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1.INTRODUCTION

In the field of medicine, Nuclear Magnetic Resonance (NMR)
spectroscopy has found wide applications including both diagnosis and
treatment, where imaging methods have an important role. In the large field
of radiology, Magnetic Resonance Imaging (MRI) has some undeniable
advantages as a diagnostic tool [1]. First of all, there is no ionizing radiation
as using X-ray radiography, computed tomography (CT) or nuclear medicine
including positron emission tomography (PET). Secondly, it can give a good
contrast between soft tissues in cases, where it is a challenge or even an
impossible task for other imaging techniques [2, 3]. Moreover, there is a great
variety of MRI contrast agents (CASs) [4, 5] and even more of the advanced
ones being investigated or implemented [6, 7], especially as ultra-high-field
scanners are on the rise [8]. Currently, hospitals routinely use machines with
field strengths of 1.5 T or 3 T. There are already dozens of 7 T machines in
research labs, but only in 2017, the first 7 T model was cleared for clinical use.
At the extreme end there are scanners designed for humans that reach beyond
10 T [9].

Fast development of image acquisition techniques [1] such as perfusion-
weighted imaging (PWI) [10], magnetic resonance spectroscopy (MRS) [11],
functional MRI (fMRI) [12] or diffusion-weighted imaging (DW1), including
diffusion tensor imaging (DTI) [13], have revolutionized the use of MRI in
the clinics improving its sensitivity and detection capability. These techniques
provide great insight into physiologic mechanisms and pathologic conditions,
tracing the links between tissue microstructure, metabolism, and
hemodynamics. Probably one of the most debatable MRI modalities is MRS.
It uses principals of *H-NMR spectroscopy for in vivo measurements. *H-
NMR spectrum of metabolites is obtained directly from the selected voxel.
The results provide critical information related to the downstream products of
many cellular and metabolic processes which could provide a snapshot of the
health/disease status of a particular tissue or organ leading to early diagnosis
[14]. However, there are some challenges, such as restricted measurement
time due to patient compliance, motion artifacts, low-concentration
metabolites, highly inhomogeneous environment or water frequency
determination to ensure that actual voxel location is equal to the intended one,
as well as to achieve good water and lipid suppression. There are sophisticated
approaches [15-18] which help to cope with some problems, but unfortunately,
they are not applied in every hospital and even if they were, the qualified
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experimenter would be needed. If experimental data is collected and processed
properly, the obtained MRS results give a valuable clinical information
enabling early detection of oncological diseases. However, sometimes it is a
difficult task to achieve. Therefore, MRS is not a standardized procedure in
clinical routine yet and instead, is more favorable in research centers.

Early diagnosis is essential for successful treatment, thus this area of
research has been rapidly growing. Nanotechnology, combined with other
disciplines, such as molecular biology and imaging technology, provides
unique capabilities enabling innovative diagnosis and therapy using nano-
materials [19]. Magnetic nanoparticles (MNPSs), due to recent advances in their
production, functionalization and biocompatibility [20, 6], have found many
applications, ranging from conventional MRI contrast agents or more
advanced targeted [21] and multimodal [22, 23, 7] ones to MNPs used in
therapy for selective drug delivery [24-27] or biosensors [28, 29]. Innovative
portable NMR biosensors are capable of detecting bacteria with high
sensitivity, identify small numbers of cells, analyze them on a molecular level
in real time and measure a series of protein biomarkers in parallel [30]. Such
biosensors use magnetic nanoparticles as proximity sensors to amplify
molecular interactions. Nano-structured materials provide a novel possibility
for molecular isolation putting water molecules in unusual conditions. Some
of those materials, such as hydroxyapatite (HA) can be utilized in bone tissue
engineering. Different magnetic nanoparticles are combined with HA to
promote bone formation and cell growth [31, 32 and references therein]. The
knowledge about water states and structures present in systems with restricted
geometry can be useful creating the series of nano-materials, as well as
correlating the short-range order effects with macroscopic properties, like,
strength, flexibility, aging effects etc., and maybe even with biocompatibility.

Fast development of explicit and novel applications of nanomaterials in
nearly all domains is undeniable [33]. New synthesis routes, as well as the
characterization methods, are extremely important. The versatility of NMR
brought an array of applications in industry and academia, encompassing basic
research into the structure and dynamics of inorganic and biological systems,
development of novel materials, medical diagnostics, and many others.
Therefore, it is very welcome addressing potential future developments of
nano-structure materials and NMR-based methods applied in clinical routine.
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1.1 Goals and tasks of the work

To adapt MRS technique at Vilnius University Hospital Santaros Klinikos
(VULSK) and to test alternative methods for prostate malignance
identification.

To investigate the influence of different sized Gd-based upconverting
nanoparticles on water diffusion and spin—lattice relaxation at different
magnetic field strength in order to elucidate the key factors enhancing the
relaxation of contrast agents for MRI.

The precise study of temperature and composition effects on the phase
behavior, slow self-assembling processes and tautomeric equilibrium in
aqueous solutions of lyotropic chromonic liquid crystals (LCLCs)
applying high-resolution *H and >N NMR spectroscopy.

To study the states of water and hydrogen-bond clustering process of
molecules confined in series of nano-structured calcium hydroxyapatites
(CaHAs) applying solid-state NMR spectroscopy; to compare the results
with those that follow from the FTIR study on water clustering in liquid
solutions and inert matrices.

1.2 Statements of doctoral thesis

The behavior of NMR spectra of prostate metabolites is sensitive to the
changes in pH. A difference in chemical shifts between pH-dependent
metabolite citrate and pH-independent metabolite choline might be a good
additional indicator for malignant tissue in early diagnosis.

Different magnetic field strengths did not alter the spin—lattice relaxivity
of water in presence of gadolinium (Gd)-based upconverting nanoparticles
(UCNPs). This suggests that Gd-based UCNPs could be developed into
high-performance multimodal magnetic resonance imaging (MRI)
contrast agents working over a broad range of imaging field strengths used
in clinical routine.

The tautomeric equilibrium in Sunset Yellow FCF (SSY) is strongly

shifted towards the hydrazone form. The dominance of the hydrazone

form was confirmed experimentally using the long-range 'H-'°N
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correlation, widely known as HMBC. The corresponding equilibrium
constant pKr = 2.5 was deduced using the quantum chemistry DFT SMD
model.

The growing of SSY aggregates is accompanied by the segregation of
water in the intercolumnar areas with no access for exchange with the N—
H protons in the internal layers of the columnar stacks; the life time of
those aggregates is > 108 s or even longer.

The equilibration time at the nematic to columnar phase transition in SSY
aqueous solutions is very long because of slow supramolecular
restructuring, i.e. the growing of columnar stacks and building of
hexagonal arrays. These processes affect the shape and shift of the *H
NMR signals and are easy to monitor.

The water cluster structure and the size in nano-structured calcium CaHAs
depends on the hydration level. Hexamer- or even higher structures were
observed only in the samples containing significant amount of adsorbed
water. The amount of adsorbed and surface structured water can be probed
using 'H MAS NMR technique.

1.3 Scientific novelty

pH dependences of chemical shifts of main prostate metabolites in
aqueous solutions were analyzed implementing both high resolution 400
MHz *H NMR and 128 MHz MRI scanner. A model of prostate phantom
was developed which will be used for further development of MRS
technique at Vilnius University Hospital Santaros Klinikos.

In the frame of simplified Solomon-Bloembergen—Morgan (SBM) model
it was shown that two measured diffusion coefficients are associate with
processes occurring near the surface of UCNPs and in bulk water. Using
the relationship between relaxation and diffusion, the total impact of NPs
on relaxation of water molecules as well as the impact on relaxation of
local water molecules, directly connected to paramagnetic Gd** ions in
NPs, were estimated.
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The peak in *H NMR spectra at ca 14.5 ppm was found for the first time
and can be attributed to the proton in the intramolecular N-H...O bond.
The existence of this signal shows that the growing of SSY aggregates is
accompanied by the segregation of water in the intercolumnar areas with
no access for exchange with the N-H protons in the internal layers of the
columnar stacks.

The temperature dependences of H,O chemical shift and Raman O-H
stretching band shape show that water confined in the intercolumnar areas
behaves as in the neat substance. When the sample is heated and the
transition from M phase to N phase occurs, the molecular motion of water
iS seen to change in a manner similar to that when water is melting.

If the sample is cooled down to the temperature below N — M transition
relatively fast, the structural changes are behind, and the system falls into
supercooled state. In this case, the system evolves via long lasting self-
assembling from the supercooled state to the equilibrium. This process
was monitored using *H NMR spectroscopy for the first time.

1.4 Publications included in the thesis

K. Kristinaityte, J. Razanskas, V. Paketuryté, Nomeda R. Valeviciene,
V. Balevicius, Methods of Sample Preparation for Analysis and Quality
Assurance of Prostate MR Spectroscopy, Medical Physics in the Baltic
States 13 (2017) p. 61-64.

K. Kristinaityte, L. Dagys, J. Kausteklis, V. Klimavicius, I. Doroshenko,
V. Pogorelov, N. R. Valeviciené, V. Balevicius, NMR and FTIR studies
of clustering of water molecules: from low-temperature matrices to nano-
structured materials used in innovative medicine, Journal of Molecular
Liquids, 235 (2017) p. 1-6.

K. Kristinaityte, A. Marsalka, L. Dagys, K. Aidas, I. Doroshenko, Y.
Vaskivskyi, Y. Chernolevska, V. Pogorelov, N. R. Valeviciené, V.
Balevicius, NMR, Raman, and DFT Study of Lyotropic Chromonic
Liquid Crystals of Biomedical Interest: Tautomeric Equilibrium and Slow
Self-Assembling in Sunset Yellow Aqueous Solutions, J. Phys. Chem. B.,
122 (2018) p. 3047-3055.
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K. Kristinaityte, T. Zalewski, M. Kempka, S. Sakirzanovas, D. B.
Paulaviciene, S. Jurga, R. Rotomskis, N. R. Valeviciene, Spin-Lattice
Relaxation and Diffusion Processes in Aqueous Solutions of Gadolinium-
Based Upconverting Nanoparticles at Different Magnetic Fields, Appl.
Magn. Res., 50 (2019) p. 553-561.

1.5 Presentations at the conferences

K. Kristinaityté, B. Griciené, Patient radiation doses in head, chest,
abdominal and pelvis CT procedures, Medical Physics in the Baltic States
12, Kaunas, Lithuania, 2015.

K. Kristinaityté, L. Dagys, J. Kausteklis, V. Klimavicius, I. Doroshenko,
V. Pogorelov, N. Valeviciene, V. Balevicius, NMR and FTIR studies of
clustering of water molecules: from low-temperature matrices to nano-
structured materials used in innovative medicine, Physics of Liquid
Matter: Modern Problems (6" PLMMP-2016), Kyiv, Ukraine, 2016.

K. Kristinaityte, J. Kausteklis, A. Ezerskyté-Miseviciené, V. Klimavicius,
L. Dagys, N. R. Valeviciené, A. Kareiva, V. Balevicius, Spectroscopy of
States of Water in Advanced Nano-Structured Materials for Innovative
Medicine, American Advanced Materials Congress (AAMC-2016),
Miami, USA, 2016.

K. Kristinaityté, N. R. Valevi¢iené, A. Marsalka, I. Doroshenko, V.
Pogorelov, V. Balevicius, *H NMR study of lyotropic liquid crystals with
biomedical interest and metabolites in water solutions, XXIIlI Galyna
Puchkovska International School-Seminar "Spectroscopy of Molecules
and Crystals” (XXIII ISSSMC), Kyiv, Ukraine, 2017.

K. Kristinaityte, J. Razanskas, V. Paketuryté, Nomeda R. Valeviciene, V.
Balevicius, Methods of Sample Preparation for Analysis and Quality
Assurance of Prostate MR Spectroscopy Medical Physics in the Baltic
States 13, Kaunas, Lithuania, 2017.

K. Kristinaityté, A. MarSalka, L. Dagys, K. Aidas, 1. Doroshenko, Y.
Vaskivskyi, Y. Chernolevska, V. Pogorelov, N. Valeviciené, V.
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Balevicius, Tautomeric Equilibrium and Slow Self-Assembling in
Agueous Solutions of Lyotropic Chromonic Liquid Crystal Sunset
Yellow, Physics of Liquid Matter: Modern Problems (8" PLMMP- 2018),
Kyiv, Ukraine, 2018.

K. Kristinaityte, T. Zalewski, M. Kempka, V. Balevicius, S. Jurga, Gd -
Based Upconversion Nanoparticles as A Multimodal Contrast Agents, the
AMPERE NMR school, Zakopane, Poland, 2018.

N. R. Valeviciene, V. Balevicius, K. Aidas, L. Dagys, A. Marsalka, K.
Kristinaityte, V. Pogorelov, Y. Chernolevska, Y. Vaskivskyi, I.
Doroshenko, G. Pitsevich, U. Sapeshka, NMR, Raman and DFT Study of
Tautomeric Equilibrium and Slow Self-Assembling in Lyotropic
Chromonic Liquid Crystal SSY Aqueous Solutions, 73rd International
Symposium on Molecular Spectroscopy (ISMS 2018), Chicago, IL, USA,
2018.

K. Kristinaityte, S. Dragunas, S. Sakirzanovas, D. Baziulyte -
Paulaviciene, L. Dagys, R. Rotomskis, N. R. Valeviciene, V. Balevicius,
NMR Relaxation Rates and Diffusion Processes in Aqueous Solutions of
Gd (111) lon Doped Upconversion Nanoparticles, A European Magnetic
Resonance Meeting (EUROMAR 2018), Nantes, France, 2018.

K. Kristinaityte, J. Razanskas, N. R. Valeviciene, V. Balevicius, 'H -
NMR Spectroscopy in Prostate Cancer: pH Evaluation as Additional
Indicator for Malignant Tissue, 7th Baltic Congress of Radiology (BCR
2018), Kaunas, Lithuania, 2018.

1.6 Authors contribution

The majority of NMR experimental work presented in the thesis was done

by the author. Part of experimental setup was prepared together with Laurynas
Dagys. Other experimental work was carried out by the co-authors: FTIR
analysis of CaHA by Jonas Kausteklis, 2DCOR calculations by Vytautas
Balevicius, DFT calculations by Kestutis Aidas, cross-polarization (CP) MAS
NMR experiment by Vytautas Klimavicius. The data analysis, preparation of
publications and presentations were a team work of all authors.

15



2.OVERVIEW

Regarding the reviewed application of NMR-based methods and materials
in clinics four types of substances were chosen: metabolites present in
prostate, up-converting nanoparticles (UCNPSs) as MRI contrast agents (CAS),
sunset yellow (SSY) as a lyotropic chromonic liquid crystal (LCLC) used in
biosensors and calcium hydroxyapatite (CaHA). The first two can be directly
applied in NMR-based imaging modalities as potential cancer biomarkers. The
second two are innovative materials that can be utilized in medicine and NMR
spectroscopy is a useful tool for their analysis. Metabolites of prostate were
chosen because prostate MRS is the most frequently used complimentary to
MRI modality in Vilnius University Santaros Klinikos (VULSK). Other
materials were chosen considering the availability and the contribution that
has been made analyzing these materials with parallel methods such as Raman
or FTIR spectroscopy. In a forthcoming chapter a short overview about the
materials analyzed in this dissertation will be presented.

2.1 Main metabolites of prostate

A metabolite is the intermediate end product of metabolic reactions
catalyzed by various enzymes that naturally occur within cells. Metabolites
have various functions, including fuel, structure, signaling, stimulatory and
inhibitory effects on enzymes, catalytic activity of their own, defense and
interactions with other organisms. The major component of prostate is citrate
(Cit). Its extraordinarily high concentration ranges from around 40 up to 150
mM. For comparison, there are only about 0.2 mM of citrate in blood plasma
[34]. Other main present metabolites are creatine (Cr, 5 mM), choline (Cho, 1
mM), spermine (Spm, 6 mM) [35 and citations therein].

It is well known that proliferating tumor cells have different metabolic
requirements from normal, differentiated cells and consequently exhibit
altered levels of many metabolites associated with cell growth as well as
energetics, stress and tissue-specific biochemistry. However, what is less well
understood are the differences in metabolism between tumors by their degrees
of severity [36 and citations therein]. Prostate cancer is an attractive model
from a metabolic perspective. The hallmark of the healthy prostate epithelial
cell is the zinc accumulating, citrate synthesizing phenotype. Malignant
prostate cells reverse this phenotype and adopt a zinc wasting, citrate oxidizing
phenotype [37, 34], thereby resulting in significant decrease of citrate.
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Conversely, the choline and creatine levels are low in normal peripheral zone
and increase in malignant loci. It is likely that the choline increase is associated
with membrane structures [38, 34].

Understanding the biologic mechanisms underlying the development of
prostate cancer is critical for improved therapeutic and prevention strategies.
Prostate-specific-antigen (PSA) test has been used as a standard screening
procedure for prostate cancer detection. However, despite being prostate-
specific, PSA testing is not cancer-specific [39]. Thus, new screening and risk
stratification methods for both initial diagnostic and follow-up care would
have an immense benefit. Increasingly, metabolomics is being explored to
address this need. For prostate metabolite profiling NMR-based metabolomics
uses samples of urine, serum or prostate tissue from needle biopsy [39, 40 and
citations therein, 41]. Another approach is to use in vivo 'H-NMR
spectroscopy in combination with regular MRI. In clinical terminology this
modality is called magnetic resonance spectroscopy (MRS). Compared to
fluid NMR, an obvious advantage is that we can assess metabolite levels
directly in the human body as well as at any desired location and if needed
simultaneously at different locations.

Metabolic information obtained by MRS can be helpful in diagnosis as well
as in monitoring of different tumors, such as brain or breast [42 and citation
therein]. Advanced applications of MRS have also been implemented:
functional MRS (fMRS) [43] to study metabolism of activated human cortex,
diffusion tensor MRS [44, 45] to investigate the diffusion properties of
metabolites, *C-NMR [46] to dynamically study metabolic pathways using
intravenous *C-labeled substrate or to detect glycogen, and 3P-NMR [47,48]
providing information about energy metabolism, membrane degradation and
pH in-vivo. Although nowadays most clinical MRI scanners have sequences
for 'TH-MRS measurements, the modality is usually not routinely applied.
There are some technical challenges such as restricted measurement time due
to patient compliance, motion artifacts, low-concentration metabolites, highly
inhomogeneous environment, water and lipid suppression, poor spatial
resolution or water frequency determination to ensure that the actual voxel
location is equal to the intended one. Several methods have been proposed
suggesting solutions for some of the mentioned problems. As for example,
newer signal processing technologies allow rapid acquisition of undersampled
k-space data, leading to reduced acquisition time [49], new sequences
minimize spectral contamination by signals arising from tissue outside the
prostate [50], improved methods for estimation and correction of frequency
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and phase drift help to avoid artifactual line broadening, line shape distortion
and reduced SNR [51].

Unfortunately, incorporation of technical advances in clinic units can be a
difficult task to achieve, especially if the clinic is not a research center. A lot
of depends on the manufacture of the MRI machine as well. Moreover, a
qualified physicist is needed. Therefore, although the variety of applications
and promising results have stimulated a surge of interest in MR spectroscopy,
this modality is still considered an “investigational technique” and is more
preferable in research centers rather than in clinics. To facilitate clinical
acceptance and standardization, consistent guidelines for data acquisition and
analysis, quality assessment, and interpretation are still needed [52]. The key
technique for achieving reproducible and accurate MRS results is phantom
testing. Phantom design and solutions must be of the highest preciseness and
reproducibility so that they can act as a stable reference point for any
alterations made on the imaging parameters.

In this dissertation a homemade MRS phantom containing main prostate
metabolites (Cit, Cho, Cr and Spm) was prepared. Aqueous solutions of these
metabolites were analyzed using high resolution *H-NMR spectrometer. The
obtained results were later applied for further development of MRS technique
at Vilnius University Hospital Santaros Klinikos.

2.2 Upconverting nanoparticles

MRI contrast agents are widely used in clinical routine and has expanded
beyond the initial expectations since the approval of the first MRI contrast
agent which dates back to 1988 and is called gadopentetate dimeglumine
(Magnevist®) [53, 4, 5]. Today, CAs are applied in approximately 30% of all
MRI procedures [54]. Most important class of commercially available CAs
[53, 54, 4, 5] are complexes of the paramagnetic Gadolinium (I11) ion which
is chelated with hydrophilic polyaminocarboxylate ligands to reduce the
toxicity of the heavy metal.

Developments in scanner hardware, image acquisition techniques and
reconstruction methods have stimulated MRI to evolve to magnetic fields of
higher strength [8, 9]. It provides an opportunity to improve the sensitivity of
imaging and allows contrast dose reduction without compromising image
quality. However, it is well known that longitudinal relaxivity (r1) of most
common Gd-based commercial contrast agents typically decreases with
increasing magnetic field [54-56]. Thus, there is an ongoing need to create
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new contrast agents. In the last decade different kinds of nanoparticles, such
as targeted/tissue-specific or multimodal ones [21-27], have attracted
significant attention as potential imagine probes.

The novel up-converting Gd-containing nanoparticles (UCNPs) were
studied in this dissertation. The main advantage of these NPs is that they can
be used as multimodal contrast agents for MRI and optical imaging. Besides,
the toxicity of the heavy metal would be reduced compared to commercial
CAs. Upconverting nanoparticles (UCNPs) are inorganic crystalline
nanomaterials that can convert near-infrared (NIR) excitation light into visible
and ultraviolet emission light. Excitation with NIR light minimizes
autofluorescence background and enables deeper penetration into biological
samples due to reduced light scattering. Adding gadolinium into the UCNP
turns such a compound into a paramagnetic system, which can be used as MRI
contrast agent. Water molecules interact with unpaired electrons of the
paramagnetic ion, resulting in a reduction of the proton spin-lattice relaxation
time (Ty), which means that water proton relaxivity is increased [57].
Approaches of UCNPs are still at the experimental stage. Typically, three
techniques are applied for obtaining high relaxivity CAs at the nanoscale: size
control, surface modification and shape regulation. It has been widely known
that the coating layers of UCNPs enhance their fluorescent intensities [58-60].
However, the main challenge remains: how to optimize the NP’s structure and
size in order to achieve the most efficient relaxivity without loss of their
optical properties.

When surfactant molecules are used, they interact with water, hence
diffusion of water molecules must decelerate. That affects the behaviour of the
spins, if the external magnetic field is inhomogeneous. This is the reason why
diffusion measurements as well as T, relaxation measurements can give
fundamental details of such system when effectiveness of MRI contrast agent
is concerned.

2.3 Lyotropic chromonic liquid crystals

Lyotropic liquid crystals represent an intersection of several challenging
fields of research - supramolecular self-assembling and broad variety of
processes in ordered complex fluids [61, 62]. The spontaneous aggregation
due to a combination of wide set of molecular interactions, media, and
hydrophobic effects are very important phenomena in the field of both
fundamental research and technological applications such as the development
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of new materials or new ways to treat diseases [63, 64, 65]. The importance of
the balance between different types of intermolecular forces for designing
processes at molecular scale was reported recently [66], showing that the
transfer of assembles of the lipid rafts into the surfactant-based lyotropic liquid
crystals can be realized.

Lyotropic chromonic liquid crystals (LCLCs) are a novel and important yet
relatively poorly studied class of soft matter. These materials have attracted
considerable attention first of all in the areas of optics and innovative
biomaterials [67-69]. The combination of self-assembling, ease of alignment,
and sensitivity to changing conditions and additives, coupled with their optical
properties, makes these systems unique and valuable for creating
micropatterned materials and constructing various sophisticated components
and devices, including polarizers, optical compensators, and light-harvesting
equipment. The fact that LCLCs are water-based suggests and promises a
future role in biosensing for medical diagnostics. And indeed, there was noted
a growing interest in using the liquid crystals in biological sensors as the
medium that amplifies the reactions in molecular and meso(submicron) scales
rescaling those to the macroscale, which is accessible for detection [70]. Small
and isolated particles do not disrupt the uniform alignment of LCLC, but the
formation and growth of immune complexes trigger director distortions
detectable by optical means [70]. The combination of liquid crystal display
technology and biochemical techniques promises a new generation of medical
diagnostic tools - small and portable, inexpensive LCLC biosensors with
simplified experimental setup, capable of operating remote from laboratory
[71, 72].

Chromonic phases are usually formed in water from disk-like or plate-like
multiring aromatic compounds including drugs, dyes and nucleic acids. These
phases occur as the result of the face-to-face aggregation of the molecules into
columns forming stacks with the ionic solubilizing groups exposed at the
aggregate—water interfaces [67-69, 73]. There are two principal chromonic
phases - the N phase, which consists of a nematic array of columns and the M
phase (also called columnar) at higher concentrations, which has columns
laying in a hexagonal array (Fig. 2.3.1).

The most well-known LCLC materials are disodium cromoglycate, also
called cromolyn sodium, and 6-hydroxy-5-[(4-sulfophenyl)azo]-2-
naphthalenesulfonic acid, also known as Sunset Yellow FCF (SSY) or Edicol.
Recently, the phases and structure of mixtures composed of these two
representative chromonic liquid crystal materials in water have been studied
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using polarized light microscopy, microspectroscopy, centrifugation, and X-
ray diffraction [74]. A variety of combinations of isotropic (I), nematic (N),
and columnar (M) phases are observed depending on their concentrations. It
was noted that their miscibility in the M phase is so low that essentially a
complete phase separation occurs. This phase behavior of the mixture is due
to both separation of the molecules in the formation of the aggregates and
separation of aggregates of the same species by their slow diffusion.

The precise study of temperature and composition effects on the phase
behaviour, slow self-assembling processes, and tautomeric equilibrium in
SSY agueous solutions applying NMR is presented in this dissertation.
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Fig 2.3.1 Phase diagram and polarizing microscope textures of SSY water
solutions (adapted from Park et al. [69]) Note the close similarity with
Horowitz et al. data [66]

2.4 Hydroxyapatite

Water can be considered as convenient and at the same time rather complex
model to investigate the cooperative interactions and the structural
organization of molecular clusters sized over the nano- and mezzo-scales. This
can be done by isolating water molecules in low-temperature matrices [75-
78], dissolving them in hydrophobic solvents [79], confining in carbon
nanotubes [80] or in other mesoporous carbon materials [81,82]. In restricted
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geometries water molecules can interact with surfaces through hydrophobic
and hydrophilic interactions and hydrogen-bond interactions. The competition
between the surface-liquid and liquid-liquid interactions can lead to the
appearance of interesting new structures and dynamical features of the water
that are not observed in bulk water [82]. Hence the nano-structured materials
provide a novel possibility for molecular isolation putting molecules in
unusual conditions never met before. Moreover, some of those materials, like
e.g. calcium hydroxyapatite (Caio(PO4)s(OH),, further - CaHA), have found
many applications in innovative medicine.

Hydroxyapatites (HA) are widely applied in implantology, orthopedic and
periodontal surgery, drug carriers or bone regeneration [83-88]. Rapid
progress in tissue engineering has led to the development of novel nano-
structured materials that can be used for the treatment of bone defects, i.e. to
replace tissue which is damaged either by trauma or disease, or due to
congenital defects in sequential order. Bone regeneration materials are
designed to stimulate osteoinductivity, osteoconductivity, osteointegration,
biocompatibility, resorbence, and bone-like mechanical properties. Different
additives can be introduced into the HA ceramics, in order to promote bone
formation and cell growth with some of these properties [31, 32 and references
therein]. Due to close similarity to the mineral components of hard tissues
(bone, enamel, dentin, etc.), calcium hydroxyapatite (CaHA) is highly
biocompatible and therefore is one of the most favorable materials used in
bone tissue engineering [85]. The knowledge about water states and structures
present therein can be useful creating the series of nano-materials as well as
correlating the short-range order effects with macroscopic properties, like,
strength, flexibility, aging effects etc., and maybe even with biocompatibility.
Therefore, it is challenging to obtain more novel data on the states of water
and the clustering phenomena in these materials.

In this dissertation *H MAS NMR spectroscopy was used to study the H-
bond clustering of water molecules confined in an argon matrix and in nano-
CaHAs. The knowledge about water clustering in inert matrices was applied
recognizing and assigning the water clusters and explaining NMR features of
water in series of nano-CaHAs (home-made and commercial ones).
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3.METHODOLOGY

Nuclear magnetic resonance (NMR) as a physical phenomenon was first
observed in 1946 by two independent teams led by Felix Bloch at Stanford
and Edward Mills Purcell at Harvard [89, 90]. The NMR spectrometer is
basically a device capable of three things: magnetizing the ensemble of
nuclear spins with a large applied magnetic field, rotating the spin
polarizations by radiofrequency (RF) pulses to produce transverse nuclear
magnetization and detecting the small oscillating electric currents induced by
the precessing transverse spin magnetization [91]. Most NMR experiments
require an extremely homogeneous magnetic field which must be maintained
over the entire volume of the sample. However, in 1972, Paul Lauterbur and
Peter Mansfield realized independently that controlled inhomogeneity can be
enormously useful examining the spatial structure of an object [91, 92]. Later
on, in 2003, they were awarded the Nobel Prize for their role in the early
development of NMR imaging. These days, applications of novel NMR
approaches remarkably expended across the fields of innovative medicine and
materials research.

In this chapter main topics regarding dissertation will be touched, namely
NMR in clinical routine, solid state NMR, 2D correlational spectroscopy,
NMR relaxometry and diffusion measurements.

3.1 NMR in medicine

Human-scale NMR imaging is generally known as magnetic resonance
imaging (MRI) which has become a routine diagnostic tool. In the NMR
imaging, spatially dependent magnetic fields with magnitude varying in a
controlled fashion are deliberately applied, using specially designed gradient
coils. In the presence of a magnetic field gradient, the NMR spectrum maps
the density of nuclear spins along the gradient axis. If the gradients are known,
one can easily work out from which part of the sample an NMR signal at a
given frequency (£2) comes from.

Usually three gradients along x, y and z-axis are imposed. An example of
pulse sequence for NMR imaging is presented in Fig. 3.1.1 [91]. After the
initial /2 pulse for exciting the ensemble of the spins, there follows a variable
evolution interval # during which the gradient along x-axis (Gx) is applied. At
time point when the gradient Gy is turned off, the gradient along y-axis (Gy)
is turned on for the time interval #, during which NMR signal is acquired. The
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corresponding offset frequencies (2° (1) and Q° (2)) during t1 and t2 are given
by:
@ (1) = —yGxx (3.1.1)
@ (2) =Gy (3.1.1)

Here y is a gyromagnetic ratio, and x, y are the spatial coordinates
corresponding to the offset frequencies in the presence of the field gradients
Gx and Gy. The position and thickness of the slice along the z-axis is set by
adjusting the RF pulse frequency and the amplitude of the G gradient.
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Fig. 3.1.1. Pulse sequence for NMR imaging of a slice through a three-
dimensional object, perpendicular to the z-axis (adapted from M.H. Levit.

[91])

In practice, more sophisticated procedures are implemented to give a faster,
and more reliable performance. One of the MRI advantages is a good contrast
between soft tissues which is created by differences in the strength of the
NMR signal recovered from different locations within the body. This depends
mainly upon the relative density of excited nuclei and on differences in
their relaxation times (Ti, T2). In clinical and research MRI, hydrogen
atoms are most often used due to their natural abundance in human body.
Contrast between tissues is often enhanced by using carefully designed pulse
sequences [2, 3, 10-13] that are sensitive to T1 or T, as well as the spin density
or only to those spins which are present in a flowing liquid, such as blood.
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Contrast agents (CAs) can be used to further improve the sensitivity and
detection capability of MRI.

The contrast enhancement using contrast agents is obtained when one
tissue has either stronger affinity for the CA or greater vascularity than another
one. Diseased tissues, such as tumors, compared with healthy ones have a
much higher uptake of the CA resulting in a better contrast. Since the intrinsic
T, of tissues is much higher than T, the predominant effect at low doses of
CA isthe T1 shortening [93, 94]. Thus, organs taking up such CAs will become
brighter in T1-weighted MRI sequence. The most commercially used CAs are
paramagnetic Gadolinium-based chelates [4, 5, 53]. Paramagnetic gadolinium
(1) ion which contains 7 unpaired electrons enhance proton relaxation and
thus reduce the T; and T of the surrounding protons. This leads to a greater
difference between the tissue and the fluid affected by CA regarding relaxation
times of the protons present therein.

The ability to choose different contrast mechanisms gives MRI a
tremendous flexibility. An even more remarkable development of NMR in
medicine is that besides structural information one can also produce NMR
spectra at certain points in the body, and hence get a profile of metabolites. In
the medical world this modality is generally known as magnetic resonance
spectroscopy (MRS) or magnetic resonance spectroscopic imaging (MRSI) if
a profile of metabolites is obtained from multiple voxels. NMR signals at
different frequencies reveal the electronic and nuclear environment of the
observed spins identifying chemical shifts between molecular species, while
in MRI the differences in frequencies are used for space encoding.

In order to measure an NMR spectrum in-vivo, first, an anatomical MRI
image is required for voxel localization. The voxel is acquired from a
combination of slice selective excitations in 3 dimensions in space. The most
commonly used volume selection sequences are Point RESolved
Spectroscopy (PRESS) and STimulated Echo Acquisition Mode (STEAM)
[95-98]. It is very important that the volume of interest (VOI) is selected in as
homogeneous place as possible avoiding different tissues. On the other hand,
the voxel can not be too small, because of the insufficient NMR signal. Since
water signal is approximately four orders greater than the signal intensity of
other visible metabolites, water suppression [99-101] together with volume
selection sequences is required. Depending on the selected area, outer volume
fat suppression might be also needed [98, 100]. As with NMR imaging, MRS
sequences contain operator-selectable parameters (TR and TE) that act
together with Ty and T to affect the size and shape of spectral lines. TR is a
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repetition time between multiple excitations, and TE is an echo time between
the center of the excitation pulse and the acquisition of signal (echo).

In prostate cancer, citrate (Cit) levels decrease (due to consumption of
citrate to supply energy to proliferating cells), while choline (Cho) levels
increase (corresponding to increased cell membrane synthesis) [102].
Therefore, a ratio of peak intensities of metabolites ((Cho + Cr)/Cit) is used to
indicate possible cancer [103, 104].

Due to some technical challenges, low concentration of metabolites or the
presence of overlapping spectra lines, the MRS spectra can be difficult to
interpret or even misleading without carefully analysis. Another way to
analyze chemical composition of tissues is to use high resolution solid-state
NMR spectroscopy of samples from needle biopsy [105, 106].

3.2 Solid state NMR

The benefits of solid-state NMR made it a powerful tool for analysis of
materials that are important technologically, biomedically and from the
fundamental-science standpoint [107-110 and references therein]. Comparing
to liquids, solid state NMR experiments generally result in broader and more
complex spectral lines, whose frequency and intensity profiles reflect the
orientational distributions of molecules in the sample.

In a solution, due to rapid isotropic motions of molecules, the orientational
dependence of nuclear magnetic interaction is efficiently averaging out and
only the isotropic component is detectable. However, in a solid, the motion of
molecules is heavily restricted and anisotropic spin interactions are not
averaged out. As an example, let’s take a single crystal where molecules are
lined up and have the same orientation. In such case, the chemical shift is the
same for all molecules and depends on the orientation of the crystal with
respect to the magnetic field. As a result, if the crystal is rotated, the chemical
shift is changed. In a powder, the molecules are orientated in all possible
directions. Each crystallite with a different orientation corresponds to different
frequency. The superposition of all these peaks result in a spectrum of a typical
broad shape, which is called “powder pattern”.

The orientation dependence of the anisotropic interactions may be
eliminated or reduced by a significant molecular motion. Mechanical sample
rotation modulates the anisotropic spin interactions (quadrupole couplings,
chemical shift anisotropies and direct dipole—dipole couplings) and is typically
on the spectral time-scale. This is achieved by using magic angle spinning
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(MAS). The approach is illustrated in Fig. 3.2.1. [109]. The sample is rotated
rapidly around an axis of 54.74° with respect to the static magnetic field. In
practice, typical MAS frequencies range from a few hundreds of hertz up to
around 70 kHz [91]. The highest currently attainable frequency in 2019 is
126 kHz [110]. Depending on the MAS frequency, a particular interaction can
be averaged out either partially or completely. If the frequency is not
sufficiently large compared with shift anisotropies, the spectrum contains
extra peaks called spinning sidebands. If the spinning frequency is large
enough, it possible to obtain solid-state NMR spectrum with a resolution
approaching that obtained in a liquid sample. However, highly resolved
spectrum is achieved at the expense of losing the orientational dependence and
hence a valuable information on structure and dynamics.

(a) Static

(b) 10 kHz
L L A
(c) 60 kHz
10 0 40 20
3C Frequency (kHz)

Fig. 3.2.1 An example of the effect of MAS on NMR line shapes in a spin-1/2
nucleus (do - anisotropy, no - asymmetry), a) powder pattern in a static sample,
b) a line shape broken up into a series of spinning sidebands at spinning at
low frequency, c) an isotropic peak due to averaging out the anisotropic
interaction (adapted from T. Polenova et al. [109])
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3.3 2D NMR spectroscopy

Modern two-dimensional NMR spectroscopy is an essential tool for
assigning NMR peaks of complex molecules [111]. If the compounds are
known, chemical shift values may provide some clues. However, in many
cases, chemical shifts do not provide an unambiguous answer. 2D NMR
studies can be classified into homonuclear correlation studies and
heteronuclear correlation studies. Homonuclear studies show peak
correlations between similar nuclei, like proton-proton, while heteronuclear
studies seek to identify correlations between two dissimilar nuclei, such as **C
and *H or N and 'H. There are four steps in any 2D NMR experiment:
preparation, evolution, mixing and detection. During the first period, called
the preparation time, the sample is excited by one or more pulses. The resulting
magnetization is allowed to evolve for the time period ti. Then another period
follows called the mixing time, which consists of a further pulse or pulses.
After the mixing period the signal is recorded as a function of the time variable
t, [112, 113]. Recording a two-dimensional data set involves repeating a pulse
sequence for increasing values of t; and recording a free induction decay as a
function of t for each value of t; (Fig. 3.3.1).
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Fig. 3.3.1. Compilation of two-dimensional correlation spectra acquisition
(redrawn from M.H. Levit [91])

The information content of 2D NMR spectrum is determined by the pulse
sequence. In practice a combination of correlation spectra is useful. The

simplest homonuclear 2D NMR experiment is COSY (Correlation
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Spectroscopy). The pulse sequence contains just two m/2 pulses, separated by
a variable delay t;. The object of COSY is to discover the network of J-
couplings in a molecule and so to arrive at spectral assignments. In *H-NMR
case it helps to distinguish overlapping spectral lines determining which
resonance corresponds to which proton. HMQC (Heteronuclear Multiple
Quantum Correlation) experiment has the same function as COSY but
correlates heteronuclear instead of homonuclear pairs of J-coupled spins, such
as 'H and 3C, which are attached to each other (one bond correlation). Usually
the acquired information about which proton is attached to which carbon is
not enough for assigning all *C-NMR peaks and HMBC (Heteronuclear
Multiple Bond Correlation) experiment is needed. HNBC spectroscopy is
suitable for determining long-range connectivities. In this case, it provides
information about the chemical shifts of carbon atoms that are 2-3 bonds away
from the proton to which they correlate. Assigning NMR peaks may give
knowledge of molecular structure, function, and dynamics, thus 2D NMR
spectroscopy is one of the foremost contemporary tools in NMR experiments.

3.4 NMR relaxometry: spin-lattice relaxation

Relaxation is the process by which nuclear spins return to their thermal
equilibrium following some disturbance created by RF pulses. Reaching a
state of thermal equilibrium implies that the populations are given by the
Boltzmann distribution, at the temperature of the molecular environment and
that all coherences are absent. There are two types of relaxation processes.
Spin-lattice relaxation (Ti1), also known as longitudinal relaxation, is
concerned with the movement of spin populations back to their Boltzmann
distribution values. Spin-spin relaxation (T.), also known as transverse
relaxation, is concerned with decay of transverse magnetization. Relaxation
measurements can be useful for motional studies as well as for structural
investigations. In this dissertation, T.1 measurements were used for analyzing
the effectiveness of UCNPs as novel MRI contrast agents.

Comparing the effectiveness of contrast agents, relaxivity (r1) is the main
parameter. It is defined as the slope of a plot of relaxation rate (1/T1) versus

concentration of contrast agent (CA):

1 1
T_1 = a+r1C (341)

Here Ty is the relaxation time of the sample in the absence of the contrast
agent and C is the concentration of CA (mM).
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For spins-1/2, relaxation is caused by fluctuating magnetic fields at the sites
of the nuclear spins, caused by thermal motion of the molecules. There are
different sources of local magnetic fields, but in most experimental cases a
single relaxation mechanism dominates. For spins-1/2 it is usually dipole-
dipole mechanism.

The relaxation mechanism of electron-nuclear magnetic interaction in
paramagnetic systems is usually explained by Solomom-Bloembergen-
Morgan (SBM) model using three sub-systems (Fig. 3.4.1) [53, 114]: the water
molecules that bind directly to the gadolinium ion forming the first
coordination shell, water molecules with protons that make up the long lived
second coordination shell and water molecules that move in the bulk. For the
MRI contrast agents, a simpler SBM model of two spheres is more often used
[115]. Such relaxation mechanism, including inner-sphere and outer-sphere
components, is used in this dissertation as well.

e .o
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Fig. 3.4.1 Inner sphere, secondary sphere, and outer sphere of the Solomom
Bloembergen-Morgan (SBM) relaxation model [53, 116]

The longitudinal relaxation rate (1 /Tl‘”p) that takes place in the first sub-
system is described by spin-electron interaction given by Eq. (3.4.2) [53]:

1 _ pdip _ 2, Yi9’mES(5+D) (ﬂ)z : [ 371 Trez ] (3.4.2)

Tldlp 1 15 Téan a1 1+a)lzrc1 1+witZ,

Here, S is the electron spin quantum number, y; is the nuclear gyromagnetic
ratio, g is the electron g-factor, ug is the Bohr magneton, ;4 is the distance
between Gd** and the water proton, u, is the magnetic permeability of a
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vacuum, w; and wg are the nuclear and electron Larmor frequencies, t.; and
T, are the correlation times of nuclear and electron motion, respectively.

On the basis of the SBM theory, common strategies for enhancing spin
lattice relaxivity mainly include increasing the number of bound water
molecules (g), enhancing rotational correlation time (zg) and optimizing water
residence time (t),). Higher 7 values imply slower molecular tumbling and
lead to increased proton relaxivity. t,, is the inverse of water exchange rate in
the inner sphere [116].

The standard pulse sequence for measuring spin-lattice relaxation times is
inversion recovery. First, a 180° pulse is applied, thereby inverting the
magnetization (M) along the z-axis. Then a delay 7 is left for the magnetization
to relax and finally, a 90° pulse is applied so that the size of the z-
magnetization (M(t)), can be measured [113]. The whole process is repeated
for different values of 7 in order to map out the recovery of the inverted
magnetization. The example is later shown in chapter 5.2.1 discussing the
results (Fig. 5.2.2). Performing such an experiment, the first step is to
determine the H 90° transmitter pulse. The spectrometer acquires and
processes a chosen number of experiments with different pulse length. The
defined spectral region for each experiment is plotted side-by-side in one
graph (Fig. 3.4.2). The spectrum with the highest intensity coresponds to the
length of the 90° pulse for protons of interest. To obtain a more accurate 90°
pulse measurement, it is common to find the 180° pulse length at zero crossing
and divide the determined pulse value by 2.

10 20 30 40 50 60 70 [usec]
Fig. 3.4.2 Example of NMR experiment for the determination of *H 90°

transmitter pulse
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3.5 NMR Diffusion

Another information-rich parameter that can be obtained through
specialized NMR experiment is diffusion constant. The study of molecular
diffusion by NMR is large and important field. Diffusion is a random and
uncoordinated translational motion of molecules. It affects the NMR
properties in microscopic and macroscopic way. On microscopic scale, it
averages out short-range intermolecular spin interactions. On macroscopic
scale, it affects the behavior of spins if the external inhomogeneous magnetic
field is generated. The motion of the molecules along the direction of the
gradient changes the Larmor frequency and hence it can be used to quantitate
the molecular diffusion. Relationship between diffusion coefficient and
rotational correlation time (ty) is shown in Eg. (3.5.1):

3
R =55 (3.5.1)

Three-pulse stimulated echo sequence, is one of the basic pulse sequences
used to measure molecular diffusion. Between the first two =/2 pulses, there
is evolution of transverse magnetization in the presence of a field gradient.
Molecular diffusion takes place between second and third pulses. This interval
(A) is relatively long, typically 50-200 ms, in order to allow the motional
process to occur. Another gradient pulse refocuses the signal. The greater the
displacement of the spins during A due to diffusion, the less refocused the
signal and the more reduced the intensity of the signal. Intensity of NMR
signal is proportional to the diffusion coefficient (D) in the gradient direction
asin Eq. (3.5.2):

I~exp [—(yG6)2D (A - g)], (35.2)

Either a time delay between pulses (A), or the gradient length (5) as well as
its strength (G) can be incremented. In a typical experiment, the software
creates a series of values of G, ranging from 95% to 2% of the maximum
gradient strength. Plotting | vs G for a given peak then gives a diffusion curve
(Fig. 3.5.1). If the intensity reduction is insufficient or too strong, the diffusion
time (A) and/or the length of the gradient pulse (0) must be adjusted. When all
the constants are known, the diffusion coefficient can be easily calculated
using the slope of the intensity dependence on the squared gradient strength.
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Fig. 3.5.1 An example of a diffusion curve using three-pulse stimulated echo
sequence for the NMR diffusion experiment. The gradient strength is
incremented from 2% to 95% in 64 steps

If the experiment is repeated with gradient pulses in the three different
directions, it is possible to estimate the three diffusion constants {Dx, Dy, Dz}
individually. In an anisotropic medium, such as many body tissues, these
constants are not the same. By studying the directions of the fastest diffusion
for neighbouring volume elements in an NMR image, it is possible to trace out
the pathways of nerves and similar channel-like structures in the human body.
This technique is called diffusion tensor imaging [91, 13, 44, 45].

In this dissertation, NMR diffusion measurements were used together with
NMR relaxometry for UCNPs analysis. Spin-lattice relaxation rate (R1=1/T1)
of a nuclear spin that interacts with unpaired electron spin of a paramagnetic
ion is proportional to the inverse sixth power of the distance between the water
proton and paramagnetic ion. This is why processes around the surface of the
NPs are at the first importance. Water molecules that are directly coordinated
to the paramagnetic center are responsible for the inner sphere relaxation
contribution, while bulk water molecules in the nearby environment affect
outer sphere relaxation. When surfactant molecules are used, they interact with
water, hence diffusion of water molecules must decelerate. This is the reason
why diffusion measurements as well as T; measurements can give
fundamental details of such system when effectiveness of MRI contrast agent
is concerned.
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4, EXPERIMENTAL DETAILS
4.1 Materials

The preparation of four types of materials analyzed in this dissertation is
presented in a forthcoming part of this chapter. The topic includes: metabolites
present in prostate, up-converting nanoparticles (UCNPs), sunset yellow
(SSY) as a lyotropic chromonic liquid crystal (LCLC) and calcium
hydroxyapatites (CaHAS).

4.1.1 Metabolites in prostate

All samples were prepared in Vilnius University Life Sciences Center,
Institute of Biotechnology, Department of Biothermodynamics and Drug
Design. In order to control pH, sodium citrate and citric acid buffer was
prepared. The metabolites were dissolved in water as well as in deuterated
water separately. Then, using these solutions, the final samples were prepared
containing the following metabolites at physiological concentrations as
reported in healthy human prostate [35]: citrate (Cit, 50mM), creatine (Cr,
5mM), choline (Cho, 1mM), spermine (Spm, 6 mM) and 200 mM of sodium
formate for scaling. DSS (4,4 - dimethyl - 4- silapentane - 1 - sulfonic acid) as
NMR standard was used in capillary for water solutions, or directly dissolved
in deuterated water solutions (1 mM).

For NMR experiments, 600 ul of deuterated water solutions and 500 ul of
water solutions of metabolites with capillary insert were placed in standard
5 mm Bruker tubes. For MRS measurements, a homemade phantom was
prepared: four 50ml tubes were filled with water solutions of metabolites and
emerged in 3 | water tank (Fig. 4.1.1). The immobilization of the samples was
ensured.

Fig. 4.1.1 Anexample of 5 mm tube with a Bruker spinner for measuring *H-
NMR spectroscopy (left) and two projections of four 50 ml tubes of metabolites
solutions in the 31 water container as MRS phantom (right)
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To ensure the exact concentration of metabolites, all solutions were
prepared using micropipettes and high-accuracy weighting scales. Digital pH-
meter was used for measuring exact pH values of the solutions. Samples were
stored at +4C.

4.1.2 Upconverting nanoparticles

Upconverting nanoparticles (UCNPs) were synthesized via a thermal
decomposition method. Detailed synthesis route is published in the co-authors
article [117]. Hexagonal phase s-NaGdFs was chosen as host lattice for its
ability to combine optical and magnetic properties [118]. Aqueous solutions
of two types of nanoparticles were analyzed: core and core-shell UCNPs.
Unless stated otherwise, Ytterbium (Yb) and Erbium (Er) doped NaGdF,
nanoparticles were used as a core. Optical inert layer of NaGdF4 was chosen
as a coating for core-shell NPs. Both kinds of hydrophobic UCNPs were
converted into hydrophilic ones using a nonionic surfactant polysorbate 80
(TWEENSQO, polyoxyethylene sorbitan laurate). TWEENSO0 was used to make
the UCNPs colloidally stable and dispersible in water while protecting the
surface from non-specific adsorption of biomolecules. In some cases, excess
of surfactant TWEENGS80 was removed using centrifugation.

For calculation of relaxivities, at least 4 different concentrations of each
CA were measured. The mean diameter of studied core and core—shell
nanoparticles varied in a range from 12 to 70 nm, but the most detailed analysis
was made for 12 nm core (NaGdFs;Yb,Er) and 19 nm core-shell
(NaGdF4:Yb,Er@NaGdF4) nanoparticles. The size of these nanoparticles was
confirmed by transmission electron microscopy (TEM). Experiments were
carried out using high resolution (maximum resolution: 0.63 A) transmission
electron microscope HRTEM Jeol ARM 200F in NanoBioMedical center,
AMU, Poznan. The corresponding TEM images are shown in appendix.

For the comparison, Gadovist (1mmol/ml) also known as Gd-DO3A-butrol
(C1sH3:GdAN4Og) was analyzed as a commercial MRI contrast agent. All
samples were placed in standard 5 mm NMR tubes for NMR experiments.
Ceramic Bruker spinner was used for the temperature dependence
measurements.

4.1.3 Sunset Yellow FCF

The commercial Sunset Yellow FCF (SSY) was used from abcr GmbH,
Karlsruhe, Germany (www.abcr.de), of 90% purity. The water used was
freshly bidistilled. For concentration dependence measurements, the samples
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were prepared using micropipette and high-accuracy weighting scales during
the preparation to ensure the exact concentration. Then, the samples were
placed in standard, 5 or 10 mm, NMR tubes for NMR experiments. The
concentrations were chosen according to the phase diagram of SSY to observe
all phase transitions in the temperature range from 25 up to 95°C. For
measurements at such high temperatures, ceramic Bruker spinner was used.
The samples of 0.6—1 mL volume were tightly closed to avoid any changes in
composition. No changes in the sample weights were observed after long-
lasting experiments at varying temperature.

4.1.4 Calcium hydroxyapatite

The nano-structured calcium hydroxyapatites (CaHAS) were derived in
Vilnius University, faculty of Chemistry and Geoscience, department of
Inorganic Chemistry applying the sol-gel synthesis routes. Ethylene glycol
(EG) and tartaric acid (TA) were used as complexing agents. The water used
was deionized and freshly triple-distilled. Detailed steps and conditions are
presented in references [119, 120]. The commercial nano-structured CaHA
was used from Aldrich, synthetic, 99.999%. All materials were characterized
by scanning electron microscopy (SEM) and energy-dispersive X-ray analysis
(EDX) using a Helios NanoLab 650 scanning electron microscope coupled
with energy-dispersive X-ray spectrometry system, etc. [107, 121].

The samples containing water confined in nano-structured CaHAs (each in
amount of ca 2 mg) were mixed in the ratio of 1:100 with KBr powder and
pressed into a pellet using 10 tons pressing of manually operated hydraulic
press Specac.

4.2 Experimental setup

MRS measurements were performed in Vilnius University Santaros
Klinikos (VULSK), center of Radiology, Nuclear Medicine and Medical
Physics using 3 T Philips MR scanner operating at 128 MHz for *H. All other
NMR experiments were carried out in Vilnius University, faculty of Physics,
institute of Chemical Physics (VU, FF, ChFI) using Bruker AVANCE Il HD
spectrometer operating at the resonance frequencies of 400 and 40 MHz for
'H and N, respectively (magnetic field of 9.4 T). For comparison, additional
NMR relaxometry experiments were performed in Adam Mickiewicz
University in Poznan, NanoBioMedical center using homemade spectrometer
operating at resonance frequency of 16 MHz (magnetic field of 0.4 T).
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Prostate MRS was performed using SV-PRESS-144 pulse sequence for
single voxel localization. Time of repetition (TR) was 1500 ms, echo time
(TE) was 144 ms, the size of voxel was 12x12x12 mm? and 112 scans were
accumulated (NSA). Since the size of voxel was smaller than 20x20x20 mm?,
iterative shimming was used, even if it took more time during the pre-
acquisition. Basing pulse was added to water suppression pulse sequence for
additional water suppression of residual water. MRS spectra were processed
using Philips SpectroView package. Due to limited accessibility to spectral
data, a custom-made script for Python programing language as well as
Microcal Origin 9 package were used for additional spectra analysis and
graphical representation.

One-dimensional *H-NMR spectra of aqueous solutions were measured
using zg pulse sequence. The 90° pulse length was set at 25 ps and up to 1024
scans were accumulated depending on the experiment. Repetition delay was
set to 2 s. Unless stated otherwise, the spectral width was 20 ppm with 96 152
points as the size of FID. The temperature in a probe was controlled with an
accuracy of +0.2 deg.

The heteronuclear *H-°N correlation spectrum was acquired using the
multiple-bond J-coupling pulse sequence (HMBC experiment) with the
additional pulses for the coherence selection. The experiment was acquired
with 256 points in the channel F1 and 16 000 points at the channel F2 with the
repetition delay of 2 s. The number of scans NS = 80 was found to be
appropriate to accumulate enough intense signals of nitromethane (reference)
as well as SSY > 0.7 mol/kg in water solutions.

For T1 measurements an inversion-recovery pulse sequence was employed
using 16 increments with 2 scans each and the repetition delay was set to 5T:.
The 90° pulse length was approximately 24 ps and was adjusted for each
experiment. For calculation of relaxivities, at least 4 different concentrations
of each CA were measured.

A pseudo-2D diffusion experiments were carried out using stimulated echo
sequence with two gradient pulses and one spoil gradient. The gradient
strength was incremented from 2% to 95% in 64 steps. The diffusion time (A)
and diffusion gradient length (0) were 130 ms and 2 ms respectively.

All MAS (magic angle spinning) measurements were performed using
Bruker 4 mm H/ X CP-MAS probe-head, which is capable to spin the sample
up to 15 kHz rate. NMR MAS spinning rate was set to 10 kHz. For all ‘*H MAS
experiments the 90° pulse length was 2.5 ps and 64 scans were accumulated
with a repetition delay of 3 s.
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The signal of 4,4-dimethyl-4-silapentane-1-sulfonic acid in the DO
solution in a capillary insert was used as the reference. The D;O in the same
capillary insert was used for locking. The *®N NMR spectra were referred with
respect to CHsNOy, also in the capillary insert. All NMR spectra were
processed using Topsin 3.2 software. Additional spectra analysis and
graphical representation were done using Microcal Origin 9 package.
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5.RESULTS AND DISCUSSION
5.1 NMR spectroscopy of metabolites

MRS procedure in VULSK is most frequently used as complimentary
technique to prostate MRI. As mentioned in the methodology section, so far,
the ratio of prostate metabolites ((Cho + Cr)/Cit) in MRS is the main indicator
for malignant tissue. However, getting a good quality spectrum is difficult.
Due to poor signal-to-noise ratio (SNR) as well as overlapped spectral lines,
some intensities of NMR peaks, like the one of creatine, can be insufficient to
be evaluated.

An example of multivoxel prostate MRS is presented in Fig. 5.1.1. Spectra
were processed using Philips SpectroView package, which automatically
calculates the ratio of checked metabolites after the fitting procedure (blue
spectra). Ratio can be calculated using the integral or the intensity of NMR
peaks. In this case, spectra from two voxels, (3,2) and (4,3), were analyzed.
Even without knowing the exact value of (Cho + Cr)/Cit ratios, it can be seen,
that the tissue from voxel (3,2) is potentially malignant and the tissue from the
voxel (4,3) is potentially healthy. However, in both cases the signal of creatine
can not be evaluated and thus, the program calculated only the ratios of
Cho/Cit.

Cho/Cit 0.56? ,2) | : Cho/Cit 0.22
Cho/Cit(h) 0.41? 1 Cho/Cit(h) 0.17

Fig. 5.1.1 An example of multivoxel prostate MRS performed in VULSK.
Spectra from two voxels is presented using Philips SpectroView package: on
the left — spectrum obtained from voxel (3,2) and on the right — spectrum
obtained from voxel (4,3). Two ratios of metabolites were calculated: Cho/Cit
presents ratio of integrals of choline and citrate NMR peaks, Cho/Cit(h) —
ratio of intensities (height) of the same NMR peaks
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The quality of NMR spectra obtained using prostate MRS technique in
VULSK is usually poorer than in the shown example above. Thus, methods
leading to a better quality of MRS modality are a highly required. For that
reason, the solutions of metabolites were firstly analyzed using high resolution
H-NMR in VU ChFI. The results were later applied to study the methods of
sample preparation for MRS measurements. After optimizing the scanning
parameters for single-voxel (SV) MRS, a homemade phantom was prepared
for further evaluation of MRS in clinics.

5.1.1 High resolution *H-NIMR spectroscopy

Most of the metabolites with their spectral information can be found in
various databases, such as http://www.hmdb.ca, which provides search
facilities that allow the identification of known metabolites. However, even if
a metabolite is confidently identified, it can sometimes still be important to
further confirm the identification [35, 122]. In order to accomplish that, first
of all, each metabolite (citrate (Cit), spermine (Spm), choline (Cho) and
creatine (Cr)) was dissolved in water and measured separately.

According to the literature, the extracellular pH of solid tumors is more
acidic in comparison to normal tissue [123, 124]. Tumor acidity is a
consequence of high rates of glucose metabolism, combined with poor
perfusion. For that reason, aqueous solutions containing all four metabolites
were prepared with different pH: one with pH = 6 and another one with pH =
7 imitating malignant and healthy tissue respectively. Deuterated water was
used as a solvent in order to reduce the influence of water signal on the
spectrum of metabolites. An expansion of all tH-NMR spectra of the prepared
samples is shown in Fig. 5.1.2. Comparing the spectra, it was seen that
chemical shifts of metabolites which were measured separately (four spectra
from the bottom) match the chemical shifts of solutions containing all
metabolites (two spectra from the top). The only exception was citrate. In
solutions with two different pH, chemical shift of citrate also differed. Signal
of DSS was used as the reference (0 ppm). All chemical shifts of metabolites
are summarized in table 5.1.1. Chemical shifts of NMR peaks with highest
intensities (written in bold) are assigned to atoms shown in Fig. 5.1.3. The
assigned chemical shifts and number of peaks in multiples were in great
agreement with the 500 MHz *H-NMR results presented in database of human
metabolites http://www.hmdb.ca. Only some minor peaks of spermine were
difficult to distinguish.
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Fig. 5.1.2 An expansion of 400 MHz *H NMR spectra of prostate metabolites.
First two spectra from the top correspond to deuterated water solutions with
different pH containing all the studied metabolites: citrate (Cit), spermine
(Spm), choline (Cho), creatine (Cr). The other four below present spectra of

water solutions each containing different metabolite

Table 5.1.1. *H NMR spectral lines assignment in the solutions of prostate

metabolites (400 MHz, pH = 7).

.| Chemical | _, TR Assignment
Metabolite formula 0 'H (ppm) and multiplicity (Moieties)
Citrate CsHsOy 2.55 (dd): 2.62 (d), 2.48 (d) | CH,, CH;

. 3.12 (m), 2.08 (m), NCHz, NCH,
Spermine | CioH26N4 1.77 (m) NCH,
. 4.06 (m), 3.51 (m), OCHa2, NCH_,
Choline CsH1sNO 3.19 (s) N(CHs)s
Creatine CsHoNsO- | 3.92 (s), 3,02 (s) CH., CHjs

*s- singlet, d- doublet, dd — doublet of doublets, m — multiplet of more than 5 peaks.
Chemical shifts written in bold are used for evaluation of metabolic profiles in MRS.
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Fig. 5.1.3 Chemical structures of main prostate metabolites: a) citrate, b)
choline, ¢) spermine, d) creatine. The marked atoms correspond to chemical
shifts of NMR peaks with highest intensities. (In table 5.1.1 these chemical
shifts are written in bold). Pictures adapted from http://www.hmdb.ca

The relationship between pH and changes in chemical shift of citrate was
analyzed in more detail. Nine aqueous solutions of citrate with different pH
were prepared. The value of pH varied from 4.9 to 7.1. The step of variation
was around 0.3. It was not very constant, because even a tiny amount of citric
acid changed the pH drastically.

The results of pH dependence are presented in figure 5.1.4. Difference in
pH of the sample had a significant influence on citrate. Chemical shift of the
middle point of the doublets shifted from 2.67 to 2.55 ppm and the distance
between doublets increased from 0.06 to 0.10 ppm when pH of the solution
was increased.

Finally, the influence of temperature was evaluated. Measurements of
aqueous solutions were started at room temperature (25 °C) and repeated at
each 5 deg till the temperature reached 40 °C. Since the temperature of human
body is around 37 °C, measurements at higher temperatures were not needed.
The idea of these experiments was to check if spectroscopic results are
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sensitive to small changes in temperature. In human body temperature may
slightly vary and it can not be controlled. Hence, a temperature dependence
would cause some difficulties performing NMR spectroscopy in-vivo.
However, no significant effect was noticed.

Having all metabolites identified and analyzed, next step was to apply the
obtained results in clinics using MRI scanner.
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pH=7.1

pH = 6.9

pH= 6.5

pH=6.3

pH =5.8

pH= 5.6

pH=5.3

pH = 4.9

i
5 I
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Fig. 5.1.4 An expansion of 400 MHz *H NMR spectra of citrate (Cit) in water
solutions with different pH (DSS at 0 ppm)
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5.1.2 MRS measurements in-vivo

First of all, methods for sample preparation were investigated, such as size
of sample, effects of its surroundings as well as size and location of the volume
of interest (VOI) - voxel. Five different volume containers of the same samples
were prepared. Firstly, each metabolite was analyzed separately, as it was done
for high resolution NMR experiments
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A great amount of MRS experiments were performed changing the size and
the location of the voxel in one sample under the same scanning parameters.
The measurements of the same solutions were repeated in different volume
containers. It was demonstrated that the size of the voxel strongly depends on
the size of the sample. Having a large container (at least three times larger than
voxel), despite low SNR, NMR peaks still could be distinguished even from a
voxel as small as 5x5x5 mms3, if it was centered. It was also noticed that the
closer to the edge the voxel gets, the worse quality of the signal appears. As
an example, even if the voxel is large enough, the quality of spectrum might
be poor (low SNR, insufficient water suppression) if the size of the voxel
becomes comparable to the size of the container. Few examples of mentioned
measurements are presented in Fig. 5.1.5 and 5.1.6.

“Top"™

"Center”
| "Bottom"
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Fig. 5.1.5 128 MHz *H-NMR spectra of creatine measured using SV MRS
procedure. Three spectra were obtained from different locations of the voxel
—top, bottom and center of the same sample (see MRI images). The size of the
voxel (12x12x12 mm?) was kept unchanged as well as the scanning parameters
(see chapter 4.2). MRI images show two projections of the cylindrically
shaped container filled with creatine solution are shown. Note, that when the
voxel was at the bottom of the sample (“Bottom” blue spectrum), the water
suppression was the poorest, hence a residual peak of water is seen
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Fig. 5.1.6 128 MHz *H-NMR spectra of creatine measured using SV MRS
procedure. Four spectra obtained from different sized voxel (see the legend)
localized in the center of the largest container (see MRI images) are presented

Using Philips SpectroView package spectra can be saved only as a picture,
like in Fig. 5.1.1. In order to be able to analyze spectral data using other
programs such as Microcal Origin 9 package, a custom-made Python3 script
was written. Since it reads pixels, the resolution of such spectra is decreased
and depends on how zoomed the spectra was before saving it as a picture.
Despite that, the quality is good enough for the comparison of the spectra.

From the experiments above, it can be noted that the voxel should be
localized in center and its size should be chosen according to the size of the
sample — not too big, in order to be further from the edge, and not too small —
in order to get a sufficient signal-to-noise ratio. All the experiments mentioned
above were done performing MRS on the samples surrounded by air.

Next, the same samples were immersed in a tank of water. The most
challenging task was to construct a model in such a way, so that there would
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not be any unwanted movement. Using Philips Monitoring Display Operating
Console, it was noticed that the shimming procedure was much better
compared to the one when the samples were surrounded just by air. Hence, the
quality of NMR spectra of metabolites measured under the same conditions
were as well better (higher SNR, narrower spectral lines). Scanning
parameters, such as TR and TE times, NSA, shimming or water suppression
techniques, as well as methods for outer volume suppression were also
analyzed. However, the standard parameters (see chapter 4.2) seemed to be
optimal regarding spectra quality (SNR, FMHM, water suppression) and time
consumption.

Considering the results, a homemade phantom was prepared as described
in chapter 4.1.1. Phantom testing for quality control remains one of the key
techniques for achieving reproducible and accurate MRS results [125]. For
further measurements, the size of the voxel was 12x12x12 mm?,

Having optimized scanning parameters and a prepared phantom, spectrum
of a solution containing all metabolites was measured. The comparison of
NMR spectra measured using high resolution NMR spectrometer and 3 T MRI
scanner is presented in Fig. 5.1.7. The concentrations of metabolites in the
solutions for both experiments were identical.

1-MRSI

2-THNMR
| i e 28

4.0 35 3.0 25 20  [ppm]
Fig. 5.1.7 An expansion of 128 MHz MRS (1) and 400 MHz *H NMR (2)
spectra of prostate metabolites: citrate (Cit), creatine (Cr), spermine (Spm)
and choline (Cho). The concentrations of metabolites (see chapter 4.1) in both
samples were the same

46



Spectral resolution of MRS was noticed to be significantly lower. The
broader spectral lines resulted in overlapped NMR peaks and spermine could
not be distinguished. Hence, the next step was to check if the resolution would
be sufficient for detecting pH dependence. The important thing to note is that
in human body there is no DSS for the reference, so pH dependence
measurements cannot be implemented simply using the chemical shift of
citrate. A pH-independent metabolite is required. *H NMR results showed that
of all metabolites only citrate is pH-dependant (Fig. 5.1.2). However, as it is
seen from Fig. 5.1.7, spermine NMR peak is hardly distinguished using MRS
even in the phantom studies and creatine usually has a lower intensity in
prostate MRS comparing to choline. Therefore, choline was chosen as a pH-
independent metabolite for the reference while measuring changes in chemical
shift of citrate (Fig. 5.1.8). Because of the significantly lower spectral
resolution of MRS, compared to high resolution NMR, only four points were
acquired, where pH was 5.5, 6.0, 6.5 and 7.0.

| A8(Cit-Cho))| |

Solution, pH =7
LNV W A

Solution, pH =6

T y ¥ T ¥ T X X
4.0 35 3.0 25 20 [ppm]
Fig. 5.1.8 An expansion of 400 MHz *H NMR spectra of prostate metabolites
demonstrating the technique for measuring changes in chemical shift of
middle point of citrate when there is no DSS for the reference

The pattern of pH dependence measured using MRI scanner was the same
as observed using high resolution *H NMR spectroscopy. Chemical shift of
citrate shifts to the left when pH of the solution is decreased, i.e. A6(*H)cit-pss
increases while AS(*H)cit-cho decreases (Fig. 5.1.9). Considering spectrum
behavior under changes of pH, which occurs if benign tissue becomes
malignant, it might be worth taking into account changes of chemical shifts as
an additional indicator for malignant tissue. So far, the comparison of ratios
of prostate metabolites ((Cho + Cr)/Cit) is the main indicator for malignant

tissue in prostate MRS [42, 103, 104]. However, this technique requires a good
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guality of NMR spectrum which sometimes is a difficult task to achieve.
Besides, different anatomic zones of healthy prostate show different intensities
for these metabolites, as well as different metabolic ratios.
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Fig. 5.1.9 Changes in chemical shift of citrate under different pH. Chemical
shifts were measured between middle point of Cit and DSS in 400 MHz *H
NMR spectroscopy (left) and between Cit and Cho in 128 MHz *H MRS (right)

Metabolic ratios calculated from in-vivo or ex-vivo (post-biopsy) NMR
spectra are usually compared with standardized PI-RADS (Prostate Imaging-
Reporting and Data System) classification as well as corresponding Gleason
score derived from biopsy samples [42, 126]. PI-RADS uses a 5-point scale to
determine the likelihood of clinically significant prostate cancer. Assignment
of a PI-RADS assessment category for each lesion is based on the findings of
multiparametric MRI (mpMRI), which is a combination of T,-weighted
(T2W), diffusion weighted imaging (DWI) and dynamic contrast-enhanced
(DCE) imaging [127, 128]. Sometimes MRS is also included in mpMRI for
PIRADS assessment [129], however it is not a standard procedure and is not
implemented in all PI-RADS versions. Gleason score is the grading system
used to determine the aggressiveness of prostate cancer [130]. Typical
Gleason scores range from 6-10 where a score of 6 is low grade and a score of
8 to 10 is high grade cancer.
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By finding a probe that marks the acidosis inherent in tumor metabolism,
a clinical potential for marking tumors and measuring their aggressive
characteristics would be defined. There are different MR methods in
measuring tumor pH along with emphasizing the importance of extracellular
tumor low pH on different steps of metastasis [123]. One of them is MRS.
Both endogenous and exogenous NMR-active compounds, containing *H, °F,
31p or 13C isotopes, have been used to measure pH in vivo. In general, *H MRS
approaches to measure tumor pH have relied on compounds, such as
imidazoles and aromatics, which resonate at higher frequencies compared to
endogenous metabolites. However, there are not many studies that analyze
chemical shift of the metabolite under the influence of pH. In this dissertation
the citrate is suggested to be used for the evaluation of pH in prostate tissue.
G. Bellomo et al. reported the different values of chemical shifts (2.6 and 2,5
ppm) of Cit protons at two different values of pH: 5 and 7 respectively [103].
The in-vitro results which were performed using 3 T MRI scanner are similar
to the ones presented in this dissertation (Fig. 5.1.9). However, it is not fully
clear which NMR peak was used as a reference for estimating chemical shifts
of citrate in the work of Bellomo et.al. Another group of P. A. DiCamillo et
al. analyzes citrate chemical shift changes in 500 MHz MAS NMR spectra of
prostate biopsies. It is reported that the distance between doublets of Cit
decreases when pH decreases, i.e. in prostate cancer [131]. The same
observations are presented in this dissertation using 400 MHz 'H NMR
spectra.

According to the 400 MHz *H NMR and 128 MHz 'H MRS results,
changes in chemical shift of pH-dependent citrate in relation to pH-
independent choline might be used as additional indicator for early diagnosis
of malignant prostate tissue.

Concluding remarks

e 'H-MRS technique can aid in the management of cancer patients,
serving as a noninvasive biomarker of metabolism in tumors. However,
MRS needs expertise and is time consuming, which limit its clinical
applicability. In this setting, spectra analysis needs to be simplified.
Future work should also be concentrated on the evaluation of changes
in the spectral patterns.
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High resolution 'H-NMR is fast an accurate method useful for
measuring spectral profiles of metabolites before applying them to the
MRS technique in clinics. It can be used to check the quality of solutions
in homemade phantom.

Analyzing pH dependence of chemical shifts in prostate MRS is a
promising method of immense medical value for additional indication
of malignancy, especially when MRI is evolving to higher magnetic
fields, hence better resolution.

The obtained results helped to adapt MRS technique at Vilnius
University Hospital Santaros Klinikos (VULSK). However, for clinical
routine a deeper analysis of spectrum post-processing as well as
installation of innovative techniques for spectrum acquisition would be
needed.

Overall, metabolomics represents an exciting avenue for discovery as

the presence of certain metabolites may underscore the importance of
highly utilized pathways and help determine future care.
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5.2 Gd-based upconverting nanoparticles

To get the idea about how Gd-based upconverting nanoparticles (UCNPS)
affect water relaxation processes, NMR experiments were started by
measuring temperature dependence of water relaxation rate (1/T1) in aqueous
solutions of upconverting nanoparticles (UCNPs). Many samples containing
different UCNPs were prepared. Most representative ones will be described in
more detail.

As it was mentioned in the methodology part, paramagnetic gadolinium
ion in UCNPs is the one responsible for the changes in spin-lattice relaxation
time of water. Hence, the more water molecules interact with Gd, the more
increased relaxation rate should be observed. First sample (NP1) was prepared
using core NPs with no Gadolinium. Second sample (NP2) contained Gd-
based core NPs. In order to check the influence of the coating layer containing
no gadolinium, core-shell NPs with Gd only in the core were used in the third
sample (NP3). The other two samples (NP4 and NP5) were prepared using the
same core-shell NPs containing Gd both in the core and in the shell. The idea
was to check the reproducibility of the experiment and synthesis of the same
NPs. All NPs in the samples were functionalized with surfactant TWEENSO0.
The excess of it was removed during the centrifugation only in the last sample
(NP6). Some of the results of relaxation measurements are summarized in
table 5.2.1. Activation energy was calculated using temperature dependence
of water relaxation rates which is shown as Arrhenius plots in Fig. 5.2.1.

Table 5.2.1 Spin-lattice relaxation (T1) and activation energy (AE) of water in
six aqueous samples of different UCNPs (core and core-shell) all
functionalized with surfactant TWEENSO.

Sample | Type of UCNPs Ty at 25°C, s | AE, kd/mol
NP1 NaYbF4:Er 2.248 15.88

NP2 NaGdF4:Yb,Er 0.697 3.16

NP3 NaGdF4:Yb,Er@NaYbF, 2.371 16.96

NP4 NaGdF4:Yb,Er@NaGdF, 1,389 533

(synthesis 1)
NaGdF4:Yb,Er@NaGdF,
(synthesis 11)
NaGdF.:Yb,Er@NaGdF.
(excess of TWEENSO removed)

NP5 0.246 1.58

NP6 1.432 6.32
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Fig. 5.2.1 Arrhenius plots of six aqueous solutions of different UCNPs. All
NPs were coated with surfactant TWEENS80. Temperature varied in range
from 25 to 55 °C

Activation energy (AE), which can be calculated using a slope in Arrhenius
plot (Eqg. 5.2.1), determines how effectively the relaxation process can be
initiated.

In(1/T,) = 1/T - AE/R

(5.2.1)

Here R is the gas constant (8.314 J/mol-K). From the obtained results, it can
be seen that the highest activation energy and thus the longest spin-lattice
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relaxation time are observed in core-shell NPs (sample NP3), where the effect
of Gd in the core is diminished by the coating layer containing no gadolinium.
Similar results are seen in the first sample where no gadolinium is present. For
comparison, the spin-lattice relaxation time of water was measured in a
solution of TWEENS8O with no NPs as well as in bulk water. Values of T at
25 °C were 2.026 s and 3.067 s respectively. The best relaxation rates were
observed in NPs where gadolinium was close to the surface, hence
participating in stronger interaction with water. In five of six samples the spin-
lattice relaxation time increased with increasing temperature and only in one
sample (NP2) the dependence of Ti on temperature was reversed. It is
determined by the wt, (eq. 3.4.2). When wt, << 1, the relaxation rate 1/ T; is
directly proportional to the correlation time, hence, when the temperature is
increased, meaning shorter correlation time, the relaxation rate decreases.
Otherwise, when wt, >>1, the relaxation rate is inversely proportional to the
correlation time.

The results obtained from samples NP4 and NP5 were expected to be
similar, since the UCNPs were the same. However, the values of T, differed
more than 5 times. It could be explained if their synthesis were slightly
different or if the concentrations of the UCNPs were not the same. This could
happen if the samples were not homogeneous before preparing them for NMR
measurements. Evaluating the effectives of UCNP as a potential MRI contrast
agent, the known concentration is very important (see eq. 3.4.1). The
concentration of NPs in all the samples was supposed to be 1 g/l. However, in
some samples the sediment was noticed. For the NMR experiment only 500
ul of the sample is needed, so if the original solution is not properly mixed,
the concentration of NPs might be much lower.

For further analysis, two most stable samples, regarding the reproducibility
of NMR measurements, were chosen: 12 nm core NPs (NaGdF4:Ybo.1sEro.0.@
TWEENS80) and 19 nm core-shell NPs (NaGdFs:Ybo1s,Erooc@NaGdF.@
TWEENS8O0). The ultrasonic bath for each sample was applied for 2 minutes
before NMR experiment.

5.2.1 NMR Relaxometry

Experiments were started by measuring spin-lattice relaxation (T1) of bulk
water, which was used to prepare different concentrations of our contrast
agents. Measurements were performed at 37 °C imitating the temperature of
human body. The obtained value of relaxation rate (R1 = 0.26 s*) was later
needed for the calculations of relaxivities (Eq. 3.4.1) of our analyzed samples.
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The measured T1 value (3.9 s) of water was in good agreement with the ones
from literature [132, 133] (Fig. 5.2.2).

The results showed that relaxivity of CAs increased from 0.684 mM-s* for
19 nm NPs to 0.986 mM*s for the 12 nm ones. According to the literature
[134-137], for Ty contrast agents, smaller-sized NPs usually generate greater
contrast enhancement. Several research groups reported similar size effects of
NaGdFs NPs on relaxivity. Reported correlations of NPs sizes and their
relaxivities showed that contributions from the surface-to-volume ratio
increased with decreasing NP size, becoming the dominant contributing
factor. However, Gao and co-authors demonstrated that larger NPs possessed
higher r; value. It was explained by saying that 7, became lower for larger
NPs (>15 nm) and played a dominant role in affecting relaxivity [138]. In this
study, even if the size of NPs reached 19 nm, the results showed that it was
still in a range where surface-to-volume ratio was the dominant contributing
factor.

L B B B B S

/,s.v.

Fig. 5.2.2 Dependence of water NMR peak integral on delay time T obtained
from inversion recovery 400 MHz NMR experiment used for measurements of
water spin-lattice relaxation time (T: = 3.9 s at 37 °C)

All research groups mentioned above, worked with magnetic fields of less
than 3 T, which is the most common magnetic field strength applied in clinical
routine. As mentioned before, NMR experiments in this study were carried out
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using spectrometer operating at resonance frequency of 400 MHz. For
comparison it was decided to measure r1 values of NPs at the 0.4 T magnetic
field as well. The summarized results of T: measurements of two different
sized nanoparticles at two different magnetic field strengths are shown in
figure 5.2.3.
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Fig. 5.2.3 Spin-lattice relaxation rates in aqueous solutions of different sized
S-NaGdF4 nanoparticles (12 nm core and 19 nm core-shell) as a function of
concentration of Gd** ions measured at two different magnetic fields at the
temperature of 37 °C

It is well known that the spin-lattice relaxivity for Gd-based contrast agent
typically decreases with increasing magnetic field [54-55]. However, no
significant difference in relaxivity, comparing the ri values, measured at 16
MHz and 400 MHz, was noticed. This suggests that relaxivity of analyzed
UCNPs will be the same at 3 T MRI scanner.

For comparison, NMR relaxometry for a commercial MRI contrast agent
Gadovist, was also performed. Samples were prepared with concentrations
varying from 0.01 pmol/l to 14 mmol/l. The results are demonstrated in Fig.
5.2.4. Note, that concentrations of UCNPs were given in g/l and were
recalculated to mmol/l of Gd** ions. It was done by presuming that Gd** ions
contribute to 61% of mass of NPs. Relaxivities of analyzed UCNPs were
relatively poor comparing to commercial CA (r: = 3.2 mMs1), because the
interaction between Gd** ions encapsulated in NP and water molecules was
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more restricted than the direct interaction between Gd** ions in chelate and
water molecules.

For better understanding of the mechanisms of water spin-lattice relaxation
processes, NMR diffusion measurements of water in the same samples of
UCNPs was performed.
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16 I = |12 nm NP: core |
[| ® 19 nm NP: core-shell ]
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12 .
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Fig. 5.2.4 Spin-lattice relaxation rates in aqueous solutions of different sized

S-NaGdF4 nanoparticles (12 nm core and 19 nm core-shell) and a commercial

contrast agent Gadovist as a function of concentration of Gd** ions measured

with 400MHz NMR spectrometer at 37 °C

5.2.2 Diffusion experiments

The results of NMR diffusion for core-shell 19 nm NPs are
demonstrated in Fig. 5.2.5. Instead of one diffusion constant, as expected in
most NMR cases, two coefficients (D1 and D,) were obtained having different
contributions (around 96% and 4% respectively) to the total intensity of NMR
signal.

For further analysis of two diffusion coefficients, their dependence on the
temperature at two different concentrations (1 g/l and 0.75 g/l) of 19 nm core-
shell NPs was measured. Knowing temperature dependence of diffusion
coefficient (Eg. 3.5.1), activation energy can be calculated in a similar way as
it was done using temperature-dependent 1/T; values obtained from spin-
lattice relaxation measurements.
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Fig. 5.2.5 Signal decay of aqueous solution of 19 nm core-shell NPs versus
squared gradient strength. Two separate diffusion coefficients (D1 and D)
were calculated by fitting

It was found that one diffusion coefficient was concentration-dependent,
while the other one remained the same for both concentrations (Fig. 5.2.6).
Moreover, the activation energy of pure water, calculated using the results
from relaxation experiments (20.442 kJ/mol), was comparable to the
activation energy of water in NPs samples, calculated using the temperature
dependence of D; values (21.362 kJ/mol).
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Fig. 5.2.6 Temperature-dependent diffusion coefficients of bulk water Dg (left)
and local water D, (right) for 19 nm core-shell NPs of different concentrations
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On the basis of the obtained results, for the later analysis the simplified
SBM model will be used assuming that there are only two processes involved
in the relaxation mechanism. One of them will reflect the behavior of bulk
water having the diffusion coefficient Dg (instead of previously used D). The
other one will represent local water (water molecules that interacts with Gd**
ions directly) having the diffusion coefficient D, (instead of D). Then the total
relaxation rate can be written as in Eg. (5.2.1):

R1 = RlB.IB +R1L-IL' (521)

Here Ig and I, are the contribution of bulk and local water diffusion in CA
samples to the total signal intensity. Their values were given by the Topspin
3.2 software together with the calculated diffusion coefficients. If the
relaxation rate of bulk water (Rig value) is changed to the relaxation rate of
pure water, the relaxation rate of local water at the surface of NPs can be
calculated, because all the other parameters are known.

This relationship between relaxation and diffusion opens more possibilities
to investigate water molecules near the surface of UCNPs, which deepens our
understanding of key factors influencing the relaxivity of contrast agents.

Concluding remarks

e  Strategies to achieve high relaxivity of MRI spin-lattice contrast agents
are mainly focused on enhancing the interaction between NPs and
nearby water protons. This study demonstrated that the diffusion
processes of water, measured by NMR spectroscopy, might be related
to the SBM model, which is used for explaining relaxation mechanisms
of MRI contrast agents. Using such relationship, not only the total
impact of NPs on relaxation of water molecules, but also the impact on
relaxation of local water molecules, directly connected to the
paramagnetic Gd** ions in NPs, can be calculated.

e An in-depth understanding of these processes can guide the
engineering of future NPs finding the most optimal structure for the
enhancement of spin-lattice relaxation. The next generation of MRI
CAs is being developed based not only on the design principles of NPs,
but also on the development of advanced nanotechnology, novel MRI

techniques and new clinical applications. This is why it would be
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valuable to design multimodal contrast agents that have excellent
relaxation properties over a broad range of imaging field strengths and
are characterized by effective upcoversion properties.

In this work it was demonstrated that different magnetic field strengths
did not alter the spin-lattice relaxivity of water in presence of Gd-based
upconverting nanoparticles (UCNPs). It was also shown that smaller
NPs (12 nm comparing to 19 nm) were more favorable regarding the
effectiveness of MRI contrast agent.

On the basis of the results, it follows that Gd-based UCNPs can be
developed into high-performance multimodal MRI contrast agents.
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5.3 Sunset Yellow FCF

NMR and Raman spectroscopy techniques have already proven to be
powerful tools in LCLCs studies. [139-143]. In this work too, already during
the first experiments, it was noticed that NMR technique is sensitive to many
processes in the samples of SSY. The H NMR spectra clearly showed that
after the initial mixing in the isotropic phase, there are different kinds of phase
behavior and slow self-assembling depending on the concentration, age, and
thermal history of the mixtures (Figure 5.3.1).

S and cooling down
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Fig. 5.3.1 Temperature evolution of the *H NMR spectra in 1.2 mol/kg SSY
agueous mixture at phase transitions and slow self-assembling depending on
the degree of mixing and thermal history. The detailed evolution of signal
shapes and chemical shifts is shown in Fig. 5.3.4 — 5.3.6. See text for more
comments

5.3.1 Tautomeric Equilibrium and Aggregation

The greater stability of the N—H---O form as compared to that of O—H---N
in the series of molecular systems with intramolecular H-bonds was noted and
discussed in terms of the greater proton affinity of nitrogen with respect to that
of oxygen and the resonance assisted H-bonding [144]. The DFT calculations
carried out in the present work also predict that the tautomeric equilibrium in
SSY should be strongly shifted toward the hydrazone form. It is characterized
by the equilibrium constant pKy = 2.5 as obtained at the DFT SMD level of
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theory. However, the DFT-based estimate of the tautomeric equilibrium
constant is regarded as a lower bound of the equilibrium. The fact that the
hydrazone form is dominant in SSY was deduced also in other works using
13C NMR shifts [141] and Raman spectroscopy [142]. Inspired by the fact that
the experimentally observed *C chemical shift of C4 (Fig. 5.3.2) of 177 ppm
[141] falls in the range between presently calculated values of 156.9 and 184.3
ppm for C4 in azo and hydrazone tautomers, respectively, using DFT, it was
decided to revisit this problem. Moreover, the DFT-predicted difference in the
chemical shifts of N1 nitrogen in those tautomeric forms is very huge — up to
260 ppm — and therefore N NMR experiments look to be extremely
promising for the detection of possible tautomeric forms. The long-range
'H-N correlation, widely known as HMBC, was applied for this purpose
(Fig. 5.3.3).

Fig. 5.3.2 Calculated molecular structures of azo- and hydrazine tautomers of
dianionic SSY at B3LYP/6-311G* level and the labeling of atoms used in the
discussion

The two-dimensional spectrum is smeared out due to the strong solvent
signal at 4.7 ppm (H-0). Nevertheless, the peaks at (6.9 ppm; —178 ppm) and
(4.4 ppm; 0 ppm) are clearly seen. They correspond to the *H and *N
correlations in SSY and in nitromethane (used for reference), respectively. The
value of observed chemical shift 6(**N) = —178 ppm is in fairly good
agreement with the DFT-calculated value at —191.5 ppm for N2—H nitrogen
in hydrazone tautomer of SSY (Fig. 5.3.2), whereas this peak in the azo
tautomer should be observed at +58.4 ppm (see Table Al). This means that
15N NMR data also confirm the dominance of hydrazone form of SSY in the
present conditions (0.7 M of SSY in water at 293 K). Unfortunately, the N
NMR signal of N3 that should be present at —8.9 ppm or +122 ppm for
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hydrazone and azo tautomers, respectively, was not found experimentally.
Most probably, this is due to the too long correlation with protons, as it is
evident from the molecular structure of SSY (Fig. 5.3.3).
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Fig. 5.3.3 *H-"*N correlation (HMBC) trough long-range couplings in 0.7
mol/kg SSY aqueous solution at 25 °C

The chemical shift of the N—H---O bridge proton (HI, see Fig. 5.3.2) is
expected to be another very sensitive NMR spectral feature because it can
provide the direct information on the tautomeric dynamics and the strength of
H-bond in SSY. The chosen DFT level using the PBEO (The Perdew—Burke—
Ernzerhof) exchange correlation functional has proven to be one of most
successful choices for NMR shielding calculations, particularly for the nuclei
involved in strong H-bonds [145, 146]. A perfect agreement between the
calculated and experimentally observed H chemical shift was obtained in
many cases, e.g., picolinic acid N-oxide (PANO) dissolved in various solvents
[146]. PANO and SSY can be considered as closely related systems because
strong intramolecular H-bonds are formed in both. The success of DFT
application for the first system makes it promising for SSY as well. The
calculations predict that the chemical shifts of H1 proton of SSY are 15.4 and
16.8 ppm, depending on the tautomeric form (Table Al). Note the shift values
covering the range from 14.1 to 18.4 ppm were determined experimentally for
series of N—H---O bonds as the N---O distance shortens from 2.51 to 2.56 A
[144]. A problem of experimental observation of this signal in SSY aqueous

62



solution may arise because of the solvent, which is water. It is usually expected
that protons involved in H-bonding should undergo fast exchange with water.
Thus, their NMR signals are consequently broadened and not observed. A nice
example of such a behavior was observed in PANO: the peak of O—H---O
proton at 17—19 ppm is clearly observed in a series of solutions in traditional
solvents and even in some ionic liquids, but not in agueous solution [146].
Such a priori knowledge leads to certain pessimism, so that the researchers
even do not struggle much to find this peak.

However, in the case of chromonic liquid crystals, one peculiar feature of
these systems is met — a strong self-assembling. It is known that chromonics
are lyotropic liquid crystals, but in general, they do not possess a critical
micelle concentration, [64, 73, 147] as it is usually in many cases of
amphiphilic molecules forming the lyotropic liquid crystalline phases and gels
[145, 148 and references therein]. Hence, unlike many lyotropic liquid
crystals, self-assembly in chromonics occurs at very low concentrations [149].
The self-assembling leads to the formation of rod-like aggregates, also more
complex geometries with “stacking faults” [69, 150]. These structures are
stabilized by the z—x stacking interactions between the aromatic rings [64, 73,
149]. Thus, one can expect that water molecules can interact and thus get into
an exchange with H1 protons of SSY placed on the aggregate surfaces only.
But water does not penetrate into the bulk of the aggregate. It could mean that
the N—H---O bridges are confined inside the aggregates and if the lifetime of
those aggregates is > 107108 s, which is the typical NMR time scale or even
longer, the corresponding 'H NMR signal can be expected to appear in the
spectrum. And indeed, the peak at 14.2—-14.7 ppm was found at all
compositions studied in the present work and in all phases, except at three
lowest temperatures 25, 30, and 35 °C of the cooling cycle (Fig. 5.3.4A). After
the system has evolved via long-lasting self-assembling to the equilibrium,
this peak was seen even at those temperatures (Fig. 5.3.4B).

First, these values of chemical shifts are slightly below the DFT-predicted
ones (Table 1). For one thing, DFT calculations of the NMR shielding have
been carried out for isolated molecules, and solvent effects remain
unaccounted for. On the other hand, this could indicate that some H1 protons
of SSY, most probably, on the aggregate surfaces, exchange with water
indeed. The observed slope AJ/AT ~-0.022 ppm/deg (Fig. 5.3.4C) is
significantly higher than could be expected in the case of solely H-bond effect.
AJ/AT values usually observed for various H-bonded systems are spread from

ca. -0.006 ppm/deg (e.g., pyridine N-oxide/acids complexes and PANO) to
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-0.012 ppm/deg (the neat water) [146, 151]. The steep increase in the chemical
shift 5(N—H) with decreasing temperature in the M phase (Fig. 5.3.4C) can be
explained to be due to the growth of SSY aggregates (columnar stacks)
accompanied by the segregation of water in the intercolumnar regions, and
thus drastically reducing the exchange between water and N—H protons.
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Fig. 5.3.4 Evolution of *H NMR signal shape at cooling (A) and heating (B)
cycles and the dependencies of chemical shift of N—H--O proton on
temperature in 1.2 mol/kg SSY aqueous solution (C)

The broadening of the H1 signal with decrease in temperature is caused by
several overlapping factors. The main contribution to the signal broadening
comes from the slowdown of an overall rotational motion with increasing size
of the SSY aggregates. Nuclear Overhauser enhancement spectroscopy
experiments [143] have shown that the SSY molecules are in the intermediate
tumbling regime with the rotational correlation time of ~300 ps in the
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isotropic phase. However, the slow tumbling and slow spin-diffusion regimes,
which are characteristic for large molecules with long rotational correlation
times, are reached in this system at increasing concentration of SSY [143]. As
the peak at 14.2—14.7 ppm was not found at the lowest temperatures of the
cooling cycle (Fig. 5.3.4A), it can be stated that the nonequilibrium
fluctuations in the local environment can also contribute to the signal
broadening.

All other *H NMR peaks of SSY protons disappeared at the lowest studied
temperatures for the same reasons too (Fig 5.3.5), but not the peak of water
(Fig. 5.3.6). Moreover, the signal shape and the chemical shift 6(H-O) depend
not only on the concentration and temperature, but — what is the most
important — on the thermal history (Fig. 5.2.1). Thus, it can be effectively used
to study the slow self-assembling when the borders between N, N + M and M
phases are crossed.

ppm ppm
Fig. 5.3.5 Temperature evolution of *H NMR spectra of SSY protons in 1.2
mol/kg SSY aqueous solution at cooling (A) and heating (B) cycles

5.3.2 Slow Self-Assembling

Going through the experimental details published in literature, it becomes
evident that the temperature variation rates traditionally used in the
experiments where phase behavior in LCLC systems is studied are in the range
of 0.2 - 0.4 deg/min [64, 69]. In some cases, the heating/cooling cycles were
carried out using a much higher rate of 5 deg/min, although it used to be
reduced to 1 deg/min near the phase transitions. The results presented in Fig.
5.3.4 and 5.3.6 show that such rates indeed look to be properly working within
I, N, and the coexisting | + N phases.
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Fig. 5.3.6 Evolution of *H NMR signal shape of H,O protons at cooling (A)
and heating (B) cycles and the dependency of H.O chemical shift on
temperature (C). The spectra in the cooling cycle were normalized for better
visualization to maximal peak height. The points corresponding to the
chemical shifts of “broad” and “narrow” signal components are marked by
blue triangles and red circles, respectively

The measured dependencies of the chemical shifts 5(N—H) and 6(H20) on
temperature are practically identical, both for the cooling and the heating
cycles. However, it is obvious that such rates at the cooling and at the crossing
of N + M to M phase border are too high. The equilibration time for N+ M —
M process is very long, most probably because of supramolecular
restructuring, i.e., the growing of aggregates (columnar stacks) in the M phase.
Hence, if the sample is cooled down relatively fast to the temperature below
N — M transition, the structural changes are behind, and the system falls to

the supercooled state. In that case, the system evolves via slow self-assembling
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from this state to the equilibrium. This process is very clearly reflected in the
'H NMR spectra via the appearance of the wide “podos” around the peak of
H.0 at 4.1-4.8 ppm (Fig. 5.3.1 and 5.3.6). The signal can be decomposed into
narrow and broad components. If the sample is kept at the constant
temperature in the M phase (+25 °C) for a day or tens of days, in some cases,
the complex signal shape collapses to the single contour having a moderate
width. Such an evolution of the *H NMR signal shape at a slow self-
assembling is shown in Fig. 5.3.1. Visually it looks like an extremely slow
phase separation (see the insert photo in Fig. 5.3.1) that can last over a day or
tens of days. The samples start to look as if the bulk water was gone
(evaporated) and the samples were dried. It is possible that the observed
phenomenon can be related to a certain stage of the drying of liquid crystal
droplets that was very recently discovered dealing also with the SSY aqueous
solutions [152]. However, note that the process observed in the present work
is reversible, i.e., the spectra return to the initial look after the sample is heated.
It means no water was gone from the samples, and this was confirmed by
repeatedly weighting the samples.

A quite logical question arises — what are the state and properties of water
after slow self-assembling is completed. It is obvious to assume that the
growing of columnar stacks is accompanied by the segregation of water
molecules in the intercolumnar areas. The state of confined water was studied
by analyzing the temperature dependencies of the *H NMR shift of H,O. After
the slow self-assembling was completed, the slope of the dependency of the
'H chemical shift of water on temperature during the heating cycle was
deduced to be —0.013 ppm/deg, i.e., practically the same as for the neat water
(-0.012 pm/deg, [151 and references therein]). Similar observation was
reported analyzing the temperature dependencies of the Raman band shape
(Fig. All). In the vicinity of the N — N + M phase transition, the observed
changes of the Raman band shape in the range of 2800—3800 cm—1 are
mimicking the vO—H:--O band intensity evolution in the neat water at the
melting point [153]. These findings allow to conclude that (i) water in the
intercolumnar areas can be considered as neat and (ii) the degrees of freedom
of molecular motion in confined water are changing at the border to M phase
in similar manner as at the melting of ice. However, the former process takes
place at T ~ 55 °C, i.e., at a significantly higher temperature than the melting
point of water. On the other hand, it is well known that the geometric
confinement can cause the shifts in the melting point, e.g., water in

mesoporous carbon materials [81].
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The LCLCs can appear to be very intriguing systems to study H-bonding
and proton transfer (PT) phenomena. Discussions and recent works show
persisting or even boosting interest in these phenomena [155 and refs therein].
The hydrazone form of SSY, according to the equilibrium constant pKy = 2.5,
can be considered as the protonated H-bond system N2—-H1...0 (Fig. 1), where
1H proton is most of the time located main time in the energy minimum near
the N2 nitrogen, and jumps to the O—-C4 oxygen are rare. However, there are
many other LCLCs with the intramolecular H-bonds (e.g. Acid Red 27,
RU31156, etc, [68]) in which the low-barrier H-bond could be formed and
thus the bridge proton motion of much larger amplitude could be expected.
The reversing of the system to the N...H-O bond could be realized then by
various external stimuli (solvent, added ions, temperature, etc). Crucial role of
medium in PT processes is stressed almost in all studies on this topic.
Therefore, in the most optimistic scenario the chromonic phases could provide
a unique possibility to study the effect of crossover from the solvent reaction
field, which acts in highly diluted LCLC, to the crystal force field in large
molecular stacks in the M-phase on PT processes.

Concluding remarks

e The joint application of NMR, Raman spectroscopy and DFT methods
allowed to reveal fine details in temperature and composition effects
passing through various phases of SSY aqueous solutions from the
isotropic (I) to the principal chromonic phases — nematic (N) and
columnar (M) ones.

e The phase transitions | <> 1+N <> N look to be 'soft' enough from the
point of view that no drastic discontinuous changes have been noticed
in both Raman as well as in NMR spectra. The changes of spectral
parameters covering these phase transitions are reversible in both
direction (heating and cooling) at the traditionally used temperature
variation rates. The equilibration time for N+M — M transition is very
long, most probably because of slow supramolecular restructuring, i.e.
the growing of hexagonal stack arrays in M phase.

e The growing of SSY aggregates is accompanied by the segregation of
water in the intercolumnar areas. This restricts the exchange between
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H>O and N-H protons in the internal layers of the columnar stacks.
The N-H signal in *H NMR spectra observed in the present work for
the first time supports this statement. The joint analysis of temperature
dependences of H,O chemical shift and Raman vO—H band shape has
shown that water confined in intercolumnar areas behaves as in a neat
substance.

Water molecules in the intercolumnar space are confined possibly in
a form of droplets or ‘water pockets', as it was found recently in some
ionic liquid/water solutions. Since LCLC molecules and ionic liquids
have ionic groups at the periphery, such from the first sight far
analogy between them can have a sense and can be a challenging goal
for future experiments.

The tautomeric equilibrium in SSY is strongly shifted towards the
hydrazone form — less than one azo tautomer is present among ~ 100
hydrazone tautomers. The dominance of hydrazone form was
confirmed experimentally using the long-range *H-*°*N correlation
(HMBC) and by the DFT SMD calculation.

69



5.4 Hydroxyapatite

H-bond clustering of water molecules confined in nano-structured calcium
hydroxyapatites (Caio(PO4)s(OH)2, CaHA) was studied by means of *H MAS
NMR spectroscopy and FTIR. Knowledge about water clustering processes in
inert matrices can be very helpful assigning the bands and recognizing the
states of water in terra incognita, i.e. in much less investigated cases - water
in nano-structured and other advanced/smart materials.

2DCOR analysis [156, 157] was applied as the novelty to study water in
argon matrix. This allowed to reveal the correct number of overlapping bands
being sure no fine details were missed. Namely, FTIR spectra for 2DCOR
analysis have been measured using thermal perturbation by heating the sample
from T =9 K to 40 K stepping by 2 K (Fig. Alll). The mathematical formalism
and the further steps of 2D FTIR absorption correlation analysis were the same
as in the earlier matrix isolation work on 1-propanol [156]. The band
maximum positions determined from the crosspeaks positions in 2D
asynchronous spectrum (Fig. AIV) were used as the initial input parameters
of the non-linear curve fitting routine and were refined during the next
iterations for each temperature. The fitting result is shown in figure AV. The
peaks of monomer, dimer and higher clusters up to hexamers have been
perfectly resolved and easily identified comparing their positions with those
in other works determined experimentally and supported by high-level
theoretical calculations [75, 77, 158 - 160].

However, it has to be noted that the matrix isolation experiments are carried
out at very low temperatures, whereas the main interest for many processes
and innovative technologies lays in the range around room temperature. It was
shown [79] that small water clusters can be detected at room temperature by
FTIR spectroscopy dissolving water in hydrophobic solvent CCl,. Besides the
water monomer, a dimer, a cyclic trimer, a cyclic tetramer, and a large
hydrogen-bonded structure (supposed - a cage hexamer) were found.
However, some revision of the assignment of the bands seemed to be
necessary. After few corrections heightening the cluster size: dimer — trimer,
trimer — tetramer, etc., a good agreement between the matrix and the
hydrophobic solvent experiments was achieved. The environmental and
thermal effects on the cluster band positions were less than 20 - 30 cm™, except
the cases of dimer and the clusters with n> 6. These data can be useful moving
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from very low- to ambient temperature range, as well as explaining FTIR
and NMR features of water in series of nano-CaHAs.

Some of spectral features of the NMR and FTIR spectra of CaHAs are well-
known. Namely, a strong and narrow line centered at approximately 0 ppm in
the 'H MAS NMR spectra (Fig. 5.4.1) is corresponding to hydroxyl groups
localized in the channels along the c axis in CaHA crystallites, i.e. in the bulk
[86, 87, 161]. M.B. Osman et.al. for the first time showed an experimental
spectroscopic feature based on *H NMR that accounts for the presence of two
types of bulk OH at 0.10 and -0.13 ppm. Their study proposed two models for
the orientations of the OH dipole in the channels (Fig. 5.4.2). The two different
types of bulk hydroxyl groups OHg.; and OHg-> might correspond to the so-
called “up” and “down” orientations, leading to two different distances
between two protons of adjacent hydroxyl groups, and between two protons
oriented in the same way. A unique vO—H stretching vibration at 3572 cm™*
can be also observed by infrared (Fig. 5.4.3). Its narrowness is indicative of
the absence of hydrogen bonding and it is consistent with the distances
between two adjacent O belonging to the O—H~ groups inside the channels
(0.344 nm) [162].

A special attention has to be paid to water surface (dangling) modes.
Theoretical calculations, supported by experimental studies, suggest that water
molecules in the dangling mode, denoted as dH, are bi- or tri-coordinated,
presenting one free OH bond dangling at the surface [163]. This mode can be
recognized in the FTIR spectra of water in nano-CaHAs at 3640 - 3651 cm.
Another spectral features within 3700 - 3850 cm™, which slightly shift
depending on the samples, can be assigned to the O—H stretching vibration of
the P-O-H groups of surface HPO4* and/or H,PO4 ions produced by the
protonation of POs* ions [162, 164]. The presence of protonated ions on the
crystallite surfaces in the studied materials was confirmed by *H-3P CP MAS
kinetics experiments [121]. The quite diffuse contribution, ranging from 8 to
13 ppm in *H MAS NMR, is in line with the numerous surface vP-O-H
contributions observed by infrared [86]. This might be explained by different
local surface structure and different protonation levels. Note, the bands at >
3800 cm, that were observed in the home-made CaHAs and not seen in the
commercial sample, as far as it is known, were never reported in the literature.
Thus, their origin has to be studied in the future works.
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Fig. 5.4.1 *H MAS NMR spectra of CaHAs prepared via the sol-gel synthesis
routes using various complexing agents: a - ethylene glycol; b - tartaric acid;
¢ - commercial. The intensities were normalized respect to the peak of O-H~
protons in the bulk at ~0 ppm

Several minor peaks in *H MAS NMR spectra at 0.5 - 3.0 ppm are often
observed in various CaHAs and related materials [87]. In the present study,
two narrow signals in *H MAS NMR spectra at 0.8 and 1.3 ppm were observed
as well (Fig. 5.4.1). Since these peaks do not appear in cross-polarization (CP)
MAS NMR spectra, most probably, they are originated from the highly mobile
protons. Besides, the lines are very narrow which is quite unusual for surface
species. A well-structured surface species should rather be considered.
However, their assignment presented in literature was long time controversial.
Only recently in the work [86] it was shown that these peaks were originated
to the structured external water molecules stacking up in the alignment with
bulk OH present inside the channels. Unlike the previous authors also
proposing water assignment for the 1.1 ppm line, these new experimental
results enable to discuss the bulk or surface location of the 0.8 and 1.3 ppm
lines and to explain their differentiation with chemi/physisorbed water
involved in the broad line at 5.1 ppm (Fig. 5.4.1). These lines are all greatly
impacted by the water content in the samples. At increased hydration level,
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only a single line at 1.1. ppm is detected, while at low water content, the
structural H2Oup and H2Opown lines split into two (0.8 and 1.3 ppm).
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Fig. 5.4.2 Combination of *H 2D DQ-SQ spectrum, *H MAS NMR spectrum
and a schematic representation of the possible configurations of different
columnar OH channels in hydroxyapatite crystalline particles (in the bulk and
at the surface) as well as organization of structured surface water molecules
aligned with OH inside the channels. More details in the text. (adapted from
M.B. Osman et.al. [86])

The H-bonded O—H stretching band in FTIR spectra was identified in many
works on CaHAs and related systems [87, 161-164]. However, this band
usually is taken as the unity without getting into its shape and structure. Water
clusters were revealed in nano-CaHAs in the present work for the first time.
The bands of water dimer, tetramer, hexamer and in the commercial sample
maybe even n > 6 were resolved at 2900 - 3600 cm™* (Fig. 5.4.3). The structure
and size of formed cluster depends on the hydration level. Hexamer- or even
higher structures were observed only in the samples containing significant
amount of adsorbed water (Fig. 5.4.3 a, ¢). The amount of adsorbed water in
the studied nano-CaHAs was probed using the intensity of the broad H signal
at ca 5.1 ppm normalized with respect to OH™ peak at ~ 0 ppm. Thus, the NMR
data perfectly correlate with those obtained by FTIR spectroscopy.
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Fig. 5.4.3 FTIR spectra of nano-structured CaHAs prepared via the sol-gel
synthesis routes using various complexing agents: a - ethylene glycol; b -
tartaric acid; ¢ - commercial. The base line was corrected drawing the line
through the end points of this range. The intensities were normalized with
respect to the peak of v(O-H")in the bulk at 3573 + 1 cm™
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Concluding remarks

The joint application of FTIR and NMR methods allowed to reveal very
fine details in the state of water and in the structural organization of OH
groups. This could not be achieved applying these methods separately
either because of difficulties assigning the observed spectral features or
due to the overflow of information.

Being able to probe the presence of PO4, HxPO4, OH, and water at the
surface of hydroxyapatite samples, could be very useful in describing
the respective role of these various surface entities in different fields of
application of the biomimetic hydroxyapatite systems.

Water cluster structure was revealed by FTIR spectroscopy in nano-
structured CaHAs for the first time. The bands of water dimer, tetramer,
hexamer and several surface O-H and P-O-H modes were resolved at
2900 - 3900 cm™* and assigned comparing with the spectra of water in
argon matrix and in CCl..
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CONCLUDING REMARKS OF DISSERTATION

The results of this dissertation demonstrated the versatility of NMR
spectroscopy addressing potential future developments of nano-structure
materials and NMR-based methods applied in clinical routine. Four fields of
research showing the utility of NMR spectroscopy were covered:

1. NMR-based imaging modality (MRS) for prostate malignance
identification analyzing spectral behaviour of present metabolites.

2. Water diffusion and spin-lattice relaxation processes in aqueous
solutions of gadolinium (Gd)-based upconverting nanoparticles
(UCNPs) as potential multimodal MRI contrast agents (CAs) working
over a broad range of imaging field strengths used in clinical routine.

3. Temperature and composition effects on the phase behavior, slow self-
assembling processes and tautomeric equilibrium in aqueous solutions
of Sunset yellow (SSY) as one of the lyotropic chromonic liquid
crystals, which promise the innovations in the drug-delivery as well as
in the creation of a new generation of medical diagnostic tools - small
and portable biosensors.

4. States of water and hydrogen-bond clustering process of molecules
confined in series of calcium hydroxyapatites (CaHAs) as modern
nano-structured materials that are used in reconstructive surgery for the
treatment of enamel and bone defects.
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APPENDIX

20 nm (a) 50 nm (b)

Fig. Al. TEM images of two different UCNPs: a) 12 nm NaGdF4:Yb,Er core
and b) 19 nm NaGdF4:Yb,Er@ NaGdF, core-shell
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Table Al. Calculated and Experimental Chemical Shifts of Dianionic SSY
Nuclei Closely Involved in Tautomeric Equilibrium Process

atom azo hydrazone experimental
HI1 154 16.8 14.2—-14.7
N2 584 —191.5 —-178
N3 122.3 -89
C4 156.9 184.3 177.9-178.7"

aAll calculated chemical shifts are given in the d-scale as the difference between the
isotropic part of magnetic shielding tensor (ois0) and that of tetramethylsilane 31.6
ppm (*H) and 187.9 ppm (*3C), respectively, and nitromethane (CH3NO,) for the
nitrogen shifts (-144.7 ppm).

bTaken from D.J. Edwards et al [141].
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Fig. All. Temperature evolution of Raman spectra of 1.2 mol/kg SSY aqueous
solution by heating from 25 to 85 °C (25, 35, 45, 55, 65, 75, and 85 °C)
covering N — N + M phase transition at T ~ 55 °Cin the whole range and
around the stretching O-H vibrations of the water molecules (zoom sector)
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Fig. Alll. Part A: Measured FTIR spectra of water in argon matrix in O-H
stretching region over the temperature range 9 - 40 K (from bottom to upper,
by stepping AT = 2 K). The base line was corrected drawing the line through
the end points of this range. The spectrum at 50 K was added to support the
assignment of surface (dangling) modes. Part B: the zoomed range 3660-3740
cm *in order to better display the peculiar thermal evolution of these modes
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Fig. AIV. 2D asynchronous FTIR correlation spectrum of water in argon
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Fig. AV. Non-linear curve fitting of vO—H spectral contour by Lorentz functions
(T=27K, as example) in the spectral range of 3000 - 3600 cm™. The maximum
positions obtained from the cross-peaks in 2D correlation analysis were used
as the zero-order approach for the fitting parameters. The meaning of red
and blue bolls is the same as in Fig. Alll.
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SANTRAUKA
Ivadas

Branduoliy  magnetinio rezonanso (BMR) spektrometrija  tapo
nepakei¢iamu jrankiu medicininés diagnostikos bei gydymo srityse, kur
ypatingas vaidmuo tenka vaizdinimo metodams. Tarp daugybés radiologiniy
tyrimy, BMR tomografija (MRT) yra viena pazangiausiy ir saugiausiy
neinvaziniy metodiky [1]. Skirtingai nuo konvencinés radiologijos,
kompiuterinés tomografijos (KT) ar branduolinés medicinos tyrimy, jskaitant
pozitrony emisijos tomografija (PET), MRT metu néra naudojama
jonizuojancioji spindulivoté. Kitas nenuginéijamas privalumas yra tai, kad
minksty audiniy kontrastas, i§gaunamas MRT procediiros metu, daznu atveju
neprilygsta kitoms metodikoms [2]. Be to, MRT pirmauja kontrastiniy
medziagy (KM) pasirinkimo gausa [3]. Pazangiy KM kiirimas ypatingo
démesio susilauké Zzengiant link galingesniy magnetiniy lauky [4,5]. Daugelio
pasaulio ligoninése naudojamy MRT aparaty magnetinio lauko stipris yra nuo
1,5 iki 3 tesly. Mokslinése laboratorijose 7 T MRT néra naujoveé, taCiau tik
2017 m buvo pristatytas pirmasis 7 T tomografas, skirtas naudojimui klinikoje.
Kalbant apie kraStutinumus, jau yra sukurta MRI aparaty, skirty zmogaus
vaizdinimui, kuriy magnetinio lauko stipris virsija 10 T [6].

Sparti technologiné pazanga skatina MRT teikiamy diagnostiniy galimybiy
augima. Spektroskopijos, perfuzijos, difuzijos (jskaitant difuzijos tenzoriaus
vaidinima) bei funkciniai MRT tyrimai salygoja dar didesnj MRT jautruma
bei specifiskuma. Siy metody déka, ne tik fiksuojami anatominiai pokygiai,
bet ir suteikiama reikSminga papildoma informacija apie naviko
charakteristikas, jo progresavima, bei atsakg j gydymg. Turbiit labiausiai
diskutuotina MRT metodika yra magnetinio rezonanso spektroskopija (MRS).
Si metodika remiasi BMR spektroskopijos principais, taikomais in-vivo
matavimuose. Metabolity *H-BMR spektras yra uzregistruojamas tiesiogiai i3
pasirinktos zmogaus organizmo vietos. Tai suteikia galimybe aptikti
cheminius navikinio audinio pokyc¢ius iki atsirandant morfologiniams
pakitimams [7]. Nepaisant to, kad MRS klinikiné nauda yra placiai apraSoma
publikacijose, rutininéje praktikoje §i metodika néra naudojama pla¢iu mastu,
o labiau vertinama mokslo tyrimy centruose. MRS atlikimo technika, bei
rezultaty interpretavimas néra standartizuotas. Kuriami pazangis
technologiniai sprendimai [8], padedantys kovoti su iskylan¢iais MRS
sunkumais, ta¢iau jy pritaikymas klinikoje yra ribotas. Be to, jiems jgyvendinti
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reikalingas kvalifikuotas specialistas. Tinkamai surinkti bei apdoroti MRS
duomenys yra perspektyvus jrankis ankstyviems navikiniy procesy poky¢iams
diagnozuoti.

Ankstyva diagnostika itin svarbi ligos gydymui, todél daugeliy Siuolaikiniy
moksliniy tyrimy tikslas yra naujy ankstyvos ligy diagnostikos btidy paieska.
Nanotechnologijos, kartu su kitomis disciplinomis, tokiomis kaip molekuliné
biologija ir vaizdinimo metodai, suteikia unikalias nanomedziagy pritaikymo
galimybes Siuolaikinéje diagnostikoje ir terapijoje. Technologinio proverzio
kuriant naujas magnetines nanodaleles déka, Sios atrado jvairiapusj pritaikyma
pradedant jprastomis bei multimodalinémis MRT kontrastinémis
medziagomis, baigiant SiuolaikiSkomis nanodaleliy sistemomis, galin¢iomis
selektyviai transportuoti vaistus | ligos paveikta audinio vietg [5, 9, 10].
Nemaziau svarbi spariai besivystanti platforma yra biojutikliai. Veikdami
molekuliniame lygmenyje, jie gali tiksliai identifikuoti labai mazus medziagy,
tokiy kaip bakteriniai toksinai ar baltymai, kiekius [11]. Molekuliniams
detektoriams gali biiti naudojami jvairtis metodai bei medziagos, pavyzdziui,
MNPs ar liotropiniai chromoniniai skystieji kristalai. Nano-struktiirizuotos
medziagos, tokios kaip hidroksiapatitai (HA), jgauna pagreitj pritaikant Sias
medziagas kauly inZzinerijoje, skatinant kaulinio audinio regeneracija bei
lasteliy augimg [12]. Nano-struktiriSkumo nustatymas svarbus siejant
artimosios tvarkos efektus su makroskopinémis charakteristikomis, siekiant
pagerinti HA mechanines bei biologinio suderinamumo savybes.

Platus nanomedziagy panaudojimas inovatyvioje medicinoje patvirtina
Sios technologijos jvairiapusj naudingumg. Kuriamiems naujiems aukstyjy
technologijy gaminiams reikia vis aukstesnius reikalavimus atitinkanciy
Sivolaikiniy medziagy, todél didelis démesys turi bati skiriamas
fundamentiniy tyrimy plétrai naujy medziagy sintezés ir jy charakterizavimo
srityje [13]. Atsizvelgus | BMR eksperimentiniy metody jvairove, BMR
spektrometrija atrodo vienas tinkamiausiy metody tiriant nano-struktiirizuoty
medziagy bei BMR pagrindu sukurty klinikiniy metody pritaikymo
medicinoje aktualumag ir ateities perspektyvas.
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Pagrindiniai darbo tikslai ir uzdaviniai
Pritaikyti MRS metodika Vilniaus Universiteto Santaros Klinikose
(VULSK) ir jvertinti alternatyvius Sios metodikos pritaikymus prostatos
piktybiskumo jvertinimui.
Ivertinti MRI kontrastiniy medziagy efektyvuma nagringjant skirtingo
dydzio gadolinio up-konversiniy nanodaleliy (UCNPs) jtaka vandens
difuzijos ir sukinio-gardelés relaksacijos procesams esant skirtingai
magnetinio lauko indukcijai.
Tiksliai i8analizuoti temperatiros ir bandinio sudéties jtakg faziniams
virsmams, létai saviorganizacijai bei tautomerinei pusiausvyrai liotropiniy
chromoniniy skystyjy kristaly (LCLCs) vandeniniuose tirpaluose
pritaikant aukstos skyros *H ir N BMR spektrometrija.
Istirti  vandens Dbiisenas bei vandens molekuliy, izoliuoty
nanostruktiirizuotuose kalcio hidroksiapatity (CaHAs) bandiniuose,
klasteriy susiformavimg pritaikant kieto kiino BMR spektrometrija.
Gautus rezultatus palyginti su FTIR rezultatais analizuojant vandens
Klasteriy susidaryma tirpaluose bei inertinése matricose.

Ginamieji teiginiai
Prostatos metabolity BMR spektro elgsena priklauso nuo bandinio pH.
Sios savybés panaudojimas gali biti perspektyvus papildomas
indikatorius prostatos audinio piktybiSkumo jvertinimui ankstyvoje
diagnostikoje.

Skirtingos indukcijos magnetinis laukas nedaro poveikio vandens sukiniy-
gardelés relaksacijai, jtakotai gadolinio (Gd) up-konversiniy nanodaleliy
(UCNPs). Tai leidzia manyti, kad gadolinio UCNPs gali buti iSvystytos i
aukStos  kokybés dvejopo panaudojimo magnetinio rezonanso
tomografijoje (MRT) naudojamas kontrastines medziagas, efektyviai
veikiancias placiuose magnetinio lauko stiprumo réziuose, kas tampa vis
aktualiau Siuolaikinéje medicinoje.

Tautomeriné pusiausvyra Saulélydzio geltonojo FCF (SSY) bandinyje yra
stipriai pasislinkusi link hidrazono tautomero, kurio dominavimas
patvirtintas eksperimentiskai pritaikius toliveike H-®N koreliacija,
placiai zinoma kaip HMBC. Atitinkama pusiausvyros konstanta pKr =2.5
nustatyta kvantinés chemijos DFT SMD modeliu.
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SSY agregaty augimas vyksta kartu su vandens segregaCijos procesu
tarpkoloninése ertmése, dél ko yra apribojami mainai tarp vandens
molekuliy ir N-H protony, esan¢iy vidiniuose kristaliniy dariniy,
issidésciusiy kolonomis, sluoksniuose. Siy agregaty gyvavimo trukmé yra
>102%s.

Létas sistemos grizimas ] pusiausvyra, fazinei biisenai pereinant i§
nematinés ] kristaling, siejamas su léta molekuliy restruktiirizacija, t.y.
agregaty augimu suformuojant heksagoninius, kolonomis issidéséiusius,
sluoksnius. Sie procesai jtakoja lengvai registruojamus 'H BMR
spektriniy juosty cheminius poslinkius bei forma.

Vandens klasteriy struktiira ir dydis priklauso nuo vandens kiekio
nanostruktiirizuotuose kalcio hidroksiapatity bandiniuose (CaHAs).
Heksamerai, ar net aukstesnio lygio klasteriai, buvo uzregistruoti tik tuose
bandiniuose, kuriuose buvo pakankamai adsorbuoto vandens. Adsorbuoto
bei pavirinio vandens kiekis gali biiti jvertintas pritaikius *H MAS BMR
metoda.

Darbo naujumas ir aktualumas

Pagrindiniy prostatos metabolity cheminiy poslinkiy priklausomybé nuo
pH buvo iitirta apjungus aukstos skyros 400 MHz *H BMR spektrometrija
ir 128 MHz MRS metodika, kuri registruojama magnetinio rezonanso
tomografu. Parengtas prostatos MRS fantomas, skirtas uztikrinti
procediros kokybe pritaikant ja Vilniaus Universiteto Ligoningje
Santaros Klinikose.

Pasinaudojus supaprastintu  Solomon-Bloembergen—Morgan (SBM)
modeliu parodyta, kad iSmatuoti du skirtingi vandens difuzijos
koeficientai gali buti siejami su procesais, vykstanciais Salia UCNPs
pavirSiaus, ir su procesais, buidingais grynam vandeniui. Darbo metu
nustatytas rySys tarp relaksacijos ir difuzijos leidzia tirti ne tik gadolinio
nanodalelés jtakg pilnutinei vandens sukinio-gardelés relaksacijai, bet ir
jtakg vietinei, Salia NP pavirSiaus esanc¢io vandens molekuliy, tiesiogiai
saveikaujan¢iy su paramagnetiniais Gd** jonais, relaksacijai.
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3. H BMR spektriné juosta ties 14.5 ppm, priskiriama tarpmolekuliniam N—
H...O rysiui, buvo aptikta pirma karta. Sio signalo buvimas parodo, kad
SSY agregaty augimas yra lydimas vandens atskyrimo stulpeliy pavidalo
tarpkristalinése ertmése. Dél to, vandens molekulés neturi galimybés
dalyvauti mainuose su N-H protonais, esan¢iais vidiniuose stulpeliniy
dariniy sluoksniuose.

4. Atsizvelgus | vandens cheminio poslinkio priklausomybe nuo
temperatiros ir Ramano O-H valentiniy virpesiy juostos forma buvo
nustatyta, kad vandens, izoliuoto tarpkristalinése SSY ertmése, elgsena
sutampa su gryno vandens elgsena. Jvykus faziniam M — N virsmui
bandinio Sildymo metu, vandens molekuliy judéjimas primena vandens
tirpimo procesa.

5. Jeigu SSY bandinys yra salyginai greitai atSaldomas iki temperattiros,
zemesnés negu fazinio virsmo N — M temperatiira, sistema pereina |
persaldyta biiseng ir struktiiriniai poky¢iai nestebimi. Tokiu atveju, |
pusiausvyros padétj Sistema grizta léto saviorganizacijos proceso metu,
kurio stebé&jimui pirmg kartg panaudota *H BMR spektrometrija.

Disertacijos sandara

Disertacija sudaro jvadas, apzvalga, eksperimentiné dalis, rezultatai,
iSvados ir literatliros sarasas. Jvade pristatoma disertacijos tema, problematika
bei galimybés, iSkeliami darbo tikslai ir jy igyvendinimui suformuluojami
uzdaviniai. Taip pat jvade pateikiami ginamieji teiginiai, darbo aktualumas ir
naujumas. Apzvalgoje trumpai pristatomos tiriamyjy medziagy grupés ir
aptariami su disertacijos tematika susij¢ BMR metodai. Eksperimentinéje
dalyje supazindinama su tirtomis medziagomis bei taikyty BMR
eksperimentiniy metody parametrais. Pasiekti rezultatai aprasomi paskutingje
santraukos dalyje, kurios pabaigoje pateikiamos apibendrintos i§vados.
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Apzvalga

Atsizvelgiant | aptarta BMR pagrindu veikian¢iy metody bei medziagy
panaudojimg inovatyvioje medicinoje, darbui pasirinktos keturios grupés
tiriamyjy objekty: metabolitai, aptinkami prostatoje; dvigubo panaudojimo
gadolinio nanodalelés (UCNPs), kaip potencialios kontrastinés MRT
medziagos; liotropiniai chromoniniai skystieji kristalai (SSY) ir kalcio
hidroksiapatitai (CaHA). Pirmos dvi grupés medziagy gali buti tiesiogiai
pritaikytos diagnostikoje naudojant vaizdinimo metodus (MRS, MRT),
pagristus BMR spektrometrijos principu. Kitos dvi grupés medziagy buvo
pasirinktos kaip inovatyvios medziagos, aktualios medicinoje, kuriy analizei
didelg svarba turi BMR spektrometrijos metodai. Toliau Siame skyriuje bus
trumpai pristatyti pagrindiniai disertacijoje naudojami BMR eksperimentiniai
metodai.

BMR pritaikymas klinikoje

Klinikoje yra susitarta BMR tomografija vadinti magnetinio rezonanso
tomografija (MRT). Kaip ir BMR spektrometrijoje, MRT veikimas pagrjstas
tuo, kad sukinio Larmoro daznis tiesiogiai proporcingas magnetiniam laukui,
kuriame yra tas sukinys. Skirtumas tas, kad BMR spektrometrijos atveju yra
reikalingas vienalytis magnetinis laukas, o tomografijos atveju yra naudojami
kruopsciai parenkami magnetinio lauko gradientai trimis kryptimis, taip
sukuriant nevienalyti tolygiai besikeiCiantj erdvéje magnetinj laukg. Tokiu
atveju skirtingose erdvés vietose esantys protonai yra veikiami skirtingy
magnetiniy lauky ir rezonuoja ties skirtingais dazniais. Taigi Zinodami
magnetinio lauko gradientg, Zinome, i§ kur ateina BMR signalas. Skirtingose
aplinkose esantys sukiniy ansambliai, paveikti kintamo magnetinio lauko, i
pusiausvyros padét] griS ne vienodu greiCiu, t.y. iSilginés ir skersinés
relaksacijos trukmés, atitinkamai T ir T, bus skirtingos. Taip gaunamas MRT
audiniy kontrastas, kuriam pagerinti daZznai naudojamos kontrastinés
medziagos. Labiausiai paplitusios KM yra paramagnetinio gadolinio jono
(Gd*") turintys drusky chelatai. Jy paskirtis yra paspartinti aplinkiniy vandens
molekuliy relaksacijg T1. Vis daugiau démesio susilaukia nanodalelés, kurios
galéty biti taikomos medicinoje, kaip dvejopos KM, pavyzdziui, haudojamos
tiek MRT, tiek optiniame vaizdiniame.

Kitas pazangus BMR pritaikymo klinikoje pavyzdys yra BMR
spektrometrija in vivo, vadinama magnetinio rezonanso spektroskopija
(MRS). MRT atveju, sukiniy rezonansiniy dazniy skirtumas buvo naudojamas
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erdviniam kodavimui, MRS atveju — protony cheminio poslinkio nustatymui.
Pries atliekant MRS tyrima, pirmiausia nuskenuojamas MRT anatominis
vaizdas ir pasirenkamas norimas vokselis, taip nurodant kurios anatominés
srities metabolity spektras mus domina. Vokselio lokalizacijai yra sukurta
daug pazangiy impulsy seky, taciau pagrindinés naudojamos yra STEAM ir
PRESS [14, 15]. Atliekant prostatos MRS, audinio piktybiskumo jvertinimo
standartu yra laikomas metabolity (cholino, kreatino ir citrato) BMR juosty
intensyvumy santykis ((Cho + Cr)/Cit) [16].

Kieto kiino BMR spektrometrija

Kietame kiine, molekuliy judéjimas yra apribotas, dél to atsiranda
cheminio poslinkio priklausomybé nuo molekuliy orientacijos magnetinio
lauko atzvilgu. Kristalo atveju, kuriame molekulés yra iSlygiuotos viena
kryptimi, visy molekuliy rezonansinis daznis bus toks pat ir priklausys nuo
kristalo orientacijos. Pasukus kristala, molekuliy cheminis poslinkis pasikeis.
Sudétingesné situacija stebima, kai kietas kiinas yra milteliy pavidalo ir
molekulés yra orientuotos visomis jmanomomis kryptimis magnetinio lauko
atzvilgiu, kuriy kiekviena atitinka skirtingg rezonansinj daznj. Tokiu atveju
visy BMR signaly superpozicija salygos labai iSplitusia BMR spektring juosta.
Anizotropines sukiniy sgveikas galima panaikinti arba sumazinti bandinj
sukant magiskuoju kampu (54.74°) pastovaus magnetinio lauko Krypties
atzvilgiu. Tokia technika yra vadinama magiskojo kampo sukimo (MAS)
BMR technika. Paprastai MAS sukimo daznis kinta nuo keliy §imty hercy iki
mazdaug 70 kHz [17]. Didziausias Siuo metu (2019 m.) pasiektas sukimo
daznis yra 126 kHz [18]. Jei bandinys sukamas pakankamai dideliu dazniu,
yra jmanoma pasiekti kieto kino BMR spektro skiriamaja geba, panaSia |
uzregistruojamag skys¢iy BMR atveju, taciau prarandama informacija apie
struktiirg ir dinaminius procesus.

2D BMR spektrometrija

Dvimaté BMR spektrometrija yra nepakei¢iama priemoné interpretuojant
kompleksiniy molekuliy BMR spektrus [19]. Tinkamai parinkus radijo daznio
impulsy sekas, cheminius poslinkius galima iSskleisti vienoje koordinaciy
aSyje, o sukiniy sgveikas — kitoje. 2D BMR spektruose vertikalios ir
horizontalios linijos, i§vestos per nediagonalius maksimumus parodo, kuriuos
branduolius tarpusavyje sieja sukiniy sgveika. Priklausomai nuo impulsy
sekos (COSY, HMQC, HMBC ir k.t.), galime matyti koreliacijas tarp protony
arba tarp skirtingy branduoliy, pavyzdziui, tarp H ir *C. Taip pat galime
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iSskirti sgveikas tarp sukiniy, nutolusiy vienas nuo kito per vieng cheming
jungti, arba per kelias. Sie metodai leidZia tirti labai sudétingus sukiniy
sgveikos ir jy dinamikos pasireiSkimus [20].

BMR relaksometrija

Relaksacijos procesai skirstomi j sukinio-gardelés relaksacijg (T1), dar
vadinama iSilgine relaksacija, ir j sukinio-sukinio relaksacija (T), dar Zinoma
kaip skersiné relaksacija. Relaksacija gali nulemti Sie mechanizmai: dipoliné
saveika, kvadrupoliné sgveika ir chemino poslinkio anizotropija, taciau
dazniausiai dominuoja vienas mechanizmas. Branduoliams, kuriy sukinai yra
1/2, paprastai dominuoja dipoliné sgveika. Kai medziagoje esama stipriy
paramagnetiniy centry, neretai yra jvedama sukiniy-elektrony sgveika, kurig
apraso trijy sluoksniy Solomom-Bloembergen-Morgan (SBM) modelis [21].
Tiriant MRT kontrastines medZiagas, dazniau naudojamas supaprastintas
dviejy sluoksniy SBM modelis [22]: pirmajj koordinacinj sluoksnj sudaro
vandens molekulés, kurios tiesiogiai sgveikauja su gadolinio jonu
nanodaleléje, antrajj sluoksnj sudaro tiirinio vandens molekulés, kurios yra
labiau nutolusios nuo nanodalelés ir su ja reaguoja maziausiai.

Sioje disertacijoje, sukinio-gardelés relaksacijos matavimai buvo
naudojami siekiant jvertinti nanodaleliy, kaip MRT kontrastinés medziagos,
efektyvuma. IS temperatiirinés relaksacijos spartos (1/T1) priklausomybés,
pagal gautos tiesés krypties koeficienta, randamas relaksingumas, kuris yra
pagrindiné charakteristika lyginant KM efektyvumag.

BMR difuzija

Neretai molekulinis judéjimas yra siejamas su relaksaciniais sukiniy
ansamblio procesais. Vienas i§ makroskopiniy parametry, nusakanciy sukiniy
judéjima, yra difuzijos koeficientas, kuris gali bti tiesiogiai iSmatuojamas
BMR metodu, sukiirus magnetinio lauko gradienta z kryptimi. Tokiu atveju,
vykstant difuzijai ir sukiniams migravus i§ vieno erdvés tasko ] kita, jy
precesijos daznis pasikeis. Kuo didesnis difuzijos koeficientas, tuo stipresnis
koherentiSkumo praradimas, o tai savo ruoztu paspartina BMR signalo
gesimg. Difuzijos koeficiento nustatymui, dazniausiai taikoma suzadintojo
sukiniy aido BMR impulsy seka, kurioje naudojami impulsiniai magnetinio
lauko gradientai. Kei¢iant magnetinio lauko gradienty dydj, jy trukme, arba
vélinimg tarp Siy impulsy, matuojama BMR signalo intensyvumo
priklausomybé, i§ kurios, zinant kitas eksperimento metu nustatytas
konstantas, apskaiciuojamas difuzijos koeficientas.
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Metodika

Tirtosios medziagos

Disertacijai pasirinktos keturios grupés tiriamyjy objekty:

Pagrindiniy metabolity, aptinkamy prostatoje, vandeniniai tirpalai:
citratas (Cit, 50 mM), kreatinas (Cr, 5 mM), cholinas (Cho, 1 mM),
sperminas (Spm, 6 mM). Aukstos skyros BMR matavimams
naudojamos 5 mm Bruker ampulés. MRS matavimamas parengtas
fantomas, sudarytas i§ keturiy 50 ml bandiniy indeliy pamerkty j 3 1
vandens indg.

Skirtingy dydziy retaisiais zemés metalais (Yb®*, Er®") legiruotos
NaGdFs up-konversinés nanodalelés (UCNPs), modifikuotos
polimeru TWEENSQO, ir, kai kurios i$ jy, papildomai dengtos NaGdF
apvalkalu. Palyginimui istirta klinikiné kontrastiné medziaga
Gadovist@ (CigH31GdN4Oy).

Skirtingy koncentracijy 90% grynumo Saulélydzio geltonojo FCF
(SSY) vandeniniai tirpalai. Koncentracijos pasirinktos atsizvelgiant j
fazing diagramg, siekiant aptikti fazinius virsmus 25-95 °C
temperatiiry intervale.

Kompleksiniai nano-struktiirizuoti kalcio hidroksiapatitai (CaHA),
susintetinti naudojant vandening zoliy-geliy metodika, panaudojus
skirtingus kompleksadarius: etilenglikolj (EG) ir vyno riigstj (TA),
taip pat komercinis nano-struktirizuotas CaHA.

BMR eksperimentiniai metodai

BMR spektrometrija in-vivo buvo atlikta naudojant 3 T klinikinj tomografa

(128 MHz Larmoro daznis protonams). Kiti matavimai atlikti aukstos skyros
BMR spektrometru, kurio rezonancinis daznis yra 400 MHz protonams ir 40
MHz N branduoliams (9.4 T), taip pat 0.4 T BMR spektrometru. *H-'°N
koreliacinis spektras buvo iSmatuotas naudojant HMBC impulsy seka.
Relaksometrijos eksperimentai atlikti pasitelkus apgrazos atstatymo impulsy
sekg (180°%-7-90°) parinkus 16 skirtingy vélinimo trukmiy (z). Difuzijos
koeficiento nustatymui taikoma suzadintojo sukiniy aido BMR impulsy seka,
kei¢iant magnetinio lauko gradienty dydj nuo 2% iki 95% per 64 Zingsnius.
Kieto kiino eksperimentams naudota MAS BMR technika sukant bandinj 10
kHz dazniu. DSS ir CH3NO. medziagos buvo pasirinktos, kaip Larmoro
daznio etalonai 'H-BMR ir "N-BMR spektrams atitinkamai.
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Metabolity BMR tyrimy rezultatai

Siame skyriuje nagrinéjami prostatos metabolity bandiniai ir pateikiami
pagrindiniai BMR tyrimy rezultatai. Skyriy sudaro du poskyriai. Kaip aptarta
literatliros apZzvalgoje, atliekant prostatos MRS, audinio piktybiskumo
jvertinimo standartu yra laikomas pagrindiniy metabolity BMR juosty
intensyvumy santykis ((Cho + Cr)/Cit). Deja, neretai pasitaiko situacijy, kai
dél isplitusiy BMR juosty, mazos metabolity koncentracijos ar nepakankamo
signalo-triuksmo santykio, yra sudétinga iSskirti tam tikry metabolity
spektrines juostas ir negalime paskaiCiuoti intensyvumy santykio. Siekiant
pagerinti MRS procediiros, atliekamos VULSK, kokybe, metabolity bandiniai
pirmiausia buvo iSanalizuoti auksStos skyros BMR spektrometru. Gauti
rezultatai pritaikyti MRS procediiros parametry optimizavimui ir fantomo
kiirimui.

Aukstos skyros BMR spektrometrija

Metabolity analizé pradéta nuo BMR juosty identifikavimo. Kiekvieno
tiriamojo metabolito vandeninio tirpalo H-BMR spektras uzregistruotas
atskirai ir palygintas su visy metabolity skirtingo pH (6 ir 7) tirpaly BMR
spektrais (1 pav.).

Solution, pH =7
WL‘ l Ul Mo Ff/x» -
‘ ‘ Solution, pH =6
| Cit

Jal abon
7 NP

—— cre
L L c

40 35 30 25 20 [ppm
1 pav. Isplésti metabolity 400 MHz *H-BMR spektrai. Virsutiniai du
spektrai atitinka metabolity deuteruoto vandens tirpalus (pH = 6 ir pH = 7),
likusieji — vandeninius tirpalus kiekvieno metabolito atskirai: citrato (Cit),
spermino (Spm), cholino (Cho) ir kreatino (Cr)

108



Esant skirtingiems pH, pastebétas skirtingas citrato cheminis poslinkis.
Kitiems metabolitams tirpalo riig§tingumas jtakos neturé¢jo. Detalesné citrato
cheminio poslinkio priklausomybé nuo pH pavaizduota 2 paveiksle. Keiciant
tirpalo pH nuo 4.9 iki 7.1, citrato BMR juosty centro cheminis poslinkis pakito
nuo 2.67 iki 2.55, o atstumas tarp dublety padidéjo nuo 0.06 iki 0.10.
Temperatiiros jtaka metabolity BMR spektrams nepastebéta.

. " pH=7.1

N e

ML M m pH=6.5
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JLJ b | pH=53
Wt | Pz
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I T T T T T T T 7r T T T T T
2.8 2.7 2.6 25 0.0 -01

(5(1H), pmm

2 pav. Isplésti citrato vandeniniy tirpaly 400 MHz *H-BMR spektrai esant
skirtingiems tirpaly pH

MRS matavimai

Tolimesnis zingsnis buvo patikrinti, ar BMR spektry, uzregistruoty in-vivo,
spektriné skyra taip pat yra pakankama citrato cheminio poslinkio
priklausomybei nuo pH aptikti. Pries atliekant matavimus, pirmiausia buvo
iSanalizuoti bandinio paruoSimo biidai bei skenavimo parametrai. Atlikta visa
eilé matavimy esant skirtingo tiirio bandiniais. Istirta vokselio dydzio bei jo
padéties bandinio atzvilgiu jtaka BMR spektrui (3 pav.). Nustatyta, kad
vokselio dydis labai priklauso nuo bandinio dydzio. Jei bandinys yra bent 3
kartus didesnis uz pasirinkto vokselio dydj, BMR juosta gali bati i§skirta net
esant 5x5x5 mm?® dydZio vokseliui. Taip pat pastebéta, kad kuo pasirinktas
vokselis yra ar¢iau bandinio krasto, tuo prastesnés kokybés spektras, t.y.
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mazesnis signalo-triuk§mo santykis, intensyvesnis nesupresuoto vandens
BMR signalas. Taigi, per didelis vokselis bus taip pat negerai, kaip ir per
mazas, nes vokselis bus per arti bandinio krasto. Tai ypac¢ jauciasi, jei bandinys
yra apsuptas oro.

.000.H

00@0 D
0:0. W

3 pav. MRS matavimy pavyzdys tiriant vokselio dydzio (a) ar vokselio
padéties bandinio atzvilgiu (b) jtakq 128 MHz BMR spektrui

MRS impulsy seky parametrai, tokie kaip laiko intervalai tarp impulsy
(TR, TE), skenavimy skai¢ius (NSA), taip pat vandens ar riebaly signalo
slopinimo, Simavimo technikos, buvo analizuojami panardinus bandin] j
vandens pripilta indg. Pastebéta, kad optimaliis parametrai atitinka parinktus
gamintojo (SV-PRESS impulsy sekai: TR = 1500 ms, TE = 144 ms, NSA =
112).

Atsizvelgiant j atlikty matavimy rezultatus, buvo parengtas prostatos MRS
fantomas. Keturi 50 ml indeliai su metabolity tirpalais panardinti j 3 1 vandens
indg. Tolimesniems matavimams naudotas 12x12x12 mm? dydzio vokselis.
BMR spektras, uzregistruoti klinikiniu 3 T tomografu, buvo palyginti su ty
paciy metabolity tirpaly spektru, uzregistruotu aukstos skyros 400 MHz BMR
spektrometru (4 pav.). Nors metabolity koncentracijos abiem atvejais buvo
vienodos, spermino BMR juosta buvo i$skiriama tik aukstos skyros BMR
spektrometru.

Svarbu paminéti, kad Zmogaus organizme néra DSS, tod¢l matuojant pH
priklausomybes MRS procediiros metu yra reikalingas kitas atskaitos taskas —
metabolitas, kurio cheminis poslinkis nepriklausyty nuo pH. Tam buvo
pasirinktas cholinas, nes prostatos MRS atveju jo BMR juostos intensyvumas
yra didesnis nei kreatino ar spermino.
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‘ 2-THNMR
1 i Lu i

4.Io 3f5 3.Io 2?5 z.lo [Ppm]
4 pav. Prostatos metabolity vandeniniy tirpaly ‘H-BMR spektry
palyginimas juos registruojant klinikiniu 128 MHz tomografu (1) ir 400 MHz
BMR spektrometru (2)

Keic¢iant tirpalo pH, pastebéta tokia pati 128 MHz 'H-BMR spektro
elgsena, kaip ir 400 MHz H-BMR atveju. MaZzéjant pH, citrato cheminis
poslinkis pasistumia j kaire, t.y. A6(*H)ci-oss padidéja, kai tuo tarpu A6(*H)cir-
cho sumazéja (5 pav.). Kadangi yra Zinoma, jog navikinio audinio pH yra
mazesnis nei sveiko audinio [23], informacija apie cheminius poslinkius gali
buti naudinga identifikuojant ankstyvuosius navikiniy procesy pokycius.
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pH
5 pav. Citrato cheminio poslinkio priklausomybé nuo pH. 400 MHz *H
BMR spektrometrijos atveju, cheminiai poslinkiai buvo matuojami tarp citrato
dublety vidurio tasko ir DSS (kairéje). 128 MHz *H MRS atveju — tarp citrato
dublety vidurio tasko ir cholino (desinéje)
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Metabolity BMR analizés isvados

'H-MRS metodika gali Zenkliai pasitarnauti onkologijos srityje, kaip
neinvaziné procedira, suteikianti informacijos apie navikiniy procesy
metabolizmg. Vis dél to, tai giliy ziniy ir laiko reikalaujantis tyrimas,
kas apriboja Sios proceduros pritaikyma klinikoje. Ateityje spektry
analizés  supaprastinimas, bei naujy standartizuoty metody
jgyvendinimas bty siekiamybé.

Metabolity *H-BMR spektry analizé aukstos skyros BMR spektrometru
yra greitas ir tikslus metodas, suteikiantis vertingos informacijos
pritaikant MRS metodika klinikoje. Tai gali biiti panaudojama ruosiant
MRS fantoma, kuris reikalingas MRS procediiros kokybés uztikrinimui.

Prostatos pH jvertinimas analizuojant metabolity cheminius poslinkius
MRS metodu, gali biiti perspektyvus papildomas piktybiskumo rodiklis,
ypa¢ Zengiant link galingesniy klinikoje naudojamy magnetiniy lauky,
o tuo paciu ir link geresnés spektrinés skiriamosios gebos.

Siame darbe gauti rezultatai padéjo pritaikyti MRS metodika Vilniaus
Universiteto Ligoninéje Santaros klinikose, ta¢iau rutininiam MRS
naudojimui reikalinga gilesné spektry apdorojimo analizé bei
inovatyviy MRS procediiros spektry uzregistravimo metody jdiegimas.

Visumoje, metabolomika yra svarbi ir jdomi moksliniy tyrimy $aka,
turint omenyje, kad tam tikry metabolity biivimas gali atskleisti
metaboliniy procesy seka ir padéti atitinkamai parinkti tolimesng
paciento priezilirg.
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Gadolinio nanodaleliy BMR tyrimy rezultatai

Nanodalel¢, kuri yra papildomai padengta iSoriniu sluoksniu, pasizymi
ypa¢ geromis optinémis savybémis (nasesné up-konversija). Norint jvertinti,
kaip tai jtakoja vandens sukinio-gardelés relaksacijg, jvedama sgvoka
relaksingumas (r1). Relaksingumas yra pagrindinis parametras lyginant MRT
kontrastiniy medziagy (KM) efektyvuma, kuris aprasomas:

11 _
T—I—E‘HHC, (1)

Cia T yra vandens isilginé relaksacijos trukmé, kai bandinyje néra
kontrastinés medziagos, 0 C yra KM koncentracija (mM). KM efektyvumo
analizé esant skirtingo dydzio nanodariniams atlikta pasirinkus bandinius,
kuriy BMR eksperimento atkartojamumas buvo geriausias: 12 nm
NaGdF:Yb® Er** nanodalelés modifikuotas TWEENSO polimeru ir tokios
pacios NP papildomai dengtos NaGdF4apvalkalu (19 nm).

BMR relaksometrija

Pirmiausia iSmatuota gryno vandens, naudojamo NPs bandiniy skiedimui,
iSilginé relaksacija (T1o), kurios verté (3.9 s esant 37 °C) sutapo su literatiiros
duomenimis [24]. NPs bandiniy BMR relaksometrijos rezultatai parodé, kad
KM relaksingumas padidéjo nuo 0.684 mMs? iki 0.989 mM-s? lyginant
atitinkamai 19 nm ir 12 nm nanodaleles. Sie dydziai apskaiGiuoti pagal
gadolino jony koncentracijg tirpale, laikant, jog gadolinio masés dalis
nanodaleléje yra 61 %. Literatiros duomenimis [25, 26], kalbant apie T
kontrastines medziagas, mazesnio dydzio NPs paprastai salygoja geresnj
kontrasto stiprinima. Publikacijose pateikiama NPs dydziy ir jy relaksingumo
koreliacija parode, kad pavirSiaus-tiirio santykis mazé¢jant nanodaleles
matmenims tampa dominuojanciu faktoriumi, jtakojanciu relaksinguma.
Nepaisant to, Gao ir bendraautoriai pademonstravo, kad didesnis
relaksingumas buvo pasiektas esant didesnéms NPs. Tai buvo paaiskinta
teigiant, kad esant didesnei nanodalelei (>15 nm), rotaciné koreliaciné trukmé
(rg) tampa dominuojanciu Veiksniu, jtakojanciu relaksinguma [27].
Atsizvelgiant j Sioje disertacijoje gautus rezultatus, galima teigti, kad, nors
NPs dydis siek¢ 19 nm, dominuojanciu veiksniu isliko pavirSiaus-tiirio
santykis.

Aptartose publikacijose magnetinio lauko stipris nevirsijo 3 tesly, kas yra
placiausiai naudojamas MRT magnetinio laukas klinikingje praktikoje.
Kadangi Siame darbe BMR matavimai buvo atlikti 400 MHz spektrometru,
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kas atitinka 9.4 T, tolimesnis Zingsnis buvo jvertinti magnetinio lauko
indukcijos jtaka. Papildomi relaksometrijos matavimai buvo atlikti su 16 MHz
spektrometru. Yra zinoma, kad kuo stipresnis magnetinis laukas, tuo
prastesnis Gd kontrastiniy medziagy efektyvumas — mazesnis relaksingumas
[28], taiau lyginant 16 MHz ir 400 MHz BMR matavimy rezultatus,
reik§mingas skirtumas nepastebétas: apskaiciuotos ri vertés skirtingiems NPs
bandiniams buvo atitinkamai 0.689 mM-s?, 0.986 mMs? ir 0.684 mMs™,
0.989 mM-s? (6 pav.). Tai leidzia manyti, jog magnetinio lauko indukcija
NaGdFs nanodaleliy efektyvumui jtakos neturi ir galima tikétis panaSiy
rezultaty dirbant su klinikiniu 3T BMR tomografu.

45

4ol | [12n0mNP (16 MHz)
“ e 12nm NP (400 MHz)
a5l * 19nm NP (16 MHz)
4 19nm NP (400 MHz)
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10F 0.689 mM's” ]
05F -
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Concentration of Gd3+, mmol/l
6 pav. Skirtingo dydzio [-NaGdF4 nanodaleliy (12 nm be apvalkalo ir 19 nm
su apvalkalu) vandeniniy tirpaly sukinio-gardelés relaksacijos spartos
priklausomybé nuo Gd** jony koncentracijos esant skirtingiems magnetiniams
laukams. (T = 37 °C)

Palyginimui istirta ir klinikiné Gd kontrastiné medziaga Gadovist. Reikéty
atkreipti démesj, kad UCNPs koncentracija buvo pateikta g/l, o Gadovist
atveju — mmol/l (nuo 0.01 pmol/l iki 14 mmol/l). Lyginant su komerciniu
Gadovist (r1 = 3.2 mM7s?), gadolinio nanodariniy relaksingumas yra
salyginai prastas, nes viduje esantis gadolinis sunkiau kontaktuoja su
vandeniu. Tuo tarpu kontrastiniy medziagy rinkoje plac¢iai naudojamos
aktyviosios druskos gali tiesiogiai reaguoti su vandens molekulémis.
Nepaisant $iy priezasCiy, gadolinio nanodariniai pasizymi svarbiomis
optinémis savybémis, kurios didina jy perspektyvumg dél dvigubo
panaudojimo galimybiy.
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BMR difuzijos matavimai

Siekiant geriau suprasti vandens sukinio-gardelés relaksacijos
mechanizmus, taip pat iSanalizuoti difuzijos procesai vandeniniuose 19 nm
NaGdFsnanodaleliy tirpaluose. BMR metodu tiesiogiai iSmatuoti du difuzijos
koeficientai (D, ir D) (7 pav.), turintys skirtingg jnasa j bendra BMR signalo
intensyvuma (apie 96% ir 4% atitinkamai).
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7 pav. *H-BMR juostos intensyvumo priklausomybé nuo gradiento kvadrato
suzadintojo sukiniy aido eksperimento metu gadolinio 19 nm nanodaleliy
vandeniniuose tirpaluose

Tolimesnei analizei paruosti dviejy skirtingy koncentracijy (1 g/ ir 0.75
g/l) 19 nm UCNPs tirpalai. Pastebéta, kad tik vieno difuzijos koeficiento
temperatiiriné priklausomybé buvo jautri bandinio koncentracijai (8 pav.). Be
to, gryno vandens aktyvacijos energija (20.442 kJ/mol), paskaiciuota
naudojant i8ilginés relaksacijos spartos (1/T1) temperatiiring priklausomybe,
yra palyginama su vandens, esan¢io NPs bandiniuose, aktyvacijos energija
(21.362 kJ/mol), kuri buvo paskai¢iuota naudojant difuzijos koeficiento D,
temperatiiring priklausomybe.

Remiantis gautais rezultatais, padaryta prielaida, kad NPs, Kkaip
kontrastiniy medziagy, veikimas atitinka supaprastintg SBM modelj. Tali
reiskia, kad relaksacijos mechanizma nulemia tik du atskiri procesai. Vienas
ju atitinka tdrinj vandenj, kurio difuzijos koeficientas yra Dj, toliau
naudojamas kaip Dg (angl. bulk). Kitas procesas atitinka lokaly vandenj
(tiesiogiai su gadolinio nanodalelémis kontaktuojan¢iy vandens molekuliy),
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kurio difuzijos koeficientas yra D, toliau naudojamas kaip D.. Tuomet NPs
vandeniniy tirpaly relaksacijos sparta (R4) gali biiti aprasSoma tokia iSraiska:

Ry =Rip-Ip+ Ry 1. (2)
NPs bandiniy tirinio ir lokalaus vandens difuzijos koeficienty (Dg ir D)
inasas | bendra BMR signalo intensyvuma (Ig ir 1) yra pateikiamas Topspin
programiniame pakete. Tarinio vandens relaksacijos sparta (R,g) pakeitus j
gryno vandens relaksacijos spartg, galime nesunkiai jvertinti lokalaus vandens
relaksacijos sparta (R ), ko negalime padaryti kitais metodais.
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8 pav. BMR metodu ismatuoty 19 nm NP bandiniy difuzijos koeficienty
priklausomybés nuo temperatiros. kairéje — tirinio vandens (Dg), desinéje —
lokalaus vandens (D.)

Difuzijos koeficienty rySys su relaksacijos procesais atveria galimybes
tyrinéti vandens molekules, esancias arti gadolinio nanodaleliy pavirSiaus. Tali
suteikia gilesnj supratimg apie esminius veiksnius, jtakojan¢ius kontrastiniy
medziagy relaksingumg, kas itin svarbu ieSkant efektyviausiy dvigubo
panaudojimo KM varianty.

Gadolinio nanodaleliy BMR analizés iSvados

e  Kuriant auksto relaksingumo MRT iSilginés relaksacijos kontrastines
medZziagas, pagrinde remiamasi sgveikos sustiprinimu tarp nanodalelés
ir gretimy vandens protony. Siame darbe parodyta, kad vandens
difuzijos procesai, iSmatuoti BMR metodu, gali biiti siejami su MRT
kontrastiniy medziagy veikimo paaiskinimui taikomu SBM modeliu.
Tokiu btadu, galima jvertinti ne tik NPs jtaka bendrai vandens iSilginei
relaksacijai, bet ir NPs jtaka lokalaus vandens protony, tiesiogiai
saveikaujan¢iy su paramagnetiniais Gd** jonais, sukinio-gardelés
relaksacijai.
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Detalus $iy relaksacijos procesy supratimas nukreipty tinkama linkme
ieSkant optimalios NPs struktiiros sukinio-gardelés relaksacijos
spartinimo pozitiriu. Kuriant naujos kartos MRT kontrastines
medziagas, didelis démesys taip pat skiriamas sparciai
besivystanioms  nanotechnologijoms, inovatyvioms MRT
technikoms, bei naujiems klinikiniams pritaikymams. Dél Sios
priezasties, dvigubo panaudojimo up-konversinés nanodalelés
(UCNPs), islaikancios auksta relaksinguma pla¢iame magnetinio lauko
stiprumo intervale bei pasizyminc¢ios efektyviomis up-konversijos
savybémis, biity itin vertingos.

Siame darbe parodyta, kad magnetinio lauko indukcija nanodaleliy
relaksingumui jtakos neturéjo. Taip pat pademonstruota, jog 12 nm
gadolinio UCNPs pasizyméjo didesniu relaksingumu lyginant su 19
nm UCNPs. Tai reiSkia, kad MRT kontrastiniy medziagy pozitriu
mazesnio diametro NPS yra pranaSesnés.

Remiantis gautais rezultatais, galima teigti, jog gadolinio UCNPs yra

perspektyvios Kkuriant inovatyvias dvigubo panaudojimo MRT
kontrastines medziagas.
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Liotropiniy skystyjy kristaly BMR tyrimy rezultatai

Skystyjy kristaly (SSY) vandeniniy tirpaly koncentracijos (nuo 0.7 iki 1.4
mol/kg) pasirinktos atsizvelgiant j faziniy virsmy diagrama, kurig sudaro trys
mezofazeés: izotropiné (I), nematiné (N) ir kristaliné (M) [29]. Nematiné (N)
fazé pasizymi stulpeliniu molekuliy iSsidéstymu, iSlaikant orientacija, kuriai
bidinga tolimoji tvarka, tatiau neturint pastovios padéties. Sioj fazéje
pastebimas netvarkingas kolony sukimasis apie jy aSis bei molekuliy
sukimasis kolony viduje. Kristalinéje (M) fazéje molekulés iSsidéséiusios
lygiagre¢iomis kolonomis sudarant heksagoning struktiira. Siai fazei biidingos
sritys, kurios pasizymi tolimaja tvarka tiek krypties, tiek padéties atzvilgiu.

BMR spektrometrija yra jautrus metodas tyrinéjant skystyjy kristaly
fazinius virsmus [30]. Kei¢iant temperatiirg nuo 25 iki 90 °C, buvo i$analizuoti
visi faziniy virsmy procesai I <> N <> M. 'H-BMR spektrai parodé, kad
sumaisius tirpala izotropingje (I) fazgje, priklausomai nuo jo koncentracijos,
laiko intervalo ir temperatiirinés praeities, bus stebima skirtingo pobiidzio
faziniy biiseny elgsena bei léta saviorganizacija (angl. self-assembling) po
bandinio persaldimo (9 pav.).

M

heating, sonication
and cooling down b '

e ] w

slow ¥ +259C / .“_ e
self-assembling 7-1/'

7 6 5 4
ppm

9 pav. Temperatiiriné SSY (1.2 mol/kg) vandeniniy tirpaly *H BMR spektry
evoliucija pereinant fazinius virsmus ir vykstant létai saviorganizacijai
persaldzius  bandinj priklausomai nuo bandinio sumaiSymo ir jo
temperatirinés praeities

Isotropic,+80 °C
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Tautomeriné pusiausvyra ir agregacija

Literatiros duomenimis, atsizvelgiant j protony giminiskumg, N—-H---O
forma yra laikoma stabilesne uz O—H---N [32]. Darbo metu atlikti DFT
skai¢iavimy rezultatai taip pat parodé, kad SSY tautomeriné pusiausvyra yra
stipriai pasislinkusi link hidrazono formos (pusiausvyros konstanta pKr = 2.5).
BMR metodu buvo i8matuotos *H-°N sukiniy, nutolusiy vienas nuo kito per
kelias chemines jungtis, sagveikos (HMBC eksperimentas). 2D spektre (10
pav.) aiSkiai matomas cheminis poslinkis §(**N) = —178 ppm palyginamas su
DFT metodu paskai¢iuota verte (-191.5) azoto atomui, esan¢iam N—H---O
tiltelyje SSY hidrazono tautomere. Tuo tarpu azoto, esancio azo tautomere,
cheminis poslinkis pagal DFT skai¢iavimus turéty buti +58.4 ppm. Tai
patvirtina, kad dominuojanti SSY forma yra hidrazonas (SSY koncentracija
0.7 M, temperattira 293 K).

CHs-NO2

N [ppm]

< =178 ppm

-100 -150

-50

CHs-NO2

4 H[PP"‘[

10 pav. 0.7 mol/kg SSY vandeninio tirpalo lH *N BMR koreliacijos spektras
(HMBC) esant 25 °C temperatiirai

Protono (H1), esan¢io N—H---O tiltelyje, cheminis poslinkis gali bati kita
potenciali BMR spektriné ypatybé, suteikianti tiesioginés informacijos apie
tautomery dinamika ir vandenilinio rysio stipruma SSY tirpaluose. Siy
protony cheminiy poslinkiy vertés, apskai¢iuotos DFT metodu, buvo 15.4 ir
16.8 ppm atitinkamai azo ir hidrazono tautomerams. SSY vandeniniy tirpaly
atveju, matuojant H1 cheminius poslinkius eksperimentiskai, paprastai yra
tikimasi, kad vyks spartiis mainai tarp protony, dalyvaujan¢iy vandeniliniame
rySyje, ir vandens, kuris $iuo atveju naudojamas kaip tirpiklis. Dél to, HL BMR
juosta buty labai iSplitusi ir neaptinkama. Vis délto, chromoniniai skystieji
kristalai pasizymi viena iSskirtine savybe - stipria saviorganizacija.
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Chromoniniuose liotropiniuose skystuosiuose kristaluose, skirtingai nuo
daugelio liotropiniy kristaly, néra kritinés miceliy koncentracijos, taigi
saviorganizacija gali vyki esant labai zemoms bandinio koncentracijoms.
Saviorganizacija salygoja lazdeliy formos agregaty, kurie gali buti ir
sudétingesnés geometrijos su sanglaudos kristaly defektais, susidaryma [32,
33]. Susidariusios strukttiros yra sutvirtinamos z—z rySiu tarp aromatiniy
ziedy [34]. Tokiu budu, galima tikétis, kad mainai tarp vandens molekuliy ir
HI1 protony vyks tik agregato pavirSiuje. Laikant, kad N—H---O tilteliai yra
izoliuoti agregaty vidiniuose sluoksniuose, kuriy gyvavimo trukmé yra > 10
'-108 s, kas atitinka BMR laiko skalg, atitinkama H1 spektriné juosta turéty
biti matome spektre. Siame darbe pademonstruota, kad HI BMR signalas
14.2 — 14.7 ppm intervale buvo matomas visuose SSY BMR eksperimentuose,
iSskyrus esant trims zemiausioms temperatiroms (25, 30 ir 35 °C) bandinio
Saldymo ciklo metu (11a pav.). Sistemai létai grjzus j pusiausvyros padétj, H1
spektriné juosta buvo pastebima net ir minétose temperatiirose (11b pav.).

14.60 M Y TN N
. 700
1455 i
i N7
14,50 F \ 7
g /
& 1445} .
T . 3
z 14.40 \
= 1435f
SlOpB=<cozoopeecd
1430+ -0.022ppm/deg 7
N
14.25| Z

3:0 4‘0 5.(5 ’610 ;0 8‘0

T,°C
11 pav. *H NMR signalo formos kitimas saldymo (A) ir sildymo (B) cikly metu
bei N—H--O protono cheminio poslinkio priklausomybé nuo temperatiiros 1.2
mol/kg koncentracijos SSY vandeniniame tirpale (C)

Eksperimentiskai iSmatuoti H1 cheminiai poslinkiai Siek tiek skyrési nuo
verciy, paskaiciuoty DFT metodu. Tai gali biiti paaiskinta tuo, kad DFT BMR
ekranavimo skaic¢iavimai buvo atlikti izoliuotoms molekuléms, nejskaitant
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tirpiklio jtakos. Tai taip pat gali reiksti, kad isties vyko mainai tarp vandens ir
kai kuriy H1 protony, tikétina esanciy agregaty paviriuje. Staigus cheminio
poslinkio padidéjimas mazéjant temperatirai M fazéje (11lc pav.) yra
reik§mingai didesnis nei biity galima tikétis pasireiSkiant tik vandeniliniam
rySiui [35].

H1 signalo iSplitimas maz¢jant temperattirai gali biiti salygotas keletos
persiklojanciy veiksniy, tac¢iau pagrindinj indélj sudaro rotacinio judéjimo
sulétéjimas did¢jant SSY agregatams. Kadangi zemose temperatiirose
Saldymo ciklo metu $i juosta iSnyko, galime teigti, kad signalo i$plitima taip
pat jtakoja nepusiausvyrinés vietinés fluktuacijos. Visos kitos H-BMR
spektrinés juostos, esant Zemoms temperatiroms taip pat iSnyko, iSskyrus
vandens signalg (12 pav.). Sio signalo forma bei cheminis poslinkis priklausé
ne tik nuo koncentracijos ir temperattros, bet — kas svarbiausia — ir nuo
temperatiirinés praeities. Taigi, tai gali buti efektyviai panaudota tyringjant
létg saviorganizacijos procesg pereinant tarp N, N+M ir M faziy.

A B0 B 80°C

ppm 50 45 40 ppm 48 44 40
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12 pav. H20 protony BMR signalo formos evoliucija saldymo (A) ir sildymo
(B) cikly metu bei H,0O cheminio poslinkio priklausomybé nuo temperatiiros
(C). Geresniam atvaizdavimui, Saldymo ciklo spektrai buvo sunormuoti j
maksimaly signalo intensyvumgq. Taskai, atitinkantys “placius” ir “siaurus”
signalo komponentus pazymeéti atitinkamai mélynais trikampiais ir raudonais
apskritimais

121



Léta saviorganizacija po N + M - M fazinio virsmo

Darbo metu iSmatuotos O(N-H) ir J(H20) cheminiy poslinkiy
priklausomybés nuo temperatiiros buvo praktiskai identiskos tiek Saldymo,
tiek Sildymo cikly metu. Pusiausvyros nusistovéjimo laikas pereinant i§ fazés
N + M | faze M yra labai ilgas. Taigi, jei bandinys yra greitai atSaldomas iki
temperatiiros, esan¢ios Zemiau fazinio virsmo N - M ribos, sistema patenka
i persaldyta biiseng. Tokiu atveju, toliau seka Iétas saviorganizacijos procesas,
kurio metu sistema grjizta j pusiausvyraja biisena. Sis procesas aiskiai
atsispindi *H-BMR spektruose. H2O signalas, esantis ties 4.1 — 4.8 ppm,
jgauna papildomus ,,Slaitus“ ir gali biiti sudalintas | ,,siaurgjj“ ir ,,platyji
komponentus (9, 12 pav.). Jei bandinys dieng ar, tam tikrais atvejais, net keletg
desimciy dieny yra laikomas M fazéje pastovioje temperatiiroje (+25 °C),
kompleksiné signalo forma palaipsniui pereina j vidutinio plocio vieno
kontiiro signalo formg. Tokia H-BMR signalo evoliucija pavaizduota 9
stebimas procesas yra griztamasis, t.y. spektras jgauna savo prading iSvaizda,
kai bandinys yra pasildomas. Tai reiskia, kad vanduo nebuvo isgaraves. Be to,
bandiniai buvo pakartotinai sveriami.

Akivaizdu manyti, jog agregaty augimas sudarant stulpeliais iSsidésciusias
struktiras yra lydimas vandens molekuliy segregacijos tarpstulpelinése
ertmése. Tokio izoliuoto vandens blisena buvo nagrinéjama analizuojant H,O
'H-BMR cheminiy poslinkiy temperatiirines priklausomybes, bei Ramano
juostos forma. Jdomu pastebéti, kad esant arti N - N + M fazinio virsmo,
Ramano juostos, esancios ties 2800-3800 c¢cm™, poky¢iai atkartoja gryno
vandens vO—H:---O juostos elgseng ties lydymosi tasku [36]. Temperatiiros
pakélimas ir perZzengimas Tnm ~ 55 °C ribg salygoja juostos intensyvumy
persiskirstyma ties ~ 3185 ir ~ 3397 cm™ panasiai, kaip gryname vandenyje
(3138 ir 3385 cm*esant 0 °C). Be to, pasibaigus saviorganizacijos procesui,
vandens cheminio poslinkio temperatiirinés priklausomybés Kkrypties
koeficientas (—0.013 ppm/deg) sutampa su gryno vandens atveju (—0.012
ppm/deg) [37].
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Liotropiniy skystyjy kristaly BMR tyrimy i§vados

Apjungus BMR, Ramano spektroskopija bei DFT skaiciavimus,
tiksliai jvertinta temperatiiros ir sudéties jtaka skirtingiems SSY
vandeniniy tirpaly faziniams virsmams pereinant i§ izotropinés fazés
(D) 1 nemating (N) ir kristaline kolony (M) fazes.

Tyrinéjant [ <> | + N <> N fazinius virsmus nepastebéta jokiy staigiy
poky¢iy nei Ramano, nei BMR spektruose. Spektriniy parametry
pasikeitimas yra grjZtamasis procesas tick Saldymo, tiek kaitinimo
ciklo metu naudojant jprastas temperatiiros keitimo spartas.
Pastebétas labai ilgas N + M — M fazinio virsmo pusiausvyros
nusistovejimo laikas, galimai dél 1éto agregaty augimo suformuojant
heksagoninius darinius M fazéje.

SSY agregaty augimas yra lydimas vandens segregacijos proceso
kristalinése ertmése, kas apriboja mainus tarp HO ir N-H protony,
esanciy vidiniuose stulpeliais i$sidésCiusiy dariniy sluoksniuose. Tai
buvo patvirtinta pirmg kartg uzregistruoto *H BMR spektro N-H
juosta. H,O cheminiy poslinkiy temperatirinés priklausomybés
analizé ir Ramano vO-H juostos forma, parodé, kad vandens,
izoliuoto tarpstulpelinése kristalinése ertmése, elgsena atitinka gryng
vandenj.

Tarpkoloninése ertmése izoliuotos vandens molekulés galimai yra
laseliy pavidalo kaip ir, pastaryjy tyrimy duomenimis, kai kuriuose
joniniy skys¢iy/vandens tirpaluose. Kadangi tiek chromoniniai
liotropiniai skystieji kristalai, tiek joniniai skysCiai pasizymi
periferijoje esanciomis joninémis grupés, §i, i$ pirmo Zvilgsnio tolima

analogija, gali buati panaudota kaip issukis tolimesniems
eksperimentams.

Tautomeriné SSY pusiausvyra yra stipriai pasislinkusi link hidrazono
formos — maziau nei vienas azo tautomeras tarp ~100 hidrazono
tautomery. Hidrazono formos dominavimas buvo patvirtintas
eksperimentiskai pritaikant tolimosios *H-'*N sukiniy koreliacijos
BMR metodg (HMBC) bei DFT SMD skai¢iavimus.
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Kalcio hidroksiapatity BMR tyrimy rezultatai

Vandens  klasteriy  susidarymas  nanostruktiirizuotuose  Kalcio
hidroksiapatity (CaHA) bandiniuose buvo nagrinéjamas taikant *H MAS
BMR spektrometrija ir FTIR. Zinios apie Klasteriy formavimosi procesus
inertinése matricose gali buti labai naudingos priskiriant spektrines juostas bei
nagrin¢jant vandens biisenas nanostruktiirizuotuose ar kitose inovatyviose
medziagose.

2D FTIR sugerties koreliacijos analizé (2DCOR) uztikrino preciziska
vandens, esan¢io argono matricose, persiklojanéiy spektriniy juosty
identifikavimg [38]. Lyginant rezultatus su eksperimentiskai iSmatuotais bei
teoriSkai apskaiiuotais kity autoriy darbuose [39, 40], buvo aiSkiai i$skirtos
vandens monomery, dimery ir auk$tesniy eiliy klasteriy (iki heksamero)
juostos. Reikia atkreipti démesj, kad tokie eksperimentai atliekami zZemose
temperatiirose, kai tuo tarpu dauguma dominanciy procesy bei technologijy
vyrauja kambario temperatiros réziuose. Literatiiros duomenimis [41] mazi
vandens klasteriai gali biiti aptinkami istirpinus vandenj hidrofiliniame CCl,4
tirpiklyje. Darbo metu uzregistruoti vandens klasteriai: monomeras, dimeras,
ciklinis trimetras, ciklinis tetrametras bei didelé vandeniliniy rySiy struktira,
galimai heksameras. Gauti duomenys gali buti pritaikomi pereinant nuo labai
zemy iki aplinkos temperattry, taip pat nagriné¢jant vandens FTIR ir BMR
spektrines savybes nano struktiirizuotose kalcio hidroksiapatituose.

Kai kurie CaHA FTIR ir BMR spektriniai bruozai yra gerai zinomi. 'H
MAS BMR spektre apytiksliai ties 0 ppm (13 pav.) matoma juosta yra
priskiriama tirinéms hidroksilo grupéms, t.y. hidroksilo grupéms,
iSsidésciusioms isilgai kanaléliy, susiformavusiy CaHA kristalituose [42-44].
Osman kartu su bendraautoriais pirmg karta eksperimentiskai parod¢, kad §i
juosta susideda i§ dviejy kontiiry, galimai atitinkan¢iy OH dipolio orientacijas
,Lup® (0.10 ppm) ir ,,down™ (-0.13 ppm), kas salygoja atsiradusj skirtinga
atstumg tarp hidroksilo grupiy protony (14 pav.). Unikali vO-H valentinio
virpesio juosta ties 3572 cm™ taip pat stebima FTIR metodu. Jos siaurumas
parodo vandenilinio rySio nebuvimag ir yra susij¢s su atstumu tarp gretimy
deguonies atomy tiirinése hidroksilo grupése (0.344 mm) [45].

Ypatingas démesys skiriamas vandens pavirSinéms modoms. OH
pavir§inés modos yra stebimos CaHA vandens FTIR spektruose ties 3640 —
3651 cm™. Taip pat matomos protonuoty PO3~ grupiy vO-H valentiniy
virpesiy juostos ties 3700 — 3850 cm™ [45]. HPO4* ir/arba H,POs jony
buvimas CaHA kristality pavirSiuje buvo patvirtintas BMR CP MAS
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eksperimentu [46]. Platus Siy grupiy cheminiy poslinkiy pasiskirstymas ties 8-
13 ppm H MAS BMR spektre sutampa su pavir§iniy vP-O-H mody indéliu,
stebimu FTIR spektruose.

bulk O-H ﬁ

—b

adsorbed surface
water structured
water

8 6 4 2I (I)

5("H), ppm

13 pav. Kompleksiniy CaHA, susintetinty zoliy-geliy metodu, *"H MAS BMR
spektrai naudojant skirtingus kompleksadarius: a - etilenglikolj (EG), b - vyno
riigstj (TA), ¢ - komercinis nano-struktirizuotas CaHA. Signaly intensyvumai
sunormuoti pagal tiriniy O—H" protony juostg ties ~0 ppm

Kelios silpno intensyvumo BMR spektrinés juostos ties 0.5 — 3.0 ppm yra
daznai stebimos nagrinéjant CaHA ar panaias medziagas [43]. Siame darbe
buvo taip pat uzregistruotos dvi smailés ties 0.8 ir 1.3 ppm. Kadangi Sios
juostos néra stebimos CP MAS BMR eksperimento metu, jy kilmeé siejama su
itin judriais protonais. Be to, smailés yra gana siauros, kas nebiidinga
pavirS§inéms grupéms. Ilga laika minéty BMR spektriniy juosty
identifikavimas buvo kontraversiskas ir tik neseniai buvo parodyta, kad Sios
smailés priskiriamos struktiirizuotoms pavir§inéms vandens molekuléms,
i§sidésc¢iusioms islaikant lygiavima su turinémis OH grupémis [42]. Nustatyta,
kad esant dideliam strukttrinio vandens kiekiui stebima tik viena spektrine
juosta ties 1.1 ppm, kuri suskyla j dvi smailes (H2Oup ir H2Opown) esant
mazam struktiirinio vandens kiekiui.
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Vandenilinio ry§io OH valentiniy virpesiy FTIR juosta buvo identifikuota
daugelyje darby [43, 45], taciau paprastai jos forma ir struktiira nebiidavo
nagrinéjama detaliau. Siame darbe pirma karta parodyti vandens klasteriai
nanostruktiirizuotuose CaHA bandiniuose. Vandens dimero, tetramero,
heksamero ir galimai auksStesnés eilés klasteriy komerciniame CaHA
bandinyje juostos buvo isskirtos ties 2900 — 3600 cm™. Klasteriy dydis ir
struktiira labai priklauso nuo hidratacijos lygio. Adsorbuoto vandens kiekis
buvo jvertintas BMR metodu pagal plataus *H signalo, esan¢io ties 5.1 ppm,
intensyvumg, sunormuotg pagal OH juosta ties 0 ppm.
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14 pav. *H 2D DQ-SQ ir *H MAS NMR spektrai bei scheminis pavaizdavimas

galimy skirtingo tipo OH grupiy (tariniy bei pavirsiniy),

Struktiirizuoty

pavirsiniy vandens molekuliy

taip pat
konfigiracijy

nanostruktirizuotuose CaHA kristalituose. Detalesnis paaiskinimas tekste.
(pagal M.B. Osman ir k.t. [42])
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Kalcio hidroksiapatityy BMR tyrimy iSvados

Apjungus BMR ir FTIR metodus buvo tiksliai iSanalizuotos vandens
biisenos bei struktiiriniy OH grupiy saviorganizacija. Dél sudétingo
stebimy spektriniy savybiy priskyrimo bei informacijos gausos, tai
nebiity buve pasiekta taikant minétus metodus atskirai.

[vairiy tiiriniy bei pavir§iniy cheminiy grupiy (POs, HxPQO4, OH, H,0)
nanostruktiirizuotuose kalcio hidroksiapatituose nustatymas padeda
jvertinti §iy grupiy vaidmenj analizuojant skirtingus CaHA, savo
savybémis artimus kauliniam audiniui, pritaikymus.

Pirmg karta FTIR spektroskopijos metodu nustatyta vandens klasteriy
nanostruktiirizuotuose kalcio hidroksiapatituose struktiira. Vandens
dimero, tetramero, heksamero juostos, bei keletas pavirsiniy O-H ir P-
O-H mody ties 2900 — 3900 cm™ buvo identifikuoti lyginant vandens
spektrus argono matricose ir CCl, tirpiklyje.
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Disertacijos apibendrinimas

Disertacijos rezultatai parodé jvairiapusj BMR metody panaudojima tiriant
nano-struktirizuoty medziagy bei BMR pagrindu sukurty klinikiniy metody
pritaikymo medicinoje ateities perspektyvas. ISanalizuotos keturios tyrimy
grupés parodant BMR spektroskopijos tinkamuma:

1. BMR pagrindu pagrista MRS metodika, skirta prostatos piktybiskumo
jvertinimui analizuojant metabolity BMR spektry elgsena.

2. Vandens difuzijos ir sukinio-gardelés relaksacijos procesy tyrimai
nagrinéjant gadolinio (Gd) up-konversines nanodaleles (UCNPs), kaip
potencialias dvigubo panaudojimo MRT kontrastines medZziagas,
iSlaikancias aukstg relaksinguma placiame magnetinio lauko stiprumo
intervale.

3. Liotropiniy chromoniniy skystyjy kristaly (LCLCs), daug zadanciy
kuriant inovacijas vaisty pernaSoje bei sparciai besivystanciuose
naujos Kkartos biojutikliuose, tyrimai analizuojant temperatiiros ir
bandinio sudéties jtaka faziniams virsmams, létai saviorganizacijai bei
tautomerinei pusiausvyrai vandeniniuose Saulélydzio geltonojo FCF
(SSY) tirpaluose.

4. Kalcio hidroksiapatity (CaHAs), vis pla¢iau taikomy rekonstrukcinéje
chirurgijoje gydant emalj ir kauly defektus, tyrimai analizuojant
vandens biisenas bei vandens molekuliy, izoliuoty inovatyviuose
nanostruktiirizuotuose CaHAs bandiniuose, klasteriy susidaryma.
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