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Abstract

The thesis aims to characterize extracellular vesicles (EVs) utilizing nuclear magnetic
resonance (NMR) and develop different ultrafast Laplace NMR (UF LNMR) methods.
LNMR consists of diffusion and relaxation NMR experiments and provides detailed
information about molecular rotational and translational motion. A multidimensional
approach substantially enhances the resolution and information content of LNMR.
However, multidimensional LNMR experiments are slow because of the need to repeat the
experiment with incremented evolution time. The utilization of an ultrafast approach in
multidimensional LNMR experiments significantly reduces the experiment time. In the UF
LNMR approach, the evolution times are encoded in different layers of a sample. This way,
the data of a multidimensional experiment can be read in a single scan, shortening the
experiment time by one to three orders of magnitude. The single scan approach allows
hyperpolarization techniques to boost the experimental sensitivity by several orders of
magnitude.

In the first part of the thesis, we demonstrate that diffusion-ordered spectroscopy
(DOSY) is an NMR tool to characterize various EV samples extracted from milk as well
as embryonic kidney and renal carcinoma cells based on their size distributions. The DOSY
NMR allows one to determine a broad size distribution ranging from 1 to 500 nm.
Transmission electron microscopy (TEM) and nanoparticle tracking analysis (NTA)
confirm the DOSY NMR size distribution. However, the NTA analysis cannot detect any
particle below 70 nm. A complementary hyperpolarized chemical exchange saturation
transfer (hyper-CEST) Xe NMR study confirms the presence of small and large
nanoparticles in the EV samples.

In the second part of the thesis, we introduced a novel single scan UF LNMR called UF
T,-T, relaxation exchange spectroscopy (REXSY) method to quantify the molecular
exchange using T, relaxation as a contrast. We studied a halogen-free orthoborate-based
ionic liquid (IL) to validate the method. It allowed us to quantify the molecular exchange
that occurred between the aggregates and free ions. The results obtained from UF REXSY
are in good agreement with conventional reference experiments. The UF REXSY method
provides the means of analyzing molecular exchange processes in different fields, such as
cellular metabolism and ion transport in electrolytes, with higher sensitivity and efficiency.

In the final part of the thesis, we demonstrated a modified UF T:-T, correlation
experiment suitable for nonlinear sampling of T. data. The method leads to the optimal
sampling of exponential data. The technique uses frequency-swept pulses whose frequency



increases nonlinearly with time. As proof-of-principle, we exploited the method in
analyzing single- and double-tube doped water systems and porous materials. The
nonlinear sampling resulted in enhanced resolution. This approach can also be used in other
multidimensional UF LNMR experiments, such as diffusion experiments.

Keywords: exosome, extracellular vesicle ionic liquid, silica gel, nuclear magnetic
resonance, relaxation, diffusion, DOSY, Laplace NMR, ultrafast LNMR, hyper-CEST.
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1 Introduction

1.1 Background

Nuclear magnetic resonance (NMR) is a powerful analytical tool in science and industry.
It provides atomic-level information even if the sample material is opaque. The NMR
phenomenon was first reported in the early 1940s by two groups: Purcell, Torrey and Pound
(December 1945) [1] and Bloch, Hansen and Packard (January 1946) [2]. These two
groups were working independently. Later, both Purcell and Bloch were awarded the Nobel
prize for their contribution to Physics in 1952 "for their development of new methods for
nuclear magnetic precision measurements and discoveries in connection therewith." Since
then, the non-invasive and versatile NMR method has been developed into an essential tool
used in materials science, chemistry, biochemistry, medicine, etc. Magnetic resonance
imaging (MRI), employed by medical practitioners, offers a great deal for diagnostic
purposes and is the most well-known application of NMR. In 2003, the contribution of
Lauterbur and Mansfield was acknowledged with the Nobel Prize in medicine for their
discovery of MRI.

NMR relaxation and diffusion experiments provide detailed information about
molecular rotational and translational motion. The experimental data include exponentially
decaying components, and the distribution of the relaxation times and diffusion coefficients
is solved with the process which is often called the inverse Laplace transformation (a more
scientifically precise term could be the inversion of Fredholm’s integral of the second
kind) [3]. Therefore, the relaxation and diffusion experiments are called Laplace NMR
(LNMR). Frydman et al. [4-6] introduced spatial encoding, a concept called ultrafast (UF)
NMR, for collecting the 2D NMR data in a single shot. The same principles of spatial
encoding can also be exploited in multidimensional LNMR [7].

In this thesis, the size distribution of nanosized extracellular vesicles (EVs) secreted
from cancer cells and milk were analyzed using diffusion-ordered spectroscopy (DOSY).



Spin-exchange optical pumping (SEOP), an %Xe hyperpolarization technique combined
with chemical exchange saturation transfer (CEST) was used as well to characterize sub
populations of extracellular nanoparticles with high specificity and sensitivity. A novel UF
relaxation exchange spectroscopy (REXSY) method is introduced. The method facilitates
the quantification of molecular exchange between aggregates and free ions of an ionic
liquid (IL) sample. In another study, an UF T1-T» method is modified and tested on water
doped with copper chloride in single- and double tubes, and in silica gel. The study gives
the opportunity for optimal sampling of T; data. The methods introduced offer time-
efficient data collection and enhanced resolution. The single scan nature of the experiment
makes it easier to boost the sensitivity by exploiting hyperpolarization techniques.

1.2 Outline of the thesis

The thesis consists of two parts. The first part (Chapters 1-2) contains an introduction to
NMR and LNMR. The second part (Chapters 3-5) is a summary of the research work,
which consists of three peer-reviewed scientific articles at the end.

In Chapter 2, the basics of NMR spectroscopy are introduced. It includes the basics of
spectroscopy, relaxation, diffusion, multidimensional and ultrafast NMR as well as 1D
MRI.

Chapter 3 focuses on the characterization of EVs of different sources using *H DOSY
NMR and ***Xe hyper-CEST techniques.

Chapter 4 introduces an ultrafast T»-T, exchange method.

Chapter 5 describes an approach to UF data collection in a more optimal, nonlinear
way, and Chapter 6 summarizes all the published works of the thesis.






2 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is a physical phenomenon which occurs when atomic
nuclei in a strong, static magnetic field (Bo) are perturbed by a weak, orthogonal oscillating
radio frequency (RF) field (B1). The perturbation causes excitation of nuclear spins only
when the oscillating radio frequency matches the resonance frequency of the nuclear spins
in the static magnetic field. As a result, an oscillating radio frequency signal, called free
induction decay (FID), is observed. The time domain signal is then subjected to a Fourier
transform (FT) to obtain frequency domain data, i.e., an NMR spectrum.

NMR techniques do not use ionizing radiation. NMR is a versatile method for studying
solid, liquid, and gaseous states of matter. NMR provides detailed structural, spatial,
chemical, and dynamic information of a sample. Therefore, NMR is used, for example, in
biological and human studies, chemical analysis and industry.

In the following sections, the basic concepts of NMR and a few advanced NMR
methods are described. Further details of NMR spectroscopy can be found in the
references. [1-4]

2.1 Basics of NMR spectroscopy

Atoms are the basic unit of matter. An atom consists of a positively charged nucleus, which
is made up of positively charged protons and neutral neutrons, and a negatively charged
electron cloud. Each nucleus has its intrinsic angular momentum vector, J, also called the
spin angular momentum vector. The magnitude of the angular momentum is

Jl=nay1U+1), (2.1)

where | is the spin quantum number and & is the reduced Planck’s constant. | can have
values 0, 1/2, 1, 3/2, 2, etc. Nuclear spins with a non-zero spin quantum number exhibit
magnetic moment



p=1. 2.2)

Here, y is the gyromagnetic ratio of a nucleus. The angular momentum J and magnetic
dipole moment g of a nucleus are parallel when the gyromagnetic ratio y of the nucleus is
positive. If the gyromagnetic ratio is negative, then J and g are anti-parallel.

When a nucleus is present in an external magnetic field By, the interaction between the
nuclear magnetic moment gand an external magnetic field is called Zeeman interaction,
and the interaction energy is

E=—-p "B, (2:3)
When By is parallel to the z-axis of the laboratory frame, the interaction energy becomes
E = —pu,By = —yhJ,By = —yhmB,. (2.4)

Here, m is the magnetic quantum number, which can have the following values:
m=—1L(=1+1),..,(—-1),+I (2.5)

Therefore, the nucleus has 21+1 possible energy levels. The observable transitions have
Am =+ 1. Therefore,

AE = yhB,. (2.6)

Eq. 2.6 gives the energy required for transition from one energy level to another. The
transition can be achieved by electromagnetic radiation with a frequency of

AE |yl

22 _WMp 2.7

h 2m ° 27)

This is called the resonance frequency or the Larmor frequency.

When a sample including N nuclei is placed in an external magnetic field By, a

macroscopic magnetization is formed as the sum of all individual magnetic moments. At
thermal equilibrium, the macroscopic magnetization is

_ Ny?h2Byl(I + 1)

= 2.8
MO 3kT ) ( )

where k is the Boltzmann constant, and T is the temperature.

In the beginning of NMR experiments, the macroscopic magnetization is turned away
from the z-axis by applying an RF-pulse. The flip angle depends on the duration and
strength of the RF pulse. An RF pulse with a 90° flip angle rotates the magnetization into
the transverse plane, and an RF-pulse with a 180° flip angle inverts the magnetization in
the z-direction. The magnetization vector starts to precess about the direction of the



external magnetic field with the Larmor frequency. The precession of the magnetization
vector induces an oscillating current in the detection coil, which is known as the FID signal.
A Fourier transform (FT) of the demodulated time domain signal f(t) gives the frequency
domain spectrum;

FUF(0)} = F(v) = f (e 2™ dt. 2.9)

2.2 Nuclear interactions

2.2.1 Chemical shift

Electrons around nuclei change the magnetic field. Typically, the magnetic field
experienced by nuclei is slightly lower than Bo. This phenomenon is known as nuclear
shielding. The magnetic field at the nuclear site, called the local magnetic field, is

Bioc = (1 —0) - By, (2.10)

where o is the shielding tensor. Therefore, nuclei in different chemical environments
resonate at different resonance frequencies due to the shielding effect. In isotropic liquids,
the frequency is

y=lp 4o, @11)
2n

where ¢ is the shielding constant. A change in resonance frequency causes a change in the
position of the signal, which is called the chemical shift. Consequently, an NMR spectrum
reflects molecular structure.

As indicated by Eq 2.11, the resonance frequencies depend on the strength of the
external magnetic field. To make spectra measured at different fields easier to compare, a
field-independent, dimensionless chemical shift in parts per million (ppm) is introduced:

vV —V, vV —V.
—ref X 106 ~ —ref X 106 (212)
Vrer Ve

o=

Here, v,..r is the frequency of a reference molecule, such as tetramethyl silane, and v, is
the carrier frequency of a spectrometer.



2.2.3 Other interactions

The interaction between nuclear magnetic moments mediated by bonding electrons is
called indirect spin-spin coupling or J-coupling, and it causes the splitting of NMR
resonances into multiplets. Dipolar coupling represents the direct interaction between
nuclear magnetic moments. Due to isotropic tumbling, the dipolar coupling is not visible
in the spectra measured from liquids, but it affects relaxation. Quadrupolar interaction takes
place between nuclei with | > 1/2 and the electric field gradients (EFG). These interactions
are not observable in liquids and gases because of the rapid isotropic tumbling motion of
molecules.

2.3 Relaxation

In NMR spectroscopy, relaxation is a fundamental concept which describes the process of
returning the magnetization towards the equilibrium state. There are two subcategories of
relaxation: spin-lattice relaxation, also known as longitudinal (T1) relaxation, and spin-spin
relaxation, known also as transverse (T,) relaxation (Figure 2.1). Relaxation is caused by
fluctuating magnetic fields that are created by molecular motion. Fluctuating magnetic
fields cause both longitudinal and transverse relaxation, but longitudinal relaxation is
affected only by transverse fluctuating fields, while transverse relaxation is affected by
both longitudinal and transverse fluctuating fields.

z F4 z
c B 4 B . B
¥ y y y
X X X

Figure 2.1: lllustration of transverse and longitudinal relaxation in the rotating frame of
reference. a) At thermal equilibrium, magnetization is along the external magnetic field
direction (the z-direction). b) A 90° pulse rotates the magnetization along the y-axis of the
rotating frame of reference. c)-e) Thereafter the transverse magnetization starts to decay
and longitudinal magnetization increases due to T, and T; relaxation, respectively.

2.3.1 Longitudinal relaxation

When a sample is placed in an external magnetic field, magnetic moments tend to align
towards the field direction (z-direction), and macroscopic magnetization is built up due to
the alignment. The process of approaching the thermal equilibrium magnetization is called
spin-lattice relaxation or longitudinal (T,) relaxation.



When the magnetization is flipped into the transverse plane, the z-component of the
magnetization, M;, which is initially zero, starts to recover back to the equilibrium
according to the following equation:

M,(t) = M, [1 - e‘%]. (2.13)

Here, Ty is the longitudinal relaxation time.

T, relaxation is usually determined by the inversion-recovery (IR) pulse sequence
(Figure 2.2a) [12]. The pulse sequence starts with a 180° rf pulse to invert the thermal
equilibrium magnetization. Thereafter, there is a delay 7 for the inverted magnetization to
recover. After the recovery delay, a 90° read pulse is used to flip the recovered
magnetization to the transverse plane for detection. The exponential growth of the M,
magnetization towards its equilibrium state is monitored by repeating the whole process
with an incremented 7 delay. A short 7 delay results in a negative signal and a long z delay
result in a positive signal. In the case of a single relaxation component, the signal observed
in the inversion recovery experiment obeys the following equation:

M,(x) = M, [1 - 2e‘TT_1]. (2.14)

Eqg. 2.14 is then fitted with the measured signal intensities to the determine T relaxation
time. Another way to determine the T, relaxation time is to find the time point 7, at which
the M, magnetization is zero. According to Eq. 2.14,

To

T=is (2.15)

2.3.2 Transverse relaxation

In NMR experiments, the magnetization along the external magnetic field is commonly
rotated to the transverse plane. Then the magnetization starts to precess with the Larmor
frequency around the z-axis. Because of transverse relaxation, the magnetization in the
transverse plane starts decaying:

t

M,y (t) = Me 2. (2.16)

In practice, the transverse relaxation decay rate is faster due to magnetic field
inhomogeneity [13]. Transverse relaxation time, T, is typically measured using the spin-
echo [14] or Carr-Purcell-Meibon-Gill (CPMG) pulse sequence [15]. In the CPMG pulse
sequence (Figure 2.2b), the 90, excitation pulse rotates the magnetization into the xy-plane
(Figure 2.1). Thereafter, the magnetization vectors at different positions start to dephase



due to different local magnetic fields. To overcome this, after the delay z, a refocusing
180y pulse is applied to invert the phases. After another z delay, the spins are refocused,
and an echo is observed. The repetition of 180y, pulse refocuses the spins again and again,
and the echo amplitude decays only due to T,. T relaxation time is determined by fitting
Eg. 2.16 with experimental data. [2,3]

a b
— T —i

—i
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Figure 2.2. a) Inversion recovery and b) CPMG pulse sequences with the corresponding
relaxation curves.

2.4 Diffusion

The physical process in which molecules are redistributed in space due to translational
Brownian motion, where internal energy acts as the driving force, is called diffusion.
Molecular diffusion measurements provide information about physical properties of
molecules, such as their sizes and shapes, encapsulation, aggregation, etc.

NMR is a standard analytical method for measuring the self-diffusion coefficients of
molecules in liquids. It is non-destructive, and molecular self-diffusion coefficients can be
measured without tracers. In NMR, diffusion is measured usually by pulsed gradient spin
echo (PGSE) [16] (Figure 2.3a) or pulsed gradient stimulated echo (PGSTE) [17] pulse
sequences (Figure 2.3b). The PGSE pulse sequence is based on a spin-echo. In the pulse
sequence, a short gradient pulse is applied right after a 90° excitation pulse, and it dephases
the spins based on their positions. After the gradient pulse, a phase 180° pulse is applied,
followed by another identical gradient pulse which rephases the spins. An echo is formed
at time 2z. The time between the two gradient pulses is called diffusion delay (A). During
the diffusion delay, the spins may change their positions (Figure 2.3c). As a result, the
intensity of the signal decreases and the observed signal amplitude is

S = Syexp [—(y6G)2D (A - g)] . (2.17)

Here, Sp is the initial signal intensity at G=0, and &, G and D are the gradient duration, the
gradient strength, and the self-diffusion coefficient, respectively. Typically, the pulse
sequence is repeated, varying the gradient strength G and keeping the diffusion delay A



fixed. The diffusion coefficient is determined by fitting Eq. 2.17 with the experimental
data.

The PGSTE pulse sequence (Figure 2.3b) includes three 90° pulses. The first 90° pulse
flips the magnetization into the transverse plane and the gradient pulse dephases spins
based on their position. The second 90° pulse stores one component of the dephased
transverse magnetization along the z-direction. The spoiler gradient between the second
and the third 90° pulses removes the residual transverse magnetization. This spoiler
gradient dephases the remaining magnetization. The third 90° pulse rotates the stored
magnetization back to the xy-plane and it is followed by the second diffusion gradient and
reading of the data. If relaxation is not taken into account, the signal intensity in the PGSTE
experiment is half of the signal intensity of the PGSE experiment because right after the
second 90° pulse, half of the magnetization is dissipated. The relaxation attenuation in the
PGSE experiment is dominated by transverse relaxation, whereas in the PGSTE
experiment it is dominated by longitudinal relaxation, because the magnetization is stored
in the z-direction during A delay. Therefore, the PGSTE experiment is more suitable for
the samples in which T1>> T..
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Figure 1.3. a) PSGE,b) PGSTE pulse sequences. c¢) Behavior of magnetization vectors
during the PGSE experiment.

2.5 Multidimensional NMR

In one-dimensional NMR spectroscopy, spectral data are plotted against only one axis.
When it comes to multidimensional methods, the intensity of each signal is plotted against
two or more axes. Multidimensional NMR experiments are beneficial for achieving more
versatile information about the chemical structures and dynamics of molecules.
Furthermore, the addition of dimensions in the NMR spectrum improves the resolution.

A basic representation of the two-dimensional NMR experiment (Figure 2.4) has four
periods: preparation, evolution, mixing and detection. The preparation period is the
beginning of the experiment. This period can have one or more pulses to prepare the
magnetization for the next period.

The evolution period starts right after the preparation period ends. In the evolution
period, the magnetization evolves with a precession frequency for a time t,. The

10



experiment is repeated many times and t, duration is incremented with a fixed value of At,
in each repetition.

Then comes the mixing period, which may include magnetization transfers between
spins. At the end of the period, the magnetizations are transferred into an observable signal.
Based on the method of choice, many delays, pulses, and gradients may be present during
this period.

In the detection period, the signal is recorded for time t,.

Overall, the signal in the repeated experiments forms a 2D matrix as a function of time
variables t; and t,. Fourier transformation generates a 2D NMR spectrum, where each row
and column separately represent one 1D spectrum in their corresponding frequency axes.
Adding more data in the t, dimension does not cost a significant amount of experimental
time, whereas for one additional data point in the t; dimension, an extra repetition is
needed. Therefore, multidimensional NMR experiments are more time-consuming when
acquired points in the indirect dimension (t1) are increased.

A broadly used 2D method to study molecular exchange by NMR spectroscopy, known
as exchange spectroscopy, (EXSY) [18] was first introduced in 1979. The EXSY method
relies on chemical shift contrast. Exchange happens when a molecule moves between
different chemical or physical environments. The EXSY method can be used to determine
exchange rate. Cross-peaks may appear also due to magnetization transfer caused by the
nuclear Overhouser effect (NOE).
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Figure 2.4. 2D EXSY pulse sequence.
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The pulse sequence of the EXSY experiments is shown in Figure 2.4. The first 90° pulse
flips the magnetization to the transverse plane. Right after the excitation pulse, the
evolution period starts. In this period, the spins precess at their precession frequencies and
acquire phases. Then the second 90° pulse stores one magnetization component along the
z-axis. During the mixing period, the leftover transverse magnetization may be destroyed
using a spoiler gradient. Furthermore, the spins may move from one site to another. Then
the third 90° pulse flips the magnetization into the transverse plane, and a signal is detected.
The experiment is repeated several times with an incremented ¢, value.

Then the collected signal is Fourier transformed to obtain a 2D NMR spectrum. In the
spectrum, there can be off-diagonal peaks in addition to diagonal peaks. The off-diagonal
peaks arise due to the exchange of spins during the mixing period. The two-dimensional
EXSY experiment is an excellent method for studying multisite systems. The sites are
resolved in the spectrum when the exchange is slow in the NMR time scale. However, the
exchange time should not be longer than longitudinal relaxation T;.
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2.6 Laplace NMR

Laplace NMR (LNMR) consists of NMR relaxation and diffusion experiments. LNMR can
be used to determine the relaxation and diffusion coefficient distributions and unveil
information about molecular structures and dynamics. Furthermore, LNMR provides the
opportunity to distinguish different components of a system based on their relaxation times
and diffusion coefficients. Relaxation and diffusion experiments result in exponentially
decaying components; the relaxation time and diffusion coefficient distributions can be
extracted from the data by the inverse Laplace transform (ILT) (Figure 2.5) [19].
Relaxation experiments predominantly reflect the random rotational motion of
molecules, [20] whereas diffusion measurements uncover information about the
translational self-diffusivity of a molecule. The methods are broadly exploited in the study
of porous structure of materials. [19,21]

The exponentially decaying signal observed in relaxation and diffusion experiments is
presented as

S() = S(0)e ™R, (2.18)

where x represents a variable, and R is the decay rate constant. In relaxation experiments,
X = t is time; for instance, in the case of CPMG experiment, R = 1/T.. In the case of the
PGSE diffusion experiment, R = D and x = [(y5G)*(A-/3)].

The dynamics of a multi-component system may be represented by a relaxation time or
diffusion coefficient distribution, P(R). The signal for such a system is

S(t) = JP(R) e RdR. (2.19)

Eqg. 2.19 is similar to the definition of Laplace transform (but x=t is a real number).
Therefore, the detected signal S(t) in the relaxation and diffusion experiments is the
Laplace transform of P(R). While in the traditional NMR experiment the oscillating FID
signal is converted into spectrum by the Fourier transform, in the LNMR experiment the
inverse Laplace transform (ILT) is performed to determine relaxation time or diffusion
coefficient distribution from exponentially decaying data. [19]

ILT is an ill-posed problem; noisy experimental data can result in an infinite number of
distributions of P(R) consistent with the experimental data. For example, two sharp signals
with opposite amplitudes next to each other in P(R) produce a negligible contribution to
S(t). This problem can be limited using regulators and constraints [22,23]. The most
commonly used constraint is the non-negativity constraint, which does not allow negative
intensities in relaxation time and diffusion coefficient distributions. Typically, regulators
favor smooth and continuous distributions over spiky ones. Depending on the parameter of
the regulators, two narrow peaks may turn into one broad peak (oversmoothing), and one
broad peak may split into a train of narrower peaks (so-called pearling artefact) [24].
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Figure 2.5. Inverse Laplace transform converts an exponentially decaying signal into
relaxation time or diffusion coefficient distribution.

Multidimensional LNMR experiments enable the correlation of diffusion coefficients
and relaxation times [25,26]. They can also be used in the study of molecular exchange in
multisite systems where the sites are not resolved in the spectrum. In order to extract the
diffusion coefficient and relaxation time distribution from the experimental data, a robust
and reliable multidimensional inverse Laplace transform algorithm is required. [25]

The pulse sequence for a T»-T relaxation exchange experiment is shown in Figure 2.6.
There are two CPMG loops in the sequence and a mixing time =y in between the loops
separates them. In the 2D map of T,-T, exchange experiments, the diagonal peaks appear
from the spins having the same T, values before and after the mixing period zv. Off-
diagonal peaks appear in the 2D map if T, values change. It happens when the exchange
between different sites occurs during the mixing time zu. In an experiment, the 2D data set
is acquired with an incremented number of CPMG loops in the first part of the sequence.
In order to determine the exchange rate, one needs to perform a series of T,-T, experiments
with an incremented mixing time.

90° 180° 90° 90° 180°
T T r r 2
,.'n __
CPMG loop M CPMG loop

Figure 2.6. Pulse sequence for T2-T2 exchange experiment.

In addition to T»-To, there are many other two-dimensional LNMR experiments such
as T1-T,, D-Ty, T1-D and D-D experiments [27,28]. The choice of experiment is based on
the system to be investigated and the information to be extracted. The signal observed in a
2D LNMR experiment can be written as

S(ty,ty) = f f P(Ry,R,) e"f1Rie~t2R2dR dR,. (2.20)

Subscripts 1 and 2 refer to the indirect and direct dimensions, respectively. P(R1,R>) is the
2D relaxation time or diffusion coefficient distribution and Ri, R, are the decay rate
constants.
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2.7 Ultrafast NMR

Multidimensional NMR experiments require a long measurement time because the
experiment needs to be repeated several times with incremented evolution time or gradient
strengths. The concept of UF NMR, based on spatial encoding, was first introduced by
Frydman et al [4,5,7,29-32]. It enables the collection of 2D data in a single scan. In this
approach, the evolution times are encoded into different layers of the sample (Figure 2.7).
These experiments shorten the measurement time by one to three orders of magnitude. The
spatial encoding can also be exploited to accelerate multidimensional LNMR experiments.

. b Ultrafast
| Preparation ” Mixing MMJ\M
Wi A
| |“ | |nﬁﬂf\n.\ 24
Wi
| | = | LALA A
LA :

| N | AMann, NA
LA
Evolution Detection
N

Figure 2.7. a) General scheme for a conventional 2D NMR experiment. The experiment
needs to be repeated with incremented evolution delay. b) In an ultrafast experiment, the
evolution times are encoded into the discrete layers of the sample, and the data is collected
in a single scan.

The evolution times are encoded along the sample layers by applying frequency-
swept chirp pulses. The chirp pulse frequency increases/decreases linearly with time:

t

Avt h tc<t<
Ve =—tWhen —-——=s 0= —.
¢t 2 2

(o}

(2.21)

Here, Av is the chirp sweep width and ¢, is the chirp duration. In the rotating frame of
reference, during the sweep, the angle « of the effective magnetic field with respect to the
z-axis direction is

a(t) = arctan ( vB: ), (2.22)
21V,

where B is the strength of the chirp pulse field. During the chirp pulse, the direction of the
effective field changes from the +z-axis to the -z-axis. A strong B; field causes the
magnetization vector to follow the effective magnetic field adiabatically [8]. The adiabatic
condition is fulfilled when
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[V Bege ()] > |E|‘ (2.23)

Here, By is the effective magnetic field. In practice, the adiabatic condition is [4,33]

dv, Av,
By > = . 2.24
e I dt ’ t, (2.24)

These chirp pulses are used along with the gradient pulses, which make the nuclear Larmor
frequency to be linearly dependent on the position:

G
v=22 (2.25)
21
Here, y is the gyromagnetic ratio, G is the gradient pulse strength, and z is the position
along the sample axis. The excitation/inversion time is when the frequency of the chirp
pulse and spins match each other and arises from Egs. 2.21 and 2.25:

yGt, , (2.26)
2mAy

t(z) =

The resonance frequency of the spins depends linearly on the position along the z-axis due
to the presence of the gradient. A frequency-swept pulse effects the spins at the bottom
first and those at the top last. Therefore, the excitation/inversion time is linearly dependent
on the position. The phase of the chirp pulse is

AV t?

¢c(t) = P + anvcdt = : (2.27)

tc

where ¢ is the initial phase at time t = 0. Eq. 2.27 shows that the phase of the chirp has
quadratic time dependency. The x-component of the B; field of the chirp is

Bix = B; cos(¢.). (2.28)

As the phase of the chirp pulse varies with time, the spins will experience different
phases of the chirp pulse at different times. When a chirp pulse is used to invert the
magnetization from +z-axis to -z-axis, the phase does not affect the end result. When a
refocusing chirp is used, the result is affected by the phase of the chirp pulse. It needs to
be considered when the chirp pulse is designed.

15



2.8 Magnetic resonance imaging

The clinical imaging method, magnetic resonance imaging (MRI), is the best-known
application of NMR. Even though MRI is extensively used for clinical purposes, it is also
exploited in many other disciplines, such as chemistry, biochemistry, materials science,
etc. [34].

2.8.1 Frequency encoding

An MR image is the projection of NMR signals along the spatial axis where a gradient field
is applied. The gradient makes a magnetic field vary linearly with position. Therefore, the
Larmor frequency of the nuclei depends on the position. The observed signal is processed
to obtain an image.

In MRI experiments, when a magnetic field gradient along the x-axis, G, is applied,
the Larmor frequency v, of the nuclear varies linearly with the x position:

v = V(BO + XGX) _ nyX

vo + = (2.29)

21

When a gradient is applied and an FID is observed, the FID contains information on the
position of spins along the applied gradient field direction. The Fourier transformation of
the FID is now the frequency distribution of a signal and is the 1D image of the sample.

The frequency axis can be converted into the spatial locations by using the following
equation:

2 —
oo v =vo) (2.30)
¥ Gy

The observed 1D MRI signal is
Sk) = fp(r) e 2Tk gy, (2.31)
Here, p(r) is the effective spin density, and k is the spatial frequency
Y
k() = —f G(t) dt, (2.32)
21

where G(t) is the gradient as a function of time. The Fourier transform of the 1D MRI
signal (Eq. 2.31) provides the 1D image (the spin density distribution, Figure 2.8):

p(r) = f S(k) 2™ df. (2.33)
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Figure 2.8. The spectra of a water-filled square box with and without gradient. a) The
water-filled box without and with the gradient along the x-axis. b) Resulting FIDs of the
experiments. ¢) Corresponding Fourier transformed spectra. In the absence of a gradient, a
sharp peak is observed. With the applied gradient, the spectrum looks like a flat rectangle,
a 1D image.

2.8.2 Gradient and spin echo imaging

Gradient echo and spin echo are the most commonly used methods in MRI. In gradient
echo imaging (Figure 2.9a), an excitation pulse with a small flip angle o is typically used.
According to the Ernst rule [35], the maximum signal is obtained in a fixed time when the
flip angle is

_to

cosa=¢e T, (2.34)

where tp is the repetition time to accumulate more signals in a multi scan experiment.

The first gradient with a negative amplitude causes a shift from the center of k-space to
a negative maximum, -kmax (from position 1 to 2) and dephasing of the spins. Thereafter, a
positive read gradient with a double area is applied and the signal is read. The read gradient
rephases spins and gradient echo is formed at the center of the gradient.

Two RF pulses are used in the case of 1D spin echo imaging (Figure 2.9b). The first
gradient after the initial 90° excitation pulse causes a shift from the center of k-space (1) to
a positive maximum (2), kmax. After the t delay, the 180° pulse inverts the phases of the
spins and the k-value from Kmax (2) to -kmax (3). Then the signal is acquired in the presence
of a read gradient and an echo is observed after another t delay. During the acquisition
time, k-values change from position 3 to position 4. In this method, both the spin echo and
the gradient echo are formed simultaneously at the center of the read gradient and the
magnetic field inhomogeneity is refocused.

17



o o

S

==

3 4

o i 1 4
G 1o ] G rr :i_|
L
3 4 3— Y
2 i I . Y fa
J T T T T T
'kmax kmmc 'kmax km:u.

Figure 2.9. a) Gradient echo b) spin echo 1D imaging pulse sequences and their k-space
trajectories.

2.9 Chemical exchange saturation transfer

NMR spectroscopy is a rather insensitive method. Chemical exchange saturation transfer
(CEST) offers the means to investigate the exchange processes. Furthermore, the method
may enhance the sensitivity by orders of magnitude via chemical exchange saturation
transfer, making low spin population pools observable. In CEST experiments, the
requirement is the existence of exchangeable pools, where the exchange is slow in the same
NMR time scale.

The CEST experiment begins with a continuous wave (CW) saturation pulse (Figure
2.10a). After saturation, the spectrum is measured by using a hard pulse (90°). Let’s assume
that the spectrum includes two signals (Figure 2.10b): a minor signal arising from
encapsulated Xe (circle in a triangle), and a major signal arising from the unbound Xe
(circle). If the CW frequency matches with the frequency of encapsulated Xe, the signal
from encapsulated Xe becomes saturated (Figure 10c). If exchange occurs, the saturated
encapsulated Xe atoms are then transferred to the unbound Xe pool, leading to an
attenuation in the free Xe signal (Figure 2.10d). There is a continuous replacement of
saturated Xe atoms by non-saturated Xe atoms in the encapsulated pool, and the non-
saturated Xe atoms are always saturated due to the continuous saturation. This leads to an
accumulation of saturated Xe atoms in the free Xe pool, causing a significant reduction of
the signal intensity (Figure 2.10d). This allows significantly enhanced indirect
measurement of a free Xe pool. The decrease of the signal intensity of the major Xe signal
as a function of CW saturation frequency is represented as the CEST (or Z-) spectrum
(Figure 2.10e) [36].
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5CW

Figure 2.10. An illustration of the chemical exchange saturation transfer experiment. a)
CEST pulse sequence. The effect of a continuous wave (CW) saturation pulse on observed
spectrum b) before, ¢) in the beginning and d) at the end of the CW pulse. €) CEST
spectrum, i.e., the amplitude of the unbound Xe signals as a function of saturation
frequency offset. Blue and red circles represent polarized and saturated Xe atoms,
respectively. Triangles represent encapsulated sites. The saturation frequency is indicated
with the wavy blue arrow. The double-headed blue arrows show the exchange between the
sites.

2.10 Xenon NMR

The NMR active xenon (Xe) nuclei are 12°Xe and **'Xe. The spins of ?°Xe and 3! Xe are
1/2 and 3/2, and the natural abundances of these isotopes are 26% and 21%, respectively.
129%e is the Xe isotope that is primarily used in NMR because it is a spin-1/2 nucleus and
has higher sensitivity compared to *3Xe [36]. Xenon is an inert and monoatomic gas. It
has a relatively large spherical electron cloud, which makes the 12°Xe chemical shift very
sensitive to its local environment. Xe has been used to investigate extracellular vesicles,
membranes, porous media, cages in zeolites, clathrates, polymers, etc. [36-42]

NMR sensitivity can be enhanced by utilizing the spin-exchange optical pumping
(SEOP) [43] technique by several orders of magnitude. In SEOP, a mixture of alkali-metal
vapor, most often rubidium, and noble gas (Xe) is used. In the first step, a circularly
polarized light with an appropriate wavelength is used in the presence of an external
magnetic field to polarize rubidium. Thereafter, during binary collision, the hyperfine
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interaction between the rubidium electron and Xe nucleus occurs and transfers the spin-
polarization from rubidium to Xe. [43]

In 12°Xe hyper-CEST experiments, a selective-saturation pulse is applied to the low Xe-
populated pool. The saturated xenon atoms are transferred to the bulk Xe pool, and an
exchange between the saturated and non-saturated Xe occurs. Due to this, there is a slight
signal attenuation of the bulk Xe pool. The continuation of Xe saturation and exchange
results in a substantial bulk signal attenuation and leads to indirect detection of low
population Xe pool.
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3 NMR analysis of exosomes

3.1 Exosomes

Exosomes, which are a subclass of extracellular vesicles (EVs), are nanosized biological
particles that are 30-150 nm in diameter [44,45]; they are released from multicellular
organisms into the extracellular environment. Over the last few years, exosomes have
received attention for their abundance and role in the physiological processes of multiple
multicellular organs. The important feature of these vesicles is that they transfer
compounds such as lipids, proteins, DNA, mRNA, and miRNAs to target cells; that is why
they are also called signalosomes [46,47]. Some known functions of exosomes are immune
response [48], mediating cell-to-cell signaling, and acting as a bioactive molecules
transporter [49]. In addition to that, they have some properties such as low toxicity,
biological membrane permeability, inherent stability, biocompatibility, and low
immunogenicity, which are the most critical factors for choosing any biosystem for a drug
delivery cargo [49]. Lipids and proteins available at the surface of exosomes act as a
biomarker and specify their target and origin of secreting cells. This feature also helps to
differentiate different proteins present in exosomes and use them as a potential tool for
diagnosing diseases like cancers [50]. Therefore, the characterization of exosomes is
necessary for the treatment of such conditions.

The biogenesis of exosomes involves the following: formation of endocytic vesicles,
multivesicular bodies (MVBs) formation, and the fusion of the MVBs [51]. In the
beginning, a cup-shaped structure is formed by the invagination of the endosomal
membrane. This contains extracellular surface protein, a membrane-bound signalling
protein, soluble protein, lipid rafts, etc., which paves the way for the formation of early-
sorting endosomes (ESE). Contributions from both the Golgi-apparatus and endoplasmic
reticulum also help in the formation of ESEs [52,53]. The newly formed ESEs can merge
with pre-existing ESEs inside the cells. Mature ESEs are called late-sorting endosomes
(LSEs). In the process, they finally generate multivesicular bodies (MVBs) by inward
budding of the endosomal limiting membrane. During this process, MVBs collect several
intra-luminal vesicles (ILVs) [53,54]. These ILVs are also known as future exosomes. The
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MVBs can degrade when they come in contact with lysosomes, but a fusion of MVBs with
plasma membrane causes the release of exosomes. [55,56]

It is possible to characterize exosomes by determining their concentration and particle
size distribution. The available techniques to measure the size and concentration are
nanoparticle tracking analysis (NTA) [57], transmission electron microscopy (TEM) [58],
a conventional flow cytometer, and resistive pulse sensing (RPS) [59]. None of these
techniques accurately measure the size, concentration, and sample volume. The results
obtained from these techniques differ by order of magnitude. This is because, in general,
biological samples are a mixture of several components of different sizes, making them
heterogeneous. [59] The most commonly used technique is the NTA, which combines light
scattering microscopy and Brownian motion to achieve the particle size distribution of any
liquid suspension [60]. NTA technigues can measure any particle in the liquid above about
70 nm [59].

3.2 Previous NMR studies

The study of exosomes has been ongoing for over two decades [61,62]. However, NMR
studies of exosomes are scarce. Shao et al. reported circulating exosome detection using
NMR [63]. They developed a microfluidic system for on-chip NMR (uUNMR) detection
and quantification of exosome concentration. In this magnetic nano-sensor-based vesicle
detection system, the exosomes were labeled with magnetic nanoparticles (MNPS) in order
to detect circulating exosomes through T, contrast.

3.3 DOSY NMR analysis

In our studies, we extracted exosomes from three different sources: milk, embryonic kidney
cells (EKC), and renal carcinoma cells (RCC). We made extractions from different batches
and named them Milk 1-2, EKC 1-5, and RCC 1-4, respectively. After the extraction and
purification, the samples were prepared for DOSY NMR experiments. Every exosome
sample was prepared by adding 6 pl of deuterium oxide (D20) into 30 ul of a stock exosome
solution. The concentrations of milk 2, EKC 3 and RCC 3 were 1.83x10%, 1.04x10'?, and
2.54x10"* particles/ml, respectively. Then the whole volume was transferred into a 1.7 mm
NMR tube. The DOSY NMR experiments were performed on a Bruker Avance 500 MHz
spectrometer equipped with a micro cryoprobe at 280 K.

Figure 3.1a shows the 'H spectra of DOSY experiments of Milk, EKC, and RCC
samples at the smallest gradient value. The peaks in the spectra at 0.9, 3.4, and 4.7 ppm
arose from -CHjs, -CH> groups of ethanol and water, respectively. The ethanol signal arises
from the residual ethanol used in the purification process. There were small signals in the
region of 1.0-3.5 ppm, the most dominant between 1.8-2.0 ppm, which were assumed to
originate from lipid -CH> groups. There was no peak visible in the aromatic region at
around 7.0 ppm.

The DOSY decay curves of all three exosome samples for the most dominant signal at
around 1.8-2.0 ppm are shown in Figure 3.1b. The decay rate for different samples is
different because of different average particle size distributions. The EKC and RCC signals
decay faster than the milk signal. This indicates that EKC and RCC have smaller particles

23



than milk. Inverse Laplace transform [25,64,65] analysis was used to convert decay curves
into diffusion coefficient (D) distributions, shown in Figure 3.1c (Figure 3.1c is the sum of
all diffusion distributions of different sample batches). There are multiple peaks in the
diffusion coefficient distribution varying between 10-'? and 10° m?/s. The smaller and
larger values of diffusion coefficients represent larger complexes and small-sized particles,
respectively. These diffusion coefficient values were then converted to size distributions
(solid lines) shown in Figure 3.1d by using the Stokes-Einstein equation [66] and a
comparison with nanoparticle tracking analysis distribution (dashed lines) was made. The
Stokes-Einstein equation provides a reasonable approximation for spherical-shaped
exosomes, which is larger than the solvent molecule (H20): [67-69]

D= kT
~6mr,

(3.1)

Here, D is the diffusion coefficient, k is Boltzmann's constant, and # is the viscosity of the
solvent. The intensities of the resulting particle size distributions of the DOSY NMR and
NTA methods shown in Figure 3.1d are not directly comparable because the DOSY method
represents the number of spins, while the NTA method represents the number of particles.
The DOSY distribution detects particles in a broad range from a couple of nanometers
close to a micrometer, while the NTA distribution detects particle sizes over 70 nm. In the
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Figure 3.1. a) 'H DOSY spectra of selected Milk, EKC, and RCC exosome samples. All
the spectra were recorded at the smallest gradient value. b) DOSY decay curves of the lipid
CHj> signals. ¢) Sum of diffusion coefficient distributions of all EV samples. d) Particle
size distributions are derived from the diffusion coefficient distributions by the Stokes-
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Einstein equation (solid lines) and corresponding NTA distributions (dashed lines).
Reproduced from Chem. Sci. 12 (2021) 8311-8319 (CC BY-NC 3.0) [42].

DOSY distribution, a significant amount of small particles below 70 nm is invisible in the
NTA. Exosomes are in the range of 50-150 nm; therefore, the broad size range indicates
the presence of not only exosomes but also some other co-isolated particles together with
exosomes such as lipoproteins (high-density lipoprotein (HDL), low-density lipoprotein
(LDL) and intermediate-density lipoprotein (IDL), 5-35 nm), non-membranous exomers
(30-50 nm), [70] and microvesicles (100-1000 nm) [45]. The DOSY and NTA distributions
are in good qualitative agreement in the 70-400 nm range. The DOSY size distributions of
the EKC and RCC samples are rather similar, whereas the milk distribution shows
significantly larger particles.

3.3.1 Transmission electron microscopy analysis

The particle sizes were also estimated with transmission electron microscopy (TEM, Figure
3.2) to verify the results of the DOSY NMR analysis. The TEM images showed that the
largest particles are 150-200 nm and aggregates are about 300 nm in diameter. There are

Milk 1 Milk 2

RCC

Figure 3.2. Transmission electron microscopy images with the estimated particle sizes of
some milk, EKC, and RCC EV samples. Reproduced from Chem. Sci. 12 (2021) 8311—
8319 (CC BY-NC 3.0) [42].

also many particles with sizes below 70 nm. This size range is below the detection limit of
the NTA analysis but is observable in the DOSY analysis. In the milk sample, the images
include small particles below 20 nm and large particles of 100-300 nm in diameter.
Therefore, the TEM and the DOSY results are in good agreement. The EKC image shows
a size distribution of a few to 200 nm, which also aligns with the DOSY analysis. The
particle sizes visible in the RCC image are a bit smaller than the EKC particles present in
the TEM image, which also agrees with the DOSY NMR results.
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3.4 129Xe hyper-CEST NMR analysis

In hyper-CEST experiments, cryptophane-A mono-acid cages (CrA-ma) were first
introduced into the sample to enhance the resolution. Xe gas was then bubbled into the EV
sample through five capillary tubes. Figure 3.3b illustrates all the possible environments of
Xe in the sample: free Xe in the sample solution, Xe temporarily trapped in the CrA-ma
cages in solution, Xe trapped in cages in the lipid bilayer (exosomes) and encapsulated Xe
in micelles.

The signal of encapsulated Xe in a CrA-ma cage in the lipid structure has a downfield
shift of about 10 ppm from Xe in CrA-ma in an aqueous environment [71]. The hyper-
CEST spectra of EKC at two different EV concentrations and RCC are shown in Figure
3.3a, which include signals at -124 ppm, -129 ppm, -134 ppm, and 0 ppm. The 0 ppm peak
is an overlapping signal of the free xenon in the solvent and xenon in the lipid structure.
When Xe is encapsulated in a CrA-ma cage, it provides well-resolved signals of different
environments: signals in the range of -120 and -130 ppm correspond to Xe encapsulated in
a CrA-ma cage in the lipid structures; the other signal at around -134 ppm originates from
Xe encapsulated in a CrA-ma cage in the aqueous environment. In standard hyperpolarized
129X e spectra, the signals between —134 and —120 ppm were not visible. The significant
signal enhancement provided by the CEST mechanism made them observable.

Two distinguished pools have 10 and 5 ppm downfield shifts from Xe in CrA-ma in the
aqueous environment. These signals arise from lipid structures. We hypothesize that the
signal at around -124 ppm represents larger nanoparticles such as exosomes and
microvesicles. On the other hand, the other signal at around -129 ppm represents smaller
nanosized particles, for example, lipoproteins and exomers. The results obtained from
hyper-CEST confirm the existence of different subpopulations of extracellular
nanoparticles observed in the DOSY analysis.
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Figure 3.3. a) 12°Xe hyper-CEST spectra of EKC and RCC exosomes in PBS after labeling
with a CrA-ma cage. The CEST responses from membrane-embedded CrA-ma cages are
at ca. -125 and -130 ppm offset (relative to Xe in the buffer signal). Here, LC and HC
indicate low and high concentration EV samples, respectively. b) All the components of
the exosome sample in hyper-CEST experiments. Reproduced from Chem. Sci. 12 (2021)
8311-8319 (CC BY-NC 3.0) [42].
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4. Ultrafast T»-T> study of ionic liquids

4.1 lonic liquids

lonic liquids (ILs) are mixtures of salts in a liquid state with several ions present; therefore,
they show ionic conductivity. ILs have typical melting points below 100°C. ILs are
typically organic salts or a mixture of organic and inorganic salts that melt or solidify at
the same temperature.

Since the beginning to the present day, ILs have been categorized into first-generation,
second-generation, and third-generation ILs. First-generation ILs were mostly used as
solvents and catalysts of Friedel-Crafts reactions in organic chemistry and were able to
interact with water. Therefore, they needed to be handled in a dry box. Second-generation
ILs were also used extensively as solvents in organic chemistry and thought to be stable in
water and in the presence of air. Afterward, it was shown that rising white fume and
hydrolysis produced toxic and corrosive hydrogen fluoride. Third-generation ILs emerged
in the early 2000s; they are chiral and task-specific [72]. ILs show various physical and
chemical properties such as solvation, non-ionizing, low vapor pressure, thermal stability,
nonflammability, ionic conductivity, and low volatility. These properties make ILs a
lucrative candidate for scientific and technological applications such as catalysis, organic
synthesis, active pharmaceutical ingredients, biopolymer processing, nuclear fuel
processing, waste recycling, solar thermal energy storage, and much more. [72,73]

Having all the advantages of ILs, they are still not used in many industrial applications
due to halogen-containing anions (HFs, BF4). Due to hydrolysis, these halogens
containing ILs tend to absorb water and produce hydrogen halides and other acidic
byproducts. The reaction byproducts exhibit environmental issues, toxicity, and are
corrosive in nature. Therefore, ILs are not always considered to be green [74,75]. Recent
studies have shown that halogen-free ILs mitigate toxicity and corrosion issues.
Environmentally friendly halogen-free orthoborate-based hydrophobic ILs are used, e.g.,
as lubricants. [76,77]
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4.2 Relaxation and diffusion NMR studies of ionic liquids

NMR relaxation and diffusion experiments offer a better understanding of physicochemical
properties, aggregations, hydrogen bonding, and solvation dynamics at the atomic
level [78]. There are plenty of NMR studies conducted on ILs. For example, Filippov et
al. [79] reported the self-diffusion coefficient of an IL and explained the coexisting of two
liquid phases depending on the temperature. Javed et al. [79,80] recently studied the same
IL by combining 1D and multidimensional LNMR methods. The study showed that the
microscopic phase structures and the chemical shifts change as a function of temperature.
Endo et al. [81] conducted a relaxation NMR study on an IL and reported that mostly stable
anion interaction sites play a significant part in the rotational dynamics of IL.

In the current study (Paper 2), a new ultrafast T»-T. relaxation exchange pulse sequence
was introduced, and its feasibility was demonstrated by following the molecular exchange
of an IL system. The method used in the experiments is ultra-efficient in terms of time-
saving and provides high-resolution data. As the method allows measurement of T,-T, data
in a single scan, it provides significant time-saving and facilitates the use of
hyperpolarization to boost the experimental sensitivity.

4.3. Method

The UF T,-T, exchange sequence is shown in Figure 4.1. Its conventional counterpart is
introduced in Section 2.6.

180" 180" ' 90 180°

Gy

CPMG loop

Figure 4.1. UF T,-T, exchange pulse sequence.

The UF T»-T. pulse sequence contains two transverse relaxation encoding parts which
are highlighted by the dashed lines. These parts are separated by a mixing period (zm). The
first part consists of partially overlapping 90° and 180° adiabatic frequency-swept pulses
forming a double spin echo, and simultaneous gradient pulses. The frequency of the
frequency-swept pulses increases linearly with time. The simultaneous gradient pulses
make the magnetic field linearly dependent on the position, hence making the Larmor
frequency of the nucleus position-dependent. Consequently, the double spin echo time
becomes zero and maximum at the top and bottom of the sample, respectively. If the
gradient amplitude is low, the signal decay is dominated by T, relaxation. The data is read
in a single-scan fashion via the application of the CPMG loop along with the gradients.
The gradients are needed for reading the spatially encoded data. Then the collected data
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are analyzed with ILT based on the Iterative Thresholding Algorithm for Multiexponential
Decay (ITAMeD) [82] to extract the 2D relaxation time distribution.

In the first spatial encoding block, the overall double spin-echo time (t1) as a function
of position (z) is

90° TAv Av
)tF ,when - ——<z< ——.
yGs YGs

yGsz

h(z) =2 (1 " mhAv

(4.1)

Here, tp"oo is the 90° chirp pulse duration, and Gg is the first spatial encoding gradient
amplitude, y is the gyromagnetic ratio, and Av is the sweep width. The echo amplitude in
the first spatial encoding block is

2,2 2
E,(z) = E%exp [— (Rm + %D) tl(z)], (4.2)

where E7 is the initial signal amplitude, Rz is the transverse relaxation rate in the first
spatial encoding block, and D; is the diffusion coefficient during the first spatial encoding
block. The former and latter terms in the parenthesis govern the signal decay due to the T
relaxation and diffusion, respectively. In the case of the IL study, the latter term is
negligible and can be discarded in this case due to the slow diffusion of the ions.

The echo amplitude in the CPMG block is

ZGZ T2
E,(t;) = E§exp [_ <R22 + Y%HDZ) t, ]' (4.3)

where, R,, is the transverse relaxation rate, Gresr is the gradient pulse amplitude with the
length of T and the area corresponds to the area of the read gradient, Gg. The time between
90° and 180° pulses is t. D, is the diffusion coefficient and t, is the time variable in the
second dimension. The second term in the parenthesis reflects the diffusion decay, which
is negligible in this case and can be discarded. After discarding both diffusion decay terms
in Egs. (4.2) and (4.3), the overall signal becomes

E[ti(2),t;] = Eof P(R31, Ry;) exp[Ry1t1(2)] exp[Ryat,] dRy1dRy,. (4.4)

4.4 Results

The *H NMR spectrum (Figure 4.2) shows the presence of cation and anion signals in the
IL sample at around 0-2 ppm and 6-8 ppm, respectively.

The UF T,-T, experiments data were processed using ITAMeD [82] for 2D ILT to
obtain the 2D maps (Figures 4.3b-c). In the ILT, only the highlighted area of raw data
(Figure 4.3a) covering the spatial encoding region without the edges affected by CHIRP
imperfections was used.
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& (ppm)

Figure 4.2. 'H spectrum of trihexyl(tetradecyl)phosphonium, [Pege14]*, cation and

bis(mandelato)borate, [BMB]-, anion of the ionic liquid measured at room temperature.
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Figure 4.3. UF T,-T, exchange experiments of the ionic liquid sample. a) The raw data
was collected at 30 ms mixing period, and the area indicated by the gray and red dashed
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line was used in the Laplace inversion. The 2D maps at b) 30, ¢) 50, and d) 400 ms mixing
periods were obtained from 2D ILT. e) The two-site exchange model fitted with the integral
values of the peaks as a function of mixing time (tm). f) Zoom-in of ). The asymmetry in
the cross peaks in the distributions is expected to arise from noise.
a) R b) R
Mixing time =0.05 s Mixing time =0.4 s
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Figure 4.4. Conventional T.-T, analysis of the IL sample. T»-T.» exchange maps resulting
from a 2D inverse Laplace transform of the raw data measured with mixing times of a) 50
and b) 400 ms. ¢) Integrals of the T,-T, peaks as a function of mixing time. The solid lines
represent a fit of a two-site exchange model. d) Zoom-in area of c).

The 2D maps include two diagonal peaks in the maps. The aggregates and the free ions
have T, of 10 and 86 ms, respectively. The exchange between the aggregates and free ions
is evident from the cross-peaks. The intensity of the cross-peaks varies depending on the
mixing time; in the beginning, the intensity increases, and later it reaches the plateau.

From the 2D ILT maps, the integral values of the diagonal peaks and cross-peaks
(Figures 4.3b-d) were collected to determine the molecular exchange rates by fitting a two-
site exchange model into the integral values (Figures 4.3e and 4.3f) [18]. The exchange
rates (k = 1.7 £ 1.1 s, kag = 0.04 £ 0.03 s*and kea = 1.7 £ 1.1 s'%) obtained from the UF
experiments are in good agreement with reference measurements (Figures 4.4a-d) (k = 1.8
+0.957, kag =0.08 + 0.04 s*and kea = 1.8 £ 0.9 s2).

One conventional T»-T, exchange experiment with 8 scans and a 3 s relaxation delay
took 8 hours [80]. A set of conventional T.-T, exchange experiments with 5 different
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mixing times took 40 hours. Whereas one UF T,-T, exchange experiment with a 7 s
relaxation delay and 512 scans took only 1 hour and a set of experiments with five different
mixing times took only 5 hours. Therefore, the UF experiments are more than an order of
magnitude faster even with a long relaxation delay compared to its conventional
counterpart. One UF T,-T, exchange experiment with a 3 s relaxation delay and 512 scans
would take only 28 minutes. The efficient UF T,-T, method would enable studying porous
media [83] as well as the characterization of a biological sample, for example,
exosomes [42] with insignificant sample evolution. The UF method has many potential
applications in biochemistry, chemistry, and medicine. The pulse sequence shown in
Figure 4.1 can also be used for UF diffusion exchange spectroscopy (DEXSY) experiments
if stronger gradients are used and signal decay is dominated by diffusion instead of T;
relaxation (see Egs. 4.2 and 4.3).
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5. Nonlinear sampling in ultrafast Laplace NMR

5.1 Nonlinear sampling

In the LNMR experiment, sampling in any dimension can be done linearly or nonlinearly.
The exponentially time-dependent data is sampled with a constant time step in linear
sampling. As a result, the data, in the beginning, is non-optimal since most of the rapid
changes occur in this part. If the data consists of more than one exponential component, it
becomes worse because in most cases, the rapidly changing component may not be
sampled at all. In nonlinear sampling, the data is collected logarithmically, i.e., by keeping
the difference of natural logarithms of successive sampling point times constant. Therefore,
the initial part of the data is heavily sampled, resulting in optimal data detection for single
or multi-exponential components [84]. Thus, nonlinear sampling provides a more optimal
way for data collection.

5.2 Method

In UF-LNMR experiments, the spatial encoding part consists of adiabatic frequency-swept
and gradient pulses. The frequency of the adiabatic pulse changes linearly with time. As a
result, the sampling of the indirect dimension becomes linear (non-optimal) [30,85-90].

Let us consider the UF T:1-T, correlation experiment (Figure 5.1a) as an example. The
spatial encoding part of the pulse sequence consists of a frequency-swept = pulse and a
gradient pulse Gs. In this case, the frequency of the frequency-swept pulse decreases with
time, and the gradient pulse makes the Larmor frequency linearly dependent on the
position.

The simultaneous application of a frequency-swept and gradient pulse inverts the spins
at the top first and those at the bottom last (Figure 5.1b). The inversion time depends
linearly on the position of the spins. During the initial pulses, the spins inverted at the
beginning of the pulse recover almost back to the thermal equilibrium and ones inverted at

34


https://www.sciencedirect.com/topics/chemistry/polyimide-macromolecule

the end of the pulse recover hardly at all. In between the recovery is linearly dependent on
the position and therefore results in the magnetization profile shown in the last column of
Figure 5.1b. The magnetization profile along the z-axis is identical to the standard inversion
recovery curve with linear time step. Then, data is read using the CPMG loop and read
gradients.

G, 0 [l

n/2 n
Frequency- T,

swept /\
— e \
! CPMG loop |
G Gdeph&se Gfead :
1
1

C
A A

Figure 5.1. a) Ultrafast T;-T, correlation pulse sequence. The magnetization vectors in the
different layers of the sample in the case of b) linear and c¢) nonlinear frequency sweep used
during spatial encoding, respectively. Reproduced from J. Magn. Reson. 307 (2019):
106571 (CC BY 4.0) [91].

If the frequency sweep of the frequency-swept = pulse is nonlinear, then the sampling
of the indirect dimension of the UF T1-T, experiment changes from linear to logarithmic
sampling. For logarithmic sampling, the frequency of the adiabatic pulse, vg, must change
logarithmically with time t:

1 t
In [7 (Tmax + Tmin) - (Tmax - Tmin) t_] - ln(Tmax) 1
Ve = Av £ +=|. (5.1)
ln(Tmax) - lr‘I(Tmin) 2

Here, Av = v; — v¢ is the frequency sweep width, v; and v are the initial and final
frequencies of the sweep, respectively, T, is the minimum recovery time, and t,,,, is the
maximum recovery time (Figure 5.1a). The length of the n frequency-swept pulse is tp =

Tmin — Tmax, and —%F <t<+ %F The recovery time 7 increases exponentially with the
position z according to the following equation:
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yGz

T = exp {[ln(‘rmax) — In(Tin)] (m - %) + ln(‘rmax)}. (5.2)

Here, y and G are the gyromagnetic ratio and gradient strength, respectively, and
—nAv/yG < z < +mAv/yG is the spatial encoding region.

5.3 Results

The samples used in the experiment included 2% H-0 in D,0O. For the single-tube sample,
a 0.046 M solution of CuCl;x2H,0 was added to a 5 mm NMR tube. The double-tube
system was made by placing a 3 mm NMR tube into a 5 mm NMR tube. In the double-
tube system, inside and outside the 3 mm NMR tube, a CuCl,x2H,0 solution of 0.0046 M
and 0.046 M was added, respectively.

Another sample of Silica gel 60 (purchased from Merck, Darmstadt, Germany) was
also examined in this study. The sample was prepared by impregnating silica gel 60 with
0.0046 M of CuCl»x2H,0 solution. After that, the sample was immersed with an excess of
water (2% H2O in D;0) in a 5 mm NMR tube. All the measurements for this study were
carried out on a Bruker Avance Il 400 MHz spectrometer at room temperature. The
spectrometer was equipped with a standard 5 mm BBO probe.

The nonlinear sampling method was tested on a single- and double-tube water sample
(Figure 5.2a) using UF inversion recovery (UF IR) measurements. The experiment is
otherwise identical to the UF T1-T, experiment shown in Figure 5.1a, but only one echo
was collected in the CPMG loop. Here, we will only discuss the results of the double-tube
measurement, and the single-tube results are available in Paper 3 [91]. According to the
reference measurement, Ty in the inner compartment of the double-tube sample was about
10 times longer (332 £ 2 ms) than the outer compartment (33.5+0.2 ms). In the spatial
encoding, the frequency of the frequency-swept & pulse increased nonlinearly from —5000
to +5000 Hz (Figure 5.2b), and the pulse length tz was 1 s. To compare results of linear
and nonlinear sampling, both linear and nonlinear frequency sweeps were used (Figure
5.2h).

The magnetization profile observed in the nonlinearly sampled UF IR experiment is
shown in Figure 5.2c (red curve). The IR curve has two minima at around z = -2 and -4
mm. The one at about z = -2 mm corresponds to the zero intensity of the IR curve. The
other one at about z = -4 mm is an artefact and arises from the fact that the adiabatic pulses
do not work perfectly at the beginning and the end [90]. In the case of nonlinear sampling,
the IR curve seems to be better probed as compared to that for the linear sampling (Figure
5.2c, blue dashed curve).

The UF-IR curves extracted from the magnetization profiles are shown in Figure 5.2d.
As the adiabatic pulse does not work perfectly at the beginning and end of the frequency
sweep, the data from that region were neglected [85]. The position axis z was then
converted into the recovery time axis z. The IR curve of the nonlinearly sampled data seems
more optimally sampled (red curve), especially for the shorter recovery times in the
beginning than the linearly sampled curve (blue dashed curve). The recovery time range
probed by linear sampling was from 102 to 910 ms, and from 18 to 747 ms for nonlinear
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sampling. The T, values obtained from exponential fits are in better agreement with the
reference values in the case of nonlinear sampling.

a b
Sweep from -5000 to 5000 Hz
5000 ]
33242 ms 77 Linear -
N Nonlinear Pie
T e
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g O e
3 s
g e
33.540.2 ms \C s
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-0.5 0 0.5
Time, s
c d
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05! 7
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Figure 5.2. a) lllustration of a double-tube water sample. Relaxation times (shown in the
figure) were made different in the compartments by doping with copper chloride. b) The
frequency sweeps used in the linearly and nonlinearly sampled experiments. c)
Magnetization profile detected in the UF experiment; the vertical gray dotted lines indicate
the area used in the T, data analysis. d) Inversion recovery curves and least square fits of
UF T:-T> maps measured with €) linear and f) nonlinear sampling, respectively. The minor
peaks visible in the T:-T, distributions are artefacts due to experimental noise. Adapted
from J. Magn. Reson. 307 (2019): 106571 (CC BY 4.0) [91].

T1-T> maps measured by linearly and nonlinearly sampled UF T1-T, experiments are

shown in Figures 5.2e and 5.2f. They include two signals corresponding to the inner and
outer compartments. The maps are in good agreement. However, the signals are about 40%
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narrower in the T direction in the nonlinearly sampled experiments, indicating improved
resolution.

UF-Linear
0.2 T,: 400 ms; T,: 60 ms

'
o
o

1.2
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UF-Nonlinear Normal
T,: 440 ms; T,: 60 ms
T,:312 ms; T,: 60 ms

0 J‘
e
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o '-le:ZlO ms; T,: 7 ms
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Log, (T, )Is] Log, (T, )is]

1 0

Figure 5.3. a) llustration of impregnated silica gel 60 in CuCl,x2H-0 solution. UF T;-T»
correlation maps were measured using b) linear and ¢) nonlinear sampling. d) The reference
map. Adapted from J. Magn. Reson. 307 (2019): 106571 (CC BY 4.0). [91]

As another proof of principle, we ran the measurements with Silica gel 60. An
illustration of the sample can be found in Figure 5.3a. Linearly, nonlinearly sampled UF
and conventional T:-T» correlation maps are shown in Figures 5.3b, ¢, and d, respectively.
There are two peaks visible in the 2D maps; one arises from the water inside the pores
(nominal pore size 60 A) and corresponds to shorter relaxation times, and the other one
arises from the bulk water presented in between the Silica gel 60 particles (particle size
63-200 pm). In the T1 dimension, the linearly sampled UF map signals are in a significantly
narrower region than in the nonlinearly sampled map because of non-optimal sampling. On
the hand, the signals in the nonlinearly sampled UF 2D maps are in a slightly narrower area
as compared to its standard reference map. This may be a consequence of the effect of
magnetic field inhomogeneity in the porous sample on spatial encoding. However, the
presence of two water sites, average T: values, and the T, ranges of the UF data align with
the standard reference data map. We may consider the peak width as an experimental error;
within the peak widths, the maps and top coordinates of the peaks of the UF nonlinear data
and standard reference data are in good agreement.
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Notably, the UF experiments are more time-efficient than their conventional
counterparts. In this case, in UF experiments it took only 30 s to acquire four scans, whereas
the reference experiment required 16 minutes to obtain the same number of scans. In UF
experiments, the samples are split into several layers in spatial encoding, leading to a
decrease in the signal-to-noise ratio (SNR) compared to the standard reference
experiments. In the UF experiments, the drop in the observed SNR is relatively small.
However, this can be fixed by repeating the UF experiment several times within the time
frame of a single traditional experiment, which increases the SNR [86,88]. Additionally,
the UF experiment offers a single-scan approach; therefore, the use of hyperpolarization
make it feasible to increase the sensitivity of the UF experiments by several orders of
magnitude. [30,86,87,92]
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6. Summary and conclusions

The present thesis focuses on the characterization of nanosized vesicles and the
development and application of ultrafast experiments. Traditional multidimensional NMR
experiments are time-consuming, and this problem has been tackled with the utilization of
spatial encoding of the data into different layers of the sample, which facilitates the
acquisition of multidimensional experimental data in a single scan.

In Paper 1, advanced NMR methods, namely *H DOSY NMR and 2°Xe hyper-CEST
were used to study exosomes. The DOSY NMR was used to characterize and estimate
exosomes of different sources based on sizes, and the hyper-CEST was used to distinguish
different environments in the sample with higher sensitivity and specificity. The analysis
reveals vesicles of various sizes, even if the size is below the detection limit of the standard
nanoparticle tracking analysis. The duration of the DOSY NMR experiment was very long,
about 50 hours. More efficient LNMR techniques, such as single-scan CPMG experiments,
could be used to reduce the experiment time. The SNR could be improved by using a higher
magnetic field and a larger amount of concentrated sample.

In Paper 2, a novel ultrafast 2D T,-T, exchange experiment (UF REXSY) was
introduced, and its feasibility was demonstrated by studying the aggregation ions in an
ionic liquid and quantifying the molecular exchange rate efficiently. This single-shot
experiment can also be used in ultrafast diffusion exchange spectroscopy (UF DEXSY)
with minor modifications. [93]

Paper 3 demonstrates the feasibility of using nonlinear instead of traditional linear
sampling in the indirect dimension of the UF inversion recovery (UF IR) and T:-T
correlation experiments. Like its linearly sampled counterpart, this method is based on the
use of frequency swept pulses, but with a nonlinear frequency sweep. Nonlinear sampling
results in a more optimal sampling of the data with enhanced resolution and can be used in
other multidimensional NMR experiments to optimize data sampling.

To conclude, this thesis complements the NMR toolbox with a couple of efficient
techniques that facilitate studying biological samples (exosomes) [42], ionic liquids [94]
and porous materials (silica gel) [91]. The NMR techniques developed also offer promising
prospects for a wide range of other applications in chemistry, biochemistry, and material
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science. In principle, ultrafast LNMR experiments require a homogeneous sample region
for spatial encoding. However, small inhomogeneities can be compensated in
postprocessing by using 1D MRI data. The methods used in this thesis are also feasible
with affordable, low-field mobile NMR devices [88,92] for conducting different analyses

time-efficiently outside of the laboratory environment with higher sensitivity, using
hyperpolarization.
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