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ANNOTATION

Nuclear magnetic polarization decays fast in the liquid state during the transfer of
glutamine in Earth’s magnetic field as observed by substantial T1 shortening due to
scalar coupling relaxation (type II) of 13C coupled to fast-relaxing quadrupolar 14N
in the glutamineâs amide group. Hyperpolarization can be retained by using either
a 15N-labeled amide or by applying a strong magnetic field during sample transfer.

ABSTRACT

Detection of abnormal metabolic fluxes or unusual accumulation of metabolites
could be used to monitor the predisposition to cancer in humans. Imaging can
not only support an initial diagnosis, but also monitor progress in terms of stag-
ing, restaging, treatment response, and identification of recurrence, both at the pri-
mary tumor and at distant metastatic sites. Due to change in tumor metabolism
elevated glutamine cellular uptake and its metabolism may act a marker of tumor
growth and cell proliferation. Metabolic magnetic resonance imaging with hyperpo-
larized 13C-labelled substances (13CMMR) allows non–invasive investigation of in vivo
metabolism. Using 13CMMR, metabolism of 13C-glutamine can be tracked in vivo in
real time and the glutamine accumulation can localize the tumor. While working on
[5-13C]glutamine hyperpolarization, fast liquid-state polarization decay during the
transfer through Earth’s low magnetic field to the MRI scanner was observed. This
behavior could be hypothetically explained by substantial T1 shortening due to a re-
laxation through scalar coupling relaxation (type II) of 13C coupled to fast-relaxing
quadrupolar 14N in the glutamine’s amide group. This contribution is only effective in
Earth’s low magnetic fields (> 800 µT) and prevents the use of molecules bearing the
13C-14N-amide group as hyperpolarized MRS/MRI probes. The experimental results
show that high hyperpolarization levels can be retained using either a 15N-labeled
amide or by applying a strong magnetic field during transfer of the sample from the
polarizer to the MRI scanner.
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"But I don’t want to go among mad people," Alice remarked.
"Oh, you can’t help that," said the Cat:

"we’re all mad here. I’m mad. You’re mad."
"How do you know I’m mad?" said Alice.

"You must be," said the Cat, "or you wouldn’t have come here."

— Lewis Carroll [1]
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Part I

I N T RO D U C T I O N

I started where the last man left off.

— Thomas A. Edison

http://en.wikipedia.org/wiki/Thomas_Edison




1
GLUTAMINE

This year it has been exactly 130 years since the amino acid glutamine (Gln, Q) has
been first described. It was isolated from the beetroots by E. Schulze and E. Bosshard
in 1883 [2]. Since then it was found that glutamine is the most abundant naturally
occurring amino acid in the human plasma with concentration of 600 – 800 µmol/L,
and that it exhibits extremely rapid cellular turnover rates [3, 4].
Although in most biochemistry textbooks glutamine is nowadays still classified

as non–essential due to the fact that it can be synthetized by almost any mam-
malian tissue, it appears essential for the viability and growth of cells maintained
in tissue cultures [5]. Glutamine plays an important role as a substrate for several
metabolic pathways such as renal ammonia production [6], hepatic gluconeogenesis
[7], and modulation of muscle protein turnover [8]. It also serves as a metabolic fuel
for enterocytes [9, 10], metabolic precursor in nucleotide, glucose, and amino sugar
biosynthesis, and it is important for glutathione homeostasis and protein synthesis
[11]. Moreover, the growth of proliferating cells such as fibroblasts, lymphocytes and
enterocytes relies heavily on glutamine as an oxidative energy source. The nitrogen-
rich character and unique metabolism of this amino acid allows it to serve as the
major interorgan ammonia shuttle. Glutamine also supports tissue homeostasis by

L-glutamineparticipation in intercellular substrate cycles in the brain and liver. It also plays an
important role in fetal-placental nutrient exchange [12], and helps to maintain the
integrity of the gut mucosa in postoperative patients [13, 14].

1.1 glutamine instability and degradation

Even though glutamine does not show any rapid conversion to other compounds in
solid state at room temperature [15], it is relatively unstable in solutions and very
likely releases ammonia during its degradation. By contrast, the similar amino acid
glutamate (Glu) seems to be quite stable under the same conditions (Fig. 1). This
suggests that the ammonia released from glutamine is mainly due to the deamida-
tion of the side-chain amide group [16]. Glutamine very likely undergo hydrolysis to
glutamic acid (Glu) and ammonia due to the pH of the environment [17], while at
higher temperature, the amino-group of glutamine is labile and yields to conversion
to pyroglutamic acid (pGlu) also known as 2-pyrrolidone-5-carboxylicacid (PCA) or
5-oxopyrrolidine-2-carboxylic acid [18].

3



4 glutamine

Figure 1: Molar yield of ammonia generation at three different temperatures. Amino acids
(0.05M) were reacted at 110, 150, and 180○C for 2 hours at pH 8 [16].

1.1.1 Degradation due to the pH environment

The pH of the solution plays an important role in the stability of glutamine. Glu-
tamine degrades very rapidly when the pH of the solution is below 1.5 and above
12.5. It undergoes hydrolysis into glutamic acid and ammonia [15]. Glutamic acid is
particularly stable in very acidic or very alkaline conditions, and therefore it cannot
be converted into pyroglutamic acid under such conditions [15, 19]. The rate of the
degradation decreases with the pH approaching neutral conditions.

L-glutamic acid There are several mechanisms that drive the degradation of glutamine into glu-
tamic acid or pyroglutamic acid (Fig. 2.1). In acidic conditions the degradation is
rapid and the rate decreases with an increase in pH. This indicates that the cationic
glutamine species undergoes specific hydrogen-ion catalysis (Fig. 2.1d) and water
hydrolysis (Fig. 2.1b). The degradation of glutamine neutral species is mainly due
to the hydrolysis by water molecules (Fig. 2.1a). In the alkaline conditions, the rate
indicates a specific hydroxide-ion catalysis (Fig. 2.1e) and water hydrolysis (Fig. 2.1c)
of the glutamine anionic species [20].

1.1.2 Degradation due to the temperature conditions

If the solution is heated, glutamine tends to undergo a reaction into pyroglutamic acid
and ammonia. This conversion has been well documented by Foreman et al. already
in 1914, and later by Mahdi et al. (1961), and Clydesane et al. (1972) [21, 22, 23]. Arii
et al. (1999) confirmed theirs observation, when they described a close agreement
between the loss of the glutamine and the appearance of pyroglutamic acid under all
pH conditions (pH = 1.93, 6.41 and 11.01) at 70○C [20].
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2.1: pH-rate profile for the degradation of L-
glutamine in aqueous solution at 70○C.

2.2: Apparent first-order plot of the degrada-
tion of glutamine at 70○C in buffer solu-
tion.

Figure 2: Influence of the pH profile on the degradation of L-glutamine in aqueous solution at
70○C. Notation for Fig. 2.1: (a) water-catalyzed degradation of neutral species, (b) water-
catalyzed degradation of cationic species, (c) water-catalyzed degradation of anionic
species, (d) hydrogen-ion-catalyzed degradation of cationic species, and (e) hydroxide-
ion-catalyzed degradation of anionic species. Notation for the pH values of the solution
in for Fig. 2.2: (∎) 1.21, (●) 1.93, (▲) 2.87, (▼) 3.93, (◆) 4.80, (▽) 5.61, (◇) 6.41, (△)
7.39, (◻) 8.31, (◯) 9.31, (⊙) 11.01 [20].

Glutamine’s maximum stability was observed in media with neutral pH conditions,
however, under highly acidic or highly alkaline conditions the conversion to Glu or
pGlu was almost complete. The amount of glutamine residue after 60 minutes boiling
was never greater than 35%. At 100○C glutamine was converted into pyroglutamic
or glutamic acids depending upon the pH value [15].
At extreme conditions (pH 0 and pH 14) glutamine degraded completely into

glutamic acid, which appeared almost exclusively. When pH values ranged from 0
to 3 on one hand and from 10 to 14 on the other hand, equilibrium was noticed
between resulting glutamic acid and pyroglutamic acid. This resulting phenomenon

Pyroglutamic acid

was described by Airaudo et al. in 1987. They described that under non–extreme
pH (pH 3 – 10; 100○C) glutamine showed a more complex behaviour resulting in the
appearance of glutamine, glutamic acid and pyroglutamic acid mixtures when the
pH value was favourable. They interpreted these results in two possible explanations.
Either glutamine was transformed into the mixture of Glu and pGlu depending upon
the pH, or the glutamine underwent a two–step conversion. First the glutamine
hydrolyzed into glutamic acid, whatever the pH value was, and then glutamic acid
underwent reaction into pyroglutamic acid if the acidity or alkalinity of the medium
was not extreme. The fact that after boiling no glutamic acid was found in pH
region 3 – 10, whereas in the first study this nutrient was stable between pH 5
and pH 8, seems to favour the first interpretation. When heated to 135○C the results
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observed were very similar to ones at 100○C, but they were more marked because the
experimental conditions were more severe. However, glutamic acid and pyroglutamic
acid never underwent a reverse reaction into glutamine, but were reversibly converted
into one another [15].

Figure 3: First-order kinetic plot of degra-
dation of glutamine into PCA in
sodium acetate buffer solutions with
an acetate ion concentration of
0.073 mol L−1 and pH 3, 4, 5, and
6 [24].

The activation energy for degradation of glutamine
was determined to be 9.87×104 J mol−1 and the fre-
quency factor (log A) was determined to be 31.5 h−1

[20].

1.1.3 Degradation of glutamine in peptides

Non–enzymatic deamidation of glutamine’s side-chain
amide group in peptides has been observed by several
studies [25, 26, 27, 28]. It belongs to one of the most im-
portant protein posttranslational modifications (PTMs),
which contributes to ageing and diseases such as celiac
disease, urinary tract infection, cataract formation, can-
cer, and neurodegenerative diseases (e.g. Alzheimer’s,
Huntington’s, and Parkinson’s diseases). In every day
life this reaction also affects the purity and the "shelf
life" of pharmaceutical products [29]. However, several
studies have shown that glutamine stability can be in-
creased if the correct pharmaceutical techniques are fol-
lowed. At a pH just below neutrality, the concentration
of glutamine in total parenteral nutrition (TPN) solution
decreased by 5% per day at 37○C [30]. At room temper-
ature, glutamine degradation was 0.7 – 0.9% per day in
different parenteral solutions [31].

1.2 glutamine uptake into the cell

Today it is widely accepted that the transport of glutamine across the plasma and
mitochondrial membrane plays a crucial role in the control of its metabolism [32].
Glutamine, as all other amino acids, is transported into the mammalian cells by a
group of transporters, which can be divided into two categories: Na+-dependent and
Na+-independent. Na+-dependent glutamine transporters include: Systems ASC (or
B0), B0,+, y+L, A and N. On the other hand Na+-independent transporters include:
Systems L, b0,+ and n [12]. There is no transporter that is absolutely specific for
glutamine only. In each case glutamine is just one of the amino acids recognized and
transported by a particular transporter [33].
For our purposes we will focus only on transporters belonging into Na+-dependent

group: system N (SNAT3, SNAT5) and system A (SNAT2), because these are the
transporters responsible for the transport of the glutamine in the healthy hepatocytes
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[32]. However, we will also describe the system ASC (ASCT2) because it is mainly
responsible for glutamine transport in hepatocellular carcinoma [34, 35].

1.2.1 System N

System N plays a major role in hepatic glutamine transport. It includes two subtypes
SNAT3 and SNAT5, formally referred as SN1 and SN2. Both subtypes have very
narrow substrate specificity of glutamine, alanine, asparagine, and histidine, with
high affinity for glutamine and histidine [12, 36, 37, 38]. Human SNAT3 protein is
90% identical to rat SNAT3, and 89% identical to mouse SNAT3 [12].
In rodents, SNAT3 is mainly expressed in hepatocytes [36], the pericentral region

of liver [37], but also in skeletal muscle [39], tubules in the medulla of kidney [37],
heart, basolateral and brush border membrane vesicles [40], basolateral membranes
of cortical tubule cells [41], neurones (Nn) [42], and brain glial cells [43].
The mechanism of the SNAT3 strongly depends on Na+/H+ counter-transport

mechanism [38, 43], which makes it pH sensitive in physiologic range, with reduced
activity at acidic pH [36, 44, 45]. Fei et al. described that SNAT3 is electrogenic
and with two Na+ molecules transported with glutamine inward coupled to H+ efflux
outwards the cell [38]. Other studies proposed electroneutral transport with one Na+

being transported with one glutamine molecule inwards and one H+ ion moving in
the opposite direction [46, 47]. SNAT3 is able to mediate both glutamine uptake and
release. The direction of the transport depends on membrane electrical potential, Na+

and pH gradient, and transmembrane glutamine concentration gradient [38, 43].
SNAT5 (SN2), like SNAT3, catalyzes uptake of glutamine with Na+ in exchange

for H+, however, its physiological function is not yet clear [33]. It has slightly differ-
ent substrate specificity than SNAT3. It transports glutamine, alanine, asparagine,
glycine, and serine [48] and is expressed more in the periportal hepatocytes in rat
liver, while SNAT3 was preferentially expressed in the pericentral region [49].

1.2.2 System A

The system A includes two subtypes SNAT1 (ATA1) and SNAT2 (ATA2), however
only SNAT2 is incorporated in the glutamine transport in liver. Its cDNA was isolated
in rat neurons [50], skeletal muscle [51], and glutamatergic neurons [52]. The SNAT2
mRNA was expressed in all tissues examined, including brain, liver, heart, kidney,
colon, small intestine, lung, muscle, spleen, stomach, testis and placenta [53]. In
rat brain, both SNAT1 and SNAT2 are restricted to neurones and are absent in
astrocytes [52, 54]. The human SNAT2 is 88% identical to rat homologue [53]. Similar
to SNAT3 and ASCT2, transport mediated by rat SNAT2 (specifically Na+ binding)
is sensitive to the membrane potential [52], but it is unclear whether the same is true
for SNAT1.
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1.2.3 System ASC (B0)

Even though ASCT2 (in human also referred as ATB0) is not incorporated in glu-
tamine transport in healthy hepatocytes, it is a very important part of the glutamine
metabolism in hepatocellular carcinoma (HCC). Glutamine uptake by hepatoma cells
exceeds rates observed in normal hepatocytes more than 30-fold. This is possible due
to the expression of high affinity glutamine transporters of the ASCT2 family [34, 35].
ASCT2 is normally undetectable in the healthy hepatocytes [55], however, it is

normally expressed in placenta, lung, kidney, pancreas, skeletal muscle, kidney prox-
imal tubule, and intestinal epithelia [56, 57, 58]. ASCT2 expression was also found
in glia, but interestingly not in neurons [59].
ASCT2 takes up glutamine with high affinity, however, it transports also a wide

range of other zwitterionic amino acids such as alanine, asparagine, cysteine, serine,
threonine as well as bulky/branch-chained amino acids such as leucine, valine, and
methionine to a lesser degree [57, 60].
At the amino acid level, rat ASCT2 is 83% identical to mouse ASCT2 and 76%

identical to human ATB0 [59]; mouse ASCT2 shares 79% identity with human ATB0,
whereas rabbit and human ATB0 are 85% identical [56]. Although they are minor
differences between clones from various species in amino acid transport specificity, the
originally held view that ATB0 and ASCT2 clones represented different transporters
is no longer valid [33]. These broad-specificity transporters are now all commonly
referred to as ASCT2.
The ASCT2 transport mechanism of action is not yet clear. First observation

of ASCT2 in rabbit intestine proposed a mechanism of electrogenic Na+-substrate
uptake [56], however, one year later Torrents et al. proofed that the mechanism
involves a Na+-dependent exchange of intracellular for extracellular amino acids,
effectively serving to equilibrate cytoplasmic amino acid pools [61]. A study using
mouse brain ASCT2 concluded that the amino acid exchange was obligatory and
that exchange of Na+ ions also occurred [62]. This transporter can therefore mediate
either glutamine uptake or release [33, 59].
On the other hand studies on human ASCT2 showed that glutamine uptake is

electroneutral, with one amino acid and one Na+ ion transported inwardly and with
no evidence for the opposite movement of either K+ or H+ [63]. In a later paper, using
the ASCT2 from human small intestine it was proposed that ASCT2 catalyzed an
exchange of external for internal amino acids that was completely dependent on
Na+ ions [58]. Since all these studies were performed using clones of different origins
it is not impossible that relatively small differences in amino acid sequence in these
clones can produce different behaviour when expressed in oocytes. However, whatever
the situation in oocyte expression experiments was, glutamine uptake catalyzed by
ASCT2 in hepatoma cells is highly concentrative and very largely Na+-dependent
[64].
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1.3 glutamine metabolism

After uptake across the plasma membrane glutamine is hydrolyzed to glutamate
and ammonium ions by enzyme glutaminase (GLS; EC 3.5.1.2). The hydrolysis of
glutamine in mammalian tissues was first described by Krebs in 1935. In his ar-
ticle he proposed an hypotheses: "There are at least two glutaminases distinguish-
able by their pH optima and their inhibitions by glutamic acid ("brain-type" and
"liver-type")." [65]. Nowadays we know that his hypotheses was correct. Two types of
phosphate-dependent glutaminases are expressed in mammalian tissues: the "kidney-
type" (referred by Krebs as a "brain-type") is found in most mammalian tissues, and
the "liver-type", which is liver-specific and is linked functionally to the urea cycle
[66]. Despite their differences both types catalyse the following reaction:

Figure 4: Simplified reaction of glutamine to glutamic acid catalyzed by glutaminase

1.3.1 "Liver-type" glutaminase

"Liver-type" glutaminase is encoded by the nuclear gene termed GLS2 and it is specif-
ically expressed only in the liver tissue. It composes of four subunits each of 58 kDa.
Interestingly it is activated by its end product ammonia [67, 68], with NH3 being the
activating species [69]. Ammonia formed by the glutaminase-catalyzed reaction again
stimulates glutaminase activity, leading to an autoamplification of mitochondrial am-
monia production. Most importantly, already physiological ammonia concentration
(0.2 – 0.3 mM) stimulates glutaminase activity [70]. Mitochondrial swelling activates
glutaminase as does an increase in pH [71, 72]. The formed ammonia from the amide
group of glutamine is not released from the cell, but instead is fixed in urea [32].

1.3.2 "Kidney-type" glutaminase

"Kidney-type" glutaminase is encoded by the nuclear gene termed GLS1 and it is
expressed in all mammalian tissues except liver. It composes of four subunits of
65 and 68 kDa. Differently from the "liver-type", the ”kidney-type” glutaminase is
not activated but inhibited by its end product glutamate and underlies regulation
at the transcriptional level [32]. Most of the amide ammonia does not undergo fur-
ther metabolism and is released from the cells as free ammonia. The end product
glutamate (Glu) can be transaminated by aspartate and alanine aminotransferases
(AST, ALT), oxidatively deaminated by glutamate dehydrogenase (GLDH), or decar-
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boxylated by glutamate decarboxylase (GAD). The exact product is tissue specific
[73].

1.4 the role of glutamine in cancer

Unicellular organisms, such as microbes, are evolutionary under pressure to repro-
duce as quickly as possible when nutrients are available. Therefore their metabolic
systems have evolved to supply nutrients including carbon, nitrogen, and free energy
into generating the building blocks needed to produce a new cell.
By contrast, cells in multicellular organisms do not need to deal with lack of

nutrients, since most are exposed to a constant supply of nutrients. Multicellular
organisms require control systems that prevent aberrant individual cell proliferation.
Uncontrolled proliferation is prevented by the mechanism of growth factors, which
need to stimulate the cell for normal nutrients uptake. Cancer cells overcome this
mechanism by acquiring genetic mutations that functionally alter receptor-initiated
signaling pathways [75].
As a consequence of rapid proliferation cancer cells require a constant supply of

building blocks to generate daughter cells. Most oncogenic pathways lead to changes
in the cancer gene expression that facilitate nutrient uptake and reprogram metabolic

Figure 5: A lipid synthesis metabolism of healthy hepatocyte. When mitochondrial respi-
ration is fully functional, glucose serves as a major carbon source for synthesis
of acetyl-CoA – metabolic lipid precursor (indicated by the yellow path). The
blue path indicates the oxidative glutamine metabolism (anaplerosis). The green
path shows the metabolic pathway of citrate generated from glucose-derived acetyl-
CoA and glutamine-derived oxaloacetate. Notation: LDH: Lactate dehydrogenase, PDH:
Pyruvate dehydrogenase, ACL: ATP citrate lyase, SDH: Succinate dehydrogenase, FH: Fu-
marase, IDH: Isocitrate dehydrogenase, GLS: Glutaminase, α-KG: α-ketoglutarate, CO2:
Carbon dioxide [74].
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processes to promote the utilization of nutrients for anabolism [75]. Actually most
of the metabolites taken up by proliferating cells are not catabolized, but instead
are used as building blocks during anabolic macromolecular synthesis. The catabolic
reactions that fuel the growth and proliferation of the cells require two main sub-
strates: glucose and glutamine [76, 77, 78, 79]. The mechanisms by which glutamine
supports the cancer metabolism are not fully understood [74].
For rapid proliferation cancer cells require an increase of the glutamine uptake into

the cell. Enhanced activity of the oncogenic transcription factor c-Myc increases
the expression of the surface transporters ASCT2 and SNAT5 [80]. The ASCT2
transporter mediates the majority of glutamine uptake in human hepatoma [44, 81,
82], breast carcinoma [76] and colon carcinoma [56, 57, 82, 83]. For instance in
hepatocellular carcinoma (HCC) glutamine uptake is up to 30-fold higher than in
normal healthy hepatocytes [12, 73, 84].
The activity of the oncogenic transcription factor c-Myc also increases the glu-

tamine metabolism. The c-Myc enhances the expression of the "kidney-type" glutam-
inase encoded by the GLS1 gene [80, 85]. Studies with rat hepatoma cells showed that,
on cellular transformation, the "liver-type" isozyme is lost and is re-placed by the
"kidney-type". Thanks to the alternation in uptake and expression of "kidney-type"
isozyme of glutaminase hepatoma cells possess 6-fold higher glutaminase activity
than healthy human liver cells [73].

Figure 6: A lipid synthesis metabolism in hepatocellular carcinoma. Under conditions when
mitochondrial respiration is limited for instance due to the stabilized Hypoxia–
inducible factor (HIF) upon hypoxia, or Von Hippel–Lindau tumor suppressor (VHL)
deletion, glutamine overtakes the role of the major carbon source for lipogenic
acetyl-CoA either via cytoplasmic IDH1 (yellow path) or mitochondrial IDH2 (or-
ange path). Notation: LDH: Lactate dehydrogenase, PDH: Pyruvate dehydrogenase, ACL:
ATP citrate lyase, SDH: Succinate dehydrogenase, FH: Fumarase, IDH: Isocitrate dehydro-
genase, GLS: Glutaminase, α-KG: α-ketoglutarate, CO2: Carbon dioxide [74].
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Since glutamine is a great source of nitrogen and carbon, this feature makes it
a crucial nutrient during the cell proliferation. One route of glutamine catabolism
involves its conversion to glutamate by glutaminase (GLS) in mitochondria. Gluta-
mate is, in turn, deaminated to generate α-ketoglutarate. The remaining nitrogens
from the glutamine’s amino and amido group are either transferred to metabolic
intermediates in the synthesis of nucleic acids, proteins, and hexosamines or released
as ammonia. The α-ketoglutarate can enter the TCA cycle and keeps it turning when
glucose-derived citrate is re-routed to the cytoplasm for the lipogenesis (Figure 5
– yellow path). This function of glutamine is referred as "anaplerosis", a process of
restoring the cellular metabolic intermediate pools [74, 86]. Some cancer cells pro-
duce more than 50% of their adenosine triphosphate (ATP) by this metabolic pathway
[78].
Even though glutamine is a great source for producing ATP, a boost in lipid syn-

thesis is more critical for supporting the proliferation. During the rapid proliferation
a hypoxia is a very common feature of cancer tissue. Under hypoxic conditions pyru-
vate entry into mitochondria is limited [87], therefore glutamine takes over the role of
the major carbon source for lipogenesis via the reductive carboxylation route (Fig. 6
– yellow path). Since cancer cells prefer to generate lipids de novo rather than use
them directly from their environment, this is the only possible metabolic pathway
how to retain the same proliferation rate under hypoxia [74, 87].
Detection of abnormal metabolic fluxes or the accumulation of unusual metabolites

could be used to monitor the predisposition to cancer in humans [88, 89]. Imaging can
not only support an initial diagnosis but also monitor progress in terms of staging,
restaging, treatment response, and identification of recurrence, both at the primary
tumor and at distant metastatic sites [88].



2
MAGNETIC RESONANCE SPECTROSCOPY (MRS )

The basic principle of magnetic resonance imaging (MRI) is based on the behaviour
of atomic nuclei in an external magnetic field. One of the fundamental physical prop-
erties of the atomic nucleus is the nuclear spin, which is described by the quantum
number I. To be visible using the nuclear magnetic resonance (NMR) atomic nucleus
must have a non-zero spin quantum number. This requirement fulfill for instance the
isotopes such as 1H, 3He, 13C, 14N, 15N, 31P and 129Xe.
Until recent time MRI has been restricted to 1H. Not only that 1H has higher sen-

sitivity than any other nucleus in endogenous substances, it is also highly abundant
in a very high concentration (about 80 M) in biological tissues.
Nuclei with spin quantum number I = 1

2 (e. g.
1H, 3He, or 13C) can orient themselves

in two possible directions related to the external magnetic field: parallel ("spin up")
or anti-parallel ("spin down"). The measurable final NMR signal is proportional to
the population difference between the two possible orientation directions. Denoting
the number of spins in the parallel and anti-parallel directions to the high magnetic
field N+

1
2 and N−

1
2 , respectively, the polarization P is by definition given as:

P =
N+

1
2
−N−

1
2

N+
1
2
+N−

1
2

(1)

If the amount of nuclei with opposite direction is equal, the magnetic moments cancel,
and result in zero macroscopic magnetization, and thus no NMR signal. However,
under thermal equilibrium conditions, slightly higher energy is associated with the
anti-parallel (N−

1
2) direction, and therefore it will be slightly smaller than N+

1
2 (see

Figure 8: Thermal equilibrium). For a nucleus with spin quantum number I = 1
2 , the

thermal equilibrium polarization P is given by:

P = tanh(γh̄B0
2kBT

) (2)

where tanh refers to the hyperbolic tangent, B0 is the magnetic field strength, γ the
gyromagnetic ratio for the nucleus, T the temperature, kB the Boltzmann constant,
and h̄ the Planck constant. Even at a strong magnetic field of 1.5 T the thermal
equilibrium polarization P is very low of 5 × 10−6 for 1H, and 1 × 10−6 for 13C (at
body temperature). This means that only one of a million nuclei enables to be mea-
sured by standard clinical MRI scanner. The thermal polarization can be increased
proportionally to the increasing magnetic field, and therefore the strength of the
NMR signal also increases [90]. According to this fact 3 T MRI instruments have been
introduced for clinical whole body imaging [91]. However, instruments with higher
magnetic field face issues such as higher costs, radiofrequency penetration depths,
and tissue contrast, and they increase dramatically with increasing field.

13
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Until recent times the tissue anatomy imaging has been the most common appli-
cation of magnetic resonance (MR) in medicine, however, one of the great strengths
of MR is spectroscopy that allows imaging of tissue biochemistry. This phenomenon
was realized already in the early MR applications in biological systems [92]. Although
nowadays magnetic resonance imaging (MRI) has become a routine clinical tool, mag-
netic resonance spectroscopy (MRS) used in patients has lagged far behind. This was
caused primarily due to low sensitivity of the measurement resulting in long mea-
surement times and poor image resolution [93, 94, 95, 96]. In spite of this, 1H-MRS

measurements of cellular metabolites in a variety of tumor types have been shown
to provide a sensitive means to diagnose disease and detect response.

2.1 mri hardware

A modern common MRI scanner (see Fig. 7) consists of three main components:
(a) superconducting magnet, (b) radio-frequency (RF) system, and (c) gradient sys-
tem. The function of the superconducting magnet is to create a strong static magnetic
field B0, however, to be able to have such a strong magnetic field the superconduct-
ing coil must be submerged into the liquid helium (lHe) at temperature of ∼4.2 K
and pressure of 1 atm. Thanks to these low temperatures one can achieve magnetic
fields up to 7 T in commercially available systems, depending on the application.

Figure 7: Simplified cutaway of today’s typical MRI scanner for whole body medical applica-
tion [97].

The RF system’s function is to excite and detect the signal. It consists of transmit-
ter, receiver and a coil. Suitably shaped pulses are generated and amplified by the
transmitter, which then drives the coil. The coil creates an oscillating magnetic field
that excites the spin system.
To encode the spatial information, the gradient coils create a magnetic field gradi-

ent. The precision of the transverse magnetization causes a time–varying magnetic
field that induces a small oscillating electric current in a receiver coil. This allows
measuring the free induction decay (FID) signal.
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Figure 8: Pictorial description of the orientation of the nuclei at thermal equilibrium and in
the hyperpolarized state. In the figure, the magnetic field (B0) is directed vertically
upwards [98].

2.2 hyperpolarization

A conceptually opposite method to increase the NMR signal is to create an arti-
ficial, non-equilibrium distribution of the nuclei, or so called the "hyperpolarized"
state. The difference between parallel (N+

1
2) or anti-parallel (N−

1
2) is increased by

several orders of magnitude compared with the thermal equilibrium. This state is
very nicely graphically described in the Figure 8: Hyperpolarized. There have been
several methods developed, how could one increase the NMR signal using the "hy-
perpolarized" state: the "brute force" approach, parahydrogen-induced polarization,
optical pumping methods, and dynamic nuclear polarization.

2.2.1 The "brute force" polarization

As described before thermal equilibrium polarization increases with increasing mag-
netic field strength, however, Equation 2 also defines that thermal equilibrium polar-
ization rises with decreasing temperature. When the candidate molecule is inserted
into an environment with very strong magnetic field at temperature close to 0 K, the
polarization is increased by a factor of 103-fold. If the sample is then rapidly brought
to 1.5 T and 310 K (i.e. without losses of polarization), it is therefore hyperpolarized
at body temperature [98].
Even though the basic idea of the method sounds simple, to obtain a polarization

level, where the hyperpolarized signal overtakes the 1H signal of nowadays commonly
used MRI, the temperature required for the "brute force" method would need to be
just mK above absolute zero. Production of hyperpolarized noble gases such as 3He
and 129Xe in large scale has been proposed, however, due to the technical challenges
and high costs the "brute force" method has not yet been used for any in vivo
experiments [99].
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2.2.2 Parahydrogen-induced polarization

Parahydrogen-induced polarization (PHIP) method is based on the chemical reaction
of the substrate molecule with parahydrogen. A parahydrogen is a state of hydrogen
where its nuclei are oriented in such a way that their magnetic moments cancel.
During this chemical reaction a substrate molecule containing 13C is hydrogenated
with parahydrogen. The spin order of the parahydrogen molecule is converted to
nuclear polarization of the 13C nucleus via a diabatic field cycling scheme [100].

PHIP method has been successfully applied for angiography measurements and
for measuring tissue perfusion. Unfortunately until now the application to biological
metabolites has been limited [101], even though the instrumentation that is required
for PHIP is relatively simple. The limiting step in successful further development of
PHIP is the catalyst development and hydrogenation chemistry, which are technically
very challenging [89].

2.2.3 Optical pumping method

The optical pumping method is based on observation of transfer of the angular
momentum from the electron spins of optically pumped Rb atoms to the nuclear
spins of 3He or 129Xe by spin-exchange collisions [102, 103]. In the magnetic field the
light from the circularly polarized laser drives the electronic transition S 1

2
-P 1

2
of the

Rb atoms to selectively pump the ground-state Rb electrons entirely to the +12 (or
−12) state. The optically pumped Rb atoms can transfer its electronic polarization
to the nuclei of 3He or 129Xe atoms via binary collisions, or via formation of loosely
bound van der Waals molecules [104, 105]. Although the theory of hyperpolarization
of noble gases by optical pumping method was discovered in the early 1960s, the
recent progress in the development of high-power lasers allowed large-scale studies
only recently [98, 106].

2.2.4 Dynamic Nuclear Polarization

Dynamic Nuclear Polarization (DNP) is based on a class of spin physics that was first
described by an American physicist Albert W. Overhauser in the 1953. In his article
he wrote: "It is shown that if the electron spin resonance of the conduction electrons
is saturated, the nuclei will be polarized to the same degree they would be if their
gyromagnetic ratio were that of the electron spin." In other words Overhauser pro-
posed an idea that saturating the electron spin system would dramatically polarize
the nuclear spins [107]. His theoretical hypotheses were experimentally demonstrated
in the same year by Carver and Slichter [108].

DNP uses the approach of the transfer of high electron spin polarization to the
nuclear spins in solid state. At temperatures close to absolute zero (∼1 K), which can
be achieved using liquid helium (lHe) at low pressure, the electron spin polarization
posses a much higher polarization than 1H or 13C, and approaches up to 100%
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(Fig. 9.1). This is due to the different gyromagnetic ratio of electrons, which is 660
times larger compared to protons and even 2600 times larger compared to 13C.
The unpaired free electron pool is generally provided by an organic free radical,

although metal ions have also been used successfully [109]. The choice of radical
depends on several factors including the solubility in the solution of interest, and the
electron paramagnetic resonance (EPR) spectrum of the radical, which should have a
line width that exceeds the Larmor frequency of the nuclear spin. Generally, radicals
that fit these criteria are either nitroxides or trityls; the trityl OX063 is nowadays the
most commonly used and the optimal concentration, for the speed of development
and the level of polarization achieved, is ∼15 mM, although this can vary between
metabolites [110].
The electron spin polarization can be partially transferred to the nuclear spins us-

ing microwave irradiation (Fig. 9.2). The efficiency of this transfer depends on several
factors, including the microwave frequency and power. The nuclear-spin polarization
of 1H and 13C can be increased to 100% and 50%, respectively [111, 112].
To increase the signal MRI Gadolinium–based contrast agents such as Gadoteric

acid (Dotarem®), or Gadoteridol (ProHance®) are usually also added to the sample
before hyperpolarization. It has been reported that the addition of small quantities
of Gd3+ substantially increases the hyperpolarization using the DNP technique with
the trityl radical [113].
MRI contrast agents alter the relaxation times of atoms within body tissues where

they are present after oral or intravenous administration. In MRI scanners sections
of the body are exposed to a very strong magnetic field, a radiofrequency pulse is
applied causing some atoms (including those in contrast agents) to spin and then
relax after the pulse stops. This relaxation emits energy, which is detected by the
scanner and is mathematically converted into an image. The MRI image can be
weighted in different ways giving a higher or lower signal.

If a 13C sample is now doped with free electrons by mixing it with a radical,
the electron polarization can be partially transferred to the nuclei by continuous
irradiation with microwaves near the electron resonance frequency (about 94 GHz
at 3.35 T). Recently, the technique has been adapted allowing it to be applied to
liquid-state 13C MRS to produce a large (>10,000-fold) increase in sensitivity [89].

2.2.4.1 Requirements for successful in vivo DNP

Although there are many potential molecules that would be very interesting to study
using DNP, very few fulfill the numerous criteria required for successful detection of
their metabolism in vivo. A good candidate for hyperpolarization must at first have
a long longitudinal relaxation time (T1) of the labeled carbon in the liquid state.
It needs to be transported and metabolized very rapidly within approximately five
times its T1 (1 – 3 min), and the labeled hyperpolarized molecule should probe an
enzymatic reaction of biological significance, or one that can act as a reporter for
cellular function. Its final product must be non-toxic, and the chemical shift dif-
ference between the resonances from the 13C-labeled substrate and its metabolites
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9.1: Thermal polarization of electrons, protons,
and 13C atoms in the magnetic fields of the
DNP polarizer.

9.2: Polarization transfer from the elec-
trons of the doping material to the
13C atoms of candidate molecule by
means of microwave irradiation.

Figure 9: Process of the polarization transfer during DNP from the electrons of the doping ma-
terial (trityl radical) to 13C atoms of candidate molecule e. g. [5-13C]-L-glutamine
[114, 98].

must be significantly large to enable easy recognition during in vivo measurements.
To achieve a high degree of polarization, first, in the solid-state, the 13C-labeled
metabolite must form a glass or amorphous solid lattice that allows the radical to be
homogenously distributed; glass-formers such as glycerol, dimethyl sulfoxide (DMSO),
or ethanol can be added to the sample to prevent crystallization. The dissolution pro-
cess results in a substantial dilution of the polarized substrate before the intravenous
injection. For successful DNP imaging following the injection, the hyperpolarized
13C-labelled molecule will be diluted by approximately two orders of magnitude be-
fore reaching the target tissue. Therefore a further requirement is that the candidate
molecule has relatively high solubility (enabling concentration of 50 – 100 mM) to
allow its polarization at high concentration. These limitations mean that relatively
few metabolites fulfill all the criteria necessary for successful imaging in vivo follow-
ing DNP, and even when a suitable molecule is found developing a working protocol
for hyperpolarization can be technically challenging [89, 115, 116].
From these few metabolites several were already successfully hyperpolarized en-

abling fundamental biological processes to be probed. The most studied molecule is
[1-13C]pyruvate, which was polarized up to 40% at 3.35 T and up to 64% at 4.64 T.
It does not need any glassing solvent due to the fact that it produces amorphous
glass by it self when frozen. On other molecules several scientific groups from all
over the world are already working, namely on [1-13C]ethyl pyruvate, [1-13C]lactate,
13C-bicarbonate, [1,4-13C2]fumarate, [2-13C]Fructose, [1-13C]ketoisocaproate,
[1-13C]glutamate, and [1-13C]urea.1

1 For further references please see Brindle et al.(2011)[115]
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2.2.4.2 Hyperpolarization of glutamine

Glutamine allows two possible isotope candidates that fulfill the requirements for
successful DNP and following in vivo measurement: [1-13C]glutamine and [5-13C]glu-
tamine (Fig. 10). The glutamine with 13C nucleus at the C-1 position has significantly
longer T1 (24.6 s), compared to 16.1 s of glutamine with 13C at C-5 position; however,
the chemical shift change when glutamine is converted to glutamate is much smaller
at the C-1 position (0.5 ppm) compared to 3.4 ppm for C-5 position. Despite the
shorter T1, which means that the polarization is much shorter-lived at this position,
the larger chemical shift change means that [5-13C]-L-glutamine is a more suitable
substrate for detecting glutaminase activity than the C-1-labeled compound [116].

Figure 10: Suitable 13C isotopes of L-glutamine for hyperpolarization using DNP:
(A) [5-13C]-L-glutamine (B) [1-13C]glutamine.

Elevated glutamine metabolism is postulated to be a marker of tumor growth
and cell proliferation. For example, altered glutamine metabolism might be used to
help identify hepatocellular carcinoma (HCC) within a cirrhotic liver [73] or identify
malignant from benign disease when repeated biopsies are not possible. Glutamine
is also already safely administered to patients [115].

HCC is the fifth most common malignancy worldwide and the third most common
cause of cancer-related death. Radiologically, it can be difficult to identify a small
HCC in the presence of a cirrhotic liver given the abnormal underlying tissue archi-
tecture. However, the metabolic differences between tumor and normal tissue may
prove to be more useful in the detection of HCC. For example, the rate of glutamine
uptake and metabolism to glutamate in HCC cells is up to 30-fold higher than in
normal healthy hepatocytes, in part because of expression of a distinct membrane
transporters [12, 73, 84, 116]. The recent study showed that glutamine could be po-
larized up to 5% [116]. Detection of abnormal metabolic fluxes or the accumulation of
unusual metabolites could be used to monitor the predisposition to cancer in humans
[88, 89]. Imaging can not only support an initial diagnosis but also monitor progress
in terms of staging, restaging, treatment response, and identification of reoccurrence,
both at the primary tumor and at distant metastatic sites [88].





3
AIMS OF THE THES I S

• Until now no preparation technique of 13C glutamine designed especially for
in vivo 13C-MMR experiments was published. The first aim of the thesis was to
prepare and optimize the preparation process for the hyperpolarization of the
[5-13C]-L-glutamine using Dynamic Nuclear Polarization (DNP) for further for
in vivo experiments using MRS measurement.

• If aim number one was successfully finished, the second aim of the thesis was to
use the established sample preparation protocol, and measure the enzymatic
conversion of the [5-13C]-L-glutamine to [5-13C]glutamate using glutaminase
and cell cultures in vitro experiments with hyperpolarized 13C -glutamine.
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Part II

M AT E R I A L S A N D M E T H O D S

Insanity: doing the same thing over and over
again and expecting different results.

— Albert Einstein

http://en.wikipedia.org/wiki/Albert_Einstein




4
MATERIALS AND METHODS

4.1 hardware

All the experiments were performed using the the HyperSense™ DNP polarizer (Ox-
ford Instruments, Abingdon, UK) and the GE Signa® EXCITE™ 3.0 T MRI scan-
ner (GE Healthcare, Milwaukee, USA) both located at GE Global Research center
(GEGR) in Garching bei München, Germany, and on Bruker AVANCE 600 named
"Laurel" located at Bavarian NMR Center (BNMRZ), Garching bei München, Germany.

4.1.1 Hyperpolarizer

The HyperSense™ DNP polarizer was used to polarize the 13C atoms. It generally con-
sists of three parts: 3.35 T superconducting magnet, 94 GHz solid–state microwave
oscillator, and a variable temperature insert (VTI). The superconducting magnet is
actively shielded and operates at temperature of 4.2 K because it is submerged in
liquid helium (lHe), in a dewar vessel with supplementary cooling by liquid nitrogen
(lN2) in a concentric vessel around the He/coil container. The VTI holds the sample
when it is inserted, and after sample insertion the VTI including the sample is sub-
merged into lHe. The VTI is directly connected to the lHe reservoir via a capillary
and the amount of lHe is regulated by a needle valve. The temperature at the VTI

during the polarization process is set at 1.4 – 3.9 K using the change in the pressure.
During polarization the container with the sample is submerged in the lHe and the

microwaves from the 94 GHz solid–state microwave oscillator are applied to transfer
the hyperpolarization form the molecule with free electron (trytil, nitrooxide) to
the candidate molecule. Depending on the molecular structure of the molecule the
polarization time takes between 15 minutes and 4 hours. During the polarization
the DNP polarizer measures constantly the solid-state polarization. The polarization
increases in logatitmic way.
After the 13C-compound is polarized to its maximum it needs to be dissolved

and warmed up to the body temperature (37○C). Before the dissolution process the
dissolution agent (∼ 5 mL) is loaded into the specialized compartment. During the
dissolution process the VTI including the sample container is taken out from the
lHe and a dissolution agent, located in the separated compartment, is heated up to
∼100○C at 10 bar. The dissolution wand is docked to the sample container and the
heated dissolution agent is pushed into the cup containing the frozen sample by the
inert helium gas. The sample is immediately dissolved and flushed out through a
flexible hose into a collection flask, from where ∼2 mL are injected into anNMR tube
and immediately transported into the MRI scanner.

25
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Figure 11: Schematic drawing of the DNP polarizer and parts. 1) DNP polarizer; 2) vacuum
pump; 3) VTI; 4) microwave source; 5) pressure transducer; 6) sample port; 7) mi-
crowave container; 8) sample holder; 9) sample container; 10) dissolution wand.
[110]

The routine maintenance of the HyperSense™ DNP polarizer consists mostly of
refilling of the cryogens. The consumption of the lHe is ∼2 L per single dissolution,
whereas the lN2 must be refilled approximately every two weeks.

4.1.2 MRI scanner

The GE Signa® EXCITE™ 3.0 T MRI scanner is a whole body type MRI scanner. This
type is used daily in many hospitals all around the world. The magnet is ∼200 cm long
with a bore diameter of 60 cm with the highest levels of magnetic field homogene-
ity. Its whole body gradient coil has a maximum gradient amplitude of 23 mT/m
and a maximum slew rate of 78 Tm−1s−1. Additionally a zoom gradient coil with
40 mT/m maximum gradient amplitude and 170 Tm−1s−1 maximum slew rate is
installed. The MRI scanner is controlled by GE software based on a Linux running
based workstation.
For our experiments NMR tubes (∅=8 mm) containing the sample were inserted

into the custom-built solenoid coil surrounded by a heating module containing cir-
culating warm water (adapted from patient warming system; Gaymar Industries,
Orchard Park, NY). The temperature of the cell suspension can be adjusted and
remained stable during the experiment. In order to improve the T2* linewidth, sus-
ceptibility-matched plugs and NMR tubes (Doty Scientific, Columbia, SC, USA) were
used. The solenoid transmit-receive 13C coil was designed and optimized for 2 mL
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12.1 12.2 12.3

Figure 12: The hardware equipment at GE Global Research centre in Garching bei München
used for the experiment. 1) Oxford Instruments HyperSense™ DNP polarizer.
2) The GE Signa® EXCITE™ 3.0 T MRI scanner. 3) Brucker AVANCE III 600
"Laurel" located at Bavarian NMR Center (BNMRZ)

sample volume. The coil has 11 mm in diameter and 50 mm in length and is made
of 9 turns of copper wire (∅=1.5 mm).

4.2 mri measurement protocol

After the dissolution ∼2 mL of the sample were transferred from the collection flask
into NMR tube (∅=8 mm), which was immediately transported into the coil located
in the bore of the MRI scanner. The sample was first analyzed using the MRI scanner
for its hyperpolarization using a sequence of hard pulses applied every 1 second in
128 cycles (∼2 minutes) with a flip angle θhp = 10○. Later to improve the signal a
MRI contrast agent Gadoteridol (ProHance®) was added to the sample (40 µL/mL
of sample) and thermal polarization was measured with a flip angle θth = 90○ and
hard pulses applied every 1 second for 4096 cycles (∼68 min), respective 2048 cycles
(∼34 min). The hyperpolarization was than calculated from the acquired spectra
using the following equation:

Php [%] = Pth
Ahp

Ath

sin(θth)
sin(θhp)

(3)

where Php represents the hyperpolarization, Pth is the thermal polarization, Ahp
and Ath is amplitude at t=0, and θ is the flip angle applied during the hyperpolariza-
tion measurement (θhp), and during the thermal measurement (θth). The T1 values
were obtained by fitting of hyperpolarized NMR signal decay to Equation 4 that also
includes the effect of radiofrequency (RF) pulsing with a given flip angle θhp=10○:

Mz(t) =M0 sin θhp(cos θhp)t/TR exp(−t/T1) (4)



28 materials and methods

where TR stands for the repetition time,M0 means the original magnetization before
the RF pulse was applied and Mz is the magnetization after. θhp is the flip angle
applied during the hyperpolarization measurement and t represents time.

4.3 sample preparation

As already described in Section 2.2.4 glutamine (Gln) must fulfill several requirements
to enable its polarization using the DNP method. During the preparation of the
sample the following three items are important:

1. High solubility of the molecule while maintaining chemical stability, so that
the injectable dissolution is sufficiently concentrated (enabling concentration
of 50 – 100 mM).

2. The solution composition has to be chosen such that it forms an amorphous
glass in the solid state.

3. All of the chemicals used need to be non–toxic for in vivo experiments [89, 115].

There are several limiting factors, which need to be taken into account during
the preparation of Gln for DNP. Glutamine is normally available in a solid state in
form of a white powder and as a molecule it has relatively low solubility in water
(36.0 g/L at 18○C, 42.5 g/L at 25○C, and 48.0 g/L at 30○C), and therefore does not
really fulfill the first requirement. Due to the fact that the optimal polarized volume
in the HyperSense™ DNP polarizer is ∼100 µL, and the final concentration during
the injection for sufficient signal during in vivo measurement is 50 – 100 mmol/L,
one has to design a process where solid glutamine is dissolved in the concentration
of 2.5 – 5 mol/L (367.85 – 735.7 g/L) before hyperpolarization (before it is diluted
by the dissolution agent to final concentration of 50 – 100 mmol/L).
The initial approach model in the preparation of [5-13C]-L-glutamine for DNP was

taken from Gallagher et al. (2008) [116], which describes the sample preparation as
follows:

L-glutamine (2.9 mg of [5-13C]-L-glutamine; Sigma-Aldrich, UK) was added to
200 µL of glycerol and water (60:40 v/v) containing 15 mM of a trityl radical
(GE-Healthcare, UK), giving a concentration of 100 mM. The sample was heated
to 90○C for 15 min and then 10 µL aliquots were pipetted into liquid nitrogen.
The resulting pellets were transferred to a precooled cup, which was screwed into
a polytetrafluoroethylene (PTFE) tube and then quickly lowered into the center
of the hyperpolarizer. The hyperpolarized sample was dissolved using 4 mL of
solution of phosphate-buffered saline (137 mM NaCl, 10 mM phosphate buffer, 2.7
mM KCl, pH 7.4; Sigma-Aldrich, UK) and 100 mg/L ethylenediaminetetraacetic
acid (EDTA; Sigma-Aldrich, UK) at 180○C giving a final glutamine concentration
of 2.5 mM.

Even though this procedure is elegant and relatively simple to proceed, one limit-
ing factor was given to follow this preparation – final concentration. As described
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previously one of the requirement for successful in vivo experiments is the final glu-
tamine concentration of 50 – 100 mM before injection. Preparation by Gallagher et
al. did not have to fulfill this requirement since the study did not include in vivo
experiments, and therefore the final concentration is 20 times smaller (2.5 mM). For
successful in vivo experiments the preparation technique must have been modified
to enable higher concentration.

4.3.1 L-glutamine solubility in glassing agents

The first approach was to study the solubility of L-glutamine (Gln) in different glass-
ing solvents. The suitable glassing solvent tested were glycerol, ethanol, propan-1,2-
diol, and their mixtures with water (50:50 v/v). First, the glycerol was tested as
a candidate for the glassing agent. Different amounts of L-glutamine in range of
0.25 – 0.50 mmol (0.25, 0.28, 0.31, 0.34, 0.37, 0.40, 0.43, 0.46, 0.48, 0.50 mmol) were
added to 100 µL of glycerol and the samples were submerged into ultrasonic bath The results are

available in
Section 5.1
on page 41.

at 25○C, and every 10 minutes for the next 1 hour, all samples were checked if Gln

is dissolved completely, and if not mixed using a vortex mixer for several seconds.
This procedure was repeated with other cadidate molecules for the galssing agents:
ethanol, propan-1,2-diol, and mixtures of glycerol, ethanol, propan-1,2-diol with H2O

(50:50 v/v).

4.3.2 L-glutamine solubility under basic conditions

Due to the fact that the glutamine solubility in H2O is 36 g/L, it was no surprise
that none of the glassing solvent was able to dissolve Gln completely. However, the
solubility of L-glutamine and other zwitterionic amino acids can be improved by
adding a base such as sodium hydroxide (NaOH) or potassium carbonate (K2CO3)
that would produce glutamine aqueous anionic species (Fig. 13).

Figure 13: Reaction of glutamine zwitterion with base.

4.3.2.1 Sodium hydroxide (NaOH) as a base

The acid dissociation constant (pKa) of the Gln amino group is 9.13, therefore a
strong base such as sodium hydroxide (NaOH) was chosen to be tested first. The
experiment was designed so that the theoretical concentration of L-glutamine after
dissolution (∼5 mL) would be 50 mmol/L or 100 mmol/L, respectively. The exact
sample preparation was following:
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L-glutamine (0.25 mmol or 0.50 mmol; Sigma-Aldrich, S.Louis, MO, USA) was
dissolved in glycerol (100 µL; Sigma-Aldrich, S.Louis, MO, USA) with added
12M NaOH (5 - 50 µL in range of 5 µL (5, 10, 15, 20, 25, 30, 35, 40, 45, 50 µL);
Sigma-Aldrich, S.Louis, MO, USA)

The results are
available in

Section 5.2.1
on page 41.

Therefore together 20 samples each with different amount of L-glutamine vs. sodium
hydroxide were examined. In both cases the minimal concentration of sodium hy-
droxide required for complete dissolution of the L-glutamine within 60 minutes was
examined.

4.3.2.2 Potassium carbonate (K2CO3) as a base

Due to the fact that sodium hydroxide (NaOH) also acts as a nucleophile and can
hydrolyze amide groups, the non-nucleophilic base potassium carbonate (K2CO3) was
tested as a possible candidate for a base in the preparation protocol for furthe in
vivo experiments. The aim was to find out how much of K2CO3 is required to dissolve
0.25 mmol of Gln in 100 µL of glycerol within 60 minutes. The maximal concentration
of K2CO3 in H2O) is 8.09 mol/L, and therefore the amount of K2CO3 added to the
examined sample was increased to 15 – 60 µL compared to previous experiment. The
exact sample preparation was following:

L-glutamine (0.25 mmol; Sigma-Aldrich, S.Louis, MO, USA) was dissolved in
glycerol (100 µL; Sigma-Aldrich, S.Louis, MO, USA) with added 8.09M K2CO3

(15 - 60 µL in range of 5 µL (15, 20, 25, 30, 35, 40, 45, 50, 55, 60 µL); Sigma-Aldrich,
S.Louis, MO, USA)

The results are
available in

Section 5.2.2
on page 42.

The best performing preparation mixture using 8.09M K2CO3 was prepared using
[5-13C]glutamine (Sigma-Aldrich, S.Louis, MO, USA) and dissolved in 2 mL of D2O

and analyzed using the 14.1 T NMR spectrometer.
The hyperpolarization measurement was also examined. To the [5-13C]glutamine

(Sigma-Aldrich, S.Louis, MO, USA) mixture dissolved using potassium carbonate,
trytil radical (OX063, 55 µmol; GE Healthcare, Milwaukee, WI, USA) and GdDOTA

complex (Dotarem®) (7 µmol; Guerbet, Roissy, France) was added and hyperpolar-
ized with Hypersense™ 3.35 T Dynamic nuclear polarizer (DNP) (Oxford Instrument,
Abingdon, UK) for ∼1h at 94.105 GHz. The solid samples were rapidly dissolved with
TRIS (5 mL, 30mM) buffered H2O and the liquid state polarization was measured ac-
cording to MRI measurement protocol described in Section 4.2.

4.3.3 L-glutamine solubility under acidic conditions

Acidic conditions of the solution can also increase the solubility of glutamine (Gln).
The hydronium ion (H3O+) can provide a proton to the molecule of glutamine thus
forming a aqueous cationic species. As a source of H3O+ ions a hydrochloric acid
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(HCl) was used. First 0.25 mmol of L-glutamine were examined to be dissolved using
different amounts of 12M HCl (5 – 50 µL).

L-glutamine (0.25 mmol; Sigma-Aldrich, S.Louis, MO, USA) was dissolved in
glycerol (100 µL; Sigma-Aldrich, S.Louis, MO, USA) with added 12M HCl (5 -
50 µL in range of 5 µL (5, 10, 15, 20, 25, 30, 35, 40, 45, 50 µL); Sigma-Aldrich,
S.Louis, MO, USA)

Due to the fact no concentration of HCl was able to dissolve 0.25 mmol of
L-glutamine completely, the experiment was inverted and the maximum amount of
L-glutamine able to be dissolved by 25 µL of 12M HCl was determined.

L-glutamine (0.05 – 0.24 mmol in range of 2 mmol (0.05, 0.07, 0.10, 0.12, 0.14, 0,16,
0.18, 0.20, 0.22, 0.24 mmol); Sigma-Aldrich, S.Louis, MO, USA) was dissolved
in glycerol (100 µL; Sigma-Aldrich, S.Louis, MO, USA) with added 25 µL of
12M HCl(Sigma-Aldrich, S.Louis, MO, USA)

The results are
available in
Section 5.5
on page 47.

The best performing preparation mixture using 12M HCl was prepared using
[5-13C]glutamine (Sigma-Aldrich, S.Louis, MO, USA), and then dissolved in 2 mL
of D2O and analyzed using the 14.1 T NMR spectrometer.

4.3.4 Influence of temperature on L-glutamine’s solubility

The second physical property next to the pH, which increases the solubility of glu-
tamine in glassing solvents, is temperature. However, as described in Section 1.1.2
glutamine is not very stable in aqueous form and very likely undergoes a reaction to
pyroglutamic acid (pGlu), when the temperature is increased. As measured by Arii
et al. the degradation in higher temperature is not very fast and highly depends
on the pH of the buffered solution [20]. In Figure 2.2 degradation of the glutamine
is described at 70○C. From the measurements one can see that even at very high The results are

available in
Section 5.3
on page 43.

pH (9.31, 11.01) the degradation of 20% of glutamine takes several hours. With this
knowledge experiments of finding the minimum amount of 12M NaOH able to dis-
solve Gln completely (giving final concentration 50 mmol/L and 100 mmol/L), were
repeated at 70○C. The detailed procedure is the same as described in Section 4.3.2.1,
however using ultrasonic bath at 70○C. For better understanding it is described in
following box:

L-glutamine (0.25 mmol or 0.50 mmol; Sigma-Aldrich, S.Louis, MO, USA) was
dissolved in glycerol (100 µL; Sigma-Aldrich, S.Louis, MO, USA) with added
12M NaOH (5 - 50 µL in range of 5 µL (5, 10, 15, 20, 25, 30, 35, 40, 45, 50 µL);
Sigma-Aldrich, S.Louis, MO, USA) under 70○C.
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4.3.5 Influence of pH and temperature on glutamine’s stability

From the literature described in Section 1.1 we know that glutamine is labile in
aqueous solution. The increased base content and increased temperature enhances
the glutamine’s solubility, however, it can also increase the chance of glutamine to
undergo a unwanted reaction to glutamic acid (Glu) and pyroglutamic acid (pGlu).
The aim of the following experiment was to find out how well the [5-13C]-L-glutamine
undergoes the reaction to Glu and pGlu in different conditions.
Four different scenarios of sample preparation were examined using the 14.1 T

NMR scanner on the presence of side products of glutamic and pyroglutamic acids.
First, the best performing preparation techniques from Section 4.3.2.1 giving the
final concentration 50 mmol/L and 100 mmol/L were prepared at 30 ○C with the
following procedure:The results are

available in
Section 5.4
on page 44. [5-13C]-L-glutamine (0.25 mmol or 0.50 mmol; Sigma-Aldrich, S.Louis, MO, USA)

was dissolved in glycerol (100 µL; Sigma-Aldrich, S.Louis, MO, USA) with added
12M NaOH (20 µL or 35 µL; Sigma-Aldrich, S.Louis, MO, USA) at 30○C. When
Gln was completely dissolved (after 50 – 60 min) the sample was diluted in 2 mL
D2O and examined using 14.1 T NMR scanner.

Second, the effect of temperature during the preparation was examined on the
presence of side products of glutamic and pyroglutamic acids using the 14.1 T NMR

scanner. The best performing preparation techniques from Section 4.3.4 giving the
final concentration 50 mmol/L and 100 mmol/L were prepared at 30 ○C with the
following preparation:The resulted

spectra are
available in

Figure 16
on page 45.

[5-13C]-L-glutamine (0.25 mmol or 0.50 mmol; Sigma-Aldrich, S.Louis, MO, USA)
was dissolved in glycerol (100 µL; Sigma-Aldrich, S.Louis, MO, USA) with added
12M NaOH (25 µL or 45 µL; Sigma-Aldrich, S.Louis, MO, USA) at 70○C. When
Gln was completely dissolved (after 50 – 55 min) the sample was diluted in 2 mL
D2O and examined using 14.1 T NMR scanner.

4.3.6 Increasing the viscosity of the sample to suppress the side reactions

During the sample preparations procedure side products such as glutamic acid (Glu)
and pyroglutamic acid (pGlu) might occur when the NaOH concentration or temper-
ature was increased. As described in Section 1.1.1 and 1.1.2 glutamine is not very
stable in aqueous form and very likely undergoes a reaction to Glu and (pGlu). Due
to this fact the sample preparation procedure was modified.
To decrease the side reaction rate an idea to use the viscosity of the glassing

solvent as a potential "break" of the side reaction was examined. The idea behind the
approach was that glycerol is very viscous solvent and its viscosity may slow down
the side reactions, especially the reaction of glutamine to pyroglutamic acid. The
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14.1: Trytil radical OX063 14.2: Gadoteric acid
(Dotarem®)

14.3: Gadoteridol
(ProHance®)

Figure 14: Chemical structures of chemicals used as an electron dopant in DNP experiments.

only possibility how to make glycerol even more viscous was to reduce the amount
of water present in the sample during the preparation, therefore the concentration of
the NaOH added was increased from the 12 mol/L to 27 mol/L, and thus the amount
of H2O was decreased. The results are

available in
Section 5.6
on page 48.

First, the minimal concentration of sodium hydroxide (27M, NaOH) required for
complete dissolution of the L-glutamine (0.50 mmol) within 60 minutes was examined.
The detailed preparation procedure was following:

L-glutamine (0.25 mmol or 0.50 mmol; Sigma-Aldrich, S.Louis, MO, USA) was
dissolved in glycerol (100 µL; Sigma-Aldrich, S.Louis, MO, USA) with added
27M NaOH (5 - 50 µL in range of 5 µL (5, 10, 15, 20, 25, 30, 35, 40, 45, 50 µL);
Sigma-Aldrich, S.Louis, MO, USA)

The best performing preparation mixture using 27M NaOH was prepared using
[5-13C]glutamine (Sigma-Aldrich, S.Louis, MO, USA). To the sample OX063 radical
(55 µmol; GE Healthcare, Milwaukee, WI, USA) and GdDOTA complex (Dotarem®)
(7 µmol; Guerbet, Roissy, France) was added and hyperpolarized with Hypersense™
3.35 T Dynamic nuclear polarizer (DNP) (Oxford Instrument, Abingdon, UK) for ∼1h
at 94.105 GHz. The solid samples were rapidly dissolved with TRIS (5 mL, 30mM)
buffered H2O and measurend using the MRI scanner according to MRI experiment
protocol described in Section 4.2. The resulted

spectra are
available in
Figure 20
on page 49.

4.3.7 Comparison of [5-13C]glutamine and L-glutamine hyperpolarization

Due to the fact that the liquid-state polarization obtained compared to the solid-state
polarization obtained was very low, actually in range of ppt and not percentages, a
test comparing the hyperpolarization of [5-13C]-L-glutamine and L-glutamine was
performed. The exact preparation process was following:

[5-13C]-L-glutamine or L-glutamine (0.5 mmol; Sigma-Aldrich, S.Louis, MO, USA)
was dissolved under 25○C in glycerol (100 µL; Sigma-Aldrich, S.Louis, MO, USA)
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with added NaOH (35 µL, 27M; Sigma-Aldrich, S.Louis, MO, USA). To the sample
OX063 radical (55 µmol; GE Healthcare, Milwaukee, WI, USA) and GdDOTA com-
plex (Dotarem®) (7 µmol; Guerbet, Roissy, France) was added and hyperpolarized
with Hypersense™ 3.35 T Dynamic nuclear polarizer (DNP) (Oxford Instrument,
Abingdon, UK) for ∼1h at 94.105GHz. The frozen solid samples were rapidly
dissolved with TRIS (5 mL, 30mM) buffered H2O and the hyperpolarization was
analyzed using 3.0 T MRI scanner (128 scans/repetition time 1 s). Later a Gado-
teridol (ProHance®) was added to the sample (40 µL/mL of sample) and thermal
polarization was measured using 3.0 T MRI scanner (4096 scans/repetition time
1 s).

4.3.8 Metal analysis

Due to the similar results in liquid-state polarization but large differences in solid-
state polarization in previous experiments (see Section 4.3.7 and 5.7.2) a detailed
metal analysis was performed. The presence of impurities such as ferromagnetic met-
als (e. g.Cu, Ni) can be the reason of fast relaxation of [5-13C]-L-glutamine polariza-
tion in liquid state. These metals could have been used during the synthesis of [5-13C]-
L-glutamine as part of a catalysts. Their residue might have been still present in the
sample even in very small amounts after the purification. The [5-13C]-L-glutamine
was therefore ordered from all available suppliers, which had [5-13C]-L-glutamine on
sale: a) Sigma-Aldrich Co. LLC (St. Louis, MO, USA); b) Cambridge Isotope Labora-
tories, Inc (Andover, MA, USA); c) Toronto Research Chemicals (Ontario, Canada).
However, only Sigma-Aldrich Co. and Cambridge Isotope Laboratories were able to
deliver their product. The obtained samples were analyzed by the Chemical and
Structural Analysis Laboratory (GE Global Research, General Electric Company,
Niskayuna, NY, USA) using the High Resolution Inductively Coupled Plasma Mass
Spectrometry (HR-ICP-MS). The exact measuring procedure was following:

For the HR-ICP-MS ∼1 mg aliquots of each glutamine sample were weighed by
difference onto Fisher brand weighing papers by microbalance and transferred into
trace metal-free acid-pre-cleaned (3× H2O rinse, followed by fill in 25% aqua regia
+ 10% HF and rinse 5× H2O) 15mL natural-cap centrifuge tubes (VWR, Radnor,
PA, USA). Samples were run in duplicate or triplicate as weight allows, with one
sample reserved for sample-spike measurement. Samples were then brought into
a class 100 clean room for digestion. Tubes were placed in the fume hood for the
following reagent additions: 3 mL 33% Optima grade HNO3 and 3 mL 33% Optima
grade HCl. 0.2 mL of ∼50 ppb stock Rh in 1% HCl was added to each sample to
serve as an internal standard and samples were brought to a total volume of 10mL
with H2O. Three procedural blanks were carried throughout.

The results are
available in

Section 5.7.2
on page 50.

All standard and quality control intermediates as well as internal standard were
prepared in Nalgene™ volumetric flasks or 50 mL natural-cap centrifuge tubes
(VWR, Radnor, PA, USA) that had been pre-cleaned (rinsed 3× H2O, filled with
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25% aqua regia + 10% HF, rinsed 5× H2O). Calibration standards: 1, 2, 5, 10, 20, 50,
100, 200 and 500 ppt, 1, 2, 5, 10, 20, 50 and 100 ppb Al, As, Ba, Be, Bi, B, Cd, Ca,
Ce, Cs, Cr, Co, Cu, Dy, Er, Eu, Gd, Ga, Ho, In, Fe, La, Pb, Li, Lu, Mg, Mn, Nd,
Ni, P, K, Pr, Re, Rb, Sm, Sc, Se, Na, Sr, Tb, Tl, Th, Tm, U, V, Yb, Y, Zn, Sb, Ge,
Hf, Mo, Nb, Si, Ag, Ta, Te, Sn, Ti, W and Zr in 2% HNO3/0.06% HF/0.06% HCl

with 1ppb Rh used as an internal standard. Quality control intermediates: provides
external calibration check for all elements of interest except Bi and In.
The [5-13C]-L-glutamine (Cambridge Isotope Laboratories Inc., Andover, MA,

USA), which proved to have lesser amount of Cu and Ni was used for further hy-
perpolarization examination and compared to hyperpolarization spectra of [5-13C]-
L-glutamine (Sigma-Aldrich Co. LLC, St. Louis, MO, USA). The following procedure
was used: The resulted

spectra are
available in
Figure 22
on page 51.

[5-13C]-L-glutamine (0.5 mmol; Cambridge Isotope Laboratories Inc., Andover,
MA, USA) was dissolved under 30○C in glycerol (100 µL; Sigma-Aldrich, S.Louis,
MO, USA) with added NaOH (35 µL, 27M; Sigma-Aldrich, S.Louis, MO, USA).
To the sample OX063 radical (55 µmol; GE Healthcare, Milwaukee, WI, USA) and
GdDOTA complex (Dotarem®) (7 µmol; Guerbet, Roissy, France) was added and
hyperpolarized with Hypersense™ 3.35 T Dynamic nuclear polarizer (DNP) (Ox-
ford Instrument, Abingdon, UK) for ∼1h at 94.105GHz. The frozen solid samples
were rapidly dissolved with TRIS (5 mL, 30mM) buffered H2O and the hyperpo-
larization was analyzed using 3.0 T MRI scanner (128 scans/repetition time 1 s).
Later a Gadoteridol (ProHance®) was added to the sample (40 µL/mL of sample)
and thermal polarization was measured using 3.0 T MRI scanner (4096 scans/rep-
etition time 1 s).

4.3.9 Loss of the signal due to the molecule’s nature

To prove that the lost of the signal is not due to any additional impurities and
elements present in the sample but by the nature of the molecule it self, a test was de-
signed where [5-13C]-L-glutamine was forced to undergo the reaction to
glutamic acid completely. This was done using high concentration NaOH via the
SN2t mechanism described in Figure 17. Under same condition [5-13C]glutamic acid
was also prepared. Due to the low solubility of glutamic acid (8.64 g/L at 25 ○C)
the amount of dissolved Gln and Glu must have been modified from the previous
experiments. The exact sample preparation was following: The resulted

spectra are
available in
Figure 23
on page 54.

[5-13C]-L-glutamine or [5-13C]glutamic acid (5.7 µmol; both Cambridge Isotope
Laboratories Inc., Andover, MA, USA) was dissolved in glycerol (100 µL; Sigma-
Aldrich, S.Louis, MO, USA) with added NaOH (60 µL, 27M; Sigma-Aldrich,
S.Louis, MO, USA) completely in temperature conditions under 30○C. To the sam-
ple OX063 radical (55 µmol; GE Healthcare, Milwaukee, WI, USA) and GdDOTA
complex (Dotarem®) (7 µmol; Guerbet, Roissy, France) was added and hyper-
polarized with Hypersense™ 3.35 T Dynamic nuclear polarizer (DNP) (Oxford
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Instrument, Abingdon, UK) for ∼1h at 94.105GHz. The frozen solid samples were
rapidly dissolved with TRIS (5 mL, 30mM) buffered H2O and the hyperpolariza-
tion was analyzed using 3.0 T MRI scanner (128 scans/128 s). Later a Gadoteridol
(ProHance®) was added to the sample (40 µL/mL of sample) and thermal polar-
ization was measured using 3.0 T MRI scanner (4096 scans/4096 s).

The obtained hyperpolarization spectra and polarization information were compared.

4.3.10 Loss of the polarization due to relaxation through scalar coupling (type II)

From the results of previous experiment (Section 5.7.3) we knew that the loss of the
[5-13C]-L-glutamine hyperpolarization in liquid state is due to the molecule’s natural
behaviour. In fact there are several mechanisms that contribute to the relaxation rate
(R1) of 13C nucleus: dipole–dipole interaction (Rd1), paramagnetic relaxation rate
(Rpara1 ), chemical shift anisotropy (Rcsa1 ), scalar relaxation (Rsc1 ), and spin-rotation
(Rsr1 ) [117]. The relaxation rate (R1) is a sum of these five terms according to:

R1 =
1

T1
=∑Rd1 +Rpara1 +Rcsa1 +Rsc1 +Rsr1 (5)

The dipole–dipole interaction (Rd1) depends on the temperature via the variation
of the molecular correlation time, on the other hand paramagnetic relaxation rate
(Rpara1 ), chemical shift anisotropy (Rcsa1 ), and scalar relaxation (Rsc1 ) are dependent
on the external magnetic field (B0). The chemical shift anisotropy (Rcsa1 ) increases
at higher fields, whereas the paramagnetic relaxation rate (Rpara1 ) shows a marked
increase at lower fields (e. g. when nitroxide radicals such as TEMPO are used) [118].
The contribution of the scalar coupling relaxation can easily be related to the applied
field through the frequency difference term, as follows:

Rsc1 =
8π2J2

3
IX(IX + 1) τsc

1+ (ω13C −ωX)2τ2sc
(6)

where J represents the scalar coupling constant between 13C and a spin X. The IX
is to the spin quantum number of the coupled nucleus, τsc is the correlation time
characteristic of the scalar interaction, and ω13C and ωX are the Larmor angular
frequencies of scalarly coupled nuclei [117, 119]. The scalar coupling interaction be-
tween the active nuclei, which determines the multiplicity of NMR signals, affects the
relaxation mechanism when the coupling constant is time-dependent. This occurs if
the coupling constant is modulated by the chemical exchange (i.e., type I scalar relax-
ation, when τsc is the inverse of the exchange rate) or if the spin state of the coupled
nucleus changes rapidly because of other relaxation mechanisms (i.e., type II scalar
relaxation, where τsc is the T1 of a fast-relaxing nucleus, which is usually quadrupo-
lar). At a very low field, the Larmor frequencies become sufficiently equivalent so
that the type II contribution cannot be neglected leading to fast relaxation through
this mechanism. This can be demonstrated by applying Eq. 6 to the 13C–14N spin
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system (I14N = 1). We can assume that the J13C−14N is ∼15 Hz, and the T1 for 14N
is ∼ 1× 10−3 s. With given laboratory magnetic field averaged for the time spent by
the sample in each point of the transfer path was about 650 µT the ω of 13C and
14N can be calculated using the following equation:

ωX = γX2πB0106 (7)

that means that ω13C is 47037 rad/sec (10.7 MHz/T), and 13628 rad/sec=3.1 MHz/T
for ω14N With this knowledge we can calculate the Rsc1 using Equation 6:

Rsc1 =
8π2J2

3
I14N(I14N + 1) T1,14N

1+ (ω13C −ω14N)2(T1,14N)2 (8)

Rsc1 =
8π2152

3
1(1+ 1) 1× 10−3

1+ (47037− 13628)2(1× 10−3)2
Rsc1 = 1.6 s−1

To prove the hypotheses that type II relaxation through scalar coupling is the
cause of the loss of the liquid state polarization observed experimentally, first, the
magnetic field profile during transport needed to be characterized. The absolute
value of the magnetic field vector along the travel path was measured using a
Hall Gaussmeter (Model 455 DSP, Lake Shore Cryotronics Inc., Westerville, OH,
USA). To proof the contribution of relaxation through scalar coupling is respon-
sible for the fast signal decay four different experiments were performed. First,
[5-13C]-L-glutamine was transported with and without 0.2 T permanent magnet at-
tached to the NMR tube during the transport from the polarizer to MRI scanner. To
proof the coupling of 13C on C-5 position and amide 14N, the [5-13C,15N]-L-glutamine
with 15N in amide group was examined in the same way as [5-13C]-L-glutamine – with
and without 0.2 T permanent magnet from DNP polarizer to MRI scanner. The exact
procedure of the experiment was the following: The results are

available in
Section 5.7.4
on page 53.

[5-13C]-L-glutamine (60 µmol; Cambridge Isotope Laboratories Inc., Andover, MA,
USA) or [5-13C, 15N]glutamine (60 µmol; Toronto Research Chemicals, Toronto,
ON, Canada) was dissolved in glycerol (100 µL; Sigma-Aldrich, S.Louis, MO, USA)
with added NaOH (35 µL, 27M; Sigma-Aldrich, S.Louis, MO, USA) completely in
temperature conditions under 30○C. To the sample OX063 radical (55 µmol; GE
Healthcare, Milwaukee, WI, USA) and GdDOTA complex (Dotarem®) (7 µmol;
Guerbet, Roissy, France) was added and hyperpolarized with Hypersense™ 3.35 T
Dynamic nuclear polarizer (DNP) (Oxford Instrument, Abingdon, UK) for ∼1h at
94.105GHz. The frozen solid samples were rapidly dissolved in 5 mL of 30 mM
TRIS buffer and 1.3 mM EDTA in D2O. The sample was transported from the
DNP polarizer to MRI scanner either in Earth’s magnetic field or 0.2 T permanent
magnet was attached to sample containing NMR tube. The sample’s polarization
was analyzed using 3.0 T MRI scanner (128 scans, repetition time 1 s). Later
40 µL/mL of Gadoteridol (ProHance®) was added to the sample and thermal
polarization was measured using 3.0 T MRI scanner (2048 scans, repetition time
1 s).





Part III

R E S U LT S

A man came to this world
to be, work, and live.

Only wise tries to push our world further.
And only fool tries to stop him.

— Jan Werich

http://en.wikipedia.org/wiki/Jan_Werich




5
RESULTS

5.1 l-glutamine solubility in glassing agents

The first approach was to study the solubility of glutamine in different glassing
solvents. The suitable glassing solvent tested were glycerol, ethanol, propan-1,2-diol,
and their mixtures with water (50:50 v/v). Unfortunately none of the amount of
glutamine (0.25 – 0.50 mmol) tested was able to be dissolved completely in either of
the glassing solvent or their mixtures with water within 60 minutes.

5.2 l-glutamine solubility under basic conditions

Since glutamine did not dissolve in any of suitable glassing solvent under neutral
conditions, the conditions had to be changed to either basic or acidic to improve the
solubility of L-glutamine. For basic conditions in the glassing agent two bases were
tested: sodium hydroxide (NaOH) and potassium carbonate (K2CO3).

5.2.1 Sodium hydroxide as a base

The aim of this test was to find out how much of 12M NaOH is required to dissolve
0.25 mmol of L-glutamine, respective 0.50 mmol, in 100 µL of glycerol. The amount
of L-glutamine would give the final concentration during the injection of 50 mmol/L,
respectively of 100 mmol/L in volume of 5 mL of injectable buffer solution during
in vivo experiments. The results are summarized in Table 1 and Table 2.
The results showed that the minimum amount of sodium hydroxide (12M NaOH)

required to dissolve 0.25 mmol of L-glutamine in 100 µL of glycerol within 60 minutes
is 25 µL, and 45 µL to dissolve 0.50 mmol of L-glutamine. This means that to dissolve
0.25 mmol of L-glutamine completely 0.375 mmol of NaOH is required in the mixture
of 100 µL of glycerol and 25 µL of water. To dissolve 0.50 mmol of glutamine within

NaOH (12M) [µL] 5 10 15 20 25 30 35 40 45 50

L-glutamine [mmol] 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Glycerol [µL] 100 100 100 100 100 100 100 100 100 100

Dissolution time [min] – – – – 55 50 40 40 30 15

Table 1: Summary of the experiment results testing the L-glutamine (0.25 mmol) solubility
at the presence of the strong base sodium hydroxide (12M NaOH) in 100 µL glycerol.
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NaOH (12M) [µL] 5 10 15 20 25 30 35 40 45 50

L-glutamine [mmol] 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
Glycerol [µL] 100 100 100 100 100 100 100 100 100 100

Dissolution time [min] – – – – – – – – 60 55

Table 2: Summary of the experiment results testing the L-glutamine (0.50 mmol) solubility at
the presence of the strong base sodium hydroxide (12M NaOH) in 100 µL glycerol.

60 minutes 0.675 mmol of sodium hydroxide is required in mixture of 100 µL glycerol
and 45 µL H2O.
It is clear that the amount of NaOH required increases with the increasing amount

of L-glutamine, however, the dependence between the amount of NaOH and Gln was
not linear. Less of the NaOH was needed in case of 0.50 mmol of glutamine dissolving.
This was caused by the water added with the NaOH, and therefore increasing the
overall sample volume (125 vs. 145 µL). This was demonstrated by an experiment,
where L-glutamine (0.25 mmol) was completely dissolved in glycerol (100 µL) with
added 7.5M NaOH (0.338 mmol, 45 µL) after 45 minutes (same time as in case of
0.50 mmol Gln), and therefore perfectly proofs the hypotheses.

5.2.2 Potassium carbonate as a base

Due to the fact that sodium hydroxide (NaOH) can also act as a nucleophile as
shown in Figure 18, non-nucleophilic base potassium carbonate (K2CO3) was tested
as a possible candidate for the replacement of NaOH in its role as a base. First, the
aim was to find out how much of 8.09M K2CO3 (maximal concentration in H2O) is
required to dissolve 0.25 mmol of L-glutamine in 100 µL of glycerol within 60 minutes.
The results are summarized in Table 3.

K2CO3 (8.09M) [µL] 15 20 25 30 35 40 45 50 55 60

L-glutamine [mmol] 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Glycerol [µL] 100 100 100 100 100 100 100 100 100 100

Dissolution time [min] – – – – – – – – 60 55

Table 3: Summary of the results of the experiment testing the L-glutamine (0.25 mmol)
solubility at the presence of the base potassium hydroxide (8.1M) in 100 µL glycerol.

Potassium carbonate (pKa=10.3) is not such a strong base as sodium hydroxide
(pKa=13), and therefore the amount of K2CO3 required to dissolve 0.25 mmol of
L-glutamine was higher compared to the experiment with NaOH (see Tab. 1 for
reference). To dissolve 0.25 mmol of L-glutamine 55 µL of 8.09M K2CO3 (0.44 mmol)
was required. In the similar experiment 0.375 mmol of NaOH was required to dissolve
0.25 mmol of L-glutamine completely.
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15.1: Spectrum of hyperpolarization decay.
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15.2: Thermal polarization spectrum

T1 at 3T Solid state signal Liquid pol.
(s) (a.u.) (%)

[5-13C]glutamine 9.3±0.2 16000±1500 0.7±0.02

15.3: Summary of the results acquired from the hyperpolarization spectrum.

Figure 15: Resulting spectra of the experiment with [5-13C]-L-glutamine preparation un-
der basic condition using K2CO3 as a base. Notation: a) [5-13C]-L-glutamine,
r) 13C-lactate (reference). Each line in the Figure 15.1 represents measurement +5 s
after the initiation of the measurement (15 s after dissolution process).

The best performing preparation mixture using K2CO3 (8.09M, 55 µL) was ana-
lyzed using the 14.1 T NMR spectrometer and the hyperpolarization was measured
using the 3 T MRI scanner. The resulted spectra can be seen in the Figure 15.
Due to the fact that maximum solubility of potassium carbonate in water en-

ables maximum concentration of only 8.09 mol/L. The amount required to dissolve
0.50 mmol of glutamine is approximately 0.80 mmol giving ∼90 µL, and therefore it
is not very suitable preparation technique since, first, the amount of glycerol possible
to add is not sufficient to act as a suitable glassing solvent (solid state polarization
signal was ∼3 times smaller than using NaOH), and second, the lack of glycerol will
decrease the viscosity of solvent, and therefore increase the reaction rate to glutamic
and pyroglutamic acids.

5.3 influence of the temperature on glutamine’s solubility

The increased temperature increases the solubility of glutamine, however, it could
decrease the viscosity of glycerol, and therefore increase the glutamine solubility even
more. The aim was to find out the minimum amount of sodium hydroxide (12M)
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required to dissolve 0.25 mmol, respective 0.50 mmol of L-glutamine in 100 µL of
glycerol at 70○C.
The aim of this approach was to test the solubility of glutamine in glycerol under

basic conditions when the temperature is increased. The test was designed to find
the smallest amount of sodium hydroxide able to dissolve 0.25 mmol and 0.5 mmol
of glutamine in 100 µL of glassing solvent glycerol. The results are summarized in
Table 4 and in Table 5.

NaOH (12M) [µL] 5 10 15 20 25 30 35 40 45 50

L-glutamine [mmol] 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Glycerol [µL] 100 100 100 100 100 100 100 100 100 100

Dissolution time [min] – – – 50 35 20 15 10 10 5

Table 4: Summary of the results of the experiment testing the L-glutamine (0.25 mmol)
solubility at the presence of the strong base sodium hydroxide (12M) in 100 µL
glycerol at 70○C.

NaOH (12M) [µL] 5 10 15 20 25 30 35 40 45 50

L-glutamine [mmol] 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
Glycerol [µL] 100 100 100 100 100 100 100 100 100 100

Dissolution time [min] – – – – – – 55 50 35 20

Table 5: Summary of the results of the experiment testing the L-glutamine (0.50 mmol)
solubility at the presence of the strong base sodium hydroxide (12M) in 100 µL
glycerol at 70○C.

The results showed that the minimum amount of sodium hydroxide (12M NaOH)
required to dissolve 0.25 mmol of L-glutamine in 100 µL of glycerol at 70○C is 20 µL,
and 35 µL to dissolve 0.50 mmol of L-glutamine. This means that to dissolve com-
pletely 0.25 mmol of L-glutamine 0.3 mmol of NaOH is required in mixture of 100 µL
of glycerol and 20 µL of water. To dissolve 0.50 mmol of glutamine within 60 minutes
0.525 mmol of sodium hydroxide is required in mixture of 100 µL of glycerol and
35 µL of H2O. It was clearly demonstrated that the increased temperature decreases
the required amount of the base in the solution, and therefore increased the solubility
of glutamine compared to the results in Section 5.2.1.

5.4 influence of the ph and temperature on glutamine’s sta-
bility

Even though the previous experiments showed that the increased base content and
increased temperature enhances the glutamine’s solubility, it can also increase the
chance that glutamine undergoes a reaction to products of glutamic acid (Glu) and
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pyroglutamic acid (pGlu) as described in Section 1.1. The aim of the following exper-
iment was to find out how well the [5-13C]-L-glutamine undergoes the reaction to
Glu and pGlu in different conditions.
The best performing preparation techniques from the previous experiments were

examined using the NMR measurement of thermal polarization at 14.1 T NMR scan-
ner, and analyzed for the presence of side products of glutamic and pyroglutamic
acids (see Fig. 16 for the resulted spectra). From the spectra the amount of resulted
side products (Glu, pGlu) were calculated using the comparison of the peak integrals
compared to main glutamine peak and the beginning amount of [5-13C]-L-glutamine
present.
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16.1: [5-13C]glutamine (0.25 mmol, 30○C)
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16.2: [5-13C]glutamine (0.50 mmol, 30○C)
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16.3: [5-13C]glutamine (0.25 mmol, 70○C)
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16.4: [5-13C]glutamine (0.50 mmol, 70○C)

Figure 16: Influence of pH and temperature on the L-glutamine side reactions.
The thermal polarization spectra obtained using 14.1 T NMR spec-
trometer. Notation: a) [5-13C]glutamic acid, b) [5-13C]pyroglutamic acid,
c) [5-13C]-L-glutamine.
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In the first preparation of [5-13C]-L-glutamine (0.25 mmol) at 30○C it was not
possible to identify any peak of side products (Fig. 16.1). This means that the fi-
nal maximum concentration of [5-13C]-L-glutamine during the injection would be
50 mmol/L.
In the preparation of [5-13C]-L-glutamine (0.50 mmol) at 30○C the side product

[5-13C]glutamic acid occurred at amount of ∼1.4% and [5-13C]pyroglutamic acid at
the amount of ∼2% (Fig. 16.2). This corresponds to 10 µmoles of [5-13C]pyroglutamic
acid and 7 µmoles of [5-13C]glutamic acid, and therefore the maximum final concen-
tration of [5-13C]-L-glutamine during injection would be ∼96.6 mmol/L.
When the temperature during the preparation process of [5-13C]-L-glutamine

(0.25 mmol) was increased from 30○C to 70○C, the [5-13C]pyroglutamic acid occurred
exclusively at the amount of 9.5% resulting in [5-13C]-L-glutamine final maximum
concentration during injection of ∼45.25 mmol/L (Fig. 16.3).
During the preparation of [5-13C]-L-glutamine (0.50 mmol) at 70○C the amount of

[5-13C]-L-glutamine, that underwent the reaction to [5-13C]glutamic acid, stayed the
same as in preparation at 30○C, however the amount of [5-13C]pyroglutamic acid in-
creased, and resulted in the amount of 5%. This means only 70% of
[5-13C]-L-glutamine would be present in the sample during the possible injection
giving the final concentration of ∼93.6 mmol/L.
From the results two hypotheses can be deducted. First, if the amount of the

sodium hydroxide is increased to allow higher glutamine concentration the amount
of glutamic acid increases. This is due to the nucleophilic attack of the hydroxyl
group (OH−) on the carbonyl group at C-5 position of glutamine and following nu-
cleophilic substitution of the amide group by hydroxyl group forming glutamic acid
from glutamine. The proposed reaction mechanism can be seen in Figure 17.

Figure 17: Mechanism of the influence of the pH of the solvent on the stability of L-glutamine.
The glutamine under basic conditions undergoes the nucleophilic substitution at
carbonyl group at C-5 position resulting in glutamic acid.

Second, if the temperature during the preparation process was increased from 30○C
to 70○C, the amount of pyroglutamic acid increased. In this case the mechanism
involved the glutamine’s amine group, which acted as a nucleophile and attacked the
carbonyl group at C-5 position of glutamine making the amide group a good leaving
group and form the final product of pyroglutamic acid (see Fig. 18).
Even though the aim of this test was to come up with the preparation technique

resulting in no side products, the highest concentration of glutamine was achieved
during the preparation of glutamine (0.5 mmol) at 30○C, giving final concentration
of ∼96.6 mmol/L of [5-13C]-L-glutamine, and therefore this preparation technique
was hyperpolarized and the hyperpolarization spectra was obtained (see Fig. 20.1).
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Figure 18: Mechanism of the influence of the solvent’s pH on the L-glutamine stability. The
glutamine under basic conditions undergoes the nucleophilic substitution at car-
bonyl group at C-5 position resulting in glutamic acid.

5.5 l-glutamine solubility under acidic conditions

The third preparation condition, which can increase the solubility of Gln, analyzed
was the addition of an acid into the glassing solvent. As a source of hydronium ion
(H3O+) a strong hydrochloric acid (HCl) was used. Using this approach an aqueous
L-glutamine cation is produced. First it was tried to dissolve 0.25 mmol L-glutamine
using different amounts of 12M HCl (5 – 50 µL). None of the amounts was able
to dissolve the 0.25 mmol of L-glutamine completely, therefore the experiment was
inverted and the maximum amount of L-glutamine able to be dissolved by 25 µL of
12M HCl was determined. The summarized results can be seen in Table 6.

L-glutamine [mmol] 0.05 0.07 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24

HCl (12M) [µL] 25 25 25 25 25 25 25 25 25 25
Glycerol [µL] 100 100 100 100 100 100 100 100 100 100

Dissolution time [min] 40 45 45 50 50 55 – – – –

Table 6: Summary of the results of the experiment testing the maximum amount of L-
glutamine soluble at the presence of different amounts of 12M hydrochloric acid
(HCl) added to 100 µL glycerol.

The maximum amount of L-glutamine, which was completely dissolved within
60 minutes was 0.16 mmol. This would give final concentration during injection
32 mmol/L. This does not follow the criteria for successful in vivo measurements.
Even though this approach is not possible to be used, the sample was analyzed for
possible side reaction products using the NMR measurement of thermal polarization
at 14.1 T NMR spectrometer. The resulted spectrum can be seen in Figure 19. The
spectrum shows that glutamine (peak c) underwent reaction to pyroglutamic acid
(peak b) and to unknown compound at 186 ppm (peak a). Due to these results it
was decided to discontinue this approach.
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Figure 19: Thermal polarization spectrum of [5-13]glutamine sample prepared under acidic
conditions. The sample preparation: [5-13C]-L-glutamine (0.16 mmol), 12M HCl
(25 µL) in glycerol (100 µL). Legend: a) unknown substance, b) pyroglutamic
acid, c) glutamine.

5.6 increasing the viscosity of the sample to suppress the
side reactions

To decrease the amount of side reactions, which glutamine undergoes under basic
condition, the effect of solvent viscosity was examined. The viscosity of the sample
was increased by using more concentrated sodium hydroxide, which then decreased
the overall amount of water added to the sample and thus increased the viscosity of
the sample. This enabled also to increase the final concentration, due to the decrease
of the oveall volume of the sample. The maximum solubility of NaOH in water is
1090 g/L at 20○C giving the maximum concentration of 27.25 mol/L. The aim of
the experiment was to find out what amount of 27M NaOH is required to dissolve
0.50 mmol of L-glutamine in 100 µL of glycerol. The gained results are summarized
in Table 7.

NaOH (27M) [µL] 5 10 15 20 25 30 35 40 45 50
L-glutamine [mmol] 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
Glycerol [µL] 100 100 100 100 100 100 100 100 100 100

Dissolution time [min] – – – – – 50 50 45 45 40

Table 7: Testing of the solubility of glutamine increased by strong base to find a minimum
concentration of 27 M NaOH required to dissolve glutamine giving 100 mM solution
(0.50 mmol).

The results showed that 30 µL of 27M NaOH (0.81 mmol) were suitable to dissolve
0.50 mmol of L-glutamine completely within 60 minutes. The amount of sodium hy-
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20.1: Spectrum of the sample dissolved by
12M NaOH
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20.2: Spectrum of the sample dissolved by
27M NaOH.

T1 at 3T Solid state signal Liquid pol.
(s) (a.u.) (%)

1) [5-13C]-L-glutamine 9.2±0.3 15000±400 0.07±3×10−3

2) [5-13C]-L-glutamine 8.9±0.2 15500±300 0.06±6×10−3

20.3: Summary of the results acquired from the hyperpolarization spectrum.

Figure 20: Comparison of hyperpolarized spectra of 12M NaOH and 27M NaOH approaches
obtained using the 3 T MRI scanner. Notation: a) [5-13C]-L-glutamine, b) [5-
13C]pyroglutamic acid, c) [5-13C]glutamic acid, r) 13C-lactate (reference). Each line
represents measurement +5 s after the initiation of the measurement (17 s after disso-
lution process).

droxide required increased compared to 12M NaOH experiments, where 0.675 mmol
was required. The overall volume of the sample decreased, because in this case the
water added to 100 µL of glycerol was 30 µL compared to 45 µL in case of 12M NaOH.

The sample was hyperpolarized and the spectrum was measured at 3 TMRI scanner
(see Fig. 20.2). In the Figure 20 the approach with 12M NaOH and 27M NaOH are
compared. The usage of 27M NaOH dramatically decreased the presence of glutamic
acid (Glu) in the sample (peak c), however, very slightly increased the amount of
pyroglutamic acid. When summarized the usage of 27M NaOH has been found as a
better approach due to the increase of glutamine in the sample.

5.7 loss of the hyperpolarization in the liquid state

5.7.1 Comparison of [5-13C]glutamine and L-glutamine hyperpolarization

Due to the fact that the liquid-state polarization obtained was in ppt and not
in percentages a test comparing the hyperpolarization of [5-13C]-L-glutamine and
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21.1: Spectrum of hyperpolarization decay of
[5-13C]-L-glutamine sample.

170175180185

0  

0.5

ppm

re
la

ti
v
e

 s
ig

n
a

l 
[a

.u
.]

r)

d)

21.2: Spectrum of hyperpolarization decay of
L-glutamine sample.

T1 at 3T Solid state signal Liquid pol.
(s) (a.u.) (%)

(1) [5-13C]-L-glutamine 8.9±0.2 15500±300 0.06±6×10−3

(2) L-glutamine 8.7±0.4 2100±200 0.06±4×10−3

21.3: Summary of the results acquired from the hyperpolarization spectra.

Figure 21: Comparison of hyperpolarized spectra of [5-13C]-L-glutamine and naturally abun-
dant L-glutamine using the 3 T MRI scanner. Notation: a) [5-13C]-L-glutamine, b) [5-
13C]pyroglutamic acid, c) [5-13C]glutamic acid, d) L-glutamine, r) 13C-lactate (refer-
ence).Each line represents measurement +5 s after the initiation of the measurement
(17 s after dissolution process).

L-glutamine was performed. The resulted spectra can be seen in Figure 21. The hy-
perpolarization obtained for both compounds was very similar giving the liquid-state
polarization of [5-13C]-L-glutamine 0.06±6×10−3% and of L-glutamine 0.06±4×10−3%
even though their solid state polarization is very different giving almost 7× higher
value for the [5-13C]-L-glutamine. Both refer to the hyperpolarization of 13C atoms
present in both molecules even though there is only naturally abundant 1.1% of
13C-L-glutamine present in the L-glutamine sample, and there are 5 possible posi-
tion for the 13C atom to be present. This proofed our prediction, that there must
be some force, which enables a very fast relaxation of the [5-13C]-L-glutamine signal
when present in liquid–state.

5.7.2 Metal analysis

The presence of impurities such as ferromagnetic metals (e. g.Cu, Ni) could be the rea-
son of fast relaxation of [5-13C]-L-glutamine in liquid state. These metals could have
been used during the synthesis of [5-13C]-L-glutamine and their residue might have



5.7 loss of the hyperpolarization in the liquid state 51

170175180185

0

0.5

ppm

re
la

ti
v
e

 s
ig

n
a

l 
[a

.u
.]

b)

c)

a)

r)

22.1: Spectrum of hyperpolarization decay of
[5-13C]-L-glutamine (Sigma-Aldrich, St.
Louis, MO, USA)
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22.2: Spectrum of hyperpolarization decay [5-
13C]-L-glutamine (Cambridge Isotope
Laboratories, Andover, MA, USA)

T1 at 3T Solid state signal Liquid pol.
(s) (a.u.) (%)

1) [5-13C]-L-glutamine (Sigma-Aldrich) 8.9±0.2 15500±300 0.06±6×10−3

2) [5-13C]-L-glutamine (Cambridge Isot.) – – –

22.3: Summary of the results acquired from the hyperpolarization spectra.

Figure 22: Comparison of hyperpolarization spectra of [5-13C]-L-glutamine (Sigma-Aldrich,
St. Louis, MO, USA), and [5-13C]-L-glutamine (Cambridge Isotope Laboratories,
Andover, MA, USA) Notation: a) [5-13C]-L-glutamine, b) [5-13C]pyroglutamic acid,
c) [5-13C]glutamic acid, d) L-glutamine, r) 13C-lactate (reference). Each line represents
measurement +5 s after the initiation of the measurement (17 s after dissolution process).

been still present in the sample even in very small amounts. The [5-13C]-L-glutamine
was ordered from all available suppliers, which had [5-13C]-L-glutamine on market:
a) Sigma-Aldrich Co. LLC (St. Louis, MO, USA); b) Cambridge Isotope Laborato-
ries, Inc (Andover, MA, USA); c) Toronto Research Chemicals (Ontario, Canada).
However, only Sigma-Aldrich Co. and Cambridge Isotope Laboratories were able
to deliver their product. The obtained samples were analyzed in the Chemical and
Structural Analysis Laboratory (GE Global Research, General Electric Company,
Niskayuna, NY, USA) using the High Resolution Inductively Coupled Plasma Mass
Spectrometry (HR-ICP-MS).
The results are summarized in the Table 8. For our purposes the results of the

amounts of the ferromagnetic metals such as titanium (Ti), manganese (Mn), iron (Fe),
cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), molybdenum (Mo), and gadolinium
(Gd).

From the chemical elements of interest the amount of the Mn, Fe, Co, and Gd were
below the detection limit in both of the samples. The amount of Mo were detected in
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[5-13C]-L-glutamine [5-13C]-L-glutamine

Cambridge Is. Sigma-Aldrich Cambridge Is. Sigma-Aldrich

7Li <0.90 1.19±0.03 111Cd <0.2 <0.15
9Be <0.90 <0.90 115In <0.025 <0.025
11B 1.56±0.02 3.92±0.08 125Te <0.3 <0.3

23Na 10±1 152±1 137Ba 0.26±0.06 0.25±0.05
25Mg 2.5±0.4 3.3±0.7 139La <0.09 <0.09
27Al 1.8±0.4 2.0±0.3 140Ce <0.03 <0.03
44Ca 9±1 8±2 141Pr <0.015 <0.015
45Sc <0.12 <0.12 146Nd <0.015 <0.015
47Ti 0.09±0.02 0.15±0.04 147Sm <0.09 <0.09
51V 0.056±0.007 0.067±0.008 151Eu <0.03 <0.03
52Cr <0.6 <0.8 155Gd <0.03 <0.03
55Mn <0.3 <0.3 159Tb <0.15 <0.15
57Fe <6 <6 163Dy <0.015 <0.015
59Co <0.06 <0.06 165Ho <0.03 <0.03
62Ni 0.17±0.05 1.82±0.04 166Er <0.003 <0.003
63Cu 0.12±0.02 0.85±0.04 169Tm <0.03 <0.03
66Zn 0.6±0.1 0.7±0.2 172Yb <0.15 <0.15
69Ga <0.2 <0.2 175Lu <0.006 <0.006
75As <1.5 <1.5 177Hf <0.3 <0.3
77Se 19±2 19±2 182W <0.3 <0.3
85Rb <0.06 <0.06 185Re <0.02 <0.02
88Sr 0.17±0.04 <0.15 205Tl <0.03 <0.03
89Y <0.009 <0.009 208Pb <0.03 <0.03
90Zr <0.25 <0.25 209Bi <0.06 <0.06
93Nb <0.2 <0.2 232Th <0.09 <0.09
97Mo 0.26±0.04 0.18±0.07 238U <0.03 <0.03
109Ag 0.22±0.04 <0.2

Table 8: Metal Analysis of [5-13C]-L-glutamine from different suppliers by solution
HR-ICP-MS. Results are expressed as µg/mL (ppm) of analyte in the sample as
received ± the 95% confidence intervals (CI).

both sample with very similar results of 0.26±0.04 µg/mL for the
[5-13C]-L-glutamine (Sigma-Aldrich Co., St. Louis, MO, USA) and 0.18±0.07 µg/mL
for the [5-13C]-L-glutamine (Cambridge Isotope Laboratories, Andover, MA, USA).
There was also no significant difference between the samples in case of the Ti and Zn

amount even though there was measured slightly higher amount in the
[5-13C]-L-glutamine (Sigma-Aldrich, St. Louis, MO, USA).
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Even though there was no significant difference in the majority of the elements
analyzed, there were two elements with significant differences in concentrations: Ni
and Cu. In the [5-13C]-L-glutamine (Sigma-Aldrich, St. Louis, MO, USA) there was
10 times more Ni (1.82±0.04 µg/mL vs. 0.17±0.05 µg/mL), and 7 times more Cu

(0.85±0.04 µg/mL vs. 0.12±0.02 µg/mL) than in the [5-13C]-L-glutamine (Cambridge
Isotope Laboratories, Andover, MA, USA).
Due to this analysis the concentration of Cu and Ni in the [5-13C]-L-glutamine

supplied by Sigma-Aldrich (St. Louis, MO, USA) was identified as a possible rea-
son for the fast relaxation of the hyperpolarization in the liquid state, and there-
fore for the loss of the signal during the measurement. The [5-13C]-L-glutamine
(Cambridge Isotope Laboratories, Andover, MA, USA) was hyperpolarized and its
hyperpolarization was measured at 3 T MRI scanner. As shown in Figure 22.2 no
signal was obtained. This measurement was repeated several times with the same
results even though that the solid state polarization was the same as in the case of
[5-13C]-L-glutamine supplied by Sigma-Aldrich (St. Louis, MO, USA). These results
gave us a clue that the impurities are not the only reason for fast relaxation of
[5-13C]-L-glutamine hyperpolarization in solution.

5.7.3 Loss of the signal due to the molecule’s nature

To prove that the loss of the signal is not due to any additional impurities and
elements present in the sample, but caused intrinsic properties of the molecule a
test was designed where [5-13C]-L-glutamine was forced to undergo the reaction to
[5-13C]glutamic acid completely. This was done using a high concentration NaOH via
the SN2t mechanism described in Figure 17. The obtained hyperpolarization spec-
trum was compared to the hyperpolarization spectrum of synthesized [5-13C]glutamic
acid (Cambridge Isotope Laboratories, Andover, MA, USA).
The resulting spectra in Figure 23 show that the obtained hyperpolarization for

both tested samples were very similar, and therefore one could summarize that the
loss of the hyperpolarization of [5-13C]-L-glutamine is not due to the impurities in
the sample, or any other components introduced during the preparation, but is due
to the nature of the glutamine molecule.

5.7.4 Loss of polarization due to relaxation through scalar coupling (type II scalar
relaxation)

Due to the presence of 14N in the amide group bonded to 13C-5, one of the possible
explanation of the signal loss in liquid state was a relaxation through scalar coupling
(type II). The contributions of other relaxation mechanisms such as dipole–dipole
interaction (Rd1), spin-rotation (Rsr1 ), and chemical shift anisotropy (Rcsa1 ) were de-
termined to be negligible after consideration of the temperature (298 – 310 K) and
magnetic-field (3.0 – 14.1 T) dependencies of T1. The paramagnetic contribution
(Rpara1 ) can also potentially affect a hyperpolarized substrate, however, Mielville et
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23.1: Spectrum of hyperpolarization decay of
[5-13C]glutamic acid from Gln

170175180185

0

0.5

1

ppm

re
la

ti
v
e

 s
ig

n
a

l 
[a

.u
.]

a)

23.2: Spectrum of hyperpolarization decay of
synthetized [5-13C]glutamic acid

T1 at 3T Solid state signal Liquid pol.
(s) (a.u.) (%)

1) [5-13C]glutamate (from Gln) 16.5±0.2 1300±100 64.1±0.3
2) [5-13C]glutamate (synthesized) 16.1±0.2 1400±200 62.2±0.2

23.3: Summary of the results acquired from the hyperpolarization spectra.

Figure 23: Comparison of the hyperpolarized spectra of synthetized [5-13C]glutamic acid
(Cambridge Isotope Laboratories, Andover, MA, USA) and [5-13C]-L-glutamine
(Cambridge Isotope Laboratories, Andover, MA, USA) under highly basic con-
ditions which fully underwent reaction to [5-13C]glutamic acid. Notation: a) [5-
13C]glutamic acid. Each line represents measurement +5 s after the initiation of the
measurement (15 s after dissolution process).

al. (2011) reported that this effect is negligible when using a trityl radical (such as
OX063) because the contact distance between the radical center and the substrate is
larger than in nitroxide radicals like TEMPO [118].
In order to assess the influence of external field dependent relaxation mechanisms,

first the magnetic field present along the pathway of the sample during the transport
from DNP polarizer to MRI scanner was determined. In Figure 24, the measured
magnetic field is plotted along the travel path. At ∼2.2 m a large increase of the
magnetic field was observed (peak b). This was due to the position of the collection
flask during the dissolution process, which was placed near by the built-in magnet
at the top of the DNP polarizer.
The J13C−14N values for [5-13C]-L-glutamine were calculated to be 11.3±0.1 Hz,

and the T1 of 14N was 1.0±0.1 ms [119]. The Rsc1 contribution was calculated using
Equation 6 and plotted along the transport path (see Fig. 25) The sample traveled
at a constant speed from the polarizer to the collection flask (∼1 m/s), remained
static for ∼3 s in the collection flask, and then was transported by human force from
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the collection flask to the MRI scanner in NMR tube at a speed of (∼1.5 m/s). To
calculate the mean relaxation rate during transport (Eq. 6), a weighted average of
the values in Fig. 25 was calculated taking into account the time that the sample
remained at each position; this calculation resulted in a mean relaxation rate value
of 0.98±0.05 s−1. An analogous calculation gave a weighted mean magnetic field of
0.7 mT.
To proof that the contribution of relaxation through scalar coupling is respon-

sible for the fast signal decay four different experiments were performed. First,
[5-13C]-L-glutamine was transported with and without a 0.2 T permanent magnet
attached to the NMR tube during the transport from the polarizer to the MRI scan-
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Figure 24: Magnetic field strength along the path from the polarizer bore to the open MRI
scanner room door. Notation: a) Leaving the DNP magnet bore, b) Collection flask,
c) Entering the MRI scanner room.

0 1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

7

Distance [m]

R
s
c

1
 [
s

-1
]

Figure 25: 13C relaxation rate arising from the scalar coupling contribution estimated from
the measured B0, JC−N , and 14N T1 values.
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26.1: [5-13C]-L-glutamine transported in
Earth’s magnetic field.
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26.2: [5-13C]-L-glutamine attached to 0.2 T
permanent magnet during transport.
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26.3: [5-13C,15N]-L-glutamine transported in
Earth’s magnetic field.
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26.4: [5-13C,15N]-L-glutamine attached to 0.2
T permanent magnet during transport.

Figure 26: Results of the experiment testing for relaxation through scalar coupling (type II).
Notation: a) [5-13C]glutamic acid, b) [5-13C]-L-glutamine, c) [5-13C]pyroglutamic acid.
Each line represents measurement +5 s after the initiation of the measurement (17 s
after dissolution process).

ner. To assess the role of the coupling of 13C on C-5 position to the amide 14N,
[5-13C,15N]-L-glutamine with 15N in the amide group was examined in the same way
as [5-13C]-L-glutamine – with and without 0.2 T permanent magnet attached during
the transport from DNP polarizer to MRI scanner. The resulting spectra are shown
in Figure 26. In Table 9, the resulting polarization values are summarized.
Significant increase in the liquid state polarization was observed, when sustain-

able sufficiently high magnetic field was applied during the transport from the DNP

polarizer to the MRI scanner. As expected, no significant polarization changes were
observed when the same experiments were performed on glutamine with a 15N labeled
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T1 (s) Earth’s magnetic field 0.2 T permanent magnet

at 3.0 T Solid state Liquid pol. Solid state Liquid pol.
signal (a.u.) (%) signal (a.u.) (%)

[5-13C]glutamine 8.0±0.1 3500±200 0.02±5×10−3 3700±450 0.7±0.1
[5-13C,15N]Gln 7.7±0.4 3600±300 0.7±0.2 3600±300 0.8±0.2

Table 9: Results of the experiment testing for relaxation through scalar coupling (type II).

amide group. In fact, given the dependence of T1(sc) on the T1 of the coupled nucleus
(Eq. 6) only quadrupolar 14N-containing molecules with a short T1 are affected by
this mechanism.
This confirms the hypotheses that the relaxation through scalar coupling at low

magnetic field is the main contributor to the observed relaxation rate. The polariza-
tion values have not been corrected for polarization losses due to polarization decay
during the transfer since this is outside of the scope of the study. Furthermore, in
our case, the T1 cannot be considered constant during transport, which complicates
any potential corrections and makes them unreliable.
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D I S C U S S I O N

The best idea is the one
that always leaves a loophole for the possibility

that everything is at the same time
completely different.

— Václav Havel

http://en.wikipedia.org/wiki/V~A\T1\textexclamdown clav_Havel




6
DISCUSS ION

6.1 analysis of thermal polarization spectra

From the thermal polarization spectra obtained using the 14.1 T NMR described in
Figure 16 on page 45 side products of [5-13C]pyroglutamic acid (pGlu) and
[5-13C]glutamic acid (Glu) were assigned to the chemical shifts 181.3 ppm and
182.0 ppm, respectively. Since the sample included sodium hydroxide (NaOH) was
dissolved in 2 mL of D2O, the pH was alkaline and therefore could have affected
the obtained chemical shifts. The chemical shift of [5-13C]glutamic acid is dependent
on pH due to the presence of charged hydroxyl group (OH−) near the C-5 labeled
glutamine’s 13C-carbon. The chemical shift moves from 177.83 (D2O) at pH=3.34
through 182.05 (D2O, pH=7.01) to 182.91 (D2O, pH=9.86) [120]. However, there are
no references for the chemical shift pH dependency of [5-13C]pyroglutamic acid. Ac-
cording to Spectral Database for Organic Compounds the chemical shift in D2O is
182.6 ppm, however, there is no peak in this region obtained [120]. Even though the
pGlu content is highly probable, it cannot be with high certainty said which of the
peaks belong to it.
In Section 5.4 on page 44 we summarized that temperature influence on the glu-

tamine was that the if temperature was increased, and therefore the viscosity of
glycerol decreased, it also enhanced the reaction rate of Gln to pGlu. However, if
the peak, which was first referred to pGlu belongs actually to Glu, the explanation
would still be true, because the Glu also undergoes a reaction to pGlu via mechanism
showed in Figure 27. To summarize, there is an uncertainty in the assignment of
the chemical shifts, which does not affect the general conclusion with respect to the
reaction rates.

Figure 27: Mechanism of the influence of the solvent’s pH on the L-glutamine stability. The
glutamine under basic conditions undergoes the nucleophilic substitution at car-
bonyl group at C-5 position resulting in glutamic acid.

61
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6.2 effect of the [5-13c]-l-glutamine loss of the signal on the
analysis of data

The experiments in Section 5.7.4 (Loss of polarization due to relaxation through
scalar coupling (type II scalar relaxation)) showed that the hyperpolarization of
[5-13C]-L-glutamine was lost during the transport through Earth’s low magnetic
field between the DNP polarizer and the MRI scanner in all previous experiments. If
we include this knowledge into the analysis of previously obtained spectra, which
were used for the enhancing the sample preparation technique before polarization,
new conclusions can be drawn.
The experiments, where the [5-13C]-L-glutamine was transported at sustainably

high magnetic field, showed that the peak of [5-13C]pyroglutamic acid is at 175.5 ppm.
This is a very different chemical shift from obtained thermal polarization spectrum
in Figure 16 on page 45. There could be different influence of chemical shift such
as presence of glycerol, trityl radical, TRIS buffer, or other. However the peak at
chemical shift of ∼175 ppm was observed in majority of the obtained spectra, and it
was assigned to [5-13C]pyroglutamic acid due to the fact that [5-13C]glutamic acid
was present at ∼182.0 (see Fig. 23 on page 54) and therefore the second observed
peak was with high probability the [5-13C]pyroglutamic acid. If we consider this as a
fact, all the hyperpolarization spectra obtained during the sample preparation must
be analyzed again.

6.2.1 Usage of 27M NaOH instead of 12M NaOH

In Figure 20 on page 49 hyperpolarization spectrum of preparation involving
12M NaOH is compared to hyperpolarization spectrum of preparation involving 27M
NaOH. In both of the spectra there are two peaks at chemical shifts of ∼176 ppm and
∼181 ppm. Due to the findings described in Section 6.2 we can with high probability
assign the peak at chemical shift of ∼176 ppm to [5-13C]pyroglutamic acid and at
∼181 ppm to [5-13C]glutamic acid.
Therefore with the new analysis approach of the spectra (see Fig. 20 on page 49) we

can conclude that the sample preparation involving 27M NaOH has an important influ-
ence on the reaction rate of [5-13C]-L-glutamine to [5-13C]glutamic acid. The reaction
rate is decreased to minimum. On the other hand the signal of
[5-13C]pyroglutamic acid slightly increased.
With the new conclusion we can say that the usage of 27M NaOH is better than

12M NaOH because glutamic acid is the less desired side product compared to py-
roglutamic acid due to the fact that [5-13C]glutamic acid is the first intermediate of
[5-13C]-L-glutamine metabolism in vivo, and therefore injecting [5-13C]glutamic acid
with [5-13C]-L-glutamine would be very contra-productive.
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6.2.2 Comparison of [5-13C]-L-glutamine with L-glutamine

In the next experiment, where the [5-13C]-L-glutamine hyperpolarization signal was
compared to naturally abundant L-glutamine described in Figure 21, there is ac-
tually no [5-13C]-L-glutamine peak present due to the loss of the signal by relax-
ation through scalar coupling (type II), but actually the hyperpolarization signal of
[5-13C]pyroglutamic acids were compared.
However, even though if it is pyroglutamic acid, there should be much higher hy-

perpolarization signal in case of the 13C-labelled compound due to the fact that in the
naturally occurring there is only 1.1% of the 13C-carbon, and not to mention this car-
bon can be present it any of all C-5 positions. The low signal of [5-13C]pyroglutamic
acid hyperpolarization signal can be explained by the presence of the copper and
nickel in the sample described in Section 5.7.2, or by better stability of the labeled
compound.

6.3 isomerism

All the amino acids involved in human metabolism are the specifically L-isomers
including the L-glutamine. Due to the fact that glutamine is treated with an ex-
cess of base (sodium hydroxide), and several side reactions to glutamic acid and
pyroglutamic acid might occur, the L-isomers can undergo a reaction forming their
D-isomer (i. e. racemization). However, unlike other D-isomers of amino acids neither
D-glutamine nor D-glutamic acid are poisonous to humans and they are actually me-
tabolized by the same enzymes as their L-isomers or could be converted back to them.
As described in Figure 28 L-glutamine when metabolised can be actually enzymat-
ically converted to is D-form using amino acid racemase (5.1.1.10). This chemical
reaction is reversible and therefore the D-glutamine can be also converted into its
L-isomer. The same is true for glutamic acid. Both isomers can be converted into
each other by Glutamate racemase (5.1.1.3). L-glutamine and D-glutamine are both
transformed into glutamic acid isomers by the same enzymes: Glutaminase (3.5.1.2)
and glutamin(aspagin-)ase (3.5.1.38). In summary we can say that D-isomer of glu-
tamine or glutamic acid are not an issue during the measurement if they occur in
small amounts.

6.4 low liquid-state polarization during experiments investi-
gating scalar coupling influence

Even though we proved that the relaxation through scalar coupling is responsible
for the fast decay of the liquid-state polarization and provided two possible ways of
solving this issue, the resulted polarization and T1 were still smaller than in literature.
The measured values were 0.7±0.1% for the polarization and the T1 was calculated to
be 8.0±0.1 s for [5-13C]-L-glutamine (see Table 9 for references). The values obtained
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Figure 28: Metabolism of L-glutamine and D-glutamine. List of involved enzymes: 1.4.1.3: gluta-
mate dehydrogenase, 1.4.3.7: D-glutamate oxidase, 1.4.3.15: D-glutamate(D-aspartate)
oxidase, 3.5.1.2: glutaminase, 3.5.1.35: D-glutaminase, 3.5.1.38: glutamin-(asparagin-
)ase, 5.1.1.3: Glutamate racemase, 5.1.1.10: amino-acid racemase. (Based on information
from [121])

previously by Gallagher et al. (2008) showed that glutamine with labeled 13C on C-5
position could be polarized up to 5% and the obtained T1 was 16.1 s [116].
There are several factors that might have had an influence on the resulted data,

i. e. homogenity of the sample mixture, however, from the results especially from the
low solid-state polarization compared to the previous approaches, the most possible
explanation is a low amount of the glutamine compared to the constant amount
of the trytil radical and contrasting agent. As of to date there are no studies that
might support these hypotheses and therefore this phenomenon might be interesting
to investigate in future attempts.

6.5 future aims

In the future there are several possible aims, which should be experimentally stud-
ied. Since the preparation technique has been optimized, the in vitro and in vivo
experiments are naturally the next possible step in the investigation. The molecule
can also be modified for better stability by attaching a acetyl group on the amine
nitrogen, or using deuterated [5-13C-4-2H2]glutamine for better polarization results.

6.5.1 In vitro and in vivo experiments

Due to the fact that the preparation technique for [5-13C]-L-glutamine has been
optimized and fully developed, one of the first goals will be to continue with the
aims of this thesis and proceed with in vitro experiments. This will be performed on
cancer cell cultures (such as cultures of HCC cells).
Whereas in vitro experiments has been already performed with [5-13C]-L-glutamine,

only recently Cabella et. al. published the first in vivo application of
[5-13C]-L-glutamine with very promising results [122]. The next approach will be
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to investigate the metabolism of [5-13C]-L-glutamine on healthy rats and further on
animals bearing for instance the HCC tumor.

6.5.2 Use of N-acetyl-[5-13C]-L-glutamine instead of [5-13C]-L-glutamine

As described in previous Section 1.1 Glutamine instability and degradation, glu-
tamine is very unstable in aqueous state and easily degrades to unwanted glutamic
acid and pyroglutamic acid, however, its acetylated analogue N-acetyl-L-glutamine,
does not. Due to the presence of acetyl group attached to amine group, N-acetyl-
L-glutamine does not undergo reaction to pyroglutamic acid, and therefore is more
stable. It has been shown to be stable in solution even after heat sterilization [123].
Study of the utilization of intravenously administered N-Acetyl-L-Glutamine in hu-
mans by Magnusson et.al. (1989) showed that Acetylglutamine concentration in-
creased from undetectable values to 1,200±99 µmol/L after four hours of infusion.
After 20 hours after the end of infusion; no acetylglutamine could be detected in
plasma. The increase in plasma N-acetyl-L-glutamine level was accompanied by an
increase in plasma glutamine concentration from 594±28 mmol/L to 728±26 mmol/L.
A 25% to 35% increase in plasma glutamine was demonstrated in the studies, in which
healthy subjects were given N-acetyl-L-glutamine [124].
Due to the fact that N-acetyl-[5-13C]-L-glutamine of better stability and the sol-

ubility is relatively same to L-glutamine, N-acetyl-L-glutamine is a possible candi-
date for DNP anf futher in vivo measurements. However, a study, which compares
the metabolism of L-glutamine and N-acetyl-[5-13C]-L-glutamine must be performed
first. The preparation protocol for N-acetyl-[5-13C]-L-glutamine for DNP can be alter
to the one for L-glutamine.

Figure 29: Synthesis of [5-13C-4-2H2]-L-glutamine. Notation: 1) L-aspartic acid derivative,
2) tert-butyl tri-chloroacetimidate, 3) fully protected L-aspartic acid, 4) protected
L-aspartic acid (except side chain), 5) 2-amino-4-hydroxybutanoic acid, 6) tosylate,
7) cyanide derivative, 8) [5-13C-4-2H2]-L-glutamine [125].
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6.5.3 Use of [5-13C-4-2H2]-L-Glutamine instead of [5-13C]-L-glutamine

A more promising approach is using [5-13C-4-2H2]glutamine instead of [5-13C]gluta-
mine. Qu et. al. (2011) showed first example of using specifically deuterated
[5-13C-4-2H2]-L-glutamine in conjunction with hyperpolarized MRS. They were able
to reach up to 10% hyperpolariaztion after 2 – 3 hours hyperpolarization with a
measured T1 of 33 s at 9.4 Tesla, whereas under the same condition, undeuterated
[5-13C]-L-glutamine showed at maximum T1 values of less than half i. e. 15 s. The re-
placement of 1H by 2H atoms next to 13C can substantially improve the T1, therefore
it would be very interesting to try this approach in the future [125].
The custom synthesis of [5-13C-4-2H2]-L-glutamine could be easily repeated in

our conditions. The synthesis was accomplished through a seven-step synthetic path-
way with a 44% overall yield (see Fig 29). The introduction of two stable isotopes
was performed by a NaB2H4-mixed anhydride reduction and K13CN-nuclophilic sub-
stitution, respectively [125]. The desired [5-13C-4-2H2]-L-glutamine was successfully
obtained by a one-pot reaction of deprotection and controlled cyanide hydrolysis.
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C O N C L U S S I O N

"Don’t be content in your life just to do no wrong.
Be prepared everyday to try and do some good."

— Sir Nicholas G. Winton

http://en.wikipedia.org/wiki/Nicholas_Winton




7
CONCLUS ION

At the beginning of this thesis two goals have been set to be fulfill: (a) Optimize the
hyperpolarization process of the [5-13C]-L-glutamine using Dynamic Nuclear Polar-
ization (DNP) for further in vivo experiments. (b) Measure the enzymatic conversion
of the [5-13C]-L-glutamine to [5-13C]glutamate using glutaminase in vitro. Due to
the difficulties with the [5-13C]-L-glutamine liquid-state polarization loss during the
transport, within the time scale of this master thesis only first aim could have been
fulfilled.
However, we have described that nuclei like 14N and 13C with different γ ratios

under unfavorable conditions, such as a short 14N-13C bond length (and strong J cou-
pling), short T1 of the 14N nucleus, and weak magnetic field, can engage in mutual
relaxation. The fast polarization loss that occurs during the transfer of hyperpolar-
ized amides to the MRI scanner is shown to be due to the scalar coupling contribution
to relaxation at the low field that is present between the polarizer and scanner. Thus,
the use of some amide-containing physiologically important metabolites, such as hy-
perpolarized DNP probes, might be impaired.
This phenomenon, although it has not been reported in literature previously,

should be taken into account during the future design of next DNP-MRI laborato-
ries. Either the polarizer should be located in the magnetic field of the MRI scanner,
or better connected to the MRI scanner with a suitable sustained magnetic field
transfer system.
The preparation technique described in this thesis is now prepared completely for

further in vitro experiments using glutaminase and in vivo experiments on healthy
and HCC-tumor bearing rats.
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