nm), has shown potential
also as a positive contrast agent (Shen, Wu, & Chen, 2017). Other options include
ferrites, where 7> relaxivity of iron oxide nanoparticles is significantly enhanced
by replacing one Fe?* with a transition-metal dopant, usually manganese, nickel, or
cobalt (Sun, S. et al., 2004). These agents appear to be biocompatible (Bauer &
Schulten, 1992; Hadjipanayis et al., 2008) unlike metal-alloy metal nanoparticles,
which possess significantly higher relaxivity than SPIO particles, but unfortunately
also toxic or mutagenic (Maenosono, Suzuki, & Saita, 2008) at least if not further
stabilized by an additional coating (Lacroix, Ho, & Sun, 2010).

Several disadvantages encountered when exploiting ferrous nanoparticles.
Firstly, the susceptibility artifacts (Terreno, Castelli, Viale, & Aime, 2010) and also
difficulties in distinguishing the signal from signals emitted by endogenous tissue
components and from some pathological processes that result in a decreased signal
such as hemorrhage or gas accumulation. Secondly, the misinterpretation
challenges, i.e. whether the cells are alive or dead since SPIO particles remain in
the immediate vicinity of dead cells before normal dead cell clear-out (Bulte, J. W.,
2009). Thirdly, a restricted long-term detection of highly proliferating cells
(Walczak, Kedziorek, Gilad, Barnett, & Bulte, 2007), and finally, a trend towards
self-aggregation (Karimi, Karimi, & Shokrollahi, 2013).

2.1.4 Dual and other contrast agents

When developing a novel contrast agent for MR imaging, there is usually one or a
few particular drawbacks in the current substances that the new agent tries to
resolve. Gadolinium chelates are in clinical use and thus offer a point of reference.
For example, one major limitation with gadolinium chelates is that they do not pass
through the blood-brain-barrier without invasive techniques (Ding et al., 2010).
Some new compounds can overcome this disadvantage, for instance gold
nanoparticles that can pass through the blood brain barrier, (Meola, Rao, Chaudhary,
Sharma, & Chang, 2018), or dual contrast agents, for example gadolinium chelate,
coated with SPIO polymer which is being investigated as a possible contrast agent
for brain tumour imaging (Yang, H. et al., 2011). However, more commonly, there
are two aims for simultaneous 7 and 7> contrast: to resolve possible uncertain
signals due to artefacts and to enable more than one substance to be tracked at the
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same time. There are some novel stem cell labelling techniques being designed and
reports of a few dual MR imaging contrast agent studies have been published. The
advantages of dual contrast using the combination of SPIO and gadolinium chelates,
have been evaluated in two studies; it was found that it was possible to distinguish
living from dead cells (Ngen et al., 2015; Ngen, Kato, & Artemov, 2017), which is
known to be difficult to achieve with the SPIO label (Bulte, J. W., 2009). A study
examined gadolinium hybrid iron oxide nanocomposites; it was found that the
labelling did not exert any significant effect on the viability, proliferation, or
differentiation of mesenchymal stem cells in vitro, with a high T and 7> contrast in
both in vitro and in vivo mice brain being observed (Zeng et al., 2016).

Magneto liposomes or micelles are often characterized as a distinct contrast
agent group although in fact, they are typically encapsulated gadolinium chelates
or SPIO/USPIO particles. In these amphiphilic molecular aggregates, the
encapsulation should improve the biological stability (Bulte, J. W., de Cuyper,
Despres, & Frank, 1999; Langereis, Geelen, Grull, Strijkers, & Nicolay, 2013). The
research using liposomes or micelles has focused on targeted drug or gene delivery
because of their advantages such as the straightforward means of surface
modification and convenient preservation of pharmaceuticals, and the method has
even reached clinical use as a way to improve drug delivery (Faria et al., 2013;
German et al., 2015; Khaleghi, Rahbarizadeh, Ahmadvand, Malek, & Madaah
Hosseini, 2016; Langereis et al., 2013; Martinez-Gonzalez, Estelrich, & Busquets,
2016; Soenen, Hodenius, & De Cuyper, 2009). Instead, there are only a few
publications using liposomes which have focused on studying cell labelling and
cell homing using a variety of cells, including endothelial cells, pancreatic islet
cells, and hepatocellular cancer cells (Garcia Ribeiro, Ketkar-Atre et al., 2018;
Garcia Ribeiro et al., 2018; Garcia Ribeiro, Gysemans et al., 2018; Soenen, Brisson
et al., 2011; Soenen, De Meyer et al., 2011). Another study examined liposomes
incorporating mesenchymal stem cell (MSCs) and progenitor cells (Ketkar-Atre et
al., 2013). However, the study raised concerns about cell-contrast agent interactions
that may lead to toxic responses. One concern related to micelles and liposomes is
not the risk of coating the individual SPIO particles but instead with the formation
SPIO particle agglomerates which would lessen the magnetic properties and alter
the physiochemical features of the contrast agent (Dagata et al., 2008).
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2.1.5 Techniques for stem cell labelling with magnetic nanoparticles

At present, no stem cells are transplanted with a label in clinical settings.
Nonetheless, before the cell therapies can become clinical routine, it will be
important to be able to have a capacity to track the cells. This will be crucial not
only in understanding the therapeutic effect of transplanted cells in more detail and
to evaluate therapy related effects but also to detect possible side-effects of the label
or transplanted cells in the host tissue. Further, when developing a novel cell label,
it is important to remember that if one wishes to fully understand the effects the
label has on humans, it may still be necessary to monitor cells also in vivo in
humans even though in vitro and in vivo studies have been conducted in laboratory
animals. In this context, perhaps the most difficult perhaps even impossible task is
to estimate the long-term effect of the compound as the life expectancy of humans
is much longer than that of the laboratory-animals used in the initial studies. Further,
when treatment should be initiated without delay, the labelling procedure should
not postpone the treatment.

There are three different methods used for cellular labelling. A direct labelling,
where a label is added to cells during their expansion in culture, and indirect
labelling methods via a reporter gene, or a receptor. (Kircher, Gambhir, & Grimm,
2011). However, labelling cells by causing changes in the cell genome gives rise to
concerns over safety and there are also ethical issues, and therefore the latter
approach is less favourable for use in humans, and furthermore labelling via a
receptor would require a specific cellular marker (Fu & Kraitchman, 2010).
Therefore, despite the many potential advantages of indirect techniques i.e. long-
term tracking of cells, evaluation of cell viability, cell migration, and possibly
emerging cell populations (Kircher et al., 2011), the vast majority of cardiovascular
in vivo studies have exploited direct techniques (Fu & Kraitchman, 2010). During
the incubation, the endocytosis of the contrast agent occurs when the cells are
suspended in culture medium (Hsiao et al., 2007; Yeh, Zhang, Ildstad, & Ho, 1993) .
The incubation process may be either too inefficient or too slow, but in these
situations, the endocytosis process may be enhanced and hastened by the use of
permeabilization agents, for example poly-L-lysine, lipofectamine, or protamine
sulfate (Cromer Berman et al., 2011). In magnetofection, a cationic
permeabilization agent makes possible an electrostatic interaction which increases
the amount of contrast agent crossing the cell membrane (Wang & Jokerst, 2016).
However, these agents might be toxic (Arbab et al., 2004) and furthermore, the
labelling times may last up to 48h. (Fu & Kraitchman, 2010). Alternatively, the
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endosomal uptake of the label may be enhanced and speeded up by electroporation,
which involves the application a low voltage (Walczak, Kedziorek, Gilad, Lin, &
Bulte, 2005; Walczak et al., 2006).

2.2 Acute myocardial infarction

2.2.1 Pathogenesis and pathophysiology of acute myocardial
infarction

According to the World Health Organization, an acute myocardial infarction, the
leading cause of morbidity and mortality worldwide (Yusuf et al., 2017), is defined
as “myocardial cell necrosis due to significant and sustained ischemia” (Mendis et
al., 2011). The pathogenesis may be characterized by an obstruction of a coronary
artery or arteries often because of an obstructing plaque or plaques in an
atherosclerotic coronary artery or arteries, thrombosis, or less frequently, a spasm
in a plaque-free coronary artery or arteries (Mendis et al., 2011). The
pathophysiology of AMI consists of a series of metabolically related diverse
aetiologies which ultimately result in pathological hypertrophic remodelling (Hill
& Olson, 2008). Briefly, the pathway can be described as a three-step cascade
involving inflammation, cell proliferation, and remodelling phases. In these
overlapping phases, cells undergo apoptosis and necrosis, various
immunomodulatory responses and proinflammatory cytokine secretion, granular
tissue formation and fibroblast proliferation, scar tissue formation, cardiomyocyte
dysfunction, fibrosis and ventricular stiffening (Lister, Rayner, & Suuronen, 2016).
The end results are left ventricular (LV) dilatation and impaired cardiac muscle
contractibility, reduced left ventricular ejection fraction, and possibly even cardiac
failure (Zamilpa, Navarro, Flores, & Griffey, 2014)(Lister et al., 2016).The term
adverse LV remodelling refers to the resulting pathological changes (Lund et al.,
2007; Pfeffer & Braunwald, 1990).

Magnetic resonance imaging in the myocardial infarction

Cardiovascular (MR) imaging is a good way to assess mechanisms and efficiency
of novel cell therapies in the treatment of AMI, (Ahmed, Carrick, Layland, Oldroyd,
& Berry, 2013; Bulluck, Dharmakumar, Arai, Berry, & Hausenloy, 2018) and is
currently considered the gold-standard in evaluating the size of the myocardial
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infarction (MI) (Schulz-Menger et al., 2013). The MI size is proposed to be
associated only to some degree with adverse LV remodelling (Bulluck et al., 2017,
Westman et al., 2016) but strongly associated with mortality (Stone et al., 2016).
Furthermore, MR imaging makes it possible to assess other pathophysiological
processes including haemorrhage and microvascular obstruction, which have a
prognostic value when assessing adverse LV remodelling (Bulluck et al., 2017;
Carberry et al., 2017; van Kranenburg et al., 2014). Myocardial salvage refers to
the reversibly-injured myocardium and thus the myocardial salvage index is the
ratio of myocardial salvaged area of the final area of infarcted myocardium (final
infarct size — myocardial salvage/ final infarct size) and is considered a more
sensitive measure than MI size alone for evaluating the outcome of novel therapies
(Botker, Kaltoft, Pedersen, & Kim, 2012). However, there are a few challenges
encountered when estimating the salvaged myocardium. During the first week after
reperfusion of an AMI, myocardial oedema is considered to occur in both salvaged
and infarcted myocardium (Dall'Armellina et al., 2011). Furthermore, there is
currently no consensus either on which sequence should be used in evaluation of
the oedema (Bulluck et al., 2018) or on the optimal timing of the MR imaging for
determining the MI size or the area of salvaged myocardium (Fernandez-Jimenez
et al., 2017). Cardiovascular MR sequences for evaluating the above-mentioned
prognostic related variables are listed in table 1.

2.2.2 Stem cells in myocardial infarction

Characterization of stem cells

Traditionally, stem cells have been classified as either embryonic or adult stem cells
or as pluripotent or multipotent according to their origin/ differentiation capacity.
In simplified terms, stem cell therapies are based on self-renewal and the
differentiation capacity of the cells possibly to achieve some regeneration of the
damaged tissue. Induced pluripotent stem cells are reprogrammed so that they are
embryonic-like but nonetheless, they are adult origin stem cells (Takahashi &
Yamanaka, 2006) (Takahashi & Yamanaka, 2013). A general characterization of
stem cells and their advantages and disadvantages concerning the AMI therapy are
summarized in table 2.
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Stem cell delivery for cardiac therapy

Stem cell delivery to the injured site is a complex process that aims to combine
accurate delivery without any damage to either host tissue or the delivered cells.
There are various routes of delivery for cardiac therapy: 1, intracoronary; 2,
intravenous; 3, intramyocardial, which can be subdivided into a catheter-based and
to a direct surgical intramyocardial injection; 4, retrograde venous; and 5,
bioengineered tissue transplantation (Sheng, Zhou, & Hao, 2013). The first three
techniques have been used in clinical trials (Jeong et al., 2018), although there are
some major advantages and disadvantages related to the techniques. The
intracoronary infusion is feasible, mini-invasive, inexpensive, and results in the
delivery of a homogenous cell population in the injured tissue but is associated with
the potential risk for microemboli (Wang & Jokerst, 2016). Although the direct
intramyocardial injection is considered the most accurate and may avoid the issues
of homing and mobilization of cells which are associated in general with vascular
approaches, it is invasive, requiring thoracotomy which has its own complications
(Sheng et al., 2013). The catheter-based intramyocardial injection can be performed
either through a transcoronary venous or a transendocardial approach. The
advantages are the low-invasive protocol and it is suitable for high-risk patients but
requires further imaging guidance to reach the injured site (Sheng et al., 2013). The
intravenous injection is the least invasive, and it is very straightforward and
repeatable, however it has been associated with a low delivery rate and potential of
cell leakage to other organs and elimination by the reticuloendothelial system
(Barbash et al., 2003).

Stem cell therapy in myocardial infarction

The mortality and morbidity from AMI is high even with the current medical
therapy (Ward et al., 2018), which is intended to achieve revascularization (Reddy,
Khalig, & Henning, 2015). The high mortality is explained by the low self-renewal
capacity of myocardial tissue (van Berlo & Molkentin, 2014). Stem cell therapies
aim to regenerate the damaged tissue and achieve a structural remodelling of the
myocardium. The therapeutic mechanism is thought to be multifactorial e.g. stem
cell differentiation into cardiac cell lineages (Zamilpa et al., 2014), paracrine
regulation (Dixit & Katare, 2015) (Madigan & Atoui, 2018), enhancement of
neovascularization (Angoulvant, Fazel, & Li, 2004), and endogenous cardiac
precursor cell stimulation (Vrijsen et al., 2016).
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In the published literature, there are both clinical and preclinical stem cell AMI
studies which have utilized a variety of stem cell lineages (Jeong et al., 2018;
Madigan & Atoui, 2018; van der Spoel, T I et al., 2011; Ward et al., 2018; Wollert
et al., 2017). The cell lineages and their advantages and disadvantages are
summarized in table 2. To date, most of the research has focused on two cell
lineages; mesenchymal stem cells (MSCs) (Jeong et al., 2018); and bone marrow
mononuclear cells (BMMNCs) (Clifford et al., 2012; Janssens et al., 2006; Wollert
et al., 2016). BMMNCs consist of MCSs and hematopoietic stem cells (HSCs),
monocytes, lymphocytes, and endothelial progenitor cells (Micheu & Dorobantu,
2017).

Clinical evaluations as well as pre-clinical work done in laboratory animal
models have revealed similar results with respect to the mechanism of action,
regenerative, and functional properties. In clinical trials, the usual end points have
been left ventricle end systolic volume, ejection fraction (EF), ventricular volumes,
wall thickness, and scar size (Mathiasen et al., 2012). The following statistically
significant changes have been reported in the clinical trials: 1, improvements in EF;
2, a decrease in left ventricular end systolic and end diastolic volume, and 3, a
decrease in infarction size (Clifford, Fisher, Brunskill, Doree, Mathur, Watt et al.,
2012). However, the published results have been inconsistent with respect to
mortality. One meta-analysis reported significant lower all-cause and cardiac
related mortality in BMMNC-treated patients as compared to control patients
(Jeevanantham et al., 2012). More commonly, stem cell therapies have exerted no
significant impact on mortality, although this has been claimed to be due to the low
mortality rate in clinical trials (Clifford et al., 2012; Jeong et al., 2018). In summary,
the provision of stem cell therapy after acute myocardial infarction seems to be
undeniably beneficial when one assesses parameters that determine the condition
of the myocardium in AMI patients, although, it does seem that the benefits seem
small or at most moderate, and the observed differences with controls usually are
within a few percentage points (Clifford et al., 2012; Jeong et al., 2018). However,
the extensive variations between the published studies make it difficult to draw any
definitive conclusions.

In fact, the behaviour and effects of stem cells in the infarcted myocardium are
still not fully understood and thus, preclinical studies are still very much needed to
clarify the therapeutic mechanism in a detailed way not possible in clinical settings.
The reproducibility advantages of in vitro studies are undeniable and significant,
but it is difficult to extrapolate in vitro results to human physiology; more
similarities can be achieved by examining the effects of the cells in large animal
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models. Additionally, the therapeutic outcome is also affected by several technical
factors such as the timing of therapy, the number of transplanted cells, monitoring
time points, as well as the delivery route (Clifford et al., 2012; Jeong et al., 2018).
For example, in clinical trials, cell doses above 10 have achieved better outcomes
(Clifford et al., 2012). Furthermore, it is almost inevitable that there will be a delay
in cell delivery in clinical trials, typically of several days (Mathiasen et al., 2012).

Stem cell therapy in experimental acute myocardial infarction

Experimental AMI is usually induced by occluding one of the coronary arteries
followed by reperfusion (Crisostomo et al., 2015; Fan et al., 2014; Lai, P. F. et al.,
2013). In in vivo large animal studies, stem cell therapies have been shown to
improve EF (Amado et al., 2005; Fan et al., 2014; Qi et al., 2008) and reduce scar
size (Amado et al., 2005; Fan et al., 2014; Hashemi et al., 2008; Hatzistergos et al.,
2010; Qi et al., 2008) as detected by MR imaging similarly to clinical trials.
Furthermore, in two studies conducted in rats or rabbits, therapy with MSCs was
shown to promote angiogenesis (Lai et al., 2013; Pennella et al., 2017) and also to
improve electrophysiological remodelling by altering the expression of ion
channels (Lai et al., 2013).

Similarly to the problem encountered in clinical trials, the timing of stem cell
transplantation has varied in experimental settings. A meta-analysis evaluating
intracoronary BMMSC transfer in patients found transfer 3-7 days post-AMI was
optimal in achieving an improvement in left ventricular function, improvement on
EF, and decrease on LV dimensions (Xu, Liu, Zhong, & Huang, 2017). Crisostomo
et al. found no statistical difference between the groups that received stem cell
therapy within 7 days post-AMI (Crisostomo et al., 2015). As in the clinical trials,
the cell amount has varied between the experimental models, and still today no in
vivo experimental studies have reported that there would be any significant
correlation between the therapeutic outcome and the number of transplanted cells.
As well as the above described differences between clinical trials and experimental
models, there have been major differences in follow-up times; these are often due
regulations that are imposed for the use of laboratory animals, as well as due to the
costs. In human trials, a long follow-up is already often determined by the course
of the disease and that some additional novel therapy has been given.

Furthermore, in experimental models, despite the above-mentioned promising
results, the engraftment and migration of transplanted cells are yet unclear even
though one would think that this knowledge is crucial for understanding the
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therapeutic mechanism (Chavakis, Urbich, & Dimmeler, 2008; Fan et al., 2014).
One study conducted in mice found that the transplanted BMMNCs did not express
cardiac tissue specific markers but rather haematopoietic or myeloid markers
suggesting that the cells had undergone a haematopoietic engraftment (Balsam et
al., 2004). The finding is in line with another work in mice where no differentiation
into cardiomyocytes could be detected in mouse heart by using either genetic
techniques or by comparing the number of cardiomyocytes in engrafted mouse
hearts (Murry et al., 2004). Another study suggested that bone marrow derived
hematopoietic cells could generate cardiomyocytes only by cell fusion (Nygren et
al., 2004). In a mouse study using reporter gene imaging, fewer than 0.1% of
transplanted BMMNCs had migrated to the injured myocardium after 2 weeks,
however, in that study, the cells had been delivered intravenously (Sheikh et al.,
2007). In the same study, there was no statistically significant improvement
observed in cardiac function (Sheikh et al., 2007). More recently, Cai ef al. (2016)
demonstrated a significant myocardial recovery after BMMNCs transplantation in
pigs (Cai et al., 2016). In this work, there was evidence of up-regulation of glucose
metabolism-related enzymes in the areas injected with BMMSCs at 4 weeks’ post-
transplantation and it was postulated that the therapeutic effect could be mediated
by activation of mammalian target of rapamycin signalling pathways, which
together with microRNAs are considered major regulators of both physiological
and pathological cardiovascular processes (Samidurai, Kukreja, & Das, 2018).

Stem cell tracking in myocardial infarction

In humans, PET imaging has indicated that the homing of intracoronary
transplanted bone marrow cells after AMI varies from a few percent to 14-39%
depending on whether the cells were or were not CD34-enriched, with the latter
being more efficient (Hofmann et al., 2005). Those cells were mainly detected in
the border zone. Moreover, when the biodistribution of bone marrow cells was
examined, it seemed that the cells were detected primarily in liver and spleen
(Hofmann et al., 2005). This may be explained with the hypothesis that the
therapeutic effect of BMMSCs would be mainly mediated through paracrine
pathways (Cai et al., 2016).

In order to be able to evaluate cell tracking in vivo with MR imaging, a map is
required to ensure the accurate anatomical location of cells and to allow subsequent
spatial comparison with histology. In heart imaging, the myocardium is usually
divided into segments (Cerqueira et al., 2002) illustrated in figure 2.
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Fig. 2. Schematic illustration of left ventricle cardiac segments, modified from
(Cerqueira et al., 2002).

In addition, the cells of interest must be labelled to assess their viability (Cromer
Berman et al., 2011; Srinivas et al., 2010). Despite the considerable clinical interest
towards stem cell therapies in AMI, interestingly there are only a few large animal
studies published evaluating cell homing in vivo using SPIO labelling (He et al.,
2007; Ma, G. S., Qi, Liu, Shen, Chen, Liu, Hu, Zhang, Teng, Ju, Ma, & Tang, 2011;
Peng et al., 2013; Qi et al., 2008; Yang, K. et al., 2011). He et al. (2007) used
minipigs, in which SPIO labelled cells were transplanted by myocardial injections
at 10 days’ post-AMI. The cells were viable in MR imaging throughout the 4 weeks’
follow-up, with the results confirmed by histology. It is noteworthy that these
investigators used an incubation time of 48 hours (He et al., 2007). There are two
other studies using regular size pigs, with SPIO or USPIO, SPIO and MPIO labelled
cells being delivered by intracoronary infusion at 3- 7d post-AMI; it was found that
the cells were visible in the MR imaging at 4 weeks and in 5 out of 7 pigs still at 8
weeks. (Ma et al., 2011; Qi et al., 2008). The label was detected both in the
infarction zone and peri-infarcted zone. Probably because of the transplantation
route, the USPIO label that penetrates most easily because of its small size, was
concluded to be the most suitable (Ma et al., 2011). Similarly, Peng et al., (2011)
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and Yang et al., (2011) used intracoronary infusion and 8 weeks’ follow-up,
however the cell transplantation was performed at 7-12 days’ or 12 days’ post-AMI.
In both experiments, the cells were dual labelled with SPIO and a lentiviral vector
carrying the gene encoding green fluorescent protein (GFP). The first study found
that the signal from the SPIO label did weaken over time, however the latter work
reported that the hypointense signal from the SPIO label actually increased with
time. One common finding in all these large-animal studies is that the labelled cells
were detected mainly in the peri-infarction or border zone, but also that the stem
cell therapy was observed to enhance myocardial recovery (He et al., 2007; Ma et
al., 2011; Peng et al., 2013; Qi et al., 2008; Yang et al., 2011). Another study used
SPIO label with the swine AMI protocol, however instead of focusing on cell
tracking, the work assessed the effects of MSCs overexpressing insulin-like growth
factor-1 (IGF-1) and hepatocyte growth factor (HGF) transplantation (Gomez-
Mauricio et al., 2016). Interestingly, no significant synergistic therapy effect was
observed with the MSC-IGF-1/MSC-IGF-HGF-treated groups, as compared to
non-transplanted groups, however they found that both neovascularization and
fibrosis was enhanced in the cell-transplanted groups.

The above works have been criticized; it has been claimed that MR imaging
may not be suitable for long-term tracking of the SPIO label as there are studies
suggesting that the long-term signal mimicking that from the SPIO label is actually
emitted from extracellular iron particles (Huang, Z. et al., 2015), and macrophages
taking up the iron (Ma, N. et al., 2015; Pawelczyk et al., 2009; Terrovitis et al.,
2008). Interestingly Ma et al. (2015) used donor MSCs to identify the transplanted
cells and after 4 weeks there were very few or no implanted cells in the myocardium
but instead there was a rather progressive inflammatory response (Ma et al., 2015).

2.3 Osteoarthritis

2.3.1 Pathophysiology of osteoarthritis

Osteoarthritis is a very common chronic disease, characterized by idiopathic or
posttraumatic degeneration of articular cartilage (Bijlsma, Berenbaum, & Lafeber,
2011; Vina & Kwoh, 2018). The weight loading joints i.e. hip and knee are the most
common locations (Conaghan et al., 2015) and in good agreement, mechanical
loading of the joint has been associated with possible damage of articular cartilage
(Yucesoy, Charles, Baker, & Burchfiel, 2015). Other common risk factors include
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excess weight, biomechanical problems, joint trauma, and age (Rosenberg, J. H.,
Rai, Dilisio, & Agrawal, 2017).

About 4% of the net wet weight of articular cartilage consists of chondrocytes
and an extracellular matrix, which is made up of about 65-85% of water, 15-20%
of collagen, mainly type II collagen, and 3-10% of proteoglycans (PGs) (Maroudas
& Venn, 1977; Pearle, Warren, & Rodeo, 2005; Venn & Maroudas, 1977). Articular
cartilage can be divided into histologic zones according to its cellular components
and collagen structure as follows: 1, superficial zone; 2, middle or transitional zone;
3, deep or radial zone; and 4, calcified zone (Pearle et al., 2005). The structure and
biomechanics of articular cartilage are characterized in figure 3. The mechanical
strength of the collagen network is orientation dependent and decreases with zone
deepness until the deep zone, while the PG concentration on the contrary is elevated
with zone deepness (Mow, V. C., Ratcliffe, & Poole, 1992). The collagen network
largely determines the dynamic strength and the PGs account for the compressive
strength of articular cartilage by interacting with the interstitial water of the
extracellular matrix (Laasanen et al., 2003). In the extracellular matrix, large PG
aggregates are formed which have been shown to inhibit PG depletion during
mechanical loading (Roughley, 2006). The structure and biomechanics of articular
cartilage are characterized in figure 3. While the articular cartilage is avascular and
sustained by synovial fluid, the calcified zone has vascular channels originating
from subchondral bone, with the interface commonly named as the tidemark
(Hoemann, Lafantaisie-Favreau, Lascau-Coman, Chen, & Guzman-Morales, 2012).

The pathophysiology of OA is a multifactorial metabolically active cascade
where there are two characteristic phenomena: the proteoglycan depletion due
disruption of the collagen fibrillar network and morphological changes in the
collagen network (Kempson, Muir, Swanson, & Freeman, 1970; Saarakkala et al.,
2010). While the structural changes are considered irreversible, the molecular
compositional changes that occur at the very beginning are possibly thought still to
be reversible (Choi & Gold, 2011; Link, Stahl, & Woertler, 2007).

2.3.2 MR imaging of proteoglycan content

Although the morphological features of OA such as a narrowing of the joint width
space, the presence of osteophytes, cartilage thickness/ surface area changes, and
other cartilage characteristics like integrity, roughness, and inflammation can be
assessed at least partly with a variety of imaging modalities other than MR imaging,
MR imaging is currently considered to be the gold standard non-invasive method
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to assess the molecular composition of articular cartilage (Hani et al., 2015). MR
imaging is considered an accurate way of assessing a decrease in the PG
concentration or an increase in water content (Bashir, Gray, & Burstein, 1996;
Bashir, Gray, Boutin, & Burstein, 1997; Bashir, Gray, Hartke, & Burstein, 1999;
Hani et al., 2015; Kang, Choi, Yoo, Hong, & Kang, 2017; Nieminen et al., 2002;
Salo et al., 2012). The increase in the water content occurs as a result of the
reduction in the PG content (Mankin & Thrasher, 1975; Saarakkala et al., 2010).
The published literature describes three main methods to measure PG content in
articular cartilage: 1, delayed gadolinium-enhancement magnetic resonance
imaging of articular cartilage (lGEMRIC); 2, sodium MR imaging; and 3, 7 rho
mapping (Choi & Gold, 2011; Kijowski & Chaudhary, 2014). The first two
approaches are based on the fixed charge density of articular cartilage which is due
to the negatively charged glycosaminoglycan side chains of aggrecan, the main PG
component in the articular cartilage (Aspberg, 2012). In dGEMRIC imaging, the
decreased PG content within articular cartilage increases Gd-DTPA-2 uptake as Gd-
DTPA is negatively charged and therefore it is distributed throughout the PGs store.
This inverse proportionality has been proven to be a highly sensitive and specific
method to evaluate PG concentration in articular cartilage (Kijowski & Chaudhary,
2014). In sodium MR imaging, the negative charge of articular cartilage attracts
positively charged ions like sodium and thus the decrease in the PG concentration
results in a decreased intake of sodium ions and the method, like dGEMRIC, has
been proven to be a sensitive way to assess the PG content (Shapiro, Borthakur,
Gougoutas, & Reddy, 2002). In fact, both methods have been applied in human
trials (Burstein et al., 2001; Multanen et al., 2009; Wheaton et al., 2004). The T\
weighted rho mapping, based on a long-term RF pulse and the ability to detect the
slow motions of macromolecular have been initially shown to be sensitive at
detecting the early PG depletion and furthermore, it can reveal some other
biochemical and biomechanical changes in OA (Choi & Gold, 2011). In addition to
a lesser extent, 7> mapping has been applied in the evaluation of the PG content but
more often it has been used to assess the changes in collagen matrix and water
(Choi & Gold, 2011).

The known problems for the dGMRIC imaging include contrast agent related
problems. Firstly, the time delay prior to MR imaging because of slow diffusion of
contrast agent into the cartilage. Secondly, the risk of a nephrogenic systemic
fibrosis (Beam et al., 2017), and thirdly, accumulation into the central nervous
system (Kanda et al., 2017; Radbruch et al., 2015; Radbruch, 2018). The problems
encountered in sodium imaging include the challenges of identifying the signal
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origin (Kijowski & Chaudhary, 2014), the need for a high RF power which could
cause tissue warming or even burning, and specific absorption rate related issues

(Choi & Gold, 2011).

Superficial zone

Middle zone

Deep/
Calcified zone

7

\
, v
{MMW

s |

Fig. 3. The structure and biophysics of the articular cartilage (Mow, V. & Huskes, 2015).
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3 Aims of the present study

The main purpose of this work was to develop magnetic contrast agents for cellular
and other labelling purposes. An improved label could lead to a better
understanding of pathological processes and the mechanisms behind regenerative
therapy and eventually lead to a better understanding of diseases and improved
therapeutic designs.

The specific aims of this study were:

1. To evaluate the usability of a novel, fast SPIO labelling method for BMMNCs
labelling and for tracking stem cells by MR imaging in an experimental AMI
model.

2. To investigate the usability of the novel, fast SPIO labelling method for long-
term tracking of transplanted BMMNC:s in an experimental AMI model and to
evaluate the effectiveness of BMMNC therapy in cardiac regeneration after
AMIL.

3. To process novel MnO labels for magnetic resonance imaging and furthermore,
to observe the usability of the labels for mesenchymal stem cell labelling.

4. To evaluate the role of a novel amorphous MnO label in measuring
proteoglycan content in articular cartilage.
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4 Materials and methods

The detailed methods used are presented in papers I-IV.

41 Study animals and human samples (I, II, IV)

Table 3. Characteristics of in vivo and ex vivo research assessments.

Variables | 1l

Animals (n)
Porcine 3 31
Bovine - -
Human samples (n) - -
Infarction model

AMI 3 31
AMI+BMMNC 3 18
AMI+BMMNC+label 3 7
Imaging

MRI 0d 3

MRI 21d -

MRI ex vivo 3 -
Electrocardiography - 31
Blood samples 3 31
Cytokine levels, - 31
baseline

Cytokine levels, 24h

AMI - 14

AMI+BMMNC - 8
Cytokine levels, 21d

AMI - 1"

AMI+BMMNC - 4
Histopathology 3 31

Cartilage model (n)
Label

MnOx Gd-DTPA - -

MnOx
Histopathology

11
11
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4.1.1 Porcine infarction model (1, ll)

AMI was induced according to a previously described method (Makela et al., 2007).
Briefly, the pigs were anesthetized with midazolam (Pfizer AB, Solletuna Sverige)
and ketamine hydrochloride (Pfizer AB), and anesthesia maintained with
midazolam (Pfizer AB), fentanyl (Hameln, Hameln, Germany) pancuronium
(Hameln, Hameln, Germany), and inhaled isoflurane (Orion Pharma, Turku,
Finland). The circumflex coronary artery (CX) was surgically coiled (Scanlan, St.
Paul, MN, USA) for 90 minutes. Subsequently, the labelled BMMNCs were
transplanted within the area vascularized by CX by using direct intramuscular
injections. The pigs were MR imagined in vivo at 1-2 hours’ post-AMI (I, II) and
at 21 days’ (II) post-AMI. Biochemical analyses were performed at the baseline,
and at 90 minutes after reperfusion, and in study II also at 24 hours’ and at 21 days’
post-AMI. In study II, in addition to the MR imaging, echocardiography was
performed at the same time points as the biochemical analyses. After sacrifice, the
formalin-fixed cardiac tissue was MR imaged ex vivo (1), and the left ventricle
divided according to a standardized myocardial segmentation scheme (Cerqueira
et al., 2002) for histology.

4.1.2 Articular cartilage sample preparation (1V)

Cylindrical 5 mm diameter osteochondral plugs, prepared from knee articular
cartilage samples obtained from the local abattoir (bovine samples) or after total
knee replacement surgery (human samples), were immersed in phosphate-buffered
saline (PBS) and frozen at -18°C.

4.2 Nanoparticles and cell labelling (I-1V)

Table 4. Nanoparticles used and cell labelling in the study.

Variables [ Il 11} \Y
Nanoparticles
SPIO yes yes
MnOc - - yes
MnOx - - yes yes
Gd-DTPA - - - yes
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Variables | 1l LI} \%
Cells
Human MSCs - - yes

Porcine yes yes
BMMNCs
Labelling method
Rotating yes yes
incubation
method
Incubation and - - yes yes
microwave
Electroporation yes
Label toxicity yes - yes

evaluation

4.2.1 Preparation and characterization of nanoparticles (lll)

A microwave reactor (Discover SClass, CEM, USA) with controllable time and
temperature/heating was used for the synthesis of manganese oxide. By using
heating, stirring, and ultrasonication, 12 mmol of sodium acetate was ethylene-
glycol-dissolved. After adding 4 mmol MnCl,-4H,O, the dissolving with the
ethylene-glycol was repeated.

Dissolution of MnOx patrticles

A plasma mass spectrometry (ICP-MS, PerkinElmer, Elan 6100 DRC Plus) with a
commercial multielement standard (PerkinElmer, Multi-Element Calibration
Standard 3, N9300233) for calibration were used to study MnOx dissolution at an
extracellular pH value = 7.4 and an intracellular pH value = 5 by using 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) and morpholine-4-
ethanesulfonic acid (MES) buffers.

4.2.2 Isolation and culturing of cells (I, 1)

BMMNCs were isolated from the bone marrow aspirate gathered from the tibial
tuberosity. After density-gradient centrifugation (Ficoll-Paque Plus, GE Healthcare
Bio-Sciences AB; Uppsala, Sweden), which removed the granulocytes and

49



erythrocytes, the harvested BMMNCs were washed with PBS and plated.
BMMNCs were then gathered and expanded in culture.

4.2.3 Labelling of cells (1, I, Il)

SPIO labelling (I, 1)

SPIO labelling was performed using 0.1 and 0.2 mg/mL concentrations of contrast
agent (I; in vitro assessment) or in 39 mg/mL ferucarbotran corresponding to 36
mM iron (Resovist, Bayer Heathacre, Berlin, Germany) (I, II; the AMI models) and
1, a rotating incubation method (lhour incubation combined with continuous
rotation to prevent aggregation) (I; in vitro and AMI model); 2, electroporation (two
square wave protocols at 100V) (I; in vitro assessment); or 3, a rotation incubation
method (37°C for 3 hours) (IT). Later, the BMMNCs were washed with PBS and
suspended into an agarose gel (I) or a saline solution (II) at a density of 10® cells/ 2
mL). Control BMMNCs were incubated with basal medium without label (I; in
vitro assessment).

MnO labelling (1)

MnO labelling was performed by incubating the hMSCs for 2 hours in 10, 20, or
40 ng/ml concentrations of crystalline manganese oxide (MnOc) or amorphous
manganese oxide (MnOx).

Proliferation and viability of labelled cells (1, 11l)

The cellular proliferation rate of labelled BMMNCs was analysed by measuring
MTT absorbance with the (3-(4,5-dimethylthiazol-2-yl)-2,5-)diphenyltetrazolium
bromide assay (Tetrazole, Sigma-Aldrich, St. Louis, MO, USA) and
spectrophotometry 1-7 days after labelling. The MTT absorbance of cultured
control cells was used as a reference.
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4.3 MR imaging and image analysis

4.3.1 Relaxivity measurements of nanoparticles in vitro (lll, 1V)

The relaxivity () of MnOc (IIT) and MnOx (111, IV) at various particle suspensions
were measured with a nuclear magnetic resonance (NMR) spectrometer (Minispec
mgq 60 (IIT) or DPX200, Avance 111 300, and AVANCE III 600 (IV) (Bruker BioSpin,
Rheinstetten Germany) by using the spin echo (III) and the spectroscopic saturation
recovery (III, IV) sequences. Furthermore, the R of MnOx at various low field
strengths between 2.34-10“and 4.7-10"! were measured with a fast field cycling
relaxometer (Stelar SPINMASTER FFC2000 1T C/CD, Mede, Italy) (IV). The
relaxation of the Gd-DTPA in water (Magnevist, Bayer Schering Pharma AG,
Berlin, Germany) at 7.1 T was determined for reference (IV).

The relaxivity of contrast agents for all of the field strengths were calculated
by fitting T, and particle concentration data to the equation

[cal =2 (;=-7), (1)

T\Tica T1

where contrast agent (CA) is the concentration of the contrast agent and 77 and Tica
are the relaxation times of water in the presence or absence of the contrast agent.

4.3.2 MR imaging of nanoparticles in vitro (I, lll)

Th, T> and T>* relaxation times of SPIO labelled BMMNCs were assessed using a
9.4 T NMR vertical magnet (Oxford Instruments, Abingdon, UK) and a 10 nm
spectroscopic probe (I). An inversion recovery sequence with repetition time (TR)
700ms, echo time (TE) = 2 ms, inversion time (TT) 5-500 ms was used to assess 7T
relaxation by calculating the values/ areas of spectra. A spin echo (SE) sequence
with TR 700 ms, eleven TEs between 2-40 ms was used to assess 7> relaxation. A
gradient echo sequence with TR 100 ms, seven TEs between 2-40 ms was used for
T»>* relaxation evaluation.

Ti and T relaxation times of MnOc¢ and MnOx labelled MSCs were acquired
using a 3T small MR scanner and an animal coil (RAPID Biomedical GmbH,
Rimpar, Germany) (III). A single slice inversion recovery fast SE sequence with
TR 1000 ms, TE 8.6 ms, ten TIs between 50-9500 ms, field of view (FOV) 120 ms,
matrix 256, yielding an in-plane resolution of 0.47 mm, slice thickness 3 mm, echo
train length 8 and NEX 1 was used for the 7; relaxation time. A multi-slice multi
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echo spin echo sequence with TR 1680, twelve TEs between 11.5-138 ms, echo
train length 5, FOV, matrix and slice thickness unchanged was used to assess 7>
relaxation times.

At 94 T (I) and 3 T (III), the region of interests (ROIs) were manually
segmented into samples and the relaxation times acquired were fitted with the
exponential relaxation equations using the in-house application (MATLAB, The
MathWorks Inc., Natick, MA, USA).

The change in the signal intensity due the SPIO label was characterized at 1.5
T (GE Signa Twinspeed, GE Healthcare, Milwaukee, WI, USA) using a four-
channel cardiac coil and the following imaging sequences: 7> fast spin echo (FSE)
sequence with TR 5400 ms, TE 96 ms, FOV 200 mm, FA 90°, NEX 1, AT 3min
47s, slice thickness/ interval 3/1 mm); T2 fluid-attenuated inversion recovery
(FLAIR) sequence with TR 8802 ms, TE 133 ms, AT 3min 31s, slice thickness
interval 3/1.5 mm, and unchanged FA, NEX, and FOV (I). ROIs were manually
drawn on each specimen containing SPIOs as well as control specimens and the
signal intensities of SPIO specimens were reported as a percentage of the signal
intensities of the controls.

4.3.3 MR imaging of myocardial infarction (1, 1)

The pigs were MR imaged with 1.5 T (GE Healthcare) using a four-channel cardiac
coil and combined electrocardiogram and respiratory gating. The 2D CINE short
axis sequence were imaged using the following imaging parameters: TR 4.2 ms,
TE 1.8 ms, FOV 340, matrix size 256 x 256 mm, FOV 340, slice thickness 8-11
mm. Prior contrast enhancement sequences, a contrast agent, 0.2 mmol/ kg
gadopentetate dimeglumine (Magnevist, Schering AG, Berling, Germany or
Magnevist, Bayer Healthcare, Berlin, Germany ), was intravenously injected. The
perfusion sequence (7 multishot gradient-echo planar inversion-recovery) were
obtained using the following parameters: TR 8 ms, TE 3.2 ms, matrix size 256 x
256 mm, FOV 340, slice thickness 11 ms. The delayed enhancement (DE) sequence
(segmented inversion recovery fast gradient echo) was obtained 10 min after the
contrast agent injection using the following parameters: TR 6.8 ms, TE 3.2 ms,
matrix size 256 x 256 mm, FOV 340, slice thickness 10 mm, T1 200-150 ms.

For ex vivo imaging, a 7, weighted fat saturation sequence (FSE) and a T>*
weighted sequence were used with the following acquisition parameters: 7>* using
TE of 15 ms, TR of 660 ms, matrix size of 256 x 256 mm, FOV of 140, and slice
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thickness of 3 mm; and 7> FSE using TE of 86.5 ms, TR of 5400 ms, matrix size
of 256 x 256 mm, and FOV of 140 mm.

The extent of AMI was evaluated from the 2D CINE (short axis), DE images
(in vivo) and from 7> FSE and 7>* weighted images (ex vivo) and recorded as the
number of affected cardiac segments (Cerqueira et al., 2002). The level of change
in segmental intensity caused by the iron label was qualitatively classified into the
following grades: 0 = no change, 1 = moderate change, and 2 = strong change). The
relative percentage change in the signal was quantitatively counted by placing
segmental ROIs on each 2D CINE slice within the segment in the systolic and
diastolic phases by using an open-source viewer software (Osirix v.6.5, Pixmeo,
Bernex, Sqitzerland). In the correlation analysis of imaging results with histology,
the segmental mean values were used. EF was calculated from 2D CINE images
by using a ROI-based method and in-house software (GE advantage workstation,
GE Healthcare) with the data presented as mean values from two readings.
Abnormal myocardial kinetics were determined segmentally as follows: 0 = normal,
1 = hypokinesia, 2 = akinesia, and 3 = dyskinesia.

The segmental volume of segment 16 was hard to draw and therefore this
segment was excluded from the MRI analysis.

4.3.4 Imaging of articular cartilage (IV)

T+ maps

Bovine and human samples were placed in 5 mm sample tubes and 2-3 different
concentrations between 0.05 and 0.2 mM of MnOx contrast agent were allowed to
diffuse into cartilage samples through the superficial cartilage. The diffusion was
monitored until 24 hours’ post-contrast by repeatedly assaying 7} relaxation maps.
Later, the contrast agent solution was replaced by PBS and the washout was
monitored until 48 hours post-contrast. For reference, the procedure was repeated
in bovine samples with 1 mM of Gd-DTPA contrast agent. A 7.1 T Bruker Avance
IIT 300 NMR spectrometer (Bruker, Rheinstetten, Germany) with a Micro 2.5
gradient system, a 10 mm RF coil, a saturation recovery spin-echo imaging
sequences (FOV 8 mm x 10 mm, resolution 250 um x 78 um, TE 5 ms, TR times
between 44 and 5120 ms, and slice thickness 1 mm. The Paravision software was
used to acquire the 7' relaxation maps.
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Concentration maps

By fitting the 77 maps and measured relaxivities of contrast agents to the equation
(section 4.3.1., appendix 1) then it was possible to obtain the spatial contrast agent
concentration maps. A MatLab (Math-Works Inc., Natick, MA, USA) was used for
calculations of concentration versus time at three different zones of articular
cartilage: 1, superficial zone (P1); 2, middle zones (P2-3); and 3, deep zone or
calcified region). To achieve exact spatial correlation between pre- and post-
contrast images, the first post-contrast image was used as a reference.

4.4 Echocardiography (ll)

A 3.5MHz transthoracic echocardiography (Acuson Sequia 512, Siemens AG,
Munich, Germany) was used to determine the thicknesses of interventricular
septum and posterior wall of LV, LV mass using the method described by Reichek
and Devereux, (1977) (Devereux & Reichek, 1977). EF was estimated using the
Teichholz formula. Furthermore, the cardiac output was measured using the
velocity-time integral of the pulsed-wave Doppler and the trans-mitral flow peaks
and the isovolumetric relaxation of the aortic valve were determined with Doppler
scanning.

4.5 Biochemical analysis (I-1l)

Blood gases, pH, electrolytes, glucose, haemoglobin, haematocrit, ionized calcium
(i-STAT analyser, Abbot, Santa Clara, CA, USA), basic blood count, leukocyte
differential count (Cell-Dyn analyser, Abbot), and troponin I (Immunoassay,
Innotrac, AIO, Turku, Finland) were assayed at the baseline (I, II), at 90 min post-
AMI (I, II), at 120 min post-AMI (II) with the latter three values also measured at
21days’ (II) post-AMI.

Cytokine levels were analysed at the baseline, 1 day, and 21 days with a Bio-
Plex Pro Human Cytokine Assay (Bio-Rad Laboratories Inc., Hercules, CA, USA)
(ID). Briefly, the samples were centrifuged, diluted, and analysed. Five-parameter
logistic equations were used for automatic calculation of the results.
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4.6 Histopathology (I, Il, IV)

4.6.1 Myocardial tissue samples (I, 1)

Samples were formalin-fixed, paraffin embedded, cut and stained with
hematoxylin-eosin (HE) (II) and Prussian blue (30 min incubation in 2% potassium
ferrocyanide) (I, 11).

Prussian blue positively stained BMMNCs were assessed according to the
colour intensity, size, and shape. The number of cells were calculated using a three-
scale classification: 0 = no BMMNC:s, 1 =a few BMMNCs, and 2 = a large number
of BMMNC:s. Individual values from sections were summed for segmental grade
so that grade 1 in 2-3/3 sections was classified as grade 2.

The characterization of myocardial damage was assessed by analysing HE
stained sections and was classified as follows: 0 = normal tissue, 1 = granulation
tissue, 2 = necrotic areas, and 3 = fibrotic areas (II).

4.6.2 Cartilage tissue samples (IV)

Safranin O-staining, a light microscopy system (Axio Scope Al, Carl Zeiss
Microlmaging GMbH, Gottingen, Germany) and a digital camera (Retiga 4000R,
OlImaging, Surrey, BC, Canada) were used to evaluate PG distribution in human
samples, with the method previously described by Kiviranta et al. (Kiviranta,
Jurvelin, Tammi, Saamanen, & Helminen, 1985). Briefly, after staining and
sectioning, neutral density filters with four optical density (OD) values between 0.3
and 1.5 (Edmund optics, Barrington, NJ, USA) were used to obtain calibration
images with various OD values between 0.0 and 2.5. During the calibration, the
grey-level values of images were converted to OD values using the equation of
Rodbard with Image J (v.1.5b, National Institutes of Health, USA).

The Osteoarthritis Research Society International (OARSI) grading system
(Pritzker et al., 2006) and a modified Mankin score (Mankin, Dorfman, Lippiello,
& Zarins, 1971) were used to determine the severity of OA.

4.7 Ethical considerations (I-1V)

The animal experiments (I-II) were approved by the Animal Care and Use
Committee, University of Oulu, Finland (ESLH-2007 09818/YM-23). Bovine
samples (IV) were obtained from the local abattoir (Atria Oyj, Kuopio, Finland)
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and thus no ethical authorization was required. The use of human samples (IV) was
approved by the ethics committee of Northern Ostrobothnia Hospital District
(permit no: 78/2013).
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5 Results

The detailed results are presented in studies I-1V.

5.1 Cellular proliferation of BMMNCs in vitro is not altered when
labelling with SPIO using a rotation incubation method (1)

Cellular proliferation (viability) as measured by MTT absorbance of cells on days
one and four was not statistically significant different between SPIO labelled and
control BMMNCs in vitro (I, Fig 4). However, after 7 days, a statistically
significant (p<0.001) difference was evident between the cells labelled by
electroporation and control cells (I, Fig 4).

5.2 Cellular relaxation values correlated with the SPIO label
concentration in vitro (1)

In accordance with the iron content of samples, there were changes observed in
relaxation values at 9.4 T. At 1.5 T, when comparing the 71 SE, 7> SE, and 7>
FLAIR sequences, the FLAIR sequence showed the clearest reduction in signal
intensity between the labelled cells and controls (I, Fig 4). Furthermore, in a
comparison of the labelling methods which had used, the rotating incubation
method showed the highest signal reduction.

5.3 Spatial correspondence of labelled BMMNCs between MRI and
histology were observed in vivo (I, ll)

Qualitatively evaluated signal loss in CINE sequences were determined to reflect
SPIO label which was detected in one to four of the five segments supplied by the
CX in each animal; this corresponded to the histological evaluation (I, Table 1). In
the positive segments, a 24 to 64% signal intensity loss was observed in quantitative
analyses whereas in the negative segments, the observed signal intensity change
varied from a 1% loss to a 3% increase (I, Fig 2). In histology, the percentages of
the surface area covered by labelled BMMNCs were 0.002-0.927% in the cell
positive segments (I, Fig 2).

In study 11, the qualitative segmental correspondence was similar between the
MR imaging and the histology, although the correlation was not so clear as found
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in study I (II, Fig 3). At 21days’ post-AMI, no label was detected with the MR
imaging.

In the histological evaluation, most BMMNCs showed no changes in
morphology. However, a few BMMNCs had become elongated and flattened and
were positioned in a parallel fashion along myocytes or endothelial cells (I, Fig 3).

5.4 BMMNC transplantation seems to have a therapeutic effect
after AMI in vivo (1, 1)

Table 5. Effects of AMI and BMMNC transplantation (I, II).

Variable 0-24 hours post-AMI 21 days post-AMI
BMMNCs Control BMMNCs Control
Echocardiography
Fractional shortening ! d ™ ™
EF ) 2 T T
MRI
EF ) ™
Abnormal myocardial ™ T
kinetics
Delayed enhancement T T
Abnormal perfusion T T
Histology
Hemorrhage T T T
Necrosis T T T
Granulation tissue no T T
Fibrosis no Tino Tino
Calcification

Metabolic changes

Troponin T 0 V) l
Cytokine levels
IL-1ra +/- +/- ™ T
PDGF ) A T 2
IFN-y +/- d T l
G-CSF

IL-1ra, interleukin-1 receptor antagonist; PDGF, platelet-derived growth factor; IFN-y, interferon gamma;
G-CSF, granulocyte colony-stimulating factor; (*), statistical difference (p<0.05); (#) n =7
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5.5 Characterization of manganese particles (lll, IV)

In order to obtain the characteristic crystalline MnO phase, it was found sufficient
to heat the pale green synthesis mixture without capping agents for 30 min at 240°C
(III, Fig 1a). After ethanol purification, the stable suspension appeared to be black
and the TEM analysis showed the presence of nanocrystals (III, Fig 1b). This,
together with the determined reaction temperature and different reaction times (10,
20, and 30 min) used for manganese oxide syntheses, were evaluated together with
the polymeric agents poly(acrylic acid) (PAA) and poly(vinyl pyrrolidone) (PVP)
(111, Table 1). With the PVP-addition, the suspensions resulted in a similar black
product after purification. In contrast, with the PAA-addition the suspensions
resulted in the formation of a white product (III, Fig 1¢). TEM analysis of the white
suspensions suggested that they had an amorphous structure (III, Fig 1d). The
phenomenon can be explained by the two-step formation of crystalline MnO: 1, the
hydrolysis of Mn?" to Mn(OH), and 2, the dehydration of Mn(OH),. The hydrolysis
requires alkaline conditions and the PAA is a polyacid and thus no crystalline MNO
is formed in the presence of PAA.

In order to characterize the behaviour in solution, the hydrodynamic size and
net surface charge at neutral pH of the water/ buffer suspensions of the MnOc and
MnOx were assessed by using dynamic light scattering and electrocinematic
measurements (III, Fig 2). MnOc samples had a narrow size distribution and low
polydispersity values which were indicative of well-dispersed particles. MnO
samples showed less discrete and less well-defined particles but they could be
readily dispersed in an aqueous solvent and thus possessed preferable
hydrodynamic characteristics. The net surface charge of MnOx at neutral pH was
negative due to the carboxylic acid groups resulting from the PAA used (I11, Table
1). In contrast, the crystalline sample exhibited a net neutral charge, strengthening
the hypothesis that PVP does not contain chargeable groups. Furthermore, the net
neutral charge at neutral pH is also reflected in the less favourable hydrodynamic
size results.

To obtain PVP- or PAA-stabilized MnO particles, a reaction time of 20 min
was found to be sufficient according to the dynamic light scattering data (III, Table
I). The crystalline phase was confirmed by X-ray diffraction (III, Fig 3).

The samples produced using microwave digestion without any polymer
showed diffraction patterns reflecting the MnOx phase in accordance with TEM
characterization, where the same pattern was observed for PVP-stabilized sample
but not for PAA-stabilized sample.
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TEM analysis showed some differences in morphology and size, also
suggesting that there was more coherent morphology with 30 min reaction time
than with 20 min reaction time. Further, the morphology and size became even
more coherent with PVP addition. TEM analysis showed the coexistence of
nanoclusters together with single nanoparticles in the PVP-stabilized sample. This
is thought to explain the somewhat large hydrodynamic size of PVP-stabilized
particles despite that their particle diameter is about 10nm. Here, the PVP seemed
to cause more undesirable effects i.e. it appeared rather a morphology inducer and/
or growth regulator.

MnOx was shown to dissolve over time and no signs of accumulation were evident
in either neutral or acidic conditions (IV, Fig 4).

5.6 Relaxatiometric properties of amorphous MnO nanoparticles
are displayed better than in crystalline MnO particles

Relaxation times 77 and 7> as a function of the MnO concentration of MnOx were
significantly shorter than the MnOc samples measured in the spectrometer (111, Fig
5, Fig 6). Similarly, MR imaging at 3 T displayed slightly higher relaxivity (shorter
relaxation times) of amorphous particles as compared to crystalline particles (III,
Fig 8). However, the difference between the samples was not so significant when
measured in agar and not in aqueous suspension (III, Fig 5). The 7; and 7>
relaxation times for MnOx labelled hMsCs showed similarly shorter relaxation
times as compared to MnOc labelled hMsCs (111, Table 2).

5.7 The relaxivity of MnOx is high and higher than the relaxivity of
Gd-DPTA (IV)

The T relaxivity of MnOx decreases with an increasing field strength (IV, Fig 1).
At 7.1 T, the relaxivity of MnOx in water was 15 mM-!s! and the corresponding
relaxivity of Gd-DTPA was 4.04 mM's’! (IV, Fig 1).

5.8 MnOx diffuses faster than Gd-DTPA into the cartilage and the
behaviour mimic dGEMRIC imaging.

The diffusion of MnOx into the articular cartilage is faster than that of Gd-DTPA
(IV, Fig 2). In contrast to Gd-DTPA complexes that reach a stable level within 24
hours in the superficial cartilage, in both human and bovine samples, the MnOx
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concentration increased until 2 hours, after which it started to decline. The
concentration of MnOx in the calcified zone was observed to increase within 24
hours. After washout, MnOx particles or their dissociation products were still
present in the calcified zone. In human samples however, the signal to noise ratio
in the deep zone was weaker, however with the signal received, no such
accumulative behavior was observed.

In each human sample, 7) profiles were in parallel to the OD profiles and
furthermore, the concentration profiles were found to follow in the reverse order of
the gathered OD profiles (IV, Fig 5) mimicking the dGEMRIC behavior. However,
no inverse correlation between those 7' profiles and OD profiles was observed
when looking at all samples together. High variability on OA gradings was
observed when these were analyzed by Mankin and OARSI and no statistically
significant correlation was observed between the observed grades and the estimated
proteoglycan concentration. However, because of the technical issues raised in the
pilot study, the number of samples assessed in the final correlation analyses was
restricted to five.
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6 Discussion

6.1 The role of cell tracking and experimental model in cellular
treatment of AMI (1, 1l)

Interestingly, despite numerous on-going and completed clinical trials of stem cell
therapy, with most frequently the MSC and BMMNC:s therapies being given post-
AMI (Ward et al., 2018), the mechanisms underpinning stem cell therapies, are still
subject to on-going research. Originally, the migration and differentiation of
transplanted cells (Kawada et al., 2004) were considered to be key elements,
however at the present time, it seems evident that the engraftment of transplanted
cells remains low and the observed therapeutic effect is also due to other properties;
actions through paracrine pathways, enhancement of neovascularization, and
endogenous cardiac precursor cell stimulation (Angoulvant et al., 2004; Dixit &
Katare, 2015; Hatzistergos et al., 2010; Madigan & Atoui, 2018; Vrijsen et al.,
2016). Even though the therapy involves various mechanisms, it is important to
understand the mechanisms of actions of cell homing in more detail. In other words,
tracking of cells makes it possible to follow the pathway and that may clarify which
signaling cascades are up- or down-regulated post-transplantation and thus to
understand more fully the regeneration process.

The SPIO label is currently the most commonly used and the most effective
contrast agent for cellular MR imaging (Bulte, J. W., Vymazal, Brooks, Pierpaoli,
& Frank, 1993; Rosenberg, J. T., Yuan, Grant, & Ma, 2016). Here, both novel direct
in vitro SPIO labeling methods were found to be functionally feasible. A rotating
incubation method appeared to be more sensitive and less toxic than electroporation
and even a statistically significant difference was observed in cellular proliferation
rate at 7 days between the labelling methods, although it should be stated that both
methods exerted no significant impact on proliferation or cellular viability. This is
in line with previous findings where direct labeling using SPIO particles has been
shown to be both feasible and safe (Balakumaran et al., 2010; Mailander et al.,
2008; Walczak, Kedziorek, Gilad, Lin, & Bulte, 2005). Here with both methods,
the labeling time was only one hour, which is a major achievement especially as
most reported incubation methods usually have a duration of several hours (Arbab
et al., 2005; Hinds et al., 2003). In the published literature, the only direct labeling
method that has reached a comparable time window is magnetoelectroporation
(Walczak, Kedziorek, Gilad, Lin, & Bulte, 2005). The labelling time could have
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been shortened further by increasing the concentration of the label. However, the
labelling time was already clinically convenient and on in vitro imaging, the signal
intensity values at 1.5 T and 7' and 7> relaxation times at 9.4 T correlated well with
the concentration of the label. Additionally, by increasing the label dose, this could
have led to increased aggregation, which has been associated with toxicity and the
risk for microemboli (Karimi, Karimi, & Shokrollahi, 2013). The possibility that
there would be free aggregates would naturally have led to less specific imaging.
Furthermore, although as it is currently an experimental model, the lowest possible
label concentration is desirable in terms of toxicity and possible side effects.

A rotation incubation method was chosen for the labeling technique in the in
vivo studies because of its sensitivity, and at an hour post-AMI, the histologically
confirmed label viability conducted with MR imaging reached a 100 % value in
terms of sensitivity and specificity. Additionally, the qualitative cell-count grading
showed a good correlation between MR imaging and histology. The quantitative
correlation did not show a statistically significant correlation; this might be because
of the difficulties in analyzing the volumetric MR imaging data and histological 2D
data simultaneously. In a longitudinal study conducted at 2 hours post-AMI, the
radiological-pathological correlation was not so high or so coherent. However,
there were technical difficulties related to the condition of the animals when they
were being imaged, mainly arrhythmias, which introduced additional artifacts in
the images. The standardized myocardial segmentation scheme (Cerqueira et al.,
2002) was found to be feasible to allow correlation with histology. However, the
observed non-coherence between MR imaging and histology at 2 hours might be
partly also due problems with the segmental borders. For example, the morphology
in the in vivo MR images may differ from their appearance when they are prepared
for histology and it is impossible to achieve absolute equivalence if no wire
marking or other marking method has been applied. As far as we know, there are
no such methods published in related articles. Additionally, the evaluation of MR
images was conducted at 2 hours’ post-AMI and the histology performed after 21
days. Therefore, there may have occurred some migration of transplanted cells
between days 0 and 21. This is supported by the observation in the acute phase,
where the histology did observe changes in both the location and morphology of
BMMNCs similarly to our previous cardiac explant model (Alestalo et al., 2013),
suggesting active migration. Additionally, in previous similar longitudinal works,
the cells have been located mainly in a peri-infarcted zone irrespective of the
delivery route (Ma et al., 2011; Ma, G. S., Qi, Liu, Shen, Chen, Liu, Hu, Zhang,
Teng, Ju, Ma, & Tang, 2011; Peng et al., 2013; Qi et al., 2008; Yang et al., 2011).
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This may refer to the active migration of cells. On 0 days post-AMI, hemorrhage
could have caused interpretational difficulties as endogenous sources like iron
deposits cause a similar decrease in the signal (Cromer Berman et al., 2011).
However here, the histology in the acute phase did not show any signs of massive
hemorrhage.

On 21 days’ post-AMI, no label was reliably detected with MR imaging. This
divergence with other large-animal studies (He et al., 2007; Ma et al., 2011; Peng
et al., 2013; Yang et al., 2011) may be due concurrent signal loss by trans-mural
necrosis and fibrosis. Additionally, histological analysis showed cartilage and
calcification in the infarcted area in both control and BMMNC treated animals in
agreement with our previous work (Makela et al., 2012). This might further
increase the signal loss in the MR images at the site of infarction and thus introduce
even greater interpretational challenges. The phenomenon of cartilage and calcific
formation is nonspecific although it has been associated with inadequate wound
healing (Aho et al., 2013). Here it is worthwhile noting that the transplantation of
BMMNC:s did not seem to promote any calcification but instead it tended to reduce
it. Interestingly, in in vitro studies, the SPIO label has been shown to inhibit
osteogenesis and chondrogenesis of MSCs in a dose-dependent manner (Chen et
al., 2010). On the other hand, the fact that the label did not appear reliably at 21
days is in line with other studies suggesting that SPIO labelling may not be suitable
for longitudinal tracking through non-specific uptake by phagocytic cells and
moreover, the signal loss over time may occur due to cell proliferation and
biodegradation (Ferrucci & Stark, 1990; Huang et al., 2015; Ma et al., 2015). It
remains unclear at which level the iron-containing macrophages, which are capable
of mimicking the labelled cells (Amsalem et al., 2007; Bulte, J. W. M., 2019b;
Pawelczyk et al., 2009; Terrovitis et al., 2008), were present as no macrophage
specific antibodies were available in this study. The possibility for significant
leakage of transplanted cells after intramyocardial transplantation with multiple
injections to the beating heart has also been speculated in the published literature
(Teng, Luo, Chiu, & Shum-Tim, 2006), despite the fact that at present this method
of cell delivery is considered to be the most accurate (Sheng et al., 2013).

Abnormal kinetics were observed in both the intramural area of infarction and
the peri-infarcted zone at 1-2 hours and at 21 days’ post-AMI, however the extent
did decline over time. EF, analyzed from MR images, was found to be low at 0 days’
post-AMI and it increased by 21 days. Similarly, a statistically significant
difference in EF recovery between BMMNCs treated group and controls was
observed with echocardiography. These findings are consistent with previous
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outcomes with similar study designs (Amado et al., 2005; Fan et al., 2014; Zhou et
al., 2009). MR imaging showed small areas of hypoenhancement within the
hyperenhanced regions on DE images at 0 days which may refer to the presence of
persistent microvascular obstruction (PMO). However, the label did cause
susceptibility artifacts that did confuse the analysis and thus the observed
phenomenon was left unresolved. PMO has been associated with an increased
complication rate, subsequent cardiovascular events, and a poor prognosis
(Hombach et al., 2005).

Cytokine levels at 24 hours and at 21 days both BMMNC and control animals
showed extensive variability. No statistically significant difference was observed
between the groups, however some trends were apparent; the clearest differences
were the increase in the amounts of interferon gamma (IFN-y), platelet-derived
growth factor (PDGF), granulocyte colony-stimulating factor (G-CSF), and
interleukin-1 receptor antagonist (IL-1Ra) levels in the BMMNC group at 21 days.
Cytokines are characterized by their numerous, often overlapping effects (Lai, S.
L., Marin-Juez, & Stainier, 2019). Furthermore, the mechanisms of paracrine
regulation and cytokine secretion on stem cell therapy of AMI are also somewhat
unclear, however the cytokine secretion of stem cells has been hypothesized to
constitute a significant part of the therapeutic outcome (Li, Wang, Jia, & Du, 2014).
For this reason, some cytokine-based therapies are now being developed (Dubnika
et al., 2018). A prolonged inflammatory reaction post-AMI has been associated
with poor healing (Frangogiannis, 2014). Furthermore, it seems that anti-
inflammatory cytokines play a major role in the timely resolution of the
inflammatory response (Lai et al., 2019). However, the pro-inflammatory cytokines,
that have a more prominent role in early AMI, and those anti-inflammatory
cytokines also regulate each other’s secretion and moreover, the secretion of many
other factors (Lai et al., 2019). MSCs have been shown to secrete PDGF and G-
CSF, which are growth factors known to enhance neovascularization (Awada,
Johnson, & Wang, 2015; Hao, Mansson-Broberg, Gustafsson et al., 2004; Hao,
Mansson-Broberg, Blomberg et al., 2004; Takano et al., 2003). Interestingly, a
histological study did reveal signs of angiogenesis at 21d post-AMI. However,
some questions must be raised about the reliability of the assay of cytokine levels
as the method was not designed for use in experimental animals.

There is an ongoing debate about how well the data from in vitro and animal
experiments is applicable to humans when new therapy methods are being
developed. It is believed that assessments done in large animals have better
similarities with human physiology. The experimental AMI model used here
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seemed to have been well standardized as the EF values were similar in all study
animals prior to and until 24 hours’ post-AMI. In addition, the results obtained are
similar to those emerging from clinical trials (Clifford et al., 2012), which
strengthens the belief that this large animal model may produce clinically relevant
information. Future studies will still be needed to clarify the therapeutic effects of
stem cells. For example, the homing of cells remains somewhat unclear. The major
limitations of the study were the rather low number of samples, however within the
bounds of ethical permission and hypothesis testing, we were able to demonstrate
the initial feasibility of this novel labelling method in the in vivo study design. As
predicted, longitudinal tracking of SPIO still remains controversial.

6.2 Amorphous manganese oxide as a contrast agent (lll, IV)

Although ferrous agents, mainly SPIO, are currently the most widely utilized
nanoparticles for cell labelling designs, the well-known interpretational challenges
related to the signal loss of the label and endogenous processes that decrease the
signal (Modo, Hoehn, & Bulte, 2005; Terreno et al., 2010), act as stimuli for
researchers to develop improved signal enhancing paramagnetic compounds.
Recently, manganese oxide has been proposed as a positive contrast agent for
MR imaging (Gilad et al., 2008; Kim et al., 2011; Na et al., 2007; Shin et al., 2009).
Thus far, the research has been confusing because of the various forms of
compounds and coating substrates that have been used, even MnO alone. However,
in all those published studies, one common factor is that MnO has been utilized in
its crystalline form. Here, in addition to the crystalline MnO, we investigated the
features of amorphous MnO and its feasibility for application as a contrast agent
and for in vitro labelling of hMSCs and further, the relaxometry properties were
determined in agar at 3 T. Previously, no applications of this type using amorphous
manganese oxide have been published although MnOx has been used in electrodes
and as a catalyst. Interestingly it was found that that amorphous MnO exhibited
greater relaxometric properties than crystalline MnO albeit both proved feasible.
The differences between the relaxation times of amorphous and crystalline MnO
may be a sum of many factors, including particle size, surface coating, saturation
magnetizations, and degradability (Chen, D. et al., 2010; Duan et al., 2008;
LaConte et al., 2007; Sun, N., Chen, Gu, & Wang, 2009). It is possible that there
might have been the generation of linear aggregates because nanoparticles are able
to attract nearby particles when aligned along the applied field, this being especially
the case for large particles that are less stable in water and have a high saturation
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magnetization; this phenomenon is well established for ferrous nanoparticles
(Andreu, Calero, Camacho, & Faraudo, 2012; Odenbach & Muller, 2002). Along
with these features, the polymer length of the stabilizing layer has been shown to
have an impact on the inverse proportionality of 7> relaxation and particle size
(Saville et al., 2013). Therefore, a suitable surface functionalization could
overcome these types of magnetic interactions of nanoparticles (Gulin-Sarfranz et
al., 2014) and ideally there would then be no relaxation change over time.

A microwave irradiation was used with polyol process with the hydroxyl (-OH)
group on the surface sine this has been claimed to both synergistically enhance
reactivity and shorten the labelling time (Bilecka, Djerdj, & Niederberger, 2008;
Cheng, Xu, & Gu, 2011). Furthermore, the hydrophilic surface structure appeared
to be biocompatible and stable in aqueous solutions at neutral pH and in
physiological buffer (Wan, Cai, Meng, & Liu, 2007). Colloidal stability under
aqueous conditions may have been enhanced by the polyelectrolyte similarly as can
occur with an amphiphilic nonionic polymer (Ge et al., 2007; Graf, Vossen, Imhof,
& van Blaaderen, 2003). In our study, amorphous formation was achieved by using
a polyacid which caused a change in pH. As expected, changing the polyelectrolyte
to PVP resulted in crystalline formation. However, PVP seemed to function as a
morphology inducer or as a regulator of growth rather than a dissolution agent. In
addition, when PVP was used, there was evidence of cluster formation, similar to
the creation of aggregates.

The 3 T MR scanner was used to mimic the clinical equipment and in addition
to labelling cells, the labels were imaged on agar as a means to evaluate the usability
as a general contrast agent. The study of articular cartilage was designed not only
to test the suitability of the amorphous MnO as a label but also to find faster and
safer method to assess proteoglycan depletion in OA. This is because, despite
dGEMRIC method is well described, it can’t assess proteoglycan depletion in a
reasonable time frame (Bashir et al., 1997; Kijowski & Chaudhary, 2014). The
prolonged time required is due to the slow diffusion of gadolinium into the cartilage.
Additionally, the dGEMRIC method, similarly to all forms of gadolinium enhanced
imaging, has fallen from favour as gadopentate dimeglumine based contrast agents
have recently been associated with nephrogenic systemic fibrosis (Haneder,
Kucharczyk, Schoenberg, & Michaely, 2015; Thomsen et al., 2013) as well as an
accumulation of the gadolinium into the brain (Kanda et al., 2014; Radbruch, 2018).
The other relatively well described method to assess the proteoglycan concentration
in articular cartilage utilizes sodium NM spectroscopy, however this method is also
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time-consuming and needs specialized coils (Madelin, Lee, Regatte, & Jerschow,
2014).

The relaxivity of MnOx in water was found to be almost four times higher than
that of Gd-DTPA at 7.1 T. Furthermore, the diffusion of MnOx into the articular
cartilage was faster than that of Gd-DTPA. The difference in diffusion times may
be due to the observed higher negative net surface charge of MnOx; this is higher
than that present in molecular Gd-DTPA (Aime & Caravan, 2009), as the
amorphous particles are actually larger in size. The net charge achieved with the
PAA used is due to the label’s carboxylic acid groups. It is noteworthy that
crystalline MnO, in contrast to MnOx, exhibited a neutral net charge as the PVP
does not possess chargeable groups. This difference again might mean that the
diffusion into the articular cartilage might not achieved with the crystalline MnO
label. The time consumption is directly proportional to the cost and thus it is of
importance if one considers the clinical use of these agents. Here, a clinically
feasible two-hour labelling time in addition to the more rapid diffusion was
achieved.

The negative association between concentration profiles of MnOx and OD was
similar to the results typically obtained in dGEMRIC experiments in each articular
human sample. Similarly, the 7; relaxation time was observed to follow the OD
profile in each human sample, leading to further testing of the feasibility of MnOx
for the evaluation of the proteoglycan content. In the study, no statistical difference
could be observed when analysing the correlation between the human samples.
However, because of technical issues revealed in the pilot study, the small number
of comparable samples was restricted and therefore no conclusions of the true
nature of the possible mutual correlation may be drawn. No statistically significant
correlation was observed between the MnOx concentration and histological scores
evaluating the severity of OA (Mankin et al., 1971; Pritzker et al., 2006), however
similarly the number of samples was not appropriate for statistical analysis. Those
histological gradings are intended to determine the histological severity of OA,
which pathophysiology and manifestations are multifactorial and multiple
(Kempson et al., 1970; Pritzker et al., 2006). Performing a correlation analysis
between proteoglycan content and OA severity may not be appropriate, despite the
known decrease in the proteoglycan content within the progression of the disease
(Mankin et al., 1971; Saarakkala et al., 2010). For example, it is possible that
neither proteoglycan depletion nor the progression of the disease is linear and thus
appropriate for this kind of statistical analysis. Furthermore, the human samples
were gathered from both medial and lateral tibial plateau during arthroplasty. The
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osteoarthritis of the knee is however characterized by its asymmetry. Thus, the
obtained samples were probably with great-highly variability and some at degree
of severe arthrosis, as was shown here. The interest towards proteoglycan content
imaging has however arisen because the proteoglycan depletion starts in the early
stage of arthrosis (Choi & Gold, 2011; Kempson et al., 1970) when possibly the
disease is still at a reversible stage. Thus, in the future, gathering samples from the
less diseased articular cartilage could be a better way for assessing the accuracy of
the method to chase the early change of OA.

Interestingly, MnOx seemed to accumulate into the deep or calcified region in
the bovine articular cartilage samples at 24 hours in contrast to human samples.
However, in human samples, a low signal-to-noise ratio was observed in the
calcified region and thus the phenomenon could remain undetected. After this
finding, the dissociation was further studied in MES and HEPES buffer solutions
that mimic intra- and extracellular conditions since if there was to be accumulation
of contrast agent, this would lessen the value of the novel label and its possible
usability. MnOx was noted to dissolve over time and there was no evidence to
suggest that accumulation would take place. In the future, a longitudinal study
would be needed to confirm this finding.

6.3 Future aspects of nanoparticles

Cellular imaging, and in particular tracking transplanted stem cells and evaluating
cell homing in vivo, are crucial if we wish to understand the therapeutic
phenomenon taking place post-transplantation. Furthermore, it will be important to
learn more about how individual characteristics affect the manifestations of
diseases, as well as ageing processes and the mutations that result within. These
will form the basis for regenerative medicine; even today it is clear that therapies
are becoming more individualized. One can envisage that there will be a need for a
wide variety of safe, in vivo monitoring methods. Currently, MR resonance imaging
is the gold-standard method for in vivo monitoring of transplanted cells; it allows
us to follow cells in a non-invasive, non-toxic manner as well as providing
additional information about the host tissue (Estelrich et al., 2015). However, at the
present time, label detection is still mainly qualitative, although as described in
some reports using MPIO, it may be becoming more quantitative (Heyn et al., 2006;
Hinds et al., 2003; Shapiro et al., 2004; Shapiro et al., 2005; Shapiro et al., 2006).
Yet again, it seems that these MPIO labels are toxic (Seymour et al., 1991), which
for the time being reduces further interest in them. Further, as the labels become
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more individualized depending on the desired action, they more often are
developed in the form of a complex compound. However, it is the addition of these
compounds to the oxide form of nanoparticles that has given rise to the concerns
about additional side effects and even toxicity; these are topics that require further
investigation. The search for better tolerability and good imaging contrast has led
to a wide variety of contrast agents being developed and evaluated. Although this
may seem to be beneficial, it has slowed down the gathering of sufficient research
data of the individual contrast agents and thus delayed their possible introduction
for human use.

In the future, therapies may undergo changes in their application e.g. stem cell
therapies may either be supplemented with drugs or delivered as a mixture of
different type stem cells and therefore, dual contrast agents could have a significant
role in cell tracking (Ngen et al., 2015; Ngen et al., 2017).Thus far, major changes
have been reported, which might be due the effects that the simultaneous
assessment of 7 and 7> contrast have on each other. More recently, fluorine 19 MR
imaging has been introduced as a method for multispectral imaging similarly to
dual-contrast; this has been postulated to enable tracking of more than one source
however at present its sensitivity is not considered to be sufficient (Bulte, J. W. M.,
2019a; Chirizzi et al., 2019).

In addition to novel label designs, another novel, non-invasive imaging
modality, magnetic particle imaging, has been developed (Bulte, 2019). Although
magnetic particle imaging has many similarities to MR imaging, it does not gather
endogenous signals and thus no signal is present prior to SPIO nanoparticle
transplantation; in this respect, it resembles the situation with isotope imaging. This
property might eliminate some of the interpretational challenges encountered with
the SPIO label (Cromer Berman et al., 2011). Furthermore, one unique advantage
of this technique is its ability for quantify cell detection, as well its ability to be
applied in whole body imaging. It has already been speculated that many SPIO
applications originally developed for MR imaging will be duplicated for magnetic
particle imaging. Further hypotheses may be proposed towards the use of the
paramagnetic nanoparticles by combining MR imaging and magnetic particle
imaging in the future, which could achieve a better overall picture of the effects of
stem cell therapy.
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7

Summary and conclusions

The following conclusions may be drawn from these results:

The rotating incubation method appeared to be feasible and safe for fast
labelling of BMMNCs with SPIO. In vitro, in vivo and ex vivo MR imaging
showed high sensitivity and specificity for label detection in the acute phase.
Cell tracking post-AMI using the SPIO label proved to be possible. However,
the suitability of the SPIO label for long-term evaluation of cell homing in
myocardial tissue remains unclear.

The delivery of BMMNCs post-AMI seems to be therapeutic and the results
obtained in the experimental large-animal model are similar to those obtained
in clinical trials; this suggests that the experimental model can be interpreted
as functioning well.

The post-transplantation fate of stem cells remains somewhat unclear, however
as the mechanisms of action are known to be multifactorial, it is clearly
important to try to track the cells after transplantation in order to see which
pathways contribute to the resulting effects.

The novel amorphous manganese oxide nanoparticles seemed to be feasible
and safe for stem cell labelling and furthermore, they exhibited more
favourable relaxivity than the crystalline particles and showed significantly
higher relaxivity than can be obtained with Gd-DTPA.

Our pilot study revealed that amorphous MnO appeared to be feasible for
assessing the proteoglycan content of articular cartilage. Further studies will
be needed to define the accuracy and usability of the novel label for sensitive
imaging of proteoglycans.
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