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ABSTRACT

Nuclear magnetic resonance (NMR) is a powerful analytical technique used to study the
structure, dynamics, and interactions of molecules. However, the sensitivity of NMR
is limited by the low polarization of nuclear spins at room temperature, which makes it
difficult to detect signals from low-concentration species or from small sample volumes.
Hyperpolarization techniques, such as dissolution Dynamic Nuclear Polarization (IDNP),
and Parahydrogen Induced Polarization (PHIP), have emerged as a promising solution to
this problem, as they can boost the NMR signal intensity by several orders of magnitude.

The advancement of organ-on-a-chip (OoC) technology has emerged as a potent plat-
form for investigating biological systems such as tissue and organ physiology in vitro.
OoCs are microfluidic devices that mimic the structure and function of human organs,
and can be used to study disease mechanisms and drug efficacy. However, the merging of

NMR and hyperpolarization techniques with OoCs remains largely unexplored.
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PREAMBLE

Dissolution Dynamic Nuclear Polarization has become a powerful technique for metabolic
imaging allowing real-time tracking of hyperpolarized substrates administrated in a bio-
logic system. It has been already applied for clinical studies and the results are promising
for early localized cancer diagnosis. However, a clinical hyperpolarisation trial requires
administration of hyperpolarized agents, often via intravenous injection, which some pa-
tients may find it uncomfortable or stressful. Clinical trials also involve navigating regu-
latory approvals, ethical considerations and patient consent, which add complexity to the
research process. Lastly, the price of most of the regents is prohibitive, and the cost of
each study reaches into several thousand dollars.

This thesis explores a new approach to combine microfluidic platforms to mantain bi-
ologic in vitro models alive in combination with '3C-hyperpolarized magnetic resonance
imaging. Organs-on-chip are widely studied for the ability to engineer precise and con-
trolled conditions to grow and manipulate small biological in vitro systems in order to
study their response to either external stimuli or the metabolism they have by themselves.
This approach has a well known focus to replace some of the in vivo studies to improve
personalized and precision medicine. The aim of this thesis is to study the reproducibility
of hyperpolarization analysis while addressing external factors that impact polarization
stability. Also to adapt microfluidic systems for an accurate hyperpolarized contrast agent
injection and the corresponding metabolic analysis of the in vitro models in an MRI scan-
ner using '3C magnetic resonance imaging.

This thesis is structured as follows:

Chapter 1 introduces the topics I will use to describe the investigation carried out

during the thesis.

Chapter 2 marked my initiation into the medical and biological field. It was a good

20
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way to approach to the field by using conventional NMR as a means of exploration and
investigation. I explored the possibility of diagnosing fatty liver disease non-invasively by
quantifying the concentration of ammonium in blood using 'H NMR spectroscopy. This
was the first study to analytically quantify the ammonium levels using NMR spectroscopy
in a biologic sample.

Chapter 3 discusses the utility of an MRI spectrometer to track diffusion and per-
fusion along time of a liquid through porous materials. In microfluidics the perfusion
of liquid solutions is widely used for either continuous flow of cell media to maintain
the biologic system alive longitudinally, administration of dissolved drugs to change the
metabolic behaviour of the system, or even the injection of contrast agents to measure
metabolic changes. This study demonstrates the ability of successfully perfussing a so-
lution into different porous material (cryogels and hydrogels) in a wide range of flow
rates.

Chapter 4 exemplifies how the magnetic polarization can be easily affected by mag-
netic materials surrounding the place where the dissolution takes place. In our case I used
metallic needles for the injection of the hyperpolarized solution. We realized how fragile
and sensible the NMR polarization can be affected by metallic needles or ferrules, making
them be completely incompatible with any hyperpolarization technique.

Chapter 5 combines the utilization of a modified 60 MHz benchtop NMR spectrom-
eter with a microfluidic chip probe to test real-time metabolism using customized coils.
I will focus on different parts of the setup such as the coil used, the design and fab-
rication of the microfluidic devices, and the carrier to introduce these devices into the
magnet. I will also demonstrate the setup by making T| measurements from a hyperpo-
larized [1-'3C]pyruvate and fumarate. Furthermore I performed multiple analyses testing
the metabolism of cells in suspension by injecting pyruvate in the chip fabricated for this
project.

Chapter 6 demonstrates how MRSI can be used for in vitro analysis on OoC for
high-throughput analysis measuring multiple conditions with a single hyperpolarized [1-
13C)pyruvate shot. In this chapter, I initially proved the approach by the chemical re-
action between hydrogen peroxide and [1-'3C]pyruvate. Lastly we measured cellular

metabolism with different conditions tracking the conversion from [1—13C]pyruvate to [1-

21
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13(Clactate.
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INTRODUCTION

The discipline of nuclear magnetic resonance (NMR) started back in the 1940’s from
the initial observation of proton magnetic resonance in water in 1946[1], and ethanol in
1951[2]. The technique has been growing since then, focusing on the appreciation of
the information it can provide, and hence its potential applications in chemistry, biology,
material science, geology and medicine. The founding pioneers of NMR were Felix Bloch
and Edward Purcell, recognized with a Nobel Prize in 1952 for their development of new
methods for nuclear magnetic precision measurements and discoveries. Briefly, NMR is
a physical phenomenon in which some atomic nuclei in a strong magnetic field (Bg) are
perturbed by a weak oscillating field (B) and react producing an electromagnetic signal

with a certain frequency characteristic of each nuclei.

1.1 Nuclear magnetic resonance spins theory

Atoms are particles made up of a nucleus composed of protons and neutrons, which are
surrounded by a cloud of electrons. The nuclei of all atoms have a property called nuclear
spin quantum number /, which describes the angular momentum of a given particle. The
spin number has a value, and it is always greater or equal to O and multiple of 1/2[3].

Spin is a crucial property to measure NMR signal. The nuclei spin at a specific angular
momentum P, and posses an intrinsically property called gyromagnetic ratio 7, a physical
constant for any given nuclei defined as the ratio of magnetic moment to its angular mo-
mentum. The gyromagnetic ratio quantifies how fast the particle is spinning under certain
magnetic field, and rise an associated magnetic moment or fi. This magnetic moment is

a vector representing the strength and orientation of the magnetic field produced by the
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spinning nuclei, and depends on the gyromagnetic ratio and the angular momentum of the

spin under study (eq. 1.1)[4]:

fi=vyP (1.1)

The number of energetic states depends on the spin number. When spin-1/2 atoms are
placed in an external magnetic field B, they have two energetic levels with an associated

energy separation that depends linearly on magnetic field[5].
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Figure 1.1: Energetic diagram of spins with I = 1/2 with and without an external magnetic
field By applied. «a corresponds to the lowest energetic state, 3 to the higher energetic
state, / to the reduced Plank’s constant and 7 to the gyromagnetic ratio.

For a given nucleus with quantum number I, there are (21 + 1) possible spin energetic
states or angular momentum projection onto a fixed axis, m, in a magnetic field. There-
fore, for a nucleus with a spin of 1 such as the 'H or 13C, there are two possible states
denoted as +% and —%.

These two energetic states are usually known as « for the lower energetic state and
parallel to By, and B for the higher energetic state and antiparallel to the By. The differ-
ence in energy between energetic levels increases with the magnetic field, increasing also
the population difference (Fig. 1.1). When measuring an ensemble of spins, each spin can
exist in either state o or 3, and overall the nuclei have a preference to exist in the lower
energy state, &. We will describe the quantitative difference in populations between the
two energetic levels at thermal equilibrium in section 1.2.

Those spins with I = 0 don’t have a nuclear spin so they are non-magnetically active
(they do not possess a magnetic moment) and do not produce NMR signal. For example,

the relative abundance of the two carbon isotopes are '?C % ~ 98.9 and '°C ~ 1.1%,
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being '3C magnetically active with I = 1/2 and '>C magnetically invisible with I = 0[6].
This fact is quite unfortunate because, at natural abundance, we can detect only 1 % of
the signal from all carbon atoms. Organic molecules always contain carbon atoms, so it
is difficult to find strategies to obtain information from them. Luckily, the majority of

chemical elements have at least one isotope with positive nuclear spin.

1.2 Polarization and sensitivity

Increasing the inherently low sensitivity of NMR is a challenge since the beginning of the
technique, mainly due to the low spin concentration, low-abundant nuclei within the sam-
ple, and the low polarization level of the energetic levels[7]. NMR sensitivity is described
as the population difference between nuclear energetic levels at a given temperature for
the spin % system described in figure 1.1, and can be numerically correlated with the

Boltzmann distribution formula (eq.1.2)

B _ AE/KsT (1.2)
Py

Where Py is the population in the higher energetic state, Py is the population in the lower

energetic state, Kg is the Boltzmann constant (= 1.35 x 107 3m?s 2K 1) and T is the

temperature of the sample[8].

The polarization level (P) of an ensemble of spin % is given by the equation:

Pa—Pﬁ
C Pa+Pg

p (1.3)

The population rate of the energetic states under the effect of an external magnetic field
is well described by the Boltzmann distribution. The polarization level of nuclear spins at
298 K is 3.4-107% T~! for 'H, and 8.6- 10~7 T~! for '3C. The signal obtained in NMR
is polarization level dependent, which means that the maximum signal would be obtained
when p = 1 and all the spins are in the « state. The level of polarization is proportional to
the external magnetic field strength By (Tesla). However, it is inviable to reach p = 1 by
increasing Bo with the current technology. Currently, the highest magnetic field strength

achieved is 45 T, with a superconducting magnet, which means a polarization level of
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10~* at room temperature.
Hyperpolarization was born as a new research field to overcome this inherently low
sensitivity, increasing the NMR signal by a factor of 10,000 in the liquid state[9]. This

concept will be described in depth in the section 1.7.

1.3 Precession

The magnetic moment of the nuclear spins is not completely aligned towards or against
the external magnetic field. There is always a small angle or torque on the magnetic
moment, which makes them follow a circular path around the axis of the magnetic field

(Fig. 1.2)[10]:

Magnetic dipole moment

1/2 spin

Precession path

¢y
\

~-——

Figure 1.2: Nuclear 1/2 spin precessing under an external magnetic field.

This motion is known precession and its angular velocity is specific on each nuclei,
producing the Larmor frequency. The rate of precession defined by the angular velocity
is:

@o = ¥Bo (1.4)
The speed of the Larmor frequency is determined by the gyromagnetic ratio and the
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strength of the By. However, the precession direction is only determined by ¥ and can
be clockwise or anticlockwise. The NMR signal happens only when the irradiated fre-
quency matches the resonance frequency of the nuclei and therefore its spin state changes
because of the energy absorption. This energy (AE) is given by the equation (1.5):

- /’l’}/g()

AE = hv = (1.5
21

where £ is the Planck’s constant, 6.626 x 10734 Js.
Only energy at this frequency stimulates transitions between the spin up and spin down
energetic levels. This quantized energy absorption is known as resonance absorption and

the frequency of energy is known as the resonant frequency[11].

1.4 Spin relaxation

The irradiation of the radiofrequency pulse perturbs the sample at the thermal equilib-
rium. Just after the pulse excitation, the bulk magnetization vector is tilted away from the
thermal equilibrium pointing along the B field axis, +z direction, ending in a spin popu-
lation difference in the energetic states. While there is still magnetization in the transverse
plane, the spins will precess around the axis of the external magnetic field. The spin re-
laxation is dependent on two relaxation times: T or longitudinal relaxation time, and
T, or transverse relaxation time. T describes the transitions between energetic levels to
re-establish the Boltzmann distribution at thermal conditions after any perturbation of the
equilibrium, or can be understood as the time required to recover 63 % of the polarization
at the equilibrium.

T, is defined as:

M,(t) = M(0)e /T 4 Mo(1 — e7/T) (1.6)

Where M,(t) is the magnetization in the z direction at a given time and magnetic field
for a spin ensemble, M, (0) represents any remnant longitudinal magnetization that still
presents at time t = 0, My is the equilibrium magnetization, and T is the longitudinal

relaxation time constant.
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T, describes the loss of coherence in the spins ensemble precessing around the ex-
ternal magnetic field, or the loss of signal due to dephasing in the xy plane. The loss of

magnetization in the xy plane is described by the equation 1.7

My (t) = Moe ™"/ T2 (1.7)

Where M,, is the magnetization in the plane xy at a given time, and T is the transversal
relaxation time constant.

The evolution of magnetization in all 3 axis can be described by the Bloch equations,
introduced by Felix Bloch in 1946[1]. These set of equations describes the time evolu-
tion of magnetization along an axis (represented in Fig. 1.4) and are used to predict the

macroscopic change of magnetization along the time:

dﬂfzxt(f) = Y(BoMy (1) — B\M.(1)sin(wt) — M;(t)
2
dA/;yt(t) = Y(BoMx(t) — BiM,(t)cos(wt) — A/I;_M w8
2
M) _ g (1)sin( @t — By (1)M (1) cosar) — M= Mo
dt )

Where My is the thermal equilibrium magnetization, B is the external magnetic field
along the z-axis, B is the radiofrequency field amplitude perpendicular to the By with the
corresponding coordinates, and T and T, are the relaxation time constant.

T, is defined as a time constant for the decay of transverse magnetization in the xy
plane from interaction of nuclear spins. However, the transverse magnetization usually
decays much faster than expected. This effect is called T3, considered as the effective T,
and results from inhomogeneities in the external magnetic field By producing a coherent
dephasing of spins. This lack of field homogeneity is mainly affected by defects in the
magnet from susceptibility-induced field distortions produced by the measured sample.
The T can be rephased doing a spin echo and therefore recover the transverse magneti-
zation. T, and T; are correlated by the following formula:

1 1 1 1

e B o (1.9)
Iy T Ty T

Where Tj is the effective T», Ty is the relaxation induced by spin-spin interaction, 75;
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Figure 1.3: Spin magnetization vector evolution over time. Blue line represents the expo-
nential growth of longitudinal magnetization dictated by the time constant Tj, when 63
% of the polarization is achieved. Red line represents the loss of signal in the xy plane
because of the z magnetization recovery and the lost of spin coherences. The example
plotted represents when T, = T /2

is the dephasing time by the main By inhomogeneities and Tyg is the dephasing time due
to the magnetic susceptibility differences.

In hyperpolarization, the lifetime of the excited nuclear spins can vary from a few
ms[12] to tens of minutes[13], depending on factors such as B, temperature, ionic strength
or the solvent surrounding the sample. These extended lifetimes are crucial for the suc-
cess of hyperpolarization, making relaxation critical in this particular field. In order to be
able to measure a hyperpolarized signal, the spins have to be adiabatically transported as
fast as possible because the hyper intense signal decays exponentially with time at a given
rate depending on the Tj.

Nuclear spin relaxation requires a stimulation by a fluctuating field to induce spin

quantum state transition or loss of coherence. There are 3 mechanisms able to do this:

36



INTRODUCTION

dipole-dipole, chemical shift anisotropy, and quadrupolar mechanisms.

1.4.1 Dipole-dipole relaxation

Dipole-dipole relaxation is caused by fluctuations through the space between nuclear
spins. It is the most important relaxation mechanism for many spin-1/2 nuclei. Their
position in the space can alter the local field experienced by neighboring nuclei. There
are 4 major factors establishing the strength of the dipolar interaction: type of spin, dis-
tance between them, angle between them and their relative motion[14]. Protons have
a strong dipolar interaction with '3C, making them relax faster than without them and

viceversa. To extend '3C lifetime, protons are usually replaced by deuterium[15].

1.4.2 Chemical shift anisotropy

Chemical shift anisotropy (CSA) relaxation is caused by the unsymmetrical electron dis-
tribution depending on the orientation of the nuclear spin with respect to the molecular
structure. This fluctuating field is the stimulus of the CSA relaxation. This generally
affects the nuclei with large chemical shift range since they possess the biggest shift
anisotropy. CSA relaxation is dependent on the square of the external magnetic field,

meaning it has greater significance in higher B:

1 2 TC
— <YV Bf——— 1.10
rost < B0y (110

Where T1CSA is the CSA contribution to the T; relaxation, ¥ is the gyromagnetic ratio of
the spin, By is the external magnetic field strength, ® is the Larmor frequency of the spin,

and ¢ is the correlaction time. For example, the [1-!3C]pyruvate T is & 20 % larger at

7.0 T than at 9.4 T due to the strong CSA relaxation[16].
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1.4.3 Quadrupolar relaxation

Quadrupolar relaxation mechanism is only relevant for those nuclei with I > 1/2 and is
often the dominant relaxation process for these. Quadrupolar nuclei possess an electric
quadrupole moment in addition to a magnetic dipole moment resulting from the charge
distribution of the nucleus deviating from the usual spherical symmetry associated to spin-
1/2. As a result, the magnetic moments of quadrupolar nuclei take less time to return to
random orientations (loss of coherence) after being pulsed by the NMR probe. Therefore,
these nuclei possess an extremely low T, relaxation constant, making the linewidths of

these nuclei hundreds or even thousands of hertz wide.

1.5 Atomic fingerprint: Chemical shift

Shielding of the nucleus by electrons

‘ Nucleus

@ Electron

Figure 1.4: Diagram of the hydrogen atom. The transversal arrows moving around the
nucleous represent the path that the electron is following, and the longitudinal arrows
represent the inherent magnetic field lines of the spin nucleous.

The frequency that a certain nuclei absorbs is dependent on the external magnetic field
By and the electronic surroundings of each spin as shown in Fig. 1.4. The combination of
both results in the Larmor frequency and can be normalized to obtain a value independent
of By strength and relative to a standard, called chemical shift. Because of its different
molecular environment, each nucleus perceives a different local magnetic field, and there-

fore resonates at a different precession speed. This difference in magnetism is known as
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chemical shielding and is proportional to By:

BiZBo(l—Gl‘) (L.1D)

where 0; is the shielding term for nuclei i. Chemical shielding generates different frequen-
cies for the same nuclei in different molecular environments. However, as the shielding
term is very small (= 10~* - 107%), frequencies are usually displayed as part per million
(ppm). The usual scale to express frequency differences is the ppm scale. The Larmor

frequency of the nuclei of interest relative to the reference frequency is:

(@i(t1z) — Orey)
ppm) = X

108 (1.12)
wref

(L),-(

Where ; is the frequency of the spin of interest and the @, is the frequency of a known
spin with invariable chemical shift. The frequencies values represented in ppm is well
accepted by the community for describing the frequency independently of the B strength.
This means that the frequency values of a spin displayed in ppm scale, would have the

same value for a measurement carried out in a 1.5 T than in a 30 T magnet.
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1.6 Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) provides detailed and non-invasive visualization of
any substance containing high density of NMR active nuclear spins. 'H MRI is mainly
used to visualize internal structures of living beings thanks to the high proton density in
either water, fat or other soft tissues in the body[17]. The main advantage of MRI is the
high spatial resolution and 3D spatial data localization, offering good contrast between
tissues due to the difference in proton density and their relaxation constants values. The
water protons can exhibit different T and T, values depending on the tissues they are
contained in or localization in the body. I will explain how these two constants contribute
to improving the contrast in MRI images in section 1.6.3. The principal drawback of MRI
is the lack of sensitivity, being almost 10° less sensitive than other imaging techniques
such as PET[18].

While '"H MRI primarily provides detailed images, magnetic resonance spectroscopic
imaging (MRSI) goes further by offering qualitative and quantitative information about
the molecules present in the measured sample by analyzing the resonance frequencies of
specific nuclei within molecules. MRSI is currently the domain of heteronuclear species,
mostly 13C and 3'P, due to their large chemical shift range and narrow spectral line widths
relative to 'H, despite their low sensitivity. MRSI main advantage is the capability of
performing in situ measurements involving a combination of spectral and spatial infor-
mation.

In the past 20 years the sensitivity limitation has become less important thanks to the
development of '3C hyperpolarization techniques such as dissolution dynamic nuclear
polarization (d-DNP) and para-hydrogen induced polarization (PHIP), boosting the level
of nuclear spin polarization thousands of times greater than the thermal one. Although
the spatial resolution is limited, high temporal in vivo measurements are possible thanks
to hyperpolarization[19]. Moreover, since magnetic resonance avoids the use of ionizing

sources, MRI is ideal for patients who need to be scanned regularly.
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1.6.1 Fundamental theory of MRI

In MRI, the external magnetic field is made spatially dependent through the application
of magnetic field gradients[20]. These gradients are small perturbations superimposed on
the main magnetic field Bg, producing a small field variation (< 1%). These perturbations

are linear to By:

B;=By+ G, ®r; (1.13)

Where B; is the magnetic field at the location r; (m), G; (mT/m) is the total gradi-
ent amplitude, mathematically represented as a tensor, and & is the Kronecker product.
Magnetic gradients produce linear variations either in X, y or z axis direction. Each one
is assigned to specific functions: slice selection (1.6.1.1), frequency enconding (1.6.1.2),
and phase encoding (1.6.1.3).

The presence of magnetic field gradients requires an expanded version of the Larmor

equation given in 1.1:

(Ol':’)/(BQ—{—G-}"i) (1.14)

Where ; is the frequency of the nuclei at the position r; (m), Y is the gyromagnetic ratio
of the nuclei, and G (mT/m) is a vector representing the total gradient amplitude in a
specific direction. The presence of the gradient makes each nuclei resonate at a unique
frequency depending on the position within the gradient field. In imaging, the MRI image
is simply a frequency and phase map of the protons generated by unique magnetic fields
at each point throughout the image. The displayed image consist of pixels that represent
volume elements (voxels) of the object under study. The pixel intensity is proportional to
the number of protons contained within the voxel, whose can be also weighted by either

T, or T, relaxation times.

1.6.1.1 Slice selection

The first step to run an MRI experiment is the localization of the radiofrequency excita-

tion to the region of space, which is accomplished through the use of frequency-selective
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excitation along with a gradient called slice selection gradient, Gg. The gradient direction
determines the slice orientation. The gradient amplitude together with certain radiofre-
quency pulse characteristics determine the slice thickness and slice position (Fig. 1.5).

A slice selection radiofrequency pulse has two parts associated: the offset of the pulse
(central frequency) and the frequency bandwidth (spectral window). When the pulse is
emitted in the presence of the slice selection gradient, only a narrow region of the tissue

achieves the resonance condition and absorbs the radiofrequency energy.

4.8 mT/m ,/ ra 2.4 mT/m

Vi A
+512 Hz
\/
7
5 ]
5mm :
10 mm "

Figure 1.5: The desired slice thickness is determined by the slice selection gradient am-
plitude for a given range of frequencies. In this example we can achieve a 5 mm thick
slice with a 4.8 mT/m gradient, in a 512 Hz frequencies bandwidth. The strongest the
gradient, the thinner the slice.

Different slice positions are achieved by changing the central frequency. The slice thick-
ness is determined by the gradient amplitude G, and the bandwidth of frequencies Ay,
incorporated into the rf pulse:

A® = YA(Gys % T) (1.15)

Usually, Aw is fixed, so the thicnkess (7) is just modified by changing the amplitude

of the Gy,. Thinner slices require larger Gss.

1.6.1.2 Frequency encoding

In an imaging pulse sequence, the MR signal is always detected in the presence of a gra-

dient known as the readout gradient or frequency encoding gradient Grg, which produces
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one of the two visual dimensions of the image (Fig. 1.6). Usually, the sequence uses a

X X X
GRO 1 2 3

R

N\

(O} o, (08
W AW A
Figure 1.6: Frequency encoding readout process. After the excitation, each proton within
the excited slice precesses at the same frequency. During the detection of the echo, a
gradient (Gpg) is applied, causing a variation in the frequencies for the protons generating

the echo signal. The frequency of precession @; for each proton depends upon its position
xi, according to the equationl.16

pulse excitation, such as a 90° slice-selective pulse, to excite a particular region of the ob-
ject under study. Following excitation, the next magnetization within the slice is oriented
perpendicular to the By and will precess with the frequency @y. T5 processes induce de-
phasing of the transverse magnetization. This dephasing can be reversed to form an echo
signal by applying a 180° rf pulse or a gradient echo pulse.

As the echo is forming, the readout gradient is applied perpendicular to the slice direc-
tion. This new gradient field makes the nuclei precess at different frequencies depending
on their position in the magnet. Each of these frequencies is superimposed into the echo,
and the whole range of frequencies can be calculated with the equation 1.16. The magni-
tude of the Grg and the frequency that is detected enables the corresponding position of

the nuclei to be determined.

Awpp = '}/A(GFE *FOVFE) (116)

Where Awrg is the total range of frequencies in the frequency encoding dimension, Grg
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is its gradient amplitude and FOV g is the field of view.

1.6.1.3 Phase encoding

Now we are going to focus on the last and third direction, the phase encoding dimension.
The phase encoding dimension is visualized along with the frequency encoding dimension
in the MRI image. The phase encoding gradient, Gpg, is perpendicular to both Gy, and
Grg . It differs from the previous gradients because its the only gradient that changes am-
plitude during the data acquisition loop of a standard two-dimensional imaging sequence.
Any signal amplitude variation detected from an acquisition to the next is assumed to be

caused by the influence of Gpg during the measurement.

The principle of phase encoding is based on the fact that the proton precession is
periodic in nature. Prior to the application of the Gpg a proton within a slice precesses
at the base frequency wy. In the presence of Gpg its precessional frequency increases
or decreases according to equation 1.14. Once Gpg is turned off, the proton precession
returns to its original frequency, but ahead or behind in phase compared to its previous
state (Fig. 1.7).

The amount of phase shift induced depends on the magnitude and duration of Gpg
that the proton experienced and its location. Protons located at different positions in the
phase encoding direction experience different amounts of phase shift for the same Gpg
pulse.

The MRI image information is obtained by repeating the slice excitation and signal de-

tection multiple times, each with a different amplitude of Gpg.

1.6.2 Radiofrequency coils

All MR measurements require a transmitter and reciever coil or antenna to broadcast the
rf pulses and detect the NMR signal. Although transmitter coils can be any size and shape,
the one requirement that must be met is that they generate an effective B; field perpen-
dicular to Bg. Another feature of most transmitter coils is that they can produce uniform
rf excitation over a desired area; that is, a volume can be defined within the coil in which

all protons experience the same amount of rf energy (B; homogeneous region).
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Figure 1.7: Schematic explaning the phase encoding gradient. Applying the Gpg in a
human, the protons experience a different gradient amplitude depending on the position
and the precessional frequency experience a shift. The protons palaced in the middle of
the gradient do not experience a shift in phase frequency at all (y;). The protons expe-
riencing a small gradient precess slower and are dephased negatively (y;). The protons
experiencing a big gradient magnitude, precess faster and are dephased positively (y3)

MR systems use surface coil and either saddle or volumetric bird cage coil designs, which
produces uniform rf excitation even though the coil opening is paralel to By. These coils
are often adjusted or tuned to the patient to object under study to get the maximum ef-
ficiency in rf transmission. The coils can detect a wide variety of nucleus choosing the
right frequency position of the spectrum. The most used coil is a dual-tunned coil for
13C and 'H. In general, to maximise the signal-to-noise ratio (SNR), it is recommended
to use a transmit volume coil in combination with a dedicated receive-only surface coil.
Volumetric transmit/receive coils should be chosen only when no surface coil is available
that covers the entire area to be examined or to obtain images with a homogeneous image

brightness. The most commonly used types of coils are as follows:

* Volumetric RF coils: Allow the acquisition of a homogeneous signal from an entire
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volume (cilindrical shape). In preclinical MRI scanners, the bore diameter can have

different dimensions from 30 mm to 72 mm diameter for preclinical scanners.

* Surface RF coils: These coils are placed on top or the bottom of the region of

interest an provide good SNR close to the surface of the object

1.6.3 MRI sequences

A pulse sequence is the measurement technique by which an MRI image is obtained. It
contains the hardware instruction (rf pulses, gradient pulses and timings) necessary to ac-
quire the data in the desired manner.

Comparison and understanding of pulse sequences is facilitated by the use of timing di-
agrams. Elapsed time during sequence execution is indicated from left to right along
the horizontal axis. Each horizontal line corresponds to a different hardware compo-
nent. In figure 1.8 I have represented a "Pulse-acquire" with gradient echo. The diagram
is composed by 5 lines: one representing the radio frequency transmitter (RF excitation
pulse), one representing the slice selection gradient or G; (in red and mentioned in section
1.2.1.1) representing the z axis in the MRI scanner, one representing the phase encoding
gradient or Gy, (in blue and mentioned in section 1.2.1.2), one representing the frequency
encoding gradient or Gy (in yellow and mentioned in section 1.2.1.3), and last the data
acquisition line with the echo signal.

A commonly used pulse sequence in MRI is the spin echo sequence because it com-
pensates for the constant field heterogeneities. It has at least two rf pulses, an excitation
pulse (90°) and either a refocusing pulse (180°) or a gradient echo to generate the spin
echo. A refocusing pulse is required for every echo produced. Spin echo sequences also
use gradient pulses of opposite polarity in the readout and slice selection directions to
refocus the spins (protons mostly) at the same time as the spin echo. In this specific se-
quence, a dephasing frequency encoding gradient is applied at the same time as the phase
encoding gradient so as to cause the spins to be in phase at the center of the acquisition
period. This gradient is negative in sign from that of the frequency encoding gradient
turned on during the acquisition of the signal. An echo is produced when the frequency
encoding gradient is turned on because this gradient refocuses the loss of spins coherence

which occurred from the dephasing gradient. The reversal of the gradient is responsible
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Figure 1.8: Pulse-acquire gradient echo in MRI. The repetition time, TR, is the time
between successive excitation pulses for a given slice. The echo time, TE, is the time
from the excitation pulse to the echo maximum.

for the echo. In this sequence the echo is produced by the gradient echo, not a 180° pulse.
The standard sequences for proton imaging are generally used to produce T-weighted
images when acquired with relatively short repetition time (TR) and echo time (TE), with
less than 700 ms and 30 ms respectively. In this case the contrast and the brightness of the
image are predominantly determined by T; values of the protons in the selected region
of the tissue. In short a TE sequence there is a little spin dephase in the transverse plane
making a low T, effect. Having a short TR we increase the effect of the T by giving a
short time for the spins to recover from its equilibrium position, then we lose signal from
tissues that recover slowly (large Ty).

T, weighted images are acquired with relatively long TR and TE (more than 700 ms). In
this case the contrast and the brightness of the image are predominantly determined by
T,. In long TE acquisition, the effect of T, predominantly as there is plenty of time for
the spins to dephase and the signal will be lost from tissues that dephase fast (short T).
Furthermore, having enough time for all the spins to recover, the effect of Ty is going to

be negligible. We show these effects in figure 1.9.
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Figure 1.9: Diagram illustrating the fraction of the FID recorded by the instrument to
acquire the respective image measured in T| and T, weighed

1.6.4 Magnetic Resonance Spectroscopic Imaging

In this thesis I only focus in Chemical Shift Imaging (CSI), a MRSI sequence. CSI is
a multiple voxel technique to obtain localized spectroscopic information from multiple
areas of the same slice with a single measurement. CSI is the most common method
to obtain spatially localised NMR spectra also called magnetic resonance spectroscopic
imaging (MRSI). CSI are analogous to standard imaging techniques for using phase-
encoding gradient in both dimensions of the spatial localization. In these experiments

we obtain molecular information through their Larmor resonances. It would not make
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sense to use frequency encoding dimension to get localized data because the larmour fre-
quencies would be affected positionally by the gradient. Each localized spectrum (Fig.

1.10 b)) in the matrix is found in a voxel (volumetric pixel) and we can localize the infor-

mation overlapping the resulting CSI matrix with a proton image (Fig. 1.10 a)).

a) b)

Voxel spectrum

180 170 160

Chemical shift (ppm)

Figure 1.10: Representation of a CSI experiment. a) T| weighted MRI image of a human
brain, with a 8x8 CSI matrix overlapping with the corresponding '>C spectra in each
voxel. b) Zoom of one of the voxels contained in the CSI matrix. In the spectrum we can
see the [1-'3C]pyruvate signal at 172 ppm. c) Pulse sequence of the 2D-CSI experiment
showing the radiofrequency pulses, all 3 gradients and the acquisition diagram.
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1.7 Hyperpolarization-enhanced MRI and MRSI

Hyperpolarization has emerged as a revolutionary technique in the last 20 years pushing
the boundaries of NMR sensitivity and opening new avenues for many research fields.
Some of these fields include molecular imaging in medicine[21], elucidating molecular
structures[22], dynamics[23], biomolecular interactions[24], drug discovery[25], and re-
action monitoring[26]. Unlike conventional NMR, hyperpolarization techniques enhance
the polarization of nuclear spins to levels far exceeding those achievable under thermal
equilibrium conditions. This remarkable enhancement of nuclear polarization translates
directly into more intense NMR signals.

Hyperpolarization methods leverage a variety of physical principles to produce highly
polarized nuclear spins. These techniques allow researchers to observe NMR signals that
were once too weak to be detected, enabling investigating previously inaccessible answers
for chemistry, physics, and biology[27, 28]. Hyperpolarization is gaining significant at-
tention due to its potential to revolutionize fields such as molecular imaging for medical
studies.

In this thesis, I will delve into the underlying principles of the two hyperpolarization
techniques most used for metabolic imaging, more specifically Dynamic Nuclear Polar-
ization (DNP) and Para-hydrogen Induced Polarization (PHIP). I will discuss also how
can they tandem a proper synergy with organs-on-chip for the future of molecular imag-

ing in personalized medicine. These techniques are at the core of my PhD work.

1.7.1 Comparison between hyperpolarized and thermal NMR

The polarization of nuclear spins at room temperature is low even in high magnetic fields,

due to the weak interaction of nuclear spins with magnetic fields:

Boh
Pthermal :tanh( 0 ”}/|) (1.17)

Where By is the external magnetic field (T), 7 is the reduced Planck constant, ¥ is the
gyromagnetic ratio of the spin under study, kp is the Boltzmann constant, and T is tem-
perature (K). In figure 1.11 are represented the polarisation level of 3 spins 1/2 (electron,

proton and carbon-13) as a function of T/By.
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Figure 1.11: Polarization of the spins ensemble for electron (green), proton (red) and 13
carbon (yellow) as a function of T/By.

The inherently low NMR sensitivity encouraged the scientific community to look for
alternatives or new approaches to enhance the NMR signal avoiding long acquisition times
or many avarages or scans (accumulation of data during an acquisition). DNP, for exam-
ple, can strongly polarize nuclear spins for >10,000 times in a temporal window of less
than 1 hour[9, 29]. The main motivation for preparing a spin system in a hyperpolarized
state is to enhance the signal-to-noise-ratio (SNR) in spectroscopic or imaging applica-
tions. The aim is to achieve stronger signals in magnetic resonance experiments compared
to those attainable under thermal equilibrium conditions. For an ensemble of 1/2 spin nu-
clei we consider hyperpolarization when the NMR signal is doubled compared to thermal
equilibrium[30]. In acquisitions limited by SNR, this reduction would shorten the ex-
periment duration by a factor of four[31]. In a hyperpolarized experiments, a single scan
yields thousands more SNR compared to a thermal acquisition with hundreds of averages.

The SNR is defined in NMR as:
SNR < ny, T~ '\ 3BINS (1.18)
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Where n is the nuclei in resonance, 7, is the gyromagnetic ratio of the excited nuclei,
T is the temperature of the sample (K), ¥ is the gyromagnetic ratio of the detected nuclei,
By is the applied magnetic field strength (T) and NS is the number of scans or avarages.
There are only 3 ways of improving the SNR without changing the 1/2 nuclear spin at
thermal equilibrium state: increasing the external magnetic field strength (increases by a
factor of Bg/ 2 (eq. 1.18)), decreasing the temperature (inversely proportional) or increas-
ing the number of avarages (increases by a factor of NS/ 2(eq. 1.18)). The magnetic field
strength is limited by many factors such as hardware limitations, safety and price, being
expensive to manufacture, install, and maintain. The initial capital investment for ultra-
high field instruments can be prohibitive for many research institutions and companies.
An understandable comparison would be to compare the increase in SNR of a spin 1/2
at 1 T and 30 T. Considering the same nuclei, the same acquisition temperature and the
same number of avarages, we would obtain a signal increase of 164 times comparing a 10

$ magnet (1 T) with a 10,000,000 $ magnet (30 T).

1.7.2 Hyperpolarization techniques

Most of the hyperpolarization techniques rely on a polarization source that can act as
a reservoir of low entropy with which the nuclear spins can exchange energy at lower
temperatures. These sources are replenished directly by establishing thermal equilibrium
characterized by Boltzmann statistics' under the experimental conditions, by thermally
induced or photoinduced processes in molecular species or materials[32].

For example in dissolution Dynamic Nuclear Polarization (dDNP), the polarization
source is free electrons in a radical molecule?’. The electrons are much more polariz-
able than nuclear spins (by a factor of 10°-10°) under the same magnetic field strength.
They can reach the polarization unity at relatively low temperatures (tens of kelvin de-
grees) and high magnetic field (described in figure 1.11). This polarization can be then
transferred to the target spin through a specific microwave frequency. Other techniques
such as parahydrogen induced polarization (PHIP), rely on preserving the population on

an NMR invisible spin state using parahydrogen gas. PHIP breaks the symmetry of the

'The Boltzmann statistics describes the number of nuclei in each spin state depending on the temperature
and the difference of energy between levels (eq. 1.2).
ZMolecule containing one or more unpaired electrons in valency shell or outer orbit
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singlet state through a chemical reaction, triggering the corresponding cascade to equilib-
rium, thus producing the hyperpolarized signal. I will discuss this topic in more detail in

section 1.7.2.4.

1.7.2.1 Brute Force

Brute force hyperpolarization takes a simple and remarkably effective approach, leverag-
ing extreme conditions to achieve relatively high polarization levels compared to room
temperature equilibrium([33].

The principle is to subject the sample to very low temperature (helium liquid tempera-
tures ~ 1 —4 K), and high external magnetic fields (more than 1 T) perturbing the thermal
equilibrium and inducing a difference in the spin populations following the Boltzmann
distribution (eq 1.2, page 32). This alteration from the steady-state leads to an overpop-
ulation of specific nuclear spin states, resulting in significantly enhanced NMR signals.
A 1% of 'H polarization can be reached under these conditions and then transfer the po-
larization to the '3C through thermal mixing[34]. This method has well demonstrated
a >1500-fold enhancement in '*C signal for key small-molecule metabolites such as [1-
13C]pyruvic acid[35], [1-3C]lactate[36], and [1-'3C]acetate[37]. This concept challenges
the conventional NMR paradigm that relies on the Boltzmann distribution and explores a
novel path to amplify nuclear polarization without the need for complex polarizing agents

or sophisticated equipment[30].

1.7.2.2 Spin Exchange Optical Pumping (SEOP)

The Spin Exchange Optical Pumping (SEOP) technique for generating spin-polarized
gases such as *He and '?°Xe is fundamentally straightforward and cost-effective to im-
plement in experiments, yet still provides excellent performance[38]. The basic concept
consists in a hot vapor of alkali-metal (usually Rubidium) atoms that are optically irra-
diated with light to polarize the unpaired electron spins. A noble gas (tipically He) is
passed through the vapor and collides with the alkali-metal atoms enabling polarization
transfer to the noble gas nuclei.

This hyperpolarization method is fast compared to others, enabling polarization times in

the seconds-minutes time scale reaching polarization levels of 50 %[39]. Although this
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technique has a limited application to only noble gas atoms ('>°Xe[40] and *He[41]),
some SEOP-hyperpolarized MRI clinical studies have been performed[42]. This remark-
able gain in polarization enhancing the MRI signals is raising potential to improve sensi-

tivity and contrast in pulmonary imaging[43].

1.7.2.3 Dissolution Dynamic Nuclear Polarization ({IDNP)

Dynamic Nuclear Polarization (DNP) covers a range of subtechniques such as dissolution
DNP (the one this thesis will be focused on), solid-state DNP and Overhauser DNP?.
Dissolution DNP (dDNP) is a hyperpolarization technique based in the crosspolarization
of an electron from a free radical molecule to a nuclear spin through a microwave fre-
quency irradiation (process represented in figure 1.12).

We have to fulfill a number of specific conditions to hyperpolarize a sample with dDNP:

30verhauser-DNP operates at room temperature and is based on the Overhauser crosspolarisation be-
tween the free electrons from the free radical molecule and the nuclei of interest in the sample.
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or more unpaired
electrons in the
outermost orbital

Requirement Definition Function Examples
Magnetically active | These are the nuclei Information of the | 'H, °C, PN
nuclear spins (I # 0) that will be system

hyperpolarized and
give NMR signal
Low temperature The sample has to be Reach higher 1.4 K
inside a cryostate to polarization levels
reach liquid helium
temperatures
High magnetic fields | The cryostat hasto | Enable the difference | >3.35 T
be surrounded by a of spin states
superconductive
magnet
Free radical The sample has to be Transfer the TEMPO, 0X63,
molecules mixed with polarization from the | BDPA, UV-
molecules containing | electron to the spin | induced radicals
unpaired electrons of interest
Paramagnetic Atoms and Reduce the T; of the | Gd-DOTA, Gd >
atom/molecule molecules with one free radical electron

Glassing agent (not

Chemical solvent

Prevent opaque

Glycerol, DMSO

frequency irradiation

radiation in the
electromagnetic
spectrum (900-2450
MHz).

transfer efficiently
the polarization from

the free electron to

the spin of interest

needed for PA) that mixed with the solidification of the
sample make it sample which could
transparent to MW interfere with MW.
once frozen
Microwave Radio-frequency Source of energy to | microwave irradia-

tor

Table 1.1: Variables in a DNP experiment classified by requirement, definition, function
and examples.

The enhancement of the NMR signal caused by dDNP was first described by Jan
H. Ardenkjar-Larsen et.al in 2003 in Malmo, and they reached an increase in the SNR
in >10,000 times in a '3C signal[9]. Theoretically the nuclear spin polarization can be
enhanced by a factor up to %./%,, where the ¥, = 1.76x10''rad-s~'-T~! and the 7, is the
gyromagnetic ratio of the nuclear spin under study.

DNP can fully polarize until unity the electrons at a T/Bg ratio < 1, or in other words,
at relatively high magnetic field (> 1 T) and liquid helium temperature or lower (< 4 K).

This extremely high electron polarization can be then transferred to nearby nuclear spins

55



INTRODUCTION

MW

¥ Lo

Zpon )

@ o €
——— )k};w
é‘ s

Polarization transfer

Figure 1.12: Schematic representation of the sample cup introduced inside the polarizer
under external magnetic field and surrounded by liquid helium. The sample cup (repre-
sented in the figure surrounded by liquid helium) contains the '3C-labelled compound (in
this case [1-13C]pyruvate), the Gd-DOTA and the free radical molecule with an unpaired
electron.

by irradiating the sample with microwave-frequency.

The source of free electron are radical molecules with an unpaired electron and sol-
uble in the sample to reach homogeneity. Polarization transfer is only efficient when
homogeneous dispersion is achieved resulting in a "glass-like" appearance upon freez-
ing, characterized by transparency rather than opacity, and thereby facilitating microwave
penetration through the frozen solution.. This method benefits from the high electron
polarization and its short T;. Even though the electron T; is short, the sample is also
prepared with a small amount of a paramagnetic compound, which reduces the electron
T and enhances the yield of the polarization. This spike enables reaching higher levels
of polarization in short build up time curves. After ensuring homogeneity within the sam-
ple, it is irradiated with micro-frequency waves to induce the polarization transfer from
the free radical electrons to the nuclear spins under study. The signal increase is often
tracked every 5 minutes by acquiring a small flip angle (5°) and plotted over time making

the build up curve (Fig.1.13):
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Figure 1.13: Build-up function showing the evolution of the ensemble spin polarization
over time inside the polarizer when the microwave source is irradiating the sample.

The depolarized electrons then rapidly repolarize due to the short Ty, whereas the nu-
clear spins retain nonequilibrium polarization. This nonequilibrium polarization diffuses
through the sample, and after some time (typically tens of minutes), the nuclear spins in
the sample are sufficiently polarized (polarization level values between 5-60 %). At this
point the sample is rapidly dissolved with a pressurized hot solvent, and ejected from the
cryostat.

The most used commercial apparatus for preclinical research during the past 15 years is
the Hypersense from Oxford Instruments. The machine is composed by a liquid helium
cryostat operated under vacuum at lower pressure reaching 1.4 K in a high-field magnet of
3.35 T, with a microwave source integrated with the corresponding mechanisms to make

it automated and user-friendly.

1.7.2.4 Para-Hydrogen Induced Polarization (PHIP)

Para-Hydrogen Induced Polarization (PHIP) is a hyperpolarization technique which takes
advantage of the singlet state spin population of the molecular hydrogen to enhance the
NMR signal of some 1/2 spin nuclei, such as 13C, 15N and the 'H themselves. Molecular

hydrogen is composed by two atomic hydrogens with spin number 1/2, that are magnet-
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ically equivalent. The molecular hydrogen can then exist as two possible nuclear spin
isomers: orthohydrogen (I = 1) and parahydrogen (I = 0). Orthohydrogen is also called
"triplet state", because the angular momentum projection along the z-axis can take three
different values: m; = -1, 0, +1. On the other hand parahydrogen (p-H;) is called the sin-
glet isomer (m; = 0) and it is not magnetically active because of its molecular symmetry,
making it invisible in conventional NMR.

These four states can be written as a linear combination of the Zeeman basis states*:

(B — Bar))
V2

(lact))
2

05g+ﬁa» (19
V2

BB)

=

All four states are equally populated at room temperature resulting in a mixture of 25

Singlet State |Sp) =

Ty) =

Triplet State |Tp) =

% each. However, the para-state is lower in energy and therefore thermodynamiccally
more stable state. Parahydrogen can be obtained flowing H, gas over a Fe;O4 catalyst
at extremely low temperatures. The enrichment is about 50 % at 77 K and increases to
100 % at temperatures below 25 K. This process must be done carefully because the Hj
liquifies at temperatures below 20 K, and the working pressures could become dangerous
and the process would be unsuccessful.

In PHIP there is just one (ALTADENA) or two (PASADENA) populated quantum
states. Once relaxation begins, quantum transitions occurs towards equilibrium producing
large NMR signals. The requirement is to break the symmetry of the hydrogen molecule,
and have different chemical shifts for each hydrogen nuclei. This happens when parahy-
drogen is added to another molecule through a process called hydrogenation reaction.
These protons end up in chemically different positions in the product making them mag-
netically different. Thanks to the original para-enrichment only the para-spin state is

populated. As mentioned before, hyperpolarization occurs due to the big population dif-

4Zeeman basis states corresponds to the two possible states of a 1/2 spin systen under an external mag-
netic field, o and B. In the hydrogen molecule, there are two bonded spin 1/2, so 4 Zeeman eigenbasis
states are possible
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ference between quantum states producing non-steady states[44].
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Figure 1.14: Diagram showing a para-hydrogen hydrogenation reaction and the corre-
sponding quantum states in each step of the procedure. In this case the figure represents an
ALTADENA (Adiabatic Longitudinal Transport After Dissociation Engenders Net Align-
ment) reaction. The process starts with an alkyne compound and its hydrogenated with
parahydrogen at earth’s field, keeping the all the population in the same state. After
measuring the sample in a high field, we would detect two peaks with different phase
corresponding to the spins precession of transitions 1 and 2.

An appropiate example of this procedure would be the PHIP-ALTADENA experiment
showed in Figure 1.14. An alkyne substrate is hydrogenated with p-H; at low magnetic
field (earth’s field), and the AB (A being a spin 1/2 and B another spin 1/2) system matches
the condition '3J45 > A®w’. Here the three triplet quantum states are degenerated® ones
from the triplet state and the only populated one, the singlet state. After increasing the
magnetic field, the condition '3J,3 < Aw is fulfilled and the eigenbasis (Fig. 1.14, AB
system) becomes the Zeeman basis (Fig. 1.14, AX system). Through this field cycling we
have an evolution from the singlet-triplet states to the Zeeman states. After applying a 90°
pulse we can observe the two transitions showing two antiphased peaks in the spectrum

of the Fig. 1.14.

3Jap is the J coupling at 3 chemical bonds between the spin A and the spin B. Aw is the difference in
Larmor frequency at a specific magnetic field strength.

In quantum mechanics, two or more different measurable states of a quantum system are degenerated
if they give the same energetic value upon measurement.
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1.7.2.5 Signal Amplification by Reversible Exchange (SABRE)

Another approach to enhance the signal using the singlet state of molecular hydrogen, is
the Signal Amplification By Reversible Exchange (SABRE), a non-hydrogenative PHIP
variant. This technique proofs that the polarization transfer from parahydrogen to the sub-
strate of interest does not require incorporation of p-Hj-derived protons into the molecule.
In this case, the target molecule becomes hyperpolarized but remains chemically unaltered[45],
because the polarization is therefore transferred to the target molecule using an iridium
polarization transfer catalyst (PTC). In this process the polarization is transferred through
a spin-spin coupling network in the temporary association of the para-hydrogen and the
target molecule in the Iridium catalyst. During the SABRE process, the PTC establishes
scalar couplings between p-H; and the target ligand. It is considered a continous hyperpo-
larization technique because that p-H; and the target molecule are in chemical exchange
on and off the metal center, without altering any of the reagents.

The polarization transfer happens when both molecules are bonded to the catalyst cen-
ter, and they are placed in a specific magnetic field or using coherence transfer at high
field. Under the right circumstances (temperature, magnetic field, solvent...) the cou-
plings between the p-H, and the nuclear spin under study in the target molecule convert
the hydrogen singlet order to flow into magnetization on the target ligand, including di-
rect transfer to the heteronuclei mentioned before. This flow of order is achieved by level
anti-crossing at micro-Tesla field called Amplification by reversible exchange in shield
enabling alignment transfer to heteronuclei (SABRE-SHEATH) or at high field in rotat-
ing frames created by very weak radiofrequency irradiation. The repetition of the binding
and dissociation steps allows the build-up of hyperpolarized target molecule in the sample

if there is still some hydrogen in the singlet state left.

1.7.3 Hyperpolarization for metabolic analysis

Hyperpolarized '*C MRI is becoming one of the most powerful molecular imaging strate-
gies that allows safe, nonradioactive, real-time, and pathway-specific investigation of
physiologic processes that were previously inaccessible to imaging[46]. To extract in-

formation from the metabolic pathways, we have to consider which probe we want to

60



INTRODUCTION

polarize, which usually are biomolecules modified only by the '3C enrichment. The se-

lection of the labelled compound has to take into account two factors:

1. The labelled carbon atom requires a long T, to enable tracking the metabolic con-

version for longer and survive transport.

2. The chemical shift difference between the probe and its product, at the labelled
position, has to be different enough at the observed By to integrate them indepen-

dently.

Other variables for biocompatibility to take into account are water solubility and if it is

feasible to be injected at physiological pH values.

Some fo the protocols for hyperpolarized '*C labelled metabolites have already been
used for in vivo investigations of metabolism relevant to human diseases. A few examples
are [2—13C]pyruvate for probing mitochondrial metabolism[47] in eukariotic cells, [1,4-
13C,fumarate for assessing tissue necrosis[48], [13C-bicarbonate for measuring pH[49],
[1-13C]dehydroascorbate (DHA) for interrogating redox capacity[50], [2-!3 C]dihydroxyacetone
(DHAC) to investigate acute changes in glucose metabolism in liver and kidneys[21], and
13C urea for imaging perfusion[51] and extracellular diffusion[52].
Researchers have used these probes to investigate metabolic and physiological processes
associated with a wide variety of neoplastic, inflammatory processes, and metabolic diseases[46].
However, the most widely used hyperpolarization probe so far has been [1-'>C]pyruvate

for a considerable number of reasons, some of which are:

1. It is the molecule that has achieved the highest polarization level for its carbon

atom, reaching 50 % in 5 T clinical polarizers[53].

2. The C1 of the [1-'3C] pyruvate has a reasonable long T; (approximately 77 seconds
in a 80 mM dissolution at pH 7 at 1.5 T), therefore enabling in vivo studies with

high SNR[54].

3. The [1-'3C]pyruvate is also a highly biologically relevant probe, as pyruvate is in-
volved in multiple metabolic pathways such as glycolysis, tricarboxylic acid (TCA)

cycle, and amino acid biosynthesis.

61



INTRODUCTION

o

g
A

cellula

il

=

e
[1-13CJalanine [1-1 SC]pyruvate [1-13C]lactate
NH ALT LDH i
/1\”( )J\n/ OH
o O

Mithocondria

0]
- "‘ CoA
TCA \ HO_‘\<
/
\‘_ _ 13C bicarbonate

Figure 1.15: Schematic diagram of the pyruvate metabolic pathways. [1-'>C]pyruvate
is taken up into the cells through the MCT1 transporter and metabolized in the cytosol
into [1-13C]lactate and [1-!3C]alanine by the enzymes lactate dehydrogenase (LDH) and
the alanine transaminase (ALT), respectively. [1-13C]pyruvate is also tarnsported into
the mitochondria thourgh the MPC transporter and metabolized into *C CO, and Acetyl
CoA by the enzyme pyruvate dehydrogenase (PDH). In this case CO; is rapidly converted
o 13C bicarbonate and they reach a chemical equilibrium. MCT1 = monocarboxylate
transporter 1, MPC = mythocondrial pyruvate carrier , TCA = tricarboxylic acid cycle.
Red circle = position of the '3C hyperpolarized atom

4. Once hyperpolarized [1-'3C]pyruvate has been administrated to living organisms,
it is rapidly taken up by the cells containing the corresponding transporters (MCT1
and MPC)

5. The [1-'3C]pyruvate is metabolized in seconds by the corresponding enzymes: into
[1-13C]lactate by lactate dehydrogenase (LDH), and alanine transaminase (ALT),

both placed in the cytosol”.

"The cytosol is a semi-fluid substance filling the interior of the cell and embedding the other organelles
and subcellular compartments[55]
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6. After [1-13C]pyruvate has entered the mitochondria by a subgroup of the mitochon-
drial pyruvate carrier (MCT) family, its converted by the enzyme pyruvate dehy-
drogenas (PDH) into '3CO, and acetyl-coenzyme A (Acetyl-CoA) (although the
Acetyl-CoA has not the labelled 13C).

The production of '3CO is the direct readout of PDH activity and flux towards the
TCA cycle (Fig. 1.15). [1-13C]pyruvate has been widely used to interrogate metabolism
in a variety of diseases such as cancer[56], ischemia[57], liver disease[58], and inflammation[59]
in preclinical models. Pyruvate was translated to clinical metabolic studies in 2014[60]

and has been demonstrated to be safe and feasible[61].

1.7.3.1 Liver disease

Chronic diffuse liver diseases, such as non-alcoholic fatty liver disease (NAFLD) and
cirrhosis, are becoming global health concerns and require early diagnosis and proper
management[62]. Likewise, liver cancer is the fourth leading cause of cancer-related
death in the world[63, 64]. Hepatic metabolism is tightly controlled by a variety of fac-
tors and it changes under different liver pathological conditions[65]. Recent studies in-
dicate a strong potential for HP '3C MRI in the diagnosis and monitoring in both diffuse
liver diseases[66] and liver malignancies[67, 21]. These studies are mainly focused on
detection and diagnosis, assessment of disease progression, and prediction of therapeu-
tic responses. The liver is an essential metabolic organ in the body, responsible for the
metabolism of carbohydrates, lipids and proteins[68], therefore having pyruvate as a key
branch point of multiple metabolic pathways.

As explained in section 1.15 (page 62) Hyperpolarized [1-'3C]pyruvate is rapidly (order
of seconds) taken by cells and converted into different products. HP [1-13C]pyruvate 18
to date the only probe available for human examinations and thus widely used for clinical
studies[67]. It has been predominantly used to interrogate metabolism associated with
early and precise liver disease diagnosis and disease progression evaluation[69]. For ex-
ample, the activity of ALT is usually elevated in patients with liver injury, which can lead
to the increase of [1-!3CJalanine[70]. Abnormal glucose and lipid metabolism also often
occurs in NAFLD patients[71]. In addition, metabolic reprogramming in hepatocellular

carcinoma (HCC), especially the increased lactate production[72], can be identified by
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HP 13C MRI.
Compared to current imaging methods, HP '3C MRI provides unique metabolic informa-
tion about pathway-specific alterations without using ionizing radiation. This additional

metabolic information opens up possible novel diagnostic and therapeutic opportunities.

Anareobic metabolism
Hyperpolarized [1-'3C]pyruvate is widely studied for being the first clinical probe ever
tested, its high polarization levels and long T, and its versatility for diagnosis of different
diseases[73]. It is used to interrogate metabolism associated to liver disease diagnosis
and evaluation under treatment. Generally a common altered feature in metabolism is
the over regulated glucose uptake and corresponding fermentation to lactate(Fig. 1.16,
orange section)[74]. This phenomenon is also observed in the presence of healthy mito-
chondria and in the presence of cancerous cells is called Warburg effect[75]. The strategy
is different when the liver disease is induced by diet or alcohol, and the pyruvate-alanine
conversion becomes also informative of the disease stage[58]. The kinetic rate of apparent
lactate conversion metabolism is also estimated, providing information about cofactors
and enzymes associated with its conversion such as, NAD", NADH, and LDH activity

on a specific organ or tissue(Fig. 1.16, orange section).

Aerobic metabolism
Quantifying the bicarbonate release when pyruvate is converted to Acetyl-CoA, provides
information about aerobic oxidation activity(Fig. 1.16, blue section)[76]. The appear-
ance of HP ['>C]bicarbonate could arise from pyruvate metabolism in multiple alternative
pathways[77, 78]. The most common one is the pyruvate decarboxylation through PDH.
To directly track the TCA cycle, the second carbon of the pyruvate must be labelled. Oth-

erwise we would only follow the conversion from [1-'3C]pyruvate to '3C bicarbonate.

Urea cycle
The urea cycle, located exclusively in the liver, is the metabolic pathway responsible
of removing ammonia from aminoacid degradation and converting it to urea as a waste

molecule (Fig. 1.16, pink section). Carbamoylphosphate synthetase (CPS1), and or-
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nithine transcarbamylase (OTC) are two enzymes responsible of this transformation found
in the mythocondria, and its been prooved that liver diseases such as NASH maked dys-
functional the mitochondria[79]. This mitochondrial injury leads to modification of the
OCT and CPS1 genes, reducing their expression and funcion, resulting in accumulation
of ammonia[80].

We tracked these 3 pathways using NMR to address a currently unmet clinical need
for noninvasive diagnosis and treatment monitoring of liver diseases such as nNAFLD or

non-alcoholic steatohepatitis (NASH), an illness of growing concern worldwide.

. | Urea cycle
Anaerobic metabolism H
Urea Orithine e
(0] (0]
ALT LDH />/ \l
\A)kOH \n)LOH - \HLOH Arginine Gitrulline
NH, OH -
Alanine Pyruvate Lactate
Arginosuccinate
| PDH
o
A gCoA
X X Acetyl CoA ?
Aerobic metabolism w‘ Hepatocyes
Oxaloacetate Citric acid
Malate Isocitric acid
o NOHFumam‘e alpha ketoglutaric acid

Succinate Succinyl CoA
L

o
Ho%/\)LOH

Figure 1.16: Metabolic pathways found in the liver and disregulated by liver disease. In
the aerobic and anaerobic metabolism we find key metabolic reactions relevant for the
tracing of [1-'3C]pyruvate. In the urea cycle we can relate liver disease with overproduc-
tion of ammonia released to the blood. Although the reactions are depicted in different
parts of the organ for visualization, all three reactions occur throughout the liver.

1.7.3.2 In vitro 3C hyperpolarized MR studies

Hyperpolarized MR has gone far beyond only clinical and preclinical models to study

metabolic activity. During the past decades, researches have been putting effort in devel-
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oping new in vitro cell models trying to mimic in vivo behaviour for different purposes

such as personalized medicine, or avoiding animal testing[81].

1.8 Microfluidics and organ-on-a-chip devices

Microfluidics devices, often referred as microfluidic chips or lab-on-a-chip systems, are
miniaturized platforms that manipulate and control small volumes of fluids, typically on
the microliter (our case) to picoliter scale[82]. These devices are designed to perform
various chemical, biological, and physical processes with high precision and control[83].
Organ-on-a-chip (OoC) term remarks the convergence between tissue engineering and mi-
crofluidics. This approach refers to miniature, interconnected systems of microchannels,
chambers, and other microstructures designed to mimic the physiological environment of
human organs or tissues[84]. These devices are typically constructed at the microscale,
often using microfabrication techniques such as photolitography[85, 86].

Microfluidic devices are expected to offer effective solutions to persisting problems in
drug development and personalized disease treatments. One big advantage is the capa-
bility of allowing experimental analysis with tiny amounts of sample, saving cost and
enhancing the throughput[87]. Only some of the hyperpolarisation techniques have been
combined with microfluidic systems. Microfluidic systems can be manufactured from
a variety of materials, such as glass, rigid polymers like polycarbonate and poly(methyl
methacrylate), and flexible and rubbery polymers, usually polydimethylsiloxane (PDMS).
PDMS-based soft lithograpy[88, 89] presents an attractive approach for creating highly in-
tegrated microfluidic devices equipped with all sort of gadgets like vales, traps, channels,
etc[90, 91]. PDMS stands out as a low cost and high-versatile biocompatible elastomer
optically transparents and gas permeable. These properties make this material feasible for
the cultivation of biological systems within controlled environments[92]. Furthermore,
PDMS membranes can be bonded easily to hard materials such as glass and glassy poly-

mers to incorporate both active and passive functional components[93].

1.8.1 Scaffolds for 3D-structure cell models

Tissue engineering represents a new research field combining biology, engineering, and

medicine[94]. Within this field, a specialized branch is dedicated to the development
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and fabrication of innovative biomaterials capable of hosting individual cells[95] or cell
aggregates[96] to form functional biological in vitro tissues. Currently, three-dimensional
and porous structures are designed and fabricated to support and guide the growth of cells
or tissues, mainly composed by biomaterials. These structures are called scaffolds. The
combination of the scaffold and the biologic model are aiming to mimic real tissues being
a closer representation of organ structures. A reasonable motivation is to avoid animal
testing and looking forward personalized medicine using in vitro models derived from the
patient tissues. These biomaterials are mainly categorized by the fabrication methodol-
ogy: hydrogels and cryogels. In this thesis I am going to focus in the cryogels, since

its the model mainly used for all the projects described. Cryogels are synthesized from

Figure 1.17: Confocal image of HepG2 cell cluster inside the cryogel. Nuclei in blue
(Hoechst 33342), apoptotic cells® in red (propidium iodide) and scaffold fibers in green
(fluorescein). Microscope image done by Alba Herrero.

a wide variety of natural and synthetic materials, including polymers, gelatin, alginate,
and collagen[97]. All the experiments performed in this thesis were carried out using
carboxymethylcellulose (CMC) based scaffolds making interlinked networks, producing
the corresponding cavities. For the biological model, cell suspension are seeded on top of
each scaffold and the cells get encapsulated physically in the cavities. Keeping the seeded
scaffolds in the incubator at appropiate temperature and CO;, %, and changing the media
regularly the start to agreggate themselves forming this 3D cell structures showed in Fig.

1.17.
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HYPOTHESES AND OBJECTIVES

The overall objectives of this PhD thesis are:

1. To investigate the role of ammonia in liver diseases and develop a protocol to de-
tect and quantify ammonia levels accurately in plasma using '"H NMR. With this
quantification we envisage to discern different stages of liver disease regarding the

ammmonia quantification.

2. Evaluate all the possible variables that could affect to a hyperpolarized-NMR/MRI
measurement using microfluidics as acquisition platform. This evaluation includes

measurement paths and materials used for the setup.

3. The development and optimization of a methodology for assuring contrast agent
perfusion in biologic porous materials (carboxymethylcellulose based scaffolds) us-

ing magnetic resonance imaging with a 3T preclinical scanner.

4. The development of the whole setup for measuring real-time metabolism of biologic

in vitro models using hyperpolarized NMR and MRI in microfluidic platforms.
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LIVER FIBROSIS STAGING IN LIVER
DISEASE BY AMMONIUM QUANTIFI-
CATION IN PLASMA USING 'H NMR

This was the first project that I developed completely from the beginning, working from
the idea, passing through planning and execution, and finally writing the manuscript
and publication. I developed and planned the first approach, and checked experimen-
tally the feasibility of the project with Dr. Irene Marco’s guidance and suggestions.
After some discussion with clinical partners, we agreed to collaborate with a research
group at IDIBAPS (Institut d’investigacions biomediques Agust Pi i Sunyer) and Hospi-
tal Clinic de Barcelona, to subministrate us the clinical samples we needed to proof the
proposed hypothesis. I went through all the experimental process with the plasma sam-
ples and subsequently performed all the data analysis. We publised this project in NMR

in biomedicine[98].

3.1 INTRODUCTION

As explained in the introductory chapter 1, the urea cycle, located exclusively in the liver,
is the metabolic pathway responsible of removing ammonia from aminoacid degradation
and convert it to urea as a waste molecule. This pathway can be disrupted or damaged
by diseases affecting the liver, such as alcohol-related liver disease (ArLD) and nonalco-
holic fatty liver disease (NAFLD). These two diseases are currently the two most frequent

causes of liver disease in the Western world, accounting for the vast majority of liver-
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related deaths, most of the liver transplants in Europe and North America, and associated
costs[99, 100]. ArLD and NAFLD progress in stages from minor fat accumulation within
hepatocytes (steatosis), to liver inflammation (named alcoholic steatohepatitis [NASH]
and nonalcoholic steatohepatitis [NASH] in ArLD and NAFLD, respectively). The stage
of the pathology can reach ultimately cirrhosis and cancer, the most advanced stages
of the disease when liver transplantation is required. The progression of the disease to
ASH and NASH leads to the activation of hepatic stellate cells that trigger fibrogene-
sis pathways and cause collagen deposition in the liver[101]. Liver fibrosis is the most
driving force of chronic liver disease progressoin and one of the most reliable markers
of prognosis[102, 103]. The current gold standard for chronic liver disease diagnosis is
liver biopsy, an invasive technique that may pose detrimental side effects[104]. There is a
major interest in developing noninvasive and clinically acceptable methods to assess the
presence of liver fibrosis in patients with ArLLD and NAFLD, of which transient elastogra-
phy and serological tests have been the most promising[105, 106]. However, the clinical
need for an alternative to biopsy for accurate, sensitive, and noninvasive liver fibrosis
diagnosis and staging in patients with ArLD and NAFLD remains unmet.

In this chapter of the thesis, I investigated and developed a method to quantify en-

dogenous ammonium in blood plasma and showed it to be a sensitive biomarker of liver
disease. We published most of the work compiled here in a peer-reviewed international
journal[98]
The ammonium cation (NH4*) is an essential biomolecule in blood derived from the
breakdown of nucleic acids and amino acids: the two processes used by vertebrates to
fulfill their nitrogen demand[107]. Ammonium homeostasis is governed systemically by
the interplay of multiple organs including the liver, the gastrointestinal system, the mus-
cles, the kidneys, and the brain[108].

The physiological concentration of (NH4*) in blood at equilibrium is about 40 uM
in healthy subjects but may be significantly altered due to pathological conditions. For
example, liver disfunction may disrupt the metabolism of (NH4*) into urea and lead to
a life-threatening increase of ammonium in blood[109]. High blood (NH4") concen-
tration (above 50 uM) is associated with endstage liver disease, hepatic encephalopa-

thy, neutrophil dysfunction, muscle breakdown, and cancer, although its origin remains
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elusive[110, 111, 112]. In recent research, high levels of (NH4*) have also been found
in patients with NASH[80]. Therefore, (NH4*) levels could be a valuable biomarker of
liver impairment that together with other assays could shine light on its cause. Yet, a
robust and reliable method to quantify blood ammonium concentrations for samples from
healthy and diseased patients is not available. Current plasma ammonia quantification
methods include titration, colorimetry or fluorometry, electrode-based, and enzymatic
processes[109]. These methods suffer from significant limitations, namely (i) sample
contamination (e.g. with volatile bases during titration), ii) interference from other com-
pounds normally present in blood[113], (ii1) suboptimal environmental conditions for the
proper activity of the enzymes involved in the measurement (e.g. low pH and the presence
of inhibitors in severe liver disease),[114] and (iv) method calibration using samples of
healthy subjects. The latter is critical in a clinical setting, as healthy individuals represent
a relatively homogenous sample pool with wellknown basal conditions, while samples
from patients with various stages of liver disease present heterogeneous conditions that
may affect the (NH4*) readout (e.g. blood pH or lipids concentration). Furthermore, cer-
tain biochemical processes such as deamination in patients with elevated gamma glutamy]
transferase (GGT) activity and as a consequence of haemolysis can alter blood (NH4")
concentrations postextraction, confounding quantification[115].

Proton nuclear magnetic resonance ('H-NMR) is a reliable quantitative analytical
tool for small molecules that potentially provides the sensitivity and specificity needed
to measure endogenous ammonia in blood. While the characteristic equi-intense triplet
of (NH4*) has been detected by 'H-NMR in a wide range of systems (e.g. electrochemi-
cal and photochemical N; reduction, electrocatalytic N reduction, and chemical reaction
solution),[116, 117] measurement of endogenous (NH4*) levels has remained elusive in
solutions of biological origin. To detect and quantify ammonium accurately in plasma
using NMR, I have developed a tightly controlled protocol to process the samples con-
taining the analyte. The study systematically assesses factors influencing accurate (NH4 ")
quantification of ammonia in plasma samples by NMR including solvent deuteration, pH,
and NMR acquisition parameters, to determine the limit of detection (LOD) and limit of
quantification (LOQ). The protocol established enables reproducible quantification of am-

monium in plasma for concentrations above 3 uM. The potential for clinical application
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of this method is assessed by comparing the correlations between ammonium concentra-
tions and other commonly used clinical biomarkers of liver disease. These comparisons
showed that the strong correlation between ammonium concentration determined by 'H-
NMR readout and disease progression is likely to be a better diagnostic marker of liver
disease stage than current blood hepatic biomarkers, regardless of disease etiology.

In summary, the data demonstrate that ammonium can be accurately and consistently
measured in human blood plasma using a simple protocol. Validation in studies of sam-
ples from larger cohorts would simplify the way liver pathologies are diagnosed by re-

ducing the need for biopsies and their associated risks.

3.2 MATERIALS & METHODS

All chemicals were purchased from Sigma-Aldrich (Haverhill, UK) unless stated other-
Wwise.

The first aim of this project was to find the best strategy and figure out which were the
best conditions to quantify ammonia using 'H NMR spectroscopy unequivocally from an
aqueous solution. We first tested how ammonia behaved in water changing the pH in each
sample. Aqueous solutions were prepared by dissolving ammonium chloride (NH4Cl,
107.0 mg) in H,O (200 ml). This solution was acidified to pH 5.5 using 1 M HCI in
water. A 1 ml aliquot was extracted, and the remaining solution was further acidified with
HCIl until pH 4.5. The same procedure was repeated for pHs of 4.0, 3.5, 3.0, 2.5, 2.0, 1.5,
and 1.0. These samples were then measured in a 500 MHz spectrometer, processed and
analysed.

Aqueuous solutions were again prepared by dissolving ammonium chloride (NH4Cl,
107.0 mg) in H,O (200 ml). Two 25 ml aliquotes were extracted and the solutions were
further acidified with HCI until pHs 1 and 3 respectively. Two 5 ml-aliquotes were ex-
tracted and the solutions were basified with NaOH 1 M solution until pHs 5 and 7 respec-
tively. These 4 aliquotes were snap-frozen in liquid nitrogen and freeze-dried overnight.
Dimethylsulfoxide (DMSO) solutions were prepared by mixing 1 ml of DMSO with tri-
fluoroacetic acid (TFA) added to give TFA concentrations of 0.15, 0.75, 1.3, and 2.6 M; 1
ml of each solution was used to dissolve NH4Cl (5.0 mg) in each vial. All samples were

diluted with 100 ml of DMSO-dg. The displacement of the water/TFA chemical shift in
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the 'H-NMR indicated the pH changes upon addition of TFA.

3.2.1 Calibration curve of ammonium chloride in DMSO-dg

A stock solution of 1 M NH4Cl in DMSO (268.3 mg in 5 ml) was prepared and diluted
with DMSO to give final NH4 " concentrations of 26.9, 16.8, 6.7, 3.4, and 0.3 u M. All
samples were acidified with 2.6 M of TFA.

3.2.2 Human plasma obtention

This study was a collaboration with Institut d’investigacions biomediques Agust Pii Sun-
yer (IDIBAPS) and Hospital Clinic de Barcelona. They contributed with the clinical
experience and the ethical approvals to work with clinical samples, plasma in this case.
They got a written informed consent was obtained from all subjects prior to participation.
The experimental protocol was approved by the research and ethics committees of the
hospitals where the study was carried out, in accordance with the Declaration of Helsinki
(project number HCB/2015/0653). Plasma samples were collected from five healthy sub-
jects, 10 patients with NAFLD, and 10 patients with ArLD (aged 26—73 years). Patients
were classified based on the stage of liver fibrosis observed in the liver biopsy into ei-
ther nonsignificant/early-stage fibrosis (FO-F1 stages) or significant/advanced-stage liver
fibrosis (F2-F4 stages) based on the Metavir scale[118]. For both NAFLD and ArLLD
groups, five patients had early-stage fibrosis and five patients presented advanced fibrosis.
Blood samples were obtained from the antecubital vein after a minimum of 10 min of rest.
The blood was centrifugated in a refrigerated centrifuge for 10 min at 3500 rpm. Plasma

aliquots were stored at 193 K.

3.2.3 Human plasma clinical biomarkers

Routine liver function tests, biochemistry, hematology, and coagulation assessments were
performed on all samples from patients with NAFLD by our partner at IDIBAPS.

3.2.4 Human plasma sample preparation for ammonium assay by 'H-NMR

Each plasma sample (0.4—0.6 ml) was transferred into a 2-ml conical flask and treated

with TFA (200 ul) to acidify the solution. The sample was snap-frozen in liquid nitrogen
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and lyophilized for at least 8 h. The residue was dissolved in a solution containing TFA
(200 ul), DMSO (300 ul) and DMSO-d6 (300 ul), and centrifuged (10,000 rpm, 5 min).
The liquid phase was removed from the conical flask and the whole sample (800 ul) was

transferred into a 5-mm OD NMR tube. and ArLD.

3.2.5 Ammonium quantification by 'H-NMR

NMR spectra of ammonium in aqueous solutions were acquired at 300 K using a 14.1-T
Bruker Avance-II spectrometer. Subsequent NMR experiments in DMSO were performed
at 298 K and 9.4 T in a Bruker Avance-1II HD spectrometer equipped with a cryoprobe and
TopSpin 2.1 software. For 'H chemical shifts reference and ammonium quantification, 10
ulof a standard of sodium trimethylsilylpropanesulfonate (DSS; Cortecnet, Paris, France)
in water were added to each sample tube (6DSS = 0.000 ppm; final DSS concentration =
0.14 mM). The longitudinal relaxation time constant T; of both DSS and NH4+ in DMSO
was measured in triplicate using an inversion recovery pulse sequence. Because DSS had
the longest T (T1,DSS=1.6+0.1s; T{,NH4 =0.5 £ 0.1 s), the relaxation delay time (d;)
of subsequent quantitative NMR experiments was set to more than five times T1,DSS.
The acquisition parameters for all 'H-NMR measurements were an acquisition time of
2.5 s; 64x103 data points; 90° flip angle; d; = 15 s; and 128 scans. Solvent suppression
experiments were performed with a 1D NOESY presaturation pulse sequence with the

above acquisition parameters and the offset presaturation frequency at 4.71 ppm.

3.2.6 Ammonium chloride standards quantification by 'H-NMR

Next, 2.2 mg of ammonium chloride were dissolved into 10 ml of water to obtain a stock
solution of 4.1 mM. Then, 10 ul of this stock solution were diluted with 5 ml of water
to obtain a standard 80 uM solution. Two replicates with 300 ul of this solution were
transferred into conical flasks, and then 100 ul of TFA were added into each aliquote.
Both samples were lyophilized overnight. The samples were redissolved with 600 ul of
a solution containing TFA, DMSO, and DMSO-dg (2:3:3) immediately prior to 'H-NMR
acquisition and the corresponding quantifications of the ammonium concentration. The

error associated with each value was calculated with propagation of uncertainty.
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3.2.7 Data analysis

Data were processed using MestReNova software (Mestrelab Research, v. 14.2.0). NMR
signals were zero-filled from 16 K to 64 K, Fourier transformed, and then baseline-
corrected using a third-order polynomial fit. The signal-to-noise ratio (SNR) of the ammo-
nium signal was calculated as the ratio of the amplitude of each of the ammonium peaks
divided by the root-mean-square deviation of the noise. The full width at half maximum
(FWHM) value for each peak of the ammonium triplet was determined by measuring the
width of the peak at half of its maximum intensity. SNR and FWHM are reported as the
mean * standard deviation of the three ammonium peaks. Ammonium concentration in

micromoles per liter (tM) was quantified using the formula:

NpssIng,+ +Hpss10°

NH; |(uM) =
[ ] ( ) IDSSHNH4+Vplasma

Where nDSS is the number of moles of the DSS standard, Iyy,+ is the integral of the
ammonium peak, Ipgs is the integral of the DSS peak, Hpgs is the number of protons
per DSS molecule (9) that give rise to the integrated DSS peak, Hyy,+ is the number of
protons that give rise to the integrated ammonium triplet (4), Vplasma is entered as the
total volume of the initial plasma sample in liters, and 10° is a term to go from molar
to micromolar. As suggested by Sun et al.[119], the LOD, defined as the lowest analyte
concentration likely to be reliably distinguished from the noise, was set at SNR = 3. The
LOQ, where the lowest concentration of an analyte can be reliably assayed, was set at

SNR = 10[119].

3.2.8 Statistical analysis

Continuous variables in blood biomarkers were analysed using ANOVA test; when sig-
nificant (P < 0.1), post-hoc tests were performed among groups using the Mann—Whitney
test. Spearman nonparametric correlation test with two-tailed p-value was used to evaluate
the link between ammonium and the other measured blood parameters. All the analyses

were performed using GraphPad Software (San Diego, CA, USA).

75



CHAPTER 2

3.3 RESULTS & DISCUSSION

3.3.1 Ammonium quantification

We investigated the effect of pH and two solvents (9:1 water/deuterium oxide [D,O] and
1:1 dimethyl sulfoxide [DMSO]/DMSO-dg) on the detection of the ammonium 'H-NMR
signal and on quantification in solutions of 10 mM ammonium. The ammonium ion con-
tains one nitrogen atom and four chemically equivalent hydrogens with a heteronuclear
J-coupling, Jng, of 52.4 Hz. The pKa of the NH3/NH44 pair is 9.2. Therefore NH44 is the
dominant form in the acidic solutions (pH < 6) examined. The characteristic equi-intense
triplet with the Jyy splitting of the 'H atoms of ammonium was centered at 7.00 ppm in
water (Fig.3.1A) and at 7.25 ppm in DMSO (Fig.3.2A).

In the aqueous solution, the addition of 10% D,O for locking caused a splitting of
the ammonium signal into a lower-intensity triplet with the same Jng splitting (Fig.3.1A)
centered at 7.00 ppm. The chemical shift of the ammonium triplet was independent of
sample pH, but peaks narrowed, and the SNR was highest in acidic conditions, with an
upper threshold at pH 2 or less (Fig.3.1B). Ammonium quantification was accurate within
95% for pH values below pH 2. The ammonium signal was undetectable for solutions
above pH 3.5 (Fig.3.1A).

Because the protons in the ammonium ion are in rapid exchange with the protons in the
solvent, presaturation of the water peak caused a decrease in the ammonium signal by a
factor of 100 (Table 3.2). Consequently, ammonium quantification was underestimated
by more than 25-fold when water presaturation was applied (Table 5.1). Without presatu-
ration the large water peak poses a dynamic range problem for the detection of submolar
concentrations of ammonium, causing baseline distortion and decreased ammonium SNR.

Aqueous solvents are not, therefore, suitable for ammonium measurement.
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Figure 3.1: Nuclear magnetic resonance (NMR) spectra dataset of 10 mM ammonium
chloride in aqueous solution (9:1 H,O/D,0). (A) 1 THNMR spectra as a function of pH
(chemical shifts and signal intensity referenced to the disodium trimethylsilyl propanesul-
fonate (DSS) peak). The concentration of ammonium in the solution at pH 1 was about 10
lower than in the other solutions caused by the dilution of the sample during acidification,
which accounts for the signal drop. NMR acquisition parameters: 32 scans; 15 s relax-
ation delay time; 8.5 us pulse width. (B) Signal-to-noise ratio (SNR) (green circles) and
full width at half maximum (FWHM) (red squares) of the ammonium signal as a function
of pH shown in (A). Ammonium was undetectable at pH > 3.5
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Figure 3.2: Nuclear magnetic resonance (NMR) spectra dataset of 10 mM ammonium
chloride in aqueous solution (9:1 HyO/D,0). (A)Ammonium chloride in dimethyl sul-
foxide and deuterated dimethyl sulfoxide (1:1 DMSO/DMSO-dg). (A) Proton nuclear
magnetic resonance ("H-NMR) spectrum (chemical shifts referenced to the DSS peak).
NMR acquisition parameters: 32 scans; 15 s relaxation delay time; 8.5 us pulse width.
(B) Signal-to-noise ratio (SNR) and full width at half maximum (FWHM) as a function of
final trifluoroacetic acid (TFA) concentration. Although pH measurement in organic sol-
vents is problematic, the acidity increases with TFA concentration. (C) [NH4*] calibration
curve with 2.6 M TFA added to the DMSO solution. DSS, sodium trimethylsilylpropane-
sulfonate
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pH || IH-NMR[NH4*] (M) | Presaturation[NH4*] (M)
5.51 - -
4.86 - -
4.44 - -
4.02 - -
3.52 0.010 0.0001
3.03 0.010 0.0003
2.48 0.010 0.0003
2.08 0.012 0.0005
1.51 0.010 0.0004
1.00 0.010 -

Table 3.1: Presaturation effect in ammonium NMR quantification in water/D,O samples.
The experiments were done using a 14 T Bruker 600 UltraShield TM. The pulse sequence
applied was presaturation using noesyprld with the following NMR parameters: acquisi-
tion time of 2.5 s, 64 K data points, 90° flip angle, d; = 15 5,128 scans, and O1d of 7.71

An organic solvent (DMSO/DMSO-dg) was therefore used to dissolve ammonium
chloride and its suitability for the detection and quantification of ammonium was de-
termined. To avoid the problem of determining pH in organic solvents, the samples in
DMSO were acidified with TFA, which has no proton signal, at final TFA concentrations
of 0.13-2.6 M. The SNR of the NH, " signal was highest at TFA concentrations of more
than 1.3 M (Fig. 3.2B).

The calibration curve of ammonium chloride in DMSO/DMSO-dg (0.3-27 uM NH4Cl
and 2.6 M TFA) using '"H-NMR without presaturation was linear with a root mean square
error (RMSE) of 1.6 (Fig. 3.2C), a LOD of 3 uM, and a LOQ of 5 uM. To measure am-
monium in aqueous biological samples with a large initial water content, a lyophilization
procedure that preserved the amount of ammonium present was required. To confirm that
the concentration of ammonium was not affected by the lyophilization process, 4 samples
containing 15 mg of NH4Cl at pH 1, 3, 5 and 7 were lyophilized overnight and the sam-
ples were weighted the following day. The corresponding measurements are plotted in
the Fig.3.3.

I prepared two standard solutions of ammonium chloride in water to a final concen-
tration of 40 uM and were treated by same procedure as the biological samples. The
ammonium chloride samples were lyophilized, redissolved in a solution of DMSO and

TFA, and their '"H-NMR signal measured. The corresponding ammonium quantifications
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Figure 3.3: Ammonium chloride weight before and after the lyophilization process as a
function of the pH.

by 'H-NMR after the lyophilization step were 40.2 + 0.2 and 40.5 + 0.2 uM, respectively.
The concentration of ammonium was not determined by NMR before the lyophilization
step because the sample was in aqueous solution. As explained above, the partial deutera-
tion, water signal overlap, and presaturation effects may result in unreliable measurements

of ammonium concentrations.

3.3.2 Ammonium quantification in human plasma

In the optimized protocol, each plasma sample was transferred into a 2-ml conical flask
and treated with 200 ul of TFA to acidify the solution. The sample was snap-frozen in
liquid nitrogen and lyophilized for at least 8 h. The resulting powder was redissolved in
0.8 ml of a solution containing TFA, DMSO, and DMSO-dg (2:3:3) (Fig. 3.4). Adding
TFA to the samples before the lyophilization step was essential to detect an ammonium

signal at the end of the process.

The resulting ammonium concentrations obtained from the samples extracted from
healthy subjects (control group) and subjects with initial and advanced stages of either
ArLD or NAFLD are shown in Figure 3.5. Figure 3.6 displays a representative 'H-
spectrum used for the ammonium quantification. The plasma ammonium concentration
of healthy subjects was 41.76 + 1.64 uM. Plasma ammonium concentrations of patients
with initial stages of liver disease were not significantly different than those of control

samples, regardless of etiology (p = 0.085 for control vs. alcoholic, and p = 0.13 for
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Figure 3.4: Plasma treatment protocol to measure ammonia concentration with 'H NMR
from an aqueous solution (plasma) to an organic solution with DMSO and TFA.

control vs. nonalcoholic). Plasma ammonium concentration of patients with advanced
stages of disease was approximately five times higher than the controls (p < 0.0001 for
both) (Table 3.2). There was no significant difference between groups with alcoholic and

nonalcoholic initial stages of the disease.

3.3.3 Correlation between ammonium concentration and clinical biomarkers of

fatty liver disease

No statistically significant difference was found for any of the blood parameters assessed
between initial and advanced NAFLD (Table 3.2) other than for ammonium. By con-
trast, there were statistically significant differences between initial and advanced stages of
ArLD in the ratio between aspartate transaminase and alanine aminotransferase (AST/ALT
ratio), platelets, prothrombin time, and international normalized ratio (INR) (3.2).

There was a significant negative correlation between platelets and plasma ammonium
concentration in patients with ArLD but not in patients with NAFLD (Figure 3.7). We
found a significant positive correlation between INR and ammonium concentration (p =
0.054) in ArLD patients. The ArLLD data were clustered in two nonoverlapping groups
for the initial and advanced stage of the disease (blue and red circles, respectively; Figure

3.7B).
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Clinical data of patients with different stages of liver disease

Variable IS-NAFLD | AS-NAFLD | p-value | IS-ArLD AS-ArLD p-value
Avarage Avarage Avarage Avarage

Age 41.8£13.3 | 54.6t164 | 0.21 56.4+12.42 | 59+15.12 | 0.74

C-reactive | 1.2£0.9 1.84£2.8 0.59 0.2+0.4 0.08+0.2 1.0

protein

(mg/dL)

Creatine 0.68+£0.13 | 0.70+£0.08 | 0.73 0.85+£0.14 | 0.75+£0.12 | 0.24

(mg/dL)

Glucose 96.4+16.8 | 107.4£23.7 | 0.45 104.0+18.0 | 75.6£29 0.24

(mg/dL)

HbAlc (%) | 5.62+£0.40 | 5.87+£0.64 | 0.60 5.16£0.60 | 5.18+0.77 | 0.98

AST (UI/L) | 30.0£12.9 | 65.8+£62.7 | 0.3 49.44+24.8 | 74.6£43.2 | 0.42

ALT (UI/L) | 48.84£29.7 | 42.4£11.0 1.0 48.0+24.2 | 41.6+22.8 | 1.0

AST/ALT | 0.7£0.2 1.4+1.1 0.17 1.1+£0.4 1.84+0.5 0.031

GGT 27.0+£12.8 | 104.8+124.1| 0.17 355.24+481.2 239.0£236.2 1.0

(UI/L)

BILI total | 0.6£0.1 1.3£1.8 0.94 1.4+1.4 1.4+0.5 0.33

(mg/dL)

BILI direct | 0.22+0.04 | 0.88+1.52 | 0.88 0.72+1.06 | 0.56+0.31 | 0.3

(mg/dL)

Alkaline 76.8£15.8 | 128.84+80.7 | 0.17 105.84+58.4 | 126.24+32.5 | 0.23

phos-

phatase

(UI/L)

Total 73.243.1 72.6+3.9 0.89 66.0£5.2 73.24+7.1 0.056

protein

(mg/dL)

Albumin 43.44+2.7 51.0+3.5 0.41 41.8+4.9 41.6+3.7 0.68

(g/L)

Sodium 141.4+£2.7 | 413.0+£2.0 | 0.34 104.0+£2.1 | 141.4+03 | 0.17

(mEq/L)

Postassium | 4.61+0.6 4.6+0.8f 0.98 3.9+0.3 4.12£0.3 0.51

(mEq/L)

Leukocytes | 7842£1871 | 6568+1118 | 0.25 63521058 | 4552+1546 | 0.15
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Hemoglobin| 141.8+19.8 | 146.24+29.6 | 0.46 137.6+30.5 | 134.6£15.2 | 0.80
(g/L)

MCV 90.1£7.1 101.4+9.4 0.06 99.6+12.3 | 99.7+£5.3 0.55
Number of | 286,800+ 226,800+ 0.34 173,800+ 90,6000+ 0.0079
Platelets 98,519 89,340 21,913 24,203

Prothrombin| 94.0+£8.5 86.0+£18.7 0.68 03.8+8.8 73+15.5 0.047
time (%)

INR 0.984+0.08 | 1.08£0.19 0.53 1.02+0.08 | 1.22+0.13 | 0.047
MELD 6.2+04 8.2+4.3 0.72 7.612.1 9.442.1 0.32
CHILD 5.00+0.01 | 6.20+2.68 0.99 5.60+1.34 | 5.60+£0.89 | 0.99
PUG

Total 173.4+£62.4 | 203.8+24.7 | 0.46 250.8£126.9 168.84+29.1 | 0.15
chloesterol

(mg/dL)

Triglycerides 154.0£120.4 119.24+31.5 | 1.0 270.6£286.6 235.2+326.0 1.0
(mg/dL)

Ammonium | 90.1£19.1 | 220.9+40.2 | 0.0005 | 86.84+23.4 | 139.9£30.8 | <0.0001
(1M)

Table 3.2: Clinical and laboratorial data of patients with different stages of nonalcoholic
fatty liver disease (NAFLD) or alcohol-related liver disease (ArLD). Biochemical values
were obtained using standard blood analysis from a cohort of patients with either initial or
advanced stages of NAFLD and another cohort of patients with ArLD (n = 5 patients per
group). Significant differences in the biochemical values between initial and advanced
stages of NAFLD or ArLD are highlighted in bold (p < 0.05 calculated using nonpara-

metric T-test)
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Figure 3.5: Concentration of ammonium present in plasma from healthy subjects (control;
n = 5), initial and advanced stages of alcohol related fatty liver disease (n = 5 for each
group), and initial and advanced stages of nonalcoholic fatty liver disease (n = 5 for each
group); **, p<0.01; *** p<0.001; **** p<0.0001. Each blue shade represent different

subject groups
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Ammonium signal
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Figure 3.6: Representative proton nuclear magnetic resonance ('H-NMR) spectrum
of blood plasma from an advanced-stage nonalcoholic fatty liver disease patient after
lyophilization and dissolving in dimethyl sulfoxide (1:1 DMSO/DMSO-dg). Chemical
shifts are referenced to DSS. NMR acquisition parameters: 128 scans; 15 s relaxation
delay time; 8.5 us rf pulse width. DSS, sodium trimethylsilylpropanesulfonate

Blood endogenous ammonium concentrations above 100 uM are strongly associated
with severe liver diseases, such as hepatic encephalopathy, NASH, and hepatitis C[80].
However, accurate quantification methods capable of detecting upregulated ammonium
concentrations in blood at treatable stages of the disease have not been developed for
clinical use. We have developed a robust protocol capable of quantifying ammonium
in plasma by '"H-NMR that is also applicable to other biological fluids. The protocol
could readily be adopted as a diagnostic screening tool for diseases where ammonia is a
biomarker, particularly for liver fibrosis in patients with NAFLD and ArLD, provided that
larger cohort studies validate the data presented.

Ammonium is well suited for analysis by 'H-NMR. NH,;* exhibits heteronuclear scalar
spin—spin couplings, which are rarely observed because of quadrupolar line broadening.[120]
When the '“N atom is coordinated symmetrically giving a tetrahedral conformation, N
loses its quadrupolar electric moment that results in coupling with the hydrogen atoms[121]
and the signal then corresponds to a triplet with equivalent intensities. However, ammo-
nium quantification is challenging because it is affected by several variables. The present

study critically assesses factors influencing accurate NH4 ™ quantification, including sol-
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vent deuteration, pH, and pulse sequence.

The choice of solvent substantially affects ammonium quantification, and aqueous and or-
ganic solvents were examined. In metabolomic and small-molecule studies by 'H-NMR,
D0 is generally used as a solvent. However, this solvent cannot be used for 'H-NMR
quantification of molecules like ammonium that have labile protons that can exchange
with the 2H atoms of the solvent molecules, causing partial or total signal suppression
of the signal, depending on the >H/'H ratio in the solution. Figure 3.1 shows the effect
of 10% DO in solution on the 'H-NMR spectrum, splitting the ammonium signal into a
triplet from mono-deuterated ammonium. The shift in center frequency of the multiplet is
due to an isotopic effect caused by the deuterium atom, and the apparent increase in line
width is attributed to the *Jgp coupling (Figure 3.1A). To shift the ammonium/ammonia
equilibrium to the cation form for accurate detection, acidification of the samples was
required. This ensured sufficient protonation of ammonia, thereby excluding confounded
quantitation of NHy ™.

At the 10 mM ammonium concentration used to set up this protocol, ammonium quan-
tification was accurate for pH values between 0 and 3. However, as SNR and FWHM
increased as pH decreased, the quantification of solutions with low ammonium concen-
trations would benefit from the higher SNR obtained at the lowest accessible pH. The
changes in SNR and FWHM can be explained by the dissociation of the 'H atoms of
ammonium. In solution, each of the four 'H atoms have the same dissociation prob-
ability. The dissociation rate constant kd is highly affected by pH, decreasing as pH
acidifies[121]. At low exchange rates (kd « JNp), spectral lines are sharper, resulting in
improved SNR. The analysis of biological samples by 'H-NMR is often performed in
nonacidic pHs with D,O as the choice of solvent, which probably explains why ammo-
nium present in biofluids has not been previously detected by 'H-NMR. We also observed
that water presaturation pulse sequences led to a dramatic decrease of the ammonium sig-
nal caused by the proton exchange between ammonium and water. To presaturate the
water peak, radiofrequency irradiation is applied to water protons that are continuously
exchanging with ammonia, resulting in peak suppression for both molecules.

The protocol was therefore optimized using DMSO as a solvent. Because accurate pH

determination relies on using a protic solvent, samples were acidified with TFA, the acid
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Figure 3.7: Nonparametric Spearman correlations between platelets and ammonium con-
centration (top) and international normalized ratio (INR) and ammonium concentration
(bottom) for patients with liver disease from either (A) Nonalcoholic fatty liver disease
(NAFLD; n = 10) or (B) Alcohol-related liver disease (ArLD; n = 10). The blue and red
circles show the two data groups corresponding to initial and advanced stages of alcoholic
fatty liver disease

being chosen because it has a proton-free counterion and therefore gives no 'H NMR sig-
nal. Acidification also assisted the precipitation of the proteins and lipids of the sample.
After acidification, the solution was centrifuged and the supernatant was pipetted off for
the next stage of the process. A 200-uL volume of the TFA was sufficient to accurately
quantify ammonium concentration in plasma with a RMSE of 1.6 uM, a LOD of 3 uM,
and LOQ of 5 uM. The protocol therefore enables precise and reproducible quantification
of ammonium concentration far beyond the typical range found in human plasma (from
40 uM in healthy subjects to more than 100 uM in pathological cases). Quantification
also confirmed that the yield of the lyophilization procedure was 100%, that is, it did not
result in losses of ammonium, and that the addition of TFA to the sample does not inter-

fere with the internal standard for quantification.

Plasma samples from healthy controls and four patient groups were processed us-
ing the above protocol to quantify the ammonium concentration. Plasma contains ap-
proximately 92% water and 8% solids[122]. Using a well-known protocol for protein

and macromolecules precipitation, TFA was added to plasma samples to obtain a nearly
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solids-free solution after supernatant removal[123]. The early-stage ArLLD and NAFLD
disease groups showed some differences in ammonium levels of around 50 uM varia-
tion, where the mean concentration was higher than for the control group. However, this
difference between control and early-stage groups was not statistically significant. The
variation of 50 uM may be due to differences in disease severity within the patient group
in the initial stage of classification. By contrast, a striking and statistically significant in-
crease in ammonium concentration was observed for each of the two liver disease groups
compared with both initial-stage and control subjects.

An interesting finding of this study is that ammonium concentration is strongly correlated
with platelet levels (p = 0.075) and with INR, especially for the ArLD group. At advanced
stages of chronic liver disease such as liver cirrhosis, patients may develop portal hyper-
tension, which in turn leads to the development of clinical decompensations of cirrhosis.
In this case, spleen size may increase, and peripheral blood platelet levels may decrease,
as thrombopenia is a marker of portal hypertension in patients with cirrhosis. Also, coag-
ulation tests such as INR are frequently used to stage the platelet synthesis capacity of the
liver, which may be impaired by disease and used in liver function scores. The coagula-
tion tests are also used for staging standardized numbers such as model for endstage liver
disease (MELD) or Child—Pugh scores (Fig.3.8).

The correlation between the ammonia levels and platelet counts and INR levels in
patients with ArLD may therefore be reflecting a correlation with ammonium levels and
more advanced stages of liver disease, such as the appearance of portal hypertension or
the impairment of liver synthesis capacity.

Although a limitation of this study is the small cohort assayed, it is striking that the am-
monium assay protocol is capable of clearly discriminating the samples corresponding to
healthy and early-stage—diseased subjects from those of patients with advanced stages of
the disease. Taken together, these data support the notion that there is a direct correlation
between blood ammonium concentration and the disease stage of patients with ArLD and

NAFLD, and that when validated by larger sets of samples may have clinical application.
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Figure 3.8: Graphical representation of non-parametric Spearman correlation between
Child-Plugh score and ammonium (top) and MELD (model for end-stage liver disease)
and ammonium (bottom) for patients with fatty liver disease from either (a) non-alcoholic
(n = 10) or (b) alcoholic etiology (n=10).

3.4 CONCLUSIONS

I have developed a robust, reliable, and biopsy-free protocol to quantify ammonium in
biological fluids with a wide dynamic concentrations range, relative to other methods cur-
rently available. To demonstrate potential applications within medical diagnostics and
disease staging, I quantified the ammonium concentration in blood plasma samples of pa-
tients suffering from a steatohepatic liver condition. I then demonstrated that the method
can be used to discern between some stages of the disease retrospectively. Unfortunately,
this methodology requires large plasma sample volumes (> 1 mL), more than 24 hours
to finish all the steps, and expensive equipment (high field NMR spectrometers). These
limitations with the high expertise required may hinder this methodology for a future ap-
plication in hospitals or clinical centers[124].

Prospective studies with a larger cohort of patients should validate the clinical applicabil-
ity and, in future, with some optimizations, the protocol could be used in a clinical setting

either for population screening or to assess treatment efficacy.
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LEVERAGING MAGNETIC RESONANCE
IMAGING TO STUDY BIOCOMATIBLE
SCAFFOLDS DIFFUSION AND PER-
FUSION FOR LAB-ON-A-CHIP SYSTEMS

This is one of the last projects I worked on during my doctoral thesis, together with my
two colleagues, mentors and friends, Alex and David. It was already loaded to Chem-
Rxiv. We wanted to use 3D cell in biomaterial scaffolds already described in the intro-
duction(1.8.1). The cells are embedded by a porous material making some resistance to
perfusion and flow. In this case, it was crucial for fluid perfusion through the scaffold
to facilitate the cells interaction with the hyperpolarized NMR contrast agent. The main
purpose of this project was to assess the perfusion and the diffusion of various scaffold
material compositions and evaluate the effectiveness and the robustness of the process.
My contribution was a portion of the intellectual design, the major part of the experimen-
tal design and execution, and completed the manuscript writing with my two colleagues

and our supervisor Dr. Irene Marco-Rius.

4.1 INTRODUCTION

Developing 3D cell culture models is currently receiving high interest in the tissue engi-
neering field. The novel applications of these in vitro models, besides avoiding animal

testing and aiming for personalised and regenerative medicine, are raising the interest
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of biomedical engineers and biotechnologists[125]. They can be customised taking into
account different factors such as cells or tissue type, size and shape[125]. Novel bio-
engineering research lines now focus on developing approaches to promote cell adhesion,
proliferation and differentiation in a physiologically relevant environment[126, 96, 127].
Hence, hydrogels and cryogels emerged as the leading candidates for cellular scaffolds
due to their biocompatibility and physical properties[128, 129].

Hydrogels are mainly used as a support material for cellular proliferation since they
mimic the extracellular matrix (ECM) properties. This approach makes it possible to sur-
round cells or any biological system within a suitable environment. Encapsulating cells
within hydrogels confers several beneficial properties, including high water content and
mechanical adjustability to generate specific architectures[130, 131]. The hydrogel fab-
rication process involves the formation of stable polymeric network matrices, typically
incorporating nanofiber materials such as collagen, fibronectin and laminin[132]. The
application of the hydrogel fabrication for producing 3D structures with high mechanical
and structural stability is becoming establishing as an advantageous tool in the field of
scaffold generation. However, producing big pores in a reproducible way remains still
a challenge[133, 134, 128, 135, 136]. The pore size has a constraining effect on differ-
ent essential aspects for the complete functionality of the model. Consequently, the pore
sizes will have a direct impact on the elimination of waste products, the appropriate oxy-
gen diffusion, nutrient delivery and vessel formation in tissues[136, 137, 138, 139]. Small
porous size also hampers vessel formation, a fundamental factor to engineer fully func-
tional tissues[138, 139]. Moreover, these limitations hamper the possibility of injecting
external solutions or substances into cells, such as drugs or contrast agents for imaging.

In contrast, cryogels have risen as a promising alternative to hydrogels, adeptly ad-
dressing several of their drawbacks and limitations. Cryogels have characteristic big mi-
croporous sizes with sponge-like appearance and high pore interconnectivity and water
content[140, 141]. Furthermore, this highly intertwined net-like pore structure allows
high liquid diffusion, overcoming hydrogel limitations[130]. These features make them
particularly attractive to techniques requiring fast liquid perfusion inside scaffolds for
real-time metabolism tracking or drug-based solution infusion studies. Furthermore, it is

possible to synthesise cryogels from natural and synthetic materials, including polymers,
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gelatin, alginate, and collagen[97]. Functionalisation with bioactive molecules, such as
growth factors[142], peptides[143], and extracellular matrix components[144], is also an
attractive feature of these scaffolds. Another interesting characteristic is that they can
be funcionalised with bioactive molecules, such as growth factors[142], peptides[143],
and extracellular matrix components[144]. This versatility makes it possible to choose
materials that match the properties of the corresponding target tissue. All the exper-
iments performed in this work were carried out using carboxymethylcellulose (CMC)
based scaffolds making interlinked networks (reaction showed in Fig. 4.1), producing the

corresponding cavities. This hollows confer a specific porosity to the material.

Carbodiimide crosslinker mechanism through caroxylic position activation
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Figure 4.1: Mechanism of the chemical reaction between carboxymethylcellulose poly-
mer and N-(3-Dimethylaminopropyl)-N’- ethylcarbodiimide hydrochloride (EDC). In the
first step the carbonyl is activated to make it more electrophile with the EDC as a coupling
agent. In the next step ther is a nucleophile addition of the adipic acid dihydrazide (AAD)
to the CMC carbonyl forming the resulting coupling as an amide bond .

Nowadays, many techniques are available to analyse pore size and distribution. The
most frequently used strategies are gravimetry[145], mercury intrusion porosimetry (MIP)[146],
confocal laser scanning microscopy (CLSM)[145], computed tomography (CT)[147] and
computed micro tomography (CMT)[148, 149], among others. Computed microtomogra-
phy (CMT) stands out for its precise and non-destructive 3D evaluation of open and closed
porosities[148, 149, 150]. Tomography is a method by which you can obtain an object’s
3D image that corresponds to its internal structure[150]. Computed tomography (CT) is

considered a high-resolution technique with a pixel size typically between 1-50 um, al-
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lowing investigation of microstructure samples using X-rays[148]. Approaches such as
gravimetry[145], mercury intrusion porosimetry (MIP)[146] or confocal laser scanning
microscopy (CLSM)[145] are also commonly used. However, these techniques only en-
able us to examine microstructures, lacking the capability to assess and evaluate perfusion
efficiency through a porous material.

Yet, in the biomaterials research field, studying liquid diffusion and perfusion is of
paramount importance. Understanding how fluids flow within biomaterials is crucial for
optimising the design of tissue-engineered constructs and drug delivery systems. For ex-
ample, confocal fluorescence microscopy is a powerful tool for studying the perfusion
within biomaterials[151, 152, 153]. This optical imaging technique is usually coupled
with fluorescence techniques, making a suitable synergy to gain insight into the diffusive
properties of the material. So far, researchers have explored capillary network formation
in tissue-engineered scaffolds[151], drug release kinetics from implantable devices[152],
and the behaviour of nanoparticles within porous matrices[153]. Nevertheless, confocal
microscopy is primarily designed for imaging surfaces and struggles to penetrate deep
into materials, making it less effective for three-dimensional analysis. It is also rela-
tively slow to capture images, making it challenging to measure fast perfusion. Also,
while the technique usually offers good lateral resolution, the vertical axis may be less
precise, affecting fine details within porous structures[154]. Moreover, the size and struc-
ture of the fluorescent particles used have a pivotal role in diffusion rate constants, also
influencing the chemical and structural properties of the object under study[155]. The
size of the fluorescent particles is another factor to take into account. This property may
also influence the structural and chemical properties of the object under study. Diffusion
depends on the size of the molecule. Therefore, a diffusion study on small molecules
would be totally unfeasible with such large molecules[155]. Besides, multiple measure-
ments make the fluorophore lose its fluorescence activity due to light-induced damage
(i.e. photobleaching)[156, 157].

Magnetic resonance imaging (MRI) has been used in modern medicine to accurately
and non-invasively characterise the properties of multiple biological materials[158, 159,
160, 161, 162]. For example, researchers used a Fast Spin Echo (FSE) sequence in a clin-

ical 3 T scanner to assess cortical bone microstructures[158, 159, 160]. In this study they
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demonstrated that free water in microscopic pores of cortical bone can be imaged with a
FSE sequence, characterising then the pore size and strongly correlating the results with
UCT images.[159, 160, 163]. Researchers have also used MRI in relaxometry to pro-
vide information on the pore structure materials. The water longitudinal and transverse
relaxation time constants (T and T», respectively) increase in proportion to the surface-
to-volume ratio of the pore space. The smaller the pore, the shorter the relaxation time
due to the high probability of interaction with the surface[161, 162]. MRI provides key
information on the pore sizes and relationships between structure and fluid flow prop-
erties in porous media[164]. A pivotal advancement in MRI technology is the use of
contrast agents, which enhance the visibility of specific tissues or structures[165, 166].
This progress aids an accurate characterisation and quantification of various physiolog-
ical processes[165, 166]. Among these contrast agents, deuterium oxide (D,0), also
known as heavy water, emerged as a compelling choice for investigating diffusion[167]
and perfusion[168]. D,O and water have similar physical and chemical properties ex-
cept for the nuclear mass (D,O has one neutron) and the spin number (I = 1/2 and Ip =
1). Hence, at high magnetic fields, deuterium is practically invisible when measuring the
proton frequency range. A few perfusion pre-clinical studies used D,O as a tracer[168].
This contrast-enhanced strategy with D,O allows monitoring the signal attenuation of 'H
in MRI when administering D,O as an indirect measurement[169]. For example, this
approach was used to guide endovascular neurointervention, potentially improving the
precision treatment of various diseases[169].

In this work, I use MRI and D,O (Fig. 4.2) to accurately and non-invasively mea-
sure the passive diffusion and active perfusion properties of two biocompatible materials,
CMC-based and PEGDA-based scaffolds. The work aims to aid the advance of biotech-
nology, bioengineering and ultimately, personalised medicine (amongst others) since cell
scaffolding employs these biomaterials to generate 3D biologic environments. We used
D,0 as a contrast agent to detect the decay in the proton signal due to the reduction of
proton density from the original water contained within the scaffolds. Since there is an
absence of chemical reactivity among the reagents, I can measure the scaffold proper-
ties non-destructively and even reuse them. We successfully show the applicability and

practicality of this strategy to study the passive diffusion (Fig. 4.2A, left) of scaffolds

93



CHAPTER 3

1 g 11
i

o

Figure 4.2: Diffusion (Eppendorf) and perfusion (4-well microfluidic chip) of biocom-
patible scaffolds using a pre-clinical 3T MRI scanner. A) Schematic illustration of the
experimental setup consisting of the scaffold under study (hydrogel or cryogel), heavy
water, a 0.5 mL Eppendorf, a 4-well microfluidic platform, and a 3 T MRI scanner. For
diffusion studies, I submerged the scaffolds (origin of the water proton signal) into the
Eppendorf containing deuterium oxide (absence of signal). For perfusion studies, I en-
closed the scaffolds into the microfluidic chip wells and injected deuterium oxide from the
microfluidic features of this. B) Proton MRI coronal (green), sagittal (orange), and axial
(blue) plane images of the 4-well microfluidic device filled with water using a T{-FLASH
MRI sequence. Acquisition parameters of the MRI images: acquisition time 9.0 ms, repe-
tition time 425.0 ms, 60° flip angle, 1024 acquisition points, 16 averages, 192x128 image
size

contained in an enclosed environment with DO and active perfusion (Fig. 4.2A, right) of
these using custom microfluidic systems (Fig. 4.2B). Furthermore, both studies demon-
strated highly effective and reproducible within this easy-to-handle system setup. With
these results, I expect to open a new prospective approach for diffusion and perfusion

studies using MRI technology.

4.2 MATERIALS & METHODS

4.2.1 1% CMC cryogel fabrication

We dissolved a prepolymer solution containing 1 % 90 kD Carboxymethylcellulose in
MilliQ water under magnetic stirring for 1 h at 45 °C. We prepared the crosslinking
reagents as 0.5 M MES hydrate buffer adjusted at pH 5.5 with NaOH, 5 % Adipic Acid
Dihydrazide in MilliQ water, and 1 pg/ul N-(3-Dimethylaminopropyl)-N’- ethylcarbodi-

imide hydrochloride dissolved in MilliQ water. Next, I mixed 1 ml of the prepolymer,
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50 mM of MES buffer, 1.83 mM of ADH, and 18.9 uM of EDC. Shaking was critical
to avoid early crosslinking before freezing the sample. We filled polydimethylsiloxane
(PDMS) circular moulds (chambers measuring 2 mm in height and 10 mm in diameter,
enclosed between two squared 24x24 mm cover glasses) with the final prepolymer solu-
tion. Then, I stored the samples at -20°C for 24 hours. Finally, I thawed the resulting

cryogels at room temperature and sterilised them by autoclave.

4.2.2 10% PEGDA hydrogel fabrication

We dissolved a prepolymer solution containing 10 % PEGDA (Poly(ethylene glycol) di-
acrylate (PEGDA), Mn 575 g/mol) and 1 % Irgacure D-2959 (2-Hydroxy-4’-(2-hydroxye-
thoxy)-2-methylprop-iophenone, all w/v) in Phosphate Buffer saline (PBS) at 65 °C for 1
h, filtered and crosslinked under UV light using a MJBA mask aligner (SUSS MicroTech)
(power density of 25 mW cm~2). We obtained disc-like samples of 10 mm in diameter
by exposing the prepolymer solutions for 500 s. After UV exposure, we washed with
PBS unreacted prepolymer solution and I left the resulting samples to reach equilibrium
swelling for 24 h at 4 °C. Before MRI measurement, I punched hydrogels to the desired

final diameter (5 mm).

4.2.3 Microfluidic chips fabrication

We fabricated the molds with microfluidic channels and features using standard photolitho-
graphy methods using silicon wafers (4” n-type <111>, MicroChemicals GmbH), pho-
toresist (SU-8 2100, KAYAKU Advanced Materials, Inc.) and UV light[170, 171]. We fi-
nally silanised the wafer by vapour exposure of 1H,lH,2H,2H-perﬂu0rOoCtyl-trichlorosila-
ne (PFOTS, 97%, Merck). Then, we used standard soft lithography with polydimethylsi-
loxane (PDMS) to produce the microfluidic devices from the patterned SU-8 molds. We
prepared the PDMS prepolymer (Sylgard 184, Ellsworth Adhesives) in a 10:1 ratio (elas-
tomer base: curing agent, w/w). Our chips consisted of two PDMS layers with the mi-
crofluidic channels serving two functions: 1) distributing the liquid (in the lower 5-mm
thick layer) through four distinct channels that collectively distribute the sample into each
well, and 2) removing excess liquid during injection (in the top 5-mm thick layer, unused

in the results shown in this work). We punched the chambers (i.e. well) and inlet and
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outlet ports in the corresponding PDMS layers using 6 mm and 1.2 mm biopsy punches,
respectively. We activated and bonded together the two PDMS layers and a glass slide
(75 x 25 mm Corning) using O, plasma (PDC-002, Harrick Plasma).

4.2.4 Custom nylon mesh fabrication

A postdoctoral researcher (Dr. Alejandro Portela Otafio) modified a nylon mesh with
a pore size of 100um (Lythe Official, Whitby YO21 3RT, UK) by adding a frame of a
biocompatible 3D printing resin (SolusArt v3.0, Gesswein, USA) following a customised
fabrication process using a Digital Light Processing 3D printer (DLP, Microlay, Versus
385nm, Spain). We cut a sheet of the nylon mesh with the size of the 3D printer build
platform and taped it with special double-side adhesive tape (N0.99786, 3M, USA) of 1
cm width and 0.3 mm thickness on the four edges of the Building Platform. We cured the
3D resin layer by layer following the CAD design of a ring of 6 mm outer diameter and
5.5 mm internal diameter, resulting in an embedded nylon mesh inside a rigid ring-shaped
frame formed by the cured 3D resin. We show a schematic of the fabrication process and

the mesh itself in Fig. 6.2A and Fig. 6.2B, respectively.

4.2.5 Magnetic Resonance Imaging for Diffusion and Perfusion Studies

We obtained the MRI images using a dual-tuned 'H-'3C volume coil (42 mm inner di-
ameter, Bruker) inside a horizontal 3T MRI scanner (BioSpec 105 mm bore diameter,
Bruker®). We corrected magnetic field inhomogeneities with a shimming protocol ap-
plied to a water-filled Eppendorf prior to imaging. We used ParaVision 360 version 3.4 to
acquire the images in the 3T MRI scanner. We acquired the magnetic resonance proton
images using a T; FLASH sequence with the following acquisition parameters: echo time
9.0 ms, repetition time 425.0 ms, 60° flip angle, 4 averages, 192x128 image pixel size,
10x40 field of view, 20 mm thickness, 1 slice, 2 dummy scans of 849.787 ms, acquired
with linear encoding, a bandwidth of 13888.9 Hz, a working frequency of 127.64 MHz

and a working chemical shift of 4.7 ppm.
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Figure 4.3: Custom nylon mesh used to allow perfusion studies in a microfluidic chip.
A) Schematic representation of the nylon mesh fabrication setup, placing it with adhesive
spacers on the building platform of a DLP 3D printer. B) Schematic image of the punching
procedure to obtain individial meshes with a 5 mm i.d. biopsy punch. C) Schematic image
of the nylon mesh used. D) T-FLASH sagittal images of the 4-well chip used containing
the scaffolds at the bottom (water signal from the scaffold) before (top) and after (bottom)
injecting water. We highlighted the well region with dashed green lines and the one with
meshes in pink.

4.2.6 Data Processing and Analysis

We used Bruker’s inbuilt acquisition software (ParaVision 360, version 3.4) to process
all the proton MRI images acquired and obtain the subsequent DICOM files. From the
DICOM images, I defined all the regions of interest (ROI) required (i.e. scaffold and
container region) using ImagelJ (version 2.14.0) and generated binary masks from them.
At this point, we processed all the data using custom-made Python scripts (version 3.10.9)
to extract pixel intensity values and compute region averages or sums from individual
ROIs. The postdoctoral researcher from the group, Dr. David Gomez-Cabeza wrote these

scripts.
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Figure 4.4: Diffusion studies of commonly used biocompatible scaffolds using MRI.
Sagittal proton images at different times of an Eppendorf containing D,O and a water-
saturated PEGDA hydrogel (A) or CMC cryogel (D). For each image shown, I display a
kernel density estimation of the pixel intensity inside the container for both the hydrogel
(B) and the cryogel (E), indicating a starting point of a distribution with a long right tail
(high proton signal located in a small spatial region) evolving to a normal distribution
due to the diffusion of water particles in the whole Eppendorf. Plots of the mean pixel
intensity for the scaffold region (green) and the rest of the container (blue) for all images
acquired every 3 minutes and 48 seconds during 4 hours and 22 minutes for the PEGDA
hydrogel (C) and 1 hour and 54 minutes for the CMC cryogel (F).

4.3 RESULTS & DISCUSSION

4.3.1 Study of passive diffusion properties of bio-compatible scaffolds using MRI

and D, O as a contrast agent

Firstly, I used MRI to test the passive diffusion of water in both a PEGDA hydrogel and a
CMC cryogel. We filled 0.5 mL Eppendorfs with deuterium oxide (D,0O) and introduced
the scaffold under study in them. Immediately after insertion of the scaffolds, I started
the proton MRI imaging sequence to acquire a frame every 3 minutes and 48 seconds for

about 4.4 hours for the hydrogel (Fig. 6.3A) and 1.9 hours for the cryogel (Fig. 6.3D).
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We then manually defined the scaffold and the Eppendorfs regions of interest (ROISs).

We doubtlessly observed the passive diffusion of water from a scaffold into an en-
closed environment with proton MRI imaging and using contrast agents (i.e. D;0).
Analysing the distribution of pixel intensities inside the container used, I observed that
both the hydrogel (Fig. 6.3B) and the cryogel (Fig. 6.3E) showed a particle exchange
with the surrounding media following Fick’s laws of passive diffusion. First, the proton
signal intensity came only from the scaffold, making for a small region of the ROI to have
high pixel intensities. Hence, most pixels had signals close to the machine’s background
noise. The first kernel density estimates of Fig. 6.3B and Fig. 6.3E show this phenomenon
for both scaffolds. The highest probability region is located around the background noise
value, with the distribution having a long right tail, representing the few scaffold ROI
pixels with high intensity. As time progressed, the passive diffusion observed in both
cases distributed uniformly the water protons across the entire container. Consequently,
the kernel density estimates evolved towards Gaussian distributions, now centred at the
mean pixel intensity instead of in the background ones.

The scaffolds analysed in this study showed different diffusion constant rates and
homogeneous particle exchange efficiency, highlighting the CMC cryogel as the best can-
didate for a fast and thorough diffusion. As shown in Fig. 6.3C, the PEGDA hydrogel
exhibited a fast particle exchange at the beginning of the analysis, potentially from the
water particles surrounding the scaffold on their immediate surface. Yet, the water con-
tained in the core of the scaffold took a longer time to diffuse. The system seemed to
stabilise after 2 hours and 40 minutes. However, the proton images still have higher pixel
intensity in the scaffold ROI (Fig. 6.3A). On the other hand, the CMC cryogel showed a
more uniform diffusion for its enclosed water, with the system stabilising after 1 hour and
20 minutes, as shown in Fig. 6.3F. Furthermore, the pixel intensities in the proton images
(Fig. 6.3D) were more uniformly distributed by the end of the experiment, suggesting
full diffusion of all the water contained in the scaffold. Hence, with these experiments,
I showed the usefulness of MRI to characterise inherent properties of bio-materials (i.e.
diffusion characteristics) with a high enough resolution to determine differences between

scaffolds types.
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4.3.2 Study of the perfusion properties of bio-compatible scaffolds using custom-

designed microfluidic systems

In specific scientific scenarios, rapid perfusion within the scaffold is mandatory (in the
range of a few seconds) to prevent deterioration of the injecting reagent. For example,
in Hyperpolarised Magnetic Resonance (HP-MR), the contrast agent normally has a life-
time of about 1-2 minutes, requiring swift delivery[31]. Another clear example would
be to ensure a complete wash of a drug previously administered to the cells for therapy
studies[172]. For this reason, I studied scaffold perfusion using microfluidic chips con-
taining wells where I placed the scaffolds. To enforce perfusion and retain the scaffolds
inside these wells, my lab colleague Alejandro Portela developed 3D-printed mesh struc-
tures (Fig. 6.2 c¢). To avoid the formation of air bubbles in the microfluidic channels, I
previously filled this with D,0O. Fig. 4.5A shows the procedure schematic, where a scaf-
fold is inserted into a chip well, and the mesh is added on top to allow fluid flow perfusion
into scaffolds. Also, note that any flow rate reported indicates the one used for the injec-
tion, which gets distributed across the 4 parallel channels, making the speed observed in

the well be one-quarter of the original one.

4.3.3 Perfusion assessment of CMC scaffolds in a 4-well microfluidic device
4.3.3.1 Fast perfusion evaluation of 10 % PEGDA hydrogels

Our strategy to study the perfusion properties of scaffolds spotlighted issues on removing
water from the core of PEGDA hydrogels when performing manual D, 0 injections (= 10-
50 mL/min). Furthermore, the customised meshes fulfilled their purpose by effectively
hindering the scaffolds at the bottom of the wells, forcing the injected solution to pass
through them. When perfusing the contrast agent through the PEGDA hydrogel scaffolds,
I clearly observed, in a consistent manner, a reminiscent water proton signal located in
the scaffold region. We can observe this phenomenon in Fig. 4.5B, where even after the
D,O0 injection, there is still some pink colour (water proton signal) at the bottom of the
chip’s wells. By representing the horizontal pixel sum of each well, as shown in Fig.
4.5C, we can more evidently observe the presence of water signal after the perfusion test,

represented by spikes of signal at the bottom of the well in all tests performed. Hence,
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with these results, I demonstrated that this type of commonly used scaffold (i.e. 10 %
PEGDA hydrogels) would be inefficient for fast perfusion requirements, such as when
using HP-MR substrates or when we want to rapidly remove administered drugs to seeded
cells.

It is a step-by-step guide detailing the preparation of the microfluidic device and the
precise sequence for introducing its components. In the final step, a thorough examination
is performed to assess the impact of the mesh on the D, O perfusion within the scaffold.

Purple represents water proton signal before manual injection of D,0, and pink after

it. Red represents water proton signal before manual injection of D, O, and cyan after it.

4.3.3.2 Perfusion evaluation of 1 % CMC cryogel scaffolds

Thanks to magnetic resonance imaging (MRI), we reliably and reproducibly detected
complete perfusion of the contrast agent (i.e. deuterium oxide) testing 1 % CMC cryo-
gel scaffolds, again performing manual injections into the microfluidic chip, with vary-
ing flow rates from 10 to 50 mL/min. Compared to the experiments performed with the
PEGDA hydrogel, when using a 1 % CMC cryogel, all the D,0 injected perfused, remov-
ing all the water from the scaffold and placing this at the top of the well. We can observe
this process in the proton images from Fig. 4.5D and confirm the absence of proton signal
after injection by looking at the horizontal pixel sum of each well shown in Fig. 4.5E.
Despite having four replicates per experiment thanks to having four independent wells in
the chip, I repeated this experiment three times to ensure the perfusion efficiency of the
cryogel tested. As I indicate in Fig. 4.5F, the results were consistent at each trial, with
each replicate showing that for each well, all the water proton signal was displaced out of
the scaffold into the top of the well after the injection of D,O.

Furthermore, MRI allowed us to determine that the perfusion properties of the 1 %
CMC cryogel were consistent in a wide range of flow rates. We substituted the hardly re-
producible manual injection with a controlled one, leveraging an automatic syringe pump
to perfuse the deuterium peroxide. We selected a range of flow rates to represent common
ones used for continuous media recirculation in microfluidic devices[173], going up to the
maximum allowed by our pump. As previously done, I placed a single scaffold in each

well of the microfluidic chip used and injected DO at different flow rates (i.e. 0.1, 0.5,
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Figure 4.5: Perfusion studies of hydrogels and cryogels using MRI. A) Protocol con-
ducted to execute all perfusion experiments with scaffolds using a 4-well microfluidic
chip and a custom mesh to keep them in place. B) Sagittal proton MRI image composite
of the 4-well chip containing a 10% PEGDA hydrogel in each well. C) Horizontal pixel
sum of each well ROI from panel B. D) Sagittal proton MRI image composite of the 4-
well chip containing a 1% CMC cryogel in each well. E) Horizontal pixel sum of each
well ROI from panel D. F) Average pixel intensity of the four wells scaffold region (B
ROI) over the rest of the well (T ROI) for three replicates of an experiment with a single
1% CMC cryogel per well. G) Pixel average of the four wells B ROI over T ROI for
experiments with a single 1% CMC cryogel per well injecting the D,O at different flow
rates (0.1, 0.5, 1, 2.5, 5 and 10 mL/min). H) Sagittal proton MRI image composite of
the 4-well chip containing a 0.5%, 1%, 2% or 5% CMC cryogel in each well (from left
to right). I) Horizontal pixel sum of each well ROI from panel H. J) Well region without
scaffold (T ROI) pixel intensity normalised by the total one (T ROI + B ROI) for three
experiments containing a 0.5%, 1%, 2% or 5% CMC cryogel in each well injecting D,O
at different flow rates (0.1, 1 and 5 mL/min). K) Normalised T ROI for an experiment
containing one or two 1% CMC cryogels in each well injecting D,O at 5 mL/min. L)
Normalised T ROI pixel intensity for an experiment containing two 1% or one 5 % CMC
cryogels in each well injecting D, 0O at 0.1 mL/min.
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1,2.5,5, and 10 mL/min) for each experiment. As represented in Fig. 4.5G, in all cases,
the water proton signal was removed from the scaffold region and pushed to the top of
the well. Also, the low variability in the box plots for the post-injection indicates that the
water proton signal was displaced to the top of the well (T ROI) for all the wells in every
experiment. Hence, with these results, I again validated the utility of MRI for studying
perfusion and also demonstrated the advantage of the cryogel used for fast, efficient and
consistent perfusion of media at a wide range of flow rates.

DO perfused properly through the 1 % CMC scaffold when I swiftly injected the
deuterated water manually. We placed the 4-well microfluidic chip with the correspond-
ing connections in the MRI scanner bed, setting the centre of the device in the most
homogeneous region of the MRI scanner. We first flowed D, O through the inlet channels,
filling half of the well. We then removed all the D,O of the cavities and put a scaffold
submerged in water with tweezers. Later, I placed the mesh on the top of the scaffold. The
chip then contained one scaffold with the corresponding mesh at the top surrounded by
water in each well. We injected the solution from the bottom and perfused D,O through
the tubing and the channels to avoid the production of bubbles during the injection. After
moving the chip inside the MRI scanner, I acquired a T{-FLASH sequence to image all
three planes of the chip to verify I placed it properly and check the absence of bubbles..

I took the chip out of the MRI scanner to make the manual injection, avoided any
potential overflow of the solution out of the wells. We quickly injected the D,O, pushing
the syringe manually taking around three seconds to fill all the wells contained in the
microfluidic device. The total volume injected manually with the syringe was ~ 600 uL
at around 12 mL/min of flow rate. In reality, the flow is distributed across 4 channels
at the same time, so the speed at which it is delivered is one-quarter for each well, so 3
ml/min. We carried out three replicates of the experiment to assess the reproducibility of
the experimental approach.

The customised meshes fulfilled their purpose by effectively hindering the scaffolds
at the bottom of the wells, forcing the injected solution to pass through them. With this
methodology, I successfully achieved to perfuse a dissolution into the scaffold in less
than 5 seconds. This fact allows us to confidently inject any dissolution that requires

rapid execution.
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4.3.3.3 Controlled perfusion evaluation of scaffolds using a syringe pump

In this approach, I injected the external solution in a controlled manner using a syringe
pump, testing how the injection flow rates affect the perfusion inside the scaffold. In this
case, I substituted the hardly reproducible manual injection by a reliable and controlled
way using an automatic syringe pump. We connected the syringe to the microfluidic chip
through a 3 mm OD PTFE tubing using a luer connector. We tested six different flow
rates: 10 mL/min, 5 mL/min, 2.5 mL/min, 1 mL/min, 0.5 mL/min and 0.1 mL/min. Also
pointing out that the real flow that the scaffolds see is one fourth of the corresponding one.
We effectively pushed out the water solution from the scaffold at all tested flow rates. In
Fig. 4.6 1 show a schematic example of the setup was performed simulating the flow of

the experiment.

10 ml/min 5 ml/min 2.5 ml/min

After injection

Before injection

1 ml/min 0.5 ml/min 0.1 ml/min

After injection

Before injection

Figure 4.6: Sagittal MRI images from the microfluidic device before and after the D,0 in-
jection with different flow rates. We tested 6 different flow rate (10 mL/min, 5.0 mL/min,
2.5 mL/min, 1.0 mL/min, 0.5 mL/min, 0.1 mL/min) and for each flow rate we show the
MRI imatge before and after the D,O injection trough the bottom of the microfluidic de-
vice
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4.3.3.4 Controlled perfusion evaluation of variable % of CMC cryogel scaffolds

With this new approach to assessing scaffold perfusion, I determined that denser cryo-
gels have more problems letting liquid inside, particularly at high flow rates. To further
validate the capabilities of MRI to study perfusion, I tested cryogels with a different car-
boxymethylcellulose (CMC) % (w/w), modifying their stiffness, density and porosity.
Concretely, I made and tested cryogels with 0.5, 1, 2 and 5 % of CMC. The initial tests,
done at a flow rate of 1 mL/min, indicated perfusion issues only with the 5 % CMC
cryogel. We shown these issues in Fig. 4.5H, where there is still water proton signal
at the bottom of the well (B ROI) after injecting D,O, where the scaffold’s percentage
of CMC is in increasing order, from left to right. Again, the horizontal pixel sum (Fig.
4.5]) clearly evidenced this fact, showing signal peak in the bottom region after injection
of the contrast agent. We indicate the results for three different flow rates in Fig. 4.5],
where the 5 % CMC cryogel only fully ejected its contained water at the lowest flow rate
(i.e. 0.1 mL/min). We hypothesised that this phenomenon happened due to higher porous
resistance at high flow rates in a much denser, stiffer and less porous scaffold. This lower
perfusivity also happened if I stacked two 1 % CMC cryogels in one same well, as shown
in Fig. 4.5K, indicating that the scaffold disposition and fluid resistance also plays an im-
portant role. We back up this assumption by also reducing the flow rate in this case to 0.1
mL/min, where again there is a significant increase in perfusion efficacy as indicated in
Fig. 4.5L. Hence, thanks to MRI and contrast agents I determined the perfusion efficiency
of scaffolds of different stiffness, densities and porosities uncovering some fluidic issues
potentially caused by high resistances.

We modified the fabrication of the CMC scaffolds, adapting the % (w/w) of the car-
boxymethylcellulose to modify the stiffness, density, and porosity of the biomaterial and
test how this could possibly affect its perfusion.

We then connected the syringe pump with the microfluidic device the same way I did
in the previous experiment. In this case, I tested the perfusion with three different flow
rates: 5 mL/min, 1 mL/min, and 0.1 mL/min 4.7. In the first two experiments using 5
and 1 mL/min respectively, the perfusion was almost completed in 0.5, 1 and 2 % CMC

scaffolds. However, in the 5 %, I got some of the water signal still in the bottom of the
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well, where I placed the scaffold. In the last experiment at 0.1 mL/min, all the water
contained and surrounding the scaffold was pushed up of the well, having no protons in
the bottom part of the wells.

FLOW RATE 5 mi/min 1 ml/min 0.1 ml/min
u :

5% 2% 1% 0.1% 5% 2% 1% 0.1% 5% 2% 1% 0.1%

% CMC of
the scaffold

FLOW RATE 5 ml/min 0.1 ml/min

S D N m
2 1 2 2 1 1

Figure 4.7: Sagittal MRI images from the microfluidic device before and after the D,O
injection with different flow rates, different % of CMC in the scaffolds and different
number of scaffolds in the well. In the top row we tested the perfusion with 3 different
flow rates and 4 different CMC scaffolds compositions. In the bottom row we tested the
perfusion at two different flow rates with different number of scaffolds at 1 % CMC.

number of scaffolds
in the well

44 CONCLUSIONS

In this work, I show how magnetic resonance imaging combined with D,O as contrast
agent is an advantageous tool to investigate the physical properties of materials. In par-
ticular, I used this approach to examine the diffusion and perfusion properties of porous
bio-compatible materials (i.e. scaffolds) commonly used to develop 3D cell culture mod-
els. Thanks to the deuterium’s different spin number compared to the hydrogen one, I
submerged water-filled scaffolds into an enclosed container filled with deuterium oxide
(D,0). Hence, I imaged, over time, the diffusion of water molecules enclosed in scaffolds
into the surrounding environment. Furthermore, thanks to microfluidics and custom-made
meshes, I studied the perfusion properties of such materials, highlighting the importance
of the scaffold stiffness, density and porosity type. Therefore, I show a novel methodol-

ogy to effectively study diffusion and perfusion in a fast, easy, low-cost and reproducible
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way.
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POLARIZATION LOSSES RESULTING
FROM THE NONADIABATIC PASSAGE
OF HYPERPOLARIZED SOLUTIONS
THROUGH METALLIC COMPONENTS

This project came out from an initial idea discussed with my supervisor and colleagues
from the IDIBAPS research center. The main objective was to ensure that the hyperpo-
larized conrast agent remained unperturbed in its polarization throughout injection via a
canunula inserted into the animals under study in the MRI scanner. 1 had the privilage
to collaborate on this project with one of my mentors and close friends, Dr James Eills.
My role in the project was both partial planning and designing of the experiments, half of
the experimental work and designing certain figures of the manuscript. This project was

eventually published in Journal of Magnetic Resonance[174].

5.1 INTRODUCTION

Hyperpolarization has opened the door to many applications such as in vivo metabolic
imaging[175, 48, 21, 176, 177], the elucidation of biomolecular structures[178, 179, 180,
181], investigations of polymers and viscous liquids[182, 183] plus heterogeneous and
homogeneous hydrogenation reaction mechanisms[184, 185, 186, 187], and many more.

Central to most of these applications is that the nuclear spin polarization survives move-
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/ Preclinical Hyperpolarization study \

Non-perturbed polarization

Perturbed polarization

K HP substrate /

Figure 5.1: Graphical representation of the third chapter purpose. In this picture I repre-
sented the injection of hyperpolerized [1-!3C]puyruvate to a mouse through its tail. We
represent the injection with the presence of a magnet, preserving the spins polarization
when the solution transferred through a needle, and the injection without the presence of
the magnet, with the polarization being perturbed by the needle.

ment of the liquid sample, for example during transport across a laboratory, or during
sample mixing. That is because the hyperpolarization procedure is often carried out away
from the measurement device in a separate instrument[188].

The profile of magnetic field experienced by the sample vs. time determines the sur-
vival of nuclear spin polarization during transport. On the one hand, spin relaxation gov-
erns how rapidly polarization returns to thermal equilibrium and is generally (although
not always) characterized by a decay time constant, T, that is field-dependent. Gener-
ally, if the transport time is similar to or longer than 77, a significant fraction (more than
half) of the starting polarization is lost.

The earth’s field is in principle sufficiently strong and homogeneous to satisfy adia-
baticity, even at high transport rates such as fluid flow inside capillary tubes[189, 190, 191,
192, 193, 194, 195, 196]. However, in an unshielded laboratory environment there exist
additional background fields from magnetic objects, such as NMR magnets or electrical
laboratory equipment. In this case, the total magnetic field is much less homogeneous,
and may be weak enough so that adiabaticity cannot be fulfilled when the sample is in

motion. These points in space are colloquially referred to as a ’zero-field crossings’[197].
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This term is helpful, although it may be slightly misleading since it is likely that inhomo-
geneity in the directionality of the field lines (causing an effective rotation in the B field
during transport) is more problematic than going to low field itself. One way to maintain
adiabaticity in order to preserve spin polarization is to provide a high magnetic field along
the sample transport path by using a magnetic tunnel[197, 191, 198, 199].

This is particularly helpful for solid samples where strong intermolecular dipole-
dipole couplings can lead to nonadiabatic transfer effects near Earth’s field, because these
couplings become the interaction of leading strength[200]. An additional benefit of mag-
netic tunnels is that 77 time constants are often slightly longer in elevated field compared
to Earth’s field[201, 202], especially if the solution contains paramagnetic species such as
the radicals used for the DNP process or quadrupolar nuclei, such as *N[203].

We have observed in experiments with hyperpolarized samples that passage of the
sample through stainless steel parts such as syringe needles or through capillary tubing
supporting nuts/ferrules can lead to partial or complete loss of the hyperpolarization. We
attribute this to the spins experiencing nonadiabatic changes in the By field when passing
rapidly through these small-diameter, weakly ferromagnetic parts. In this work I investi-
gate how nuclear spin polarization in liquid samples is affected by passage through stain-
less steel syringe needles under conditions such as the needle length/diameter, orientation
in space with respect to the ambient field, and strength of additional guiding fields. We
have carried out experiments with dDNP-polarized [1-'3C]pyruvate detected in a 1.4 T
bench-top NMR magnet, and with water polarized in a 1 T permanent magnet, detected

in a sub-Earth’s-field spectrometer.

5.2 MATERIALS & METHODS

5.2.1 HF Experiments with Hyperpolarized [1-13C]pyruvate

To hyperpolarize [1-13Clpyruvate, 24 uL of [1-'*C]pyruvic acid (Merck, Darmstadt, Ger-
many) containing 15 mM trityl radical OX063 (GE Healthcare, Illinois, U.S.A.) and 1.5 mM
gadoteric acid (Guerbet, Villepinte, France) was placed into a sample cup and inserted into
a HyperSense commercial dissolution-DNP polarizer (Oxford Instruments Ltd., Oxford,

U.K.) operating at 3.35 T magnetic field. This sample was cooled to 1.3 K, and irradiated
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with 100 mW microwaves at 94.115 GHz for approximately 40 min. The hyperpolarized
frozen solid was then rapidly dissolved and flushed out of the polarizer by injecting 5.2 mL.
of heated phosphate buffered saline supplemented with 1% HEPES, 0.01% EDTA, 0.1%
NaCl, and 0.2% NaOH (pH 12). This yielded a 5 mL solution of 80 mM [1-'3C]pyruvate
at pH 7 and around 12.5% '3C polarization, which was collected in a plastic falcon tube.
The resulting mixture was then further diluted by adding 10 mL MilliQ water, resulting in
15 mL of 27 mM [1-'3C]pyruvate solution. This dilution was performed to have enough
sample to fill all the NMR tubes required for each experiment. The radicals (24 uM in
our experiments) were not filtered because (1) the impact on 77 is small, even at very
low fields where the adiabatic condition fails to be met,[204] and (ii) to a large extent,
relaxation and nonadiabaticity contributions to polarization loss are decoupled from one
another.

The sample was extracted through a plastic capillary (1/16inch O.D., 1/32inch I.D.,
polyether ether ketone) into a 20 mL plastic syringe. At this point after extracting the
sample from the polarizer it had not come into close contact with any metallic parts. The
sample was then injected into 5 mm O.D. borosilicate NMR tubes through either the same
plastic capillary (for control experiments), or a metal syringe needle, as described in the
text. The sample injections were performed every T's (for Fig.5.2 T=10s, for Fig.5.2
T =12s), with 300-400 uL of hyperpolarized solution injected into each tube (a sufficient
volume to completely fill the NMR coil to ensure quantitative measurements). After fill-
ing, each tube was immediately inserted into a 1.4 T benchtop NMR spectrometer (Pulsar,
Oxford Instruments) and a '3C NMR spectrum was recorded. The tube was then removed
from the NMR magnet and discarded. In this way, the hyperpolarized [1-'>C]pyruvate
solution was kept in the 20 mL plastic syringe, with a small aliquot ejected into a separate
NMR tube every 10 — 12 s immediately prior to NMR signal acquisition. The acquisition
parameters for all '>*C NMR measurements were an acquisition time of 3.2s; 16k data

points; 90° flip-angle excitation pulse (15.5 ps).
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Needle || Gauge | Length (in.) Provider

I 21G 2 BD Microlance

II 20G 0.5 Darwin Microfluidics
111 19G 1 Henke Sass Wolf
v 18G 1.5 BD Microlance

\Y 25G 5/8 BD Microlance
VI 25G 0.5 Darwin Microfluidics
VII 27G 3/4 BD Microlance

Table 5.1: Summary of the seven metal syringe needles used in this work. Unless other-
wise specified, needle VII was used for experiments.

5.3 RESULTS & DISCUSSION

5.3.1 HF experiments with hyperpolarized [1-1*C]pyruvate

A concentrated pellet of neat [1-'3C]pyruvic acid was polarized via dissolution DNP us-
ing a HyperSense polarizer (Oxford Instruments, U.K.), and ejected via rapid dissolution.
The resulting pH neutral solution contained [1-'3C]pyruvate at 80 mM concentration and
12% '3C polarization. 4 mL of this solution were immediately diluted further with dis-
tilled H>O to bring the total volume up to 20 mL. Then, 400 puL. aliquots of this solution
were dispensed sequentially into a series of 5mm o.d. NMR tubes using either a plastic
capillary or a syringe needle to direct the solution into each tube.

These dispensing operations were performed rapidly (one every few seconds), and
the tubes were taken every 10 s for signal acquisition. An illustration of the experiment is
shown in Fig 5.2(a,b). Initial NMR acquisitions on NMR tubes filled via a PEEK capillary
served as control points, since the hyperpolarized solutions did not come into contact with
any metal parts. Subsequent NMR tubes were filled using seven different metal syringe
needles, as shown in Table 5.1 (in the Materials and Methods) and Fig 5.2(c). The solution
was either supplied through the needle in Earth’s field (cyan), with a neodymium N52 bar
magnet (1.45 T remanent field) held next to the needle (purple), or with the needle inside
a 1 T Halbach magnet (gold). The resulting data are shown in Fig 5.2(e).

We observe that the control spectra (black points) in Fig 5.2 show an exponential de-
cay in amplitude over time, with a time constant of 56 =0.4s. This corresponds to the
13C T} decay time constant of the solutions in Earth’s field, during the period when the

samples were kept outside the NMR magnet prior to measurement. Injection through a
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Figure 5.2: (a) Experimental schematic illustrating the methodological progression: ini-
tial NMR tube filling via a PEEK capillary for the first acquisition is indicated by #1.
Subsequent NMR tubes were filled using individual syringe needles for acquisitions #2-
#25, with strategic positioning of an N52 bar magnet for acquisitions #12-#22 or a 1T
Halbach magnet for acquisitions #23-#25. (b) Simplified sequence showing the experi-
mental procedure. (c) The 7 syringe needles used for this experiment. (d) A comparison
between the 'H-decoupled '3C NMR spectra of acquisitions #1 (left) and #2 (right) il-
lustrated in (a), showing a significant decrease of the [1-'3C]pyruvate '3C signal when
the sample was passed through a syringe needle in #2). The bottom spectra are a vertical
zoom X 100 of the corresponding top spectra. The satellite peaks observed are from the
natural abundance of pyruvate molecules with an additional '3C nucleus in the C2 or C3
position. (e) Effect of different injection conditions on [1-'3C]pyruvate liquid-state po-
larization. Data points represent the integrals (absolute value) of the [1-'*C]pyruvate 13C
NMR signal of the labelled C1 position, normalized to 1 for the first scan. The dotted
line represents an exponential decay function of the form M(t) = Myexp (—t/Ty) fit to
the data, and the fitted 77 value is given in the plot. The grey shaded region represents
the area in which the '3C integral is more than 10x lower than predicted from the control
experiments. The asterisk denotes a data point with negative amplitude.

syringe needle reduced the magnitude of the NMR signal by at least a factor of 10 in
almost all cases, with the exception of needles II and III. In one case (needle VI) the
resulting '3C signal was still weakly hyperpolarized but inverted in sign, indicating that
(as expected) these signal losses result from nonadiabatic passage through the needle and
not an incoherent relaxation process. In contrast, when the N52 permanent magnet was
placed adjacent to the needle during injection, and likewise when the needle was placed
inside a permanent 1 T Halbach magnet, the polarization was preserved in all cases.

In Fig 5.2(d) a comparison between '3C spectra in the frequency range of the pyruvate

C1 site is shown for a sample injected through a plastic capillary and through syringe nee-

114



CHAPTER 4

10000 0 g Needle type
-&.\\\\‘ @ Plastic
= \\\‘.“ ® Metal
S 401k -
5 10 T
ST) T T T
5 107 GDe o@D (n
e . o\4’2
ﬁ G 0)e*
£ 2 oo,
£ 105} 0,0) (E 0) o(z'ﬂ)
z T 4 T T
104, <7'n)° : G 73)
D) 0 50 100 150
10000 - o o
-9 _ o _ R
_ Te-—__ 65mT
210-'7 ‘\\*‘:SmT
g ~
E 325mT @ s
°
[
- 1072
el
Q 0.065mT @
T 100k 0.325mT  @* Needle type
5 @ Plastic
b4 104l @ Metal
0.65mT @
L L - :
) 50 100 150
Time (s)

Figure 5.3: (a,c) Effect of the angle of the syringe needle in space on the '>C polarization.
Data points represent the integrals (absolute value) of the [1-!3C]pyruvate '3C NMR sig-
nal of the labelled C1 position, normalized to 1 for the first scan. Numbers in brackets
represent the angle of the needle with respect to the laboratory in spherical coordinates,
as represented in part (a). The dotted line represents an exponential decay function fit to
the data, and the grey shaded region represents the area in which the '3C integral is more
than an order of magnitude lower than predicted from the control experiments. Asterisks
indicate data points that have a negative integral. (b,d) Effect of an applied magnetic field
on the '3C polarization. The experiment was carried out with the needles always upright
in an NMR tube, but with a variable field applied during sample injection using a solenoid
coil. The applied fields are written next to the corresponding data points.

dle I. For the solution that passed through the syringe needle, the central peak at 172 ppm
is almost completely lost. The additional peaks in the spectrum, which somewhat sur-
vive, are 13C satellite peaks from the [1,2-13C,] (outer satellites) and [1,3-13C5,] (inner
satellites) pyruvate isotopologs.

To understand whether the alignment of the needle in space (i.e., its alignment in
the laboratory magnetic field) affects the adiabaticity of the process, I repeated the hy-
perpolarized [1-13C]pyruvate multi-injection experiment using needle VII, with the so-
lution injection into the NMR tubes carried out at different needle orientations in space
(Fig.5.3(a)).

I also performed periodic control experiments, injecting the pyruvate solution through

a plastic capillary into the NMR tubes. As before, the NMR tubes were placed in a
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1.4 T bench-top NMR spectrometer for '3C signal acquisition, and the integrals of the
C1 [1-13C]pyruvate NMR signals are plotted in Fig. 5.3(c). The orientation of the needle
with respect to the axis system of the laboratory is denoted in spherical coordinates as
(6,¢), with 0 the polar angle and ¢ the azimuthal angle, next to the corresponding data
point. These data indicate that the orientation of the needle in space does not significantly
influence the dephasing of the spins, since in all cases a signal reduction by more than a
factor of 10 is observed.

We then carried out an experiment to determine what strength of applied magnetic
field around the syringe needle would make the injection process adiabatic to preserve the
13C hyperpolarization. The hyperpolarized [1-'*C]pyruvate multi-injection experiment
was repeated using needle VII, with a solenoid electromagnet wrapped around the needle
to provide a guiding magnetic field (Fig. 5.3(b)). The strength of the guiding field was
varied between experiments by changing the current through the coil with a variable DC
supply. The '3C NMR signal integrals from the C1 site in [1-'*C]pyruvate are shown
in Fig.5.3(d). The applied field for each injection is shown next to the corresponding
data point. We observed that a field of between 3.25 mT and 6.5 mT was required for the
solution transport through the needle to be adiabatic.

Periodically, for some experiments in this series, the pyruvate solution was injected
through the plastic capillary to obtain reference signals to quantify the polarization loss. In
Fig. 5.4 1 show a comparison between the '>C spectra for two hyperpolarized [1-'3C]pyruvate
samples: one that passed through a plastic capillary and the other that passed through
needle VII. For the latter, the central peak from the CI site is dramatically reduced in
amplitude by the nonadiabatic passage through the needle, but the carbon satellite peaks
from the 1.1% of molecules with a '>C nucleus in the C2 position remain hyperpolarized.
The '3C NMR signal of the C2 carbon (207 ppm) is also mostly unaffected by the nee-
dle passage. The chemical shift difference between the two carbon sites is 35.1 ppm and
the ! Joc-coupling is 62 Hz, meaning the J-coupling dominates at low fields, leading to a
change in the eigenbasis to the singlet-triplet basis. The '3C-13C singlet state is a non-
magnetic state that is unaffected by the magnetic field changes experienced during sample
transport (i.e., from the needle passage), but is transformed back into an observable mag-

netic state as the sample is placed in the high-field NMR magnet. Our observation is the
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Figure 5.4: Left: Tllustration of the '3C spin state populations as they evolve during the
course of the experiment. Passage through the needle leads to destruction of overall mag-
netization, illustrated by the equalization of the triplet state populations in low (50 uT)
magnetic field. Without passage through a needle, 7| relaxation anyway leads to par-
tial redistribution of 7'y population to the other triplet states. The transitions that lead to
observable NMR signals are labeled in red/pink. Right: Experimental data showing the
"H-decoupled '3C NMR signals from two samples acquired 12 s apart, where the first
sample was passed through a plastic capillary (top) and the second was passed through
a stainless steel syringe needle (bottom). Both spectra were acquired using a 90° flip-
angle pulse. Simulated spectra are shown (dashed lines) beneath the experimental spec-
tra. These spectra were simulated by propagating a density operator of initial o spin
order through the experimental process, using a 90° pulse to redistribute the populations
evenly within the triplet manifold to mimic passage through the needle, and filtering out
coherences generated before the return to high field. In both simulations '3C-13C dipolar
relaxation (which can induce relaxation within the triplet manifold) and relaxation from
randomly fluctuating external fields was included. We observe good agreement between
simulated peak amplitudes and experiment: this is particularly noticeable for the top spec-
trum in which peaks 3 and 4 are visibly different in amplitude than peaks 1 and 2.

same effect as reported in Refs. [205, 206, 191, 207] , although in our work the samples
were not '3C-enriched so I only observe the effect for the 1.1% of molecules with a 13C
spin in the C2 position.

To better understand this, we can assume the DNP process generates an excess of pop-
ulation in the o state which leads to over-population of the 7 state at low field. For
a sample that does not pass through the needle, relaxation leads to partial redistribution
of the spin population within the triplet manifold, but a strong singlet-triplet imbalance
remains because triplet-to-singlet transitions are nominally forbidden by symmetry rules,

and immune to many relaxation mechanisms[208, 209, 206]. For a sample that does pass
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Figure 5.5: Effect of stainless steel ferrules on the '3C polarization. Data points rep-
resent the integrals of the [1-'3C]pyruvate 3C NMR signal of the labelled C1 position,
normalized to 1 for the first scan. The inset figure shows the capillary tubing, nut, and
ferrules used for the injections. The dotted line represents an exponential decay function
fit to the data, and the grey shaded region represents the area in which the 13C integral is
more than an order of magnitude lower than predicted from the control experiments.

through the syringe needle, this process leads to destruction of magnetization which I
model as equalization of the three triplet state populations, but this process cannot induce
triplet <+ singlet transitions so the Sy state remains depleted. Upon adiabatic return to
high field, both samples exhibit hyperpolarized NMR signals due to the populations aris-
ing from the singlet. The spin state populations and eigenbasis changes throughout this
process are depicted in Fig. 5.4.

We additionally investigated the magnetization-loss effect for hyperpolarized [1-!3C]pyruvate
samples passing through stainless steel ferrules and nuts, which are common components
of the connections used in fluidic transport lines. The hyperpolarized sample was col-
lected in a syringe and injected into a series of NMR tubes through one of three capillary
tubes, where the tube passes through: (1) no metallic parts (control), (2) a 1/16" ferrule,
and (3) a ferrule+nut set (1/16" i.d., 10-32 threads). The capillary in all cases was a 1/16"
0.D., 1/32" L.D. polyether ether ketone tube (Part No. 211608, BGB Analytik). The re-
sults from this experiment and a diagram showing the three capillaries used are shown in
Fig.5.5. As expected, passage of the sample through the metal components does cause

polarization losses, although the effect is significantly weaker than for metal syringe nee-
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dles. The typical signal reduction (compared to the control experiment) was 304+10% and
50420%, respectively. Although these polarization losses are relatively minor compared
to the near-complete loss observed from passage through metal needles and indeed may
go unnoticed, they nonetheless cause some concern. For example, in metabolic tracing
applications a minor inconsistency in the NMR signal as introduced by the losses may be

comparable to the variation caused by other parameters, leading to false conclusions.

5.3.2 Magnetic field produced by a syringe needle

To better understand the reason why polarization is lost as solutions pass through a syringe
needle, I have carried out additional measurements of the magnetic field produced by
needle VIIL.

In Fig.5.6 I show a 3-axis measurement of the magnetization of needle VII using
three uniaxial vector magnetoresistance sensors (PNI Corp. RM3100 module).[210] The
syringe needle was placed adjacent to the x-axis sensor, close to the y- and z-axis sensors,
and the magnetic field was measured at discrete intervals across one full revolution about
the long axis (z). This is illustrated in the schematic in Fig.5.6(a), and the results are
shown in (b). We infer that the needle is magnetized transverse to the long axis due to the
large, sinusoidal variation of the x and y field readings with rotation angle, and the field
produced outside the needle at a distance of a few mm is on the order of tens of uT.

Information on the internal stray field produced by small metallic components is im-
portant to describe the precise mechanism underlying the loss of nuclear spin polarization.
Two factors are key: the inhomogeneity of the magnetic field, and rapid motion of the nu-
clei through the inhomogeneous field profile. We have not observed in any experiment
that the magnetization is substantially preserved but reversed in sign, which suggests that
the passage cannot be modelled as the spins moving nonadiabatically from the lab field
into a homogeneous field within the metal component. This would behave like a "pulse’
on the spins of a given flip-angle, and the projection of the spin magnetization on the new
quantization axis (z) may be either positive or negative, producing either an absorptive or
emissive NMR signal.

The magnetization destruction effect can be suppressed by applying a magnetic field

on the order of 0.1-10mT around the metallic component to provide a strong-enough
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Figure 5.6: Magnetic field outside the needle produced by itself. (a) The experimen-
tal setup to measure the magnetic field outside syringe needle VII (27G, 3/4"). (b) The
measured field in three axes during a full rotation of the needle. The three vector magne-
tometer probes are sensitive to fields along their long axes.

field to ensure adiabaticity of the spins during sample passage. The large field range I
give (spanning two orders of magnitude) is based on the results obtained in Fig.6.3(d),
and is inherently broad since it depends on many experimental factors, such as the inter-
nal diameter and remanent magnetization of the needle, the nuclear spin species, and the
solution flow rate. This can be done by constructing a magnetic tunnel along the sample
transport path[197], and in the case of in vivo imaging the intravenous injection can be
carried out inside the MRI magnet[21]. From conversations with colleagues and from our
own experience, we recognize that it is easy to unintentionally overlook the introduction
of metallic parts into sample transport paths without due care. This is especially relevant
for components such as nuts and ferrules, which are common in hyperpolarization appa-
ratus for fluidic control, and have been shown to cause a partial loss of hyperpolarization
that may go unnoticed.

Although 316 stainless steel is colloquially referred to as nonmagnetic, it can become
weakly ferromagnetic during the manufacturing process. This property is not limited to
steel; common aluminium alloys also exhibit a small degree of ferromagnetism that can

affect NMR measurements[211]. Steel is particularly susceptible to becoming ferromag-
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netic if it is cold-worked, which is typically how syringe needles are manufactured[212].

5.4 CONCLUSIONS

In this work I have studied the passage of magnetized solutions through metallic parts,
and observed that in many cases the sample magnetization is diminished or lost due to
nonadiabaticity of the passage. We have focused on solutions flowing through stainless
steel hypodermic needles and capillary tubing supporting stainless steel nuts and ferrules,
since these parts are commonplace in hyperpolarization equipment. The transport process
can be made adiabatic by application of a magnetic field on the order of 0.1-10 mT around
the metallic part, and the magnitude of this field is expected to depend on factors such as
nuclear spin species, internal diameter and remanent magnetization of the metallic part,
and solution flow rate.

This polarization-loss effect will be familiar to many researchers in the discipline, but
commonly goes unnoticed in an applied setting. We hope our work will highlight this
pitfall for scientists new to the field, and shed light on the phenomenon. We expect this
effect to be especially relevant in the growing area of ultralow- and low-field MRI[213,
214, 215, 216, 217, 218, 219], when hyperpolarized solutions are employed[220, 221].
These studies are typically carried out at between 5 to 60 mT field, meaning that even if
the sample transport step is adiabatic, the field of the imaging magnet itself may not be

high-enough to ensure adiabaticity of samples passing through syringe needles.
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BENCHTOP NMR FOR
LAB-ON-A-CHIP

This thesis chapter represents the most substantial project I have undertaken in close col-
laboration with the companies Oxford Instruments (OI), Multiwave Technologies (MW)
and the research centre Institut d’investigacions biomediques Agust Pii Sunyer (IDIBAPS)
under Dr. Marco-Rius guidance. I contributed in the experimental development of the mi-
crofluidic device, engaging in ongoing discussions with Ol and MW to design the optimal
coil dimensions and properties for the chip and the necessary features of the spectrome-
ter to effectively accommodate the microfluidic device. I played a pivotal role in sample
preparation and development of the hyperpolarization section, both in dDNP and PHIP.
In the case of dDNP, I oversaw the daily maintenance of the polarizer and executed the
sample preparation and polarization processes. In the para-hydrogen polarisation section,
I contributed with the design and development of the complete setup for approximately
one year. Subsequently, I also handled sample preparation and polarization for the NMR
experiments within the microfluidic device, for all sequences optimization, enzymatic and
in vitro studies. To finish I performed the corresponding data processing of the experi-

ments mentioned above.

6.1 INTRODUCTION

Benchtop NMR spectrometers (1.4-2 T) emerged as a practical and cheap alternative to

high field NMR spectrometres (3-28 T)[222]. The portable spectrometer version is built
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around permanent magnets, resulting in a cost-effective, more compact and cryogenic-
free, with no need of liquid nitrogen and helium filling. Although their technical ca-
pabilities are limited, it is raising as a feasible option to be employed at locations and
facilities where there is either a lack of financial support or physical constraints and space
limitation[223].

Nowadays, all the commercial producers of benchtop NMR spectrometers are using 5
mm i.d. NMR tube probes, limiting the capacity to host different shape vessels. Further-
more, the sample nature is hindered to mandatory fit in an NMR tube and place it down
at the bottom of the tube, where the detection region of the spectrometer coil takes place.
These instruments are currently covering a wide variety of disciplines such as material
science[224], quantitative NMR for compound purity (assay or potency)[225, 226], food
science[227], reaction monitoring processes[228], metabolomics[229], hyperpolarization
development towards real-time metabolism tracking[230].

Unlike thermal equilibrium NMR, hyperpolarization techniques enhance the polariza-
tion of nuclear spins to levels far exceeding those achievable under thermal equilibrium
conditions[9]. This remarkable enhancement of nuclear polarization translates directly
into more intense NMR signals[231]. Hyperpolarization emerged as a revolutionary tech-
nique in the last 20 years pushing the boundaries of NMR sensitivity and opening new
avenues for many research fields[232, 233, 234]. Low field NMR spectrometers lack of
sensitivity and resolution compared to high field, two features that do not constraint most
of the '3C hyperpolarization experiments. Microfluidics devices, often referred as mi-
crofluidic chips or lab-on-a-chip systems, are miniaturized platforms that manipulate and
control small volumes of fluids, typically on the microliter to picoliter scale[82]. These
devices are designed to perform various chemical, biological, and physical processes with
high precision. These devices are typically constructed at the microscale, often using mi-
crofabrication techniques such as photolitography([85, 86].

Microfluidic devices are expected to offer effective solutions to persisting problems in
drug development and personalized disease treatments. One big advantage is the capa-
bility of allowing experimental analysis with tiny amounts of sample, saving cost and
enhancing the throughput[87]. Only some of the hyperpolarisation techniques have been

combined with microfluidic systems: dDNP[171], PHIP[235], spin exchange optical pump-
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ing (SEOP)[236], and chemical induced dynamic nuclear polarisation (CIDNP)[237].

In this study, we have designed and created, a benchtop NMR spectrometer and the

1-"3C-pyruvate

1-"C-pyruvate hydrate

D) i -a‘<i \ i 1-*C-alanine

195 190 185 180 175 170 165 160
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Figure 6.1: Overview of the work presented, including a benchtop NMR spectrometer
for the detection of hyperpolarization-enhanced NMR metabolism in 3D tissue engineered
cell models. A) NMR spectrometer. B) Chip carrier with the microfluidics chip and the
embedded RF coil. C) 3D liver spheroids. (D) Example of metabolic pathway observed
upon injected hyperpolarised [1-'3C]pyruvate.

corresponding microfluidic device optimised to measure real-time metabolism using hy-
perpolarisation by dDNP. The microfluidic device has incorporated an X-nuclei trans-
mitter/receiver saddle radiofrequency coil to maximise SNR and B; homogeneity in the
microfluidic well, where the sample under measurement takes place. Furtheremore the
coil was designed to produce the By field transversal to the B of the permanent magnet,
making possible the insertion of the chip completely flat and pointing up, avoiding any
potential problem with gravity.

This setup is versatile to test a wide hardware variety such as coil design, size, shape and
material. This approach would make also feasible to test different platform shape, size
and channels adapting to the user requirements.

I measured '3C-pyruvate and fumarate T inside the microfluidic device using the custom
made saddle coil to test the efficiency of the system. Then, I moved towards real-time

metabolic analysis. In a first approach, I mixed hyperpolarized [1-!3C]pyruvate with a
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lactate dehydrogenase (LDH) and NADH (enzyme co) dissolution, to reduce pyruvate
to lactate through an enzymatic reaction. With this conditions I aimed to measure the
kinetic constant of the pyruvate to lactate conversion (kpz). Furthermore, I tested cellu-
lar metabolism with cells in suspension (HepG2) and measure again the kp;, for this cell
line. The main aim of this thesis chapter was to proof the efficiency of all the hardware
developed (chip, coil and NMR spectrometer) with in vitro, real time and non-invasive

experiments.

6.2 MATERIALS & METHODS

6.2.1 Development of a bencthop NMR spectrometer for lab-on-a-chip applications

Oxford Instruments modified a 1.4 T commercial benchtop NMR spectrometer (X-Pulse,
Oxford Instruments) to allow for planar microfluidic chips to be inserted into the spec-
trometer between the parallel magnets producing the By magnetic field. For this purpose,
they 3D printed a carrier from a photopolymer resin (Formlabs White V4 Resin) to ac-
commodate the chip outside the spectrometer prior to the NMR experiment, and connect
the corresponding capacitors to the saddle coil embeded in the microfluidic device for the

measurement.

6.2.2 Microfluidic chip device

A microfluidic chip 6.2 was designed and fabricated specially for this NMR spectrome-
ter with the following requirements: i) an experimental sample well to be placed in the
homogeneous By region of the spectrometer, ii) a reliable method to control the flow
rate upon the injection of a hyperpolarized substrate, iii) a constant delivery and renewal
method of the cell media, iv) and a place integrate a transmit/receive radiofrequency coil
for for 'H and '3C nuclei. The microfluidic chip was composed by a glass substrate and
a single layer of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, USA) and
fabricated following a standard replica molding protocol. The chip was designed to mea-
sure 75x38x12 mm and approximately 20.25 g on avarage. There is one inlet channel
supplying the liquid to the well through a membrane pump and a serpentine channel, two

inlets facing directly to the well from the bottom, and one outlet in the middle height of
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the well. The sample well was designed to be sealed on the top by a removable round
cover glass, enabling access to the cell chamber and giving the option to seal the system

once the cells or engineered tissue have been inserted.

A) B)

Hyperpolarization
channel

Figure 6.2: Microfluidic device and its corresponding fabrication mold. A) PDMS (Poly-
dimethylsiloxane) microfluidic chip i) The microfluidic device from a tilted top view
pointing out its features and characteristics, such as the membrane pump, the microfluidic
channels, the saddle coil embedded in the chip and surrounding the sample well, the sci-
ence chamber (well) and the expected engineered 3D cell model inserted in the well. ii)
The microfluidic device from a bottom view pointing the hyperpolarization channel and
the bottom glass. B) PMMA (polymethyl methacrylate) mold to fabricate the microfluidic
device. i) top view of the mold to replicate the bottom side of the chip. ii) lateral view of
the mold to replicate the bottom side of the chip. iii) top view of the mold to replicate the
top side of the chip. iv) lateral view of the mold to replicate the top side of the chip.

6.2.3 Coil embedded in the microfluidic chip

The design was optimized numerically with CST microwave studio (Finite Element Solver).
A scaffold (height 2 mm and diameter 5 mm) was placed inside the cylindrical saddle coil
(relative permittivity 80 and conductivity 1.2 S.m™!) to load the probe. Several parame-
ters such as the number of turns, the height and the diameter of the coils were optimized
to reach the highest average B! amplitude in the scaffold. The copper traces are 35 um
thick and placed on 200-um-thick polyimide substrate to represent accurately to the final
prototype that would be produced on flexible substrate. For each case the coil was tuned

and matched to 15 MHz and B field normalized to 1 W of input power.
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6.2.4 HP fumarate using PHIP

All the chemicals were purchased from Sigma-Aldrich. I prepared a dissolution of 50
mM disodium[1—13C]acetylene dicarboxylate and 100 mM sodium sulfite in D,O. Then,
I added the ruthenium catalyst [RuCp*(CH3CN)3;]PF¢ and I dissolved it by gentle heat-
ing and sonicating, with a final catalyst concentration of 8 mM. We prepared 10 mL of
this dissolution to run a approximately 15 experiments (=700 uL per experiment). We
decided to prepare small batches of dissolution as it degrades fast (=2 hours). We ran the
hydrogenation reaction in a 30 mL of capacity stainless steel reactor set at 100 °C. The
p-Hz (95 % enriched at 20 K) pressure inside the reactor was set at 8.0 bar, and I was
bubbling the dissolution for 30 s through peek tubing. To carry out the hydrogenation,
a postdoctoral researcher in the group, Dr. James Eills and I built a software-controlled
electrovalve circuit to pressurize and depressurize automatically. After 30 s of hydrogena-
tion, the system depressurized automatically and I poured the resulting solution in a test
tube placed inside a solenoid coil in a magnetic shield to transfer the polarization from
'H to 13C.

We transformed the proton singlet order into carbon magnetization in the fumarate
molecule using a magnetic field sweep setup. The magnetic field sweep was carried
out in magnetic shield (3 layers mumetal,ZG-206) through a magnetic field cycle. The
power supply provided power as a constant 4.0 V output, as an input to the NMRduino
(microcontroller)[238]. The NMRduino output at variable voltage to provide a chosen
current to the solenoid coil, to yield the desired magnetic field strength. The coil was
initially set at 10 uT, dropped to O 1T in less than 10 ms, and then increased adiabatically
to2 uT in 4 s. The sample was then removed from the shield and ready for the NMR ex-
periment. The resulting fumarate concentration was 42 mM = 2 with a 84 % of chemical

yield and 32 % of polarization level.

6.2.5 Hyperpolarized [1-13C]pyruvate using dDNP

To hyperpolarize [1-'3C]pyruvate, 24 uL of [1-'3C]pyruvic acid (Merck, Darmstadt, Ger-
many) containing 15 mM trityl radical OX063 (GE Healthcare, Illinois, U.S.A.) and 1.5 mM

gadoteric acid (Guerbet, Villepinte, France) was placed into a sample cup and inserted into
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a HyperSense commercial dissolution-DNP polarizer (Oxford Instruments Ltd., Oxford,
U.K.) operating at 3.35 T magnetic field. This sample was cooled to 1.3 K, and irradiated
with 100 mW microwaves at 94.115 GHz for approximately 40 min. The hyperpolarized
frozen solid was then rapidly dissolved and flushed out of the polarizer by injecting 5.2 mL.
of heated phosphate buffered saline supplemented with 1% HEPES, 0.01% EDTA, 0.1%
NaCl, and 0.2% NaOH (pH 12). This yielded a 5 mL solution of 80 mM [1-'*C]pyruvate

at pH 7 and around 12.5% '3C polarization, which was collected in a plastic falcon tube.

6.2.6 Real-time metabolism study of HepG2 cells

All cell culture reagents were obtained from Thermofisher Scientific-Gibco™ unless said
otherwise. HepG2 human hepatocarcinoma cells (CliniSciences S.L.) were cultured in
Eagle’s Minimum Essential Medium (EMEM) (ATCC) supplemented with 10% fetal
bovine serum (FBS) and 1% penicilin-streptomycin (P/S) (10* U mL™1). Cells were
cultured and maintained in 175cm? flasks and incubated at 37°C under 5% CO, and the
media was changed every 48-72h and passaged once reached 80% confluence. 48h be-
fore HP-NMR cell measurement, 5-10° cells were seeded in T-75cm? flask. 24h before
experiment, cells were treated with 0.1% DMSO. After treatment, the flask was washed
with PBS, cells were detached using Trypsin-EDTA 0.25% and centrifuged for 3 min at
200g. Cell viability and number was assessed by trypan blue staining. 107 cells were
moved in a 1.5mL eppendorf with 120 uLL of EMEM next to the polarizer and the BLOC
spectrometer in a polystyrene box with water at 37°. We mixed 8 uL of hyperpolarized
[1-13C]pyruvate sample with the 120 pL of the EMEM containing the cells and the re-
sulting solution was rapidly pipepetted into the sample well of the microfluidic device.
After closing the well with the round glass the carrier was inserted in the spectrometer as
quick as possible (/= 30-35 s) and start the NMR dynamic acquistition.

We obtained the NMR data using a modified X-Pulse (Oxford Instrument). We cor-
rected magnetic field inhomogeneities with a shimming protocol optimized by Oxford
Instruments and some further modifications to a microfluidic device filled with water. We
used X-pulse Spinflow software to determine de acquisition parameters and Mestre Nova
15.0.0 version to process the obtained data. We acquired the dynamic acquisitions us-

ing a 13C array sequence with WALTZ decoupling. The acquisition parameters are the
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following: repetition time 5 s, 30° flip angle, 1 averages.

6.2.7 Data analysis

We used a commonly employed simplified mathematical model to describe the reactions
done by lactate dehydrogenase and fumarase and fit the kinetic constants of these[239,
240, 241, 242]. The model only considers the conversion of the hyperpolarized substrate
(pyruvate or fumarate) to product (lactate or malate) at constant rates of Kpy (LDH) or
Kryr (FH), the reverse reaction with constant rates Ky p (LDH) or Ky (FH), and the loss
of signal due to the longitudinal relaxation constants (i.e. T1). The differential equations
for the reactions are:

d[Substrate]

= Kpp/mr [Product] — ( + Kpr/pm) [Substrate] (6.1)

dt TlSubstrale
d|Product 1
% = KPL/FM[SMbS”’Clle] — (W —I—KLP/MF)[Product] (62)
1

We implemented the code for the parameter fits in the Julia Programming Language,
only using the data for the metabolism products. We solved the differential equations
numerically using an initial value problem (IVP) solver for stiff problems (CVODE BDF).
As a cost function for the optimisation problem, I used the mean squared error (MSE)
function defined as:

1

MSE = i—Aiz 6.3
N i =i (6.3)

=

i=1

Were N represents the total number of data points, y; the experimental data and y; the
simulated one. We solved the optimisation problem using a global optimiser (i.e., Differ-
ential Evolution) from the Julia package BlackBoxOptim.jl., setting reasonable bounds
for all the parameters and allowing the optimisation to run for a maximum of three min-
utes (convergence of the results for all optimisations happened between 30 seconds and 2

minutes).
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6.3 RESULTS & DISCUSSION

6.3.1 Technical development: spectrometer, carrier, chip and RF coil

I constructed a PDMS-based microfluidic chip, featuring channels measuring 200 pym x
200 pm that connect to a cylindrical chamber (5 mm x 5 mm) intended for NMR detection.
This setup incorporates a passive membrane pump, designed to transport hyperpolarized
solutions. This pump, with a 20 mm diameter cavity, is topped by an 800 pm PDMS
membrane, serving as a damper to diminish pressure surges during hyperpolarized solu-
tion injections. The chosen materials ensured no susceptibility artifacts. A saddle RF coil
was designed and developed, with a 6-turn structure measuring 5.4 mm in height and 5.5
mm in diameter6.3. A scaffold (relative permittivity 80 and conductivity 1.2 S.m-1) was
integrated within the coil to facilitate probe loading. B1 field amplitude maps depicted
the coil’s efficiency in the scaffold’s vicinity. The scaffold’s average amplitude is 1.15 mT
at 15 MHz for a W power input, closely matching 75% efficiency of the typical solenoid
probe in a standard Pulsar configuration. Within the scaffold volume, the homogeneity
displays a relative standard deviation of 20%. Different shimming methods, such as a
3D spatial field mapping analogous to gradient shim, were evaluated. These techniques

yielded a linewidth under 0.1 ppm. All this setup is represented in Fig. 6.3
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Figure 6.3: Schematic picture of the saddle coil embedded in the microfludic device.
Inside the green box we have from left to right: Schematic representation of the coil turns
(6) the height (7 mm) and the diameter (5 mm). Then we have a coronal view of the
homogeneity of the B field and a sagittal view of the of the B field.

6.3.2 T, measurement of hyperpolarised '>C agents using the customised setup

I carried out experiments to compare the results we are able to get in the BLOC spectrome-
ter compared to the commercial one. We first polarized [1-'3C]pyruvate using dissolution
dynamic nuclear polarization (IDNP) and after dissolving it in the buffer I injected the
resulting dissolution inside the chip through the membrane pump channel (Fig. 6.7 A).

We acquired a 13C spectrum every 4 seconds during 144 seconds. The stacked spectra
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of all the measurements is shown in figure 6.7 C). We measured this experiment 3 times.
We calculated the longitudinal relaxation constant (T1) for all 3 acquisitions, integrating
the C1 peak of the [1-13C]pyruvate along the time, and fitting the resulting figure with a

exponential decay function (Fig. 6.7 B):
y=A+Me /T (6.4)

The resulting T values are 71.4s, 76.8s, and 69.1 respectively. The final T for the carbon
1 in 1-3C-pyruvate was 72.4 + 3.9 s. The FWHM value was 13 4 6 Hz width, between
12 and 11 Hz more than the values I got in the commercial instrument using a S mm NMR

tubes probe.

PDMS . .
Injection

e

outlet «—— outlet «——

Blocked Blocked Blocked Blocked

NN AN

[1-13C] PA

Figure 6.4: Schematic representation of the procedure performed to inject the dissolution
inside the microfluidic device through the hyperpolarization channel and filling up the
well. In this case I blocked two of the channels to have only one inlet and one outlet. The
dashed line in the right figure remarks the physical position of the saddle coil.

We then polarized '3C natural abundant fumarate (2 % '3C labelled) using a cos-
tum made para-hydrogen induced polarization (PHIP) setup. We injected the dissolution
obtained after the acetylenedicarboxylate hydrogenation inside the chip through the mem-
brane pump channel. We acquired a '3C spectrum every 4 seconds during 144 seconds.
The stacked spectra of all the measurements is shown in figure 6.7 E). We measured this
experiment 3 times. We calculated the longitudinal relaxation constant (T1) for the 3 ac-
quisitions, with 85.6, 86.3 and 76.5 s respectively (6.7D). The final T; for the carbon 1 in
fumarate was 82.8 + 5.4 s. The FWHM value was 5.0 £ 2.1 Hz width.
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Figure 6.5: Results of the longitudinal relaxation measurements in the BLOC chip with
[1-13C]pyruvate and fumarate. A) Plot showing the exponential decay of the signal due
to T} relaxation and radiofrequency pulses from [1-'*C]pyruvate. Fitting the function
of the equation showed in the figure, I calculated the T; with a value of 72 + 3.4 s.
B) stacked spectra of the '>C dynamic measurement of hyperpolarized [1-'>C]pyruvate
along time. C) Plot showing the exponential decay of the signal due to T; relaxation and
radiofrequency pulses from fumarate. Fitting the function of the equation showed in the
figure, I calculated the Ty with a value of 82.8 & 5.4 s. D) stacked spectra of the '°C
dynamic measurement of hyperpolarized fumarate along time.

6.3.3 Real-time metabolism detection using the customised setup
6.3.3.1 LDH Kinetics assessment measuring [1-!3C]pyruvate to [1-'>C]lactate

We were able to observe metabolic conversion from [1-!13C]pyruvate to [1-'3C]lactate in
either enzymatic solutions and 2D cell cultures using the BLOC setup. First, I performed
some preliminary tests mixing hyperpolarized [1-!3C]pyruvate with a solution containing
lactate dehydrogenase (LDH) enzymes and NADH as the cofactor of the reduction reac-
tion. The dissolution was placed next to the polarizer to be mixed with the hypeprolarized
[1-'3C]pyruvate and rapidly injected through the injection channel of the microfluidic

chip (same procedure described in Fig. 6.7A), already placed inside the BLOC spectrom-
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eter. We took 18 seconds since the pyruvate solution came out of the hypersense to start
the acquisition. We detected conversion from pyruvate to lactate running 35 acquisitions
in 50 seconds with 13° of flip angle. The resulting Kp; was 7.82 x103s~ 1.

Hyperpolarized [1-'*C-]pyruvate

BLOC NMR spectrometer ﬁ

|

Saddle coil

Capacitors /

connection

Carrier

Coil connection

Figure 6.6: Schematic representation of the setup when a hyperpolarized solution its being
injected through the channels to the microfluidic device already placed inside the spec-
trometer.
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Pyruvate-Lactate kinetic analysis with LDH and NADH
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Figure 6.7: Dynamic curves of the real-time metabolism test using [1-'*C]pyruvate, LDH
and NADH. A) and B) are fitted with unreasonable (short) T; values for lactate (10 sec-
onds). C) and D) are fitted with reasonable T (35 s). Kpy represents conversion kinetic
constant from pyruvate to lactate, and K;p represents conversion kinetic constant from
lactate to pyruvate.

6.3.3.2 Fumarase (FH) kinetics assessment measuring fumarate to L-malate

In this second experiment, I wanted to run the same experiments but using hyperpolarized
13C natural abundance fumarate in presence of fumarase. In this case fumarase converts
fumarate to malate without requiring any cofactor. We first prepared a stock solution with
20 uL of fumarase diluted 1:10 with water and then mixing 500 uL of the stock solution
with the dissolution coming out from the PHIP setup, containing around 95 mM fumarate
in presence of starting material and catalyst. Both dissolutions were mixed and injected
in the BLOC chip for the corresponding dynamic measurement (Fig. 6.8).

We used Mestre Nova 15.0.0 version to process the data obtained. We acquired the
dynamic data using a '3C array sequence with WALTZ decoupling. The acquisition pa-

rameters are the following: repetition time 5 s, 30° flip angle, 1 average.
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Fumarate-malate kinetic analysis with fumarase
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Figure 6.8: Dynamic curve of the real-time metabolism test using [1-!3C]pyruvate, and fu-
marase within the BLOC chip. Kpj, represents conversion kinetic constant from fumarate
to malate, and K,;r represents conversion kinetic constant from malate to fumarate.

6.3.3.3 Kinetic analysis using HepG2 cell lines

The next step was to perform these experiments using 2D cell cultures, in this case with a
HepG?2 cell line. For each experiment, I used between 7-10 million cells. This procedure
was a more tedious as the cells were unable be injected through the microfluidic channel,
the cells would block the channels, nor was there any way to fix them in the well while
flowing the hyperpolarized [1-'>C]pyruvate dissolution. The method I employed involved
mixing in an Eppendorf tube and promptly transferring it to the microfluidic chip, sealing
the well with the cover glass, and radpidly insert the microfluidic chip inside the BLOC
spectrometer (procedure described in Fig. 6.10A). This procedure took between 25-30
seconds each time. We ran this same experiment 3 times. We injected 8 uL an 80 mM
[1-13C]pyruvate in 120 pL of cell media containing the HepG?2 cells, resulting in a 5 mM
dissolution. We acquired a scan every 5 seconds for 50 seconds with a 30° flip angle and
1.5s of acquisition time. The FWHM of the [1-13C]pyruvate peak in the first spectrum
was of 8 +6.1 Hz and a signal-to-noise ratio of 86.54. The first experiment had a bigger
FWHM value (15.1 Hz) because the presence of bubbles. In the next two experiments
the FWHM were 4.0 and 4.1, without the presence of bubbles. In figure 6.10B), I placed

representative stacked spectra of the second experiment carried out. In Fig. 6.10C), I
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Figure 6.9: In vitro metabolic study results with 2D cell culture. A) Schematic represen-
tation of the procedure performed to mix the hyperpolarized [1-'3C]pyruvate dissolution
with the cells in suspension, and put the resulting dissolution inside the microfluidic de-
vice well using an automatic 1 mL pipette. B) '3C stacked spectra of the dynamic acqui-
sition performed with the modified BLOC spectrometer. C) Representative '3C spectrum
of the cells in suspension mixed with hyperpolarized [1-!3C]pyruvate after 35 seconds of
the mixing. In the picture is explained with arrows all the peaks and the corresponding
metabolites.

placed a representative sum-up spectrum, summing up the first eight scans, specifying the
metabolites observed.

The Kpy values calculated for all three experiments were 3.57x1073 (Fig. 6.10E)),
3.08x1073, and 3.55x103. The standard deviation between all three experiments was
2.7x10~*, demonstrating the high reproducibility among all three experiments although

the presence of bubbles in one of them.
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Pyruvate-Lactate kinetic analysis with HepG2 cells in suspension
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Figure 6.10: Kinetic results with HepG2 cells. A) Fitting of the mono-exponential decay
function to the [1-!3C]pyruvate polarization decay due to Ty, pulses and metabolism for
the first replicate. B) Fitting of the kinetic function to the production of [1-'3C]lactate for
the first replicate. C) Same as A) for the second replicate. D) Same as B) for the second
replicate. E) Same as A) for the third replicate. E) Same as B) for the third replicate.

6.4 CONCLUSIONS

In this chapter, I have evaluated how a modified benchtop NMR spectrometer can fit a
cost-effective microfluidic platform to run hyperpolarized-NMR measurements. In this
case, I tested a microfluidic chip incorporating an X-nuclei transmitter/receiver saddle
radiofrequency coil. I first tested the setup to measure longitudinal relaxation constants
of either hyperpolarized [1-'>C]pyruvate using dDNP and hyperpolarized fumarate using
PHIP. We then tested real-time metabolism with enzymatic dissolutions and later on with
cells in suspension. This study demonstrates the possibility of adapting hardware for
user needs in hyperpolarized NMR experiments, either in the spectrometer, the coil and
the microfluidic chip. This work aims to span the NMR applications areas such as coil

testing, hardware development or even real-time metabolism for drug testing.
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HIGH-THROUGHPUT ANALYSIS IN
A MULTIWELL MICROFLUIDIC PLAT-
FORM FOR HYPERPOLARIZED MRSI

I carried out most of the work captured in this thesis chapter during a doctoral stay I did
at UCSF (University of California San Franscisco), in the department of Radiology and
Biomedical Imaging. I contributed in the chip production once the mold was already de-
signed and fabricated by my colleagues. However, my major contribution was to design
and execute the experimental part and the subsequent data processing that involved the
application of the microfluidic device in the hyperpolarized MRSI experiments. In this
chapter, I first introduce various features of the microfluidic device , including its design,
materials, fabrication and functionality. I then move to show a first approach and appli-
cation of the study performing a parallel detection of the [1-!3C]-pyruvate oxidation with
hydrogen peroxide (H>O,) in the multiwell microfluidic device in a MRI scanner, setting
different conditions in each chamber. This study was published in Lab on a chip[171].
I conclude the chapter showing a biologic application measuring metabolic activity in 8

wells of the device with all having different conditions.

7.1 INTRODUCTION

Globally, the list of diseases is extensive and keeps growing every passing day, having
their own and unique characteristics. Furthermore, the response of the people to these

diseases varies significantly from person to person, making impossible to find an efficient
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treatment for each disease in every individual. Within this tough situation, personalized
medicine is becoming a promising research line and it is aiming to find solutions and an-
swers to the effect of a disease in each individual. Personalized medicine is a broad and
rapidly advancing field of healthcare that is informed by each person’s unique clinical,
genetic, genomics and environmental information[243].Personalized medicine is used to
understand the disease at molecular level to enhance preventive healthcare strategies. The
research field is aiming to optimize medical care and outcomes for each person, resulting
in an unprecedented customization of patient care[244].

During the past century, the animal testing proved to be highly robust in the experimental
evaluation of treatment modalities and pharmaceutical agents, facilitating rigorous assess-
ments of both, their therapeutic effectiveness and potential adverse effects[245]. Animal
models are widely used for sharing many biological similarities with humans, making
suitable for studying disease mechanisms and treatment responses. Animal variables are
also feasible to control and manipulate, which is also often challenging or impossible in
human studies. However, the studies can not always translate accurately to humans due to
species differences in genetics and their use in research raises many ethical issues, partic-
ularly regarding the welfare and treatment of animals. These two reasons are fundamental
for the human being to search new alternatives of early stage drug testing or new therapies
development.

The Organ-on-a-chip (OoC) approach is becoming a promising alternative to animal test-
ing for medicine. OoC are basically miniature, interconnected systems of microchan-
nels, chambers, and other microstructures designed to mimic the physiological environ-
ment of human organs or tissues[84]. They serve as platforms for conducting experi-
ments and studies related to organ function, drug testing, disease modeling, and tissue
engineering[246]. Researchers managed to replicate healthy and diseased states, enabling
the study of disease mechanisms and development of potential treatment[247]. OoC are
expected to offer effective solutions to persisting problems in drug development and per-
sonalized disease treatments.

Detecting and monitoring the biologic activity in OoC is essential to get conclusions from
the model and the study. Microscopic imaging stands as an essential and widely adopted

approach for the real-time assessment and evaluation of diverse organ-on-a-chip systems.

142



CHAPTER 6

Microscopic images technique enables the observation of critical parameters such as cell
quantity, morphology, gene expression, protein secretions, among others[248]. Although
thew confer a great synergy with microfluidic devices, they lack of crucial information in
biologic models such as metabolism conversation and kinetics.

Reactants and products in chemical reactions are detected with a time resolution of
seconds and nanomolar sensitivity using dissolution DNP-MR.[249] A major drawback
of the technique, however, is that the preparation of hyperpolarized substrates by disso-
lution DNP is time-consuming and costly, which limits its ability to generate data. A
minimum amount of hyperpolarized sample is produced as an equipment limitation, and
usually not more than 3-10 % of the sample is used in the experiment[250]. The de-
velopment of more efficient methods to fully utilize the polarized samples, like the one
proposed here, will shorten experimental time, increase throughput, decrease its asso-
ciated costs, improve control over experimental variables and reproducibility and, as a
result, contribute to expand the applications of DNP-MR.

Commercial MR instrumentation only allow single sample acquisitions or a handful of
consecutive samples as the polarization decays. Repeated MR readings have been possi-
ble with a single dissolution DNP sample by continuous filling of a volume microcoil[206]
or sequential acquisitions by removing, reloading, and introducing a new sample again in
a magnetic resonance imaging (MRI) scanner and a high field nuclear magnetic reso-
nance spectrometer[251, 252, 253, 254]. However, consecutive acquisitions are impos-
sible to conduct under the same hyperpolarized substrate conditions (i.e. polarization
level, substrate concentration and pH might vary between DNP dissolutions) and may
be affected by B distortions (shimming maladjustments), which affect data repeatability
and make comparison between sample groups impractical. An alternative strategy to ef-
fectively shorten the polarization build-up cycle is simultaneous polarization of multiple
samples. Currently in vivo DNP-MR experiments are typically limited to four samples,
which are dissolved one by one on demand, for [1-13C]pyruvate injections at 5-20 min
intervals[195, 53]. However, despite these advances, the throughput of dissolution DNP
remains long and inefficient. A relatively large volume of hyperpolarized sample ( 4.5
mL) is produced in each polarization process, while only a few hundred microliters are

usually consumed, and the remaining sample is discarded.
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This project was designed to address the unmet need for technology which enables
parallel DNP-MR experiments using a single spectrometer and demonstrate that microflu-
idics can effectively enhance the throughput of a single dissolution DNP shot and provide
a large number of replicates for comparing experimental parameters. I developed a mi-
crofluidic multiwell plate containing eight different sample chambers from which spectra
can be collected simultaneously upon infusion of a hyperpolarized solution. All 8 cham-
bers can be probed with a single DNP sample using the same MR acquisition, with con-
sistent and uniform polarization conditions between sample chambers. As a demonstra-
tion of the technology, DNP-MR spectroscopic images were acquired using commercially
available RF coils in a preclinical 3T MRI scanner where I detected, in a first approach,
reactants and products generated during pyruvate decarboxylation via hydrogen peroxide
(H,0,), or in the second approach the conversion from pyruvate to lactate due to LDH
activity. In the first approach, I followed the reactant concentration-time profiles of three
replicates and five control samples that were tested simultaneously in the device. I then
moved towards the biologic application measuring metabolic activity of HepG?2 cell line
in the same microfluidic device, although in this second case I did not follow time evolu-

tion profile, I just measured a single acquisition.

7.2 MATERIALS & METHODS

7.2.0.1 Fabrication of the microfluidic platforms for DNP-MR applications

Molds with microfluidic channels and features were fabricated by standard photolithog-
raphy methods[170]. Silicon wafers ( (4” n-type <111>, MicroChemicals GmbH) were
dehydrated using a hot plate (200 °C for 30 min) and treated with O, plasma (PDC-
002, Harrick Plasma) at 22.5 mL min-1 and 30 W for 20 min. Photoresist (SU-8 2100,
KAYAKU Advanced Materials, Inc.) was spin-coated in two steps (500 rpm for 10 s
with acceleration of 100 rpm s-1 followed by 1600 rpm for 30 s with 300 rpm s-1) to
form a SU-8 layer of 200 um thickness. The wafer was then soft-baked in two steps,
firstly at 65 °C for 5 min, and secondly at 95 °C for 40 min. Photoresist was finally
exposed to UV-light at 320 mJ cm-2 (17.5 mW cm~2 for 18.2 s) using a mask aligner
machine (MJB4, Siiss MicroTec) and post-baked at 65 °C for 5 min followed by 95 °C
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for 14 min. SU-8 structures were developed in SU-8 developer (MichoChemicals GmbH)
for 16 min, rinsed with Isopropyl alcohol, and dried with a N, gun. The wafers were
finally hard-baked at 95 °C for 30 min and silanized by vapor exposure of 'H,'H,>H,”H-
PerfluorooCtyl-trichlorosilane (PFOTS, 97%, Merck) in a vacuum desiccator for 1 h.
PDMS layers of the microfluidic device were fabricated by soft lithography protocols us-
ing the patterned SU-8 molds. PDMS prepolymer (Sylgard 184, Ellsworth Adhesives)
was prepared in a ratio of 10:1 (elastomer base: curing agent, w/w) and degassed in a
vacuum desiccator. The prepolymer was then cast on a Petri dish containing the SU-8
mold, baked at 65 °C for 4 h, and left overnight at room temperature.

PDMS layers obtained included the microfluidic channels for 1) distributing the hy-
perpolarized sample (lower 5-mm thick layer), 2) suck out the excess of liquid during the
injection of the hyperpolarized sample (top 5-mm thick layer). Chambers and ports (inlets
and outlets) were punched in the corresponding PDMS layers, using 6 mm and 1.25 mm
biopsy punches respectively. The three layer and a glass slide (75 x 25 mm Corning) were
activated using O, plasma (PDC-002, Harrick Plasma) and bonded together, resulting in
a device with final dimensions of 11 mm thickness, 75 mm length, and 38 mm width.

To operate the microfluidic device from outside the MRI scanner, the inlet port of
the microfluidic network for injecting the hyperpolarized sample, was connected to a
female Luer-to-barb fitting using 114 cm of polytetrafluoroethylene (PTFE) tubing (1/16"
outer diameter and 1/32" internal diameter Darwin microfluidics). This allowed the fast
administration of hyperpolarized solutions by means of a syringe. Remaining ports (i.e.,
infusion and withdrawal ports) were connected with the same tubing and closed using

tubing clamps.

7.2.0.2 Hyperpolarization of [1-'>C]pyruvate

A volume of 24 uL of [1-13C]pyruvic acid (Sigma Aldrich, Munich, Germany) con-
taining 15 mM trityl radical OX063 (GE healthcare) and 1.5 mM Dotarem (Guerbet,
Villepinte, France) were inserted into a commercial dissolution-DNP polarizer (Hyper-
Sense, Oxford Instruments Ltd.). This sample was polarized for approximately 55 min
using 100 mW microwaves at 94.095 GHz in a magnetic field of 3.35 T, reaching a polar-

ization level of around 15-20%. The hyperpolarized sample was dissolved in 4.5 mL of
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heated phosphate buffered saline supplemented with 1 % HEPES, 0.01 % EDTA, 0.1 %
NaCl, and 0.2 % NaOH (pH 12), yielding 80 mM [1-'3C]pyruvate at pH 7.

7.2.0.3 Flip angle calibration using a 10 M 13C-Urea sample

The pulse length and pulse power produced by the radio-frequency coil establishes how
much magnetization of the nuclear spins in the z axis is tilted towards the xy plane. The
MRI scanner performs an adjustment before the acquisition called “Reference Power Ad-
justment” where it calibrates the amount of power required to pass through the coil to get
enough signal depending on the number of nuclear spins contained in the sample. This
adjustment is therefore dependent on the spins polarization, so in a non-stable polariza-
tion state the scanner will be adjusting until the polarization is lost without determining
a value. To overcome this fact I calibrated the pulse length previously to the analysis
using a 10 M 13C-Urea sample in water and 1 mM Gd-DOTA in a 1.5 mL eppendorf as
a phantom. I did the calibration for 3 values of Reference Power: 19.97 W, 5.00 W, 0.04
W. I obtained MR spectra using a dual-tuned 'H-'3C volume coil (42 mm inner diameter,
Bruker) inside a horizontal 3 T MRI scanner (BioSpec 10° mm bore diameter, Bruker®).
Magnetic field inhomogeneities were corrected with a shimming process. Acquisition
parameters: Repetition time 300 s, acquisition time 632 ms, offset 160 ppm, 1 avarage,

2048 acquisition points, bandwidth 100 ppm.

7.2.0.4 MRSI data acquisition of the chemical reaction

MR spectra were obtained from each individual chamber in the microfluidic platform by
MR spectroscopic imaging (MRSI) techniques using a dual-tuned 'H-'3C volume coil (42
mm inner diameter, Bruker) inside a horizontal 3T MRI scanner (BioSpec 105 mm bore
diameter, Bruker®). Magnetic field inhomogeneities were corrected with a shimming
process applied to a water-filled device prior to the DNP-MRSI assays.

1.6 mL of hyperpolarized sample were injected into the microfluidic platform, which
resulted in 125 + 5 uL delivered in each chamber over a period of 3 seconds. Hyperpo-
larized 13C MR data was acquired with a chemical shift imaging (CSI) sequence (8 x 8
matrix, field of view of 40 mm x 40 mm, area of 5 mm x 5 mm per voxel, slice thickness

of 12 mm, 15° flip angle, echo time of 1.49 ms, Ty¢, of 51.2 ms, and RT of 66.907 ms).
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Each point of the data set was acquired every 4 seconds. MR T;-weighted images were
acquired using 4 scans. The whole matrix of voxels (i.e., 64 spectra) were acquired every
4 s with the first scan at the end of the hyperpolarized solution injection, i.e. at time 0.
The transfer time between dissolution and injection was around 12 s.

The thermal equilibrium acquisition was performed on the microfluidic device with
100 uL solution of 8 M [3C]urea (Sigma Aldrich, Munich, Germany) and 10 mM Dota-
Gd in two chambers located in the corners of the chip (Fig. 3A, highlighted in yellow).
Those chambers were used to center the offset frequency, perform B calibration, shim-
ming, and signal to noise ratio (SNR). Three chambers were filled with an aqueous solu-
tion containing 8.2 M H,O; (Sigma Aldrich, Munich, Germany) and 37 mM NaOH (Fig.
3A, highlighted in red). The three remaining chambers were filled with 35 L deionized
water and 6.4 uL of 0.25 M NaOH solution (Fig. 3A, highlighted in blue). The MR local-
izer was performed with axial, sagittal, and coronal T;-weighted images using a spin echo
T, TurboRare sequence to assess signal location and accurately program the CSI voxels

matrix.

7.2.0.5 MRSI data acquisition of the in vitro analysis

HepG2 human hepatocarcinoma cells (CliniSciences S.L.) were cultured in Eagle’s Mini-
mum Essential Medium (EMEM) (ATCC) supplemented with 10% fetal bovine serum
(FBS) and 1% penicilin-streptomycin (P/S) (10* U mL~!). Cells were cultured and
maintained in T-175cm? flasks and incubated at 37°C under 5% CO; and the media was
changed every 48-72h and passaged once reached 80% confluence. 48h before HP-NMR
cell measurement, 5-10° cells were seeded in T-75cm? flask. 24h before experiment, cells
were treated with 0.1% DMSO. After treatment, the flask was washed with PBS, cells
were detached using Trypsin-EDTA 0.25% and centrifuged for 3 min at 200g. Cell via-
bility and number was assessed by trypan blue staining. 107 cells were.

For the study we prepared 2 cell media dissolution. For the first one, I prepared a solution
of glucose (Glu) and glutamine (Gln) at 25 and 4 mM respectively in cell medium. I
weighed 45 mg of glucose and 5 mg of glutamine and I dissolved them into 10 mL of cell
medium. For the second one, I prepared a solution of NADH at 33 mM weighting 84 mg

and dissolving it into 4 mL of cell media. For the lysed cells I used RIPA buffer without
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SDS. My colleagues resuspended 10 million cells for each condition requiring cells, total
of 55 million cell (on of them just required 5 million). The conditions arrangement for

each well is the following:

1. Cell medium with additional Glucose and Glutamined and with alive 10 M HepG2

cells.

2. Cell medium with additional Glucose and Glutamined and with lysed 10 M HepG2

cells.
3. Cell medium with additional NADH with lysed 5 M HepG?2 cells.
4. Cell medium with alive 10 M HepG2 cells.
5. NADH cell medium with alive 10 M HepG2 cells.
6. Cell medium with lysed 10 M HepG2 cells.
7. Cell medium (negative control).

8. Cell medium with comercial LDH enzyme extract from rabbit muscle and NADH

(positive control).

Five minutes prior to the '3C CSI acquisition, we measured proton images with a
T, TurboRARE sequence covering the entire microfluidic well filled with water with the
following acquisition parameters: 1 avarage, 60 ms of echo time, 12 ms of echo spacing,
8 rare factor, 192x192 pixels image size, 25x45 mm FOV, 20 mm slice thickness, 1.4 ms
pulse length and 1.12 W pulse power.

For the region selective '3C acquisition we used a CSI sequence with an 8 by 16 grid
and the following acquisition parameters: a 22° flip angle (0.0589 ms pulse length and
5.0 W of power), 0.8 ms of echo time, 321.34 ms of repetition time, 20 mm of slice
thickness, 25x45 mm field of view, 1024 points, 100 ppm bandwidth, 170 ppm offset,
centric encoding order with compress sensing at 25 %. For display purposes, all voxels
concerning one same well were summed, obtaining a 2x4 final display grid. After the CSI
acquisition we measure a high-resolution proton image with a T, TurboRARE sequence

with the same FOV parameters used for the CSI acquisition. The acquisition parameters
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were: 8 avarage, 60 ms of echo time, 12 ms of echo spacing, 8 rare factor, 192x192 pixels
image size, 25x45 mm FOV, 20 mm slice thickness, 1.4 ms pulse length and 1.12 W pulse

power.

7.2.0.6 MRI data processing

For the first approach (chemical reaction) we used 80 mM solution of [1-'>C]pyruvate
polarised with a dDNP HyperSense (Oxford Instruments). We processed and visualized
the resulting CSI data in SIVIC[255]. To determine the MR signal from each chamber,
spectra from the voxels containing regions of the same chamber were summed. For the
second approach we used 3.2 mM solution of [1-'3C]pyruvate polarised with a dDNP
HyperSense (Oxford Instruments). We processed all data with custom made code written

in Matlab by a post-doctoral researcher in the lab, Dr. David Gomez-Cabeza.

7.3 RESULTS & DISCUSSION

7.3.0.1 Flip angle calibration using a 10 M '>C-Urea sample

The pulse length and pulse power produced by the radiofrequency coil establishes how
much magnetization in the z axis is tilted towards the xy plane of the nuclear spins for
the corresponding acquisition. The MRI scanner performs an adjustment previous to the
acquisition called “Reference Power Adjustment” where to calibrate the amount of power
required to pass through the coil to get enough signal regarding the number of nuclear
spins in the sample. This adjustment is also dependent on the spins polarization, so it
cannot be performed in a hyperpolarized signal because it would be making the adjust-
ment meanwhile the signal is decaying so the reference power value would be shifting

and unstable until the polarization is completely lost.
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Figure 7.1: Pulse length (P90) calibration using three different power references in a 0.5
mL eppendorf. For the 19.97 W the 90° pulse 1s 0.08 ms, for the 5.00 W the 90° pulse is
0.25 ms, and for the 0.04 W the 90° pulse is 14 ms. I ran all the measurements with a 10
M 13C Urea sample in water with | mM Gd-DOTA doing '3C single pulse measurements.
Acquisition parameters: Repetition time 300 s, acquisition time 632 ms, offset 160 ppm,
1 avarage, 2048 acquisition points, bandwidth 100 ppm.

7.3.0.2 Microfluidic multiwell platform for parallel detection of chemical reactions

by magnetic resonance

The microfluidic platform was designed using a CAD software 1) to be MR-compatible
(i.e. made of non-magnetic materials), 2) to withstand a wide range of chemical reagents,
solvents, and pHs, and 3) to be used in commercially available MRI hardware (i.e. to
fit inside a 42-mm inner diameter volumetric RF coil and remain within the boundaries
of the homogeneous B region of a preclinical 3 T MRI scanner) for improved usabil-
ity and ease of implementation. The platform was engineered using microfabrication
(photolithography and soft lithography) processes and consisted of a stack of three poly-
dimethylsiloxane (PDMS) layers on a glass substrate (Fig. 7.2A)[256]. The PDMS layers
were developed by replica molding using a photoresist-patterned mold and were ded-
icated to the microfluidic parts: the sample-containing 4 x 2 array of 6 mm-diameter
chambers (of 15 mm center to center spacing, 10 mm height, ~280 uL total volume) and

the microfluidic channels to distribute the hyperpolarized solution among the chambers.
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A network of sinusoidal channels (Fig. 7.2B), acting as fluidic resistances, in the upper
PDMS layer split the sample throughout the device and made it possible to deliver the
hyperpolarized solution rapidly and simultaneously to all the chambers. Eight distributed
microfluidic channels leading to each chamber were designed to deliver the hyperpolar-
ized sample from the top of the chamber to the testing sample, facilitating a rapid delivery
of the fluid under 4 s. We integrated two further PDMS layers with microfluidic channels
between the top layers to continuously infuse and withdraw solutions into and from the
chambers. These channels were grouped in 2 independent sets of 4 chambers that shared
inlet and outlet ports (enabling 2 different conditions and 4 replicates when these channels
are open). These allow for a myriad of experimental setups in future applications. For ex-
ample, they can be used for continuous renewal of the solution in the chambers while the
device is located inside the MRI scanner. In this work, all experiments were performed

with the withdrawal circuits closed in the device shown in Fig. 7.2C).
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Figure 7.2: 8-well microfluidic plate without medium recirculation for high-throughput
DNP-MRSI experiments. (A) Assembling layers of the multiwell plate: i) 4 mm thick
PDMS layer for distribution of the hyperpolarized substrate, ii) 5 and 1 mm thick PDMS
layers with the detection chambers, and iii) 75 mm x 38 mm glass slide on the bottom
of the PDMS chambers as a support. (B) Network of microfluidic channels that injects
the polarized sample into one of the chambers. This design is replicated along all the
chambers. (C) Photo of the microfluidic device. Microfluidic channels that distribute the
polarized sample are filled with blue dye for easy identification. (D) Water volume inside
each chamber after injecting 1.0, 1.4, 1.8, and 2.2-mL water into the device (each circle
represents a chamber of the microfluidic plate).

To confirm uniform distribution of samples across the chambers, we injected different
volumes of water throughout the inlet port and collected and weighed the liquid received
in each chamber. For total injected volumes of 1 mL, 1.4 mL, 1.8 mL, and 2.2 mL, the
volumes per chamber were 59 + 2 uL, 108 £ 11 uL, 154 £ 5 uL, and 191 + 7 uL,
respectively (Fig. 7.2D). Applying linear regression, the data fit (R-squared of 0.96) the

following equation:

ViV

Vi g

(7.1)
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where V,, is the volume per well, V; is the total injected volume, and V—d is the dead
volume (576 + 69 uL) mainly due to the long fluidic tubing required for injecting from
outside of the MRI scanner.
We confirmed that the injected solutions arrived at each well at the exact same time and
with equal volume through the fluidic channels. In order to increase the throughput of
HP experiments by a factor of 8 using our microfluidic device, I exploited the potential
of MR spectroscopic imaging (MRSI), by which spatial and spectral information can be
obtained simultaneously (Fig. 2A). To test the device for HP-MRSI, a solution of 80 mM
hyperpolarized [1-'3C]pyruvate was injected through the fluidic channels. The matrix (8
x 8) and voxel size (5 mm x 5 mm) was selected to cover all the chambers while main-
taining shimming performance (Fig. 2B). Although the voxel size was smaller than the
chamber size, I found that multiple voxels per chamber simplified the alignment of the
device inside the RF coil. Since no voxel included more than one chamber, analysis was
performed by adding the signals from voxels encompassing the same chamber. Fig. 2C
shows a representative spectrum from one voxel that contains part of a chamber. The
apparent relaxation time constant of [1-13C]pyruvate was 3.7 + 0.7 s, as calculated from
the exponential decay of the C1 pyruvate resonance at 176 ppm chemical shift. Although
the T of [1-!3C]pyruvate after dDNP is expected to be around 60 s,30 the repeated RF
pulses used to obtain the spectroscopic images (i.e., 64 pulses per each scan) caused a
much faster 'C polarization loss. The spectral linewidth of the '>C1 pyruvate peak was
1.8 ppm (53 Hz) at full width at half maximum height. The axial, sagittal, and coronal pro-
ton T, weighted MR images acquired after the HP '3C-MRSI experiment confirmed that
the HP solution had been delivered to all the chambers as expected (Fig. 2B). Contrary to
previous studies that increased the throughput either by sequential measurements with the
same dissolution sample[251, 257] or by parallel polarization of 4 samples[195, 53] our
MRSI approach improves repeatability as all tested samples are detected under the same
hyperpolarized substrate and shim conditions (FWHM = 53 + 5 Hz).

Simultaneous detection of eight chemical reaction processes: decarboxylation of
hyperpolarized [1-'3C]pyruvate and controls
As mentioned in the introduction, [1-'3C]pyruvate is key metabolite in glycolysis[258]

and a cellular antioxidant agent capable of neutralizing peroxides by decarboxylation[259,
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Figure 7.3: High-throughput DNP-MRSI assay. (A) Schematic illustration of the experi-
mental setup consisted of i) polarizer equipment, ii) microfluidic multiwell plate, and iii)
magnetic resonance imaging scanner. (B) Tp-weighted localizer images with axial, sagit-
tal and coronal perspectives. (C) Stacked dynamic spectra of [1-!3C]pyruvic acid of the
well highlighted in blue along the experiment. Note that time O represents when the MRS
data acquisition was initiated. The transfer time between dissolution and injection was 12
s on average, and MRS data acquisition was initiated 25 s after the sample came out from
the polarizer. The longitudinal experiment was designed with a CSI sequence as 8 x 8
voxels matrix, with a FOV of 40 x 40 cm? and a slice thickness of 12 mm, 15° flip angle,

echo time = 1.49 ms. T,y = 51.2 ms and RT = 66.907 ms. Each point of the data set was
acquired every 4 seconds.
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260]. It is extensively used in dDNP-MR experiments due to its long T; relaxation time
constant (in excess of 1 minute)30 and high polarization (up to 36 % witha SpinLab™
polarizer®)[16], which provide MR signals of both pyruvate and its products. As a proof
of concept for detecting fast reactions using our parallelized microfluidic approach, I
traced the 13C resonance shifts of the biologically relevant chemical reaction between
[1-13C]pyruvate and H,O, by acquiring spatially localized '3C-MR spectra of the whole
device every 4 seconds.

Using the entire chamber capacity of the platform, two chambers of the platform were
filled with a ['*CJurea solution for chamber arrangement verification, three with a H,O,
solution to initiate the chemical reaction, and three with a sodium hydroxide solution as a
negative control of the reaction (Fig. 7.4A). The placement of the microfluidic device and
acquisition matrix was validated before to the HP experiment by a proton T;-weighted im-
age (Fig. 7.4B) and again after by detecting the thermal signal of the [!3CJurea solution
from two opposite corners of the device (Fig. 7.43C). After injection of the hyperpolar-
ized pyruvate solution, the spectra of the chamber regions without H,O, displayed only
the pyruvate peak since no reaction had occurred (Fig. 7.4D). In chambers where the

reaction took place, the bubbles generated by CO, as a side of the reaction were eas-
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ily visible, and spectral acquisitions displayed the characteristic multi-peak spectrum of
pyruvate decarboxylation18 (Fig. 7.4E and F), where the following peaks were identified:
[1-13C]pyruvate (176 ppm), [1-13C]pyruvate hydrate (184 ppm), [1-'3C]2-hydroperoxy-
2-hydroxypropanoate (181 ppm), [1-!3*C]peroxymonocarbonate (161 ppm), and '3CO2
(125 ppm).

155



CHAPTER 6

A) [1-*C] pyruvate B) Localizer C) azgzir::t?Ln D) WEDRpSg

acquisition

V l | L 1
Lty
O gl
. . VA WU
Urea l - A
® NaOH l
® NaOH +H,0, L1l
E H,0
) { [1-"*C] pyruvate hydrate
. Ki o - ; 0.0 [1-"*C] 2-hydroperoxy-2-
HOO === ~o - e Y hydroxypropanoate
Kip OH H [1-*C] pyruvate
o +H* -k (E Kon {[1-"01 peroxymonocarbonate
e — T 1-13C] CO,
B g oM ke [1-"C] cOo,
Ko || Kow Koc || Keo
Ho oH =S o_on & O"TO + HO;
g 0
© Ko | K
o ’o
K. 1l K 1l T T T T T
HOOH + o~ ~o ! o” o 200 175 150 125 100
Kme  oH o 13C Chemical shift [ppm]

Figure 7.4: (A) Schematic image of the microfluidic device specifying the sample placed
in each well. (B) Localizer with a coronal T,-weighted image using a spin echo T, Turbo-
RARE sequence with the corresponding voxels matrix overlapping. (C) Spectroscopic
acquisition using a CSI pulse sequence to the microfluidic device at thermal equilibrium.
(D) First spectroscopic acquisition point using a CSI pulse sequence to the microfluidic
device after the hyperpolarized [1-'3C]pyruvate injection. (E) Scheme of the oxidation
reaction between pyruvic acid and H;O,, highlighting all products and intermediates
displayed in the spectrum. (F) Representative spectrum of the decarboxylation of [1-
BBCpyruvate reacted with H,O», showing all the products and intermediate states of the
reaction.

Parallel MRSI in the preclinical MRI scanner achieves high throughput at the expense
of some spectral resolution. The trade-off in resolution is, however, more than acceptable
for hyperpolarized '>*C MRSI where the resonances of metabolic products are dispersed
over a wide chemical shift range. Additionally, we compared the temporal evolution of
the [1-'3C]pyruvate signal between different conditions by averaging the signal intensities
from replicated chambers (Fig. 7.5). Dispersion among the three chambers per condition
for the pyruvate peak were 23% and 18% at the first acquisition for chambers with and

without the chemical reaction, respectively. At the time of the first acquisition (i.e., 25 s
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from dissolution), the pyruvate peak intensity from chambers with H,O, was 2.5-3 lower
than the signal from chambers containing non-oxidant solutions because of pyruvate’s
rapid consumption during the reaction (Fig. 7.5A). The pyruvate signal decay was domi-
nated by the RF pulse polarization consumption, with an apparent decay time constant of
3.03 s in chambers with HyO, and 2.96 s in chambers without reactant.

The observation that the relaxation time constant of [1—13C]pyruvate was similar (=3 s)
among conditions (i.e., chambers with and without H,O,) indicates that the resulting de-
cay was exclusively due to the signal exponential decay by T; and signal depletion by
RF pulsing 64 times/acquisition. This also suggests that practically all the pyruvate had
already been converted into the intermediate at the time of the first acquisition. In the
chambers with H>O,, the signals from reaction subproducts decayed as a result of both
the generation of the reactant and the T; relaxation time constant of the hyperpolarized
carbon nuclei (Fig. 7.5B). While over-crowded peaks in the downfield region (pyruvate,
its hydrate and 2-hydroperoxy-2-hydroxypropanoate) could be detected above the noise
level (i.e., SNR > 5) for up to 33 s after the injection of hyperpolarized pyruvate, the
upfield peaks of the two final products ('>*CO2 and [1-!3C]-peroxymonocarbonate) were
detectable for over a minute.

The longer observation window for the products is probably attributed to the oxidation
reaction, as the ongoing production of the final molecules counteracts the signal decay by
Ty. This could account for the slower decay rate of the two generated products (i.e., [1-
13C]peroxymonocarbonate and '3CO,) respect to the consumed reactant and intermediate
compound (i.e., [1-"*C]pyruvate and [1-'3C]2- hydroperoxy-2-hydroxypropanoate). Ap-
parent decay rates were 0.28 4 0.03 s! for [1-!13C]pyruvate hydrate, 0.50 + 0.05 s' for [1-
13C]2-hydroperoxy-2-hydroxypropanoate, 0.15 + 0.01 s' for [ 1-!3C]peroxymonocarbonate,

and 0.09 ! 0.01 s! for 13CO,. The time-normalized mass sensitivity is defined as:

SNR
S —

m= i (7.2)

where m is the amount of substance in mol and t is the measurement time in seconds[261].
In systems with small volumes and integrated solenoidal microcoils, which provide strong

signals, S,, is in the range of thousands (=1000-3000) ,umoll s 21262, 263]. In our
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Figure 7.5: Plots of the kinetics study with H,O,](A) Plot showing the temporal evo-
lution of the peak signal intensity, normalized by the signal intensity and volume of [1-
13C)pyruvate, in wells containing ['*C]lurea (orange circle), wells containing H,O, and
sodium hydroxide solution (red square) and wells containing water and sodium hydrox-
ide solution (blue triangle). (B) Plot showing the temporal evolution of the normalized
peak signal intensity of [1-!3C]pyruvate hydrate (orange circle), [1-'*C]2-hydroperoxy-2-
hydroxypropanoate (blue square), [ 1-'3C]peroxymonocarbonate (red triangle), and '3CO,
(inverted green triangle) over time in wells containing H,O; and sodium hydroxide solu-
tion. Normalized peak signal intensity of [1-!3C]pyruvate (dashed line) in well containing
only sodium hydroxide is included in dashed line as a reference. The signal intensity dis-

played in each of the four voxels corresponding to a well were summed up and each well
corresponds to a replicate.

experiment, the SNR and S, of one single scan (t = 4 s) for pyruvate detection were 4229
and 352 umol' s -1/2, respectively. This SNR is 56 times higher than the SNR obtained
from a thermal polarization measurement with 65 h of averaging time with the same ex-

perimental setup and acquisition parameters.

The concentrations of all the species in the reaction were quantified considering a uni-
form '3C polarization decay (i.e., decay of the pyruvate signal in the well without H>O»)
among all the species. Although the T; values of the products are likely to be slightly dif-
ferent, this simplification enables to determine, approximately, their concentration when
Ty is unknown. Within the time period where the SNR of the pyruvate was high (first
12s), I determined a plateau of the [1-13C]pyruvate concentration, a decrease of the in-
termediate product ([1-!3C]2-hydroperoxy-2-hydroxypropanoate), and an increase of the
final products ([1-'3C]peroxymonocarbonate, and '3CO,).

To monitor fast reactions by HP-MR, the HP solution must mix with the reactant un-
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der study within seconds of reaching the science chambers. Our microfluidic device ad-
dressed this constraint by delivering the HP solution to each chamber in a cascade mode
through eight channels (Fig. 7.2). For experiments where samples may need a convective
flow for a proper mixing, I speculate that alternate infusion and withdrawal of the test-
ing sample in the chambers using the additional channels included in our device would
further enhance the mixing with the polarized sample. Hyperpolarization-enhanced MR
techniques are rapidly evolving and are expected to transform current analytical tools.
Increasing their throughput will help overcome the barrier that prevents these techniques
from being more accessible. This work showed that combining dDNP-MRSI and mi-
crofluidics can increase the capacity of identify products from chemical reactions and
demonstrated that multiple samples can be simultaneously and non-invasively interro-
gated. Reaction kinetics and in situ metabolomic studies are potential applications of our

platform beyond the proof-of-principle in this work.

7.3.0.3 Microfluidic multiwell platform for the metabolic activity of HepG2 cell line

by hyperpolarized spectroscopic imaging

We successfully parallelised the acquisition of metabolic imaging, understanding the role
of rich media, cell lysis and extracellular NADH in metabolizing pyruvate to lactate 7.6.
With this type of voxel spectroscopic metabolic imaging provided by CSI, I observed
three different phenomena in a single experiment. First, I detected the increase of lactate
production in a rich media supplemented with Glu and GIn due to an increase in gly-
colytic activity, as previously reported in literature[241]. Second, extracellular NADH
helps to adjust the redox balance, in alive (indirectly) and lysed (directly) cells, result-
ing in an increase in lactate production[264]. Third, by lysing cells (and adding NADH),
the metabolism of lactate was significantly increased thanks to avoiding the main lim-
iting factor of the reaction, the transport of pyruvate into the cell tanks to the MCT1
transporter[265]. Yet, despite the advantages of the strategy, better detection coils with
large areas (I employed a volume coil) and better k-space sampling with low pulsing are
required to improve the resolution and aim for temporal imaging. Nonetheless, our results
are the first to show such level of parallelisation with high spatial resolution for cellular

studies using microfluidics and HP-MRSI, contributing to incorporating hyperpolarised
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NMR into the field of precision medicine.
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Figure 7.6: Representative figure of the results obtained with the multiwell microfluidic
device with the cells study. At the top of the figure I made a legend of the drawings used to
express whether live cells, lysed cells or LDH enzyme were used. Then we have the wells
ordered numerically from 1 to 8 with the conditions specified next to the well. In addition
in each well I show the '3C spectrum obtained 20 s after injecting the hyperpolarised [1-
13C]pyruvate. The most unshielded peak corresponds to [1-'*C]lactate (shown in blue)
and the most shielded peak to [1-13C]pyruvate (shown in red).

7.4 CONCLUSIONS

In conclusion, this chapter demonstrates that hyperpolarized MRI is a suitable technique
for conducting high-throughput analyses, enabling the acquisition of multiple conditions
with a single hyperpolarized shot and measurement. Through spectroscopic localization

within different regions of a microfluidic platform, diverse conditions were tested fol-
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lowing a single polarization event. Specifically, in the oxidation of [1-!3C]pyruvate with
hydrogen peroxide, the reaction was dynamically monitored, tracking the evolution of
reagents, intermediates, and products over time. This dynamic assessment was feasible by
employing highly concentrated samples, and therefore, low flip angle measurements.We
managed to take a metabolism snapshot at a specific time and obtain information about
the different conditions involved in the wells of the microfluidic device. This novel exper-
imental approach enables the conduct of hyperpolarization assays for metabolism mea-
surement at a reduced expense, potentially making the technique more accessible to a

larger number o people at reduced cost and time.
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CONCLUSIONS

1. T'have developed a robust, reliable, and biopsy-free protocol to quantify ammonium
in biological fluids with a wide dynamic concentrations range, using quantitative

'"H NMR spectroscopy.

2. I demonstrated that the ammonium quantification method can be used to diagnose

and discern between some stages of NAFLD and ArLLD disease retrospectively.

3. I proved how magnetic resonance imaging is a promising tool to investigate diffu-
sion and perfusion in porous bio-compatible materials commonly used to develop

3D cell culture models.

4. 1 studied the effect of metallic parts in the massage of magnetic solutions, and
observed that in many cases the sample magnetization is diminished or lost due to

nonadiabaticity of the passage.

5. T evaluated the efficiency of a 60 MHz modified benchtop NMR spectrometer to
measure '3C NMR acquisitions within a microfluidic device incorporateing a dou-
ble tunned saddle radiofrequency coil. We tested the setup with hyperpolarized

[1-13C]pyruvate and fumarate.

6. I demonstrated that hyperpolarized MRI is a suitable technique for conducting high-
throughput analyses, enabling the acquisition of multiple conditions with a single

hyperpolarized shot and measurement.

7. We managed to take a metabolism snapshot at a specific time and obtain information

about the different conditions involved in the wells of the microfluidic device using

MRSI.
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