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Abstract

Articular cartilage is one of the most studied porous biomaterial. It is an essential
part of the human body because it makes the movement of the joint smooth and
painless. The health of articular cartilage depends on its protein content, pore size
and water components and these factors are directly related to progressive cartilage
degeneration. Research of articular cartilage is important for development of early
diagnosis, prevention and treatment of articular cartilage diseases.

Nuclear magnetic resonance cryoporometry is a non-invasive method for determin-
ing pore size distributions of porous materials. The aim of this thesis was to perform
1H NMR cryoporometry on salt solutions, porous materials and articular cartilage
hydrogels which were very simpli�ed models of articular cartilage protein content.
The cartilage gels were composed of collagen, proteoglycans and phosphate-bu�ered
saline. Salt solutions as thermoporometric probe �uids have not been studied exten-
sively and thus the phase transitions of saline and phosphate-bu�ered saline were
studied. The results obtained from the cryoporometry experiments of salt solutions
and porous silica gels were used to interpret the results of protein gel experiments.
The end goal of the experiments was to estimate the pore size distributions of protein
gels, identify which protein components water is associated with in articular cartilage,
and measure the associated T2 relaxation times.

As a result, it was observed that there occur two separate phase transitions in salt
solutions during melting: the eutectic phase transition and the bulk melting. It was
also found that both transitions occur over a certain temperature range instead of
one speci�c temperature. Cryoporometry of silica gels imbibed with water or saline
showed that the melting behaviour of solutions were di�erent which also a�ected the
computed pore size distributions. In conclusion, NMR cryoporometry of salt solutions
is complex and traditional data interpretation cannot be applied.

The study of articular cartilage gels showed that the eutectic transition of phosphate-
bu�ered saline and the wide temperature range of bulk melting caused additional
peaks in the pore size distributions. By performing data analysis with two di�erent
methods, the peaks associated with both proteins were identi�ed and pore size dis-
tribution was estimated to be approximately 2-5 nm. However, completely accurate
information on pore size could not be determined by this method. T2 relaxation time
measurements showed that T2 is dependent on the amount of collagen but not on the
amount of proteoglycans at room temperature.
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Chapter 1

Introduction

Articular cartilage is the specialized connective tissue covering the ends of the bones.

The purpose of articular cartilage is to facilitate smooth, lubricated and painless

movement of the joint. Osteoarthritis, a degenerative joint disease, is the most com-

mon musculoskeletal disorder worldwide a�ecting 10-12 % of the world population

and the number continues to rise due to increasing age and obesity [1,2]. In 1743,

Scottish physician William Hunter stated: "an ulcerated cartilage is a troublesome

problem and once destroyed, it never repairs" [3]. Despite centuries of research, articu-

lar cartilage is still not fully understood and therapies for the end-stage osteoarthritis

are very limited. Today, the most common form of treatment is the surgical joint

replacement which is a major medical and economical problem. Research on articular

cartilage is important in order to develop new potential therapies and diagnostics for

joint diseases [2,4].

Nuclear magnetic resonance (NMR) spectroscopy provides many advantages on bio-

logical research because it is non-invasive. NMR utilizes non-invasive radio frequency

radiation and measures signal from hydrogen found in water and proteins. The �rst

NMR signal was detected in 1945 and today the application of NMR as clinical

magnetic resonance imaging is the most widely used diagnostic method for articular

cartilage diseases [5,6]. Water is a necessary component of articular cartilage enabling

lubrication and nutrient transport by di�usion [1,4]. Injuries and degradation of artic-

ular cartilage have impact on the protein content, pore size distribution and amount

of water in cartilage matrix. Hence, the study of cartilage porosity and water compo-

nents may provide opportunities for understanding cartilage function, structure and

conditions of osteoarthritis [1,2,7,8].
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Characterization of porosity is a growing �eld of research due to the vast quantity of

porous materials in nature, biological systems, industry and technology. Synthesized

porous silica is one of the most studied porous material due to its highly ordered

pore sizes and pore morphologies. NMR cryoporometry is a non-invasive method

for measuring pore size distributions of porous materials based on the detection of

melting point depression of con�ned liquid. In addition to measure pore size distri-

bution, cryoporometry is a versatile method for providing information on properties

of pore-�lling liquid. NMR cryoporometry is one of the few thermoporometric meth-

ods capable of measuring pore sizes of wet samples and for that reason, it is a very

advantageous method for studying biological materials [9,10]. However, salt solutions

which commonly appear in biological systems have not been systematically studied as

thermoporometric probe �uids, which poses challenges to cryoporometry of biological

materials.

The purpose of this study was to investigate protein-associated water, pore size, and

T2 relaxation of articular cartilage models by proton NMR cryoporometry. First, the

NMR cryoporometry set-up was tested on salt solutions and ordered silica beads to

study the phase transitions of water and saline and to ensure that the method was

able to distinguish di�erent pore sizes. Finally, the NMR cryoporometry experiments

were carried out on protein hydrogels of di�erent protein concentrations.

The outline of this thesis consists of theoretical and experimental parts. In Chapters

2-5, there are introduced the basics of NMR phenomenon and NMR experiments, the-

ory of NMR cryoporometry, structure and function of articular cartilage and basics

of salt solutions as cryoporometric solvents. The samples, hardware, experiments and

results are represented in Chapter 6. In Chapter 7, the results are discussed and the

possibilities of the method used are considered.
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Chapter 2

Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) is a physical phenomenon in which the atomic

nucleus interacts with an external magnetic �eld by absorbing and re-emitting elec-

tromagnetic radiation. In resonance, the external force transfers energy to the system

at the resonant frequency of the system. In NMR, the resonance is produced by mag-

netic �eld oscillating at the resonant frequency of the studied nuclei. The resonant

frequencies of the nuclei studied by NMR range from 10 to 800 MHz corresponding

to radio frequencies of the spectrum of electromagnetic radiation. The advantage of

using of radio frequency radiation are that the radiation is non-ionizing and it does

not damage the sample.

This chapter introduces the basic principles of the NMR phenomenon and NMR

experiments. The chapter is based on the lecture notes of the courses [5,12] of the

University of Oulu and the book 'Understanding NMR spectroscopy' written by James

Keeler [11].

2.1 Atomic nucleus in an external magnetic �eld

The understanding of quantum properties of a nucleus in a magnetic �eld is essential

for understanding the NMR phenomenon. In this section, the response of an atomic

nucleus to the external magnetic �eld is �rst introduced quantum mechanically and

then from the view of classical physics.
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2.1.1 Magnetic properties of a nucleus

Matter consists of atoms which are composed of subatomic particles of protons, elec-

trons and neutrons. The nucleus of an atom is formed by positively charged protons

and electrically neutral neutrons and the nucleus is surrounded by the negatively

charged electron cloud. In terms of NMR phenomenon, the properties of an atomic

nucleus are the subject of special interest.

The NMR phenomenon requires a nucleus possessing a quantum property called spin

which is described with a spin quantum number I. Nuclear spin can be thought of

as an intrinsic angular momentum analogous to classical internal angular momentum

of a particle rotating around a spinning axis. Quantization is a physical phenomenon

in which, instead of a continuous distribution, a physical quantity can possess only

certain discrete values. The angular momentum vector of a particle can possess 2I+1

di�erent orientations in relative to the chosen direction. The possible values of I are

characterized as m = −I,−I + 1, ..., I − 1, I. For example, protons and neutrons

possess spin value I = 1
2
which can orientate in two ways: either spin-up m = +1

2
or

spin-down m = −1
2
state. If the number of protons and neutrons in a nucleus is even,

the spins having opposite signs can pair up and eliminate each other giving zero total

spin. Depending on a number of nucleons in an atom, the overall spin of a nucleus

can possess half-integer values of 0, 1
2
, 1, 3

2
etc. Only nuclei with non-zero overall spin

are involved in the NMR phenomenon.

A nucleus possessing spin has an intrinsic spin angular momentum J magnitude of

which can be de�ned as

J = |J| = ~
√
I(I + 1), (2.1)

where ~ is reduced Planck's constant (~ = h
2π
) and I is a spin quantum number of a

nucleus having half-integer values I = 0, 1
2
, 1, 3

2
, ...

Nucleus having a spin angular momentum is also associated with a magnetic dipole

moment

µ = γJ, (2.2)

where γ is a nucleus-speci�c gyromagnetic ratio. Due to quantization of the spin

angular momentum, the dipole moment is also quantized and its magnitude is

µ = |µ| = γ~
√
I(I + 1). (2.3)
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If a nucleus having a magnetic dipole moment is placed in an external magnetic �eld

B, the �eld interacts with a dipole moment by generating a torque τ = µ × B and

the axis of the dipole moment vector starts to rotate from its original position. The

phenomenon is called precession or gyration movement (Figure 2.1). The rotational

frequency around the direction of the external magnetic �eld is called Larmor fre-

quency and it is de�ned by equation

ν =
γ

2π
B0 (2.4)

or as an angular frequency

ω = γB0. (2.5)

In an external magnetic �eld, there are two possible energy states for spin-half nucleus

de�ned as

Em = −m~γB0 −→

Eα = −1
2
~γB0

Eβ = 1
2
~γB0

, (2.6)

where the lower energy state is named as α and higher energy state as β. More gen-

erally, due to nature of quantum mechanics, the energy of a spin-half particle can be

written as superposition of these two states.

Figure 2.1: Illustration of Larmor precession.
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Figure 2.2: A) Without external magnetic �eld, spins are randomly orientated and
the bulk magnetization summed over the spins is zero. B) In presence of external
magnetic �eld, randomly oriented spins tend to align with the �eld and the bulk
magnetization grows up.

2.1.2 The bulk magnetization

In NMR, instead of measuring individual nuclear magnetizations, it is more practi-

cal to study magnetization macroscopically. The overall magnetization of the studied

nuclei can be represented by the bulk magnetization vector. The vector model makes

the study of magnetization more convenient because the behaviour of the vector is

completely classical and no quantum mechanics are needed.

The nuclei possessing a spin can be considered as a small magnets tending to turn

parallel to the external magnetic �eld. When a nucleus having spin is placed in a mag-

netic �eld, the dipole moment of the nucleus interacts with the �eld. The energy of the

interaction depends on the angle between the �eld and the dipole moment vector and

it is minimized when the angle is zero. For that reason, the nuclei show a preferential

orientation parallel to the �eld to minimize their energy. However, there is thermal

motion in the system causing the magnetic moments to be randomly orientated. The

overall bulk magnetization is the vector sum of all individual magnetic moments but

despite the random orientations of magnetic moments, there is a slight net mag-

netization parallel to the external �eld. The observable magnetization is called the

equilibrium magnetization M0. The e�ect of adding external magnetic �eld on spin

orientations and the bulk magnetization is illustrated in Figure 2.2.

Assuming that the nuclei are identical and the system is at thermal equilibrium,
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summing up the magnetic moments of the nuclei gives the magnitude of the macro-

scopic magnetization M0 parallel to external magnetic �eld B0 as

M0 =
Nγ2~2I(I + 1)

3kT
B0, (2.7)

where N is the number of nuclei, k Boltzmann's constant and T temperature in

Kelvin. The term kT determines the e�ect of thermal energy; the higher the temper-

ature, the smaller the bulk magnetization.

Based on Equation (2.7), the magnitude of the equilibrium magnetization is pro-

portional to the gyromagnetic ratio which is characteristic to a nuclear isotope. A

hydrogen nucleus or proton (1H) possesses the largest gyromagnetic ratio of all stable

nuclei. A proton is also the most commonly occurring nucleus in biological systems

due to a water molecule (H2O) including two hydrogen atoms. For these reasons, a

proton is the most used nucleus in NMR spectroscopy. Other nuclei commonly probed

by NMR are shown in Table 2.1 below.

Nucleus Overall spin Natural abundance (%) γ (radTs · 107)
1H 1/2 99.985 26.752
2H 1 0.015 4.107
13C 1/2 1.108 6.728
17O 5/2 0.037 -3.628
14N 1 99.630 1.934
19F 1/2 100 25.181
23Na 3/2 100 11.27
31P 1/2 100 10.841

129Xe 1/2 26.44 -7.452

Table 2.1: Properties of nuclear isotopes commonly used in NMR [5].

2.2 Basics of NMR experiment

A very basic NMR experiment consists of a radio frequency excitation pulse, relax-

ation and signal acquisition. The principles of the NMR experiment are introduced

in this section.
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2.2.1 RF excitation

At the beginning of an NMR experiment, a sample containing a set of non-zero spin

nuclei is placed in strong, homogeneous, external magnetic �eld B0 strength of which

is usually several tesla. After a while, the equilibrium magnetization M0 has built

up and the behaviour of the magnetization can be described with this macroscopic

magnetization vector. Assume that the equilibrium magnetization is aligned with

positive z-axis at the beginning. Next, the much weaker radio frequency (RF) �eld

B1 oscillating at the frequency equal or close to Larmor frequency of the nuclei is

applied along the xy-plane. The RF �eld applies a force to M and as a result, the

magnetization vectorM rotates towards the xy-plane. Viewed from the frame rotating

around the z-axis at the Larmor frequency, during the pulse of length t, theM vector

�ips to the angle of

θ = γB1t (2.8)

from the z-axis. This rotation of magnetization from its equilibrium is called an RF

excitation.

The oscillating B1 �eld is generated by a coil that produces an oscillating alternating

current at the resonant frequency. The length of the B1 pulse can be chosen arbitrary

but most ofter in such a way that the magnetization vector forms 90o or 180o angle

with the main magnetic �eld. After the RF pulse, the magnetization in the xy-plane

precesses and induces alternating voltage, the magnitude of which is proportional to

the magnitude of the transverse component of the magnetization through the coil

around the sample. Due to a process called relaxation, after a �nite time after the

RF excitation, the magnetization returns to its equilibrium. Because the transverse

magnetization decays during the signal acquisition, the NMR signal is called a free

induction decay signal or FID (Figure 2.3). In order to improve the signal-to-noise

ratio, the NMR experiment is usually repeated several times and the recorded FIDs

are summed up.

2.2.2 Relaxation

During relaxation, the magnetization of the spins recovers to the equilibrium. The

relaxation in NMR takes usually from milliseconds to seconds which is an especially

long lifetime of an excited state compared to electronic or molecular excitation states

lasting from nanoseconds to microseconds. The relatively slow relaxation has many

advantages and makes it possible to manipulate and detect the magnetization. The
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Figure 2.3: The free induction decay. A) An illustration of the movement of the tip of
the magnetization vector in laboratory frame. B) FID signal representing the decay
of transverse magnetization during relaxation.

relaxation in NMR is also very sensitive to the chemical and physical environment

and the motion of the molecules which provides valuable information on the molecular

surroundings and dynamics.

In NMR, the spins experience two types of relaxation, transverse relaxation which

occurs in the xy-plane and longitudinal relaxation which describes the return to equi-

librium with B0. The longitudinal and transverse magnetization have their own re-

laxation times and therefore the NMR relaxation can be characterized using two

relaxation processes called T1 and T2 relaxation. When the excited magnetic moment

of spin rotates back towards the equilibrium, the energy received in excitation �ows

back to environment and for that reason T1 relaxation is also called spin-lattice relax-

ation. T2 relaxation describes the attenuation of the transverse magnetization to its

equilibrium value zero but the occupations of energy levels do not change as in T1 re-

laxation. T2 relaxation time is always shorter or equal to T1 relaxation time, in other

words, the transverse magnetization decays faster than longitudinal magnetization

recovers.
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Relaxation mechanisms

The local �uctuating magnetic �elds are the source of relaxation in NMR. Due to the

naturally occurring heat movement of the molecules, the local �elds rotating near the

Larmor frequency can act as an RF pulse and change the orientations of the magnetic

moments of the spins. The local �elds can also add up with external magnetic �eld

and change the precession frequencies of the spins. The sources of local magnetic �elds

are called relaxation mechanisms and, in case of spin-half nuclei, the most signi�cant

mechanisms are dipolar mechanism, chemical shift anisotropy and spin-rotation in-

teraction.

In the dipolar mechanism, the local �elds experienced by the spin arise from the

magnetic dipole moments of other spins. The magnitude of the local �eld depends on

the orientation of the spins in relation to the external �eld because the orientations

of the spins do not change as the molecules rotate. As a result of molecular rotation,

the spin experiences a �uctuating local �eld that gives rise to relaxation.

In presence of strong magnetic �eld, the �eld forces the electrons of an atom on cir-

cular motion around the direction of the �eld. Motion of negatively charged electrons

around the positively charged nucleus generate electric currents which furthermore

create small local magnetic �elds around the nucleus. The magnetic �eld experienced

by the nucleus is shielded by the smaller induced magnetic �elds caused by the elec-

trons and the precession frequency is now de�ned as

ν =
γ

2π
(1− σ)B0, (2.9)

where σ is the shielding constant which depends on the electronic environment of

the nucleus. The di�erence between precession frequencies of the nuclei located in

di�erent electronic environments is called chemical shift.

Chemical shift anisotropy describes how the size and direction of a shielding magnetic

�eld depend on the orientation of the molecule with respect to the external �eld. As

the molecules rotate, the local �eld vary and this variation in magnetic �eld is a

source of relaxation. The magnetic �elds generated by electron movement may also

interact with magnetic moments of other nuclei which is called spin-rotation interac-

tion. When the rotational frequencies of molecules change, for example as a result of

molecular collisions, the local �elds also change which causes relaxation.
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T1 relaxation

Before excitation, there is only equilibrium magnetizationM0 and no transverse mag-

netization. The RF pulse tilts the magnetization to an angle θ from z-axis causing the

longitudinal component Mz to decrease and transverse component Mxy to increase

accordingly. The growth of longitudinal magnetization back to the equilibrium can

be described with the Bloch equation

d(Mz(t)−M0)

dt
= −Mz(t)−M0

T1
. (2.10)

The most commonly used method by which the T1 relaxation time can be deduced

is a pulse sequence called inversion recovery which is a simple experiment composed

of two RF pulses (Figure 2.4 A). First, the equilibrium magnetization is rotated by

a 180o pulse to the negative z-axis and it is given time to recover for a delay τ . Due

to the fact that only transverse magnetization can be detected in NMR experiment,

the magnetization is furthermore �ipped to the xy-plane using a 90o pulse. Supposing

that at time t = 0 Mz(0) = −M0, the magnitude of Mz follows the equation

Mz(t) = M0[1− 2e
− t

T1 ]. (2.11)

The inversion recovery is repeated using varying delays of τ during which the magni-

tude ofMz grows from negative to zero and then to positive equilibrium value (Figure

Figure 2.4: A) Inversion recovery pulse sequence. B) The signal growth in T1 relax-
ation.
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2.4 B). The T1 relaxation time can be obtained by �tting the values of z-magnetization

to the Equation (2.10).

T2 relaxation

T2 relaxation time depicts the decay of transverse magnetization back to its equilib-

rium value zero. The magnitude of transverse component of the magnetization obeys

the Bloch equation
dMxy(t)

dt
= −Mxy(t)

T2
. (2.12)

After rotating magnetization to the xy-plane, the decay of the transverse magnetiza-

tion can be described with the equation

Mxy(t) = M0e
− t

T2 . (2.13)

There are small inhomogeneities in external B0 �eld and due to these inhomogeneities,

magnetic moment vectors of spins in di�erent locations are precessing with varying

frequencies the making the magnetization vectors of individual spins to scatter. The

bulk magnetization is a sum of individual magnetic moments and, due to that, the

transverse magnetization decays more rapidly than only T2 relaxation provides. This

decay originating from B0 inhomogeneities is described with relaxation time T ∗
2 (Fig-

ure 2.5 C).

The dephasing of magnetization vectors due to variations in B0 inhomogeneities can

be eliminated with the spin echo pulse sequence (Figure 2.5 A). In spin echo, the

equilibrium magnetization is rotated to the negative y-axis by a 90o pulse. Due to

variations in local Larmor frequencies, individual magnetization vectors are moving

away from the negative y-axis with varying speeds and the magnitude of detectable

magnetization decays. After dephasing for a delay τ , the magnetization is �ipped to

the positive y-axis by a 180o pulse. As a result, the magnetization vectors are now

approaching each other and reuniting on the positive y-axis which forms an echo. T2

relaxation time can be deduced by repeating the spin echo experiment with increasing

delays and �tting the measured signal intensities to Equation (2.13).

Alternatively, in case of measuring dynamic processes of biological macromolecules,

the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence is a more preferable method

to determine T2. In CPMG, there is a 90o pulse and after that, instead of a single
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Figure 2.5: A) Spin echo pulse sequence. B) CPMG pulse sequence with N loops. C)
Illustration of signal acquisition in CPMG.
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180o pulse, there is a loop of 180o pulses. Compared to spin echo, there is a phase

di�erence between a 90o and 180o pulses. The use of phase di�erences allows measure-

ment of short time-scale exchange processes of biological systems. As the 180o pulse

is repeated, as a result there is a train of echoes, the magnitude of which corresponds

T2 relaxation (Figure 2.5 B, C) [13].
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Chapter 3

NMR Cryoporometry

Nuclear Magnetic Resonance Cryoporometry (NMRC) is one of a handful of ther-

moporometry methods used to acquire information on the pore size distributions of

porous materials. Depending on the absorbed liquid, thermoporometry is suitable for

determining pore diameters between 2 nm and 1 µm. In addition to characterizing

the porosity of the material, NMRC can be paired with other NMR measurements

to identify the liquid properties in porous materials, for example, di�usion and pore

surface interactions. The method can be used to study a wide variety of materials

such as gels, cement, rocks, wood or biological systems such as bone or skin [9,10,14].

One of the most widely used methods of thermoporometry is di�erential scanning

calorimetry (DSC) which is based on the same principles as NMRC but it measures

transient heat �ow instead of NMR signal. NMRC and DSC have many advantages

compared to other pore characterizing methods because they are non-destructive and

the studied samples are able to be reused after experiments. The advantage of NMRC

over DSC is that experiment can be performed arbitrarily slowly and there is no mini-

mum rate for the measured signal. As a method, NMRC is simple and safe to carry out

because there is no need for toxic chemicals or time-consuming sample preparation

[9,10,14].

3.1 Theory

Thermoporometry is based on detecting the phase transition of a substance con�ned

in porous material and naturally the understanding of thermodynamics is essential in

case of the theory. Most commonly studied phase transitions in thermoporometry are

from solid to liquid or vice versa [14]. This section concentrates on the theory related
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to the phase transition from solid to liquid.

3.1.1 The Gibbs-Thomson equation

The transition from one phase to another can occur if the free energies of these states

are equal [14]. In liquid con�ned in a small pore, the capillary e�ect and curvature

of pore surface under tension decreases the melting-freezing point of con�ned liquid.

The phenomenon is described by the Gibbs-Thomson equation whereby the shift in

a melting-freezing point of the liquid is inversely proportional to the pore size. The

Gibbs-Thomson equation de�nes depression of melting point of liquid in a spherical

shaped pore as

∆Tm = T 0 − Tm =
4σslT

0

Hfρfa
=
k

a
, (3.1)

where T 0 is the melting point of the bulk liquid, Tm melting point of the liquid con-

�ned in a pore, σsl solid-liquid interface energy, Hf bulk enthalpy of fusion, ρf density

of solid and a the diameter of a pore. The equation can be simpli�ed using the cali-

bration constant k which takes into account the pore geometry and the properties of

liquid and solid states of the absorbed substance and the interaction between these

two states. The value of a constant k cannot be known in advance or derived but

it can be evaluated by calibration experiments using samples with well known pore

dimensions such as porous silica gels. However, usually real samples may have a mix-

ture of di�erent pore geometries and the choice of calibration constant is not entirely

unambiguous [9]. The calibrated k -values can also be found from the literature and for

example for cylindrical shaped pores �lled with water, the estimated k -values range

between 21-53 nmK [14].

The Gibbs-Thomson equation can be written in form

∆Tm =
k

a
= k

dA

dV
, (3.2)

where the term dA/dV represents the curvature of the solid-liquid interface in a

pore. For example, the curvature is determined as 1/a for cylindrical pores and 2/a

for spherical pores where a is the diameter of a pore; the higher the curvature, the

greater the melting point depression [15].
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Figure 3.1: A) The melting curve is �rst transformed into B) dS/dT curve and �nally
into the C) pore size distribution.

3.1.2 Pore size distribution

In NMRC, the signal intensity of liquid water is measured as a function of temper-

ature. The experiment results in a cryoporometric melting curve, the ideal form of

which is shown in Figure 3.1. At the beginning of the melting, signal intensity is

zero and there are no liquid state present in the sample. After that, there is a slow

signal increase which corresponds to the melting of liquid in small pores and after

that follows the total pore volume plateau. The steep increase of signal represents the

melting of bulk liquid and at the end there is a total liquid volume plateau [9].

Because the signal intensity is directly proportional to the volume of the molten

liquid, the pore size distribution can be derived from slope of the melting curve using

the equation

p(r) =
dV

da
=

k

a2
dS

dT
, (3.3)

where S is the signal of molten the liquid and T temperature [9].

Ideally, the magnetization of the sample does not depend on temperature but, ac-

cording to the Curie's law, the magnetization of the sample is inversely proportional

to temperature. This temperature dependence of magnetization and NMR signal in-

tensity can be corrected by the equation

S(TK)

S(273 K)
=

273 K

TK
,
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where signal intensity S at temperature TK is corrected in relation to the signal inten-

sity at 273 K. However, in NMRC of liquids, the phenomenon is not very signi�cant

and can usually be ignored [9,14].

3.1.3 Layer of non-freezing liquid

In calculations of pore size distribution, it must be taken into account that there

possibly exists a layer of non-freezing liquid between the pore wall and solid core.

In small pores, the unfrozen layer can take up a signi�cant volume of the total pore

volume [9,10,14]. One explanation for the existence of such a non-freezing layer is

based on the wetting theory which says that the free energy of liquid-solid interface is

smaller than that of solid-solid interface. In other words, the system aims to thermo-

dynamic equilibrium by forming a liquid layer between the two solid states [16]. The

thickness of non-freezing layer depend on the absorbed liquid. For example for water,

the most commonly suggested values range between 0.5-0.8 nm which corresponds to

1-3 monolayers of water [10,17].

Taking into account the layer of non-freezing liquid, the Gibbs-Thomson equation

is

∆Tm =
k

a− δ
, (3.4)

where δ is the thickness of non-freezing layer [15,17].

3.1.4 Freezing-melting hysteresis

In liquids con�ned in porous materials, there occurs a phenomenon called freezing

melting hysteresis which means that freezing occurs at a lower temperature than

melting. Because hysteresis changes the melting behaviour of the liquid, it can a�ect

also to the pore size distributions obtained from the melting curve data [18,19].

There are several theories explaining the hysteresis e�ects in pore-�lling liquids. It has

been suggested that the melting occurs at higher temperatures than freezing because

the system is trapped in a metastable state having higher free energy than the state

of thermodynamic equilibrium. The metastability of the solid state originates from

the high surface to volume ratio i.e. the curvature of the pore. The melting of a liquid

in a pore starts in core and propagates towards the pore wall. In order for a solid

core to melt, it must exceed a energy barrier which is why the melting takes place at
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a higher temperature where the energy barrier is lower [10,14,15,18,19].

Other theory is a pore blocking e�ect which says that if there is a larger pore isolated

by a smaller pore and the freezing starts as a nucleation outside the pore, the larger

pore will freeze only after the temperature is low enough for the smaller pore to freeze.

Also, it has been simply assumed that the freezing occurs in a lower temperature be-

cause there is a natural delay in propagation of nucleation. However, the freezing

melting hysteresis can be problematic in case of determining the accurate pore size

distributions but it can also be used to provide information on melting and freezing

processes, pore connectivity and pore shapes in the porous materials [10,14,15,18,19].

3.2 NMRC experiment

In a cryoporometric experiment, one of the most commonly used liquid imbibed to

porous material is water. Water is a good choice because it occurs often naturally in

biological materials and 1H provides strong NMR signal [9].

NMR is very useful tool for detecting phase transitions from solid to liquid because

there is usually a considerable di�erence in T2 relaxation times between liquid and

solid states. In solids, T2 is usually on the order of microseconds and in liquids from

milliseconds to seconds. For that reason, the signals from solid and liquid can be

distinguished by using the spin echo type pulse sequence as a T2 �lter. If the relax-

ation delay of the pulse sequence is set to be longer than the T2 of solid but shorter

than T2 of liquid, the experiment results in a signal originating only from liquid state

substance [9,14].

In an NMRC experiment, the sample is prepared such that the liquid �lls the pores

and to ensure liquid absorption the sample can be gently heated or centrifuged. After

sample preparation, the sample is placed in NMR spectrometer and cooled down until

the pore �lling liquid is completely frozen. Then the sample is started to heat back to

the starting temperature in small temperature steps while recording the signal. After

each temperature step, there must be a long enough delay to ensure the system to

reach thermal equilibrium. The signal acquisition as a function of temperature results

in a cryoporometric melting curve (Figure 3.1) from which the pore size distribution

can be derived [9,14].
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Chapter 4

Articular Cartilage

Articular cartilage is an essential part of a synovial joint providing low-friction move-

ment between two bones. The very specialized and unique structure of articular carti-

lage allows heavy loads to be carried but unfortunately in case of damage, the ability

of the cartilage tissue to regenerate is very limited. The understanding of function

and maintenance of articular cartilage is important to prevent, diagnose and heal joint

diseases, the most common of which is the osteoarthritis causing pain and disability

for millions of people [1,2,7,20].

4.1 Synovial joint

A joint is a place where two or more bones meet. The joints of human body can be

classi�ed into three types depending on whether the bones are directly or indirectly

connected to each other: in �brous and cartilaginous joints, the bones are directly

connected by a connective tissue, and in synovial joint, the bones are indirectly con-

nected by synovial cavity �lled with lubricating �uid [20].

The synovial joint is the most common type of joint in a human body. The basic

features of the synovial joint is shown in Figure 4.1. The synovial joint is surrounded

by an articular capsule which encloses the joint cavity. The inner wall of articular

capsule is covered by synovial membrane which produces the synovial �uid �lling the

joint cavity. At the end of the bone, there is a thin layer of articular cartilage reduc-

ing friction between the bones. In addition to synovial capsule, there are ligaments

supporting the joint and tendons attaching the bones to muscles [20].
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Figure 4.1: Anatomy of a synovial joint. Anatomy and Physiology. OpenStax, 2013

[20].

4.2 Structure of articular cartilage

Articular cartilage is 0.5-5 mm thick layer of connective tissue covering the end of the

bones [4]. The function of articular cartilage is to provide a low-friction gliding surface

between the bones and to minimize peak pressures on the subchondral bone. Articular

cartilage is a specialized tissue type of hyaline cartilage: it is white, glass-like, dense

tissue lacking of nerves, blood vessels and lymphatics [1,4,7].

4.2.1 Components

The main components of articular cartilage are water, extracellular matrix of colla-

gens and proteoglycans, and cartilage cells.

Collagens are proteins that make up approximately 10-20 % of the wet weight of

articular cartilage. About 90 % of the collagen in articular cartilage is the type II col-

lagen but there are also small amounts of other types of collagen helping to maintain

the network of type II collagen. The main purpose of collagen in articular cartilage

is to provide tensile strength to cartilage [1,4,7]. The diameter of individual type II

collagen �bre is estimated to be 20-200 nm [4].
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Figure 4.2: A) The aggrecan molecule. B) Proteoglycan aggrecate. Restoration of

Injured or Degenerated Articular Cartilage. Buckwalter et al, 1994 [25].

Proteoglycans are proteins forming 10-20 % of the wet weight of articular cartilage

[7]. The subunits of proteoglycans are called glycosamino glycans (GAGs), the main

types of which in cartilage are chondroitin sulphate (CS) and keratin sulphate (KS).

GAGs can unite to a protein core and form large aggrecan molecules consisting of

more than one hundred chondroitin and keratin sulfate chains (Figure 4.2 A). Due to

the charge repulsion, the sulfate chains are extended out from the protein core and

each other [1,4,7,21]. Furthermore, aggrecans can combine with hyaluronan via link

proteins and form even more massive proteoglycan aggregates having approximated

length of 2 µm (Figure 4.2 B) [21]. In addition to massive aggrecans, there are also

smaller proteoglygans of decorin, biglycan and �bromodulin having similar protein

structure but di�erent GAG composition and function. Because of negative charge
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of GAGs, they attract positively charged ions such as sodium and calcium causing

the Donnan osmotic pressure. The osmotic properties of proteoglycans give cartilage

its compressive strength and ability to swell and gain water [1,4,7,21]. Proteoglycans

and collagen �brils together form a water-�lled porous network having estimated pore

diameter between 2 and 6 nm [4].

Normal articular cartilage contains 65-80 weight percent water [1,7]. The frictional

resistance and pressurization of water provide articular cartilage its ability to with-

stand signi�cantly large loads [1]. Also, water provides lubrication and enables the

transport and removal of nutrients and ions by di�usion [1,7,21]. A very small per-

centage of cartilage water is intracellular. Most of the interstitial water is free to move

by di�usion but part of the water is bound in a porous network of collagen and pro-

teoglycans [1,4,8].

Chondrocytes are the cells of hyaline cartilage covering only 1-5 % of the total vol-

ume of articular cartilage [7]. In articular cartilage, chondrocytes are spheroidal in

shape and have the diameter of approximately 10 µm [22]. Chondrocytes are respon-

sible for maintaining the cartilage metabolism by producing degradative enzymes.

Chondrocytes also regenerate the matrix by synthesizing proteoglycans, collagens and

noncollagenous proteins. In case of injury, chondrocytes have a low ability to regen-

erate themselves and the extracellular matrix which is a major factor in progressive

cartilage degradation [1,7].

4.2.2 Ultra-structure

The ultra-structure of normal articular cartilage is represented in Figure 4.3 from

which four di�erent zones can be identi�ed: the super�cial zone, middle zone, deep

zone and calci�ed zone.

The thin super�cial zone is located just below the articular surface. In this zone,

the chondrocytes are tightly packed and �at. The collagen �bres are packed tightly

and aligned parallel to the articular surface. The dense, parallel alignment provides

tensile and shear strength and protects the deeper layers of cartilage. The concentra-

tion of proteoglycans is low in this zone. The middle zone takes up to 60 % of the

total cartilage volume and in this zone, the chondrocytes are spherical and sparsely

spread, the concentration of proteoglycans is higher than in the super�cial zone and
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Figure 4.3: The ultra-structure of articular cartilage. On left, there is an illustration
of chondrocyte organization and on right, alignment of collagen �brils in the super-
�cial tangential zone (STZ), middle zone and deep zone. Restoration of Injured or

Degenerated Articular Cartilage. Buckwalter et al, 1994 [25].

the collagen �bres have arbitrary orientations. The middle zone provides the �rst line

compressive strength to cartilage. In the deep zone, the proteoglycan concentration

is the highest and the collagen �bres and chondrocytes are aligned perpendicular to

the articular surface which provides the highest compressive strength to the cartilage.

The proportion of deep zone is 30-40 % of cartilage volume. The water concentra-

tion decreases from 80 % to 65 % from the super�cial to the deep zone due to the

increasing proteoglycan concentration. Below the deep zone, the calci�ed zone at-

taches the cartilage to the bone and there is only a small amount of hypertrophic

i.e. enlarged chondrocytes. Between the deep and calci�ed zones, there is a visible

'tidemark' distinguishing the interface between the bone and cartilage [1,4,7,21,23].

4.3 Osteoarthritis

Osteoarthritis is a disease of progressive cartilage degeneration. Osteoarthritis may

occur in any synovial joint but most commonly it occurs in a hand, hip or knee [24].

The progressive degeneration of articular cartilage is fundamentally due to the poor

ability of the cartilage to regenerate after traumatic injury. Increasing age, trauma,

obesity, genetic predisposition, hormonal and metabolic diseases and some in�amma-

26



Figure 4.4: Comparison between a healthy joint and a joint with osteoarthritis.
Anatomy and Physiology. OpenStax, 2013 [20].

tions are the risk factors of degradation of articular cartilage [23].

The chondrocytes maintain and repair the cartilage matrix by forming and degrading

tissue components. If tissue maintenance is disrupted and tissue degradation exceeds

its formation, progressive cartilage degeneration occurs which can lead to osteoarthri-

tis. As the osteoarthritis progresses, the length of proteoglycan chains gets shorter

and the collagen �bres become disorganized which weakens the matrix. Due to the

loss of proteoglycans, the pore size distribution of matrix increases and consequently

the water concentration due to the higher permeability. In osteoarthritis, the water

content may become over 90 % of the total tissue volume which reduces furthermore

the load-bearing capacity of the matrix [1,4,7,21,25].

During degradation, the surface layer or cartilage wears o� which causes friction

during the joint movement. The loss of cartilage narrows the joint space whereupon

the synovial membrane produces more synovial �uid causing the joint to swell. At

the end-stage disease, the cartilage loss is so signi�cant that the exposed ends of the

bones rub against each other causing pain, sti�ness, swelling and inability to move

[12,23-25]. The comparison between healthy joint and osteoarthritis is shown in Figure

4.4.
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Chapter 5

Brine and Phosphate-Bu�ered Saline

Brine or salt water is a solution of water and sodium chloride commonly known as

table salt. The mixture of 9 g

L
NaCl and water is called saline. Sodium chloride plays

a vital role in biological systems especially by maintaining �uid balance [20].

Phosphate-bu�ered saline (PBS) is bu�er solution containing 8 g

L
sodium chloride,

200 mg

L
potassium chloride, 1.44 g

L
disodium hydrogen phosphate and 245 mg

L
potas-

sium dihydrogen phosphate dissolved in water. In biological research, PBS in used

to mimic the pH, ion concentrations and osmolarity of a human body [26]. The salt

solution also prevents tissues swelling [8,20].

5.1 Eutectic phase transition

Eutectic is a combination of two or more components having lower freezing and melt-

ing points than any of its components. The freezing and melting of eutectics are a

phenomenona called eutectic phase transitions [27]. Eutectic phase transitions has

been observed in both saline and PBS [8,28,29].

The phase transitions of sodium chloride and water can be understood using the

phase diagram of water with dissolved sodium chloride represented in Figure 5.1.

From the diagram, it can be seen that the phase is dependent on the temperature

and sodium chloride concentration. For the concentrations used in saline, a red line

is marked in the �gure.

As ice formation progresses and the amount of liquid water decreases, the salt concen-

tration in the remaining brine increases and the melting point approaches the point
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Figure 5.1: A phase diagram of water and sodium chloride solution. New approach

for determining cartilage pore size distribution: NaCl-thermoporometry. Majda et al.

2017 [8].

marked with the green circle. This point is called the eutectic point which occurs at

the eutectic temperature below which the remaining brine solidi�es into a hydrohalite

crystals (NaClH2O) [8,28-30].

From a cryoporometric point of view, it is essential to take into account eutectic

phase transition when using salt solution as a solvent. The Gibbs-Thomson equation

assumes that there is only one bulk melting point and the lower melting points are

associated with liquid melting in pores. In case of salt solution, the hydrohalite melt-

ing causes an additional melting signal in cryoporometric melting curve which may

obscure the signal associated with water melting in pores. The use of salt solutions as

solvents in thermoporometry has not been studied systematically and the parameters

used for cryoporometry calculations are not found in previous reports.
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Chapter 6

Cryoporometric Experiments

In experimental part of this thesis, the 1H NMR cryoporometry was performed to

study phase transitions in porous materials with the end goal of quantifying the pore

size distributions and measuring the associated T2 relaxation in protein gels modelling

the protein composition of articular cartilage. First, the phase transition of saline and

PBS were studied and porous silica beads imbibed with water or saline were studied

as controls. Lastly, the experiments were carried out with porous protein gels having

varying protein concentrations. The purpose of the saline and silica bead controls is to

better understand and characterize the melting behavior of saline in the prescence of a

porous media. This is then applied for interpreting the data of protein gel experiments.

In the case of protein gels, the subject of the study was to measure pore size distri-

butions of protein-associated water and T2 relaxation in relation to protein content.

In addition to measure pore size of cartilage, the purpose of the study was to identify

which protein components water is associated with in articular cartilage.

Pore size and water concentration of articular cartilage are essentially related to

compressive strength, joint health and osteoarthritis. The knowledge of pore size and

water components of articular cartilage can help to understand the function, structure

and di�erent conditions of cartilage degradation. In many studies, T2 relaxation linked

to a range of disease markers including protein content and collagen alignment. The

measurements of T2 of articular cartilage may provide diagnosis of arthritis at early

disease stages when cartilage extracellular matrix might be still reversible [31-33].
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Figure 6.1: Bruker 500 MHz NMR spectrometer. The cooling system including liquid
nitrogen tank and evaporator (on right) are connected connected to probe with a
tube.

6.1 Hardware

The 1H NMRC experiments were carried out using Bruker 500 MHz NMR spec-

trometer and 10 mm BBO probe (Bruker, Karlsruhe, Germany). The freezing was

performed with liquid nitrogen evaporator. The spectrometer and cooling system are

shown in Figure 6.1.
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6.2 Saline and phosphate-bu�ered saline

In the �rst part of the experiment, the phase transitions of 9 g

L
saline and phosphate-

bu�ered saline were studied. The study of the melting behaviour of saline solutions

provides experimental understanding that helps in the next parts of the study with

more complex samples. The hypothesis is that at 252 K, there occurs a eutectic phase

transition which produces a peak in a PSD calculation [8].

6.2.1 Cryoporometry set-up

The samples were cooled from room temperature to 185 K for 2 hours to ensure the

sample came to equilibrium. For saline sample, the temperature range was set from

185 K to 293 K by 1.15 K steps with total of 95 steps. The settling delay was 5

min/scan and 5 min/K for CPMG pulse sequence with 0.1 K accuracy. In CPMG,

the echo time was 100 µs, number of echoes 5000, number of scans 64, recovery delay

3.5 seconds and experiment time 3 minutes. For PBS sample, the temperature range

was set from 180 K to 280 K by 1.8 K steps with total of 58 steps. The settling delay

was 5 min/scan and 10 min/K for CPMG with 0.1 K accuracy. In CPMG, the echo

time was 500 µs, number of echoes 5000, number of scans 4, recovery delay 10 seconds

and experiment time 3 minutes. The total experiment time was 18 hours.

6.2.2 Melting of saline and PBS

Melting curves of saline of PBS are shown in Figure 6.2 A. In order to detect phase

transitions more clearly, the melting curves are converted to dS/dT curves shown in

Figure 6.2 B. From these graphs it can be observed that there occur two separate phase

transition in both samples during melting. Saline samples shows eutectic transition

between 242-248 K and PBS between 242-250 K (marked with arrows). Both samples

show continuous melting until bulk melting peak at around 270 K. Bulk melting shows

wide distribution and starts at 257 K in both samples.

6.2.3 Pore size distributions

The pore size distributions were computed using parameters T0 = 273.15 K and k=96

nmK [8] (spherical pore). The PSD graphs are represented in Figure 6.3 which shows

sharp peaks of 4 nm and wide pore size distribution of 4-50 nm.

32



Figure 6.2: A) Melting curves and B) dS/dT curves of saline and PBS.

Figure 6.3: Pore size distribution of saline and PBS using T0 = 273.15 K.
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6.3 Silica controls

In the second part of the experiments, NMR cryoporometry was carried out with

porous silica beads. The purpose of this part was to test the ability of the used

cryoporometry set-up to distinguish between di�erent pore sizes and to study how

the porous material a�ects the melting behaviour of con�ned water or saline. In

addition, the e�ect of changing T0 parameter was studied. The hypothesis is that

changing the value of T0 below the eutectic temperature removes the eutectic peak

from PSD, but also reduces the melting data to a few percent of total melting data

which may also remove part of the essential pore-related data.

6.3.1 Samples

Samples of synthetic silica beads with a particle size of 200 µm and the inner pore

diameter of 4 nm, 6 nm and 10 nm were prepared by placing the beads in 5 mm NMR

tubes and then �lling the bead packs with water or saline. A layer of free liquid was

left on top of the bead pack to ensure the melting of bulk liquid as a reference (Figure

6.4). After that, the samples were heated in the oven at 333 K overnight to remove

the air bubbles from the beads and to make silica bead packing uniform.

Figure 6.4: A sample of silica beads imbibed with water placed in a 5 mm NMR tube.

6.3.2 Cryoporometry set-up

The samples were cooled from room temperature to 185 K for 2 hours to ensure the

sample came to equilibrium. The temperature range was set from 185 K to 293 K by
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1.15 K steps with total of 95 steps. The settling delay was 5 min/scan and 5 min/K

for CPMG pulse sequence with 0.1 K accuracy. In CPMG, the echo time was 100 µs,

number of echoes 5000, number of scans 64, recovery delay 3.5 seconds and experiment

time 3 minutes. The total experiment time including all steps was 18 hours.

Figure 6.5: Melting curves and dS/dT curves of A,B) silica and water and C,D) silica
and saline.
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6.3.3 Water and saline melting in silica

The melting graphs of silica samples as a function of temperature are represented in

Figure 6.5. The melting of water and saline seem to behave somewhat in the same way.

It can be seen that the signal increase is very slow at low temperatures and at about

220 K signal starts to increase faster until 255 K. In saline, the bulk melting occurs at

lower temperatures than in water. In water, the bulk water melting occurs between

264-272 K and in saline between 262-269 K. The pore-related signal increase occurs

between 240-260 K which slightly depends on the sample. The 10 nm water sample

behaves exceptionally showing only one steep increase of signal and bulk melting at

262 K. Both pore-related and bulk melting occur at a wide temperature range instead

of one speci�c temperature. Clear signal increase of eutectic phase transition cannot

be seen and it is likely to occur over a wide range as noted earlier.

6.3.4 Pore size distributions

The pore size distributions were computed using parameters T0 = 273.15 K (Figure

6.6 A,B), T0 = 246 K (Figure 6.6 C,D), k = 96 nmK [8] (spherical pore) and δ = 0.8

nm [10].

Using T0 = 273.15 K, all three water samples show a peak close to the corresponding

pore diameter and smaller additional peaks at 2.5 nm. Samples of 4 nm and 6 nm

show lower peaks at 20 nm. Saline samples show three peaks of 5 nm, 6 nm and 7 nm

corresponding to samples of 4 nm, 6 nm and 10 nm. In saline samples, there are also

additional peaks at 2.5 nm and 13-16 nm. 10 nm saline sample shows a tiny peak at

3.3 nm and 4 nm sample a shoulder at 4 nm which are very likely peaks of eutectic

transition.

Using T0 = 246 K, all samples show peaks at 3.5 nm which correspond to the smaller

additional peaks observed above. It can be seen that decreasing the bulk melting

point cuts major part of the peaks o� and shifts diameters of remaining peaks to

larger diameter area.
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Figure 6.6: PSDs of silica controls using A,B) T0 = 273.15 K and C,D) T0 = 246 K.
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6.4 Articular cartilage models

In the third part of the experiments, the protein hydrogels were used as a very simpli-

�ed models of the extracellular matrix of articular cartilage. The total of 16 samples

with di�erent chondroitin sulfate and collagen concentrations were used to study the

e�ect of varying protein concentrations on pore size distribution and T2 relaxation.

The main research questions are how articular cartilage tissue retains water, is the

water associated with collagen �bres or chondroitin sulfates and whether it is possi-

ble to identify peaks associated with a particular protein, what is the e�ect of PBS

as a solution, and is the T2 relaxation time dependent on cartilage protein content

especially at room temperature.

Figure 6.7: Collagen and chondroitin sulfate concentrations of used protein gels.

6.4.1 Samples

The protein hydrogels with collagen I concentrations of 0-40 mg

g
and CS concentra-

tions of 0-20 mg

g
were used as models of cartilage matrix. The used combinations

are represented in Figure 6.7. To keep the pH of the samples close to the pH = 7.4,

PBS was used as a solution. The samples were stored in 253.15 K freezer before the

experiments.

6.4.2 Cryoporometry set-up

The samples were cooled from room temperature to 185 K for 2 hours to ensure the

sample came to equilibrium. The temperature range was set from 180 K to 280 K by

1.8 K steps. The settling delay was 5 min/scan and 10 min/K for CPMG with 0.1

K accuracy. In CPMG, the echo time was 500 µs, number of echoes 5000, number of

scans, recovery delay 10 seconds and experiment time 3 minutes. The total experiment

time including all temperature steps was 18 hours.
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Figure 6.8: Four protein gel samples in 5 mm NMR tubes.

6.4.3 E�ect of protein content on pore size distributions

In order to study whether water is associated with collagen or CS, �rst the amount

of collagen was kept constant and concentration of CS was increased and vice versa.

When the amount of one protein is kept constant and the other is increased, peaks

associated with water bound to either protein can be identi�ed. The hypothesis is

that the more protein a sample contains, the more water proteins bind and the higher

the peaks in the PSD graphs.

PSD below ice/water phase transition

Parameters used in PSD calculations were T0 = 273.15 K, k = 89 nmK [14] (spherical

pore) and δ = 0.8 nm [10].

The �rst attempt was to �nd out at which range the calculated pore sizes vary.

From Figure 6.9 it can be seen that the measured PSD range is from 2 nm to 50

nm. There is a very broad distribution between 5 nm and 50 nm and the protein

associated peaks appear between 2 nm and 5 nm. To study the protein-related peaks,

the smaller diameter range is focused from now on.

The PSDs of constant collagen and varying CS concentrations are shown in Figure

6.10 A and B and PSDs of constant CS and varying collagen in Figure 6.10 C and D.

It can be clearly seen that there is a peak originating from eutectic phase transition
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Figure 6.9: The measured pore size distribution range as a whole when both A)
collagen and B) CS have maximum concentrations and T0 = 273.15 K.

appearing at about 4 nm in each PSD graph. Depending on the sample, the location

of the eutectic-related peak varies slightly around 4 nm. The peaks associated with

protein content appear between 2 and 4 nm. The protein peaks have much weaker

intensities compared to 4 nm peaks and it is possible that the 4 nm peaks are covering

protein-related peaks.

It can be seen from Figure 6.10 A that when collagen concentration is 0 mg

g
and

CS concentration increases, there are three peaks building up intensity at 2.3 nm, 2.9

nm and 3.3 nm. Correspondingly from Figure 6.10 C, it can be observed that when

the concentration of CS is 0 mg

g
and collagen concentration increases, there are two

peaks of 2.1 nm and 2.5 nm increasing in intensity. The zoomed PSDs of 0 mg

g
CS

and collagen are represented in Figure 6.11. In Figures 6.10 B and D, there are PSDs

of increasing protein content when collagen and CS have maximum concentrations.

It can be noted that the pore diameters observed in graphs A and C appear also in

these PSD graphs but the relationship of the peaks is not quite as clear as in the two

previous graphs.
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Figure 6.10: E�ect of varying protein concentration on PSDs when A,B) collagen is
constant and C,D) CS is constant and T0=273.15 K.
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Figure 6.11: Zoomed PSDs of A) 0 mg

g
concentration of CS, B) 0 mg

g
concentration of

collagen and C) a samples with mixed protein content.
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The PSDs of samples with mixed protein concentrations are much more complex

to interpret and the presence of large 4 nm peaks makes it even more complicated.

It can be observed that the intensity of the protein peaks increase as the amount of

protein increases but it is di�cult to say which protein the peaks are associated with.

In Figure 6.11 C is an example of a samples with mixed proteins from which protein

related peaks can be identi�ed. As the amount of collagen increases, the peaks of 2.1

nm and 2.5 nm increase in intensity as well. There is also a CS-related peak of 3.3

nm. However, from most of the graphs, such clear identi�cation cannot be seen.

PSD below eutectic phase transition

The PSD calculations were repeated by changing the melting point of water to the

eutectic point of PBS observed in Figure 6.2. The PSD parameters used were T0 = 246

K, k=89 nmK [14] (spherical pore) and δ=0.8 nm [10].

The PSDs are represented in Figures 6.12. Now it can be seen that there are no peaks

associated with eutectic phase transition and the protein-related peaks are more vis-

ible. The PSD graphs are much clearer but it must be taken into account that by

changing the bulk melting temperature to the eutectic temperature, the graphs make

up now only few percent of the total measured melting data and a fraction the signal

left from the phase diagram and for that reason it is very likely that not all pore-

related peaks are present.

Protein-related peaks can be seen especially clearly when collagen or CS have 0 mg

g

concentration and the concentration of the other protein increases (Figures 6.12 A

and C). When collagen is kept 0 mg

g
and CS concentration increases, there are three

peaks of 3 nm, 6 nm and 10 nm increasing in intensity. In case of 0 mg

g
CS and in-

creasing collagen, there are two peaks of 3 nm and 4 nm increasing in intensity.

Now, it is much easier to identify peaks related to particular protein in PSDs of

samples of mixed proteins. Peaks of 3 nm, 4 nm, 5 nm or 6 nm can be distinguished

from almost all graphs. One example is shown in Figure 6.13: as the amount of colla-

gen increases, the peaks of 3 nm, 4 nm and 5 nm increase in intensity. From the PSD

of the sample containing maximum amount of both proteins, two clearly separated

peaks of 3 nm and 5 nm can be observed. Thus, it can be said that the method is

able to identify water associated with either protein also in the mixed protein gels.
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Figure 6.12: E�ect of varying protein concentration on PSDs when A,B) collagen is
constant and C,D) CS is constant and T0=246 K.
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Figure 6.13: E�ect of increasing protein content in mixed protein samples.

6.4.4 E�ect of protein content on T2 relaxation

One main research question was to study whether the T2 relaxation time depend on

protein content as a function of temperature. Of particular interest is whether there

is a notable di�erence in T2 at room temperature. The T2 relaxation times were ob-

tained from CPMG decay at each temperature step.

The graphs of T2 relaxation as a function of temperature are shown in Figure 6.14. At

low temperatures all samples show T2 of 300 µs. At about 245 K T2 starts to increase

rapidly as the temperature increases ending up to around 1 s at room temperature.

It can be observed that the amount of CS do not a�ect the T2 but amount of collagen

does. At low temperatures the T2 dependence on collagen is not notable but at higher

temperatures the smaller the amount of collagen the slower the T2 relaxation. The

di�erence in T2 at room temperature is from 0.1 s to 1 s when collagen concentration

decreases from 40 mg

g
to 0 mg

g
.
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Figure 6.14: T2 as a function of temperature when A) collagen and B) CS is kept
constant.
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Chapter 7

Discussion and Conclusions

The research consisted of three parts, the �rst two of which studied the phase tran-

sitions of salt solutions and porous materials, and the experimental results obtained

from these parts were utilized in the �nal part to quantify the pore size distributions

and measure the associated T2 relaxation in articular cartilage model gels.

In the �rst part, we observed that both saline and phosphate-bu�ered saline show

eutectic phase transition occurring at temperature range 242-250 K and bulk melting

between 257-272 K. Both solutions show eutectic phase transition at temperatures

below the theoretical equilibrium eutectic temperature of 252 K. Majda et al. (2017)

[8] performed di�erential scanning calorimetry (DSC) with a 3.6 g

L
NaCl-water solu-

tions and observed eutectic phase transition and bulk melting peaks clearly separated.

In their measurements, the eutectic transition was more clearly noticeable than ours.

They also found that below the bulk melting point, there is a wide distribution of

melting temperatures but their eutectic phase transition appeared at a smaller range

than ours. The slightly di�erent results are due to the fact that NMRC and DSC

are based on the measurement of di�erent phenomena and the concentration of saline

they used was higher than ours. Overall, the melting behaviour of salt solutions which

we observed is in line with those reported by Majda.

From PSDs of saline and PBS, we observed that the melting signal originating from

the eutectic phase transition produces a peak of 4 nm in PSD graph. There was also

shown a wider distribution of pore sizes between 4-50 nm. Han et al. (2002 & 2004)

[28,29] investigated freezing and melting of saline and PBS with DSC and cryomi-

croscopy. From DSC measurements, they observed that both saline and PBS show

eutectic phase transition around 252 K. From cryomicroscope images, they observed
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that after crystallization of water and hydrohalite, there is a space left between the ice

crystals which produces a pore structure of its own. The broad melting temperature

range below the bulk melting and corresponding PSD between 4-50 nm may be due

to the melting of water in these ice crystal pores or the distribution of melting points

as the NaCl concentration increases. When using a NaCl solution as a probe �uid,

the eutectic-related and ice crystal peaks are problematic because they can obscure

information about the pore structure of interest.

In the second part of the experiments, six silica bead samples imbibed with water

or saline were studied. The PSD of silica samples imbibed with water showed peaks

corresponding to each pore diameter but PSD of saline samples did not show exactly

correct pore diameters. The same silica products and parameters were used so it can

be seen that the solvent used has a clear e�ect on the melting behavior and PSD.

Both water and silica samples showed smaller additional peaks at 2.5 nm and between

13-20 nm. These 2.5 nm peaks may originate from water melting on the silica bead

surface because only silica samples show these but saline and PBS samples in the �rst

part did not. The peaks of 13-20 nm originate from the distribution of melting points

below bulk melting point. Both water and saline samples showed very similar melting

behavior and no clear e�ect of eutectic transition was observed in the case of saline

samples. It is possible that the eutectic transition occurs at wide temperature range

and for that reason there was no clear signal increase of eutectic melting. Two saline

samples showed tiny peaks between 3-4 nm which are possibly eutectic-associated

peaks.

Since in the �rst part of the experiments it was found that the eutectic transition

of salt solutions causes an extra peak and distorts actual pore sizes in the PSD, we

repeated the changing of bulk melting point to the eutectic temperature. As a result,

pore sizes above 4 nm are cut o� and only 3.5 nm peaks are left. A change of the

bulk melting point can thus eliminate, for example, the eutectic-related peak, but on

the other hand also cut o� some of the pore-related peaks. If the pore-related pore

sizes are small enough, the change of bulk melting point can be advantageous but

it also omits most of the melting data from the calculations. It was also found that

when PSD was computed with lower bulk melting point, the calculated pore diam-

eters shifted towards larger pore sizes. In order to keep the pore sizes at the same

range, the k -value should also be recalibrated or it should be noted that the pore

sizes calculated by this method may be larger than they actually are.
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Rottreaua et al. (2018) performed cryoporometric measurements with silica and water

as a probe liquid [17]. They used samples of three di�erent types of silica and com-

puted PSD from the water melting signal. They observed that the ice/water phase

transition was smoother than in the case of our samples and there was only one peak

for each sample in PSD and no additional peaks as in our PSDs. The better results

are possibly due to better and longer lasting sample preparation.

It must also be noted that the choice of parameters used in PSD calculations is not

entirely unambiguous [17]. The magnitude of the calibration constant k or thickness

of non-freezing layer δ cannot be known with certainty in advance. In this study, we

did not calibrate the k-value but used only values found in previous reports. For wa-

ter as a cryoporometric probe liquid in spherical pores, the estimated k-values range

between 42-106 nmK [14]. The values we have used in this study are 89 nmK and 96

nmK which fall within that estimated range. In case of silica samples, we could have

calibrated the k-value with our own samples but ended up using the value 96 nmK

calibrated by Majda [8]. They carried out DSC with �ve silica samples of di�erent

pore sizes �lled with NaCl-water solution. Using melting point depression information

from DSC pro�les, they linearly �tted pore size as a function of inverse of melting

point depression. Based on the Gibbs-Thomson equation, the slope of the �tted line

is the calibrated k -value. The linear �tting includes three parameters from which the

slope is the k -value of interest and the other two are related to interactions between

imbibed liquid and pore walls. The disadvantage of linear �tting of Majda is that

more samples should be measured to increase reliability because the �tting given by

only �ve samples is not very stable. Rottreaua et al. [17] determined cryoporometric

parameters with silica samples imbibed with water. They also used linear �tting but

larger number of samples and found k -value of 99.1 nmK for spherical pores which is

close to Majda's value. Their value was also veri�ed with N2 porosimetry and DSC

which makes it very reliable. One simple way to calibrate the k -value is to do it visu-

ally using PSD graphs. If we change the values of k while observing at which value

the PSD shows the corresponding pore diameters, the most suitable values for our

samples are 95-100 nmK which is very close to calibrated values from linear �tting.

The reported values for thickness of non-freezing layer for water in siliceous materials

range between 0.3 and 2.6 nm [10]. The most studies suggest that the layer thickness

is 1-3 water monolayers which corresponds to a thickness of 0.8 nm so we ended up

choosing it as a layer thickness. The values of these two parameters are directly related
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to the calculated pore size and changing them would also change the measured pore

sizes. The reliability of the method could be improved if salt solutions were studied

more extensively and the values of the parameters were better known.

On the basis of the results of �rst two parts of the experiments, the eutectic transition

of the salt solution must be taken into account in the determination of the pore size

distribution. The pore network, ice crystallization and increase of NaCl concentration

at lower temperatures can cause additional peaks in the PSD. We observed that the

solution has a major e�ect on pore size distribution and the same k -values do not

work for salt solutions as with water. The eutectic-related peak can be eliminated by

decreasing the bulk melting point, but on the other hand, the PSD is then calculated

from only a few percent of the total melting data and then the PSD does not give

actual pore sizes. Neither option provides a complete solution to the problem on its

own but by combining the bene�ts of both methods, the information about pore sizes

and peaks can be obtained.

In the third part of the experiments, the measured pore diameter range of protein

gels was 2-50 nm. Between 5-50 nm, there was a very broad distribution of pore sizes,

each sample showed a eutectic-related peak at 4 nm and between 2-4 nm a range of

smaller peaks. A wide pore size range between 5-50 nm very likely originate from the

distribution of melting points as the salt concentration increases [8]. We assumed that

the smaller pore sizes originate from the protein-related water and for that reason,

the pore sizes below the eutectic peak were focused on.

PSDs of protein gels were �rst calculated using the bulk melting point of water and

then the observed eutectic temperature of PBS. In the �rst case, a few protein-related

peaks were observed on the left side of the eutectic peak but the eutectic-related peak

was so overbearing that it was almost impossible to conclude anything certain about

the protein-related peaks because the peak very likely covered part of the desired

protein-related peaks. In second case, the protein-associated peaks appeared more

clearly but the distribution was calculated from data that accounted for only about

3 % of the total melting signal and for that reason, probably part of the essential

melting data was left out of the calculations. The �rst case gives better information

about the pore sizes and the latter case was found more useful in peak detection. As

noted earlier, lowering the bulk melting point shifted the pore sizes to a larger area

so it must be considered that in the latter case the pore sizes may not be correct.

50



The �rst PSD calculations resulted in protein-related pore sizes of 2.1-3.3 nm and the

latter 3-10 nm. It is very likely that 4 nm eutectic peaks covered some of the peaks

of interest. Although the pore sizes are di�erent, the same peaks were identi�ed from

both PSD calculations. It should also be noted that we do not know exactly what

the value of the calibration constant should be for these samples. Changing the value

of the calibration constant changes the position of the peaks but despite that, actual

pore sizes are very likely somewhere between 2-5 nm.

Combining these results obtained from these two cases, peaks characteristic for both

proteins were observed. The intensity of the peaks increased as the amount of protein

increased. When the amount of one protein was kept at 0 mg

g
and the amount of the

other was increased, collagen-related peaks were observed between 2.1-2.5 nm and

CS-related peaks between 2.3-3.3 nm. In case of mixed protein samples, the identi-

�cation of the peaks associated with either protein was not as unambiguous but in

the latter PSD calculations, the protein associated peaks were seen well enough to

conclude that the method is able to detect protein-associated peaks in mixed protein

samples as well.

In hydraulic permeability experiments, the pore diameter of articular cartilage has

been estimated to be 4-6 nm [4]. Majda et al. measured pore side distributions of

intact and degraded articular cartilage samples with di�erential scanning calorimetry

[8] and found pore diameters of 11-14 nm. However, their lower limit of detection

was 11 nm. In �rst case, we measured pore sizes of 2-4 nm which is consistent with

the hydraulic permeability experiments. It must be taken into consideration that we

did not use articular cartilage samples but models so the studies are not completely

comparable. The position of eutectic-related peak was found around 4 nm and the

location depended slightly on the sample which is also consistent with Majda et al.

According to them, it is because negatively charged proteoglycans attract sodium

which changes the salinity of the solution.

Saline or PBS as a cryoporometric solution have not been studied systematically

and to our knowledge, Majda's report is the only one which utilizes calibration equa-

tion that takes into account the eutectic phase transition. The development of a

calibration equation could make NMR cryoporometry a more practical method for

determining pore sizes of biomaterials. Another possibility could be the elimination of

eutectic phase transition by means of chemicals. Han et al. (2002) observed that the
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addition of glycerol to PBS disappeared the eutectic phase transition in DSC pro�les

[29]. Glycerol is a liquid that occurs naturally in many biological systems so it could

potentially be used in cryoporometry of biomaterials [20]. However, this would still

leave the baseline issues caused by the melting point distribution of increasing NaCl

concentrations.

NMR cryoporometry and di�erential scanning calorimetry are both methods of ther-

moporometry but NMRC is based on the di�erent relaxation times of di�erent states

of matter while the DSC measures transient heat �ows [9,10]. Relaxation times in

NMR are related to molecular motion and transient heat �ow to number and strength

of molecular bonds. As the methods are based on the detection of di�erent phenom-

ena, di�erences in their results have also been observed. Jähnert et al. (2008) measured

pore size distributions of silica nanopores with NMR cryoporometry and di�erential

scanning calorimetry and compared the results [34]. They found out that NMRC

was able to measure smaller pore sizes than DSC, phase transitions were observed at

higher temperatures with NMRC than in DSC, and the phase transition ranges were

wider with NMRC which consequently has an impact on computed pore size distribu-

tions. The results obtained by di�erent thermoporometry methods cannot always be

directly compared, but overall, it can be said that Majda's, Han's, and ours results

have much the same features and can be compared with each other.

From the relaxation time measurements, we found that T2 depends on the amount of

collagen but not on the amount of CS at room temperature. We observed that the

higher the collagen concentration, the shorter the T2. Water in articular cartilage can

be either free to move or bound to macromolecular binding sites. For that reason,

articular cartilage may have many components of T2 due to di�erent environments

[35]. Since articular cartilage has a layered structure and the orientation and density

of the collagen �bres depend on cartilage zone, di�erent zones have di�erent relax-

ation times. In super�cial and deep zones, the collagen �bres are closely packed and

in middle zone sparsely spread and unorganized and consequently the T2 on deep

and super�cial zones are shorter than in middle zone [32]. The layered structure also

causes the orientation of the articular cartilage relative to the external �eld to mat-

ter: it has been found that when the orientation of the collagen �bres is changed to a

magical angle with respect to the �eld, the amount of T2 components is reduced from

two to one [36]. For these reasons, the determination of articular cartilage T2 is not

straigthforward.
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However, out attempt was to see if we can distinguish a relation between cartilage

model protein content and T2 by NMR cryoporometry. We observed that at low tem-

peratures, there is no signi�cant impact on either protein in T2 but close to room

temperature, the T2 is dependent on collagen but not on chondroitin sulfate. There

are plenty of previous studies that have investigated the e�ect of collagen and pro-

teoglycans on articular cartilage relaxation times. Since the amount of collagen and

proteoglycans is also associated with cartilage degradation and osteoarthritis, T2 have

also been studied in relation to di�erent stages cartilage degeneration. Nieminen et

al. (2000 & 2001) used magnetic resonance techniques to articular cartilage and con-

cluded that T2 follow the collagen �bril orientation in di�erent zones of cartilage and

thus is shortest in zones where collagen density is highest [32]. They also found that

collagen degradation increased T2 in cartilage [37]. In both studies, they observed that

proteoglycans had no signi�cant impact on T2. Our results also seem to be in line with

the fact that T2 is not very sensitive to the amount of proteoglycans. It is possible

that T2 is not sensitive to the amount of proteoglycans because water molecules are so

loosely bound to them or proteoglycans are saturated with sodium ions [8]. However,

information on the proteoglycan content can be obtained, for example, by contrast

agent T1 imaging to provide an overall picture of the protein content in the articular

cartilage [31]. Overall, the articular cartilage models we used are very simple com-

pared to the complex structure of real articular cartilages, and we cannot compare

them directly but the models can allow, for example, the detailed study of relaxation

and dynamic processes of water molecules in environment of cartilage proteins with

help of NMR methods.

Altogether, although our method does not accurately determine the pore size of ar-

ticular cartilage models, it can be concluded that the method is able to identify water

associated with proteoglycans and collagen in articular cartilage. Thermoporometry

and phase transitions of salt solutions are unexplored disciplines and their develop-

ment may open up new perspectives for biomaterial research. The methods of NMR

and thermoporometry provide new insights into water of articular cartilage which

may provide new approaches for diagnosis of cartilage degenerative diseases.
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