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Objective of the thesis
Detection of atherosclerotic plaque by noninvasive methods, such as MRI, allows us to study
the plaque composition at a cellular and molecular level. Normally study of these plaques by
MRI is accomplished by using molecular probes that can accurately and sensitively bind or
target specific molecular and functional components of atherosclerotic plaque. However,
molecular imaging by MR is challenging due to the fact that molecular targets are often
present in very small numbers (10–9 to 10–13 M/g tissue). Therefore, the high concentration of
contrast agent necessary for detection, severely limits the application of MRI for monitoring
molecular processes in vivo. As a result, improved imaging strategies and/or targeted
molecular imaging contrast agents (that are able to deliver large payloads of an MR active
label) are needed to further improve the detection and characterization of vulnerable plaques
using MRI techniques.

Keeping in mind to achieve the goal of targeted molecular imaging for plaque characterization
in future, the objectives of this thesis are:



To develop and test the potential use of polymeric vehicles (in chemical and biological
environment) which can carry high payload of contrast agents as potential candidate to
do targeted molecular imaging.



Another aspect is optimization of the MRI sequences to differentiate the signal loss
generated by calcium and its future application to the imaging of iron based contrast
agents to improve the differentiation between signal losses generated by iron based
contrast agents and signal loss due to presence of calcium in plaque.

The thesis is structured as follows: Chapter 1 gives a qualitative treatment of the basic
principles of MRI, as it is used as a main analytical tool in this work. Further an overview of
Gd3+ and Fe based contrast agents is given in this chapter to understand the behavior of these
metal ions in different chemical and biological environments like polymeric nanocapsules,
mesenchymal stem cells as discussed in the subsequent chapters. Chapter 2 deals with a brief
introduction about different analytical instruments used in this work besides MRI. Chapter 3

deals with the development and characterization of polymeric nanoshell encapsulated Gd 3+
based commercially available contrast agents (Magnevist®, Gadovist® and Multihance®)
synthesized by inverse miniemulsion technique. T1 relaxivity of the resultant contrast agents
loaded nanocapsules were assessed at 1.5T MRI scanner. These nanocapsules were also
characterized by different physico chemical characterization techniques like Fourier transform
infrared spectroscopy (FT-IR), energy filtered transmission electron microscopy (EFTEM),
scanning transmission electron microscopy (STEM), and energy dispersive x-ray (EDX)
spectroscopy to localize the position of Gd3+ in these nanocapsules. Further preliminary MRI
results obtained by using gels in the synthesis of polymeric nanocapsules for encapsulating the
commercial contrast agents like Magnevist® are given in this chapter. Chapter 4 deals with
MRI studies of Fe based contrast agent Resovist and iron-PLLA nanoparticles synthesized by
miniemulsion technique. T2 and T2* behavior of these particles along with their relaxivities
were measured at 3T MRI scanner. Further, to study the behavior of these particles in
biological environment, MRI studies of MSCs cells labeled with these particles were done
regard to their cell numbers, iron distribution and uptake behavior. All these MRI studies were
done using conventional T2/T2* weighted sequence. However the negative contrast in MR
images obtained using conventional T2/T2* weighted sequences can be confused with signal
loss caused by other sources like presence of calcium in plaque. Thus in chapter 5 attempt was
made to detect the presence of calcium in endartecomy samples by using UTE sequence (TE =
50 µs) and comparison has been made between the images obtained from T1W gradient echo
sequence (TE = 5.7 ms), high-resolution volume CT (VCT) and histology.
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Chapter 1
Introduction
The main aim of this chapter is to review some of the basic concepts of MRI which is the main
analytical tool used in this study. This chapter focuses on the basics of MRI (section 1.1)
followed by the origin of intrinsic contrast (section 1.4) in MRI. The intrinsic contrast can be
enhanced by adding external chemical substances called contrast agents. Thus, section 1.7
describes types of contrast agents and how they affect the MRI relaxation properties. Since
efficiency of these contrast agents is described by its relaxivity, a detailed description about
the parameters, which affect the relaxivity and can be altered to enhance the relaxivity, is
presented in section 1.8.

1.1 Basics of MRI
1.1.1 Magnetic moment (spin) µ of a single nucleus

Hydrogen has a significant magnetic moment and is nearly 100% abundant in the human body.
For this reason medical magnetic resonance (MR) imaging uses the signal from the nuclei of
hydrogen atoms (1H) for image generation. A hydrogen atom consists of a nucleus containing
a single proton and of a single electron orbiting the nucleus (Fig. 1.1). The proton having a
positive charge and the electron a negative charge, the hydrogen atom as a whole is electrically
neutral.
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Proton

Figure 1.1: Schematic of a hydrogen atom.

Apart from its positive charge, the proton possesses a spin, an intrinsic property of nearly all
the elementary particles. In the classical picture this means that the proton rotates about its
axis like a spinning top [143, 201, 205]. The rotating mass results in a torque I and the rotating
electrical charge results in a magnetic moment µ (Fig. 1.2).

µ
ω

+

Figure 1.2: Classical description of the magnetic moment associated with proton.

External (electro) magnetic fields can interact with the magnetic moment as well as the
moving magnetic moment can induce a current in an external coil (antenna) by the Faraday
effect.
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1.1.2 Spin in an external magnetic field

The spin is a quantum mechanical property, which can only have certain discrete values
depending on the nucleus. Brought into an external magnetic field, each spin value represents
an energy state of the nucleus (Zeeman Effect). Irradiation of the nucleus with electromagnetic
waves of frequency ν is given by

ν = γ ⋅ B0

(1.1)

with B0 being the strength of the external magnetic field and γ a nucleus specific constant (Fig.
1.3).

Figure 1.3: Split into two energy levels for I = ½.

The quantum mechanical properties of the spin can be considered in the classical picture by
restricting the possible orientations of the magnetic moment of the spin to the direction of the
main magnetic field B0 to m = 2I+1 certain discrete values, with I being the quantum
mechanical spin of the nucleus. For medical applications, the main target is the hydrogen atom
(biological tissue consists to almost 65% of water, which causes a huge number of hydrogen
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atoms), which possesses a spin of I = ½. In the classical picture, in an external magnetic field
the magnetic moment of I = ½ nucleus aligns either parallel (spin-up) or anti-parallel (spin
down) at a distinct angle with the axis of the main magnetic field. The energy of the spin-up
state is slightly lower than the spin-down state. Since a system always aims for the lowest
possible energy state (thermodynamic equilibrium), at room temperature the spin-up state is
higher populated than the spin-down state [28, 21, 49, 66, 74, 104, 157]. Similar to a
gyroscope precessing around the axis of the gravitational field, the magnetic moment starts
precessing around the axis of the external magnetic field with precession frequency, called the
Larmor frequency and is given by

ω 0 = γ ⋅ B0

(1.2)

For hydrogen atoms, the gyromagnetic ratio γ and hence the dependency of the Larmor
frequency on the main magnetic field results to γH = 42.6 MHz/T, which results in Larmor
frequencies between 21 MHz (0.5T), 63 MHz (1.5T) and 127 MHz (3T) on conventional
clinical systems.

1.1.3

Population Distribution

The difference in population between the different states (spin up and spin down state) is
defined by a Boltzmann distribution according to equation 1.3

N upper
N l ower

~e

−

∆E
kT

=e

−

hγB0
kT

(1.3)

with k being the Boltzmann constant, T the temperature, h the Heisenberg constant, and γ the
nucleus specific gyromagnetic ratio. From the equation it is clear that the difference depends
on the strength of the external magnetic field.
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1.1.4 Magnetization of a spin ensemble

To explain the signal formation from biological tissue, an ensemble from spins must be
considered. As explained in the previous section, there are two populations of hydrogen
nuclei: some high energy, spin down nuclei and a greater number of low energy, spin up
hydrogen nuclei. The magnetic moments of all these nuclei precess around B0 at the Larmor
frequency. As shown in Fig. 1.4 all the spins in certain energy states form a cone either in
positive (spin-up) or negative (spin-down) z–axis. The macroscopic magnetic moment M
results as the sum of all microscopic magnetic moments µ i.

Z,B0
Z,B

M

µi

y

y
x
x

Figure 1.4: Formation of the macroscopic magnetic moment M from an ensemble of the microscopic magnet
moments of the spins.

Since the xy-component of µ i is randomly distributed and the population of the low-energy
(spin-up) state is higher than in the high-energy (spin-down) state M results as

M = Mo − µ

N lower
N upper

(1.4)
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M is a vector, with longitudinal component Mz and transversal component Mxy. Due to the
random distribution of the transversal components of µ i, in the equilibrium state, the resulting
transversal component of the macroscopic magnetic moment Mxy equals 0 and the longitudinal
component Mz equals M0. It can be shown that M behaves like a classical magnetic moment
and that the behavior of M can be described by the classical Bloch equations [66, 113, 201].
1.1.5

Excitation of the spin system

Since in the equilibrium situation M is a static property, no electromagnetic signal is induced
into an external antenna (coil) and no magnetic resonance (MR) signal is measured. To
generate a detectable signal, a magnetic component in the xy-plane has to be generated,
meaning that M has to be rotated toward the xy-plane, resulting in a non-zero Mxy component.
Modification of M can be obtained by irradiation of the subject with electromagnetic waves
(RF-pulse) at the Larmor frequency. Similar to conventional resonance phenomena, the
precessing spins are synchronized and, hence energy is being deposit in the spin system, spins
may be transferred from the low to the high-energy state. This causes the formation of a Mxy
component (Fig. 1.5), which is rotating in the xy plane at Larmor frequency.

Z,B0
Z,B0

µi
Mz
y

y

x

Mxy
x

Figure 1.5: Formation of a detectable Mxy component by synchronization of the precessing spins and transfers of
spins into the high energy state.
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The rotating transversal magnetization induces an MR signal into the external coil. The
process of generation of transversal magnetization is called excitation of the spin system.
While irradiating the spin system, M is performing two rotations: (a) rotation around the z axis
due to the precession of the spins, and (b) rotation orthogonal to the z-axis due to transition of
spins to the higher energy level (excitation). The combination of the two rotations causes a
spiral motion of M as shown in Fig. 1.6.

Figure 1.6: Spherical motion of M during excitation.

For simplification, MR signal can be described in a rotating frame coordinate system, in which
the coordinate system rotates at the Larmor frequency. In this coordinate system, M is no
longer rotating around the z-axis and the excitation can be described as a simple rotation
around the y-axis. Depending on the length of the RF excitation pulse, M is rotating around a
certain excitation angle α. In principle, α can be more or less be chosen arbitrarily. Typical
values for the excitation range between 10° and 90° (depending on the acquisition technique).
Special excitation angles are the 90°, in which the original magnetization M0 is completely
being transferred to transversal magnetization and the 180° pulse, in which the magnetization
is inverted [21, 79, 201].
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1.2 Relaxation

After the excitation, the transversal component of the M (the projection of M onto the xyplane) is rotating around the B0 axis, causing a RF signal in the receive coil. Over time, the
signal is decreasing. The signal decay is caused by two concurrent processes: (a) spin-lattice
relaxation (T1-relaxation, longitudinal relaxation) and (b) the spin-spin relaxation (T2relaxation, transversal relaxation) [201].

1.2.1 Longitudinal relaxation
The longitudinal relaxation describes the return of the spin system to the thermal equilibrium
state. After the excitation, the spin system is in an excited state. As in any system, the spin
system falls back into the thermal equilibrium by transferring energy to its surroundings (the
lattice). The transfer of energy causes spins to fall back to the lower energy state and hence
cause the spin system to build up longitudinal magnetization until it finally approaches the
thermal equilibrium state. The temporal behavior of the relaxation is described by an
exponential function according to eq.1.5

M z (t ) = M 0 (1 − e − t / T1 )

(1.5)

with T1 being a tissue-specific constant describing the time required until 63% of the initial
magnetization M0 is being reestablished after a 90° pulse (Fig. 1.7) [36, 79, 201].
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100%
Signal
intensity
63%

T1

time

Figure 1.7: T1 recovery curve.

1.2.2 Transversal Relaxation

The transversal relaxation describes the decay of the MRI signal after the excitation. This
decay of transverse signal occurs due to the loss of phase coherence between the spins.
Directly after the excitation all the spins are perfectly in phase (directed into the same
direction). This results into the maximal possible transversal magnetization. In an ideal
system, the spins would remain in-phase and the loss of transversal magnetization would be
caused by the spin-lattice relaxation only. In a real system, however, the transversal
magnetization decays much faster, caused by (a) local magnetic field fluctuations and (b) local
magnetic field distortions (inhomogeneities), which cause a loss of phase coherence and hence
a reduction of the transversal magnetization (Fig. 1.8).

Z

Y
X

Figure 1.8: Decay of the transversal magnetization due to the loss of phase coherence of the spins.
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a) Local field fluctuations

The magnetic moment of each spin represents a tiny magnetic field (dipole field), which is
superimposed to the main magnetic field B0. Since the hydrogen atoms, and hence the related
magnetic moments of the spins, are constantly moving, each spin is exposed to tiny rapidly
fluctuating magnetic field changes caused by its neighboring spins. These fluctuating magnetic
main magnetic field distortions cause the spins to precess at locally fluctuating Larmor
frequencies, which cause a loss of phase coherence. The transversal relaxation due to the
fluctuating magnetic field is an exponential decay process (Fig. 1.9) and is described by the
following equation

M xy (t ) = M 0 e −t / T2

(1.6)

T2 in the above equation is the rate constant and is defined as the time required for the
transverse component of M to decay to 37% of its initial value (Fig. 1.9).

100%

Signal intensity

37%

T2

time

Figure 1.9: T2 relaxation curve. Exponential decay of Mxy with time constant T2.

(b) Static field distortion

Decent MRI systems provide magnetic fields with excellent filed homogeneity with less than 1
ppm deviation within the imaging volume. Slight field distortions are compensated by static
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shimming during the installation of the system. The remaining source of local field variation is
the object under investigation, caused by the susceptibility differences of the different tissues.
The susceptibility χ of a given material refers to the tendency of a material to become
magnetized in the presence of an external magnetic field. This alters the strength of the field
both within the material itself and in its immediate neighbourhood [66, 143]. Mathematically it
is represented as

M = χH

(1.7)

where, M is the internal magnetization, H is the intensity of external magnetic field and χ is
the susceptibility of a given material. Since χ is a tissue property, whenever a sample contains
tissues of different susceptibility, the strength of the magnetic field changes across their
boundaries, causing spin dephasing e.g. between air and tissue and between bone (calcium)
and tissue.

In contrast to the fluctuating field distortions introduced by the spin-spin interaction, the
susceptibility introduced distortions are static. These static fields are superimposed and the
combined effect yields an additional exponential signal decay, given by equation 1.8 with T2*
being defined according to T2

M xy (t ) = M 0 e −t / T2

*

(1.8)

The relationship of T2* with the T2 from spin fluctuations and that from inhomogeneities of the
magnetic field is given by the equation
1/T2* = 1/T2 + 1/T2inhomo

(1.9)

where the term 1/T2 is due to the random motion of spins and is not reversible, whereas
1/T2inhomo is due to static field inhomogeneties and is reversible by a spin echo experiment
[21, 27, 66, 119, 124, 157].
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1.3 Spin Echo Experiment
A spin echo is formed by an excitation pulse of 90° followed by one or more refocusing pulses
of 180°. The time between the two pulses is TE/2 where TE is the echo time and is defined as
the time between the RF excitation pulse and the center of the spin echo. The amplitude of the
echo at TE is given by:

M z = M 0 exp −TE / T2

1) Equilibrium

(1.10)

2) 90°° pulse at t = 0
3) Spin dephasing

5) Spin Echo at t = TE
4) 180°° pulse at t = TE/2

Figure 1.10: Principle of spin echo sequence.

The basic principle of spin echo formation is shown in Fig. 1.10. Initially the magnetization is
in z direction. At time t = 0 a 90° excitation pulse is applied, which flips the magnetization
into the xy plane after which the transverse magnetization begins to dephase. Dephasing
occurs because some spins precess faster than others as a result of the static magnetic field
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inhomogeneities (please note that spin fluctuations are neglected here). Hence over time the
spins accrue a magnetic field distortion ∆ B0 dependent phase ϕ according to the equation
1.11.

ϕ(t) = 2πγ∆B0t

(1.11)

The loss of phase coherence causes a reduction of the transversal magnetization. Then the
180° inversion pulse at t = TE/2 causes a rotation of the spins around e.g. the x axis, which
causes an inversion of the phase of the spins, yielding

ϕ(TE/2) = -2πγ∆B0TE/2

(1.12)

Thus those spins that were ahead before are now behind and vice versa. However, the spins
that are now behind will catch up as they are still exposed to the same field inhomogeneities
that caused the phase differences in the first place. Thus, after the second half of the TE
interval has passed, all the spins are in phase. An echo is thus formed at time t = TE. The spinecho principle relies on static magnetic field distortion. Thus only those components, which
are static over time, can be compensated. Fluctuating contributions will still cause phase
incoherence and the transversal magnetization will still decay with T2 instead of T2* [21, 66,
79, 201].

1.4 Contrast
Contrast in MRI arises due to intrinsic as well as due to extrinsic properties. The most
important intrinsic factors are proton relaxations and the proton densities of the tissue.
Extrinsic factors capable of influencing contrast include, the pulse sequence and pulse
sequence parameters chosen. The extrinsic factors can be manipulated by the nature of the
instrument, by varying the pulse sequences and/or parameters which is an advantage in MRI
over the other imaging techniques. The intrinsic factors (proton relaxation rates and proton
density) can be manipulated by administering external agents that can affect the proton
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relaxation rate, called as contrast agents. The factors influencing the intrinsic contrast will be
dealt here, whereas the role of contrast agents will be discussed in the section (1.7).
1.4.1

Intrinsic contrast

The contrast in MRI is based on the signal difference between adjacent tissues. The contrast C
between two tissues is defined as the ratio of the signal difference and the signal sum
according to the equation 1.13

C=

S A − SB
S A + SB

(1.13)

where SA and SB are signal intensities for tissue A and B. The signal in MRI is governed by
the differences in the transversal and longitudinal relaxation properties of the tissues and, to a
less significant part, the local spin density in the tissue.
Table 1.1: Relaxation constants (T1, T2) and relative proton density (PD) for different human tissues.

Human tissue

PD

T1 (ms)

T2 (ms)

[%]

1.5T

3T

1.5T

Myocardium

80

1030

1470

45

Skeletal muscle

80

1000

1400

35

Oxygenated blood (100% O2)

100

1450

1900

240

170

Deoxygenated blood (35% O2)

100

1450

1900

70

35

Fat

100

280

365

165

133

Kidney

81

700

1200

55

3T

From Table 1.1, it can be seen that the relative proton density does not substantially differ for
the relevant soft tissues in the human body. Exceptions here are hard bone (calcium, higher
proton density) and lung tissue (lower proton density). However, both tissues do not play a
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major role in MRI since signal levels due to very short T2 (bone) and susceptibility (lung: air –
tissue interface) are normally low.

The longitudinal relaxation property of the tissue is dependent on the main magnetic field
strength. T1 values increase with field strength. T2 relaxation constants do normally less
substantially depend on the main magnetic field strength. Dependency here is normally inverse
proportional to the main magnetic field. The influence of the relaxation properties of the tissue
on the resulting MRI signal can be controlled by adequate selection of the MR sequence
parameters (Table 1.2). The important parameters here, are the repetition time (TR) and the
echo time (TE).

Table 1.2: Resulting image contrast depending on the TR and TE.

Weighting

TE

TR

Short

Short

T2-weighted

Long

Long

PD-weighted

Short

Long

T1-weighted

TR is defined as the time interval between subsequent excitations of the spin system. Within
this time, the spins can rebuild longitudinal magnetization due to the spin-lattice (longitudinal)
relaxation. A short TR causes a non-complete return of the spin system to thermal equilibrium
(Fig. 1.11). At the point of the subsequent excitation, only a fraction of the longitudinal
magnetization can be transferred to transversal magnetization. Hence the available transversal
magnetization (which is used for image formation) is strongly dependent on the tissue T1
property (the available transversal magnetization is reciprocal proportional to the T1 constant
of the tissue).
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(a)

(b)

Figure 1.11: Available longitudinal magnetization in case of short TR (a) and long TR (b). Tissue with short T1 is
denoted by red color and with long T1 is denoted by blue color.

A long TR (TR > 5⋅T1) causes an almost complete return of the spin system to thermal
equilibrium. Hence the transversal magnetization generated during the subsequent excitation
(and hence the MRI signal measured) does not depend on the tissue T1 value.

Superimposed to the dependency of the resulting MR signal on the repetition time, is its
dependency on the echo time TE. TE is defined as the time between the actual excitation of the
spin system and the time of the signal reception (more precise, TE is the time between
excitation and coverage of the center of k-space). In this time period, the generated transversal
magnetization decays due to the spin-spin interaction (T2, spin-echo experiment) or the spinspin interaction plus off-resonance induced dephasing (T2*, non spin-echo experiment). The
resulting MR signal is still proportional to the chosen repetition time and the respective T1
weighting, but additional weighted by the T2 and T2* decay. A short TE reduces the impact of
the T2 and T2* relaxation on the final MR signal, a long TE can be used for increasing the
impact of the T2 and T2* relaxation. Furthermore, the MRI signal is proportional to the local
spin density ρ (or magnetization M0), which defines the maximal available magnetization of
the tissue [66, 119, 143, 201]. The relationships between TR and TE and the resulting image
contrast are summarized in Table 1.2. An overview of intrinsic contrast parameters of selected
tissues is summarised in Table 1.3 [201].
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Table 1.3: Signal intensity for different tissues

Tissue

T1-weighted

T2-weighted

Fat

High

High

Muscle

Low

Low

Fluid

Low

High

Fibrous tissue

Low/medium

Low

Air

No

No

1.5 Spatial encoding of the MR signal
With the current picture of the MR experiment, the origin of the MR signal is unknown.
Assuming a perfectly homogeneous main magnetic field, after excitation each spin generates a
signal S with constant frequency ω0 and its location cannot be extracted from the MRI signal.

To resolve these ambiguities, the homogeneity of the static main magnetic field is disturbed by
superposition of small switchable magnetic fields, the strength of which linearly scales with
increasing distance to the iso-centre of the magnet. The linear magnetic fields are referred to as
gradient fields or short gradients with abbreviation G (mT/m). Characteristic properties of the
gradients include the gradient strength G0 (mT/m), describing the maximal amplitude of the
respective gradient channel; its slew-rate dG/dt (mT/ms), describing the speed a certain
gradient can be switch; and its linearity. To enable variation of the main magnetic field in all
spatial directions, three orthogonally oriented gradients are used. Assuming a perfect linearity,
the main magnetic field varies with the switched-on gradients according to:

B(r ) = B0 + r G = B0 + xG x + yG y + zG z

(1.14)

After excitation of the spin system, the received MRI signal S(t, r) at a certain location r is
directly proportional to the local magnetization Mxy (t, r) and results to:
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S (t , r ) = M xy (r )e iγB ( r )t = M xy (r )e

iγ ( B0 + xG x + yG y + zG z )

= M xy (r )e iγ ( Bo + Gr ) t

(1.15)

For calculation of the final MRI signal S(t), all spins in the volume have to be considered,
yielding:

S (t ) = ∫ S (t , r )dr = ∫ M xy (r )e iγ ( B0 +Gr )t dr = e iγB0t ∫ M xy (r )e iγ Grt dr

(1.16)

With k = γ Gt and neglecting of the main magnetic field component, S(t) results as:

S (k ) = ∫ M xy (r )e i kr dr

(1.17)

Eq.1.17 represents the Fourier-transformation S (k ) of the spatial distribution of the transversal
magnetization Mxy(r). In MRI, the Fourier transform of the transversal magnetization is
acquired in k-space. During the acquisition of a full MRI data set, sampling must comply with
the Fourier transform properties [21, 66].

1.5.1

Fourier-transform properties

For imaging, the transversal magnetization must be discretized. Hence for MRI the properties
of the discrete Fourier-transform DFT must be considered:

S (k i ) =

1
N

N −1

∑M
n=0

xy

( x n )e −i 2πxn ki / N

(1.18)
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To avoid aliasing in the reconstructed image, k-space data must be acquired over a certain
range k0 at a certain resolution ∆ k, which depends on the chosen spatial resolution ∆ x and the
respective field-of-view x0.

1.5.2

k- Space encoding

Considering the direct relation of the position in k-space with the applied gradient fields
(waveforms) according to k (t ) = ∫ γ Gt , this may be expressed in a more general form

k (t ) = ∫ γ G (t )dt

(1.19)

This implies that after the excitation of the spin system, the gradient fields have to be switched
according to a function, which traverses the k-space dense enough and covers a sufficiently
large volume according to Table 1.4 with simultaneous sampling of the MRI signal.

Table 1.4: Relation between k-space and x-space

x-Space

k-Space

Coverage

x0

k0 = 1/∆x

Resolution

∆x

∆k = 1/ x0

In almost all MRI techniques, the k-space is not completely covered after a single excitation of
the spin system. Main reason here is the resulting long acquisition time, which is required for
full coverage of k-space. Due to the T2 and T2* signal decay, the MR signal will be completely
gone after a few hundred ms. Therefore, in almost all MRI acquisition techniques, the
acquisition of all k-space data is split up into subsequent acquisitions of segments of the kspace, each acquired after an independent excitation of the spin system. In almost all MRI
techniques, k-space is covered on a rectangular grid. The acquisition is split up into a readout
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phase, in which normally one line in k-space (aligned with the x-axis) and a phase encoding
phase, in which the spin system is moved along the two remaining orthogonal axis.

1.5.3

Readout phase (frequency encoding)

The readout phase can be interpreted as a one dimensional MRI experiment (Fig. 1.12).
Directly after the excitation, the spin system is in the center of k-space. Application of a
negative gradient in x-direction drives the spin system along the kx-axis into negative direction
until it reaches the minimal required kx value at t1. By inverting the gradient sign, the spin
system starts moving along the kx-axis in positive direction. At t2, the spin system is back to
center of k-space. Continuation of the positive x-gradient enforces the spin system to continue
moving along the positive direction until it reaches the maximal required kx-value. The MRI
signal is normally acquired from t1 to t3. The negative part of the gradient is called prephasing gradient and the positive part is called the read out gradient.

HF

Gx
t
t0

ky

t1

t2

t3

ky

0

0

kx

0

kx
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0

0

0

kx

0

0

Figure 1.12: Principle of one readout experiment covering a single x-line in k-space.

kx

21
1.5.4

Phase-encoding

For covering the entire k-space, the spin system has to be additionally moved along the ydirection (two-dimensional imaging) or the y- and z- direction (three-dimensional imaging).
This is achieved by application of additional prephasing gradients in y- and z- direction (Fig.
1.13). Now, during the prephasing period, the spin system is additionally moved along the y(2D) or y- and z- (3D) direction and during the readout period the MRI signal of a different
line of k-space is acquired. By choosing different y- and z-gradient amplitudes, the spin
system can be moved to different start points in k- space during the prephasing period.
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Figure 1.13: Principle of phase encoding.

For acquiring an MRI image with nx ⋅ ny image pixel, in conventional imaging methods
acquiring the MRI signal along a single line in k-space after each excitation, ny excitations or
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basic MRI readout experiments have to be performed. Extension to 3D imaging with nx ⋅ ny ⋅
nz image voxel (voxel = 3D pixel) requires ny ⋅ nz excitations of the spin system [21, 66].

1.6 MRI pulse sequences
As described earlier, each point of the k-space has to be covered during an MRI experiment.
The different approaches and the resulting different switching of the respective gradient and
RF waveforms called an MRI sequence. Different kinds of pulse sequence used in MRI are
shown in Fig. 1.14.

MR sequences

Spin echo

Non spin echo

Spoiled

Multishot

Steady state

Single shot

Magn prep

Single shot
TFE
Single echo

HASTE

T1FFE
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FSPGR
Turbo FLASH

SS-FSE

FLASH

FIESTA

FSE

TSE

SS-TSE

SPGR

RARE

B-FFE

Figure 1.14: Different pulse sequences used in MRI.

Most MR sequences are based on one of the two following basic techniques.

MP_RAGE
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1.6.1 Spin echo – based techniques (SE)

A spin echo based technique is based on a spin echo preparation before readout of the data.
After excitation of the spin system (normally 90o excitation angle) at t = TE/2 a 180o inversion
pulse is applied and the timing of the sequence is such that the centre of k-space (kx= 0) is
sampled at a more or less freely chosen echo time TE. For encoding of k-space, readout and
phase encoding gradients are applied. It can be noticed here, since the inversion pulse
represents a phase inversion in k-space, the dephasing and readout gradient have the same sign
(Fig. 1.15 (a)). SE techniques are rather insensitive to off-resonances and normally provide
excellent image quality with the compromise of long acquisition times. The rather long
acquisition and repetition times cause SE-sequences to be quite motion sensitive.

1.6.2

Gradient echo (GE) based technique

Different from the spin echo techniques, in GE techniques the echo is not being generated by
an inversion pulse, but by the readout gradient itself. For formation of the gradient echo, the
spin system is first dephase (movement along the x-axis in negative direction) by applying a
readout gradient with subsequent encoding of a single line of k-space (movement along the xaxis in positive direction). As mentioned earlier, an echo is formed (kx = 0) when the readout
gradient compensates the effect of the dephasing gradient (Fig. 1.15 (b)). Since in a GE
experiment, off-resonance induced phase shifts are not compensated, the signal decays with
T2* instead of T2 as in the SE case. Since no inversion is required, GE techniques offer the
potential for much shorter TE and TR, which may result in shorter image acquisition times.
Due to the very short TR, the longitudinal magnetization can not sufficiently relax between
subsequent excitation pulses. However, the frequent excitation of the spin system in short
intervals causes the magnetization to approach a steady state after a certain number of
excitations.
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Figure 1.15: (a) Spin Echo (b) Gradient Echo sequence.

In a steady-state condition, the same amount of transversal magnetization is lost (by
relaxation) as freshly generated (by excitation). Maximal steady-state signal is obtained with
an excitation angle called as the Ernst angle and is given by:

α opt

 − TTR
= a cos  e 1








(1.20)

This Ernst angle is quite small (in the order of 10-20°) and hence the resulting transversal
steady-state magnetization is only a fraction of the available magnetization, which in
comparison with the SE techniques results in a substantially lower SNR. In case of short TR
(TR < T2), the transversal magnetization cannot fully relax between subsequent excitation
pulses. This causes magnetization to contribute to the MR signal over a variety of subsequent
excitation cycles. The contributions of the residual transversal magnetization contain spin echo
components (the RF pulses partly act like inversion pulses on the residual transversal
magnetization) as well as gradient echo components originating from freshly excited spins.
There are different gradient echo techniques known, which mainly differ by the way the
residual transversal magnetization is treated [21, 66, 205].
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1.6.2.1 Spoiled GE (T1W-GE)

In the spoiled GE approach, the contribution of the residual transversal magnetization is
cancelled out. This is achieved by applying a sufficiently huge dephasing gradient (so-called
spoiler gradient) after the readout. Additionally or alternatively, subsequent excitation pulses
and readouts are done with different RF phases, so that the residual signal is not in phase with
the freshly generated magnetization. In spoiled GE, the signal is mainly formed from fresh
magnetization, which, considering the short repetition time causes a strong T1 weighting of the
residual images.

1.6.2.2 Spoiled GE (T2W-GE)

Another form of the spoiled GE technique is T2W-GE, in which, the strong spoiler gradient is
applied prior to the readout period. This causes freshly generated magnetization to completely
dephase before readout and hence not to contribute to the final acquired MR signal. Signal
contributing to the actual measurement comprises only components, which has been generated
several excitation pulses before (spin echoes). This approach yields a T2 weighting in the final
image. However it is necessary that for the formation of the final echo, the magnetization has
to remain in phase over the period of several excitation cycles. This property makes this
technique extremely sensitive to all forms of motion. Furthermore, the signal to noise ratio of
the sequence (freshly generated spins are dephase) is pretty poor. Therefore this technique is
not very frequently used in clinical practice.

1.6.2.3 Steady-state-free-precision (SSFP)

In the SSFP approach, all spins are in-phase, meaning that all gradient and RF pulses are
completely balanced (integral over all gradient waveforms and RF waveforms between two
subsequent magnetic centers of the RF pulse equals zero). Since the residual transversal
magnetization is kept in-sync, the residual signal results as a superposition of gradient- and
spin echo components, which are either freshly generated by the most recent excitation pulse
or generated during prior excitation pulses. Neglecting off-resonance effects, the SSFP
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techniques generate a unique contrast, which depends on the fraction of the T1 and T2 tissue
property.

1.6.3

Inversion Recovery (IR)

Inversion recovery (IR) sequence is basically a SE sequence with an additional 180° inversion
pulse that precedes the usual 90° excitation pulse and 180° rephasing pulse (Fig. 1.16).
TR
180°

180°

90 °

TI

TE

Inversion
recovery

Conventional SE sequence

Figure 1.16: Basic Inversion Recovery Sequence.

An inversion pulse flips longitudinal magnetization from the positive z-direction into the
negative z-direction. Following this pulse, T1 relaxation occurs in which the net magnetization
from each tissue passes from an inverted condition through zero net magnetization to a relaxed
condition. A user-definable inversion time (TI) determines how much time is allowed for T1
relaxation. Subsequent excitation pulses are used to produce transverse magnetization for the
resultant localization process. The signal intensity S, immediately preceding the 90° pulse is
proportional to the Mz amplitude at time TI and is given by the equation

 TI
S (TI ) = M 0 1 − 2 exp −
 T1






(1.21)
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where M0 is the equilibrium magnetization (proportional to the proton density) and T1 is the
sample spin-lattice relaxation time.

Inversion-recovery images have considerable T1 weighting and provide excellent contrast
control through choice of the TI. Fig. 1.17 shows the behavior of Mz as function of time, after
a 180° pulse. The figure shows how Mz depends on the value of T1. The time t = 0
corresponds to the end of the 180° pulse, while the time t = TI is the instant at which the 90°
pulse is applied. The three curves in Fig. 1.17 refer to three samples with different T1 times.

Figure 1.17: Mz as function of time in an IR sequence.

The major applications of inversion-recovery sequences are for suppression of tissue.
Selecting a TI when a tissue is at zero net magnetization will cause the tissue to generate no
signal. The TI time for this condition, known as the null point or null time for the tissue, is
0.692 times the T1 for the tissue to be suppressed, assuming TR is much longer than the tissue
T1 .
One of the major limitations of inversion-recovery sequences is that they require a long TR.
This is necessary so that the net magnetization is as close to full relaxation as possible prior to
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the inversion pulse. The resultant long measurement times limit the usefulness of the
technique for routine T1-weighted imaging [21, 27, 66, 119, 201].

1.6.3.1

T1 quantification by Inversion Recovery

Measurement of the T1 relaxation time is usually performed using inversion recovery
sequences [65]. For T1 quantification the longitudinal magnetization is measured at different
time intervals TI after an inversion pulse. Conventionally one data set with a given TI is
acquired after each inversion pulse and the experiment is repeated after a sufficient long
recovery period (>5⋅T1) with different TIs (single point method). This allows a different
amount of T1 recovery to take place for each image before the magnetization is excited and the
signal acquired. In this way, the recovery of longitudinal magnetization of a tissue is sampled
with images acquired at multiple time points on the recovery curve. Standard curve-fitting
techniques may be used to fit the signal intensity from each image versus TI in order to
determine an average T1 either for a region of interest or for each pixel individually. This
technique typically requires a total acquisition time of several minutes. For example to acquire
a set of images with varying inversion times TI each 256 ⋅ 256-pixel image with a repetition
time TR of 2.5 s will take 256 ⋅ 2.5 s to acquire and a set of five points along the relaxation
curve will therefore take about 53 min of imaging time [94]. Thus to overcome the problem of
long imaging time modified sequence called Look -Locker was developed.

1.6.4 Look -Locker sequence

The Look -Locker sequence is a rapid imaging method used for the quantification of
longitudinal relaxation times (T1). This sequence was originally proposed by D. C. Look and
D. R. Locker [115]. A Look-Locker pulse sequence is a faster version of an inversion-recovery
approach [27, 38, 65, 72, 94, 217]. In this pulse sequence, an inversion pulse inverts the
longitudinal magnetization, but as the longitudinal magnetization recovers along the positive
z-axis, small flip-angle pulses are used to create a small amount of transverse magnetization at
multiple time-points along the T1 recovery curve. Gradient echo acquisitions are performed at
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each of the time-points to sample the magnetization recovery. The sequence is shown in Fig.
1.18.

Figure 1.18: Schematic diagram of a conventional 2D Look-Locker pulse sequence [48].

As shown in Fig. 1.18, following an inversion pulse (for optimal dynamic range), the recovery
of longitudinal magnetization to an equilibrium state is repeatedly sampled by a series of small
flip-angle RF pulses (α) separated by a small time (τ). The recovery of the magnetization is
modulated by the α pulses, and therefore the magnetization is driven to equilibrium state with
the modified relaxation time T1* where

*

T1 =

T1
T 
1 −  1  ln(cos(α ))
τ 

(1.22)

As shown in Fig. 1.18, the inversion-pulse/α-pulse train is repeated for every ky phase encode
step. For N α-pulses, a series of N images are formed corresponding to times TIn = td + (n-1)τ,
(n = 1, 2 . . . N) after the inversion pulse, where td is the time between the inversion pulse and
the first α pulse. A T1 map can be produced by fitting the T1 recovery curve of each pixel to a
theoretical signal equation.
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In this work, instead of the conventional gradient-echo (GE) readout, Look-Locker sequence
with balanced steady-state free precession (b-SSFP) readout was used because of its higher
signal-to-noise ratio (SNR) and lower tendency to modulate the relaxation curve [164]. Details
of this approach can be seen in [41]. Advantages of using the Look-Locker pulse sequence is
that imaging time to collect data for T1 estimates can be significantly reduced [94].

1.7 Contrast agents in MRI
Contrast is a term used to describe the relative difference between the signal intensity of two
adjacent regions by using a color scale (normally a grey scale for MRI). For imaging
modalities, such as conventional X-ray and CT, the image contrast is based on electron density
difference that can be altered by the presence of a contrast agent (barium or iodinated
complexes). Here, contrast is therefore directly related to the concentration of contrast agent in
the tissue. For MRI, contrast is complex since the signal emitted by water protons is dependent
upon both intrinsic and extrinsic factor. Intrinsic factors (proton relaxation rates and proton
density) can be manipulated by administering external agents that can affect the proton
relaxation rate, called contrast agents. These MR contrast agents are chemical compounds that
work by enhancing the relaxation rate of protons in the tissue and thereby altering the signal
intensity in the image relative to areas not affected by the contrast agent. They work as a
catalyst that decreases the proton relaxation times (T1, T2 and T2*) of tissue water. Thus it is the
effect of contrast agent that is observed in contrast enhanced MR images and not the contrast
agent itself. MRI contrast agents are classified into two broad groups depending on their effect
on relaxation times (a) paramagnetic or T1 agents, which affect 1/T1 more than 1/T2 of tissue
and (b) superparamagnetic or T2 agents, which affect the 1/T2 of the tissue [160].
1.7.1 Paramagnetic or T1 contrast agents

Paramagnetic agents contain water soluble metal ions with one or more unpaired electrons and
thus possess high magnetic moment. Examples of paramagnetic metal ions are Cu2+, Co2+,
Co3+, Gd3+, Mn2+, Mn3+, and Ni3+. Gadolinium ion is generally preferred in MRI contrast
agents as it contains seven unpaired electrons and thus possesses a very high magnetic
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moment (µ 2 = 63 BM2). Paramagnetic relaxation of water protons originates from dipoledipole interactions between the nuclear spins of the hydrogen nuclei of water molecules and
the fluctuating local magnetic field caused by the spins of unpaired electrons. The magnetic
field of an electron is 657 times stronger than the magnetic field of a proton spin, and so if the
magnetic field of electrons oscillates at or near the Larmor frequency, they will have a strong
T1 effect. This is the case for the unpaired electrons in Gd3+. The electron spin resonance of
Gd3+ matches the Larmor frequency, inducing electron-nuclear dipolar interactions (exchange
of spins), increasing the rate of transfer of energy to the lattice, which shortens the T1
relaxation time. The result is that the tissue signal near the contrast agent is much greater than
for the neighboring tissue in a T1-weighted image. Intravenous T1 contrast agents are available
in both ionic and nonionic formulations. For in vivo applications, the gadolinium ions must be
chemically bound to a ligand in order to reduce the toxicity and alter the pharmacokinetic
properties of the metal [156]. The resultant gadolinium complexes are referred to as chelates,
and the currently available gadolinium based chelates are known as extra cellular fluid (ECF)
agents or extracellular contrast agents because they are distributed in the extracellular space.
However, there are intravascular contrast agents also, which bind to the albumin and mainly
remain in the blood-pool. Half-life time of extracellular contrast agents is usually in the order
between 1 and 2 h and systemic clearance by the kidney is normally done after 24 h.
Intravascular contrast agents remain in the blood stream for hours and systemic clearance can
take up to 14 days. Currently, research is going on to make these contrast agents target
specific, so that they can be used for specifically targeting of molecular markers and can act as
indicators for local molecular processes. One of the strategies for this, involve the use of
polymeric nanocapsules as vehicles to carry these contrast agents. The advantage of this
approach is, the polymeric surface can be functionalized and they can carry a high load of the
contrast agents at a particular site, generating high local field effect.

1.7.2 Superparamagnetic or T2 contrast agents

Superparamagnetic substances are substances having very strong paramagnetic properties.
They have very high magnetic moment that arises due to the arrangement of the paramagnetic
ions in a rigid crystal lattice, which increases the mobility of their surrounding electrons (e.g.
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iron oxide in the form of superparamagnetic nanoparticles). The commonly available
superparamagnetic contrast agents are based on crystalline magnetite (Fe3O4) or maghemite (γFe2O3), water insoluble iron oxide crystals [98, 168]. These crystals are often referred as
nanoparticles, and each nanoparticle contains several thousand paramagnetic Fe ions (Fe2+ and
Fe3+). Commonly, these contrast agents are used because of their significant capacity to
produce predominantly T2 and T2* relaxation effects. These effects arise due to local field
inhomogeneities caused by the high magnetic moment of these contrast agents, which
accelerates dephasing of the protons beyond normal FID and thus shorten T2 and T2* further.
This phenomenon is known as magnetic susceptibility (the tendency of a substance to become
magnetized or to distort an applied magnetic field) and predominantly occurs in the presence
of high local field strengths or at interfaces. This susceptibility may also cause artifacts.
Magnetic susceptibility becomes manifest as a pronounced signal loss that is best appreciated
on T2 and T2* weighted images. The agents producing a signal loss are therefore termed
negative contrast agents [124,201].

Basically iron oxide nanoparticles are commonly sub-divided into two groups, depending on
the overall size of the particles, particles with a total particle size of less than about 50 nm are
referred to as ultra small particles of iron oxide (USPIO), where as particles with a total size in
the range 50-200 nm are referred to as small particles of iron oxide (SPIO). Two compounds
in the SPIO family are commercialized for intravenous use: ferumoxides (Endorem, Europe;
Feridex, U.S. and Japan) and ferucarbotran (Resovist®, Europe and Japan). In both cases, the
clinical targets are liver tumors. These nanoparticles are medium sized (70 to 150 nm) and
coated with dextran (ferumoxides) or carboxydextran (ferucarbotran) [151]. Several USPIO
particles have been investigated in humans such as ferumoxtran-10 (dextran) [37], VSOP
(very small iron oxide particle; citrate), feruglose (pegylated starch) [182] and SHU555C
(carboxydextran) [187]. Some USPIO nanoparticles have a similar composition to SPIO
nanoparticles, but have a smaller total diameter. This avoids the self aggregation of SPIO
particles due to magnetic attraction. Due to crystalline nature, superparamagnetic agents are
particulate in nature [15].
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1.8 Relaxivity
The efficiency by which a contrast agent changes the proton relaxation rate is termed as
relaxivity of the agent [3, 126, 133, 215] and it is given by the following equation
1/ T 1, 2 = 1/ T 1, 2 0 + r 1,2 ⋅ C

(1.23)

where T1 2 is the respective T1 or T2 proton relaxation time in the presence of contrast agent,
T1,20 is the corresponding proton relaxation time in the absence of contrast agent, and C is the
concentration of the contrast agent. The proportionality constant, r1,2 is called the relaxivity (r1
or r2) of the agent and the unit of relaxivity is mM-1⋅s-1 [138].

1.8.1

Theory for paramagnetic contrast agent induced relaxivity

Detailed theory about the relaxivity properties of paramagnetic contrast agents is given by the
Solomon-Bloembergen equations [23,177]. These relaxivity properties arise due to three
distinct types of contributions towards the water proton relaxivity i.e., inner sphere
contribution, second sphere contribution and outer sphere contribution. Thus, the observed
relaxivity can be represented as a sum of the contributions from three different factors as given
by the following equation.
r1 = r1 IS + r1SS + r1OS

(1.24)

Here, the term r1IS, r1SS and r1OS correspond to the relaxivity contribution from inner sphere,
second sphere and outer sphere water molecules respectively. The molecular parameters
arising from these contributions are depicted in the Fig. 1.19 and explained in subsequent
sections below.
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Figure 1.19: Schematic representation of the various types of water molecules surrounding the metal complexes
together with the molecular parameters influencing the relaxivity [33].

1.8.1.1 Inner Sphere Contribution

This contribution arises from the inner sphere water molecules that are attached directly to the
paramagnetic metal ion [111, 124]. These water protons relax efficiently and undergo rapid
exchange with bulk water protons and contribute to the overall relaxation rate of the bulk
water. The theory for the inner sphere relaxation was first developed by Solomon [177] and
subsequently extended by Bloembergen and Morgan [23]. The contributing factors for the
inner sphere relaxivites are given by the equation

 1

IS
r1 = PM q 

 T1m + τ m 

(1.25)

where, PM is mole fraction of the metal ion, q is the number of water molecules bound per
metal ion, T1m is the relaxation time of the bound water protons (the reciprocal of T1m i.e. 1/T1m
is the longitudinal proton relaxation rate), τm represents the residence lifetime of the bound
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water (the reciprocal of τm (1/ τm) is the water exchange rate, k ex). Here, T1m is the sum of
dipolar (“through space”), and scalar or contact (“through bond”) contributions as represented
by the following Solomon-Bloembergen equation [23,177]
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where γI is the proton gyromagnetic ratio, g is the electron g-factor, µ B is the Bohr magneton, r
is the proton-metal ion distance, ωS is the electron Larmor frequency, ωI is the nuclear Larmor
frequency, S is the total spin of the metal ion, A/ћ is the electron-nuclear hyperfine coupling
constant. The dipolar and scalar relaxation mechanism are modulated by the correlation times
τc and τe as given below [111].
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(1.27)

(1.28)

where, τm is the water residence time as mentioned above, τR is the rotational tumbling time of
the entire metal water, T1e is the longitudinal electron spin relaxation.
From the above equations, the parameters that directly affect the inner sphere and thus the
overall relaxivity are q, r, τm, τR, and T1e. These parameters can be fine tuned by altering the
chemical environment around the paramagnetic metal ion [45]. Increasing the value of q
increases the relaxivity. However, increase in value of q above 2 most likely makes the
complex unstable [33, 95] and might increase the toxicity of the system. Decrease in the
distance between Gd3+ and hydrogen (r) will lead to an increase in relaxivity due to the closer
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contact of proton with paramagnetic metal ion. Decreasing the term τm will allow more water
molecules to be affected by the gadolinium (III) ion resulting in an increase in relaxivity. If the
value of τm is decreased too much, the relaxivity of the complex will begin to decrease because
the lifetime of the water molecules bound to the gadolinium (III) ion will not be long enough
to influence the relaxation of the protons of the bulk water molecule [95]. By optimizing the
value of τR or T1e the relaxivity of the contrast agent can be increased. There is an
interdependence of the terms τm, τR and T1e. For most small molecule gadolinium (III)
complexes, τR is the limiting parameter among the three variables. As the value of τR becomes
optimized τm and T1e begin to influence the relaxivity of the contrast agents. In summary, to
increase the relaxivity of a contrast agent, one has to design a ligand that will enable the
complex to have a greater number of inner sphere water molecules, q; optimally short water
resident time, τm; and a slow tumbling rate, τr while maintaining sufficient thermodynamic
stability.

1.8.1.2 Second Sphere Contribution

This contribution arises due to water molecules on the hydrophilic side of the complex (Fig.
1.19) or due the hydrogen bonded water molecules. The inner sphere relaxation theory can
also be applied to this case if the lifetime of this interaction is long enough compared to the
time required for the water molecule and the chelate to diffuse past each other [111].

1.8.1.3 Outer Sphere Contribution

This is the contribution from the water molecules that are freely diffusing around the
paramagnetic center, these water molecules are also termed as bulk water. The outer sphere
contribution to the relaxation times incorporates the fluctuation due to electronic relaxation as
well as due to translation diffusion [57]. Unlike inner sphere relaxation which involves
chemical link between paramagnetic metal ion and water molecule, the outer sphere relaxation
does not involve any chemical or electrostatic interaction between metal ion and water. The
electron-nuclear dipolar interaction in this case is modulated due to translation diffusion of
both species. The expression for outer relaxivity is given by the following equation
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2
1
CπN s γ I γ s2 h 2 S ( S + 1)
[7 I (ω s ,τ D , T1e ) + 3I (ω I ,τ D , T1e )]
=
 
d 3τ D
 T1  outersphere

(1.29)

In the above equation, C is a numerical constant that differs slightly between the different
models used to derive the equation, Ns is the number of metal ions per cubic centimeter, d is
the distance of closest approach of the solvent molecule to the metal complex, ωS is the
electron Larmor frequency, ωI is the nuclear Larmor frequency, T1e is the longitudinal electron
spin relaxation and τD, the relative translation diffusion time [21]. The relative translation
diffusion time, τD is represented by the equation 1.30, where DI and DS are diffusion
coefficients of water and metal complexes respectively.

τd =

d2
D I + Ds

(1.30)

Diffusion coefficients can be estimated if the motion is described by the diffusion of rigid
spheres in a medium of viscosity η as shown in equation 1.31

D = kT / 6πaη

(1.31)

where, a is the molecular radius, k is the Boltzmann constant and T is the absolute
temperature. The “7-term” and “3Term” spectral density function in equation 1.29 are
mathematically complex terms in the Pfeifer [139] and Freed [57] versions of the equation.
The other symbols in the equation 1.29 are the same as explained in section 1.8.1.1. For smallsized monoaquo Gd3+ complexes, the outer sphere contribution can account for 40-50% of the
observed relaxivity, but for macromolecular systems this contribution is of less importance.

In summary, inner sphere theory accounts for the exchange between coordinated water
molecules and bulk water, whereas outer sphere theory describes the relaxation induced by the
diffusion of water molecules within the magnetic field gradients around the paramagnetic
hydrated ion. The relaxation of current clinically approved agents is due to approximately 60%
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inner sphere and 40% second and outer sphere effects [122]. For chelated ions, in the absence
of water exchange, the outer sphere relaxation mechanism dominates.

1.8.2 Theory for superparamagnetic contrast agent induced relaxivity

The theory describing the magnetic interaction of superparamagnetic compounds with water
protons has been described by using different theoretical models in literature [155]. Exhaustive
mathematical treatments of these models are beyond the scope of this thesis and can be
referred in literature [155, 124]. A qualitative treatment of these theories is given here. One of
the important models describing the above mentioned interaction is derived from classical
outer-sphere paramagnetic relaxation model. In the classical outer-sphere theory, the dipolar
interaction fluctuates due to the translational diffusion time of the water molecule and the Neel
relaxation process. The short coming of this model is, it is relevant for a lower molecular
weight iron complex such as ferritin and it does not describe the relaxation of iron oxide
contrast agents because the equations do not take into account the curie contributions that
modulate relaxation at high field, and the anisotropic energy that modulates the relaxation at
low field. Then the outer sphere model has been modified to take into account the missing
contributions by using Freed (low field fitting, characteristic correlation times τD and τN) and
an Ayant (high field fitting, characteristic correlation time τD) models of fitting weighted by
magnetization of the sample (Langevin function) [124].

Till now, we have discussed the fundamentals of MRI, origin of contrast, factors affecting the
relaxivity of contrast agents. One of the main aims of this thesis is to deliver commercially
available contrast agents to a specific target. To have a better understanding of various
commercially available contrast agents and their physico chemical properties, a table is given
below with commercially available contrast agents and their important MRI related properties.
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Table 1.5: Overview of most commonly used Gadolinium and Iron based contrast agents. Relaxivity values are
provided for 1.5T and 3T [158].

Product

Active component

Effect of contrast agent

Relaxivity*

Relaxivity*

1.5T

Gadovist®

3T

r1

r2

r1

r2

Postive; r1 enhanced

3.3

3.9

3.2

3.9

Gadopentetate –Dimeglumine Postive; r1 enhanced

3.3

3.9

3.1

3.7

Postive; r1 enhanced

4.0

4.3

4.0

4.7

Postive; r1 enhanced

3.3

3.6

3.2

3.8

Ferucarbotran

Negative; r2*enhanced

8.7

61

4.6

143

Ferumoxide

Negative; r2*enhanced

4.7

4.7

4.1

93

Ferucarbotran

Negative; r2*enhanced

13.2

44

7.3

57

Gadobutrol (Gd-DO3Abutriol)

Magnevist®

(Gd-DTPA)
Multihance®

Gadobenate – Dimeglumine
(Gd-BOPTA)

Omniscan®

Gadodiamide
(Gd-DTPA-BMA)

Resovist®
( SHU 555 A)
Feeridex /
Endorem AMI25
SHU 555 C
*

Values in mM-1⋅s-1
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Chapter 2
Relevant Methods for Characterization

This chapter summarizes the basic principles of different types of instruments used in this
work for the quantitative and qualitative analysis of contrast agent loaded nanocapsules and
nanoparticles. Section 2.1 deals with the Dynamic Light Scattering (DLS) instrument, which
was used for the size determination of the nanocapsules and nanoparticles, followed by section
2.2 which deals with Inductively Coupled Plasma – Optical Emission Spectroscopy (ICPOES), used for the quantitative determination of metal ion concentration in the nanocapsules.
Further Transmission Electron Microscopy (TEM) along with Scanning Transmission Electron
Microscope (STEM), Energy Filtered Transmission Electron Microscopy (EFTEM) and
Energy Dispersive X-ray Spectroscopy (EDS or EDX) were used to locate the position of the
metal ions in the nanocapsules and particles. The basic principle and instrumentation details of
these techniques are discussed in the section 2.3, 2.4, 2.5 & 2.6 respectively. Fourier
Transform Infra Red spectroscopy (FT-IR) technique was used to prove the binding of
functional groups present in the contrast agents to the polymeric shells. This is discussed in
section 2.7. Magnetic Resonance Imaging (MRI) was used as the main analytical tool in this
thesis. Principle and technical details of this technique are discussed in Chapter 1. However,
details about the quantitative T1, T2 and T2* methods used for the analysis of nanoparticles are
discussed in the section 2.8 and 2.9 respectively.
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2.1 Dynamic Light Scattering
Dynamic light scattering (sometimes referred to as Photon correlation spectroscopy or Quasielastic light scattering) is a technique used for measuring the size of particles typically in the
sub micron region. DLS measures Brownian motion and relates this to the size of the particles.
Brownian motion is the random movement of particles due to the bombardment by the solvent
molecules that surround them. Normally DLS is concerned with measurement of particles
suspended within a liquid. If the particles or molecules are illuminated with a laser, the
intensity of the scattered light fluctuates at a rate that is dependent upon the size of the
particles as smaller particles are “kicked” further by the solvent molecules and move more
rapidly. Analysis of these intensity fluctuations yields the velocity of Brownian motion
(velocity of the Brownian motion is defined by a property known as the translational diffusion
coefficient (usually given the symbol, D)) and hence the particle size using the Stokes-Einstein
relationship.

d (H ) =

kT
3πηD

(1)

Where:d (H) = hydrodynamic diameter (m)
D = translational diffusion coefficient (m2⋅s-1)
k = Boltzmann’s constant (m2⋅kg⋅s-2⋅k-1)
T = absolute temperature (K)
η = solvent viscosity (kg⋅s-1⋅m-1)

The diameter measured by DLS is a value that refers to how a particle diffuses within a fluid
and hence referred as hydrodynamic diameter (Fig. 2.1). The diameter that is obtained by this
technique is the diameter of a sphere that has the same translational diffusion coefficient as the
particle. The translational diffusion coefficient will depend not only on the size of the particle
“core”, but also on any surface structure, as well as the concentration and type of ions in the
medium.
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Figure 2.1: Particle diameter and hydrodynamic diameter.

A typical DLS system comprises of six main components as shown in the Fig. 2.2. High power
monochromatic laser (1) acts as a light source to illuminate the particles in the sample. Major
portion of the laser beam passes straight through the sample (2), but some of the light are
scattered by the particles within the sample. A photodiode detector (3) is used to measure the
intensity of the scattered light. In principle it is possible to detect the scattered light in all
directions. For an accurate measurement of the scattered light, its intensity should be in a
specific range and for this purpose an “attenuator” (4) is used that will adjust the intensity of
the scattered light accordingly. The scattering signal of the detector is passed to a digital signal
processing board called a correlator (5). The correlator compares the scattering intensity at
successive time intervals to derive the rate at which the intensity is varying. This correlator
information is then passed to a computer (6), where the software analyses the data and derive
the particle size information.
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Laser (1)
Detector (3)
Attenuator (4)

Digital Signal Processor
Correlator (5)
Sample
Cell (2)

Computer (6)

Figure 2.2: Schematic representation of a typical DLS system showing its six main components: (1) laser; (2)
sample cell; (3) detector; (4) attenuator; (5) correlator; and (6) computer.

In dynamic light scattering, polydispersity or polydispersity index (PDI) is a very important
width parameter. PDI is an index that describes the variation in particle sizes within the
sample. It indicates the degree of distribution of the particle sizes and the deviation from the
average particle size. Monodisperse particles have the same particle size; higher the PDI,
wider is the width of the particle size distribution (PSD). We can have a PDI from 0 to 0.05
normally for standards that are made to be mono disperse. For a very good mono dispersity the
value ranges from 0.05 to 0.08. If the value is between 0.08 and 0.7 the sample is considered
to have mid range polydispersity. If the PDI is > 0.7 it indicates that the sample has a very
wide range of particle sizes [20, 214].

Advantages: Analysis by this technique is accurate, reliable and repeatable in one or two

minutes. It is possible to do the measurement in native environment of the material. Sample
preparation for this analysis is very simple or no sample preparation. Even high concentration
or turbid samples can be used directly for analysis. The instrumental set up is simple and fully
automated. Measurement of sizes < 1nm are possible. Size measurement of molecules with
molecular weight < 1000 Dalton can be done. For this analysis, very low volume of sample is
required (as little as 12 µl).
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Limitations: There is a lack of selectivity and relatively low signal strength making it difficult

to study one component in a complex mixture of comparably sized molecules.

In the present work, the particle sizes of contrast agent loaded polymeric shell nanocapsules
were determined using DLS.

2.2 Inductively Coupled Plasma –Optical Emission Spectroscopy
Inductively coupled plasma optical emission spectrometry (ICP-OES) is an analytical
technique used to determine the concentrations of a wide range of elements in solution. In the
present work we used this technique to determine the concentration of gadolinium and iron
metal ions present in our contrast agent based samples. A schematic representation of a typical
ICP-OES instrument is given in Fig. 2.3.

Figure 2.3: Block diagram of a typical inductively coupled plasma – optical emission spectrometer (ICP-OES)
[169].

In this technique, the sample solution (in liquid form) is introduced into the core of inductively
coupled argon plasma (ICP), which generates temperature of approximately 8000°C. At this
temperature all elements become thermally excited and emit light at their characteristic
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wavelengths. This light is collected by the spectrometer and passes through a diffraction
grating that serves to resolve the light into a spectrum of its constituent wavelengths. Within
the spectrometer, this diffracted light is then collected and amplified to yield an intensity
measurement that can be converted to an elemental concentration by comparison with
calibration standards. This technique is particularly suited for stoichiometry and material
determinations. Samples for ICP analysis are prepared by various ways; if the sample is solid
it will have to be dissolved in water. If the solid is insoluble in water, various methods can be
used to solubilize the samples in water that include microwave digestion, high pressure fusion
and acid digestion [82, 83, 169, 175].

Advantages: In ICP-OES, parallel and sequential analysis of multiple elements is possible and

the instrumentation is suitable to automation, thus enhancing accuracy, precision. This
instrument has a very high sensitivity (low limit of detection for majority of element is 10 ppb
or lower).
Limitations: The emission spectra are complex and inter-element interferences are possible if

the wavelength of the element of interest is very close to that of another element present in the
same sample. The sample to be analyzed must be digested prior to analysis in order to dissolve
the element(s) of interest.
In this thesis, metal ion concentrations were quantitatively determined using ICP-OES for the
contrast agent loaded polymeric shell nanocapsules.

2.3 Transmission Electron Microscopy
TEM is used to examine objects that are as small as a single column of atoms, which is tens of
thousands times smaller than the smallest object resolvable by a conventional microscope.
Here in this study, we have used TEM for determining the sizes and morphological features of
polymeric nanocapsules and contrast agent encapsulated polymeric nanocapsules. Using
advanced TEM techniques (STEM, EFTEM) we have mapped the position of contrast agents
inside the nanocapsules.
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Transmission electron microscope (TEM) is a microscopic technique where electrons are used
instead of light (as in conventional microscope) as source to image the target. Electrons are
negatively charged particles incapable of passing through glass. Therefore, the lenses of an
electron microscope are electromagnet and by varying the strength of these lenses, the
magnification of the image formed can be changed.

Electrons are charged particles, and because collision with charged molecules in air will
absorb and deflects electrons hence air distorts the electron beam. To avoid this problem, the
optical system of an electron microscope must be evacuated. The electron source is produced
by heating a tungsten filament at voltages usually ranging from 60,000 to 100,000 volts. The
electromagnetic lenses then focus the electrons into a very thin beam. Typically a TEM
consists of three types of lensing. These are condensor lenses, objective lenses, and projector
lenses (Fig. 2.4). Condensor lenses are responsible for the primary beam formation, whilst the
objective lenses focus the beam down onto the sample. The electron beam then travels through
the sample. Depending on the density of the material present, some of the electrons are
scattered and disappear from the beam. At the bottom of the microscope the unscattered
electrons hit a fluorescent screen (because electrons are invisible to eye, the images they form
are focused onto an imaging device), which gives rise to a "shadow image" of the specimen
with its different parts displayed in varied darkness according to their density. The projector
lenses are used to expand the beam onto the fluorescent screen or other imaging device, such
as film. The image can be studied directly by the operator or photographed with charged
coupled device (CCD) camera [82,169, 175, 210].
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Field Emission gun

Collimators

Objective Lens
Sample

Monitor
CCD camera
Imaging Lens
Fluorescent screen
Figure 2.4: Block diagram of a typical transmission electron microscope.

Advantages: TEM has the capability of imaging material structures with atomic-size

resolution. It has an outstanding image contrast and using TEM small area crystallographic
analysis could be done.

Limitations: Major limitation of TEM analysis is that it takes significant sample preparation

time. It is not possible to analyze materials that are not stable to electron beam. TEM analysis
has a limited field of view, often less than 10 microns, so the sample for analysis may not be a
representative of the bulk.

2.3 Scanning Transmission Electron Microscope
Scanning transmission electron microscope (STEM) is a special TEM-technique which
essentially provides high resolution imaging of the inner microstructure and the surface of a
thin sample (or small particles), as well as the possibility of chemical and structural
characterization of micrometer and sub-micrometer domains through evaluation of the X-ray
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spectra and the electron diffraction pattern. A STEM differs from TEM in the way that a TEM
operates without scanning the electron beam, as in optical microscopy, while an STEM is
based on a scanning beam, similar to scanning electron microscopy (SEM). In STEM
technique, electrons pass through the sample, but, as in scanning electron microscopy, the
electron optics focuses the beam into a narrow spot which is scanned over the sample. The
scanning motion of the beam across the sample makes these microscopes suitable for various
types of analyses and thereby obtaining valuable information from each analysis. The STEM
can be operated in several modes including:

(a) Bright Field STEM: Contrast in this mode is based on differences in average atomic
number, differences in crystallinity and/or differences in crystallographic orientation. This
technique utilizes the electrons that have not been scattered.

(b) Dark Field STEM: This technique is sensitive to differences in average atomic numbers
of the elements present in the sample. This technique utilizes inelastically scattered
electrons for imaging [83, 209].

Advantages: This technique is used for nanoparticles characterization (for eg. core/shell

investigations, agglomeration), ultra small area elemental maps.

Limitations: same as TEM (section 2.3).

In this study, STEM in bright field mode was used to locate the position of contrast agents
(Gd3+ions) inside the polymeric shell contrast agent loaded nanocapsules.

2.5 Energy Filtered Transmission Electron Microscopy
Energy Filtered Transmission electron microscopy (EFTEM) is a technique used in TEM
analysis. It provides the distribution of the selected element on the image.When a high energy
electron beam traverses a sample, different types of interactions occur between the incident
electron and the electron in the sample material. Although most of the incident electrons pass
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through the sample without getting scattered by the electrons in the sample, some electrons are
scattered and these scattered electrons carry information about the sample. There are two types
of scattering, (a) elastic scattering (no change in the energy before and after scattering) and (b)
inelastic scattering (change in energy, the incident electron looses a fraction of its energy). For
imaging purposes elastic part of the scattered electrons are needed as imaging with inelastic
part results in blurred images and a decreased signal-to-noise ratio. Thus it is necessary to
remove the inelastically scattered electrons from the images. To overcome this problem,
energy filters have been used in TEM which can select the electrons that have lost a certain
amount of energy in inelastic scattering processes. These electrons are used to create images
with higher signal to noise ratio.

Since the energy-loss spectrum of a material contains signature of all the chemical species
present, one can actually "tune in" to a certain element and obtain the two-dimensional
distribution of that element in the specimen and select optimum image contrast. Energy shifts
can be observed which are related to the chemical environment of the atoms, and hence
bonding information may be derived from the fine structure of the energy-loss spectrum[207].
Here in this study, EFTEM was used to study the distribution of the Gd3+ present in the
contrast agent loaded polymeric shell nanocapsules.

2.6 Energy Dispersive X-ray Spectroscopy
Energy Dispersive X-ray Spectroscopy (EDS or EDX) is an analytical application that can be
coupled with several techniques including SEM, TEM and STEM. EDX when combined with
these imaging tools can provide elemental analysis or chemical characterization of a sample.

This technique involves the analysis of a sample through the interactions between
electromagnetic radiation and matter, analyzing x-rays emitted by the matter in response to
being hit with charged particles. Its characterization capabilities are due to the fundamental
principle that each element has a unique atomic structure allowing x-rays that are
characteristic of an element's atomic structure to be identified uniquely from each other. To
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stimulate the emission of characteristic x-rays from a specimen, a high energy beam of
charged particles such as electrons or protons or a beam of x-rays, is focused into the sample
being studied. At rest, an atom within the sample contains ground state (or unexcited)
electrons in discrete energy levels or electron shells bound to the nucleus. The incident beam
may excite an electron in an inner shell, ejecting it from the shell while creating an electron
hole in the original electron shell. An electron from an outer, higher-energy shell then fills the
hole, and the difference in energy between the higher-energy shell and the lower energy shell
may be released in the form of an x-ray. The number and energy of the x-rays emitted from a
specimen can be measured by an energy dispersive spectrometer. As the energy of the x-rays
is characteristic of the difference in energy between the two shells, and of the atomic structure
of the element from which they were emitted, this allows the elemental composition of the
specimen to be measured [82].
Advantages: This analysis is very quick, versatile; inexpensive.
Limitations: Size restrictions on samples; samples must be vacuum compatible (not ideal for

organic material); limited sensitivity for elements with low atomic number.

2.7 Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) technique provides specific information
about chemical bonding and molecular structures, making it useful for analyzing organic
materials and certain inorganic materials. Chemical bonds vibrate at characteristic frequencies,
and when exposed to infrared radiation, they absorb the radiation at frequencies that match
their vibration modes. Measuring the radiation absorption as a function of frequency produces
a spectrum that can be used to identify functional groups and compounds.
Infra red region of the electromagnetic spectrum extends from 14,000 cm-1 to 10 cm-1. For
chemical analysis, the mid infra-region (4,000 cm-1 to 400 cm-1) is the region of most interest
as it corresponds to the vibrational energy of most of the molecules. All molecules vibrate,
even at a temperature of absolute zero. In general, a polyatomic molecule with N atoms has
3N−6 distinct vibrations. Each of these vibrations has an associated set of quantum states In IR
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spectroscopy the IR radiation induces a jump from the ground (lowest) to the first excited
quantum state. Not all possible vibrations within a molecule will result in an absorption band
in the infra red region. To be infrared active, the vibration must result in a change of dipole
moment during the vibration. This implies that vibrations in homonuclear diatomic molecules
such as Hydrogen (H2), Nitrogen (N2) and Oxygen (O2) will not be IR active, as these
molecules have zero dipole moment and these stretching will not result in any corresponding
IR band in the spectra. In contrary, for heteronuclear diatomic molecules such as carbon
monoxide (CO) and hydrogen chloride (HCl), which do possess a permanent dipole moment,
infrared activity occurs because stretching of this bond leads to a change in dipole moment
(dipole moment = charge ⋅ distance). For interpretation of an IR spectrum it is necessary to
refer to correlation tables of infrared data. There are many different tables available for
reference [132].

A typical IR instrument contains a source for IR radiation, an interferometer, a sample
chamber, detector and a computer to perform the Fourier transformation. There are a variety of
techniques for sample preparation dependent on the physical form of the sample to be
analysed. For solid there are two main methods for sample preparation involving the use of
Nujol mull or potassium bromide disks. In case of liquid samples, a drop of the sample is
placed between two potassium bromide or sodium chloride circular plates to produce a thin
capillary film. The plates are then placed in a holder ready for analysis. To obtain an infrared
spectrum of a gas requires the use of a cylindrical gas cell with windows at each end
composed of an infrared inactive material such as KBr, NaCl or CaF2. The cell usually has an
inlet and outlet port with a tap to enable the cell to be easily filled with the gas to be analyzed
[175].

Advantages:

It is a quick and relatively cheap technique; useful in identifying many

functional groups using their characteristic stretching frequencies. IR spectrum of a compound
is unique and therefore it can be used as a fingerprint for this compound. IR analysis is non
destructive and the samples can be recovered back.
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Limitations: Limited surface sensitivity (typical sampling volumes are ~0.8 µm); minimum

analysis area: ~15 micron. This technique has limited application in inorganic chemistry. This
analysis is normally not quantitative (for quantitative analysis we need standards and
calibration).

In the present work, this technique was used to characterize polymeric compounds using their
specific absorption bands for specific functional groups in the monomer as well as in the
polymer formed.

2.8 T1 quantification using Look-Locker measurement
T1 values were measured at 1.5T using a multi-image IR sequences (also known as a “LookLocker” sequence [115], details of which are explained in chapter 1 (section 1.6.7). In brief the
Look-Locker (LL) sequence consists of an initial inversion pulse followed by a train of pulses
with constant, limited flip angle. The inversion pulse prepares the longitudinal magnetization,
which from then on recovers exponentially according to T1 relaxation. The small flip angle
pulses sample this build up. The resulting signal provides a set of measurements along the T1
decay curve, from which the T1 can be estimated using a least square procedure. Scheffler et
al. [164] suggested the balanced-Steady State Free Precession (b-SSFP) sequence to read out
the magnetization in the LL sequence. The recovery curve is apparently less perturbed by the
readout pulses than in the fast low angel shot (FLASH) readout sequence, provided the sample
does not have a short T2 since the image contrast is proportional to T1/T2.
In this work, b-SSFP look-locker sequence was used (Fig. 2.5). The time integrated area (over
one TR between any two RF excitation pulses) of each gradient waveform in all gradient
direction is zero. The name b-SSFP refers to this zero net area property and in such a way to
balance the gradient waveform and RF pulses. A SSFP signal is generated with b-SSFP.
Advantages of using b-SSFP readout are that it provides higher signal-to-noise ratio (SNR)
and has less impact on the T1 relaxation curve [62, 185]. Data acquisition was performed with
the following sequence parameter [1.5/12000/16° repetition time (ms) / echo time (ms) /flip
angle (°)], spatial resolution of 1 mm3, and temporal resolution of 30 ms.
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Figure 2.5: (A) b-SSFP Look Locker Sequence. The signed gradient areas of slice-select GS, phase-encoding GP,
and read-gradient GR are zero within one TR. Due to the complete refocusing of transverse magnetization; the
longitudinal magnetization oscillates between ± α/2 around the z-axis [164].

T1 values were calculated from the MR magnitude data of a region of interest (ROI) in the
center of the sample by fitting of the data to a three parameter exponential function (2)
applying a Levenberg-Marquardt optimization algorithm (Mat Lab, Math Works Inc.).

S (t ) = a − b ⋅ e −

t

T1

(2)
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2.9 T2 and T2*quantification by MRI
Basically T2 values are obtained from a set of images measured at different echo times. For T2
quantification multi spin-echo experiment is used with an echo train length of 8 and echo
spacing of 10 and 15 ms. Each echo of the echo train is encoded with the same phase encoding
gradient for a specific TR. The transverse magnetization was monitored by measuring the
intensity of the echoes during the sequence. The entire decay curve was acquired during one
echo train, which makes this measurement a very efficient one. The final T2 values were
calculated by fitting a mono exponential function to the acquired data S (t). All analyses were
done based on the magnitude MRI data. Since in the magnitude data, noise will add a constant
offset to the measured data [121], the model of exponential decay of the signal was extended
by a constant offset term yielding

S (t ) = S 0 e

− t

T2

+n

(3)

A pixel-by-pixel monoexponential fitting procedure is performed on the data set employing
least squares minimization, and a value for T2 is calculated for each voxel over the region of
interest.
T2* weighted imaging and T2* mapping based on gradient echo sequences are widely used in
many biomedical applications of MRI, such as functional MRI, evaluation of iron
concentration in tissues , detection of organ lesions, and cell tracking [121]. However, one
well-known problem associated with T2*weighted imaging and T2* mapping is that
physiologically relevant or contrast agent induced changes in T2* weighted signal intensity are
masked by signal losses caused by macroscopic field inhomogeneity [121], which may
originate from magnet imperfections, poor shimming, tissue–air interfaces, etc. As a result,
T2*quantification by conventional gradient-echo imaging methods are generally thought to be
useful only when macroscopic field inhomogeneity is negligible [69]. In the present work the
T2*quantification is obtained by using gradient echo sequence. 16 gradient echoes with echo
spacing between 3 and 7 ms were used to acquire the values. The final T2* values were
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calculated by fitting a mono exponential function to the acquired data S(t). All analysis was
done based on the magnitude MRI data. Since in the magnitude data, noise will add a constant
offset to the measured data, the model of exponential decay of the signal was extended by a
constant offset term [69] yielding

S (t ) = S 0 e

−

t
T2*

+n

(4)

However these measured values also suffered from the superimposed magnetic field
distortions ∆B0, causing a more rapid decay of the MRI signal S(t), resulting into
underestimation of the resulting T2* values. For reduction of the impact of the superimposed
Bo variation, the following model (developed by Prof. Dr. rer. nat. Volker Rasche, University
Hospital Ulm) was used to correct all the measured values acquired by using gradient echo
sequence. Details of the model is given in the Section I

Section I

Author: Prof. Dr. rer. nat. Volker Rasche, Department of internal medicine II, University

Hospital Ulm, Germany

S (t ) = S (t )e

− t

T 2 , I − t T 2 , ∆B 0

e

= S (t )e




−  t * + t *

T
T
2
,
2
,
∆
I
Bo



= S (t )e

(

− t R 2* , I + R 2* ,∆B 0

)

(5)

According to the model, the measured value in the T2* map can be interpreted as:
R2* =

1
= R2*, I + R2*, ∆B 0
*
T2

(6)

Knowledge of R2*,∆B0 enables calculation of the iron-induced contribution to the measured T2*
value T2,I* according to
T2*, I =

1
1
= *
*
R2, I R2, I − R2*, ∆Bo

(7)
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For a course estimation of the local values, the resulting T2* value in the surrounding agarose
gel is compared to the expected value T2, ref*, which is defined as the maximal T2* value over
the phantom. R*2,∆B0 for the agarose gel is calculated according to Eq. 6 and used for local offresonance correction according to Eq. 7.
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Chapter 3
Characterization of MRI contrast agent loaded polymeric
nanocapsules as versatile vehicle for targeted imaging

Part A– An inverse miniemulsion approach
Magnetic resonance imaging (MRI) has evolved as a prominent imaging technique in
diagnostic clinical medicine and biomedical research due to its non-invasiveness, excellent
contrast resolution, and good (submillimeter) spatial resolution [25, 33]. Signal in MRI is
dependent on the local relaxation properties and densities of the nucleus under investigation.
For proton imaging, the resultant image contrast is governed by the differences in longitudinal
(T1) and transversal (T2) relaxation properties of protons [88, 127]. The relaxation properties of
tissues can be altered by the administration of contrast agents prior to scanning [204]. These
contrast agents are defined as chemical compounds that are capable of markedly altering the
local relaxation properties of the water protons in tissue. The efficiency of a contrast agent to
change the relaxation rate is represented quantitatively as relaxivity, with r1 being the
relaxivity corresponding to T1 relaxation or longitudinal relaxation (defined as the time
required to build up 63% of the longitudinal magnetization) and r2 being the relaxivity
corresponding to the T2 relaxation or transverse relaxation (defined as the time after which
37% of the initial transversal magnetization is lost) [111, 126]. Relaxivities are usually
expressed in mM-1⋅s-1 [114]. Recent contrast agents are based on complexes of paramagnetic
and superparmagnetic metal ions such as complexes of Fe3+, Gd3+, and Mn2+, which show high
magnetic moments and thus a high relaxation efficiency [22].

58
In general, there are two classes of MR contrast agents. Positive contrast agents, which
predominantly cause shortening of the T1 relaxation and negative contrast agents, which
predominantly cause shortening of the T2 relaxation. Positive contrast agents are usually
comprised of paramagnetic gadolinium (Gd3+) complexes. These contrast agents increase the
rate of energy exchange between the nuclear spin system and the environment and hence
reduce T1. These contrast agents generate a signal enhancement on T1-weighted MRI images.
Negative contrast agents are usually based on superparamagnetic components, which increase
local dephasing of the spins due to the introduced field perturbations. The increased dephasing
causes a signal decrease on T2 and T2* weighted images. Examples here are superparamagnetic
iron oxide particles (SPIOs) and ultra small SPIOs (USPIOs) [4, 188].

Although MRI has good spatial resolution, it suffers from its rather low sensitivity in detection
of low-concentrations of local contrast agent’s aggregations as in the case of targeted contrast
agent imaging. Since for this application the limiting factor is the number of local receptor
sites, the relaxivity per binding site of a certain contrast agent must be optimized. This can
either be achieved by optimization of the relaxivity of the compound or by increasing the
contrast agent load per binding site.

The relaxivity of paramagnetic complexes mainly depends on the water exchange between
bulk water and water bound to the chelated Gd3+and on the rotational correlation time of the
Gd3+ ions [32]. The rotational correlation time can be increased by conjugating the Gd3+
chelates to macromolecular objects like dendrimers [29, 206], liposomes [192], micelles [189],
and nanoparticles [125].

Several approaches for increasing the local contrast agent load per potential binding site have
been introduced. Turner et al. [189] used gadolinium-labeled-shell cross-linked nanoparticles
(40 nm diameter) which resulted into r1 of 39 mM-1⋅s-1 per Gd3+ ion (0.47T) and possess 510
Gd3+ion per particle, which resulted in r1 of 2⋅104 mM-1⋅s-1 per nanoparticle. In another
approach based on perfluorocarbon, Wickline et al. [125] reported more than 90,000 Gd3+ ion
per particle. This resulted into an ion based r1 relaxivity of 17.9 mM-1⋅s-1 and particle based
relaxivity of 1.69⋅106 mM-1⋅s-1. The diameter of the nanoparticle used was approximately 250
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nm. This was a very promising approach as it incorporated a large number of gadolinium
diethylenetriaminepentaacetic acid (Gd-DTPA) complexes on the surface of perfluorocarbon
nanoparticles. Zhilang et al. [35] synthesized paramagnetic porous polymerosomes where the
encapsulated Gd3+ chelates were attached to dendrimers, with a diameter of the polymersomes
in the order of 125 nm. On an average 44,000 Gd3+ were encapsulated within each
polymersome. These polymersomes resulted into relaxivity values of 7.2 mM-1⋅s-1 per Gd3+
and 315, 637 mM-1⋅s-1 per vesicle. The higher relaxivity was achieved by a slower rotational
rate (caused by the attachment to the dendrimer) while maintaining an efficient water
exchange due to the porosity of the polymerosome. In another approach [161], Ru (bpy):
Gd3+/SiO2 nanoparticles were synthesized using water-in-oil (W/O) microemulsion system.
These paramagnetic silica nanoparticles with a diameter of approximately 100 nm have been
reported to exhibit a r1 of 9.0 mM-1⋅s-1 per Gd ion (4.7T) and contain 16,000 Gd3+ ions per
nanoparticle, which resulted in a r1 value of 140,000 mM-1⋅s-1 per nanoparticle. Winter et al.
[211] have used lipid encapsulated, perfluorocarbon nanoparticles for fibrin detection and for
the detection of the molecular signature of angionesis. They have compared Gd-DTPAphosphatidylethanolamine (PE) with Gd-DTPA-bis-oleate (BOA) nanoparticles. Gd-DTPABOA paramagnetic nanoparticles present more than 50,000 Gd-DTPA chelates on the surface
of a 250 nm nanoparticle, with molecular relaxivity in excess of 1,000,000 mM-1⋅s-1.
Substitution of Gd-DTPA-BOA with Gd-DTPA-PE resulted in a molecular relaxivity of
2,480,000 mM-1⋅s-1 per nanoparticles. This enhancement in relaxivity is likely due to the faster
water exchange with the surface gadolinium. The ion-based relaxivities at 1.5T for Gd-DTPABOA and Gd-DTPA-PE were 17.7 and 33.7 mM-1⋅s-1 respectively. The encapsulation of
gadolinium complexes inside apoferritin spheres was presented by Aime et al. [5].
Approximately 10 units of the hydrophilic gadolinium chelate complex were loaded per
apoferritin sphere, this approach resulted in a very high relaxivity value of about 80 ± 5 mM1 -1

⋅s . This increase was interpreted as a result of multiple interactions between the Gd3+, water

molecules, and exchangeable protons. Another approach was developed by Reynolds et al.
[152]. The nanoparticles loaded with gadolinium salt in an intermediate layer caused a
reduction in the relaxation time. Since relaxivities were not reported, a comparison with
commercial contrast agents is not possible.
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An enhancement in the relaxivity after encapsulation of the contrast agent into polymeric
shells or attachment to macromolecules in the above discussed cases is likely due to reduction
in the rotational correlation time of the Gd3+ chelate. Besides an enhancement in the relaxivity,
a further important advantage of the multimeric contrast agent encapsulation into polymeric
shells results from the potential high payload of the contrast agent per vesicle and the potential
for surface functionalization. The resulting higher amount of contrast agent per binding site is
supposed to significantly increase the sensitivity of MRI, especially in molecular imaging
applications. Consequently, agents with many efficiently relaxing paramagnetic centers
confined into a small space are advantageous over large macromolecules with only few Gd3+
centers [114]. For a non-invasive monitoring of local intravesicle delivery with MRI, Chen et
al. [34] encapsulated Gd-DTPA into biodegradable, bioadhesive polymeric micro particles.

Recently, we have introduced the concept of applying the principle of inverse miniemulsion
[39] to encapsulate different contrast agents like Magnevist® (Schering, Germany), Gadovist®
(Schering, Germany) and Multihance® (Bracco, Italy) in various types of polymeric shells
[88], resulting in stable capsules with high concentration of contrast media. Miniemulsion is
defined as a system where small droplets with high stability in a continuous phase are created
by using the high shear. The system is called a “direct miniemulsion” if the dispersed phase is
hydrophobic and an “inverse miniemulsion” if the dispersed phase is hydrophilic. In general,
the use of miniemulsions technique allows producing small, stable droplets, obtained by
intense shearing of a mixture containing hydrophobic monomer, water, surfactant and a
hydrophobe (terminology is used when process is direct miniemulsion) or liphophobe
(terminology is used when process is inverse miniemulsion). For the stable production of these
polymeric nanocapsules phenomenon of Ostwald ripening and coalescence process needs to be
suppressed. Coalescence is the process of aggregation of two droplets to form one larger
droplet through collision, while Ostwald ripening is defined as the process whereby large
droplets grow at the expense of smaller ones due to the transport of dispersed phase molecules
from the smaller to the larger droplets through the continuous phase. Stablization against
coalescence can be obtained by means of addition of suitable surfactants which can act as
steric or electrostatic stabilizing agents. Ostwald ripening can be suppressed by the addition of
hydrophobe or liphophobe to the dispersed phase. This liphophobe acts as an osmotic pressure
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agent and cannot diffuse from one droplet to other and some agent is trapped in each droplet.
This provides an osmotic pressure inside the droplets, which counteracts the Laplace pressure
(Laplace pressure is the pressure difference between the inside and the outside of a bubble or
droplet). The use of the miniemulsion technique thus produces small stable droplets and
subsequent polymerization of these droplets leads to particles or capsules, which ideally keep
their size [106, 107, 184].

In the presented work, contrast agent loaded nanocapsules were synthesized using inverse
minemulsion technique. Various types of nanocapsules were synthesized using different kind
of monomers and contrast agents. The relaxivity values of the resultant nanocapsules were
measured by MRI. The chemical composition of the polymeric nanocapsules was investigated
by Fourier Transform-Infra Red Spectroscopy (FT-IR). Location of the contrast agents within
the nanocapsules was studied by using various analytical techniques like TEM, EFTEM,
STEM, and EDX spectroscopy. Further as a proof for the stability of these capsules the
effectiveness of the contrast agent loaded nanocapsules were assessed in the physiological
fluid, human blood plasma.

3A.1 Materials and Methods
3A.1.1 Synthesis of nanocapsules*

Magnetic resonance contrast agent loaded nanocapsules were prepared by an inverse
miniemulsion technique [88]. In a typical synthesis procedure, 0.05 g monomer-1 [1,6hexanediol (Aldrich) for polyurethane nanocapsules, diethylenetriamine (Aldrich) for
polyurea, and dextran (Mw ~70,000 g⋅mol-1, Fluka) for crosslinked dextran nanocapsules]
were dissolved in 0.65 g water (for reference capsules without any contrast agents) or contrast

*

The contrast agent loaded nanocapsules were provided by Dr. Umaporn Paiphansiri, (Prof. Katherina

Landfester group) MPI Mainz.
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agent solution [Magnevist® (Gd-DTPA, Schering AG Berlin, Germany), Gadovist®
(Gadobuterol, Schering AG Berlin, Germany), Multihance® (Gadobenate dimeglumine,
Bracco, Italy)] for contrast agent loaded nanocapsules along with 0.015 g NaCl (Fischer) in a 5
ml glass vial. This mixture was added to a surfactant solution of P (B/E-b-EO) [consisting of a
poly (butylene-co-ethylene) block (Mw = 3700 g⋅mol-1) and a poly (ethylene oxide) block
(Mw = 3600 g⋅mol-1) synthesized by anionic polymerization [166]] in 3.75 g cyclohexane
(VWR). After stirring for 1 h, the miniemulsion was homogenized in an ice-cooled bath by
ultrasonication for 3 min at 70% amplitude with a Branson sonifier W450 digital (6.4 mm tip).
Then a mixture containing 0.14 g monomer 2 [tolylene-2, 4-diisocyanate (TDI, Fluka)],
surfactant P (B/E-b-EO) and cyclohexane were added continuously over a time period of 300 s
with constant stirring. In the case of polyurethane and crosslinked dextran capsules, the
interfacial polyaddition was done at 60 °C and for polyurea capsules at room temperature.
To redisperse the nanocapsules in an aqueous medium, 0.6 g of the nanocapsules in the
cyclohexane phase were mixed with an aqueous solution of 30 mg sodium dodecyl sulphate
(SDS) dissolved in 18 g of water. The mixture was stirred for 1 h at 40 °C. Then the
redispersion was kept in an ultrasonication bath for 5 min to avoid the aggregation of the
nanocapsules before further vigorous stirring at 40 °C for 12 h. A schematic representation of
a typical synthesis is shown in Fig.3A.1.
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Addition of cyclohexane + surfactant

Addition of Monomer 2

1 h stirring
followed by
ultrasonification

Transfer to
water phase
with SDS
monomer 1 + contrast agent+lipophobe(NaCl)
Cyclohexane + Surfactant P(B/E-b-EO)

MRI measurements

Figure 3A.1: Schematic representation of the synthesis of contrast agent loaded polymeric nanocapsules by
inverse miniemulsion approach.

For the evaluation of the impact of monomer-1 versus monomer-2 ratios on the relaxivity of
encapsulated contrast agents, the molar ratio of monomer-1(diol) versus monomer-2 (TDI)
was varied. Different nanocapsules were prepared using four different diol:TDI ratios (1:2,
1:4, 1:8, 1:10) keeping the amount of diol constant.

3A.1.2

Preparation of dilution series for reference experiment of gadolinium based

contrast agent

As reference experiments, dilution series of Magnevist®, Gadovist® Multihance® were
prepared in water. A stock solution with a Gd3+ concentration of 5 mM was prepared by
adding 100 µl of Magnevist® (concentration of commercially available Magnevist® is 0.5 M
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solution) in 10 ml of water, 50 µl of Gadovist® (concentration of commercial available
Gadovist® is 1 M) solution in 10 ml of water and 100 µl of Multihance® (concentration of
commercially available Multihance® is 0.5 M) solution in 10 ml of water. This stock solution
was further diluted with a requisite amount of water to get dilution series ranging from 1 mM
to 0.0625 mM of Gd3+ concentration and the T1 values were measured at a 1.5T MRI
instrument.
3A.1.3 Quantification of gadolinium content*

The total concentrations of gadolinium (Gd3+) in the stock solutions (encapsulated
nanocapsules in aqueous phase) were determined by Inductively Coupled Plasma - Optical
Emission Spectroscopy (VARIAN-Vista-Pro, CCD-simultaneous ICP-OES). The sample
preparation for analysis included a microwave digestion for 1 h at 150 °C after adding
HNO3/aq. H2O2. Then the resultant mixture was used for the analysis of Gd3+content by ICPOES. The concentration of Gd3+ containing solution includes the concentration error of ± 4%.

3A.1.4 Characterization by electron microscopy

Transmission electron microscopy (TEM) experiments were performed on a Philips EM400
microscope operating at 80 kV. A drop of diluted aqueous nanocapsules suspension was
mounted on 400 - mesh carbon coated copper grids and dried at room temperature. The size
distribution of the nanocapsules was measured by dynamic light scattering technique (DLS)
using a zeta Nanosizer (Malvern Instruments, U.K.) at a single scattering angle of 173° and a
temperature of 25°C. The shell thickness was determined by averaging the shell thicknesses of
several capsules (15±5) in TEM images.

TEM analysis was also performed after freeze drying the sample. For freeze drying, the
samples were adsorbed on a carbon coated 3 mm electron microscopical copper grid and were

*

These measurements were done by Dr. Dirk Dautzenberg, Institute for radiochemistry, TU-Munich, Germany.
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fast frozen in liquid propane super-cooled by liquid nitrogen. Later the grids were transferred
to a freeze etching device BAF 300 (Blazers) and freeze dried at -90 °C in a vacuum of about
10-6 mbar. Sample was then coated with 6 nm of carbon by electron beam evaporation. Then
these samples were warmed up to room temperature and imaged in a 200 kV Philips TEM at
an accelerating voltage of 10 kV *.

Energy filtered TEM (EFTEM) and scanning TEM (STEM) investigation was done at a CM
20 TEM at 200 kV in conventional bright field (BF) mode, and in Titan 80-300 at 300 kV in
BF mode respectively. Samples were prepared from concentrated colloidal solutions. A soapy
bubble was inflated from the above solution and a carbon-coated copper TEM grid was placed
on it, so that a thin film of the solution covered the whole grid. The grid was then dried in air
at room temperature for 30 h before analysis.

3A.1.5 Gadolinium content per capsule

The number of Gd3+ ions per capsule was calculated on the basis of assumptions that all the
Gd3+ is inside the capsule, and all monomers added forms the polymer. On the basis of solid
mass (PM) of the polymer, overall volume of the polymer is calculated by Pv =

PM
ρ

with ρ

being the density of the polymeric nanocapsule (1.21 g·cm3 for polyurethane) and PM (0.19 g).
4
3
Volume of one capsule was calculated using the formula PvC = π rc3 − (rc − S T ) . (rc= 100
3

[

]

nm, ST = 20 nm, GdM = 0.051g ). The number of capsules (nc) was then computed using the
formula nc =

Pv
Gd M
. The Gadolinium load per capsule (GdMC) is obtained by Gd MC =
.
C
Pv
nc

6.023 ⋅ 10 23 ⋅ Gd MC
Gadolinium complex per capsule was then obtained by the formula Gd =
,
157
c
p

where 157 is the molar mass of Gd.

*

Analysis was done by Prof. Paul Walther (Central Electron Microscopy Unit, University of Ulm), and Dr.

Andrey Chuvilin (Electron Microscopy Group of Materials Science, University of Ulm) Ulm, Germany.
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3A.1.6 Stability studies

To prove the stability of the nanocapsules two separate experiments were done. In the first
experiment the redispersed (in water) contrast agent loaded nanocapsules were dialyzed with
an Amicon membrane (exclusion Mw 30,000) against water for 5 h at 2000 rpm in a
centrifuge. The concentration of Gd3+ in the resultant solution containing the capsules
(supernatant solution) was quantified using ICP-OES and on the basis of the concentration so
obtained a series of concentrations of Gd3+ was made. Relaxivity value of the resultant series
was then measured by MRI (explained in section 3A.1.7).

Second experiment was done in a physiological fluid human blood plasma which was
collected from the blood bank. The aim was to prove that nanocapsules were stable in
physiological fluid and the Gd3+ complexes were well inside the nanocapsules. For this
purpose, two different types of polymeric shell (polyurethane- and dextran-) encapsulated,
Multihance® loaded nanocapsules were used. These nanocapsules (which were in the water
phase) were then added in requisite amount to plasma medium. The concentration of Gd3+ in
the resultant plasma medium containing the capsules was quantified using ICP-OES and on
the basis of the concentration so obtained a series of concentrations of Gd3+ was made.
Relaxivity value of the resultant series was then measured by MRI (explained in section
3A.1.7).

3A.1.7 MRI relaxivity measurements and data analysis

Relaxivity values of different encapsulated and non-encapsulated contrast agents were
determined in water and plasma. All imaging experiments were performed at 1.5T on a
clinical scanner (Intera, Philips Medical Systems) using a standard head coil. b-SSFP-Look
Locker [37, 115] technique [1.5/12000/16° echo time (ms) / repetition time (ms) /flip angle
(°)], spatial resolution of 1 mm3, temporal resolution of 30 ms was used to measure the
longitudinal relaxation rate (1/T1 in s-1)). Longitudinal relaxivities (r1) were retrieved from a
dilution series containing varying Gadolinium (Gd3+) concentrations in water and in human
plasma (Details of T1 calculations are explained in section 2.8). The longitudinal relaxation
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rate (1/T1 in s-1) was plotted against Gd3+ concentration (mM) of the sample and the slope was
calculated according to equation (1) yielding the value of r1 relaxivity:

1
obs
1

T

=

1
+ r1[C ]
d
T1

(1)

where 1/T1obs is the relaxation rate of the sample containing Gd3+ and 1/T1d is the relaxation
rate of the reference sample without Gd3+ (i.e. is pure water/plasma), C is the concentration of
Gd3+ (in mM) and r1 is the slope of the linear correlation (equal to relaxivity in mM-1⋅s-1).

3A.2 Results and Discussion
3A.2.1 Effect of various biodegradable polymeric shells on the relaxivity

Efficient water exchange through the polymeric shell is one of the key factors which affect the
T1 relaxivity of encapsulated contrast agents. Magnevist® was encapsulated by using three
different biodegradable polymeric shells i.e polyurea, dextran, and polyurethane. Relaxivity
values of the resultant polymeric shell encapsulated contrast agent loaded nanocapsules are
given in Table 3A.1 (For detailed T1 data refer Appendix A, Table A.1). Sizes of these
nanocapsules as measured by DLS and TEM are shown in Table 3A.1
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Table 3A.1: Effect of different polymeric shells on diameter and relaxivity of encapsulated Magnevist®
nanocapsules in water phase.

Polymeric

Average size

Shell

(nm)*

PDI

Average

Average shell

Relaxivity

Size

thickness

(mM-1⋅s-1)

(nm)£

(nm)$

R2#

Polyurethane

250.45 ± 29.15

0.281

170

24

4.35 ± 0.035 0.999

Dextran

301.25 ± 30.7

0.534

190

20

4.40 ± 0.080 0.999

Polyurea

210 ± 30.7

0.281

220

23

4.60 ± 0.027 0.998

*

Measured by DLS; £ Measured by TEM; $ Measured by TEM.

#

R2 is measure of goodness of fit of linear regression.

DLS measurement shows higher diameter in case of dextran shell encapsulated Magnevist®
nanocapsules as compared to polyurea and polyurethane shells encapsulated Magnevist®. The
size of nanocapsules depends on several factors namely the chemical nature, molecular weight,
viscosity and interfacial tension. Increased size in case of dextran encapsulated contrast agent
nanocapsules could be due to the reason that dextran (which is used as monomer for cross
linked dextran nanocapsules) is a polysaccharide having high molecular weight (70,000 g⋅mol1

) as compared to 1,6 hexanediol (monomer used for polyurethane shell nanocapsules) having

molecular weight (118.17 g⋅mol-1) and diethylenetriammine (monomer used for polyurea shell
nanocapsules) and its structure comprises of long chains as compared to short chain structures
of 1,6 hexanediol and diethylenetriammine. Thus high molecular weight and increased
viscosity after ultrasonification due to long chain structure in the case of dextran could be the
possible reason for the observed increase in size. However in the case of diameter obtained
from TEM the reduction in size could be due to shrinkage of the nanocapsules during the
process of drying while sample preparation for TEM.

TEM images of these nanocapsules are shown in Fig. 3A.2 (A, B) for polyurea and dextran
shell nanocapsules, respectively and Fig. 3A.5 (B) for polyurethane shell. The T1 relaxivity
values of these encapsulated contrast agents were 4.35 ± 0.035 mM-1·s-1, 4.40 ± 0.08 mM-1·s-1
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and 4.60 ± 0.027 mM-1·s-1 for Magnevist® encapsulated in polyurethane, cross linked dextran
and polyurea nanocapsules as shown in Table 3A.1. The non-encapsulated Magnevist®
solution showed a relaxivity of 4.08 ± 0.01 mM-1·s-1 as shown in Table 3A.3.

A

B

Figure 3A.2: TEM image of (A) Polyurea encapsulated Magnevist® nanocapsules in water phase (B) Dextran
encapsulated Magnevist® nanocapsules in water phase.

It was observed that all polymeric nanocapsules are capable of maintaining the relaxivity of
the contrast agent. It can be pointed out that the required sufficient water exchange between
the water bound to the contrast agent and free water molecules in the continuous phase is well
obtained through these polymeric shells.

3A.2.2 Effect of polyurethane encapsulated different contrast agents on relaxivity

Three different types of gadolinium-based contrast agents were loaded in polyurethane-shell
nanocapsules (i.e. Magnevist® (gadopenteate dimeglumine), Gadovist® (gadobutrol), and
Multihance® (gadobenate dimeglumine)). These three contrast agents were chosen because of
the differences in their chemical structure and functionalities. Magnevist® has a linear
structure and is ionic in nature (Fig. 3A.3). Multihance® is also linear and ionic in nature, but
compared with the gadopentetate chelate structure of Magnevist®, the gadobenate chelate of
Multihance® is characterized by the presence of a (bulky) hydrophobic benzyloxymethyl
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substituent (Fig. 3A.4 (A)). This imparts Multihance® a markedly higher T1 relaxivity in
plasma compared to other gadolinium based agents, due to the weak, transient interaction with
serum albumin [165, 172]. Gadovist® is cyclic and non ionic in nature (Fig. 3A.4 (B)) and is
the only available contrast agent with 1.0 M formulation which is feasible due to its low
viscosity and osmolality [93, 112, 172]. Magnevist® and Multihance® are available in 0.5 M
formulation. Relaxivity values of these encapsulated contrast agents are shown in Table 3A.2
(For detailed T1 data refer Appendix A, Table A.2).
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Figure 3A.3: Structure of DTPA moiety of Magnevist® contrast agent.

CO2H
COOH
HOOC

N

N

O

N

N

N

N

OH
N

COOH
COOH

HOOC

HO2C

BOPTA

(A)

CO2H

OH
OH

DO3AB
(B)

Figure 3A.4: Structure of BOPTA moiety of Multihance® contrast agent (A) and DO3AB moiety of
Gadovist® contrast agent (B).

As shown in Table 3A.2 for nanocapsules loaded with water and NaCl (i.e. control
nanocapsules without contrast agent) the average diameter is 105 nm as measured by DLS and
120 nm as measured by TEM. As compared to nanocapsules without contrast agents,

71
nanocapsules loaded with different contrast agents show an increase in size (Table 3A.2). This
may be due to water diffusion from the continuous aqueous phase into the core as there is a
higher concentration of the dissolved molecules in the core (NaCl + gadolinium complex) as
compared to capsules without contrast agents [88].
Table 3A.2: Effect of polyurethane encapsulated different contrast agents loaded nanocapsules on diameter and
relaxivity in water phase.

Polyurethane

Average size

(PU)

(nm)*

PDI

Average

Average

Relaxivity

Size (nm)£

shell

(mM-1⋅s-1)

nanocapsules

R2#

thickness
(nm)$

without CA**

105.00 ± 10.01

0.125 120

14

NA

with Magnevist®

301.25 ± 48.45

0.281 170

24

4.35 ± 0.035 0.999

with Gadovist®

258.8 ± 11.10

0.308 190

22

4.73 ± 0.035 0.998

with Multihance®

217.25 ± 32.25

0.250 170

26

5.64 ± 0.18

NA

0.998

**

CA- Contrast Agent; *Measured by DLS; £ Measured by TEM; $ Measured by TEM. # R2 is measure of goodness of fit
of linear regression.

TEM images show a dark rim on the inner border of the capsule shell for contrast agent-loaded
nanocapsules indicating the presence of high density gadolinium on the inner surface of the
shell (Fig. 3A.5 (b,c and d and Fig. 3A.10)).
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Figure 3A.5: TEM image of (a) polyurethane encapsulated nanocapsules without contrast agents, (inset represents
one single capsule magnified from the cluster of capsules) (b) with contrast agent Gadovist® (inset represents one
single capsule magnified from the cluster of capsules) (c) with contrast agent Multihance®(inset represents one
single capsule magnified from the cluster of capsules) (d) with contrast agent Magnevist® (inset represents one
single capsule magnified from the cluster of capsules).

This rim is not present in nanocapsules without contrast agent Fig. 3A.5 (a). The resultant
relaxivity values of these polyurethane encapsulated contrast agents are shown in Table 3A.2
(For detail T1 data refer appendix A, Table A.2). For reference, we measured the relaxivities of
non-encapsulated or free contrast agent’s solution under the same experimental condition. The
results are presented in Table 3A.3 (For detail T1 data refer appendix A, Table A.3).
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Table 3A.3: Relaxivity values of nonencapsulated contrast agents used as reference.

Contrast agents

Relaxivity (mM-1⋅s-1)

R2#

Magnevist®

4.08 ± 0.010

0.999

Gadovist®

4.37 ± 0.033

0.999

5.63 ± 0.088

0.999

®

Multihance
#

R2 is measure of goodness of fit of linear regression.

The relaxivity values of the encapsulated contrast agents show a slight increase compared to
their non-encapsulated counterparts. This observation could be due to the adsorption (or the
entrapment) of the contrast agents to the inner surface of the polymeric shell which may have
resulted in a slower tumbling rate of the gadolinium complex.

3A.2.3 Effect of variation of monomer ratios on relaxivity

For the assessment of the optimal nanocapsule design, shell properties such as monomer ratios
and the resulting stiffness and capsule diameters of the shell were investigated. Variation of
the amount of monomer 2 (TDI) reveals diameters of the resultant capsule between 100 and
200 nm (Table 3A.4). Main impact of increasing the TDI appears to be increasing stiffness of
the shell material. Increasing amount of TDI increases the number of isocyanate groups
(NCO), which can react with groups other than the OH of the diol. Reaction sites can either be
the dimeglumine containing reactive groups, for instance hydroxyl and amine groups, or water
resulting in the formation of urethane and urea, which can significantly increase the stiffness
of the formed polymer shell [105]. The crosslinked structure formed will impact the chain
flexibility as can be demonstrated by the glass transition temperature (Tg) of the nanocapsules,
which increase with increasing TDI content (-16.7, -15.9, -8.5 and -2.8 °C for OH:TDI molar
ratio from 1:2 to 1:10)*. There is no substantial influence on the relaxivity values with
increase in TDI (Table 3A.4) and the resultant capsules are found to be similar without any
obvious change in morphology as shown by TEM images (Fig. 3A.6).

*

Provided by Dr. Umaporn Paiphansiri, (Prof. Katherina Landfester group) MPI Mainz
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For vascular applications, the size of the nanocapsules should be in the range of 150 - 280 nm
[110, 195]. Thus nanocapsules obtained by varying the ratio of diol:TDI are all within this
range and have almost similar relaxivity.
Table 3A.4: Effect of different moles of TDI for a constant mole of Diol on diameter and the relaxivity values of
polyurethane encapsulated Magnevist® nanocapsules in water phase.

R2#

Molar ratio of

Amount Average

Relaxivity

diol:TDI

of TDI

Size

(mM-1⋅s-1)

(g)

(nm)£*

1:2

0.14

170 ± 25

4.35 ± 0.03

0.999

1:4

0.28

110 ± 20

4.48 ± 0.01

0.999

1:8

0.56

190 ± 40

4.37 ± 0.06

0.999

1:10

0.70

120 ± 20

4.40 ± 0.04

0.999

£

Measured by TEM. # R2 is measure of goodness of fit of linear regression.
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Figure 3A.6: TEM image of polyurethane encapsulated Magnevist® nanocapsules in water phase with diol:TDI
molar ratio (A) 1:2 (B) 1:4 (C) 1:8 (D) 1:10.

3A.2.4 Distribution of the contrast agent within the nanocapsule

In Magnevist® contrast agent, Gadolinium ion (Gd3+) with three positive “unit charges” is
traped in a negatively charged chelate consisting of the dimeglumine salt of diethylenetriamine-pentaacentic acid (DTPA) which has 5 negatively charged carboxyl groups (5 unit
charges). The Gd-DTPA ion has two negative charges (+3-5 = -2) and is accompanied by 2
positively charged meglumine ion for electron neutrality. Contrast agent can bind to the
polymeric shell either due to the reaction of the DTPA part or due to the dimeglumine part
with monomer 2 (TDI) during synthesis. However, in the absence of any direct proof for the
above hypothesis (which functional group of contrast agent is reacting), indirect evidences can
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be obtained from the FT-IR spectral studies and from the synthesis of nanocapsules using
Magnevist® (Gd-DTPA) as monomer 1 and TDI as monomer 2.
FT-IR spectra of Magnevist® + TDI, Diol+ TDI and Magnevist®+Diol+TDI (obtained with
cyclohexane as continuous phase before transfer to the water phase) are shown in Fig. 3A.7.
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Figure 3A.7: Combined FT-IR Spectra of Magnevist® + TDI, Diol+ TDI & Magnevist®+Diol+TDI.

The peak at 2230 cm-1 is due to the isocyanate group (NCO) present in TDI (monomer-2, and
is seen in the resultant polymer when monomer-1 (1, 6-hexanediol) is used during synthesis
[166]. This peak is also seen when, instead of monomer 1, Magnevist® (Gd-DTPA) was added
in the synthesis. The IR studies and the morphology of the nanocapsules prepared without
addition of hexanediol (Magnevist® + TDI) indicate that one of the components present in
Magnevist® can participate in the polyaddition reaction with TDI. The presence of the
isocyanate peak in the resultant polymer shell indicates that TDI still has some open sites for
reaction. But a complete disappearance of 2230 cm-1 peak was observed when both 1, 6hexanediol and Magnevist® (Gd-DTPA) were added during synthesis. This indicates a
complete consumption of binding sites of the reactive isocyanate group of the TDI due to the
presence of two reactants.
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This binding was further supported by the synthesis of nanocapsules using Magnevist® (GdDTPA) as “monomer 1” and TDI as monomer 2. TEM images of the resultant nanocapsules
are shown in Fig.3A.8. The resulting nanocapsules showed the relaxivity value, 4.46 ± 0.040
mM-1·s-1 (for detail T1 data refer appendix A, Table A.5) indicating a similar binding of the
contrast agent components as in the diol-Magnevist®-TDI nanocapsule.

1 µm

Figure 3A.8: Nanocapsules synthesized by using Magnevist® as monomer 1 and TDI as monomer 2. (inset
represents one single capsule magnified from the cluster of capsules).

Further, distribution of the contrast agent within these nanocapsules was visualized by energy
filtered TEM (EFTEM), scanning TEM (STEM) and energy dispersive x-ray spectroscopy
(EDX) studies. The EFTEM image (Fig. 3A.9 (A)) and the complementary STEM image (Fig.
3A.9 (B)) of the Magnevist® loaded nanocapsules clearly demonstrate that an element with a
high atomic number (Gd3+) forms a thin layer mostly on the inner surface of the shell. The
elemental map of Gd3+ (Fig. 3A.9 (C)) proves the presence of Gd3+.
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Figure 3A.9: EFTEM image (A) and the complimentary STEM (B) image of an encapsulated Magnevist®
nanocapsule and elemental mapping of Gd3+ in the same capsule (C).
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Figure 3A.10: TEM image of encapsulated Magnevist® nanocapsule after freeze drying at higher magnification
and EDX spectrum.
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Further, to avoid diffusion of water during sample preparation, the samples were freeze dried
and TEM images along with EDX measurements were obtained (Fig. 3A.10). Analysis of the
dark rim section shows the presence of a gadolinium peak at 6.0 kV.

3A.2.5 Stability studies

Since the solubility of contrast agent complex in organic solvent is very poor [88], gadolinium
complexes stay inside the capsules in the cyclohexane phase. However, during the
redispersion of these capsules from cyclohexane phase to the aqueous phase, the complex may
leak out of these capsules either by diffusion or by breakage of the capsules. To prove the
stability of these encapsulated nanocapsules two different experiments were performed:
1) Dialysis experiment (in water medium) for polyurethane-encapsulated Magnevist® loaded
nanocapsules.
2) Stability studies of polyurethane (PU) and dextran shell encapsulated Multihance® in the
physiological fluid (blood plasma).
Dialysis studies were carried out for polyurethane-encapsulated Magnevist® nanocapsules for
5 h and the Gd3+ content of the dialysed sample was measured by ICP-OES. MRI studies done
for the dilution series made from the dialysed samples resulted in a relaxivity value of 4.33 ±
0.022 mM-1⋅s-1, indicating a stable encapsulation of the contrast agent.

Furthermore, stability of the nanocapsules was studied in physiological fluid (blood plasma).
Multihance® encapsulated in two different polymeric shells i.e. polyurethane (PU) and dextran,
were redispersed in water and plasma separately and the respective relaxivity values were
measured (Table 3A.5). The r1 relaxivity values of non-encapsulated Multihance® in water and
plasma were 5.63 ± 0.08 mM-1·s-1 and 7.18 ± 0.05 mM-1·s-1 respectively (For detailed T1 data
refer Appendix A, Table A.7 and A.8). Significant increase in the relaxivity in plasma medium
is due to the weak binding of Multihance® to the protein serum in human plasma [165, 172].
Because of this weak binding, the relaxivity increases considerably in human blood plasma
compared to water. PU-encapsulated Multihance® showed relaxitives of 5.64 ± 0.18 mM-1·s-1
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in water and 5.46 ± 0.038 mM-1·s-1 in plasma. Relaxivities of dextran-encapsulated
Multihance® are found to be 5.42 ± 0.066 mM-1·s-1 in water and 5.58 ± 0.032 mM-1·s-1 in
plasma. The unpaired TTest yields (p>0.05) for relaxivity values measured in water and blood
plasma indicating no difference between the values obtained in two different medium. From
this it can be concluded that no substantial amount of free Multihance® is present in the
plasma. Thus the contrast agent is well inside the polymer nanocapsules and stable in the
physiological fluid plasma.
Table 3A.5: Relaxivity values of encapsulated Multihance® in polyurethane and dextran shell in plasma and
water. For reference, relaxivity values of nonencapsulated Multihance® in water and plasma are shown.

Sample

Relaxivity

R2#

(mM-1⋅s-1)
Non encapsulated Multihance® in water

5.63 ± 0.08

0.999

Non encapsulated Multihance® in plasma

7.18 ± 0.055

0.999

PU encapsulated Multihance in water

5.64 ± 0.18

0.999

PU encapsulated Multihance® in plasma

5.46 ± 0.038

0.941

Dextran encapsulated Multihance® in water

5.42 ± 0.066

0.999

Dextran encapsulated Multihance® in plasma

5.58 ± 0.032

0.992

®

#

R2 is measure of goodness of fit of linear regression.

3A.2.6 Gadolinium content per capsule

For finding the number of gadolinium complex per capsules, two assumptions were made, all
the monomers added to the reaction mixture is used for polymer formation and all the Gd3+
complexes are well inside the capsules (section 3A.1.5). The average diameter of nanocapsules
is taken as 200 nm with an average shell thickness of 20 nm (from TEM). the number of
capsules obtained from the respective solid content was 7.6 ⋅ 1013. The gadolinium mass per
capsule resulted as 0.67⋅ 10-15g with respective number of gadolinium complexes per capsules
of 2.5⋅ 106. This resulted into capsule based relaxivity of 10.75 ⋅ 106 mM-1⋅s-1.
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3A.3 Conclusion

Polyurethane-, polyurea- and crosslinked dextran-encapsulated contrast agents (Magnevist®,
Gadovist®, and Multihance®) were synthesized using an inverse miniemulsion technique. The
diameter of the nanocapsules could be adjusted to the range between 200 and 250 nm by
proper adjustment of the process parameters. Maintained or even slightly increased relaxivity
of the encapsulated contrast agents in the different biodegradable polymeric shells indicates an
efficient water exchange through the shells and hence offers flexibility in choosing the shell
material for encapsulation. Various characterization techniques were used to locate the
contrast agents within these nanocapsules. The EFTEM, STEM, and EDX maps showed a
more pronounced Gd3+ signal at the inner walls of the shell, indicating binding of the complex
within the shell. FT-IR results support the binding of the contrast agent complex to the
polymer shell as the nanocapsules can be prepared through polyaddition reaction in inverse
miniemulsion without addition of hexane 1, 6-diol. Relaxivity values of the dextran- and
polyurethane-encapsulated Multihance® nanocapsules in the plasma medium further supports
that the gadolinium complex is well trapped within the nanocapsules. The high payload
contrast agent per nanocapsule in the order of approximately 2.5 ⋅ 106 Gd3+ complexes per
capsule results in a capsule relaxivity in the order 10.75 ⋅ 106 mM-1·s-1 per nanocapsule
enabling high payloads of contrast agent per available binding site.

Thus, the simple production process (synthesis of these nanocapsules is a single step process),
biocompatible and porous shells, stability in physiological fluid like plasma, the high payload
and relaxivity, and the potential for functionalization [136, 218] make these contrast agent
loaded nanocapsules a promising versatile vehicle for targeted imaging.
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Part B. Gel Approach*
In the first part of this work we applied the principle of inverse miniemulsion to encapsulate
various contrast agents in different polymeric shells by using different kinds of monomer 1(1,
6-hexanediol, dextran, diethylenetriamine). These nanocapsules showed maintained relaxivity
or slightly enhanced relaxivity values compared to the commercially available contrast agents
and were stable in physiological fluid, plasma. After successful encapsulation of the contrast
agent in a polymeric shell, our next target was to use this strategy of encapsulation to enhance
the relaxivity to an appreciable extent. Relaxivity value can be enhanced by reducing or
slowing down the rotational motion or tumbling motion of the gadolinium complex [33]. To
achieve this, attempt was made to use gels as monomer 1 during synthesis and their impact on
the relaxivity of encapsulated contrast agent was studied. The choice of using gels as monomer
1 instead of 1, 6-hexanediol, for polymeric shell synthesis was due to the fact that the resultant
polymers might provide an environment where the rotational rate may decrease because of the
high molecular weight and very viscous nature of gels. Here we have used two types of
polymeric gels: polyacrylic acid (PAA) and Poly acrylamide gels (PAAm). These gels differ
in their surface charges, PAA is anionic or negatively charged gel and PAAm is nonionic or
neutral gel.

The overall aims of this particular study were: (1) To increase the relaxivity by using long
chain, high molecular weight gels as monomer-1 during the synthesis of polymeric shells, to
provide highly cross linked shell and a viscous environment. (2) To understand whether the
presence of charge on the gel affects the morphology of nanocapsules and finally the relaxivity
of encapsulated contrast agents.

*

The contrast agent loaded nanocapsules, dilution series samples, TEM and DLS data were provided by Dr.

Umaporn Paiphansiri, (Prof. Katherina Landfester group) MPI Mainz, the analyses and interpretation of these
data along with detailed MRI characterization and analyses were done by the author.
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3B.1 Materials and Methods
3B.1.1 Synthesis of cross linked gel core encapsulated gadolinium based contrast agent
nanocapsules.

Contrast agent loaded nanocapsules in cross linked gel core were synthesized by the following
synthesis procedure: For the dispersed phase a known amount (0.625 mg (UPN-5), 1.25 mg
(UPN-6), 1.87 mg (UPN-7), 2.5 mg (UPN-8) and 3.125 mg (UPN-3)) of Polyacrylamide
(PAAM, Mw = 200,000 g⋅mol-1, Aldrich) or (0.625 mg (UPN-9), 1.25 mg (UPN-10), 2.5 mg
(UPN-12) and 3.125 mg (UPN-13)) of polyacrylic acid (PAA, Mw = 450,000 g·mol-1 Aldrich ),
with 15 mg of NaCl (Fischer), were dissolved in 650 mg of contrast agent solution, i.e.
Magnevist® (Gd-DTPA, Schering AG Berlin, Germany), containing 0.83 mg of fluorescent
marker Sulforhodamine. This mixture was then added to a surfactant solution of P (B/E-b-EO)
[poly (butylene-co-ethylene) block (Mw = 3700 g⋅mol-1) and a poly (ethylene oxide) block
(Mw = 3600 g⋅mol-1) synthesized by anionic polymerization] in 3.75 g cyclohexane (VWR).
After intensive pre-stirring at room temperature for 1 h, the inverse miniemulsion was
performed by ultrasonifying the mixture in an ice-cooled bath for 3 min with pulses of 10 s
and pauses of 10 s at 70% amplitude (Branson sonifier W450 Digital, tip size 6.5 mm). The
interfacial polyaddition reaction was carried out at 25°C for 18 h by the addition of a mixture
containing 0.14 g monomer-2 [Tolylene-2, 4-diisocyanate (TDI, Fluka)], surfactant P (B/E-bEO) and cylcohexane. Redispersion in water phase was done by using CTMACl surfactant.
0.5 g of the obtained nanocapsules in the cyclohexane phase was mixed with 18 g of a 0.25 wt.
% cetyltrimethyl ammonium chloride (CTMACl) aqueous solution under vigorous stirring at
25 °C for 1 h. Then the redispersion was subjected to an ultrasonification bath for 5 min to
avoid the agglomeration of the nanocapsules before further extensively stirring at 25 °C for 12
h.
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3B.1.2

Stability studies for cross linked Gel encapsulated Magnevist ®contrast agent

loaded nanocapsules in water.

To study the stability of nanocapsules in water medium, the redispersed contrast agent loaded
nanocapsules, redispersed in water, were dialyzed with Amicon membrane (30,000 MW)
against water for 3 h, at 2500 rpm in a centrifuge, during this process the water for dialysis
was replaced with fresh water after every 1 h. The concentration of Gd3+ in the resultant
solution inside the Amicon membrane after dialysis (supernatant solution) was analyzed using
ICP-OES. The known concentration of Gd3+ was used for making series of concentrations of
Gd3+ solution and T1 values were then measured by MRI. Relaxivity values were then obtained
from the plot of 1/T1 vs. Gd3+ concentration. Details about MRI measurements and data
analysis are explained in section (3A.1.7).

3B.1.3 TEM and DLS characterization of the nanocapsules

Transmission electron microscopy (TEM) experiments were performed on a Philips EM400
microscope operating at 80 kV. A drop of diluted aqueous nanocapsules suspension was
mounted on 400 - mesh carbon coated copper grids and dried at room temperature.
The size distribution of the nanocapsules was measured by dynamic light scattering technique
(DLS) using a zeta nanosizer (Malvern Instruments, U.K.) at a single scattering angle of 173°
and a temperature of 25°C.

3B.2 Results and Discussion
3B.2.1 DLS studies of the encapsulated nanocapsules

Sizes of nanocapsules loaded with Magnevist®, synthesized by using PAAm gel and PAA gel
were measured by DLS. Results are shown in Table 3B.1 and Table 3B.2.
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Table 3B.1: Effect of use of PAAm gel amount during synthesis on the diameter of encapsulated Magnevist®.

Sample
UPN5
UPN7
UPN8
UPN3

Wt. of PAAm
gel (mg)
0.625
1.875
2.5
3.125

Wt % of PAAm gel for
0.625 g of Magnevist®
0.1
0.3
0.4
0.5

Diameter in
water (nm) *
157
209
278
314

PDI
0.19
0.28
0.40
0.42

*

Measured by DLS

The size of Magnevist® encapsulated in nanocapsules having gel content of 0.625 mg is 157
nm. By increasing the amount of gel content from 0.625 mg (0.1 wt %) to 3.125 mg (0.5 wt
%) the diameter of the resultant capsule also increases from 157 nm to 314 nm. This behaviour
could be explained by the swelling of the nanocapsules. This swelling occurs during the
redispersion process and it is caused by the osmotic pressure difference between the
nanocapsules and outside water medium [2, 179]. The extent of swelling is directly
proportional to the amount of gel content and thus likely cause the increase in capsule
diameter with increase in gel content in the aqueous phase. However, for nanocapsules
synthesised by using PAA gel the increase in amount of gel shows a different behaviour. As
shown in Table 3B.2 the size of Magnevist® encapsulated in nanocapsules having gel content
of 0.625 mg is 303.2 nm. By increasing the amount of gel content from 0.625 mg to 3.12 mg
there is slight decrease in diameter from 303.2 nm to 264 nm. Although this decrease is not
very substantial, this behaviour is opposite to the behaviour of the nanocapsules synthesized
using PAAm gel.

Table 3B.2: Effect of PAA gel amount on the diameter of encapsulated Magnevist®.

*

Sample

Wt of PAA
gel (mg)

Wt % of PAA gel for
0.625 g of Magnevist®

Diameter in
water (nm) *

PDI

UPN9
UPN10
UPN12
UPN 13

0.625
1.25
2.5
3.125

0.1
0.2
0.4
0.5

303.2
333.6
294.1
264.5

0.391
0.378
0.391
0.030

Measured by DLS
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In this case, PAA gel is negatively charged and thus increase in the amount of gel might have
led to increased cross linking of polymeric network in gel making them progressively rigid
[131, 212] and thus the resulting nanocapsules are compact in structure and smaller in size.
Thus use of two different types of gels during synthesis shows significantly different effect on
size of the nanocapsules.

3B.2.2 TEM analysis of the encapsulated nanocapsules

TEM
show the
A images of the nanocapsules (both in aqueous phase and cyclohexane phase)
B
morphologies of the resultant capsules after encapsulation. TEM images of the aqueous phase
capsules were taken after dialysis. TEM image of contrast agent loaded nanocapsules
synthesized by using PAAm gel is shown in Fig. 3B.1 (A), in this particular case, the
nanocapsules were synthesized by adding 2.5 mg (UPN 8) PAAm gel in cylcohexane phase.
These nanocapsules were redispersed in water and were dialysed and the TEM image of the
washed capsules in aqueous phase is shown in Fig. 3B.1 (B). From these micrographs, it could
be clearly understood that these nanocapsules retain their shapes and morphologies after
transferring from the cyclohexane phase to the aqueous phase.
Another important point to be noted is even after applying mechanical stress like centrifuge,
they retain their morphologies which show the stability of these nanocapsules in water phase.
A

B

Figure 3B.1: TEM image of Magnevist® encapsulated in nanocapsules synthesized by using 2.5 mg of PAAm gel
(UPN 8) (A) in cyclohexane phase (B) water phase- Courtesy Dr.Umaporn Paiphansiri, (Prof. Katherina
Landfester group) MPI Mainz.
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TEM image of the nanocapsules synthesized by using PAA gel is shown in Fig. 3B.2. Despite
the surface charge difference in these gels, the morphologies and stabilities are found to be
similar to the nanocapsules synthesized using PAAm gels. This shows the versatility of this
synthesis procedure.

Figure 3B.2: TEM image of Magnevist® encapsulated in nanocapsules synthesized by using of 1.25 mg (UPN 10)
of PAA gel in cyclohexane phase- Courtesy Dr.Umaporn Paiphansiri, (Prof. Katherina Landfester group) MPI
Mainz.

3B.2.3 MRI Studies of the Magnevist® loaded nanocapsules

MRI studies of the Magnevist® loaded nanocapsules synthesized by using different gel
precursors (PAAm and PAA) were done and the relaxivity values are tabulated in Table 3B.3
and 3B.4 (For detailed data refer appendix A ,Table A.7 and A.8).
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Table 3B.3: Relaxivity values of Magnevist® encapsulated nanocapsules synthesized by using PAAm gel for
synthesis.

*

Sample

Wt. of PAAm gel
(mg)

Relaxivity
(mM-1⋅s-1)

R2

Magnevist®

NA

4.08 ± 0.010

0.999

Encapsulated nanocapsule*

NA

4.35 ± 0.035

0.999

UPN5
UPN7
UPN8
UPN3

0.625
1.25
2.5
3.125

8.15 ± 0.023
7.99 ± 0.05
7.85 ± 0.030
8.48 ± 0.05

0.992
0.977
0.984
0.984

Nanocapsule synthesized using 1, 6 hexanediol as monomer-1.

In the case of PAAm gel, there is clear enhancement in the relaxivity values compared to the
non-encapsulated Magnevist® solution. The enhancement in the relaxivity value is much more
pronounced compared to the Magnevist® loaded nanocapsules synthesized using 1, 6
hexanediol. Hexane, 1-6 diol (Mw = 118.17 g⋅mol-1) is a small monomer and PAAm is a long
chain polymer (Mw = 45,000 g·mol-1). Thus they give different effects. In the case of
hexanediol, during synthesis, the active sites are completely consumed resulting in a
polyurethane shell having component or components of contrast agent binding on to the inner
side of the nanocapsule. But in the case of gels, the aqueous core containing polymer is
viscous in nature. Although the polymer can participate in the polyaddition reaction, not every
unit reacts with TDI. This could be due to the viscosity and the polymer having many reactive
units than the TDI available. This results into polyurethane-co-urea shell surrounding gel core,
which is more viscous than that obtained from the first case.
Table 3B.4: Relaxivity values of Magnevist® encapsulated nanocapsules synthesized by using PAA gel.

Sample

Wt. of PAA gel(mg)

UPN9
UPN10
UPN12
UPN 13

0.625
1.25
2.5
3.125

Relaxivity
(mM-1⋅s-1)
7.53 ± 0.027
7.89 ± 0.140
7.65 ± 0.037
7.80 ± 0.031

R2
0.972
0.975
0. 981
0.981
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Polyacrylamide gels (PAAm) gels are nonionic or neutral gels and have highly cross linked
network of polymer chains. PAA is a polyelectrolyte and its characteristic features arise from
the electrostatic repulsion between the chains as opposed to the entangled nature of their
uncharged counter parts PAAm gel. Each unit of PAA contains carboxylate group, which
provides an overall negative surface charge [53, 58, 135]. The total number of charge depends
on the number of carboxylate groups.

The presence of gel creates a large number of cross linkages and hydrogen bonding with the
water molecules [208] and this might be the reason for the clear enhancement of relaxivity
values in the presence of gels. Water molecules travel through the network and are brought in
close proximity to the paramagnetic surface. Since PAA [100] contains large number of
pendant carboxylate groups, there might be an additional effect of hydrogen bonded water
proton to carboxylate groups and contribute to second sphere relaxivity. Thus, by clustering
high number of paramagnetic species within small aggregate surrounded by highly crossed
network and viscous environment due to the presence of gel may have resulted in
enhancement of relaxivity of encapsulated Magnevist® contrast agent. Further, gels are
macromolecules and some binding of contrast agent and shell of nanocapsules to this
macromolecule might have resulted into overall reduction in rotational correlation time (τR)
and thus might have contributed to increased relaxivity. Thus high molecular weight of gels as
compared to diol and more viscous nature may be the reasons for enhancement in relaxivity in
later case. However enhancement is seen in both cases i.e. PAA and PAAm gel. Thus charge
on gel doesn’t seem to have any direct effect on the relaxivity of encapsulated Magnevist®
contrast agent.

3B.3 Conclusion
The use of gels in the synthesis of Magnevist® loaded nanocapsules has clearly enhanced the
relaxivity values to a very significant extent (p<0.05).These nanocapsules are very stable to
mechanical stress and they retain their morphologies even after transferring them to the
aqueous phase. The enhancement of relaxivity values is due to the viscous nature of the gels
and highly cross linked network of the resultant polymer. Surface charge in the polymers
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doesn’t seem to affect the relaxivity values. Thus this particular strategy of using gels in the
synthesis of polymeric nanocapsules for encapsulating the commercial contrast agents like
Magnevist® has found to be very effective. However, further characterization is needed to
interpret the observed MRI results.
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Chapter 4
MRI studies of iron-PLLA nanoparticles and iron labeled
Mesenchymal stem cells
Stem cells are a subset of cells that has self-renewing capacity and under appropriate
conditions can give rise to several mature cell lineages [191]. There are basically two types of
stem cells (A) embryonic stem cells (B) non embryonic stem cells (also called as somatic or
adult stem cells). Embryonic stem cells are derived from embryos. Non embryonic stem cell or
adult stem cell is thought to be an undifferentiated cell found among the differentiated cells in
a tissue or organ that can renew it and can differentiate to yield some or all of the major
specialized cell types of the tissue or organ. The primary role of adult stem cells in a living
organism is to maintain and repair the tissue in which they are found. In 1950s, researchers
discovered that bone marrow contains at least two kinds of stem cells. One population, called
hematopoietic stem cells, forms all the types of blood cells in the body. Few years later, a
second population, called bone marrow stromal stem cells (also called mesenchymal stem
cells) was discovered [81]. In this work we have used MSCs stem cells which are non
embryonic in origin. Details about the current research and features of these cells are discussed
in the following section.

Mesenchymal stem/stromal cells (MSCs) are multipotent stem cells that have the capability
for self-renewal and can differentiate into various mesenchymal tissues, like osteoblasts,
myocytes and adipocytes upon appropriate stimulation [43, 73, 80, 141, 186]. Besides bone
marrow [81, 59], other sources for obtaining these cells include extra-embryonic tissues such
as amniotic membrane [7], placenta [61] and umbilical chord [16, 32]. According to the
standard criteria, (set by the International Society for Cellular Therapy, 2004) a specific
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phenotype for cultured MSC is marked by the expression of cell surface markers including
CD44, CD73, CD90 and CD105 with a concomitant absence of CD45 and CD34 [46].
Isolation of these cells is done by using several methods like ordinary size sieving [85], long
term cultivation under specific conditions [142, 193] and fluorescence activated cell sorting
(FACS) based approaches [117, 147, 167]. One of the prominent characteristics of MSCs is
that they are adherent to tissue culture plastic within 24 to 48 hours. These plastic adherent
adult stem cells are routinely used in medical therapies [68, 140]. Recently cellular-based
therapies using stem cells are being evaluated as possible treatment options for acute and
chronic diseases such as stroke, myocardial infarction, liver diseases, spinal cord injury,
Parkinson’s disease systems [51, 52, 76, 86, 99, 129, 134, 162, 170]. These cell-based tumor
therapies and stem cell–based tissue repair have prompted the need for a high spatial
resolution, sensitive imaging tool for the in vivo cell tracking [9, 13, 123].

MR imaging has been proven to be an effective tool for the in vivo tracking of stem cells
because of its non invasive nature and high spatial resolution [11, 13, 87]. In order to detect
stem cells using MRI, these cells have to be labeled with MR contrast agents. For this purpose,
iron oxide nanoparticles, such as superparamagnetic iron oxide particles (SPIO) have been
used, because of their high sensitivity for cell detection and their excellent biocompatibility
[18, 51, 92, 96, 198, 199, 203, 213]. SPIO particles are composed of an iron oxide core and a
dextran, carboxydextran or starch coat. These iron oxide based contrast agents are easily
detectable on T2-weighted images, even better on T2*-weighted images due to their
susceptibility effects. [10, 14, 183]. Techniques like gradient echo techniques (used for T2*weighted images), which do not compensate for dephasing are particularly sensitive to detect
the presence of iron oxide magnetic nanoparticles in the concentration, as small as 1µM. Also,
visualisation of single-cell by using MR micro imaging has been reported by several authors
[63]. Other advantages of using iron oxide particles for cell imaging are as follows [30].

•

These particles consisting of thousands of iron atoms provide signal change
(hypointense) per unit of metal on T2/T2* weighted images, thus generating
contrast even at low concentration (µmol – nmol range), resulting in very high
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relaxivities of up to 200 mM-1⋅s-1. This helps in overcoming the inherent low sensitivity
associated with MRI.
•

Presence of surface coatings like carboxydextran or dextran, allows the
functionalisation of the surface with a wide variety of targeting moieties such as
peptides, antibody (derivatives), nucleic acids, or aptamers and thus can be used as a
vehicle for target specific binding [118, 137].

•

These particles can be easily detected by light and electron microscopy.

•

These particles can change their magnetic properties with change in their sizes, so they
can be magnetically manipulated. Thus with controllable sizes, their dimensions can
match either that of a virus (20– 500 nm), of a protein (5–50 nm) or of a gene (2 nm
wide and 10–100 nm long) [24].

The commercially available, clinically approved, iron based SPIO contrast agents for human
use include Endorem® /Feridex®, Resovist®, and Combidex®. Contrast agents like Feridex®
and Resovist® are mainly used for liver and lymph node imaging. For cell labeling; these SPIO
particles can be either bound to the external surface of the cell membrane or internalized into
the cytoplasm. Success in the characterization of the iron distribution (cell bound or free) are
not widely achieved since mainly T2- and T2*-weighted MR images, which enable only
qualitative data analysis with signal intensity measurements, are acquired [70, 180, 181].
However studies done by Kuhlpeter et al [103], shows some interesting experiments and
results to discriminate free from intracellular /cell bound iron on the basis of

T2/T2*

difference. Further, for cell labeling, these contrast agents should combine with different
commercially available transfection agents. Complexation of these agents (eg. poly-L-lysine,
protamine sulphate etc.) to contrast agents occurs via electrostatic interaction and is an
efficient and effective technique for incorporating the SPIO nanoparticles within endosomes,
thereby labeling the cells that can be detected by MRI [55, 56]. Several studies have been done
to label the cells with these superparamagnetic iron oxide nanoparticles and imaging by MRI.
Harald et al. have used MRI for a qualitative and quantitative in vivo tracking of injected iron
oxide–labeled mesenchymal stem cells (MSC) into rats with acute kidney injury (AKI). Arbab
et al. have labeled mesenchymal stem cells (MSCs), hematopoietic (CD34) stem cells and
other mammalian cells with ferumoxides–protamine sulfatecomplexes (Fe-Pro), and have
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determined the cellular toxicity, functional capacity, and quantitative cellular iron
incorporation using MRI. Amsalem et al. have reported the use of iron-oxide for labeling
mesenchymal stem cells in the infarcted myocardium and the effect of SPIO labeling on the
MSCs cells [8, 11, 54, 55, 71, 75, 87, 90, 117, 163, 216].
Although, SPIO particles labeled, cell tracking by MRI has several advantages, inability to
escape from reticuloendothelial system (RES) and fast clearance rate by phagocytic cells are
certain disadvantages.Thus, there is a need to develop advanced magnetic nanoparticle probes
for the next-generation molecular MR imaging [91]. Recently, advances have been made in
the development of polymeric nanoparticles. These particles are biodegradable, possess good
potential for surface modification via chemical transformations, provide excellent
pharmacokinetic control, and are suitable for the entrapment and delivery of a wide range of
therapeutic agents. Nanoparticles with coating of gelatins, chitosan, poly(lactic-co-glycolic
acid)

copolymer,

polylactic

acid,

polyglycolic

acid,

poly(alkylcyanoacrylate),

poly(methylmethacrylate), and poly(butyl) cyanoacrylate have been reported in literature [48].
This polymeric coating reduces the immunogenicity, and limits the phagocytosis of
nanoparticles by the reticuloendothelial system, resulting in increased blood levels of drug in
organs such as the brain, intestines, and kidneys. The US Food and Drug Administration
(FDA) have approved biodegradable polymeric nanoparticles, such as PLA and PLGA, for
human use [50].

In our present study, attempt has been made to synthesize iron poly-L-lactide nanoparticles
(iron-PLLA) by using the miniemulsion technique. The advantage of using miniemulsion
process is that it provides the flexibility of controlling the sizes of polymeric nanoparticles,
narrow size distribution and surface, potential for functionalization [108, 109, 120]. It has also
been reported in literature that these nanoparticles show a favorable cell uptake depending on
the toxicity profile of the type of polymer and surfactant used and the available functional
group on the surface for functionalization [167]. Polymeric poly-L-lactide, used for the
synthesis of these nanoparticles, is biocompatible, biodegradable, and possesses low toxicity
in vivo. Thus, it is widely used as a drug carrier for the controlled release of
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pharmacologically active substances and also used for screws, plates and soft-tissue implants
[42, 78, 116, 130, 174, 202].

The overall aims of this study were: (1) To study the MR properties of iron – PLLA
nanoparticles and comparison of their relaxivity values with the commercially available
contrast agent Resovist®. (2) To study the MR properties of Mesenchymal stem cells labeled
with Resovist® and iron particle MU 119-5zd N3+N4.

4.1 Materials
4.1.1 Resovist®

Ferucarbotran (Resovist®, SH U 555 A, Schering AG, Berlin, Germany) is a liver-specific
MRI contrast agent. It is the SPIO particle (magnetite-Fe3O4/maghemite-Fe2O3) coated with
carboxy dextran (r1 is 19.4 ± 0.3 mM-1⋅s-1 and r2 is 185.8 ± 9.3 mM-1⋅s-1). The size of
ferucarbotran is 4.2 nm and its hydrodynamic diameter is 62 nm. The carboxydextran coating
(27-35 mg/ml with an iron to carboxydextran ratio of 1:1 (w/w)) ensures the aqueous
solubility of these micro particles and prevents them from aggregation. It is an aqueous
suspension containing 0.5 mol/l of iron, 40 mg/ml mannitol and 2 mg/ml of lactatic acid that is
adjusted to a pH of 6.5 [150, 173]. For experimental purposes, sample from Batch: 71048C,
(Expiry Date 01.2010) was used. 0.9 ml of the sample was used for filtering the sample
(Resovist® forms cluster during storage, therefore it has to injected in man through a filter)
before preparation of dilution series [167].

4.1.2 Phantoms in Agarose gel for MR studies

The sample preparation and design of experiments in agarose gel were done by Ms Gerlinde
Schmidtke-Schrezenmeier (Clinic of Dermatology and Allergology of the University Hospital
Ulm). A summary of observations from other analytical techniques like FACS, confocal lens
microscopy was provided by Ms. Gerlinde Schmidtke-Schrezenmeier. Relevant informations
are attached in the appendix of this thesis and details of the biological aspect of this work can
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be looked in the desseration titled: “Iron Labeling of Mesenchymal Stem/Stromal Cells for
Magnetic Resonance Imaging: Studies on Poly-L-Lactic Acid-Iron Nanoparticles” submitted
by Ms Gerlinde Schmidtke-Schrezenmeier.

4.2 Methods
4.2.1 MRI Experiments

All MRI imaging experiments were performed on a 3T clinical whole body MR unit (Intera;
Philips Medical Systems, Best, The Netherlands) by using sense flex M coil. T2 maps were
obtained by using spin echo sequence (TR /Echoes / Flip angle: 1500 ms /8 /90º) and T2* maps
were obtained by using gradient echo sequence (TR / Echoes / Flip angle: 500 ms /16 /55º).
Basic sequence design and principles of these sequences are explained in chapter-1 (section
1.6.1 and 1.6.2) in a greater detail. For detailed MRI protocol used for T2 (spin echo) and T2*
(gradient echo) measurement refer Appendix C, Table C.1 and C.2.

4.2.1.1 Data Analysis

Signal intensity (SI) and quantitative MR experimental values were determined by using
region of interest (ROI). The iron concentration was plotted against R2 (1/T2) or R2*(1/T2*).
Relaxivity values (r2, r2*) were obtained from the slopes of the above straight line plots. By
visual inspection of the T2 and T2* maps of the samples, iron labeled cells in the agarose gel
were qualitatively and then quantitatively tested. For getting a single value, three experimental
values were recorded and mean of these values was taken. All the data presented here are the
mean values ± standard deviations. These data (both for gradient and spin echo sequence)
were acquired with 0.25 mm resolution to get a better signal to noise ratio and were compared
with 0.5 mm resolution to confirm the reproducibility of the data.
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4.3 DLS, ICP and TEM analysis of iron –PLLA nanoparticles

Iron-PLLA particles coated with Poly-L-lactide and loaded with iron oxide and fluorescent
dye (PMI) were synthesized using direct miniemulsion technique* (Detailed synthesis
procedure has been given in the Appendix C, section C.1). These iron loaded polymeric
nanoparticles were characterized by ICP, DLS and TEM for their iron concentration, particle
size and spatial distribution of iron respectively. Table 4.3 gives the details of the different
particles and their respective particle sizes and iron content. The values in the table show
substantial variation of iron content at almost constant particle size.
Table 4.1: Sample codes and their respective particle sizes and iron content.

Sample

Dz*[nm]

Amount of iron**[mg/ml]

MU119-1zd N2

115

1.01

MU119-5zdz

113

2.35

MU119-5zdz N2

112

2.68

MU128-1zd

149

0.40

MU130-5zdz

113

2.57

134

2.73

MU 119-5zdz N3+N4
*

Determined by DLS;

**

Determined by ICP

Fig. 4.1 shows the TEM images of these particles, the dark spots within a single particle
represents the location of iron oxide particles. From these images, the difference in the spatial
distribution of iron particles becomes obvious. These particles with different iron content and
distribution were subjected to MRI analysis.
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Figure 4.1: TEM images of iron-PLLA nanoparticles with different amount of iron oxide: (A) MU119-1zd N2
(B) MU119-5zdz (C) MU 128-1zd (D) MU 130-5zdz (E) MU 119-5zdzN2 (F) MU 119-5zdz N3+N4 - courtesy
Markus Urban.

For the sake of clarity this chapter will be discussed separately under 4 sub-headings.
A: MR studies of iron loaded nanoparticles and Resovist®.
B: MR studies of Resovist®/PLL labeled cells.
C: Study of kinetic behavior of Resovist®/PLL labeled cells by MRI.

D: Study of kinetic behavior of MU 119-5zdz N3+N4 labeled cells by MRI.

99

A: MR studies of different types of iron –PLLA nanoparticles and
Resovist®
The main aim of this study is to compare the MR properties of iron–PLLA nanoparticles with
that of the commercially available contrast agent Resovist®. Another aspect is to understand
the effect of iron content, spatial distribution and composition of iron on the MR signal of the
iron-PLLA nanoparticles.

4A.1 Agarose phantom preparation
Different iron loaded polymeric nanoparticles were embedded in an iron normalized (phantom
samples containing identical amount of iron. Iron concentrations were obtained from ICPOES) agarose phantom. For comparison, Resovist® (as positive reference) was also embedded
in a similar way to the agarose phantom. (For detailed procedures for the preparation of these
phantoms refer appendix C, Table C.3 and Table C.4). In brief, each phantom was doped with
different concentration of iron oxide (0, 6.6, 3.3, 1.66 and 0.833 µg Fe/ml). Six different
particles were imaged in two batches. In the first batch, the agarose phantom was doped with
Resovist® along with particles MU 119-5zdz, MU 128-zd and MU 119-1zd N2. In the second
batch agarose phantom was doped with particles MU 130-5zdz, MU 119-5zdz N3+N4 and
MU 119-5zd N2. Particle MU 130-5zdz was loaded with magnetite. All other particles were
loaded with wustite. MR images of the phantoms were obtained on a 3T MRI system.

4A.2 Results and Discussion
MRI studies of the iron-PLLA nanoparticles with different iron content and iron composition
were done to understand their effect on the relaxation times T2 and T2*. Table 4A.1 gives the
T2 and T2* values of these particles (including the dilution series with different iron
concentration) along with Resovist®.
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Table 4A.1: T2 and T2* values of Resovist® and Fe loaded particles.

Sample

T2* Mean value

T2 Mean value

Resovist® 6.6 µg Fe/ml

22.80 ± 1.25

21.93 ± 0.275

Resovist® 3.3 µg Fe/ml

35.45 ± 1.52

33.61 ± 0.245

Resovist® 1.66 µg Fe/ml

47.70 ± 0.62

45.88 ± 2.04

Resovist® 0.833 µg Fe/ml

57.69 ± 0.44

59.02 ± 1.21

MU 119-5zdz 6.6 µg Fe /ml

17.46 ± 0.544

60.72 ± 2.56

MU 119-5zdz 3.3 µg Fe/ml

29.11 ± 1.148

67.23 ± 1.11

MU 119-5zdz 1.66 µg Fe/ml

44.02 ± 3.42

71.42 ± 0.59

MU 119-5zdz 0 .833 µg Fe/ml

58.42 ± 4.68

69.88 ± 4.64

MU 128-zd 6.6 µg Fe/ml

23.31 ± 1.61

24.51 ± 1.62

MU 128-zd 3.3 µg Fe /ml

35.30 ± 2.20

39.29 ± 0.54

MU 128-zd 1.66 µg Fe /ml

47.16 ± 2.90

55.51 ± 0.66

MU 128-zd 0.833 µg Fe /ml

53.29 ± 0.56

69.57 ± 1.88

MU 119-1zd N2 6.6 µg Fe/ml

14.02 ± 1.56

55.98 ± 1.16

MU 119-1zd N2 3.3 µg Fe /ml

26.03 ± 2.10

69.59 ± 4.57

MU 119-1zd N2 1.66 µg Fe /ml

40.87 ± 0.45

75.78 ± 5.68

MU 119-1zd N2 0.833 µg Fe /ml

51.02 ± 6.04

79.32 ± 5.46

Negative control Agarose 2%

59.31 ± 4.01

79.55 ± 13.61

From the values in Table 4A.1 it can be seen that Resovist® along with the three different
particles i.e. MU 119-5zdz, MU 128-zd and MU 119-1zd N2 show strong T2* effect. However,
T2 effect is observed only in the cases of Resovist® and particle MU 128-zd and is hardly
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observed in the cases of particles MU 119-5zdz and MU 119-1zd N2. These observations are
supported by T2 (Fig. 4A.1 (a)) and T2* (Fig. 4A.1 (b)) maps of these phantoms.

a)T2 map

Control

b) T2* map
Row 1

Row 1
Row 2
Row 2

Row 3

Row 3

Row 4
Row 4

Figure 4A.1: (a) T2 and (b) T2* map of Resovist and iron-PLLA nanoparticles in agarose phantom measured at
3T. Row 1: Resovist; Row 2: MU 119-5zdz; Row 3: MU 128-1zd; Row 4: MU 119- 1zd N2. Concentrations
used were 6.6 µg Fe/ml; 3.3 µg Fe/ml; 1.66 µg Fe/ml; 0.83 µg Fe/ml from left to right.

As shown in Fig. 4A.1(b), Resovist (Row 1), particle MU 119-5zdz (Row 2), MU128-1zd
(Row 3) and MU 119-1zd N2 (Row 4) show strong T2* effect resulting into significant
reduction in signal and thus seen as signal void or dark spots in the map. Besides strong T2*
effect, Resovist and particle MU128-1zd show strong T2 effect, that can be seen as dark spots
in their T2 maps. However, T2 map for particle MU119-5zdz (Row 2) and MU 119-1zdz (Row
4) show bright spots (less signal reduction) indicating less T2 effect. Relaxivity (r2 and r2*) of
these particles were obtained by plotting relaxation rates (R2 and R2*) against their iron
concentrations. Graphs showing r2 and r2* relaxivities are shown in Fig. 4A.2 and Fig. 4A.3
respectively. From Fig. 4A.2, it is observed that the highest relaxivity is shown by particle MU
119-1zdz N2 (8.55 µg-1⋅s-1⋅ml) followed by particle MU 119-5zdz (6.39 µg-1⋅s-1⋅ml).
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Figure 4A.2: Relaxivity r2* of iron loaded particles. Plot of R2* (s-1) against concentration of iron (µg
Fe/ml).

The r2* relaxivity of particle MU 128-1zd (4.04 µg-1⋅s-1⋅ml) is close to the relaxivity value of
Resovist (4.38 µg-1⋅s-1⋅ml). Fig. 4A.3 show r2 relaxivity of Resovist and different iron
loaded particles. Here the trend is different, relaxivity values of particle MU 119-1zd N2
(0.8276 µg-1⋅s-1⋅ml) and the particle MU 119-5zdz (0.507 µg-1⋅s-1⋅ml) are much lower than that
of Resovist(4.93 µg-1⋅s-1⋅ml). However, particle MU 128-1zd (4.35 µg-1⋅s-1⋅ml) shows a
relaxivity value that is comparable to that of Resovist.
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Figure 4A.3: Relaxivity r2 of iron loaded particles. Plot of R2 (s-1) against concentration of iron (µg Fe/ml).

For MR studies of the remaining 3 particles, similar phantom preparations were done (for
details refer appendix C, Table C.4). Resovist along with the particles MU 130-5zdz, MU
119 5zdz N3+N4, and MU 119-5zd N2 were embedded in agarose. T2 and T2* mean values for
these particles along with their corresponding standard deviation are shown in Table 4A.2 and
values for Resovist are shown in Table 4A.1.
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Table 4A.2: T2 and T2* values of the second batch of Fe loaded particles.

T2* Mean value

T2 Mean value

MU 130-5zdz 6.6 µg Fe /ml

11.35 ± 0.65

53.01 ±1.69

MU 130-5zdz 3.3 µg Fe/ml

19.65 ± 1.30

58.51 ± 2.33

MU 130-5zdz 1.66 µg Fe/ml

32.84 ± 0.47

62.60 ± 1.87

MU 130-5zdz 0 .833 µg Fe/ml

43.94 ± 3.14

63.42 ± 3.89

MU 119 5zdz N3+N4 6.6 µg Fe/ml

19.31 ± 1.32

59.03 ± 1.82

MU 119 5zdz N3+N4 3.3 µg Fe /ml

31.87 ± 1.86

63.44 ± 2.22

MU 119 5zdz N3+N4 1.66 µg Fe /ml

45.89 ± 2.11

66.31 ± 2.13

MU 119 5zdz N3+N4 0.833 µg Fe /ml

54.03 ± 0.477

67.71 ± 2.23

MU 119-5zd N2 6.6 µg Fe/ml

18.53 ± 6.56

58.09 ± 3.63

MU 119-5zdN2 3.3 µg Fe /ml

29.85 ± 8.25

62.68 ± 3.44

MU 119-5zdN2 1.66 µg Fe /ml

43.34 ± 7.2

65.70 ± 3.45

MU 119-5zd N2 0.833 µg Fe /ml

53.77 ± 6.4

70.29 ± 4.67

Negative Control Agarose 2%

53.19 ± 2.3

70.42 ± 4.01

All these particles show strong T2* but very weak T2 effect. Particle MU 130-5zdz show the
strongest T2* effect. T2 map of the particles MU 130-5zdz and MU 119 5zdz along with
Resovist are shown in Fig. 4A.4(A,B) and T2* map are shown in Fig. 4A.4 (C,D)
respectively. Further the T2 and T2* map acquired for particle MU 119 5zdz N3+N4 along
with MU 130-5zdz and MU 119-5zdz are shown in Fig. 4A.5 (A) and Fig. 4A.5 (B)
respectively. The signal void (dark spots) as seen in T2* maps are in agreement with the
quantitative values shown in Table 4A.2.
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Figure 4A.4: T2* and T2 maps of Resovist® and iron-PLLA nanoparticles in agarose phantom at 3T (A, C). T2 and
T2* map with 0.5 mm resolution & (B, D) T2 and T2* map with 0.25 mm resolution. Row 1: Resovist; Row 2:
MU119-5zdz N2; Row 3: MU 130-5zdz.
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Figure 4A.5: (A) T2 map (B) T2* map of iron-PLLA nanoparticles with high (>2mg/ ml) iron content in agarose
phantom at 3T. 1, 2 are signals from negative control. 3, 4, 5, 6 are signal from particle MU 119-5zdz N3+N4
(concentrations used are 6.6, 3.3, 1.66, 0.83 µg Fe/ml). 7, 8, 9, 10 are signals from particle MU 119-5zdz N2
(concentrations used are 6.6, 3.3, 1.66, 0.83 µg Fe/ml) and 11, 12, 13, 14 are signals from particle MU 130-5zdz
(concentrations used are 6.6, 3.3, 1.66, 0.83 µg Fe/ml).

Fig. 4A.6 shows the r2* relaxivity of these particles. Particle MU 130 5zdz shows highest r2*
relaxivity (10.84 µg-1⋅s-1⋅ml) followed by MU 119-5zdz N2 (8.39 µg-1⋅s-1⋅ml) and MU 1195zdz N3+N4 (5.25 µg-1⋅s-1⋅ml). The r2* relaxivity values of all these particles are higher than
that of Resovist® (4.38 µg-1⋅s-1⋅ml, refer Fig. 4A.5). The r2 relaxivity of these particles are
shown in Fig. 4A.7. It can be seen that all the particles show very weak T2 effect resulting in
very low relaxivity values. Particle MU 130-5zdz shows a relaxivity value of 0.64 µg-1⋅s-1⋅ml
followed by MU 119-5zdz N2, and MU 119-5zdz N3+N4 having relaxivity values of 0.48 µg1 -1

⋅s ⋅ml and 0.39 µg-1⋅s-1⋅ml respectively.
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Figure 4A.6: Relaxivity r2* of iron loaded particles. Plot of R2* (s-1) against concentration of iron
(µg Fe/ml).
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Figure 4A.7: Relaxivity r2 of iron loaded particles. Plot of R2 (s-1) against concentration of iron (µg
Fe/ml).
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Summary of the relaxivity values for all the six particles along with that of Resovist® are
shown in Table 4A.3. Here the unit for relaxivity has been converted from µg-1⋅s-1⋅ml to mmol1 -1

⋅s ⋅L or mM-1⋅s-1. The conversion was carried out by multiplying the relaxivity value in µg-

1 -1

⋅s ⋅ml by 56 g/mol (atomic mass of Fe).

Table 4A.3: Summary of all the relaxivity values.

Particles

r2 relaxivity(mM-1⋅s-1)

r2* relaxivity(mM-1⋅s-1)

MU 130-5zdz

35.78

607.4

MU 119-5zdz N2

27.04

469.84

MU 119-1zd N2

46.25

478.8

MU 119-5zdz

28.39

357.84

MU 119-5zdz N3+N4

22.4

294

MU 128-1zd

243.6

226.2

Resovist®

276.08

245.28

In order to understand the MR behavior of these particles and their effect on T2 and T2*
relaxation times it is important here to discuss in brief about T2 and T2* relaxation times and
effect of superparamagnetic particles on these relaxation times (Details can be seen in section
1.2.2). T2 or spin- spin relaxation time includes only irreversible causes of a loss of phase
coherence (dephasing) of the net magnetisation vectors which add up to make Mxy. These
spin-spin interactions are at the atomic and molecular levels, in which spins affect each other
by their individual oscillating magnetic fields. This changes their frequency of precession
(according to the Larmor equation (section 1.1), and they move out of phase. T2* is like T2, but
with an extra dephasing effects. T2* includes dephasing caused by magnetic field
inhomogeneities and susceptibility effects as well. These also cause variations in the magnetic
field experienced by proton spins. This changes their frequency of precession even more, and
they move out of phase much faster resulting in a faster loss of signal. The T2* relaxation time
is always shorter than the T2 relaxation time (see Table 4A.1 and 4A.2). Dephasing effects
included in T2* (not in T2) are reversible in some circumstances by the spin echo pulse
sequence [84]. The presence of superparamagnetic particles introduces local magnetic field
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inhomogeneties in the system. As protons diffuse through the microscopic magnetic field
inhomogeneties, the protons loose phase coherence due to their Brownian random walks
through the inhomogeneous magnetic field. This, in turn, dramatically shortens T2 relaxation
time. Owing to the predominant T2 effect, these “T2 agents” usually create hypointense
contrast on conventional spin-echo MR sequences. In addition, even without the movement of
water, the magnetic field inhomogeneties and therefore heterogeneity of frequencies within an
imaging voxel can affect the signal intensity (in gradient echo images) by causing intravoxel
dephasing. On gradient-echo images, where T2* effects dominate, these particles induces an
even larger hypointense contrast effect (see Fig 4A.1 (b), 4A.4 (C, D) & 4A.5 (B)). The
microscopic inhomogeneities in the magnetic field induce a rapid dephasing of diffusing water
protons, including those diffusing some distance away. This in turn leads to a “blooming
effect,” that is, an amplification of signal changes. Also it has been reported that T2 relaxation
effect of SPIO particles depends on its spatial distribution: sparsely distributed iron oxide
shows a decreased T2 relaxation [47, 181].
Following the above discussion, behavior of these particles and difference in their effect on the
relaxation rates and hence on the relaxivity could be explained on the basis of their iron
content and the difference in their iron composition. On the basis of iron content, these
particles can be divided into 3 categories: (1) Iron content < 1mg iron/ml (2) Iron content =
1mg iron/ml (3) Iron content > 1mg iron/ml. Particle belonging to the first category i.e. MU
128-1zd with an iron content of 0.40 mg Fe/ml show MR properties similar to Resovist®
which can be seen from its relaxivity values in Table 4A.3. Thus this particle shows strong T2
and T2* effect. Particle belonging to the second category, MU 119-1zd N2, with an iron
loading of 1 mg Fe/ml show strong T2* effect and less pronounced T2 effect. Particles
belonging to the third category i.e. iron content varying from 2.35 to 2.73 mg Fe/ml show very
strong T2* effect, with particle MU130-5zdz showing the highest relaxivity among all the
particles. Besides being the particle with highest iron content, the other factor that makes
MU130-5zdz different from the other particles is that this particle is loaded with magnetite
instead of wustite [167]. Magnetite seems to have better magnetic properties compared to
wustite. Thus the composition of iron oxide also appears to affect the MR properties of these
particles. However, T2 effect in case of all these particles is less pronounced.
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4A.3 Conclusion
From the MRI studies of different iron loaded PLLA particles, it is clear that the, iron content
along with iron composition seems to be effective parameter to influence these relaxivity
values. Although, a relationship between the MR properties and the particle characteristics has
been established, further detailed studies under more controlled conditions are needed to
understand this relationship more clearly. Further, detail experiments are needed to understand
the effect of spatial distribution of iron on the relaxation rates.

B: MR Imaging of Resovist/PLL labeled MSCs cells
The aim of this particular study is to detect the lowest possible number of Resovistlabeled
cells which can give distinguishable MR signal as compared to the unlabeled cell.

4B.1 Agarose phantom preparation
MSCs (Sark02p11) were incubated for 24 h with Resovist®/PLL (50 µg Fe and 0.75 µg PolyL-Lysine (PLL) per ml of incubation medium). MSCs were then trypsinated, washed, stained
with tryphanblue, and counted in a Neubauer chamber. Defined cell numbers were dissolved
in 0.5 ml of PBS then added and homogenized in 2 ml agarose at about 42°C. The agarose
sample was then poured into the holes of the mother phantom. Different samples were
prepared in concentrations of 250 000, 125 000, 625 00, 31 250, 15 600 and 7800 cells/ml of
agarose along with negative control of 250 000 unlabeled cells and positive control of
Resovist [167] (for detailed procedure for the preparation of this phantom, refer appendix C,
Table C.5).

Further to test the sensitivity of the method, an experiment with focus on low cell number was
done. In this case phantom setting was generated by using sample hole with bigger diameter.
For phantom preparation, Resovist was used as positive control. Concentrations of
Resovist/PLL labeled cells used were 32 000, 16 000, 8 000 and 4 000 cells /ml and negative
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control consisting of 32 000 unlabeled cells (for detailed procedure for the preparation of this
phantom, refer appendix C, Table C.6).

4B.2 Results and Discussion
MR measurements were done on a 3T instrument as explained in section 4.2.1. Resovist®
(without cells) show strong T2/T2* effect which can be confirmed by the dark spots seen in T2*
(Fig. 4B.1 (B)) and T2 (Fig. 4B.1 (C)) maps. For Resovist/PLL labeled cells, strong T2* effect
can be seen for the cells from 250 000 down to 15 600 cells/ml. Discrete T2 effect is also seen
for cell samples till 15 600 cells/ml.

Postive control
Resovist -

250 000 labeled cells

125000 labeled cells

62500 labeled cells

A

31250 labeled cells

B

15600 labeled cells

7800 labeled cells

250 000 un labeled cells

C

Figure 4B.1: (A) Phantom setting (B) T2* map (C) T2 map of Resovist®/PLL labeled MSC cells at 3T in
concentration of 250 000, 125 000, 62 500, 31250, 15600 and 7800 cells per ml agarose.

The value of T2* increases with decrease in cell number as shown in Fig. 4B.2. A very strong
T2* effect can be seen for the cell number from 250 000 down till 15 600. T2 values also follow
the same trend i.e. decrease in signal with increase in cell number for the cells from 250 000
down till 312 500 cells/ml. However in case of lower cell numbers of 15 600 and 7800 this
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trend was not observed. Also in case of negative control and probes with 15 600 and 7800
cells, T2 values are lower then T2* [84]. This observation could be because of other factors, as
according to MR physics T2 values are always higher than T2* values. Further in case of T2*,
lower cell number probe appear quite homogeneous on T2* map in contrast to T2 where they
look cloudy or inhomogeneous in appearance.

Resovist Labelled MSCs cells
60
T2/T2*(ms)

50
40

T2*

30

T2

20
10
0
0

50000 100000 150000 200000 250000 300000
Number of labelled cells (0= 250 000 unlabelled cells)

Figure 4B.2: Graph of T2 and T2* (ms) versus Resovist® /PLL labeled cells in concentration of 7800-250 000
per ml agarose 2%. 0 indicates negative control of 250 000 unlabeled cells.

T2 and T2* map for the phantom with lower cell numbers are shown in Fig. 4B.3 (B, C). The
cluster pattern can be seen for the labeled cells. However this pattern is not observed in the
case of negative control with unlabeled cells. Further, signals from Resovist also show
inhomogeneous distribution indicating a “cluster pattern”. It is known that Resovist forms
cluster during storage so it has to be injected through filter only [167].
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Positive control Resovist® 32 000 labeled cells 16 000 labeled cells

8000 labeled cells

4000 labeled cells

A
B

Neg Control 32 000
unlabeled cells

C

Figure 4B.3: T2 and T2*map of Resovist®/PLL labeled cells measured at 3T (A) phantom setting (B) T2 map with
0.25 mm resolution and (C) T2*map with 0.25 mm resolution.

4B.3 Conclusion
MR studies of Resovist® /PLL labeled cells show that cells as low as 15 600 cells/ml can be
detected by MRI and these cells show strong T2* effect and distinguishable T2 effect.
Distribution of iron in the cells was found to be inhomogeneous and cell cluster were seen
down to 4000 cells/ml in the labeled cells.

C: Study of kinetic behavior of Resovist® /PLL labeled cells by MRI
Aim of this study was to know whether the intracellular iron particles can create a MR signal
distinguishable from unlabeled cells after particle removal (particle removal means removal of
iron source from the medium. For this purpose everyday 1/3 of the incubation medium was
substituted to remove free iron for this experiment). Further test was done to distinguish MR
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signal difference between high (lower cell divison rate) and low (higher cell divison rate)
density seeded cells after particle removal.

4C. 1 Phantom preparation in agarose
For phantom preparation, 200 000 and 50 000 MSCs cells/ml were incubated with
Resovist/PLL for 24 h. The cells were dissolved in 0.5 ml PBS and then added to 1 ml of 2%
agarose. Agarose sample was then poured into the holes of the “phantom mother”. For positive
control Resovist (7 µg iron/ml) and for negative control 200 000 unlabeled MSCs cells were
used (detailed procedure for the preparation of this phantoms is available in the appendix C,
Table C.7). This phantom of 0 h was characterized by MRI. Further these 200 000 and 50 000
cells were then subjected to different stimuli for division resulting into high density seeded cell
(HDS) and low density seeded cell (LDS) seeded cells. Test phantom samples of 200 000 and
50 000 cells were created for both low and high density cells and were characterized by MRI
at time intervals 24, 48 and 96 h (for detailed procedure on preparation of these phantoms,
refer appendix C, Table C.8 and C.9). At 144 h, samples with only low density seeded cells
were available and thus only these samples were characterized by MRI.

4C. 2 Results and Discussion
T2 and T2* maps obtained from the MR measurements of phantom at 0 h are shown in Fig.
4C.1. Strong T2* effect can be seen for both 200,000 labeled cells and 50,000 labeled cells as
compared to the negative control (unlabeled cells). Further 200,000 labeled shows stronger
effect then 50 000 labeled cells. This can be more clearly seen from the values shown in Table
4C.2. T2* values for the 200,000 labeled cells is 25.00 ms while for the 50 000 labeled cells it
is 53.75 ms. Further 200,000 labeled cells show similar T2*effect as shown by positive control
Resovist (22.54 ms). These observations suggest that there is an exponential relationship
between concentration and intensity.
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Positive control
(Resovist®)

B

C

D

Positive control
(Resovist®)
200,000 labeled
cells

200,000 labeled
cells

50,000 labeled cells

50,000
labeled cells
Negative
control
(unlabeled

Negative
Control

Figure 4C.1: T2* map (A) 0.5 mm (B) 0.25 mm resolution and T2 map (C) 0.5 mm (D) 0.25 mm for phantom at 0
h.

T2 effect can be seen in case of 200 000 labeled cells (56.16 ms) whereas T2 effect in case of
50 000 cells is undistinguishable from the unlabeled cells (T2 values 69.16 ms & 70.81 ms
respectively). T2 and T2* maps for the cell phantom after 24, 48, 96 and 144 h are shown in
Fig. 4C.2, 4C.3 & 4C.4 respectively.

A

B

A

Negative
control
200,000 LDS

C

D

Negative
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200,000 LDS

50,000 LDS
50,000 LDS
200,000 HDS
50,000 HDS
D

C

Positive
control

200,000 HDS
50,000 HDS
Positive
control

Fig. 4C.2: T2* map (A) 0.5 mm (B) 0.25 mm resolution and T2 map (C) 0.5 mm (D) 0.25 mm for phantom at 24
h.
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Figure 4C.3: T2 map (A) 0.5 mm (B) 0.25 mm resolution and T2 *map (C) 0.5 mm (D) 0.25 mm for phantom at
48 h
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Figure 4C.4: T2* map (A) 0.5 mm (B) 0.25 mm resolution and T2 map (C) 0.5 mm (D) 0.25 mm for phantom at 96
h.
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Figure 4C.5: T2* map (A) 0.5 mm (B) 0.25 mm resolution and T2 map (C) 0.5 mm (D) 0.25 mm for phantom at
144 h.

Table 4C.1 shows quantitative T2* values from 0 h to 144 h along with their standard
deviations. From the quantitative values shown in Table 4C.1 for T2*, it is clear that T2* effect
is seen until 96 h after particle removal in case of 200 000 labeled cells. Signal difference
between high density and low density seeded 200 000 cells becomes significant for the 94 h
sample. However, no difference in the signal and hence in the quantitative values, is observed
in the case of 50 000 low and high density seeded cells. For the 144 h sample, only samples
with low density were available and there was clear T2* effect for the cell numbering 200 000
even at 144 h of particle removal. Further, T2* values of labeled cells were always lower than
that of the unlabeled cells (negative control) for 200 000 cells till 144 h and for 50 000 cells
till 96 h after Resovist/PLL particle removal. However, T2 data does not show much
deviation from the negative control values and also did not show any trend with time. Thus,
T2* can be used as parameter for tracking these Resovist® labeled cells for further in vivo
studies.

117
Table 4C.1: T2*(ms) values for Resovist /PLL labeled MSCs. Kinetic study was done at regular time intervals
after particle removal.

0h

24 h

48 h

96 h

144 h

(Resovist )

22.5 ± 0.2

24.2 ± 0.7

12.5 ± 0.3

17.0 ± 0.1

19.5 ± 0.7

200 000 HDS

25.0 ± 0.5

43.91± 0.3

43.49 ± 0.5

49.5 ± 0.1

64.09 ± 0.1

200 000 LDS

25.0 ± 0.5

41.24 ± 0.1

47.62 ± 0.1

60.8 ± 1.5

NA

cells

66.8 ± 5.1

61.1 ± 3.8

66.79 ± 5.3

69.9 ± 7.7

67.9 ± 8.0

50 000 HDS

50.8 ± 2.8

60.9 ± 0.2

62.93 ± 0.7

74.0 ± 1.0

77.7 ± 0.2

50 000 LDS

50.8 ± 2.8

57.5 ± 0.5

65.02 ± 0.2

75.8 ± 1.5

NA

Positive

control
®

200 000 unlabeled

Table 4C.2: T2 (ms) values for Resovist /PLL labeled MSCs. Kinetic study was done at regular intervals after
particle removal.

0h

24 h

48 h

96 h

144 h

(Resovist®)

24.7 ± 0.2

23.0 ± 2.4

11.05 ± 0.9

17.1 ± 0.1

18.4 ± 0.5

200 000 HDS

56.1 ± 1.1

66.8 ± 3.8

74.8 ± 2.8

80.9 ± 2.9

79.5 ± 3.5

200 000 LDS

56.1 ± 1.1

66.5 ± 3.5

76.7 ± 2.7

83.4 ± 3.4

NA

cells

70.8 ± 8.1

63.8± 3.1

70.7 ± 7.2

69.5 ± 4.5

64.6 ± 3.3

50 000 HDS

69.1 ± 2.1

70.6 ± 3.6

77.4 ± 4.4

86.2 ± 4.2

77.7 ± 5.7

50 000 LDS

69.1 ± 2.1

71.1± 3.1

78.1 ± 2.1

86.4 ± 4.4

NA

Positive control

200 000 unlabeled

Summary of the trend observed during kinetic studies of Resovist /PLL labeled MSCs cells
after particle removal are shown in Fig. 4C.6 for T2* and Fig. 4C.7 shows for T2.
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Figure 4C.6: Graph showing summary of T2* behavior of kinetic study of labeled and
unlabeled cells at different time interval.
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Figure 4C.7: Graph showing summary of T2 behavior of kinetic study of labeled and unlabeled
cells along with Resovist® at different time interval after particle removal.
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4C.3 Conclusion
From the above kinetic studies, we can conclude that the cells labeled with Resovist /PLL
particles can be easily detectable by MRI even at 144 h after particle removal. However,
signals and quantitative values obtained from T2* measurements are more specific and clearly
distinguishable from the unlabeled cells. Thus, T2* can be used as parameter for tracking these
Resovist® labeled cells for further in vivo studies.

D: Study of kinetic behavior of MU 119-5zdz N3+N4 labeled MSCs cells by
MRI
Among several different particles (explained in section 4A.1), initial cell studies done with
particle MU119-1zdN2 resulted into no change in MR signal intensities as compared to
unlabeled cells. Cell studies done with particle MU119-5zdz generated decent T2 and T2*
effect but only a little amount of this particle was available. These encouraging results initiated
the synthesis of a bigger batch (MU 119-5zdzN3+N4) with particle specifications in the same
range sufficient for multiple experiments [167]. In this study, the aim is to test the imaging
properties of MU 119-5zdz N3+N4 labeled MSCs at 0 h, 24 h and 96 h after removal of the
iron particle containing medium in order to see whether intracellular iron is still sufficient to
give a MR signal. MR signal from unlabeled cells was used for comparison. Further, from
fluorescent study, it was found that difference in the fluorescent activity when seeding in high
density (lower cell division rate) and low cell density (higher cell division rate) can be seen at
96 and 144 h and not before that. Thus MR signal between high and low density seeded cells
after particle removal was also tested at 96 h by MRI.

4D.1 Agarose Phantom preparation
For time points 0 h and 24 h, agarose phantoms were created with a negative control (200 000
unlabeled MSC cells and 50 000 unlabeled MSC cells), and samples with 200 000 and 50 000
labeled cells. At time point 96 h, phantom samples of 200 000 and 50 000 cells were created
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for both high density and low density seeded cells (for detailed procedures for the preparation
of these phantoms, refer Appendix C.10)

4D.2 Results and Discussion
T2* values obtained for these samples at different time intervals after particle removal are
shown in Table 4D.1 and T2 values are shown in Table 4D.2.
Table 4D.1: T2* values (ms) of MU 119-5zdz N3+N4 particle labeled MSCs at different time intervals after
particle removal.

0h

24 h

96 h HDS

96 h LDS

200 000 labeled cells

10.36

22.04

34.61

41.92

50 000 labeled cells

32.68

51.72

56.83

60.82

200 000 unlabeled cells

69.84

68.92

NA

NA

50 000 unlabeled cells

51.66

70.18

NA

NA

From the Table 4D.1 it has been observed that there is reduction in T2* values after 24 h as
compared to the 0 h for both 200 000 labeled cells and 50 000 labeled cells. Further reduction
in T2* value for 50 000 is less than 200 000 cells. Between high and low density seeded cells at
96 h, 200 000 HDS show more reduction in T2* values (stronger signal) as compared to 200
000 LDS cells. Similar trend was observed for 50 000 HDS and LDS cells. Further, signal
reduction was more for 200 000 cells in both HDS and LDS condition as compared to 50 000
cells. Negative control at 0 and 24 h for 200 000 cells show similar effect but some difference
is seen for negative control of 50 000 cells for 0 h and 24 h. However the reasons for not
getting reproducible values in case of negative controls are not very clear but it is assumed that
in case of unlabeled cells, water protons are the only source of signal, thus slight variation in
amount of aqueous solution (water or phosphate buffer (PBS)) during preparation can affect
signal and hence T2 and T2* values. (Further studies are needed to understand this discrepancy).
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Table 4D.2: T2 values of Iron / PLLA Particle labeled MSCs at different time intervals (T2* value of Agarose is
68.89 ms and T2 value of agarose is 91.77 ms).

0h

24 h

96 h HDS

96 h LDS

200 000 labeled cells

13.90

40.65

63.69

72.46

50 000 labeled cells

36.49

68.49

79.36

84.74

200 000 unlabeled cells

94.33

86.95

NA

NA

50 000 unlabeled cells

62.89

94.33

NA

NA

From the Table 4D.2 it can be seen that T2 effect also follow the similar trend as observed in
case of T2* effect. T2 effect shown by 200 000 and 50 000 labeled cells decrease with time.
Also the quantitative values obtained from high density seeded cells (HDS) and low density
seeded cells (LDS) at 96 h are distinguishable. However, this effect is stronger in the case of
T2*.
Summary of kinetic behavior of cells labeled with particle MU119-5zdzN3+N4 is shown in
Fig. 4D.1. From the Fig. 4D.1 a clear quantitative difference can be seen between 200 000
cells/ml and 50 000 cells/ml for both T2 and T2* and a time dependent signal decrease i.e
strongest signal or lower T2 and T2* values at 0 h and weakest signal or higher T2 and T2*
values at 96 h.
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Kinetic behaviour of cells labeled with Particle MU119-5zdzN3+N4 at various
time points after particle removal
80
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Figure 4D.1: Graph showing summary of T2/T2* behavior of kinetic study of cells labeled with particle MU1195zdzN3+N4 at different time interval after particle removal.

T2 and T2 * maps of above discussed phantom are shown in Fig. 4D.2. The quantitative trends
as discussed before are in agreement with the signal intensities seen on these maps. Signals
obtained from 200 000 labeled cells are stronger than those obtained for 50 000 labeled cells
(Fig. 4D.2: row 3 sample 1 & 4; row 2 sample 2 & 3; row 1 sample 1 & 2). Further at 96 h
high density seeded cells (row 1: sample 1 (200 000 cells) & sample 2 (50 000 cells) shows
stronger signal than low density seeded cells (row 1: sample 3 (200 000 cells) & sample 4 (50
000 cells). Also signals from negative control i.e. unlabeled cells are weak (bright spots on T2
and T2* map) for both 200 000 and 50 000 cells as compared to their labeled counter part (dark
spots on T2 and T2* map).
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T2* kinetic studies

A

1

4

3

2

1

Agarose 1

4

3

2

Row 1-96 h after particle
removal
Row 2-24 h after particle
removal and negative control

Agarose 2
1

2

3

4

Row 3-0 h after particle
removal and negative control

B

T2 kinetic studies
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Figure 4D.2: T2* map (A) T2 map (B) of particle MU 119-5zdz N3+N4 loaded in cells along with negative
control at 3T showing kinetic behavior. Row 1 sample 1-4: 200 000 HDS 50 000 cells HDS, 200 000 LDS and
50,000 LDS respectively. Row 2 sample 1-4: 200 000 unlabeled cells, 200 000 labeled cells, 50 000 labeled cells,
50 000 unlabeled cells respectively. Row 3 sample 1-4: 200 000 labeled, 200 000 unlabeled, 50 000 unlabeled, 50
000 labeled cells respectively.

4D.3 Conclusion

From the above results it has been observed that cells labeled with MU119-5zdzN3+N4 can be
easily detectable even at 96 h after particle removal. Further, difference between signal
intensity and quantitative values are significant for 200 000 cells and 50 000 cells in case of
both T2 and T2* and these values were also distinguishable from negative control values. Thus
the particle MU119-5zdz N3+N4 having iron content of 2.73 mg Fe/ml with r2* relaxivity of
294 mM-1⋅s-1 and r2 relaxivity of 22.4 mM-1⋅s-1 shows T2 as well as T2* effect. However T2*
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effect is more pronounced at 96 h after particle removal. Thus this particle can be used for
further in vivo studies.

4.3 Model for correcting T2*
Problem associated with T2* quantification is that it is suffering from superimposed magnetic
field distortions ∆ B0, causing a more rapid decay of the MRI signal S(t),which results in an
underestimation of the resulting T2* value (signal modulation can be clearly seen in Fig.
4D.1A). To overcome this issue a correction model was developed by Prof. Dr. rer. nat.
Volker Rasche, details of which are attached in chapter 2 (section I). All the T2* values in the
above work were corrected according to that model and were then analyzed accordingly. Fig.
4.2: is one example to show how the T2* data changes after correction.
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Kinetic study of Resovist labeled cells along with negative control without
corrections
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Kinetic study of Resovist labelled cells along with negative control with corrections
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Figure 4.2: Comparison of T2* data for kinetic study of Resovist labeled cells after particle removal (A) before
and (B) after implementation of correction factor

4.4 Overall summary
MR properties of iron-PLLA nanoparticles in agarose were studied. T2 and T2* values were
obtained by using spin echo and gradient echo sequences. r2 and r2* relaxivity values of these
particles were obtained by plotting T2 and T2* values vs. iron concentration. Particle MU1281zd showed r2 (243.6 mM-1⋅s-1) and r2* (226.2 mM-1⋅s-1) relaxivity comparable to Resovist®.
However highest r2* relaxivity was shown by particle MU 130-5zdz (607.4 mM-1⋅s-1). Iron
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content along with iron compositions seems to effective parameter to influence these relaxivity
values. MR studies of Resovist®/PLL labeled cells suggested that as down to 15 600 cells/ml
can be detected by MRI. These cell exhibited strong T2* effect as compared to T2* effect of
unlabeled cells. T2 effect was also distinguishable from the T2 effect of unlabeled cells. Kinetic
studies of Resovist®/PLL labeled cells showed distinguishable MR effect at 144 h after
particle removal. Also cells labeled with particle MU 119 5zdz N3+N4 showed strong T2*
effect at 96 h after particle removal. Thus this particle with r2* relaxivity of 294 mM-1⋅s-1 can
be used for further in vivo studies. T2*correction was implemented on all the measured values
to overcome the problem of superimposed magnetic field distortion.
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Chapter 5

Quantification of Calcifications in Endarterectomy Samples by
means of High – Resolution Ultra-short echo time (UTE) Imaging.
Calcification is an active, regulated process and is probably involved in the very early
development of atherosclerotic lesions [101, 102]. Potential links between calcification and
atherosclerosis have been proposed [200] and the presence and density of calcium in the
plaques are known to impact the plaque vulnerability.

Quantification of vascular calcifications has been shown by Computed tomography (CT) [144,
159] and the resulting calcium score has been proven as an independent risk factor [1]. The
current gold standard for the assessment of calcifications by means of imaging is high
resolution volume CT, which has proven reliable quantification of the size of calcium lesions
with less than 1% error in phantom studies [17].

However, for enabling assessment of the vulnerability of a certain lesion, further data on its
morphology, composition, local molecular processes and likely local stress factors are required
[194]. A variety of different imaging modalities including invasive techniques such as
Intravascular ultrasound (IVUS) and Optical coherence tomography (OCT) as well as noninvasive techniques such as CT angiography (CTA), MRI, and Ultrasound imaging has been
applied for the assessment of the different relevant parameters [40, 197, 31, 44].

Its versatile image contrast, possible high spatial resolution, potential for assessing local
functional parameter [60], and the ongoing developments of sophisticated contrast agents
[178] offers tremendous promise for MRI to contribute for the non-invasive assessment of
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plaque vulnerability. However, a major obstacle in MRI imaging of atherosclerotic lesions
may rise from calcified segments. The very short T2 relaxation times of solid calcifications in
the order of few µs [77] causes almost complete signal cancellation and the local change in
susceptibility and the rapid signal decay may cause significant overestimation of the calcified
region. In conventional gradient echo based MRI with TEs in the 1-2 ms range, calcified
tissues cannot be detected [77] and the different densities of the calcium in a certain lesion can
not be assessed. Spin echo based techniques may be applied for reduction of the susceptibility
induced blur, but due to excessive acquisition times its application is limited in case of highresolution volumetric imaging.

Ultra-short echo time (UTE) sequences [77, 145, 154] have been recently reported as
promising tool for imaging of short T2 tissues by MRI [64, 148, 149, 153, 190, 196]. The main
advantage of UTE rises from its FID approach, in which the center of k-space is measured
directly after the excitation. Using a non-selective excitation pulse in combination with a low
flip angle excitation, the possible minimal echo time TE is only limited by the switch time of
the RF frontend from transmit to receive mode. It has been shown that switch times down to
few µs can be achieved even on clinical MRI systems [26]. Initial application of UTE imaging
to the assessment of calcified lesions indicated its potential in the visualization of calcified
lesion as well as the reduction of the related image blur [171 and references therein].

The objective of this work is to investigate the feasibility of the UTE technique for the
assessment of calcification in atherosclerotic lesions. The UTE technique was applied to the
imaging of thirty five carotid endarterectomy samples and the respective areas of the
calcifications and the resulting normalized image intensities were quantified. Results were
compared with high-resolution volume CT (VCT) and histology to validate the area and
density of the calcium.

129

5.1 Materials and Methods
5.1.1 Sample Preparation

Thirty five endarterectomy samples were preserved in 10% formalin directly after resection. In
order to decrease the susceptibility artifacts and to mimic the biological conditions the samples
were embedded in agarose gel. 0.10 g of agarose (Serva, Heidelberg, Germany) was added to
83 ml of distilled water. The sample was then stirred for 2 minutes on a magnetic stirrer and
then heated in a microwave oven till the agarose got completely dissolved. These samples
were then poured into a petri dish (size 50 mm, Becton Dickson Heidelberg) and the
endarterectomy samples were embedded.

5.1.2 MRI imaging sequence and protocol

For the presented work 3D UTE sequence was used to for the assessment of calcium in
endarterectomy samples. UTE sequence is based on 3D technique and uses a non selective RF
excitation pulse with 3D radial FID sampling, yielding image data with isotropic resolution.
The basic pulse diagram for UTE sequence is shown in Fig. 5.1.

RF

Gread

AQ
TRF

TE

TAQ

Figure 5.1: 3D UTE sampling scheme. A hard block pulse RF excitation of duration TRF is followed by 3D radial
FID sampling during TAQ using the read out gradient G

read.

The echo time TE is defined as the interval between

the end of excitation pulse (RF) and the beginning of the acquisition window [145].
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A hard radiofrequency (RF) pulse is used for excitation and ramp sampling is used in
acquisition. Radial profiles are arranged with isotropic angular spacing to cover a sphere in kspace. The echo time (TE) is defined as the interval between the end of the RF pulse and the
beginning of the sampling window, although alternative, but less practical definitions of TE
exist [145]. To minimize T2 induced signal loss, the duration of the RF excitation pulse and
the echo time must be minimized. Using low tip angle excitations, the RF pulse can be kept
much shorter than 100 µs. After the pulse, the energy stored in the transmit coil must ring
down to allow safe tuning of the receive coils. While ring down typically takes only a few µs,
tuning of the coil can be more time consuming. Fast switching coils ensure minimal TE below
100 µs and minimize signal decay prior to acquisition. Sampling is started simultaneously with
the rising slope of the readout gradient, i.e., k-space is traversed radially from k = 0 outward.
Due to limitations in the strength and slew rate of the read out gradient, the sampling window
duration (TAQ) will usually be on the order of several hundred µs and therefore much longer
than the RF pulse and TE. Consequently, the minimal resolvable T2 will be mainly determined
by the duration of the acquisition window TAQ. Although the sampled FID signal underlies T2*
decay but for fast relaxing components, T2* decay often is mainly determined by homogeneous
T2 relaxation, and T2* ≈ T2 holds [145].

For experimental purpose all the measurements were done on a 3T whole-body system
(Achieva, Philips Medical Systems, Best, The Netherlands) with gradient hardware capable of
max gradient amplitude of (40 mT / m) using a maximum slew rate of 200 mT / ms. Data was
received by a single 65 ⋅ 50 mm element of a dedicated two times two-element carotid artery
coil sized 120 ⋅ 50 mm (Philips, Research Europe, Hamburg, Germany). All samples
underwent the following MR protocol:

•

Gradient echo acquisition (FFE)

TE/TR = 5.7/15 ms, α = 10°, 0.25 mm³ spatial resolution, FOV = 80 mm³, NSA = 6,
scan duration 2 h 43 min.
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•

UTE acquisition
TE/TR = 0.05 / 15 ms, α = 10°, 0.25 mm³ spatial resolution, FOV = 80 mm3, NSA = 8,
scan duration 6 h 33 min.

5.1.3 Volume CT

After MRI data acquisition, the samples underwent high-resolution three-dimensional
rotational X-ray data acquisition (VCT) on an interventional flat panel X-ray system (Allura
FD, Philips Medical Systems, Best, The Netherlands). Since calcium is a high-density object,
a conventional three-dimensional high-resolution protocol was used. Data was acquired over
an angular range of 220° at approximately 1° angular spacing. Detector pixel size was 180²
µm² and the tube current was chosen as 70 kV. Prior to the acquisition, the complete system
calibration has been performed to ensure optimal reconstruction accuracy. The data was
reconstructed applying a modified Feldkamp algorithm making full use of the priory acquired
calibration parameter. The applied technique has proven high geometrical accuracy [146].

5.1.4 Histology

In order to avoid loss of calcification during section cutting (which is common for paraffin
embedded and frozen sections) after MRI and X-Ray analysis the samples were embedded in
plastic. For plastic embedding, the samples were first removed from the agarose gel and then
fixed in 4% formalin. After fixation, the carotids samples were dehydrated in a graded series
of ethanol washes and then embedded in methyl methacrylate. After polymerization, thin
sections (60 µm) were prepared and stained with Kossa and Kernechtrot for calcium and
nucleus staining respectively. The stained samples were then viewed under light microscope.
Embedding of the tissue in plastic helps to prevent loss of calcification during sectioning while
retaining stain and antibody reactivity.
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5.1.5

Data Analysis

Registration of the MRI and VCT data was achieved by careful positioning of the sample in
the iso-center of either system. The orientation of the sample was well aligned with the patient
support so that variation of the subject orientation could be limited to a rotation around the
anterior-posterior axis, which was addressed manually during data analysis. Since the
orientation and shape of the samples changed during the histology process, the alignment of
the histological cuts with the imaging data was obtained manually by rotation of the isotropic
imaging volumes.

All statistical analysis was performed by a two-tailed paired students’ T-test. Values below
0.05 were assumed statistically significant.

5.1.5.1 Area measurements

For the area measurement, contours of major calcified regions were drawn manually in the
different imaging data sets in a blinded fashion. The appearing size of the calcified sections
was compared amongst the different imaging approaches. Bland-Altman analyses were
performed for comparing the area obtained by UTE, conventional FFE, and the VCT
approach.

5.1.5.2 Measurement of signal intensity

For direct comparison of the UTE and conventional FFE technique for calcium classification,
regions showing different levels of calcification were selected qualitatively by visual
inspection of the histology cuts. The mean intensity value of an ellipsoid ROI located in the
identified region was obtained in either MRI image. To avoid influence of different amplifier
settings, the intensities were normalized with the signal intensity value obtained in the agarose
gel. The normalized signal intensity IUTE from the UTE technique was used for forming four
classes: IUTE < 0.2, 0.2>= IUTE < 0.4, 0.4<= IUTE <1 and IUTE >1. The mean signal intensity
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value of each class was compared for the two MRI techniques and compared with the visual
appearance in the histological cuts.

5.2 Results
A summary of the resulting image quality for the different imaging techniques and the
respective histological cuts is presented in Fig. 5.2 and Fig. 5.3 respectively. For a better
appreciation of the appearance of the calcifications, the MRI images are additional displayed
with inverted contrast. From the images, in comparison to the UTE and VCT images, a
substantial enlargement of the calcified lesions becomes apparent in the FFE images. The
shape of the calcification in the UTE images correlates well with histology and the VCT
images. Furthermore, different densities of calcium (gray shades) can be appreciated in the
UTE images, which correlate well with non-solid calcifications visible in histology.
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FFE Inverted

FFE

UTE Inverted

UTE

X-Ray

Histology

Figure 5.2: Appearance of a major calcification in FFE, UTE, Histology and X-Ray.
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FFE
Inverted

FFE

UTE Inverted

UTE

X-Ray

Histology

Figure 5.3: Appearance of a major calcification in FFE, UTE, Histology and X-Ray.
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Bland-Altman plots comparing the areas of the calcifications derived by the FFE and UTE
technique with the VCT results are shown in Fig. 5.4.

UTE-3D XR

FFE-3D XR
2

1.06

1.8

1.04

FFE/ 3D-XR

UTE/3D-XR

1.6

1.02
1
0.98

1.4
1.2
1
0.8

0.96
0.6

0.94

0.4

Figure 5.4: Bland-Altmann plots comparing the calcified areas in UTE and FFE with 3D XR.

The Bland-Altman plots reveal an excellent agreement between the UTE and the VCT
technique with no significant difference. For the FFE technique, a highly statistical difference
(p<0.001) overestimation of the calcifications in the order of 35% was observed (Table 5.1).

Table 5.1: The table shows the respective bias (dA) and standard deviation (σ) for calcified areas in
FFE and UTE as compared with 3D XR.

UTE

FFE

dA [ %]

+1

+ 35

σ [%]

1.4

21

14 samples showed lesions with substantial differences in the calcium density and were
selected for further quantitative analysis of the resulting signal intensities in the UTE and FFE
technique. Among these samples 11 regions were classified as highly calcified (signal
intensity value < 0.2), 11 regions were moderately calcified (value >= 0.2 < 0.4), 7 regions
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were less calcified (value >=0.4<1) and 10 regions were very less calcified (value >1). Fig. 5.5
show three representative images to show this classification and their normalised intensity
values are shown in Table 5.2.

Sample 1

Sample 2

Sample 3

Figure 5.5: Three representative images to show different calcified regions in FFE and UTE images. Their
respective histology images are shown below for comparison.
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Table 5.2: Normalised intensity values for different calcified regions for three representative samples
shown in Fig. 5.5

Sample 1

Sample 2

Sample 3

I

II

III

IV

UTE

0.397

0.464

1.80

FFE

0.167

0.166

1.477

UTE

0.76

1.39

1.908

FFE

0.49

0.55

1.616

UTE

0.536

0.632

1.137

1.936

FFE

0.339

0.238

0.380

1.57

Fig. 5.6 show the mean value of the signal intensity obtained in the different classes for the
UTE and the FFE technique. As expected from the very short TE, the UTE technique yields
significantly (p<0.01) higher signal intensities for classes I-III and a trend for higher signal
intensities (p<0.1) for class IV.

Figure 5.6: Plot of mean signal intensities obtained from UTE and FFE sequence against
different level of calcification.
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The ratio of normalised intensities IUTE and IFFE and hence the possible gain in signal intensity
is shown in Fig. 5.7. It clearly shows the increasing gain in relative signal intensity with
increasing amount of calcium in the lesion.

5
4.5
4
IUTE / IFFE

3.5
3
2.5
2
1.5
1
0.5
0
<0.2

>=0.2 <0.4

>=0.4 < 1

>1

relative signal intensity FFE

Figure 5.7: Plot of ratio of normalised intensity IUTE vs. I FFE against level of calcification.

5.3 Discussion
This work demonstrates the applicability of high-resolution ultra-short TE (UTE) MRI for
accurate quantification of the volume of atherosclerotic calcifications. The direct comparison
of UTE to conventional gradient echo techniques (FFE) reveals a significant overestimation of
the calcium volume by the conventional techniques. The good agreement of the UTE images
with the gold-standard VCT and histology implies a similar performance of this technique for
plaque volume quantification.

Furthermore, it could be shown that by application of the UTE technique, the signal from
calcified sections of the plaque can be significantly enhanced. This may in future applications
facilitate delineation of different degrees of calcifications, which can not be clearly delineated
in FFE due to its poor signal intensity levels.
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Extension of the current MRI protocols for plaque quantification by the UTE technique may
provide additional insights into the local calcium distribution and density, which have up to
know only been assessable by CT. Whether the precise knowledge of the volume of the
calcified area and the qualitative assessment of the calcium density will add significant new
information for the classification of atherosclerotic lesions and especially the respective
vulnerability, however, remains to be proven.

A limitation of the study rises from the transferability of the results into clinical routine. All
data were acquired at very high isotropic resolution, which causes unacceptable long scan
times for in-vivo application. For the reduction of the scan time, however, compromises in the
spatial resolution will have to be made, which are supposed to cause less accurate
quantification of the calcium volume. Furthermore, in its current implementation, the UTE
technique comprises a non-selective excitation for minimizing echo-times down to some µs.
Non-selective excitation will cause limitations in clinical routine, since the investigated ROI
can only be controlled by adequate selection of the receive coil, the sensitivity pattern of
which will finally define the ROI to be covered by the actual acquisition. This may limit the
application of UTE to the assessment of lesions of superficial arteries such as the carotids. For
wider application of the UTE technique, more sophisticated excitation techniques such as
suggested by Josan et al [89] might be required to enable additional slice selection.

5.4 Conclusion
This work demonstrates the potential of ultra short echo time imaging (UTE) with isotropic
3D spatial resolution for imaging of calcified atherosclerotic lesions. The UTE technique
enables accurate quantification of plaque volumes as well as a qualitative assessment of the
local calcium density. Incorporation of the UTE technique in today MRI protocols for plaque
classification holds the potential to add the missing important information on plaque volume
and density solely based on MRI data.
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Summary
The objective of the study done in this thesis was to facilitate targeted plaque imaging in
future. For targeted MR imaging, contrast agents (CA), which can carry high payload and
specifically bind to a certain target molecules are required. Thus in the first part of this work
the principle of inverse miniemulsion applied to encapsulate different gadolinium based
commercially available contrast agents like Magnevist®, Gadovist® and Multihance® resulted
into high payload of about 2.5 ⋅ 106 Gd3+ complexes per nanocapsule resulting in relaxivity of
10.75 ⋅ 106 mM-1⋅s-1 per nanocapsule. Maintained or even slightly increased relaxivity values
of different contrast agents after encapsulation in combination with high payloads and the
possibility of functionalization of the capsules facilitate the application of the nanocapsules as
promising targeted contrast agents for MRI. A slightly modified strategy of using gels in the
synthesis of polymeric nanocapsules for encapsulating the commercial contrast agents like
Magnevist® was found to be very effective but further study is needed to understand this
system.

In the second part of the work, MR properties of biodegradable iron-poly-L-lactic (PLLA)
nanoparticles synthesized via the miniemulsion process were tested in both chemical and
biological environment using 3T MRI system. Relaxivity values of different particles were
compared with the relaxivity values of the commercially available contrast agent, Resovist®.
Among several particles tested, particle MU128-1zd showed relaxivity comparable to
Resovist®. Further, MR studies done on the MSCs cells labeled with MU 119 5zdz N3+N4
show a intracellular persistence of particle in MSCs cell up to 144 h after particle removal (i.e.
iron source was removed from the medium after incubating the cells). Thus, strong T2* effect,
even at 144 h after particle removal, and having high T2* relaxivity made this innovative ironPLLA particle a suitable candidate for further in vivo studies. Model used for correcting the
measured T2*correction gave better results to overcome the problem of superimposed magnetic
field distortion.
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So far studies done in this thesis have resulted in suitable carriers for gadolinium and iron
based contrast agents for site specific delivery. Another major problem in MR imaging is that
the negative contrast obtained using conventional T2/T2* weighted sequences can be mixed up
with the signal loss caused by other sources like presence of calcium in plaque. Thus in the
last part of this work UTE sequence was used to visualize and quantify calcification in carotid
endarterectomy (CEA). Images were acquired using UTE sequence (TE = 50 µs) and
comparison was made between those obtained from T1W gradient echo sequence (TE = 5.7
ms), high-resolution volume CT (VCT) and histology. The UTE technique yielded accurate
quantification of the volume of the calcification as well as enabled qualitative assessment of
the calcium density according to the resulting relative signal intensity. In comparison, the FFE
technique yielded an average overestimation of the lesion size by about 35% and the low
signal intensity did not allow a clear delineation of the different calcium densities. In
conclusion, incorporation of the UTE technique in today MRI protocols for plaque
classification holds the potential to add the missing important information on calcium volume
and density solely based on MRI data.
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Appendix A
Details about T1 data used for calculating the relaxivities of different types of gadolinium
based contrast agents (chapter 3) with and without encapsulation
Table A.1: Concentration (mmol/L) and T1 (ms) values of Polyurethane, Polyurea and Dextran encapsulated
Magnevist® nanocapsules along with their relaxivity values.

Gd3+ concentration for PU encapsulated

T1 (ms)

T1 (ms)

T1 (ms)

T1 (ms)

0.6

333.34

333.6

333.99

337.89

0.3

601.262

601.26

601.84

605.13

0.15

991.276

991.16

988.14

984.66

0.09

1378

1380

1320

1330

0.06

1603

1600

1590

1580

0

2600

2600

2600

2600

r1 = 4.39

r1 = 4.38

r1 = 4.36

r1 = 4.30

Magnevist®

Mean r1 = 4.35 ± 0.035
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Table A.1: Concentration (mmol/L) and T1 (ms) values of Polyurethane, Polyurea and Dextran encapsulated
Magnevist® nanocapsules along with their relaxivity values. Continued…..

Gd3+ concentration for dextran encapsulated T1 (ms)

T1 (ms)

T1 (ms)

T1 (ms)

Magnevist®
0.4775

396.68

402.0

397.25

407.98

0.2387

702.3

730.76

720.66

730.29

0.1193

1132

1150

1133

1130

0.0596

1628

1550

1480

1510

0

2600

2600

2600

2600

r1 = 4.50

r1 = 4.40

r1 = 4.43

r1 = 4.30

Mean r1 = 4.40 ± 0.080
Gd3+ concentration for polyurea encapsulated T1 (ms)

T1 (ms)

T1 (ms)

T1 (ms)

Magnevist®
0.5164

356.74

356.3

359.92

357.85

0.2582

636.51

635.9

637.22

636.91

0.1291

1042

1043

1041

1041

0.0645

1421

1421

1410

1391

0.0322

1679

1670

1630

1680

0

2600

2600

2600

2600

r1 = 4.62

r1 = 4.63

r1 = 4.56

r1 = 4.60

Mean r1 = 4.60 ± 0.027
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Table A.2: Concentration (mmol/L) and T1 (ms) values of Gadovist® and Multihance® nanocapsules along with
their relaxivity values.

Gd3+ concentration for PU encapsulated T1 (ms)

T1 (ms)

T1 (ms)

T1 (ms)

Gadovist®
0.55

335.515

335.51

339.72

337.54

0.275

638.907

638.9

626.27

632

0.1375

1062

1067

1059

1050

0.0825

1483

1460

1410

1410

0.055

1728

1740

1680

1700

0

2600

2600

2600

2600

r1 = 4.77

r1 = 4.77

r1 = 4.69

r1 = 4.72

Mean r1 = 4.73 ± 0.035
Gd3+ concentration for PU encapsulated T1 (ms)

T1 (ms)

T1 (ms)

T1 (ms)

Multihance®
0.4

380

381

382.5

382

0.2

700

704.32

701.0

689.32

0.1

1150

1.15

1.11

1.08

0.06

1536

1.53

1.42

1.43

0.04

1829

1.82

1.74

1.72

0

2600

2600

2600

2600

r1 = 5.70

r1 = 5.67

r1 = 5.58

r1 = 5.60

Mean r1 = 5.64 ± 0.18
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Table A.3: Concentration (mmol/L) and T1 (ms) values of non encapsulated Magnevist®, Gadovist® and
Multihance® along with their relaxivity values.

Gd3+ concentration for non nonencapsulated T1 (ms)

T1 (ms)

T1 (ms)

T1 (ms)

Magnevist®
1

222.76

224.53

224.22

223.9

0.5

402.84

402.84

409.86

415.18

0.25

704.31

704.31

712.64

715.31

0.125

1108

1110

1130

1110

0

2600

2600

2600

2600

r1 = 4.10

r1 = 4.075

r1 = 4.082

r1 = 4.077

Mean r1 = 4.08 ± 0.10
Gd3+ concentration for non nonencapsulated T1 (ms)

T1 (ms)

T1 (ms)

T1 (ms)

Gadovist®
1

209.76

211.48

212.78

209.44

0.5

389.91

392.84

394.43

389.91

0.25

705.49

709.6

703.41

707.85

0.125

1091

1100

1100

1089

0

2610

2610

2610

2600

r1 = 4.40

r1 = 4.36

r1 = 4.33

r1 = 4.40

Mean r1 = 4.37 ± 0.033
3+

Gd concentration for non nonencapsulated T1 (ms)

T1 (ms)

T1 (ms)

T1 (ms)

Multihance®
1.25

132.09

132.48

137.21

135.95

0.5

319.85

319.85

324.53

324.24

0.25

574.67

573.91

581.12

579.58

0.125

964.68

964.08

973.33

964.30

0

2600

2600

2600

2600

r1 = 5.77

r1 = 5.75

r1 = 5.54

r1 = 5.60

Mean r1 = 5.63 ± 0.08
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Table A.4: Concentration (mmol/L) and T1 (ms) values of Magnevist® loaded polyurethane nanocapsules
synthesized using different amount of diol: TDI.
Gd3+ concentration for PU encapsulated Magnevist®

T1 (ms)

T1 (ms)

T1 (ms)

T1 (ms)

0.9803

208.59

208.94

207.9

209

0.4901

392.26

391.61

391.8

391

0.2451

686.83

680.099

684.92

673

0.1225

1050

1051

1048

1030

0.0613

1540

1540

1540

1530

0

2600

2600

2600

2600

r1 = 4.50

r1 = 4.48

r1 = 4.50

r1 = 4.47

T1 (ms)

T1 (ms)

T1 (ms)

synthesized with diol: TDI 1:4

Mean r1 = 4.48 ± 0.01
Gd3+

concentration

for

PU

encapsulated T1 (ms)

Magnevist® synthesized with diol: TDI 1:8
0.974

215.8

215.17

215.62

211

0.487

408.75

408.03

408.04

386

0.244

668.03

676.98

671.9

662

0.122

1050

1054

1049

1080

0.061

1550

1550

1560

1619.9

0

2600

2600

2600

2600

r1 = 4.33

r1 =4.35

r1 =4.34

r1 = 4.50

Mean r1= 4.37 ± 0.06
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Table A.4: Concentration (mmol/L) and T1 (ms) values of Magnevist® loaded polyurethane nanocapsules
synthesized using different amount of diol: TDI. Continued……..

Gd3+ concentration for PU encapsulated T1 (ms)

T1 (ms)

T1 (ms)

T1 (ms)

Magnevist® synthesized with diol: TDI 1:10
0.436

436.68

436.57

429.41

436.68

0.218

734.80

734.78

742.87

740.28

0.109

1186

1186

1170

1184

0.055

1600

1620

1630

1720

0.027

1990

1960

2090

2196

0

2600

2600

2600

2600

r1 = 4.39

r1 = 4.38

r1 = 4.49

r1 = 4.44

Mean r1 = 4.40 ± 0.044
Table A.5: Concentration (mmol/L) and T1 (ms) values of nanocapsules synthesized using Magnevist® and TDI.

Gd3+ concentration for nanocapsules T1 (ms)

T1 (ms)

T1 (ms)

T1 (ms)

synthesized using Magnevist® + TDI
0.988

210.87

208.62

208.89

211.5

0.494

388.59

376.96

365.79

386

0.247

674.25

666.15

675.26

662

0.123

1009

1095

1030

1080

0.062

1630

1640

1640

1619

0

2600

2600

2600

2600

r1 = 4.43

r1 = 4.50

r1 = 4.50

r1 = 4.41

Mean r1 = 4.46 ± 0.040
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Table A.6: Concentration and T1 values of Polyurethane encapsulated Multihance® in

plasma medium along

®

with nonencapsulated Multihance in plasma medium.

Gd3+ concentration for nonencapsulated T1 (ms)

T1 (ms)

T1(ms)

T1 (ms)

Multihance® in plasma
1.25

105.37

103.75

103.25

105.5

0.50

237.26

234.70

237.26

237.2

0.25

420.45

417.15

418.71

420.5

0.125

697.35

688.53

689.76

694.8

0

1610

1610

1610

1610

r1 = 7.12

r1 = 7.24

r1 = 7.28

r1 = 7.113

Mean r1 = 7.18 ± 0.055
Gd3+ concentration for PU

encapsulated T1 (ms)

T1 (ms)

T1 (ms)

T1 (ms)

Multihance® in plasma
0.751

204.7

204.74

204.005

204.09

0.626

226.8

226.84

221.54

224.35

0.418

257.2

257.16

251.08

251.05

0.210

379.2

380.00

381.05

378.84

0

1388

1388

1388

1388

r1 = 5.43

r1 = 5.43

r1 = 5.52

r1 = 5.48

Mean r1 = 5.46 ± 0.038
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Table A.7: Concentration and T1 values of Dextran encapsulated Multihance® in plasma and water medium.

Gd3+

concentration

for

dextran T1 (ms)

T1 (ms)

T1(ms)

T1 (ms)

®

encapsulated Multihance in plasma
0.593

259.1

259.14

257.28

259.10

0.555

269.5

269.09

266.04

267.69

0.494

289.8

289.76

287.07

290.30

0.412

316.0

316.02

315.27

314.59

0

1388

1388

1388

1388

r1 = 5.61

r1 = 5.62

r1 = 5.55

r1 = 5.55

Mean r1 = 5.58 ± 0.032
Gd3+

concentration

for

dextran T1 (ms)

T1 (ms)

T1(ms)

T1 (ms)

®

encapsulated Multihance in water
0.413

386.21

383.96

376.86

386.21

0.165

829.37

774.80

790.81

842.21

0.0826

1280

1260

1270

1290

0

2600

2600

2600

2600

r1 = 5.38

r1 = 5.41

r1 = 5.54

r1 = 5.38

Mean r1 = 5.42 ± 0.066
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Appendix B
Details about T1 data used for calculating the relaxivities of Magnevist contrast agent
(chapter 3-Part B) loaded in nanocapsules synthesized by using gel approach.
Table B.1: Concentration (mmol/L) and T1 (ms) values of Magnevist® encapsulated in nanocapsules synthesized
by using PAAm gel.

Gd3+ concentration for

T1 (ms)

T1 (ms)

T1(ms)

T1 (ms)

0.56305

205.895

205.2

204.7

206.2

0.281525

477.989

477.92

476.9

476.5

0.140763

1024

1021

1020.3

1022

0.070381

1510

1509

1506

1509

0

2600

2600

2600

2600

r1= 8.14

r1= 8.16

r1= 8.19

r1 = 8.13

dialyzed UPN 5 sample

Mean r1 = 8.15 ± 0.023
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Table B.1 Concentration (mmol/L) and T1 (ms) of Magnevist® encapsulated in nanocapsules synthesized by using
PAAm gel. Continued …….

Gd3+ concentration for dialyzed UPN 7

T1 (ms)

T1 (ms)

T1(ms)

T1 (ms)

0.50565

229.466

229

228.3

231.7

0.252825

542.8

540.2

539.8

541.3

0.126413

1058

1056

1055

1052

0.063206

1549

1542

1537

1537

0

2600

2600

2600

2600

r1 = 8.00

r1 = 8.024

r1 = 8.04

r1 = 7.91

Mean r1 = 7.99 ± 0.05
Gd3+ concentration for dialyzed UPN 8

T1 (ms)

T1 (ms)

T1(ms)

T1 (ms)

1.0325

230.00

229

231.2

229.3

0.51625

515.795

514.8

515.3

514.1

0.258125

10619

1060

1062

1060

0.129063

15414

1543

1541

1539

0.064531

2600

2600

2600

2600

r1 = 7.85

r1 = 7.89

r1 = 7.81

r1 = 7.88

Mean r1 = 7.85 ± 0.0311
Gd3+ concentration for dialyzed UPN 3

T1 (ms)

T1 (ms)

T1(ms)

T1 (ms)

0.53945

206.456

206.1

205.8

205.91

0.269725

453.47

452.1

451.4

452

0.134863

10045

10042

1004

1005.4

0.067431

15059

1501

1504

1506

0

2600

2600

2600

2600

r 1 = 8.50

r1 = 8.52

r1 = 8.39

r1 = 8.53

Mean r1 = 8.48 ± 0.055
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Table B.2: Concentration and T1 values of Magnevist® encapsulated in nanocapsules synthesized by using PAA
gel.

Gd3+ concentration for dialyzed UPN 9

T1 (ms)

T1 (ms)

T1(ms)

T1 (ms)

0.367

320.53

321.35

318.98

320.92

0.183

771.86

771.46

772.07

763.10

0.091

1280

1300

1298

1294

0.045

1715

1770

1790

1780

0

2600

2600

2600

2600

r1 = 7.51

r1 = 7.51

r1 = 7 .58

r1 =7.53

Mean r1 = 7.53 ± 0.032
Gd3+ concentration for dialyzed UPN10

T1 (ms)

T1 (ms)

T1(ms)

T1 (ms)

0.506

227.9

231.69

235.46

233.58

0.253

553.71

558.79

565.51

559.37

0.126

1077

1088

1082

1104

0.063

1531

1550

1600

1610

0

2600

2600

2600

2600

r1 = 8.04

r1= 7.90

r1 = 7.77

r1 = 7.85

Mean r1 = 7.89 ± 0.098
Gd3+ concentration for dialyzed UPN12

T1 (ms)

T1 (ms)

T1(ms)

T1 (ms)

0.627

198.05

197.57

197.04

196.22

0.313

455.35

455.68

455.27

449.17

0.156

961.732

972

967

952

0.078

1464

1480

1460

1480

0

2600

2600

2600

2600

r1 = 7.61

r1 = 7.64

r1 = 7.65

r1 = 7.70

Mean r1 = 7.65 ± 0.032
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Table B.2: Concentration and T1 values of Magnevist® encapsulated in nanocapsules synthesized by using PAA
gel. Continued…..

Gd3+ concentration for dialyzed UPN13

T1 (ms)

T1 (ms)

T1(ms)

T1 (ms)

0.501

237.58

237.78

237.64

235.82

0.250

543.76

547.47

544.08

543.85

0.125

1073

1079

1070

1080

0.062

1573

1590

1590

1600

0

2600

2600

2600

2600

r1 = 7.80

r1 = 7.78

r1 = 7.79

r1 = 7.86

Mean r1 = 7.80 ± 0.031

182

Appendix C
Details about synthesis procedure of iron-PLLA nanoparticles and phantom preparation in
Agarose gel (Chapter-4) are provided in this section.

For work presented in chapter 4- synthesis of iron-PLLA nanoparticles was done by Markus
Urban, MPI Mainz. This synthesis procedure was provided by him and is as follows:
C.1 Synthesis of Iron loaded nanoparticles by the process of miniemulsion Materials**

Ferric chloride hexahydrate (FeCl3·6 H2O, Merck, 99%), oleic acid (Riedel-de Haen, 58%),
methanol (Merck, 98.5%), sodium hydroxide (Merck, 99%), 1-octadecane (Merck, 92%),
acetone (Merck, 99%), n-octane (Fluka, 95%), Biomer®L9000 supplied by Biomer, Germany
(Mn ~ 66500 g·mol-1, Mw ~ 145000 g·mol-1 determined by GPC in chloroform), chloroform
(Fisher

Scientific,

99.99%),

sodium

n-dodecyl

sulphate

(Alfa

Aesar,

99%),

cetyltrimethylammonium chloride (CTMA-Cl, 25% solution in water, Fluka), N-(2,6diisopropylphenyl)-perylene-3,4-dicarbonacid-imide (PMI) (BASF) and hydrochloric acid
37% (Prolabo, AnalaR NORMAPUR). All chemicals were used as received. Demineralised
(demin.) water was used throughout the work.

Preparation of poly (L-lactide) particles with encapsulated iron oxide

The synthesis of iron oxide particles was performed according to [A]. PLLA (300 mg), PMI
(0.23 mg) and different amounts of iron oxide were dispersed in chloroform (10 g) at 40 °C
and

mixed

afterwards

with

a

solution

consisting

of

water

water (24 g) and SDS (72 mg) or CTMA-Cl (125 mg). After mechanical stirring for one hour
at 500 rpm, the miniemulsion was prepared by ultrasonification for 180 sec (30 s pulse, 10 s
pause) at 70% amplitude using Branson sonifier W450 Digital, ½" tip under ice cooling in

183
order to prevent the evaporation of chloroform. The miniemulsion was transferred into the
round bottom flask with a wide neck and heated at 40 °C under mechanical stirring (400 rpm)
over night to evaporate chloroform (Fig.C.1). To remove non-encapsulated iron oxide the
sample was first centrifuged at 2000 rpm for 20 minutes and then the upper phase was
transferred into another tube. The sample was dialyzed using Millipore Centrifugal Filter
Devices with 100000 MWCO, 2500 rpm for 30 min until the conductivity was below 9 µS/cm.

Water

Ultrasonication

Evaporation of
chloroform

Chloroform

Poly(L-lactide)

PMI

SDS

Iron oxide

Fig.C.1 Schematic representation of magnetite and fluorescent dye encapsulation into PLLA
particles.

[ A] N. R. Jana, Y. F. Chen, X. G. Peng, Chemistry of Materials 2004, 16, 3931.
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Table C.1 General Protocol for T2 * measurement at 3T.
Parameter

T2 *experiment

T2 *experiment

Total scan duration

40:01 min

4 hr 2 min 41 sec

Resolution

0.5 x 0.5 x 8 mm

0.25 x 0.25 x 8 mm

Act TR/TE delta TE(ms) 500/2.5/4.3

650/4/7.4

Acq matrix M x P

400 x 400

800 x 800

Acq voxel MPS(mm)

0.5/0.5/8.0

0.25/0.25/8.0

Rec.voxel MPS(mm)

0.5/0.5/8.0

0.25/0.25/8.0

Act.WFS(pix)/BW(Hz)

0.695/625.0

1.341/324.1

Min WFS(pix)/Max B

0.693/627.0

1.317/330

Min TR/TE/delta TE

69/2.5/4.3

236/4.0/7.4

NSA

12

28

Reconstruction Matrix

400

800

FOV

210 mm

210 mm

Slice thickness

8 mm

8 mm

Table C.2 General Protocol for T2 measurement at 3T.
Parameter

T2 experiment

T2 experiment

Total scan duration

1 h 46 min 42 sec

8 h 38 min 43 sec

Resolution

0.5 x 0.5 x 8 mm

0.25 x 0.25 x 8 mm

Act TR

1500

1500

Acq matrix M x P

400 x 400

740 x 740

Acq voxel MPS(mm)

0.5/0.5/8.0

0.25/0.25/8.0

Rec.voxel MPS(mm)

0.5/0.5/8.0

0.25/0.25/8.0

Min TR

1138

1138

B1 rms (µT)

1.4

1.4

Act TE

8 x 10

8 x 12

NSA

10

28
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For work presented in chapter 4 all the phantoms in agarose gel were prepared by Ms Gerlinde
Schmidtke-Schrezenmeier (Clinic of Dermatology and Allergology of the University Hospital
Ulm). All the details presented in this section were provided by her.
Table C.3: Details of phantom preparation for different types of iron –PLLA nanoparticles (Batch I). Iron
normalization was done on the basis of Fe content obtained from ICP-OES.
Resovist®

Fe Conc. in 2 ml Agarose

MU 119-5zdz

Fe Conc. in 2 ml
Agarose

Stock Solution

2µl in 2 ml PBS =

625 µl in 2ml Agarose =

23,8 µl in 1979µl PBS=

625 µl in 2 ml

28µg Fe/ml

6.6 µg Fe/ml

28µg Fe/ml

Agarose = 6.6 µg
Fe/ml

Dilution 1

1 ml Stock

625 µl in 2 ml Agarose =

1ml Stock Solution + 1

625 µl in 2 ml

Solution + 1ml

3.3 µg Fe/ml

ml PBS = 14 µg Fe/ml

Agarose = 3.3 µg

PBS = 14 µg Fe/ml
Dilution 2

Fe/ml

1 ml Dilution 1 + 1

625 µl in 2ml Agarose =

1 ml Dilution 1 + 1ml

625 µl in 2 ml

ml PBS = 7 µg

1.66 µg Fe/ml

PBS = 7 µg Fe/ml

Agarose = 1.66

Fe/ml
Dilution 3

µgFe/ml

1ml Dilution 1 +

625 µl in 2ml Agarose =

1 ml Dilution 2 + 1ml

625 µl in 2 ml

1ml PBS = 3,5

0,833 µg Fe/ml

PBS = 3.5 µg Fe/ml

Agarose = 0.833

µg/Fe/ml
MU 119-1zd N2

µg Fe/ml
Fe Conc. in 2 ml Agarose

MU 128-1zd

Fe Conc. in 2 ml
Agarose

Stock Solution

56 µl in 1944µl

625 µl in 2 ml Agarose =

140µl in 1860µl PBS=

625 µl in 2 ml

PBS= 28µg Fe/ml

6.6 µg Fe/ml

28 µg Fe/ml

Agarose = 6.6 µg
Fe/ml

Dilution 1

1ml Stock Solution

625 µl in 2 ml Agarose =

1ml Stock Solution + 1

625 µl in 2 ml

+ 1 ml PBS = 14

3.3 µg Fe/ml

ml PBS = 14 µg Fe/ml

Agarose = 3.3 µg

µg Fe/ml
Dilution 2

Fe/ml

1 ml Dilution 1 +

625 µl in 2 ml Agarose =

1 ml Dilution 1 + 1ml

625 µl in 2 ml

1ml PBS = 7 µg

1.66 µg Fe/ml

PBS = 7 µg Fe/ml

Agarose = 1.66 µg

Fe/ml
Dilution 3

Fe/ml

1 ml Dilution 2 +

625 µl in 2 ml Agarose =

1 ml Dilution 2 + 1ml

625 µl in 2 ml

1ml PBS = 3.5 µg

0.833 µg Fe/ml

PBS = 3.5 µg Fe/ml

Agarose = 0.833

Fe/ml

µg Fe/ml
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Table C.4: Details of phantom preparation for different types of iron –PLLA nanoparticles (Batch II).
Resovist®

Fe Conc. in 2 ml

MU 119-5zdz N2

Agarose
Stock Solution

Agarose

2 µl in 2 ml PBS = 28

625 µl in 2ml

20.9 µl in 1980 µl

625 µl in 2 ml

µg Fe/ml

Agarose = 6.6 µg

PBS= 28 µg Fe/ml

Agarose = 6.6 µg

Fe/ml
Dilution 1

Fe/ml

1 ml Stock Solution +

625 µl in 2 ml

1ml Stock Solution + 1

625 µl in 2 ml

1ml PBS = 14 µg Fe/ml

Agarose = 3.3 µg

ml PBS = 14 µg Fe/ml

Agarose = 3.3 µg

Fe/ml
Dilution 2

Fe/ml

1 ml Dilution 1 + 1 ml

625 µl in 2ml

1 ml Dilution 1 + 1ml

625 µl in 2 ml

PBS = 7 µg Fe/ml

Agarose = 1.66 µg

PBS = 7 µg Fe/ml

Agarose = 1.66 µg

Fe/ml
Dilution 3

Fe/ml

1ml Dilution 1 + 1ml

625 µl in 2ml

1 ml Dilution 2 + 1ml

625 µl in 2 ml

PBS = 3.5 µg /Fe/ml

Agarose = 0.833

PBS = 3.5 µg Fe/ml

Agarose = 0.833 µg

µg Fe/ml

MU 130-5zdz

Fe Conc. in 2 ml

Fe/ml

MU 119-5zdz N3+N4

Agarose
Stock Solution

21,8 µl in 1979 µl PBS=

625 µl l in 2 ml

20,5 µl in 1980 µl PBS

625 µl in 2ml

28 µg Fe/ml

Agarose = 6.6 µg

= 28 µg Fe/ml

Agarose = 6.6 µg
Fe/ml

1ml Stock Solution + 1

625 µl in 2 ml

1ml Stock solution +1

625 µl l in 2 ml

ml PBS = 14 µg Fe/ml

Agarose = 3.3 µg

ml PBS = 14 µg Fe/ml

Agarose = 3.3 µg

Fe/ml
Dilution 2

Fe/ml

1 ml Dilution 1 + 1ml

625 µl l in 2 ml

1ml Dilution 1 + 1ml

625 µl in 2ml

PBS = 7 µg Fe/ml

Agarose = 1.66 µg

PBS = 7 µg Fe/ml

Agarose = 1.66 µg

Fe/ml
Dilution 3

Fe Conc. in 2 ml
Agarose

Fe/ml
Dilution 1

Fe Conc. in 2 ml

Fe/ml

1 ml Dilution 2 + 1ml

625 µl in 2 ml

1 ml Dilution 2 + 1 ml

625 µl in 2ml

PBS = 3.5 µg Fe/ml

Agarose = 0.833

PBS = 3.5 µg Fe/ml

Agarose = 0.833 µg

µg Fe/ml

Fe/ml

187

Table C.5: Details of phantom preparation for Resovist® labeled cells.
Sample

Details

Sample 1:

2% Agarose and about 250 000 unlabeled cells per ml

Neg Control
Sample 2

250 000 labeled cells per ml in 2% Agarose

Sample 3

125 000 Resovist® labeled cells per ml in 2% Agarose

Sample 4

62 500 Resovist® per ml labeled cells in 2 % Agarose

Sample 5

31 250 Resovist® labeled cells in 2% Agarose

Sample 6

15 600 Resovist®labeled per ml cells in 2% Agarose

Sample 7

7800 Resovist® labeled cells per ml in 2% Agarose

Sample 8

0.5 µl in 0.5 ml Medium Resovist® in 2.5 ml Agarose 2%

Positive Control Resovist®
Table C.6: Details of phantom preparation for Resovist® labeled cells (Focus was on lower cell number)
Sample 1

7 µg/ml Resovist® in 2 ml Agarose 2%

Positive Control Resovist®

(2µl Resovist® in 2 ml PBS – there of 1 ml in 4 ml Agarose 2%)

Sample 2

32 000 Resovist® PLL (50/0.75) labeled cells in 1 ml PBS diluted in 4 ml
Agarose 2%

Sample 3

16 000 Resovist® PLL (50/0.75) labeled cells in 1 ml PBS diluted in 4 ml
Agarose 2%

Sample 4

8000 Resovist® PLL (50/0.75) labeled cells in 1 ml PBS diluted in 4 ml
Agarose 2%

Sample 5

4000 Resovist® PLL (50/0.75) labeled cells in 1 ml Medium diluted in 4 ml
Agarose 2%

Sample 6
Negative Control

32000 unlabeled cells diluted in 1 ml PBS in 4 ml Agarose 2%
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Kinetic study explained in section C and D (chapter 4) were aimed to
•

To test (MR Imaging and Prussian Blue Staining), how the MR Signal and the intracellular iron content
(Prussian Blue Staining) develops 24, 48 and 96 hours after withdrawal of the iron containing nutrition
medium in MSCs seeded in a density with low stimulation to divide (high density seeding).

•

To test (MR Imaging and Prussian Blue Staining), how the MR Signal and the intracellular iron content
(Prussian Blue Staining) develops 24, 48 and 96 hours after withdrawal of the iron containing nutrition
medium in MSCs seeded in a density with high stimulation to divide (low density seeding)

Table C.7: Phantom preparation for sample at imaging time points 0 h (directly after 24 hour incubation with
Resovist®)
Sample

Details

Sample 1

7 µg iron/ml Resovist® Agarose 2%

Positive Control Resovist®

0.75 µl Resovist® in 1 ml PBS
0.5 ml in 1 ml Agarose %

Sample 2 - directly after 24 h

200 000 cells/ ml 24 hour incubated with Resovist®/PLL

incubation with PLL/ Resovist®

0.3 mio cells in 0.5 ml PBS diluted in 1 ml Agarose 2%

Sample 3 – directly after 24 h

50 000 cells/ml

®

incubation with Resovist /PLL

75 000 cells in 0.5 PBS diluted in 1 ml Agarose 2%

Sample 4

200 000 unlabeled cells per ml

Negative Control

0.3 mio cells in 0.5 ml PBS in 1 ml Agarose 2%
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Table C.8: Phantom preparation for samples at imaging time points 24 h, 48 h, and 96 h.
Sample

Details

Sample 1

7 µg iron/ml Resovist®Agarose 2%

Positive Control Resovist®

0.75 µl Resovist in 1 ml PBS. 0.5 ml in 1 ml Agarose %

Sample 2 – low stimulation to

200 000 cells/ ml of high density seeded cells 24 h; 48 or 96 hours after iron

divide

withdrawal.0.3 mio cells in 0.5 ml PBS diluted in 1 ml Agarose 2%

Sample 3 high stimulation to

200 000 cells/ ml of low density seeded cells 24h; 48 or 96 hours after iron

divide

withdrawal.0.3 mio cells in 0.5 ml PBS diluted in 1 ml Agarose 2%

Sample 4

200 000 unlabeled cells per ml

Neg Control

0.3 mio cells in 0.5 ml PBS in 1 ml Agarose 2%

Sample 5 – low stimulation to

50 000 cells/ml of high density seeded cells 24 h, 48 h or 96 h after iron withdrawal

divide
Sample 6 – high stimulation to

50 000 cells/ml of low density seeded cells after 24 h, 48h or 96 h after iron withdrawal

divide

Table C.9: Phantom preparation for sample at imaging time point 144 h (144 h after withdrawal of
Resovist®/PLL).
Sample

Details

Sample 1

7 µg iron/ml Resovist® Agarose 2% ,0.75 µl Resovist® in 1 ml PBS,

Positive Control Resovist®
Sample 2 PLL/ Resovist

®

Low density seeded cells 144 after
®

0.5 ml in 1 ml Agarose %
200 000 cells/ ml 24 hour incubated with Resovist®/PLL
144 after withdrawal 0.3 mio cells in 0.5 ml PBS diluted in 1 ml

Resovist withdrawal

Agarose 2%

Sample 3

50 000 cells/ml 24 hours incubated with Resovist®/PLL
144 after withdrawal 75 000 cells in 0.5 PBS diluted in 1 ml
Agarose 2%

Sample 4

200 000 unlabeled cells per ml

Neg Control

0.3 mio cells in 0.5 ml PBS in 1 ml Agarose 2%
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Table C.10: Phantom preparation for kinetic study of particle MU 119-5zdz N3+N4.
96 h after particle removal
Row 1

200 000 cells per ml (0.5 ml PBS in 1 ml Agarose) high density seeded (200

Sample 1

000 cells per well)

Row 1

50 000 cells per ml (0.5 ml PBS in 1 ml Agarose) high density seeded (200 000

Sample 2

cells per well)

Row 1

200 000 cells per ml (0.5 ml PBS in 1 ml Agarose) low density seeded (50 000

Sample 3

cells per well)

Row 1

50 000 cells per ml (0.5 ml PBS in 1 ml Agarose) low density seeded (50 000

Sample 4

cells per well)

24h after particle removal
Row 2

Negative Control

Sample 1

200 000 cells per ml unlabeled (0.5ml PBS in 1 ml Agarose)

Row 2

200 000 cells per ml 24 hours after particle removal dense seeded (0.5 ml PBS

Sample 2

in 1 ml Agarose)

Row 2

50 000 cells per ml 24 h after particle removal dense seeded (0.5 ml PBS in 1

Sample 3

ml Agarose)

Row 2

Negative Control

Sample 4

50 000 cells / ml

Directly after incubation
Row 3

200 000 cells per ml directly after incubation (0.5 ml PBS in 1 ml Agarose)

Sample 1
Row 3

Negative Control

Sample 2

200 000 cells per ml (0.5 ml PBS 1ml Agarose)

Row 3

Negative Control

Sample 3

50 000 cells per ml (0.5 ml PBS 1ml Agarose)

Row 3

50 000 cells per ml directly after incubation (0.5 ml PBS in 1 ml Agarose)

Sample 4
Agarose only 1

0.5 ml PBS in 1 ml Agarose

Agarose only 2

0.5 ml PBS in 1 ml Agarose
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