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INTRODUCTION 

The concept of multimodality is an emerging field in biomedical imaging nowadays. 

Several remarkable imaging techniques have been employed in this regard, including 

magnetic resonance imaging (MRI), optical imaging (OI), computed X-ray tomography 

(CT), positron emission tomography (PET), and single photon emission computed 

tomography (SPECT).1 Each of these techniques has its own strengths or weaknesses in 

terms of sensitivity, resolution, penetration depth, and signal-to-noise ratio. However, so far 

there is no single technique that has all the advantages rolled into one, and therefore, the 

current research is focusing on technical integration of two or more imaging modalities 

with complementary features.2-4 The advantage of simultaneous imaging is obvious: 

multiple evaluations occur at once, excluding the interfering factors such as interim changes 

in alignment and condition of the patient as well as alteration of the disease state, which 

could be an issue in case of two separate examinations. A single probe combining multiple 

imaging modalities is promising to take full advantage of a hybrid scanner's simultaneous 

imaging capability.5 Moreover, such a single probe ensures the identical pharmaceutical 

dynamics in biodistribution and hence increases the reliability of the outcome of the 

diagnostic exam.6 

MRI can be considered as the most powerful imaging technique, due to its non-

invasive and non-ionizing nature combined with superb spatial and temporal resolution (10-

100 µm) without limits in penetration depth.7 Using a strong magnetic field and 

radiofrequency pulses to influence the alignment of magnetic moments of water protons in 

the body, MRI generates high resolution 2- and 3D images of a wide range of tissues and 

can be applied for the clinical whole body imaging. The contrast in MRI is based on the 

differences in NMR signal intensity of water protons in various tissues, which on their turn 

depends on the tissue density, presence of metal ions, local concentration of water, its 

velocity, diffusion etc.8 Consequently, the low sensitivity is an inherent limitation of MRI 

due to the low energy difference between the exited and relaxed protons. A large amount of 

contrast agents (CAs) have been developed and used to enhance the contrast and specificity 

of MRI. Based on the mechanisms of proton relaxation, the MRI CAs can be classified as 

T1 (longitudinal) and T2 (transversal) agents, and chemical exchange saturation transfer 

(CEST) agents.9 In clinical practice, more than 35 % of MRI examinations involve the 
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administration of CAs, which have been under the continuous development for more than 

30 years. Nowadays, chemists are exploring the concepts of highly sensitive and safe 

probes for higher magnetic fields, with targeted, responsive and therapeutic properties.10 

Furthermore, the focus lies in development of multimodal probes, e.g. combining MRI with 

other more sensitive imaging modalities, such as PET, SPECT or OI.1 The latter techniques 

have remarkable ability to quantitatively assess cellular and molecular processes by 

exploiting a wide range of radio-labeled and optically active small molecules, often 

conjugated with targeting vectors, e.g. peptides, antibodies etc.11 The sensitivity of this type 

of detection (down to 10-15 M) is several orders of magnitudes higher than that of MRI (10-5 

M), while the opposite is true for the resolution. In clinics, tumor diagnosis and treatment 

requires morphological and functional monitoring to assess tumor stages and therapy 

response. An example of an agent suitable for this assessment is [18F]-2-fluoro-2-deoxy-D-

glucose (FDG), which is often used to evaluate tumor metabolism,12 but it does not provide 

anatomical information. Consequently, a high- resolution technique such as MRI is often 

consulted to obtain this.13,14  

While the first PET-MRI systems have already been installed,15 the research on 

dedicated multimodal probes is gaining substantial interest among chemists as well as 

radiologists.16 In this chapter, the state of the art of the rapidly developing field of 

multimodal imaging is described and different strategies to introduce an additional imaging 

reporter to an MRI-based probe are discussed. Multimodal agents have been the subject of 

many excellent reviews published recently,17-25 this survey emphasizes the role of metal 

ions loaded into various chelates and nanoplatforms in the design of a single probe with 

MRI-based multimodal imaging and therapeutic potential.  

METALS IN IMAGING AND THERAPY 

Metal ions play a pivotal role in the development of multimodal probes, offering great 

advantages and opportunities compared to organic compounds. The versatility of physical 

properties of metals in nature, together with the big library of man-made isotopes can be 

exploited in the design of multimodal probes by using the same platforms that carry these 

ions. Thereby, the choice of the metal is determining the final application of the designed 

probes. Obviously, the design of such probes should rely on consideration of physical 

principles of imaging techniques and type of therapy involved.  
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Lanthanides are among the most important metals in medical imaging.21 The members 

of the series exhibit great similarity in their chemical properties, whereas their physical and 

radiochemical properties vary significantly. This phenomenon has been exploited 

intensively in research of MRI, optical, radionuclide based PET/SPECT and therapy.22,26,27 

The physical properties of lanthanides are determined by the 4f-electrons, which are 

shielded by 5s- and 5p-electrons, and are therefore, not available for covalent binding with 

ligands. The lanthanides with unpaired f-electrons are paramagnetic, and hence can be used 

as MRI CAs due to their ability to alter relaxation times of the surrounding water 

molecules. The most common clinically applied CAs are stable chelates of Gd(III), which 

besides a high magnetic moment possesses a conveniently long electronic relaxation 

time.28,29 On the other hand, Dy(III) as well as Ho(III) exhibit the highest magnetic 

moment, and are therefore, more interesting for the application as T2 susceptibility agents 

due to the ability to affect the transversal relaxation of water molecules in their proximity.30 

Nanoparticles (NPs) of these two lanthanides are promising for MRI at higher magnetic 

field strengths (> 1 T) because the magnetization caused by these materials does not show 

saturation in contrast to the clinically applied iron oxide NPs (vide infra).30,31  

Some of the lanthanides exhibit excellent optical properties based on sharp emission 

bands through the whole spectral region (< 10 nm).26 Eu(III), Tb(III) and Nd(III) are the 

most common examples of Ln-ions applied in design of optical imaging probes throughout 

visible, NIR, and IR region. Once an f-electron is excited, the decay to the ground state will 

be slow, leading to conveniently long luminescence life-times (microseconds for IR-

emitting Er and Nd, milliseconds for Eu and Tb). However, due to the shielding by s- and 

p-electrons, the molecular vibrations of f-orbitals are weak, and consequently, the emission 

by Ln-ions is not too strong. Therefore, organic “antennas” are typically applied as a part of 

chelate coordinating Ln-ion to activate f-f transitions and strengthen the luminescence 

signal by lanthanides.32  

Lanthanide ions cannot be used as free ions in vivo due to their toxicity,33 and are 

therefore, often used as complexes.34 The choice of chelates is driven by thermodynamic 

and kinetic stability considerations as well as the charge, bulk size, and spatial geometry of 

the complexes. The most common ligands are either linear or macrocyclic polyamino-

carboxylate derivatives.35  
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Recently, concerns have been raised about Gd(III)-based MRI CAs in connection to 

their in vivo toxicity after detection of several cases of nephrogenic systemic fibrosis (NSF) 

in patients with renal diseases.36 This has been stimulating research on safer alternatives, 

such as manganese-complexes.37 Mn(II) is necessary for metabolic functions in body and 

exhibits the right properties for MRI applications: high spin due to the 5 unpaired 4d-

electrons, high magnetic moment, slow electronic relaxation times, and fast exchange of 

coordinated water molecules. Thereby, development of Mn(II)-based contrast agents profits 

from the research on Gd(III) counterparts by using the knowledge in relaxation theory, 

coordination chemistry etc.  

Some of the paramagnetic metals also have isotopes that are suitable for PET/SPECT 

and/or therapy, offering great interest in design of multifunctional probes relying only on a 

single metal. For example, 166Ho (t1/2 =26.6 h, Emax,β = 1.84 MeV and Emax,γ = 80.6 keV) 

has emerged as a promising SPECT reporter38 and effective radio-therapeutic for liver 

tumors.39 Radionuclides 59Fe (t1/2 = 44.5 d)40 and 52Mn (t1/2 = 5.6 d)41 can also be used for 

SPECT and PET, respectively. 157Gd exhibits good ability for neutron capture therapy.42 

These metals are already in use for MRI, which means that the existing preparation 

procedures can be readily applied to the radio-analogues to obtain multimodal probes for 

MRI-PET/SPECT or MRI-guided therapy.  

PHYSICO-CHEMICAL CONSIDERATIONS IN MRI  

MRI relies on the signals that originate from the large water content of the body tissues, and 

can therefore, be conducted without the application of CAs. However, to increase the 

contrast between the site of interest and the surroundings, administration of CAs is 

preferred aiming at its interaction with water protons to accelerate their relaxation rates. 

This can be sufficiently achieved by paramagnetic metal-ions due to their unpaired 

electrons, such as Gd3+, Fe3+, and Mn2+. The theory of water relaxation in the presence of 

paramagnetic CAs has been well developed over the past decades.29,43,44 A paramagnetic 

CA increases both longitudinal (1/T1) and transverse (1/T2) relaxation rates of water protons 

in the proximity of the metal ion. The observed relaxation rates (1/Ti,obs) are the 

contribution of paramagnetic (1/Ti,p) and diamagnetic (1/Ti,d) relaxation rates, as shown in 

Eq. 1.1. For the Gd-based CAs, the diamagnetic term corresponds to the relaxation rate of 

the water protons in the presence of a diamagnetic CA-analogues (e.g. La(III), Lu(III)), 
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while the paramagnetic term gives the relaxation rate enhancement induced by 

paramagnetic Gd(III)-ions which is proportional to its concentration in mmol/L ([Gd], Eq. 

1.2). A plot of the observed relaxation rate versus the concentration gives a linear line and 

its slope is defined as relaxivity, ri (mM-1s-1).  

1

𝑇𝑖,𝑜𝑏𝑠
=

1

𝑇𝑖,𝑑
+ 

1

𝑇𝑖,𝑝
    where i = 1, 2                                 1.1 

1

𝑇𝑖,𝑜𝑏𝑠
=

1

𝑇𝑖,𝑑
+ 𝑟𝑖[𝐺𝑑] where i = 1, 2                                1.2  

The number of water molecules in the first coordination sphere of Gd(III)-complexes (q) is 

one of the most important factors influencing the overall longitudinal relaxivity, as it is in a 

linear correlation with the longitudinal relaxivity (Eq. 1.3, where τM is the time that water 

molecules spend in coordination with Gd(III) and T1M is their longitudinal relaxation 

time).45-47 In Gd(III) aqua-ion, q is equal to 8, which leads to a relaxation enhancement 

proportionally higher to that of a Gd(III)-complex with q = 1. Gd(III)-ions at the surface of 

Gd-based NPs are able to coordinate up to 7 water molecules, which results in much higher 

relaxivities for particles with high surface-to-volume ratio compared to Gd(III)-chelates.48 

In a common MRI CA, typically 8 coordination sites of Gd(III)-ion are occupied by 

pendant arms of an organic ligand, leaving one position open for coordination with water 

molecule (q = 1). Logically, much of the research efforts have been devoted into 

development of chelates with the ability to coordinate more than 1 water molecule, which, 

however, in some cases has led to a decreased thermodynamic stability.49  

𝑟1 =  
𝑞

1000×55.6

1

𝑇1M+𝜏M
          1.3 

The residence time (τM) represents the efficiency of chemical exchange of coordinated 

water molecule with the bulk water (Figure 1.1). The exchange rate can be influenced by 

the ligand used, and the pH. When polyaminocarboxylate complexes are used to coordinate 

Gd(III), the exchange rate is three orders of magnitude slower in comparison to the Gd(III) 

aqua-ion. Around neutral pH, the exchange rate is generally equal to that of the entire water 

molecules, while at increased acidity or basicity of the solution, the exchange rates become 

faster due to acid/based-accelerated pathways.50 When Gd(III)-ions are encapsulated in 

porous nanoplatforms, e.g. mesoporous silica or zeolite, the overall relaxation  rates can  be 
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Figure 1.1. Schematic representation of inner-, second- and outer-sphere water interactions with a 

typical T1 contrast agent. 

enhanced by alterations of water diffusion through the pore compartment of these 

platforms.51 In a 3-dimentional framework of zeolites Y and A, the two-step mechanism of 

water exchange is mainly accounted for the overall high relaxivity: the exchange between 

Gd-bound water and bulk water within the interior of zeolite, and between the bulk water 

inside and outside of zeolite. While in the 1-dimentional channel of zeolite LTL, proton 

exchange becomes dominant (see chapter 3). The proton exchange rate of the second step is 

three orders of magnitude faster than water exchange, leading to significantly enhanced 

longitudinal relaxivities.52  

The origin of the paramagnetic relaxation rates is mainly considered as the 

contributions from the inner- and outer-sphere mechanisms. The inner sphere contribution 

(Ri,IS) is due to the processes governed by the above-mentioned parameters (q, τM, τR, T1e, 

and T2e), while the outer-sphere contribution (Ri,OS) is from effects that water molecules 

experience diffusing (τD) along the paramagnetic ions or through the magnetic field 

gradients induced by the Gd(III) in rotating complex without being bound (Figure 1.1). The 

second-sphere mechanism represents the contribution from water molecules bound to the 

functional groups of the ligand via hydrogen bonding. This term can be misleading because 

some of the water molecules in the second coordination-sphere frequently can also be the 

ones involved in outer-sphere relaxation. Both inner- and outer-sphere mechanisms are very 

important factors to take into account when designing efficient MRI CAs. The total 
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relaxation rate and relaxivity enhancement is given by Eqs. 1.4-1.8, where rGdH is the 

distance between the Gd(III) electron spin and the water protons, γS and γI are the electron 

and proton gyromagnetic ratios, τdi is given by τdi
-1 = τm

-1 + τR
-1 + Tie

-1, T1e are the electronic 

relaxation rates (i = 1,2), ωS is the Larmor frequency, ∆2 is the trace of the square of the 

zero field splitting (ZFS) tensor, and τν is the correlation time for the modulation of ZFS. 

(
1

𝑇𝑖,𝑝
) = (

1

𝑇𝑖,𝑝
)

𝐼𝑆

+  (
1

𝑇𝑖,𝑝
)

𝑂𝑆

=  𝑅𝑖
𝐼𝑆 + 𝑅𝑖

𝑂𝑆      1.4 

𝑟𝑖 =  𝑟𝑖
𝐼𝑆 +  𝑟𝑖

𝑂𝑆         1.5 

1

𝑇1𝑚
=

2

15
(

𝜇0

4𝜋
)

2 ℏ2𝛾𝑠
2𝛾𝐼

2

𝑟𝐺𝑑𝐻
6 𝑆(𝑆 + 1) (

3𝜏𝑑1

1+𝜔𝐼
2𝜏𝑑1

2 +
7𝜏𝑑2

1+𝜔𝑠
2𝜏𝑑2

2 )      1.6 

1

𝑇1𝑒
=

1

25
Δ2𝜏𝜈[4𝑆(𝑆 + 1) − 3] (

1

1+𝜔𝑠
2𝜏𝜈

2 +
4

1+4𝜔𝑠
2𝜏𝜈

2)     1.7 

1

𝑇2𝑒
= Δ2𝜏𝜈 (

5.26

1+0.372𝜔𝑠
2𝜏𝜈

2 +
7.18

1+1.24𝜔𝑠𝜏𝜈
)      1.8 

The rotational correlation time (τR) determines the effective correlation time of proton 

relaxation (τC), expressed by Eq. 1.9, which indicates that τR is a limiting factor for small 

and fast tumbling Gd-complexes.  

1

𝜏𝑖𝐶
=

1

𝜏𝑚
+

1

𝜏𝑅
+

1

𝑇𝑖𝑒
        1.9 

Simulations show that the relaxivity of small Gd-complexes becomes significantly higher 

when τR increases already by one order of magnitude.43 Therefore, a broad variety of 

approaches, mainly on increasing the molecular weight of the complexes, have been used to 

slow down the rotation and reach higher relaxivities. 

If the transverse relaxation time (T2) of a CA is much shorter than its longitudinal 

relaxation time (T1), it is usually considered as a T2 CA. Typically long repetition and echo 

times are needed to acquire a T2-weighted MR image. Both inner- and outer-sphere 

mechanisms are important in enhancing T2 relaxation rates, whereas the latter mechanism 

(diffusion of water molecules) is the dominating factor in case of magnetic NPs. External 

factors such as magnetic field inhomogeneity can decrease the T2 relaxation time. This 

leads to another important term T2*, which is the sum of T2 relaxation and the contribution 
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of all magnetic field inhomogeneities in the field.53 The T2* is of great use in clinical MRI 

as it is dependent on the specific properties of the tissues. 

TYPES OF MRI CONTRAST AGENTS 

The vast majority of clinically applied MRI CAs are small Gd(III)-chelates for T1-weighted 

imaging, mainly used for detection of lesions in the blood brain barrier, changes in 

vascularity, flow dynamics, and perfusion. The most commonly used ligands are based on a 

macrocycle 1,4,7,10-tetraazacyclododecane (cyclen), and some linear polyamino-

carboxylates. Some of the most important derivatives of DOTA and DTPA are depicted in 

Figures 1.2 and 1.3. These hepta- or octadentate ligands possess a number of properties that 

are advantageous for their in vivo applicability: i) strong complexation of Gd(III) leads to 

high thermodynamic and kinetic stabilities of the complexes, and thus reduces toxicity of 

the free Gd(III)-ion, ii) relaxivity properties of the CAs can be well predicted and optimized 

to some extent by modulating the parameters such as q, τm, τR etc. (see examples in Table 

1.1), iii) the ligands can be used as platforms, in which functional and specific groups can 

be incorporated to either improve the overall performance of the CAs or make them more 

specific. Examples of the latter efforts include strategies to functionalize the CAs with 

targeting vectors to improve local delivery to the site of interest, binding with 

macromolecules in vivo, or providing the probe with a responsive mechanism to the 

endogenous triggers, such as temperature, pH or a particular enzyme activity.22,54  

In the past decades, the nanochemistry has grown tremendously and many novel 

nanomaterials have been explored in the field of MRI CAs. Methodologies have been 

developed to control the synthesis of nanoparticulate CAs (e.g. dimension, composition, 

crystalline phase and morphology) and their surface engineering has been explored 

significantly. These parameters are closely related to the in vivo behavior of NPs. Up to 

day, a number of nanosystems have been playing important roles in development of T1 

and/or T2 CAs, such as Ln2O3,
55 upconversion NPs,56 liposomes and micelles,57 graphene 

oxides,58 and clinically applied SPIO and USPIO NPs20 (see Figure 1.4). Gd(III) oxides 

have been studied for the use of multimodal imaging probes, drug carriers and therapeutic 

agents.55 Compared to the solid NPs, the porous systems such as mesoporous silica NPs 

(MSN),59 zeolites,51 and carbon nanotubes60 exhibit unique features due to their inert 

chemical properties and peculiar porous structures.  
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Figure 1.2. General synthetic scheme of ligands based on cyclen for chelating Gd as MRI T1 CAs. 

 

Figure 1.3. Selected examples of linear polyaminocarboxylic complexes for Gd-based MRI T1 CAs. 

From Eq. 1.2 it is clear that the relaxivity is linearly proportional to the concentration 

of a CA, thus a high payload is particularly important to reach a high local concentration at 

sites of interest and thus in enhancing the sensitivity. A recent example shows that, more 

than 4000 Gd(III)-ions per particle can be achieved by a simple ionic exchange between 

Na+ and Gd(III)_ ions in zeolite LTL (20 × 40 nm), see Chapter 3.52 Particle size is an 

important parameter to consider not only from the biodistribution point of view, but also in 

order to control the relaxivity.61 Smaller sizes are preferred for the NPs, which enhance the 

r1 relaxivity through the water exchange process, as the inner-sphere contribution increases 

with increasing surface-to-volume ratio.62,63 On the other hand, NPs that influence r2,  
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Table 1.1. Examples of MRI CAs and their relaxivity properties measured at 1.0 T and 37 °C, unless 

stated otherwise.  

Type Name Charge 

(mV)/size (nm) 

Relaxivity (s
-1 

mM
-1

) 
r1           r2 

Ref. 

T1  

Small 

chelates 

 

Gd-DOTA, Dotarem® 

 

-1 

 

3.4 

 

4.3 

 

35 

Gd-DTPA, Magnevist® -2 3.4 3.8 35 

Gd-DTPA-BMA, Omniscan® 0 3.9 4.3 35 

Gd-HPDO3A, Prohance® 0 3.7 4.8 35 

Mn-DPDP, Teslascan® -4 2.3 4.0 35 

Polymeric Gd-DTPA-17, Vistarem® -1 11.9 16.5 35 

 Gd-HPDO3A, Gadomelitol® 0 42 50a 35 

 Gd-DTPA-PEG  -2 6.0 - 35 

Nanoparticles Gd-ultrasmall NPs 2.4 nm 4.3 27.1b 50 

 Gd-LTL nanozeolite 20×40 nm 30.4 - 64 

 Mn-EDTA-PP liposomes  37.4 53.2a  

T2 

Small 

chelates 

 

Dy-DTPA  

 

-2 

 

- 

 

a 35 

Dy-DTPA-BMA 0 3.4 3.8a,b 35 

Nanoparticles Ferumoxtran-10 AMI-227, 

Sinerem® 

 

15-40 nm 

 

22.7 

 

53.1a 

 

35 

 Fe2O3, FeO, SPIO, Feridex® 80 nm 40.0 160.0 35 

 Dy-ultrasmall NPs 2.9 nm 0.2 40.3b 62 

 Ho-ultrasmall NPs 2.4 nm 0.1 31.2b 62 
a measured at 0.47 T. b measured at 1.5 T. c T2

* is enhanced as well. “-“ = not reported. 

operate via the generation of magnetic field gradients that affect water molecules diffusing 

along the particles. 

This effect can be achieved more effectively with bigger sizes since the r2 is 

proportional to the overall magnetic moment of NPs. This phenomenon has been generally 

observed for iron oxide NPs65 as well as for Ln2O3 NPs,31,66 and ferrites (iron oxide NPs 

doped with Mn(II), Co(II), Zn(II), Ni(II) and their mixtures.67,68 However, magnetization 

saturation at increasing magnetic field is a common feature of iron oxides based T2 CAs. In 

contrast, magnetization and thus r2 values of Ln-based NPs increase with increased 

magnetic fields, which render these materials promising for the emerging high magnetic 

field MRI.66  
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Figure 1.4. Nanoparticles and nanocarriers used for the design of efficient MRI T1, T2 CAs. 

Apart from the influence on relaxivity, the size of the NPs is also closely related to the 

in vivo behavior and possible toxicity of the CAs. Particles below 5 nm can be efficiently 

cleared by renal excretion.69 On the other hand, the bigger particles are typically cleared by 

mononuclear phagocyte system.70,71 The particles between 10 and 100 nm in general are 

small enough to go through small capillaries and they have relatively longer blood half-life 

time. The size of NPs is crucial in cancer imaging due to enhanced permeability and 

retention (EPR) effect, typical for the leaky vasculature in the fast and uncontrolled 

growing tumors. This phenomenon is particularly interesting for MRI-guided therapy as it 

allows delivering imaging and therapeutic components simultaneously to the diseased site 

and monitoring the treatment. Shape of NPs is another morphological property that 

determines their circulation behavior. Spherical NPs tend to remain longer in the blood 

flow in comparison to their asymmetrical counterparts, such as rods or discs,72,73 while the 

angular particles can even damage cell membranes.74 Finally, the in vivo performance as 

well as toxicity of NPs is determined by the surface chemistry such as charge, coating and 

the presence of certain functionalities.75 Positively charged NPs are known to be 

internalized by cells due to the electrostatic interaction with the negatively charged cell 

membranes, while negatively charged NPs are usually cleared by the liver.  
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In the case of Mn-based T1 CAs, Mn(II) has been complexed with EDTA,76 stabilized 

by dendrimers,77 amphiphilic dextran micelles,78 and mesoporous silica spheres.79 In all 

these systems, parameters such as water exchange rate and hydration number are near 

optimal for an efficient MRI T1 CA compared to Gd-based compounds. Multifunctional 

properties can be realized in the same nanosystems, which have become the main strategy 

to provide the resultant imaging probes with identical biodistribution. The NP itself can 

provide the magnetic function, while an extra modality (e.g. fluorescence, radiotracers, or 

therapeutic) are often introduced by the surface engineering of the particles.80 Porous 

nanoplatforms open many pathways to achieve the multifunction by using pore-loading64 as 

well as functionalization of internal and external surfaces.81 

T1-T2 MRI dual probes  

Two different proton relaxation mechanisms that form the basis of MR imaging can already 

be exploited for multimodal imaging as such. Longitudinal (T1) and transverse (T2) 

relaxations create bright and dark contrast, respectively. Combination of the ability to affect 

both processes by a single CA molecule or a nanosystem creates the opportunity for T1-T2 

dual imaging, sometimes indicated as “fault-free MRI”.82 This approach becomes 

particularly interesting when there is a need to verify the uncertainties in case of negative 

contrast, magnetic susceptibility artefacts, or concerns about signal-to-noise ratio in a dark 

image.82 The effort led to CAs with the value of r2/r1 ratio between 1 and 10, as required for 

optimal performance of T1 CAs, and simultaneous ability to affect T2- or T2
*-weighted 

contrast. More importantly, the T1-T2 properties of the probes can be tuned through a 

synthetic design, e.g. control over particle size, shape and composition of dual systems 

based exclusively on Gd or Mn, and/or their combination with Fe.67,83-85 

Despite of the fact that Gd-based complexes are the main class as T1 CAs, recently a 

few examples of only Gd-containing nanosystems have been demonstrated as T1-T2 dual 

probes. In our recent work we presented a Gd-loaded zeolite LTL with a large payload of 

Gd-ions per particle (see Chapter 3). The r1 relaxivity was found to be independent of τR, 

while another key parameter τzeo, the proton exchange between the interior of LTL and 

bulk, is three orders of magnitude faster than the corresponding water exchange, which 

suggests a fast prototropic exchange mechanism in this nanosystem.52 Interestingly, the 
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high T2 relaxivity could also be ascribed to the prototropic exchange mechanism, rendering 

it a T1-T2 dual responsive probe.  

One of the strategies to enhance both types of relaxivities while retaining the 

convenient r2/r1 ratio is to assemble a nanosystems by conjugation of Gd(III)-complexes to 

a carrier. Recently, Roullin et al. have demonstrated this approach by encapsulation of the 

hydrophilic Gd(III)-DOTA into a hydrogel consisting of biocompatible chitosan and 

hyaluronic acid.86 The r1- and r2-relaxivities measured with this nanosystem at 1.5 T (25 

°C) were 72.3 and 177.5 s-1 mM-1, respectively, which is extremely high, compared to 

Gd(III)-DOTA (Table 1.1). The relaxation properties could be well-tuned by adjusting the 

Gd-complexes, the hydrogel matrix composition, and gelation process.87 Silica NPs are also 

used to incorporate the Gd-complexes, e.g. via a simple and versatile sol-gel method.88 In 

general, porous structures often allow for fast water exchange, and thus increased r1. The 

r2/r1 ratio can be optimized by choosing the appropriate particle size that mainly influences 

the r2 value.  

Gd-based ultrasmall NPs represent another alternative to affect both types of relaxation 

mechanisms. Ultrasmall Gd2O3 NPs (1-3 nm) synthesized via a polyol method are generally 

considered as T1 CAs. When these ultrasmall NPs are surface coated with MnO, the T1 

relaxivity is basically the same as that of pure Gd2O3, whereas T2 relaxivity nearly doubles 

due to the presence of MnO, making it interesting for T1-T2 dual imaging.89 Doping of the 

ultrasmall Gd2O3 with Eu(III) and subsequent coating with biocompatible and colloidally 

stable lactobionic acid has resulted in T1 and T2 relaxivities of 11.9 and 38.7 s-1 mM-1 at 1.5 

T, respectively.83 Ultrasmall Fe3O4 NPs are also proved suitable for both T1- and T2-

weighted MRI. Gao et al experimentally demonstrated that for iron oxides NPs, the main 

contribution of the T1 contrast enhancement is from the water exchange on the iron-rich 

Fe3O4(111) surface, whereas the T2 relaxation is dominated by the intrinsic 

superparamagnetism of the NPs.90 Combination between Gd and Fe in a core-shell structure 

can maximally utilize the advantages of each metal and lead to promising T1-T2 probes, 

which represent an important strategy. Luo et al. reported Fe3O4/SiO2/Gd2O(CO3)2 NPs for 

T1-T2 dual imaging in which the SiO2-layer between the Fe3O4 core and the Gd2O(CO3)2 

shell can modulate r1 and r2 relaxivities.84 The r2 relaxivity of the Fe3O4 core appeared to be 

enhanced in the presence of Gd(III) most probably due to dipole-dipole coupling of the 
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neighboring Gd(III)-Fe(II)/Fe(III) ions interacting with each other and generating increased 

transverse electronic relaxation.91  

It has been shown that the saturation of magnetization of MnFe2O4 NPs is decreasing 

with decreased particle size. Conjugation of Gd(III)-DTPA at the surface of medium-size 

NPs results in both enhanced T1 and T2.
92 Cheng et al. bridged Au and iron oxide via Pt into 

a dumbbell structure, and the surface of Au is covalently immobilized with Gd-DOTA. 93 

This design resulted in dual T1 and T2-weighted functions for MRI with favorable 

biodistribution. As T1 relaxation is mainly accelerated by Gd while T2 enhancement 

originates from Fe, manipulating the spatial arrangement of each component in order to 

adjust the magnetic coupling was shown to be the key strategy to synergistically enhance 

both T1 and T2 contrast effects. 

MRI COMBINED WITH RADIONUCLEAR IMAGING MODALITIES 

Despite the excellent spatial resolution, the inability of MRI to quantitatively assess the 

events at tissue and cellular level forms a major disadvantage in diagnosis. To overcome 

this limitation, a feasible solution is to combine MRI CAs with radionuclide reporters that 

allows localization and quantification of the whole probe.16 There are many examples in the 

literature reporting on the combinations between Gd (T1) and/or Fe(T2) CAs with other 

metal-ions (Figure 1.5). This strategy opens possibility to assess many physiological 

parameters, such as pH, metabolic rates, and receptor densities. Several radioisotopes have 

emerged currently as interesting for design of dual probes for MRI-radionuclide imaging 

(Table 1.2), which is determined by the choice of the isotopes applied. For instance, 

representative metallic isotopes including 64Cu, 68Ga, 89Zr, 44Sc, 86Y with relatively long 

half-life time have been widely used in PET, while 67Ga, 99mTc, 111In, 177Lu, and 166Ho are 

typical isotopes for SPECT. For therapeutic applications, isotopes that emit particles, such 

as 47Sc, 114mIn, 166Ho, 177Lu, 90Y, 212/213Bi, 212Pb, 225Ac, and 186/188Re are widely investigated. 

PET and SPECT are non-invasive nuclear imaging techniques based on a tomographic 

reconstruction method to produce a 3-dimensional image of functional processes in the 

body, and the use of radiotracers is the prerequisite. For PET, the emitted photons of a 

positron-emitting radionuclide come across electrons in the body and then annihilate. The 

annihilation generates two 511 keV γ-rays emitted simultaneously in opposite directions. 

The acquisition of the annihilation by surrounding detectors permits the translation of  
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Figure 1.5. Combination between Gd (T1) or Fe (T2) and various metals for dual/multimodal imaging 

reported in the literatures. Ln = lanthanides, UCNP = upconversion nanoparticle, and QD = quantum 

dots.  

spatial distribution of the radioactivity into an image. The technique SPECT utilizes single 

photons with energies in the range of 30 to 250 keV. The single photon emitted from a 

radioisotope, travels through tissues and is then detected by a sensitive gamma-radiation 

detector. Although the sensitivity is 1-3 orders of magnitude lower than in PET, SPECT has 

remarkable sensitivity and demonstrates very promising in imaging biological processes in 

vivo and staging of cancer.94 

So far, radiotracers used in PET imaging are typically isotopes with short half-lives 

such as 11C (t1/2 = 20.3 min), 13N (t1/2 = 9.9 min), 15O (t1/2 = 122.2 sec) and 18F (t1/2 = 109.7 

min), which are used extensively for radiolabeling of molecules and drugs, due to their 

endogenic nature and low atomic mass, leading to a less possible interference with the 

biological activity. For example, FDG-glucose (2-[18F]fluoro-2-deoxy-D-glucose) is 

routinely used in PET clinics to assess the metabolic state tumors. However, the short half-

life time can also be a disadvantage because the chemical procedures of the preparation of 

the imaging probes including synthesis, purification, and characterization, in general take 

longer time. Therefore, optimizing and developing efficient methodologies for the chemical 

synthesis are of vital importance. Radioisotopes of metals with longer half-life times are 

easier to handle and therefore are often interesting alternatives. Selected examples are  
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Table 1.2. Selected metallic radionuclides, useful for nuclear imaging and their properties.  

 

shown in Table 1.2. The production and transportation of the metal radionuclides are 

practical concerns related to their application. Cyclotrons and generators are two main 

systems for the production of the radionuclides.95 The cyclotron is usually used for long-

lived nuclides such as 64Cu, 89Zr, 86Y, 55Co, 52Mn, etc., allowing the transportation of these 

Isotope t1/2 

(h) 

Decay mode E 

(keV) 

Production method Application 

60Cu 0.4 β+ (93%) 

EC (7%) 

β+, 3920, 3000 

2000 

cyclotron, 60Ni(p,n)60Cu PET 

61Cu 3.3 β+ (62%) 

EC (38%) 

β+,1220, 1150 

940, 560 

cyclotron, 61Ni(p,n)61Cu PET 

62Cu 0.16 β+ (98%) 

EC (2%) 

β+, 2910 62Zn/62Cu generator PET 

64Cu 12.7 β+ (19%) 

EC (41%) 

β– (40%) 

β+, 656 cyclotron, 64Ni(p,n)64Cu PET 

67Cu 62.01 β– (100%) β–, 577, 484, 395 

γ, 91, 93, 185 

accelerator, 67Zn (n,p) SPECT/ 

Therapy 
66Ga 9.5 β+ (56%) 

EC (44%) 

β+, 4150, 935 cyclotron, 63Cu( α, n γ)66Ga PET 

67Ga 78.26 EC (100%) γ, 91, 93, 185, 296, 388 cyclotron SPECT 

68Ga 1.1 β+ (90%) 

EC (10%) 

β+, 1880 68Ge/68Ga generator PET 

44Sc 3.9 β+ (94%) 

EC (6%) 

β+, 1474 

γ, 1157 

44Ti/44Sc generator PET 

47Sc 80.2 β– (100%) 

 

β–, 441, 600 

γ, 159 

47Ti (n,p)47Sc SPECT 

111In 67.9 EC (100%) γ, 245, 172 cyclotron, 111Cd (p,n)111m,gIn SPECT 

114In  73 s β– (100%) β–, 1989 114mIn daughter SPECT/ 

Therapy 
177Lu 159.4 β– (100%) β–, 4177, 385, 4980 

γ, 112, 208 

176Lu (n,γ)117Lu SPECT/ 

Therapy 
86Y 14.7 β+ (33%) 

EC (66%) 

β+, 1221 cyclotron, 86Sr(p,n) 86Y PET 

89Zr 78.5 β+ (22.7%) 

EC (77%) 

β+, 897 cyclotron, 89Y(p,n) 89Zr PET 

166Ho 26.8 β– (100%) γ, 1855 165Ho(n, γ)166Ho SPECT/ 

Therapy 
52Fe 8.3 β+ (55%) 

EC (45%) 

β+, 803 

γ, 1825 

52Fe/52mMn generator PET/Therapy 

99mTc 6 γ (91.5%) γ, 140 Cyclotron, 100Mo(p,2n)99mTc 

or 99Mo/99mTc generator 

SPECT 

201Tl 72.9 EC (100%) γ, 346, 451, 481 Cyclotron, 
203Tl(p,3n)201Pb→201Tl 

or Hg (p,n/p,2n/p,4n)201Tl 

SPECT 
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nuclei over a long distance from the cyclotron facility. For comparison, there are many 

short-lived metallic radionuclides available from corresponding generators, such as 

62Cu/62Zn, 68Ga/68Ge generators. A generator system consists of a long-lived parent 

radionuclide that decays and continuously produces a short-lived daughter radionuclide. 

Such a generator is very important in clinical practice because it enables production of 

radionuclides at the sites that are far away from a cyclotron.  

T1 MRI-PET and MRI-SPECT dual probes 

The development of MRI-PET/SPECT multimodal probes has become a fast growing area 

in medical imaging and diagnosis. The strategy typically starts radiolabeling the existing 

MRI T1 and T2 CAs (e.g. Gd-chelates, iron oxides NPs) that already possess magnetic 

imaging functionality. One of the most prominent examples on the advantage of 

combination of both imaging modalities in one probe was presented by Caravan et al. by 

conjugation of Gd(III)-DOTA to fibrin-binding peptides for MRI visualization and by 

partly replacing Gd(III) with 64Cu(II) for PET observation.96,97 The amount of Cu used for 

the complexation with DOTA was much less than that of Gd due to the large differences in 

the sensitivity of PET compared to MRI. The in vivo evaluation of the mixture 

demonstrated high affinity of this probe to thrombi with possibilities not only to locate but 

also to quantify this tissue. The approach of using ‘lanthanide cocktails’ in combination 

with the same chelate is of course a straight-forward strategy to adapt the existing MRI 

probes to the nuclear imaging.98 However, some researchers emphasize the importance of 

identical thermodynamic and kinetic stability aspects of the probes and put efforts in 

designing probes containing two different chelates in the same molecule. A representative 

example of heterometallic complexes is reported by Kumal et al. who combined DOTA and 

NOTA rings in one dendritic structure (Figure 1.6).99 The specific coordination ability of 

the DOTA and NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid) moieties offer specific 

chelation of Gd(III) and 68/67Ga(III) for MRI and PET/SPECT, respectively. The researchers 

demonstrate specific delivery of the designed dual probe to the tumor site through a 

targeting peptide, c(RGDyK). To overcome the steric hindrance from the dendritic structure 

that can reduce the targeting capability of the final probe, a PEG12 linker was thus 

introduced between the complex and the peptide. The high r1-relaxivity (15.99 s-1mM-1 at 

20 MHz) was originated from six peripheral Gd(III)-DOTA units, while the central  
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Figure 1.6. Schematic representation of a dual-modality molecular probe design: a) structure 

targeting of ligand of heterocomplex, the coordinating bonds between Gd(III) and DOTA, Ga(III) and 

NOTA were omitted for simplicity; b) the targeting peptide c(RGDyK); c) Representative PET,MR 

and PET-MR images of U87MG tumor xenograft in SCID mice at 1 h post injection of the dual 

probe. The white arrow indicates the tumor site. 

Ga(III)-NOTA complex provided a PET/SPECT signal. The probe exhibited a single 

pharmaco-kinetic behavior in vivo and thus is an excellent example of visualization of 

tumor by both MRI and PET/SPECT via a single dose injection. DOTA and NOTA and 

their derivatives are majorly considered as the matrix of dual probes to complex Gd(III) and 

Ga(III) due to the specific coordination.19,100  

Development of responsive proves based on the relaxivity change in MRI is an 

important direction in the MRI-PET research. Botta et al. reported another variation on the 

combination of Gd(III)-DOTA and Ga(III)-AAZTA units in one molecule and introduced 

sulfonamide bridge to conjugate the heterodimer.101 As a result, the r1 by Gd(III)-ion 

complexed to the DOTA-chelate became pH-dependent by virtue of change in the 

hydration state. The reversible on/off complexation of the sulfonamide nitrogen makes it a 

smart probe for pH-readout by MRI assisted by PET, which actually uses 68Ga(III) for 

quantification. It is worth noting that the above-mentioned synthetic strategies would 
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permit the formation of a large series of heterodimetallic complexes for different 

biomedical applications by simply changing the coordinated metal ions.  

Laprise-Pelletier and coworkers recently reported an MRI-PET dual probe based on 

mesoporous silica NPs grafted with DTPA for chelation of Gd(III) and 64Cu(II).102 The 

obtained nanosystem benefited from the enhanced r1-relaxivity (33.8 s-1mM-1) due to the 

multiple paramagnetic units conjugated to one nanocarrier, while the PET signal was 

delivered by the radioactive 64Cu(II) present in a trace dose.  

In our current research we are exploring the ability of Gd-loaded zeolite LTL to 

accommodate 64Cu as well as 89Zr in the same nanostructure, which can be done efficiently 

with a very high labelling yield (88.4% of 64Cu and 74% of 89Zr in 60 min). In addition, the 

observed high r1 and r2 were not affected by the co-loading of the isotopes, see Chapter 5. 

The strategies mentioned for design of MRI-PET dual probes can of course be readily 

extended to MRI-SPECT simply by exchanging the radioisotope.101,103 For example, the 

chemically homogeneous probe combined Gd(III)-DOTA and 68Ga(III)-NOTA can be 

directly translated into 67Ga(III)-NOTA for MRI-SPECT applications.99 The same is true 

for radiolabeling of chelates conjugated to the surface of NPs. Kryza et al. have 

demonstrated this using ultrasmall Gd2O3 NPs (2 nm) in combination with DTPA, tethered 

at their surface and used to coordinate 111In.104 The long-lived 111In (t1/2 = 67.9 h) is often 

the radioisotope of choice for the accurate assessment of biodistribution and clearance of 

injected agents. The derivatives of DTPA that are generally suitable for complexation of 

many trivalent metal-ions can have additional complexation abilities. An example is the 

DTPA-bis-(histidylamide) that was used to incorporate Gd in the DTPA core and 99mTc 

coordinated to the histidylamide side arms.98 A high r1 of this dual probe was obtained (7.8 

mM-1 s-1 at 128 MHz) as a result of reduced tumbling rate (τR) through DTPA-histidine 

conjugation.  

Recently there has been an increasing interest of developing iron oxides with high T1 

effects for positive contrast at clinical magnetic field strengths. Rosales et al. used USPIO 

NPs functionalized dipicolylamine-alendronate (DPA-ale) and PEG-biphosphonates 

radiolabeled with 99mTc.105 These radiolabeled iron oxide NPs (5.5 ± 0.7 nm) showed a very 

high r1 value (9.5 mM-1 s-1 at 3 T), and additionally, promising SPECT properties due to the 

99mTc-DPA-ale complex stably bound onto the particle surface.  
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T2 MRI-PET and MRI-SPECT dual probes 

High acceleration of T2 relaxation rate can be achieved by susceptibility of the solid 

particles. The induced magnetic moment of these particles reduces the phase coherence of 

water molecules diffusing along the particle surface. This effect depends on the total 

number of paramagnetic ions per particle, e.g. Fe2O3/Fe3O4, Ln2O3. Therefore, the r2 

increases with the increase of particle size. Majority of the reported T2 MRI-PET probes are 

based on surface radiolabeling of solid particles possessing high T2 relaxivities. The 

strategies include coating of the surface of various types of NPs with a silica layer, 

peptides, polymers, macrocyclic ligands, etc. High radiolabeling yield with metal 

radionuclides can then be achieved depending on the amount and properties of the chelates 

present on the surface of NPs. In a very recent work, Herranz et al. developed a one-step 

modular approach for multi-functionalization of different hydrophobic NPs.6 Bovine serum 

albumin (BSA) was used as a modular platform for the attachment of various functionalities 

in a parallel process onto the surface of the NP core for dual imaging purposes. Rosales et 

al. reported a strategy to prepare a MRI-PET probe by exploiting bis-dithiocarbamate 

(CS2)- bisphosphonate (BP) to functionalize the dextran-coated SPIO NPs.106 The BP-group 

was used to accomplish the attachment of the organic functionality to the surface of 

particles, while the CS2-group was responsible for the stable complexation of 64Cu. The 

resultant probe had both PET signal and T2 MRI enhancement (r2 = 34 s-1 mM-1) in addition 

to very good stability and no indications of any decomposition in vivo. Using a similar 

ligand, the strategy was also extended to other radioisotopes and radiolabeling of ferrites 

MnFe2O4 NPs, the 100% labelling yield could be easily achieved in a short time. The in 

vivo study demonstrated the potential of the radiolabeled NPs for dual MRI-PET 

imaging.107 This strategy proved to be versatile to radiolabel many other metallic NPs, such 

as Ln2O3, TiO2, CaCO3, Al2O3, etc.107 

Besides acting as a platform for conjugation with radio-metal complexing chelates, 

NPs and, silica-based NPs in particular, can be exploited for encapsulation of optically 

active motifs. This approach was investigated by Kim et al. on magnetic silica particles that 

contained CoFe2O4 core for T2 MRI and 68Ga(III)-NOTA grafted on the surface.108 The 

MRI-PET active particles were additionally used for cell tracking by near-infrared due to 

fluorescent dye encapsulated in the silica layer simultaneously (MRI-PET-OI triple 
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modality). Not surprisingly but importantly, the use of 68Ga(III)-NOTA is extended to 

functionalize iron oxides NPs for MRI-PET dual imaging.108-110 

While the above-mentioned strategies are mainly based on the particular coordination 

chemistry and selection of the best chelate for sufficient in vivo stability, in a very recent 

report, Liu et al. demonstrated a novel efficient strategy for the synthesis of chelate-free 

64Cu labelled MoS2 nanosheets for PET-MRI.111 The iron oxides NPs were modified with 

meso-2,3-dimercaptosuccinnic acid (DMSA) and self-assembled on the surface of 

atomically thin MoS2 nanosheets, likely via sulfur chemistry occurring on the defect sites of 

MoS2. 
64Cu(II)-ions have high affinity to sulfur atoms and could anchor on the MoS2 defect 

sites in the nanosheets.  

Aime et al. reported a dual MRI-SPECT probe for the pH-mapping by using Gd(III)- 

and 166Ho(III)-DOTA-sulfonamide derivatives exhibiting pH dependent relaxivities as a 

consequence of a change in hydration number.38 Another interesting property of Ho is the 

highest magnetic moment, which can be used for T2 MRI, and in this way a single metal 

itself, provides the bases for dual imaging. In our work we have investigated Ho-containing 

NPs (Ho2(CO3)3, Ho2O3, and Ho2O2SO4) of different sizes and demonstrated linear increase 

of the r2 relaxivities with increased magnetic field and particle size.31 Therefore, we have 

developed synthetic procedures for size-controlled synthesis of spherical Ln-NPs, including 

microwave-assistance and miniemulsion mediation (Chapter 6). A proper functionalization 

of the surface of Ho NPs with PEG and targeting vectors is under current research to endow 

the particles with the ability for local delivery for therapy monitored by MRI-SPECT.  

Several excellent examples are based on the surface radiolabeling of USPIOs for MRI-

SPECT. The 111In labeled antimesothelin antibody mAbMB can be conjugated to surface of 

iron oxide NPs.112 Such a design ensures the magnetic properties for T2 MRI as well as the 

ability to localize the probe via SPECT, more specifically, in mesothelin-expressing 

tumors. The radiometal 99mTc has also been explored to radiolabel the USPIOs with a high 

labelling efficiency to detect and quantify the particles in vivo.113 In a recent example, 

Wang et al. deposited iron oxides on the surface of carbon nanotubes (CNTs), resulting in a 

very efficient T2* MRI probe.114 The NPs were then successfully radiolabeled with 99mTc 

through a functionalized BP, enabling the SPECT/CT imaging and γ-scintigraphy to 

quantitatively analyze the biodistribution of the hybrid materials in mice. The information 

the MRI properties of some selected probes are shown in Table 1.3. 



 Exploring the Versatile Properties of Metals in the Design of Multimodal Imaging Probes 

 

 

 23 

Table 1.3. Selected examples of MRI-based dual probes.a  

Metals used Strategy/Carrier Dual(multi) modality r2  

(s−1 mM−1) a 

r1
  

(s−1 mM−1)a 

Ref. 

Fe-68Ga Surface coating MRI (T2)-PET 203.4 3.2 6 

Gd Zeolite LTL MRI T1-T2 98.0 32 115 

Gd Hydrogel MRI T1-T2 177.5 72.3 86 

Gd Hydrogel MRI T1-T2 47.6-109.5 41.5-98.0 87 

Gd-Eu NPs MRI T1-T2 38.7 11.9 83 

Gd-Mn NPs MRI T1-T2 26.6 12.8 83 

Fe-Gd Core-shell MRI T1-T2 269.4 32.9 84 

Fe-Gd Nanoclusters MRI T1-T2 181.5 64.7 116 

Fe-Gd NPs MRI T1-T2 123-136 1.7-4.1 93 

Fe NPs MRI T1-T2 39.5 19.7 117 

Fe-Mn NPs  MRI T1-T2 53.9-67.2 19.3-21.5 118 

Fe-Eu NPs MRI T1-T2 97.5 36.8 68 

Gd-64Cu MSN MRI (T1)-PET 62.9 33.8 102 

Gd-68Ga Complex MRI (T1)-PET - 16.0 101 

Gd-68Ga Complex MRI (T1)-PET 7.1 - 119 

Fe-68Ga Ferrites-silica MRI (T2)-PET 297.0 - 108 

Fe-89Zr Surface coating MRI (T2)-PET 203.4 3.2 6 

Fe-64Cu NPs MRI (T2)-PET 34.0 - 106 

Fe-64Cu NPs MRI (T2)-PET 92.6 - 111 

Gd-68Cu-Eu NPs MRI (T1)-PET-OI 83.7 33.3 120 

Gd-67/68Ga Dendritic structure  MRI (T1)-SPECT  16.0 99 

Fe-99mTc 

Fe-99mTc 

NPs MRI (T1)-SPECT 28.2 9.5 121 

Gd-99mTc Complexes MRI (T1)-SPECT - 7.8-8.5 98 

Fe-99mTc Ferrites MRI (T2)-SPECT 121.9 4.9 107 

Fe-99mTc CNTs MRI (T2)-SPECT 325.0 - 114 

Fe-111In NPs MRI (T2)-SPECT 469.6 0.6 112 

Gd-UP NPs/nanorods MRI (T1)-OI - 4.6-6.0 122 

Gd-UP NPs MRI(T1)-OI - 2.1 123 

Gd-QD NPs MRI (T1)-OI 26.5-36.1 11.5-15.8 124 

Mn-QD NPs MRI (T1)-OI - 3.0 125 

Gd-Eu NPs MRI (T1)-OI 34.3 - 126 

Gd-UP Core/shell NPs MRI (T1)-OI - 12.3 127 

Gd-QD NPs MRI (T1)-OI  8.5 128 

Gd-Eu NPs MRI (T1)-OI 7.8 6.1 129 

Gd-Ag NPs MRI (T1)-OI - 29.0 130 

Gd-Eu NPs MRI (T1)-OI 4.8 2.6 131 

Gd-Eu Zeolite LTL MRI (T1)-OI 93.0 27 64 

Gd-Eu Nanorods MRI (T1)-OI - 1.4 132 

Gd-UPb NPs MRI (T1)-OI 8.8 4.5 133 
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Gd-Tb NPs MRI (T1)-OI - 15.5 134 

Fe-UP NPs MRI (T2)-OI 28.7 - 135 

Tb Self-assembly  MRI (T2)-OI 15   136 

Dy-UP NPs MRI (T2)-OI 438.0 0.3 137 

Up-Up (Gd) NPs MRI-OI  2.9 138 

Co-UP NPs MRI (T2)-OI 1544.2 - 139 

Gd-UP-Zn Core-Shell MRI (T2)-OI-CT 19.3 0.8 140 

Fe-Mo-64Cu Nanosheets MRI (T2)-OI-PAI 92.6 - 111 
a The conditions at which the relaxivities reported in this table are obtained can be found in the corresponding 

references; QD = quantum dots;  “-“ = not reported. 

 

MRI COMBINED WITH OPTICAL IMAGING MODALITIES 

MRI-OI has become one of the most well developed dual imaging modalities.18,141,142 In the 

past decade, there has been a significant development of MRI-OI dual probes in biomedical 

research and especially preclinical practice. Due to its high sensitivity the OI has been 

introduced as a second modality to compensate the low sensitivity of MRI, which on its 

turn simultaneously helped to overcome the low resolution of a single optical modality. A 

large amount of MRI-OI dual probes has been reported in the research on molecular 

imaging of biological events. Most of these probes are based on the conjugation between 

fluorescent organic dyes and MRI active CAs.25 However, the excitation of Stokes-shifted 

fluorophores is usually in the UV or visible range, which have a limited light penetration 

depth and evoke strong imaging background creating artifacts.143 Therefore, lanthanides are 

often used as alternatives due to their long excitation times and small linewidths (< 10 nm), 

which also enables the time-resolved imaging.18,21,27,141 Many promising studies have 

demonstrated the combination between various lanthanides with already existing Gd- or Fe-

based MRI-probes for MRI-OI, which leads to higher quantum yields and reduced artifacts. 

T1 MRI-Optical dual probes 

The metallic probes based on Gd(III) and Eu(III) represent a classical combination for 

MRI-Optical dual imaging. In very recent examples, the 2D ultrathin GdVO4 nanosheet co-

doped with Eu(III) was synthesized by a facile solvothermal reaction, simultaneously 

providing the probe with fluorescent and paramagnetic properties.120,144 The hexagonal 

crystal Eu-doped GdPO4 nanorods not only exhibited a higher enhancement of in vivo T1-

weighted MR imaging, but also showed better luminescence imaging of living cells under 
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the fluorescence microscope.129,132 Gd(III) and Eu(III)-ions can be co-doped into zeolites 

and mesoporous silica NPs (MSNs).145,146 The resulting MSN with magnetism and 

fluorescence in the nanostructure could be used to T1 MRI-optical dual imaging. Recently, 

we have demonstrated selective loading of Gd(III) and Eu(III)-ions into LTL into the well-

defined framework of zeolite LTL with big and small cavities.64 When Eu(III) ions were 

loaded into the small cavities, the luminescence quenching could be significantly reduced 

due to the limited access of water molecules (see Chapter 2). On the contrary, loading of 

Gd(III) into the big cages results in a very high r1 relaxivity (37.8 s-1mM-1 at 1.5 T) based 

on coordination of 6 water molecules (q = 6) and their efficient exchange with the bulk 

water via a prototropic mechanism.46  

A silica layer is used to encapsulate the CuInS2/ZnS NPs in order to reduce the 

cytotoxicity, meanwhile, the Gd(III)-DTPA can be covalently grafted onto this silica 

layer.128 The resultant nanocomposites have a good quantum yield (up to 7.8 %) and high r1 

value (8.5 s-1mM-1 at 3 T), showing potential for biological in vitro and in vivo studies. 

Mesoporous Gd2O3 doped with Eu(III)-ions by facile wet-chemical route,147 sub-10 nm 

monoclinic Gd2O3 co-doped with Eu(III) by laser ablation in liquids (LAL) technique,126 

and monoclinic/cubic Gd2O3 co-doped with Eu(III) by glycine-nitrate process131 are also 

representative endeavours of the combination between Gd and Eu for potential dual MRI-

optical probes.  

Variation of the concentration of the optical reporters within a dual probe can lead to 

optimization of fluorescence signal without compromise on magnetic properties. An 

example is doping of Gd2O3:Tb NPs with a fine-tuned fluorescence due to optimally chosen 

concentration of Tb. 134 In recent years, the upconversion nanoparticles (UCNPs) have been 

studied extensively as promising agents for optical imaging.23,148 Two strategies are 

dominating in the preparation of MRI-OI UCNP probes: 1) Gd(III)-based host lattice (e.g. 

NaGdF4), doped with guest lanthanides such as Yb(III), Er(III), and/or Tm(III) to achieve 

efficient optical and MR imaging capability and 2) core/shell structures, fabricated with the 

optical core and Gd(III) as a shell-component for MRI. Thermolysis, hydrothermal and 

Ostwald-ripening are the most widely used methodologies to synthesize nicely shaped and 

monodispersed UCNPs for both strategies. 

In any case, the presence of Ln-ions as guests in an appropriate inorganic host lattice is 

the key approach for fabrication of UCNPs. The dopants of long-lived lanthanides (e.g. 
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Eu(III) or Tb(III) are optically active centers in these unique structures, which produce 

emission when exited. UCNPs therefore convert two or more low-energy excitation 

photons (usually NIR) into shorter wavelength emissions (visible or UV).149,150 Thus, the 

selection of lanthanide dopants results in various optical properties, while incorporation of 

Gd(III)-ions into the host provides the multimodality to the UCNPs for MRI-OI. Many 

examples of this concept have been reported and demonstrated by both in vitro and in vivo 

studies, e.g. NaGdF4:Tm/Er/Yb NPs, core/shell structures of NaGdF4 layer on 

NaYF4:Er/Yb cores, or NaGdF4:Yb/Er. The performance in these probes could further be 

improved by attaching targeting groups.151-153 

Gd(III) is not the only metal-ion that can be co-doped to UCNPs for MRI purposes. 

Zhang and coworkers have demonstrated that sub-10 nm NaMnF3:Yb/Er,Tm NPs have 

intense pure upconversion and showed very high r1 up to 12.7 s-1mM-1 at 7 T, which is 

much higher than these of single Gd(III)- or Mn(II)-containing NPs due to careful 

optimization of paramagnetic centers.154 Concerning optimal quantum yields for optical 

imaging, quantum dots (QDs) are among the most efficient materials. Interestingly, co-

doped of ZnSe QDs have shown a correlation between optical intensity with the 

concentration of added Mn(II), with quantum yield as high as 37% at 3.2% of Mn(II).125 

Together with the high r1 relaxivity (11.5-15.8 s-1mM-1 at 1.5 T), this probe was reported as 

promising for T1 MRI-OI. Some selected examples for MRI-OI purposes are included in 

Table 1.3. 

T2 MRI-Optical dual probes 

Based on the core-shell strategy, the UCNPs are also combined with superparamagnetic 

iron oxides for T2 MRI-OI dual function. Li et al. reported a step-wise synthesis of core-

shell Fe3O4@NaLuF4:Yb,Er/Tm nanostructure.155 Due to the Fe3O4 cores, it exhibits 

superparamagnetic property with saturation magnetization of 15 emu g-1, and T2-enhanced 

MR effect with an r2 value of 21.63 s-1mM-1 at 0.5 T. However, one shortcoming of these 

particles is their relatively large diameter of about 330 nm. Another approach was 

implemented by Liu et al. for a multifunctional NaYF4:Yb/Er@Fe3O4@Au core-shell 

prepared by a step-wise synthetic method, whereby the optical and magnetic properties are 

combined in the same particle.156 The presence of Au on the surface of these UCNPs, 

provides this MRI-OI dual probe with an additional functionality for photothermal therapy. 
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Recently, the Co(II) co-doped NaYF4:Yb/Tm NPs were reported to have a remarkable 

capability for high-performance in T2-MRI-optical dual imaging.139 The probe exhibited 

extremely high r2 value of 1544.2 s-1mM-1 at 0.5 T, even though the reasons for this high 

value were not explained by the authors. As a result, a minimum dosage of CA could be 

applied for contrast enhancement (1.6 μg mL-1), cytotoxicity at this concentration could be 

considered negligible. 

Assembly of Ln-chelates by means of nanoaggregates is an interesting approach to 

create combined T2 MRI-optical contrast by a single metal-ion Tb(III) complexed with 

DOTA-chelate, which was then assembled into monodispersed micelles.136 The r2 values up 

to 15 s-1 mM-1 could be achieved at high magnetic fields (11.7 T, 37 °C). The water 

molecules coordinating to the Tb(III)-ion were in competition with the pendant arms of the 

ligand upon micelle formation, giving rise a very high quantum yield of 7.3% in water. 

CONCLUSIONS AND FUTURE PERSPECTIVES 

The development of multimodal imaging/therapeutic probes is a clear goal in modern 

diagnostics that will most probably keep the researchers at work for the next decades. The 

fast growing technology in the multimodal imaging and therapy opens new areas of 

research, allowing profound understanding of molecular events, detection and monitoring 

of diseases, and optimization of the follow-up therapy. The advantage of combination of 

complimentary imaging techniques such as high-resolution MRI with high-sensitivity 

nuclear or optical techniques is extensively demonstrated in the literature by many different 

approaches. The success rate in the development of novel multimodal probes in 

translational medicine will depend on the simplicity of the designed materials in 

combination with high biological safety and imaging/therapeutic performance.  

Gd-based T1 MRI probes have been studied extensively over the last 30 years. The 

theory of relaxivity and the importance of water-exchange phenomena are now understood 

and applied in the design of new CAs with better characteristics. However, it has been 

recognized that the strategies to enhance the T1 relaxivity through alterations in 

coordination chemistry or water exchange and residence time are limited as in many cases 

they lead to a decreased stability of the paramagnetic complexes. From this point of view, 

nanosystems are promising to become efficient diagnostic probes with many possibilities to 

be combined with other imaging modalities of validation and quantification of the images 
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as well as co-delivery of drugs. Nanosystems have already been applied in T2 MRI due to 

their ability to shorten transversal relaxation times in the liver, spleen, and bone marrow 

simply based on the passive uptake by reticuloendothelial system. Such an uptake mainly 

concerned SPIO and USPIO NPs, while bigger NPs (< 100 nm) are known to be 

accumulating in the tumors based on the EPR effect, typical for the leaky cancerous 

vasculature. Nowadays, a certain part of the scientific community is convinced of the 

uselessness of targeting vectors conjugated to NPs, as the targeting purpose can also be 

achieved by giving the main role to the EPR effect. Nevertheless, there is a tremendous 

amount of research studies demonstrating various targeting moieties, chosen to recognize 

specific receptors and ensure high accumulation at the target site in combination with 

different NPs. All these research efforts are currently being translated into multimodal 

probes that profit from the strength of each imaging technique. Additionally, design of the 

agents that can simultaneously deliver drugs to the diseased site and release it upon 

activation of either endogenous or exogenous trigger mechanisms is certainly a promising 

research direction.  

Metals are invaluable for the above-mentioned strategies. The immense variety in 

physical properties of metals, including the existence of radioisotopes, can be exploited in 

nanochemistry and will lead to creation of novel multimodal probes even by a simple 

exchange of the functional metals within the existing probe.  

OUTLINE OF THE THESIS 

This thesis describes the development of multimodal probes for MRI-based medical 

imaging and therapy. MRI has a superb resolution among the imaging modalities, however, 

the low sensitivity is an inherent limitation. Several strategies, including exploitation of 

targeting vectors to deliver high-payloads of an MRI contrast agent to the site of interest 

have been addressed by the researchers in the recent years. Chapter 1 focuses on the 

combination between MR and radionuclides and other imaging reporters in one nanocarrier, 

which acts as a multimodal imaging probe. As a result, the probes will be suitable for 

simultaneous imaging by MRI and other imaging techniques, such as PET, SPECT, and 

optical imaging that are well-known for their high sensitivity.  

The following three chapters focus on the application of nanozeolite LTL as a platform 

for loading with metal-ions with various imaging abilities and describe physico-chemical 
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properties of these multimodal imaging probes. Recently, zeolite LTL has been a subject of 

several biological studies due to its biocompatibility and well-defined crystallinity. The 

interconnecting channels form cavities of various dimensions and the surface of these 

systems can be utilized for asymmetric functionalization. Chapter 2 presents a novel 

strategy to selectively load Gd(III)- and Eu(III)-ions into the large and small cavities of 

nanozeolite LTL, respectively. This smart exploitation of the framework structure yields the 

highest relaxivity density (13.7 s-1Lg-1 at 1.5 T and 25 °C) reported so far for 

alumosilicates, and enhanced luminescence, rendering these materials promising candidates 

for the design of dual MRI-optical imaging probes.  

In Chapter 3, the mechanisms governing the relaxivity of Gd-loaded nanozeolite LTL 

are further investigated. The 1H and 17O NMR studies reveal exceptionally high transversal 

(r2) and longitudinal (r1) relaxivities with the r2/r1 ratio between 2 and 5, convenient for 

MRI T1-T2 dual probe. The prototropic exchange mechanism appeared to be governing the 

relaxivities, which furthermore turned out to be strongly pH dependent within the range of 

pH 4-9. The latter property can be seen as very interesting for the application of the 

designed materials for imaging of tumors, as the pH of cancerous tissue is known to be 

lower compared to the healthy one.  

Surface chemistry of nanoprobes is an important aspect as it not only influences the 

imaging properties but also determines the biodistribution and in vivo behavior of the 

particles. For instance, of the common strategies to prolong the circulation time of the 

intravenously injected nanoprobes is conjugation of polyethylene glycol (PEG) chains on 

their surface. Chapter 4 demonstrates how functionalization of the surface of Gd-loaded 

LTL zeolite affects the relaxivity and stability of the system. The conjugation was achieved 

by converting PEG molecules into PEG-silane, which was then successfully attached to the 

surface of the LTL particle. Increased PEG loading appeared to decrease the relaxivity, 

which could be explained by the limitations resulted from PEG layer on water exchange 

between the interior water molecules of LTL and that of bulk. The high pH responsiveness 

of Gd-loaded LTL was not affected after PEGylation. Additionally, the presence of PEG 

layer neutralizes the surface charge of Gd-loaded LTL, leading to interesting properties 

such as significantly reduced leakage of Gd-ions under physiological media, enhanced 
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interaction between LTL and cells, and stabilized longitudinal relaxivity at higher 

temperature as discussed in details. 

Radiolabeling of MRI contrast agents has become a key strategy to multimodal 

imaging. A trace amount of radionuclides added to a CA allows the use of the extremely 

sensitive PET/SPECT technique to detect and quantify the MRI CAs. This strategy leads to 

multifunctional MRI-PET/SPECT probes and opens the possibility to assess many 

physiological parameters, such as pH, metabolic rates and receptor densities. As a 

preliminary study, Chapter 5 presents chelate-free radiolabeling of LTL nanoparticles with 

two PET tracers 64Cu and 89Zr. The successful radiolabeling of LTL with 64Cu is achieved 

by simple ionic exchange with Na+, whereas using 89Zr results in coordination between 89Zr 

and O of the LTL framework. The labeling mechanism determines the stability of the 

samples in terms of radionuclide leakage in physiological media. The Gd-loaded LTL 

radiolabeled by 64Cu or 89Zr has potential for MRI-PET dual imaging. 

The size and morphology of the NPs are another two important aspects that determine 

the biodistribution, circulation, excretion, and cytotoxicity. Lanthanide based nanoparticles 

are under intensive scrutiny by the researchers in the field of bioimaging due to their 

versatile physical properties, which depend on the type of lanthanide as well as the size of 

the NPs, for example, the r2 value is linearly dependent on the size. Among various 

procedures for the preparation of Ln-based NPs reported in the literature, a gap exists in the 

range between 5 and 40 nm. Chapter 6 reports on a facile miniemulsion technique to 

synthesize the spherical Ln-containing NPs intended to fill this discontinuity. The choice of 

the surfactant determines the final elemental composition of the particles, leading to either 

lanthanide oxides or oxysulfates when using Brij® 35 or sodium dodecyl sulfate, 

respectively. Holmium and gadolinium NPs were prepared and their applicability as MRI 

CAs is demonstrated. The miniemulsion method can be predictably expanded to other 

lanthanides, as these elements are chemically equivalent, whereas the great variety of 

physical and radiochemical properties can be exploited in other imaging techniques and 

even be interesting for other research field, e.g. catalysis.  

The latter potential is demonstrated in Chapter 7, which focuses on the investigation of 

redox properties of Ln-oxysulfate nanoparticles. The lanthanide oxysulfates are known for 

their large-volume oxygen storage/release capability, which could further be increased by 

application of this material in nanoparticulate dimensions. The nanosized Pr2O2SO4 
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particles synthesized by the miniemulsion method using sodium dodecyl sulfate as a 

surfactant, doped with Ni have shown higher activity in oxygen storage/release, in 

comparison with bulk materials. 
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INTRODUCTION 

The alumosilicate frameworks of all zeolites are anionic, due to the presence of 

tetrahedrally coordinated Al.1-3 The negative charges are usually compensated by loosely 

bound cations, which are accessible for the surrounding solution due to the porous nature of 

the zeolites. As a result, a fraction of those ions can be easily exchanged by any cation of 

choice that fits into the pores. In fact, zeolites in which alkali-ions were exchanged with 

rare earth ions have been successfully exploited as cracking catalysts in petrochemical 

processes.4 The fact that rare earth elements and especially the elements of the lanthanide 

series are also widely applied in medical imaging, drew the attention of researchers from 

this field towards zeolites as carriers for paramagnetic Gd3+ ions applied for contrast 

enhancement in magnetic resonance imaging (MRI).5-9 Ln3+-loaded zeolite nanoparticles 

are a versatile tool to overcome sensitivity issues by delivering a high payload of active 

material with each single particle.10 Another advantage of the zeolites is that the 

compartmentalization of their interior can be used to trap ions in different framework 

environments.11 This accurate control over the ion locations leads to increased 

performances of the single components in the zeolite and offers the possibility to combine 

different imaging modalities in a single probe.12  

Zeolite LTL is an interesting candidate for the design of bimodal imaging probes 

because it is composed of both, large channels that are well accessible for water and smaller 

cavities that are isolated from the bulk.11 The framework is built up from so-called 

cancrinite cages (Figure 2.1A), which are connected via their upper and lower 6-membered 

rings to form columns (Figure 2.1B (I), interlinked to neighboring columns via oxygen 

bridges (II). This peculiar arrangement creates large channel-like cavities (III), which are 

separated from each other by elliptical 8-membered ring channels (IV), parallel to the 

original columns along the c-axis of the crystal. The diameter of the narrowest point of the 

12-membered ring ‘superchannels’ (III) is 7.1 Å, whereas at the widest point the channel 

has a free diameter of 12.6 Å (Figure 2.1C). Ion-exchange in aqueous zeolite LTL 

dispersions exclusively takes place in these large channels, as all other cavities are not 

accessible from the bulk solution.13 Nevertheless, loading of the other sites can be realized 

by thermal treatment of the Ln3+-exchanged zeolites. The relocation of the large Ln3+ into 

the smaller cavities requires high temperatures, but has to be done carefully in order not to  
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Figure 2.1. Framework and particle size of zeolite LTL: A) cancrinite cages (top = view along (100), 

bottom = view along (001)); B) detail of the zeolite framework viewed along (001); C) a side view 

along (100) of the largest channel and its dimensions; D) Hydro-dynamic radius determined by DLS, 

insert represents a TEM image of zeolite LTL crystals. 

destroy the zeolite framework.11 Ln-ions once moved into small cages, are locked there and 

cannot be exchanged or extracted anymore. In contrast, ions in the largest channels are 

prone to exchange and can be extracted by saturated NH4Cl solutions for more than 90% 

within 24 h.  

In this study, Eu3+ was chosen as an optical reporter because of its sharp emission 

bands in the visible region (570 -720 nm).14 One of the limiting factors of lanthanides in 

medical imaging is the strong quenching effect of water molecules that are directly 

coordinated to the luminescent ion. Therefore, it was envisioned that the deposition of Eu3+ 

in the small cages of the zeolite framework, which are hardly accessible for water 

molecules would lead to a dramatic increase of the luminescence intensities and lifetimes. 

On the other hand, Gd3+ was chosen as an MRI reporter since high r1 relaxivities (increase 

of the longitudinal water proton relaxation rate in s-1mM-1) can be achieved with it.15,16 As 

r1 is directly proportional to the number of water molecules coordinated to the Gd-center 

(q), loading of Gd3+ into the big pores of the zeolite-LTL pre-loaded with Eu3+ into the 

small cages offers an elegant approach for the exploitation of the unique physical properties 

of each of these lanthanides in combination with the zeolite LTL framework for the design 

of a bimodal optical/MRI probe.  
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Figure 2.2. Gd-content (determined by BMS) in nanozeolite LTL after successive treatments: loading 

of Gd3+ into LTL (Gd-LTL-L), calcination at 400-600 °C for 6 h (Gd-LTL-C), extraction with 

saturated NH4Cl (Gd-LTL-E), and reloading with Gd3+ (Gd-LTL-R). The same technique can be used 

for any other lanthanide (Ln).  

RESULTS AND DISCUSSION 

Loading of zeolite-LTL with lanthanide ions  

For the ion exchange it turned out to be sufficient to stir Na-LTL crystals in an aqueous 

LnCl3 solution for 24 h. In this way, loadings up to 5.2 wt-% of Ln3+ into the zeolite (Figure 

2.2, Ln-LTL-L) could be achieved. Since only 3.6 alkali ions per unit cell are located in the 

large channels,11 the theoretical maximum exchange capacity for Gd3+ ions is 6.4 wt-%. In 

this context, the achieved 5.2 wt-% loading (corresponding to 0.97 Gd3+ ions per unit cell) 

is close to complete substitution of the exchangeable alkali ions. The loading did not 

change substantially upon calcination of the material (Figure 2.2, Ln-LTL-C), which is not 

surprising as no ions are extracted during this step and only intra-zeolitic ion-migration 

takes place. To prove this relocation, three different samples were subjected to extensive 

ion extraction in saturated NH4Cl solution. The first sample was Gd-loaded (Gd-LTL-L), 

and the next two were calcined during 6 h at 400 or 600 °C (Gd-LTL-C). Before extraction, 

all three samples had the same Gd3+ content of ~5.2 wt-%. After extracting with NH4Cl for 

72 h the determined Gd3+ loading was 0.48%, 2.29% and 3.30% (Figure 2.2, Gd-LTL-E)  
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Figure 2.3. XRD patterns of the zeolite framework after different steps of the loading procedure: a) 

initial material (K-LTL), b) after loading with Ln3+-ions (Ln-LTL-L), c) calcination at 600 °C (Ln-

LTL-C), d) extraction of the Ln-ions remaining in the supercage (Ln-LTL-E), and e) reloading of the 

LTL with Ln-ions (Ln-LTL-R). The last diffractogram (f) represents the powder pattern as it was 

calculated from the database of zeolite structures for the Linde Type L framework with a wavelength 

of 1.78897 Å (Co Kα) and U = 0.5 for the peak width adjustment.3 

for the three samples respectively, showing that only after calcination a considerable 

amount of Gd3+ is retained during the extraction step. The influence of the temperature on 

the migration of the ions is illustrated by the fact that after an increase of the temperature 

from  400 to 600 °C, the amount of the migrated ions increased from 2.3 to 3.3 wt-%. A 

subsequent reloading (analogous to the first loading step) yielded materials in which the 

Gd3+-loading was increased by 4.8% (Gd-LTL-R), which is comparable to the first loading 

step, indicating that in all cases the large cavities are available for reloading. After each 

step, X-ray diffraction (XRD) patterns were recorded, to demonstrate the integrity of the 

zeolite structure (Figure 2.3).  

The amount of Gd3+ present in the zeolite framework after each step was determined by 

bulk magnetic susceptibility (BMS)17 measurements on aqueous suspensions. Via the mass 

of the dispersed zeolite the loading was calculated. The loading-relocation-extraction 

procedure is not limited to Gd3+ but was also successfully applied to introduce Eu3+ to the 

different framework environments. The harsh conditions needed to extract Ln3+-ions from 

the framework indicate the strength of the ion absorption in zeolite. Under all  
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Table 2.1. Stability study in terms of Gd-leaching of Gd-LTL in water and phosphate solution. 

 

Water NaH2PO4 

 

pH 4 pH 5 pH 6 pH 8 45 mg/L, pH 7 

Initial Gd3+ [μM] 685.8 597.3 508.8 465.5 591.0 

Free Gd3+ [μM] 5.7 2.1 2.9 3.3 0.4 

Leaching [%] 0.84 0.36 0.57 0.73 0.08 

conditions needed for the here presented investigations, no leaching of Gd3+ ions could be 

detected. Additionally, the leaching was investigated within the pH range from 4 to 8, as 

well as in the presence of phosphate ions (Table 2.1). Only the value obtained for the 

sample incubated for 24 h, at pH 4 in HCl solution was above the detection limit of 4 µM of 

the colorimetric assay. Clearly, the feasibility of these materials for medical or biological 

applications will require a more detailed leaching study under physiological conditions, as 

well as the decoration of the surface with organic moieties along with a thorough 

toxicology study.  

Luminescence study 

Dispersions of Ln-LTL-L, Ln-LTL-C and Ln-LTL-E (Ln = Eu and Gd) in water were 

investigated with respect to their photo-physical properties. The luminescence intensities 

for both, Gd3+ and Eu3+-loaded samples, increased upon calcination and even further after 

the extraction step (Figure 2.4). This effect is accompanied by an increase in the 

luminescence decay lifetime. Both phenomena can be explained by the decrease of the 

amount of water molecules in the first coordination sphere of the lanthanide ions leading to 

a reduction of possible non-radiative decay pathways.18  

To get an insight into the different coordination behavior, the luminescence lifetimes 

were used to determine the number of water molecules in the first coordination sphere of 

Eu3+ ions in different locations in the framework of LTL (Figure 2.5). From the fitting of 

the decay curves, the average q-values were evaluated to be 6.2, 0.9 and 0.8 for Eu-LTL-L, 

Eu-LTL-C and Eu-LTL-E, respectively. To exclude contributions from the fast decaying 

ions in the large channels, the obtained curves for LTL-C and LTL-E samples were only 

fitted for lifetimes > 1ms. Thus, the q-values reported for those samples only represent the 

Eu3+-ions in the small cages.  
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Figure 2.4. Excitation (A/C) and emission (B/D) spectra of Gd- and Eu-loaded samples obtained in 

time-resolved mode with a delay of 0.1 ms and an averaging time of 0.1 s. Due to the large difference 

in luminescence intensity in the emission spectra slits had to be open for Gd-loaded samples 

(inducing the difference in peak width). The result of this change is that intensities of Gd-loaded 

samples cannot be compared precisely. For the Eu-loaded samples, slits of all 4 samples were not 

changed, resulting in the following relation in fluorescence intensities: Eu-LTL-L < Eu-LTL-R < Eu-

LTL-C < Eu-LTL-E. 

To reproduce the complete decay curves, a bi-exponential fit with one decay constant 

fixed to the value obtained for Eu-LTL-L (0.158 ms) resulted in functions that fit the whole 

curve with adjusted R2 values > 0.99 and a second decay constant that was identical with 

the one, that was obtained from the mono-exponential fit > 1 ms. Going from Eu-LTL-C to 

Eu-LTL-E, the ratios of the pre-exponential factor changed in favor of the longer decaying 

function, showing that the amount of Eu3+-ions in the big cage was reduced during the 

washing procedure. 
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Figure 2.5. Normalized luminescence decay profiles of Eu-LTL-L, Eu-LTL-C, and Eu-LTL-E 

dispersions. The smooth lines represent the fits that were used to calculate q-values, using the data 

above 1 ms for Eu-LTL-C and Eu-LTL-E. 

 

Figure 2.6. EDX spectrum of the Eu-LTL-R(Gd) sample with Gd3+ in the big and Eu3+ in the small 

cages. The mass ratio of Si to Al and Gd to Eu is 2.9 and 1.8, respectively. The Si to Al ratio is in a 

good agreement with theoretical ratio (Si/Al 3.0) of the pure LTL. The Gd/Eu ratio is very close to the 

one determined by the BMS method (Gd/Eu 1.4).  

Relaxivity study and MRI performance 

As it has been discussed, to optimally exploit the imaging performance of Gd3+ and Eu3+ in 

zeolite-LTL, Gd3+ should be deposited in the big cages whereas Eu3+ should be localized in 

the small cages. The ion-exchange started by replacing Na+ with Eu3+, while Gd3+ was used 

in the final reloading step (Eu-LTL-R(Gd)). The Energy-dispersive X-ray (EDX) 

spectroscopy was used to confirm the coexistence of Gd3+ and Eu3+ ions in the framework 

of zeolite LTL (Figure 2.6).  
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Figure 2.7. Dual-imaging performance of Gd- and Eu-loaded LTL-zeolite. A) T1-weighted MR 

images (7 T, 25 °C) of phantoms formed by four pellets containing 1% aqueous xanthan (1), Milli-Q 

water (2), Gd-LTL-L (3) and Gd-LTL-E (4) suspended in 1% xanthan at Gd concentration of 0.5 mM; 

B) Photographic images of solid powders of Eu-LTL-L (5, 7) and Eu-LTL-E (6, 8) under daylight 

(upper panel) and UV-light of 258 nm (lower panel).  

The location of Eu3+ in the small cage is advantageous to reduce the luminescence 

quenching by water, whereas Gd3+ profits from the high q-values in the large channels. 

These effects are illustrated in Figure 2.7. However, coordinated water is not the only 

parameter influencing r1. Other parameters governing the relaxivity were evaluated using 

proton nuclear magnetic relaxation dispersion (1H NMRD) of aqueous dispersions of Gd-

LTL samples stabilized with 1% xanthan gum. The 1H NMRD profiles were recorded at 

different temperatures from 25 to 50 °C (Figure 2.8). The increase of r1 at high magnetic 

field (>10 MHz) is an indication of a relatively long rotational correlation time (τR), and the 

maximum of relaxivity reached between 40 and 60 MHz is for the typically immobilized 

Gd3+ in the framework (Figure 2.8A). For the three samples studied, the r1 is Gd-LTL-E < 

Gd-LTL-C < Gd-LTL-L (Figure 2.8B), which is due to the migration of the Gd3+ between 

the big and small cages under different conditions, and is in a good agreement with the 

luminescence study.  
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Figure 2.8. 1H NMRD profiles of the Gd-LTL-L samples from 25 to 50 °C (A) and comparison of 

Gd-LTL-L, Gd-LTL-C, Gd-LTL-E and Eu-LTL-R (Gd) at 25°C (B). The curve from 0.01 to 1 MHz 

is not constant for the loaded and reloaded samples, which is attributed to the contribution of the silica 

surface. 

Fitting procedures of the obtained 
1
H NMRD profiles 

The relaxivities of Gd-LTL-L appear to be substantially higher than those of the previously 

studied Gd3+-loaded NaY zeolite with similar Gd3+ contents (Figure 2.9A). The trend of r1 

to decline with the Larmor frequency (LF) up to 1 MHz rather than being constant, as 

usually observed, can be explained by a contribution of the zeolite to the relaxivity due to 

the long correlation time modulation of the dipole-dipole relaxation of the protons of 

relatively immobile water molecules adsorbed on the surface of the zeolite particles.19 

Similar phenomena have previously been observed in the NMRD profiles of Gd-chelates 

grafted to hydroxyapatite and TiO2 particles.20-22 By contrast, the low field parts of the 

NMRD profiles for the Gd-LTL-E are perfectly horizontal (Figure 2.9A). Most likely, the 

strong adsorption of water to the surface of loaded zeolite particles involves silanol groups, 

which are removed during calcination. For the fittings only the results at 25 °C were used 

because at higher temperatures a slight decrease of r1 was observed over time. A more 

detailed study revealed that this effect can be attributed to the presence of xanthan (see 

Chapter 4). Prior to the fitting procedures, the obtained NMRD profiles had to be corrected 

for the contribution of the zeolite framework. Therefore, a fraction of the NMRD profile of 

pure silica as it was published by Gillis et al.23 was subtracted from the obtained data in a  
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Figure 2.9. A) 1H NMRD profiles of Gd-LTL-L (circles, 5.18 % loading, 25 °C), Gd-Al-TUD1 

(triangles, 3.8% loading, 25 °C)13 and Gd-NaY (squares, 5% loading, 25 °C).23 B) 1H NMRD profiles 

of the Gd-LTL-L (open symbols) and Gd-LTL-E (filled symbols) at 25 °C (triangles), 37 °C (circles), 

and 50 °C (squares) after correction for the silica contribution. The curves were calculated with best-

fit values, tabulated in Table 2.2. Simulation of r1 as a function of C) τzeo (fixed τm = 6.5 × 10-10 s) and 

D) τm (fixed τzeo = 6.6 × 10-8 s) using Eqs. 2.1-2.5, assuming τR > 10-8 s, τzeo = 1.4 × 10-11 s, Δ2 = 2.1 × 

1019 s-2, w = 15,30 and q = 6. 

 

 

Figure 2.10. Schematic representation of the two-step mechanism to account for an aqueous 

suspension of Gd3+-loaded zeolite nanoparticles. 
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way, that the first part of the resulting profile (up to 1 MHz) was constant. The profiles as 

obtained and after the correction are as shown in Figures 2.8A and 2.9A, respectively.  

In zeolitic systems studied until now, the diffusion of water from the interior of the 

zeolite to the bulk limits the relaxivity, and this requires additional parameters to be taken 

into account for the analysis of NMRD. Therefore, we have previously developed a two-

step model (Figure 2.10). 24 

First, the relaxivity of the water inside the zeolite nanoparticles (T1zeo) is derived by 

considering the exchange between water molecules in the first coordination sphere of Gd3+ 

and free water molecules inside the zeolite (Equation 2.1). Here, w is the number of free 

water molecules (not bound to Gd3+) inside the zeolite per Gd3+ ion and T1m is the 

longitudinal relaxation time of inner sphere water protons, which is given by the Solomon-

Bloembergen-Morgan Equation (Equation 2.2). 25,26 

𝑥 =
1

𝑇1,𝑧𝑒𝑜
=

𝑞

𝑤

𝜏𝑚+𝑇1𝑚(1+
𝑞

𝑤
)
         2.1  

1

𝑇1𝑚
=

2

15
(

𝜇0

4𝜋
)

2 ℏ2𝛾𝑠
2𝛾𝐼

2

𝑟𝐺𝑑𝐻
6 𝑆(𝑆 + 1) (

3𝜏𝑑1

1+𝜔𝐼
2𝜏𝑑1

2 +
7𝜏𝑑2

1+𝜔𝑠
2𝜏𝑑2

2 )     2.2 

Here, rGdH is the effective distance between the Gd3+ electron spin and the water protons, γS 

and γI are the electron and proton gyromagnetic ratios, respectively, and τdi is given by τdi
-1 

= τm
-1 + τR

-1 + Tie
-1 (i = 1,2). The electronic relaxation rates (Tie) are approximated by 

Equations 2.3 and 2.4, where ωS is the Larmor frequency, ∆2 is the trace of the square of the 

zero field splitting (ZFS) tensor, and τν is the correlation time for the modulation of ZFS. 

 

1

𝑇1𝑒
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In the second step, the exchange of water between the inside of the zeolite and the bulk by 

the diffusion through the zeolite channels is considered. This enables the propagation of the 

relaxation enhancement from the interior of the material to the bulk water outside. If the 

chemical exchange between protons in two magnetically distinct environments (inside and 
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outside the zeolite) is taking place under highly dilute conditions of the paramagnetic 

entities, Equation 2.5 can be derived for the overall longitudinal relaxivity: 

𝑟1 =
𝑤+𝑞

55500
(

1

𝑇1,𝑧𝑒𝑜+𝜏𝑧𝑒𝑜
)        2.5 

Here, zeo is the residence lifetime of water protons inside the zeolite. The contribution of 

water molecules diffusing along the paramagnetic center without being bound to it (the 

outer sphere contribution) can be neglected for both the exterior and the interior of the 

investigated materials because the contribution of this mechanism to the overall relaxivity 

has been shown to be small for zeolite-immobilized Gd3+, particularly at Larmor 

frequencies higher than 0.1 MHz. This model has been validated for several zeolitic 

systems.15,23 For the fitting procedure of the obtained NMRD data, the following limitations 

and constraints were applied. The distance rGdH was fixed at 3.1 Å, Ev at 1 kJ mol-1, q at the 

values obtained from the luminescence decay experiments (q = 1 and 6 for the extracted 

and loaded sample, respectively), and w at the values calculated from the known total 

amount of water in the zeolites and from the Gd-loading.30 Furthermore, the correlation 

times m and zeo were limited by the boundaries discussed in the manuscript. Attempts to fit 

the data with correlation times outside these boundaries led to unsatisfactory fits and/or to 

unrealistic values for the variable parameters, such as negative activation energies. It may 

be expected that zeo is the same for calcined and uncalcined Gd-LTL and it should be 

smaller than 10-7 s. As Figure 2.9C shows that under these conditions zeo has almost no 

influence on r1, its value was fixed at 10-8 s. Finally, we have included some values of 

transverse electronic rates (1/T2e) in the fittings as obtained from EPR peak-to-peak line 

widths (Figure 2.11) with Equation 2.6, where B is the Bohr magneton, gL the electron 

Landé factor, h the Planck constant, and Hpp the peak-to-peak line width. 

1

𝑇2𝑒
=

𝑔𝐿𝜇𝐵Π√3

ℎ
Δ𝐻𝑝𝑝        2.6 

Although the number of variables was still substantial, the obtained best fit values turned 

out to be reasonable. They are compiled in Table 2.2 and NMRD profiles calculated with 

these values are represented as curves in Figure 2.9B. For comparison, some previously 

determined data on Gd3+-loaded zeolite NaY and mesoporous material AlTUD-1 are  
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Figure 2.11. EPR spectra of (A) Gd-LTL-L and (B) Gd-LTL-E in aqueous solution containing 1 wt-

% xanthan gum. Concentrations were 0.94 mM and 0.83 mM for Gd-LTL-L and Gd-LTL-E, 

respectively. The g-factors are 1.982 (LTL-L) and 1.988 (LTL-E) and the linewidth (ΔHpp) is 250.3 

and 285.4 G. 

 

included in Table 2.2. The best-fit values of the parameters governing the transversal 

electronic relaxation rates, τv and 2, are in the range usually observed for Gd3+ 

complexes.9,23,24,27 The values of 1/T2e, measured by EPR at 0.34 T (9.77G), are in a good 

agreement with the best-fit values (see Table 2.2). The values for τm are very small 

compared to that of Gd-NaY with a comparable loading. In Gd-NaY systems, the water 

exchange process in the zeolite supercages speeds up substantially upon increasing the Gd3+ 

loading, which is a consequence of the increase of the Gd3+ concentration inside the zeolite 

cavities, which makes the probability of a water molecule being located in the inner 

coordination sphere of the Gd3+ ion higher. In the presently studied Gd-LTL-L system, the 

residence time of water inside the zeolite (τzeo) is so short that in this case the process of 

exchange is probably not limited to the water inside the zeolite nanoparticles. For the Gd-

LTL-E sample, however, the value for τm is rather large, which may be rationalized by the 

locked location of the Gd3+ ions after calcination. Assuming that the exchange follows a 

dissociative mechanism, the encapsulation may lead to a relatively high steric strain on the 

remaining bound water molecule and, consequently, lead to a relatively large free enthalpy 

gap between the ground state and the eight-coordinate transition state and thus to a 

relatively slow water exchange rate. Therefore, for the fitting of the obtained 1H NMRD 

data as discussed above, after subtracting the contrition of silica surface, the resulting 

profiles are represented in Figure 2.9B. Equation 2.5 shows that r1 is proportional to q,  
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Table 2.2. Preparation and studies on the properties of double loaded zeolite LTL. 

 Ln-LTL-L Ln-LTL-Ca Ln-LTL-E Ln-LTL-R Gd-AlTUD123 Gd-NaY24 

Loading (wt%)b 5.2 (5.2/0) 5.0 (1.7/3.3) 3.3 (0.0/3.3) 7.9 (4.6/3.3) 3.8 5.0 

Si/Al ratio 3 3 3 3 3.5 1.6 

qc 6.1 6.1/0.9 0.9 6.1/0.9 3.6 7 

w30 15 32 - - 94 13 

r1 (mM-1s-1)d 37.8 17.8 8.9 43.8e 30.0 12.0 

r1’ (g
-1Ls-1) d 12.5 5.7 1.9 13.7e 7.3 3.8 

τm
 (ns) 0.19 - 1660 - 0.27 625 

τzeo(µs) 0.01 - 0.01 - <10 33 

τv (ps) 26.0 - 9.2 - 48 22 

2 (1019 s2) 3.8 - 2.9 - 1.2 5.1 

ln1/T2e(s
-1)f 22.1 22.2 - - 22.30 22.64 

ln1/T2e(s
-1)g 22.4 21.6 - - 22.10 22.63 

I@615nm (p.d.u.) 120 538 718 415 - - 

a6h at 600 °C; bdetermined by BMS for Gd-LTL and by EDX (Figure 2.6) for Gd/Eu-LTL (ratio 

large/small cavity in brackets); cdetermined by luminescence decay of Eu-LTL; d60 MHz, 25 °C; eEu 

in the small, Gd in the big cavities; fdetermined from EPR line widths at 0.34 T; gcalculated with best 

fit parameters. 

which explains the substantial decrease in r1 upon calcination of Gd-LTL-L. During the 

calcination, a loss of five water molecules in the first coordination sphere of the Ln3+ ion 

occurs. In contrast, r2 is not depending on q and is similar for Gd-LTL-L and Gd-LTL-E 

with 93 and 72 s-1 mM-1 (5.2 wt.% Gd-loading, 7 T, 25 °C), respectively. This leads to r2/r1 

ratios of 3.4 for the loaded vs 22.0 for the extracted material, with the former value being 

between 1 and 10 as required for optimal performance as positive CAs.13 

1H NMRD profiles are influenced by a large number of parameters, which makes the 

quantitative evaluation of these data a difficult task. Therefore, several constraints were 

introduced as shown in the fitting procedures. The values of q were fixed at 6 and 1 for Gd-

LTL-L and Gd-LTL-E, respectively, which are the values determined by the luminescence 

decay of the corresponding Eu3+-loaded samples. As we have demonstrated that for 

zeolites, r1 is independent of τR implying that τR ≥10-8 s, τR was fixed to 10-8 s.24 Further 

constraints could be derived from the peculiar temperature dependence of the relaxivities 

(Figure 2.9B), which appear to be opposite for Gd-LTL-L and Gd-LTL-E: for the former, r1 
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decreases with temperature, whereas it increases for the latter. The parameters mainly 

determining the temperature dependence of r1 are the residence time of the water molecules 

in the first coordination sphere of Gd3+ (τm) and that of the water molecules inside the 

zeolite (τzeo). Obviously, both residence times decrease with increasing temperature 

meaning that the exchange rates speed up. Two characteristic simulations of the 

dependence of r1 on τzeo and τm are displayed in Figure 2.9C and D. An inspection of these 

curves shows that the temperature dependencies can only be explained if τm < 10-9 s for Gd-

LTL-L and > 10-7 s for Gd-LTL-E. Furthermore, the decrease of r1 with temperature for 

Gd-LTL-L requires that the temperature effect due to τzeo is small, thus either τzeo > 10-4 or < 

10-8 s. The former possibility can be excluded, since that cannot explain the high 

relaxivities observed for Gd-LTL-L. Based on these considerations τzeo was fixed at 10-8 s 

and τm was constrained to <10-9 s for Gd-LTL-L and to > 10-7 s for Gd-LTL-E, as these 

have been shown in the fitting procedures. Finally, further constraints were imposed by 

performing the fittings of the NMRD profiles simultaneously with EPR line widths using a 

set of Equations derived previously. A two-step model was applied taking into account (i) 

the exchange of Gd3+-coordinated water molecules with “free” water molecules inside the 

zeolite particles and (ii) the exchange of “free” water molecules between the outside and 

inside of the zeolite particles.24 The details are shown in in the fitting section and Table 2.2. 

As it has shown that reasonable fits were obtained, particularly considering the 

crudeness of the model applied. The best-fit-values of the variable parameters are compiled 

in Table 2.2 and NMRD profiles calculated with these values are represented as curves in 

Figure 2.9B. The best-fit values of the parameters governing the transversal electronic 

relaxation rate (1/T2e) τv and Δ2, are in the range usually observed for Gd3+ complexes 

resulting in values of 1/T2e that are in good agreement with the values measured by EPR at 

0.34 T (Table 2.2 and Figure 2.11). Interestingly, in comparison with reported Gd-NaY, the 

τm of the presented Gd-LTL-L sample is extremely low.24 The very high water exchange 

rate between the interior and exterior of Gd-LTL compared to that of Gd-NaY (2 orders of 

magnitude higher) is surprising since both zeolites have 12-membered ring entrance 

windows with minimum diameters of 7.1 and 7.4 Å, respectively. Most likely the linear 

channels are the reason for this fast diffusion within the material. This is corroborated by 

intra-crystalline self-diffusivity measurements by Caro et al., who demonstrated the water 

mobility in zeolites NaX and NaY with 3-dimensional channel structures to be beneath that 
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in zeolite ZSM-5 with a linear channel structure.28 The exchange rate of Gd-LTL is about 

as fast as for mesoporous materials,23,27 which have channels with diameters of 1-20 nm. 

Accordingly, both materials have comparable 1H NMRD profiles with high relaxivities in 

comparison to the Gd-NaY zeolites (Figure 2.9A). However, the here presented Gd-LTL 

material is favorable for application as MRI contrast agent in contrast to Gd-AlTUD-1, 

which showed significant leaching of Gd3+. It should be noted that relaxivities expressed in 

s–1 mM–1 do not give a good impression of the efficacy of these materials as MRI contrast 

agents, due to the difference in loading. Therefore, it is more useful to express them in s-

1Lg-1 for solid material. Reloaded Eu-LTL-R (Gd in the big cage) has a relaxivity density of 

13.7 s-1Lg-1 at 60 MHz and 25 °C, which is about a factor of two higher than the values for 

the best zeolitic systems reported up to now (Table 2.2). This unmatched relaxivity density 

is also significantly higher than the one of clinically applied Gd-DOTA (6.6 s-1Lg-1 @ 20 

MHz and 25 °C). 

CONCLUSIONS 

In this work we present a novel strategy to selectively deposit different ions into distinct 

framework locations of zeolite-LTL and we demonstrate that the carefully ion-exchanged 

Gd/Eu containing nanocrystals acquire exceptional magnetic properties in combination with 

enhanced luminescence. This smart exploitation of the framework structure yields the 

highest relaxivity density (13.7 s-1Lg-1 at 60 MHz and 25 °C) reported so far for 

alumosilicates. The high MRI performance can be explained by the fastest water exchange 

that was found in zeolitic systems up to now, while the enhanced luminescence could be 

achieved by the efficient isolation of the Eu3+ ions from water molecules in the first 

coordination sphere. Based on these findings, nanozeolite-LTL is an interesting candidate 

for the development of high performance dual imaging probes, with the potential to be 

extended for radioisotopes for imaging and/or therapy. However, before the first in vivo 

studies can be started, more biological tests will be necessary, including cell toxicity and 

uptake studies. The functionalization of the surface with organic groups will also be 

investigated to further improve the stability and biocompatibility of this promising system. 
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EXPERIMENTAL SECTION 

Materials and methods 

All chemicals in this study were used as obtained. The K-LTL nanocrystals were purchased 

from NanoScape (Planegg, GE). GdCl3 and EuCl3 were obtained as hexahydrates from 

Strem Chemicals, Newburyport, USA. NaCl, NH4Cl were purchased from Sigma Aldrich, 

St. Louis, MO 63103, U.S.A. In all reactions MilliQ water (>18.2 MΩ) was used. X-Ray 

diffraction patterns of the zeolites before and after loading and after each step of the 

preparation were measured using a Bruker AXS/D8 Advance diffractometer equipped with 

a Lynxeye detector and Co Kα radiation (λ = 1.78897 Å, 35 kV, 40 mA). The measurement 

range was from 5 to 70 °2θ with a step size of 0.02° in continuous mode and an acquisition 

time of 0.5s per step. The scans were repeated until a good signal to noise ratio was 

achieved. Gd concentrations were determined by the BMS method. All measurements were 

done on a Varian Unity Inova 300 NMR spectrometer with t-butanol as internal standard. 

The sample was prepared by dispersing a defined amount of the Gd containing zeolite in a 

10 vol% aqueous t-butanol solution containing 1 wt% xanthan. The induced shift was 

measured against an aqueous t-butanol solution in a standard inner tube that was added to 

the sample tube. The concentration was calculated from the shift following the procedure 

described in literature 1H NMRD profiles were recorded on a Stelar SMARtracer Fast Field 

Cycling NMR relaxometer (0.01-10 MHz) and a Bruker WP80 NMR electromagnet 

adapted to variable field measurements and controlled by a SMARtracer PC-NMR console. 

The temperature was monitored by a VTC91 temperature control unit and maintained by a 

gas flow. The temperature was determined by previous calibration with a Pt resistance 

temperature probe. The longitudinal relaxation rates (1/T1) were determined in water. The 

samples were prepared by dispersing defined amounts of zeolite (see Table S2) in 1 wt-% 

xanthan solution. Luminescence excitation and emission spectra and luminescence lifetimes 

were determined using a Varian Cary Eclipse spectrophotometer using a pulsed Xenon light 

source. The samples were prepared from dried zeolite materials by dispersion in distilled 

water and multiple sonications. The EPR spectra were recorded on a Bruker ESP300 

Spectrometer, operating at 9.43 GHz, 0.34 T, X-band), at 298 K with typical parameters: 

MW power 4mW, modulation amplitude 1.0 mT and time constant 0.03 s. EDX spectra 

were recorded on a JEOL-JMS 6010 Scanning Electron Microscope with an acceleration 
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voltage 20kV. The spot analysis of larger agglomerates of particles was used to determine 

the Gd and Eu content of the samples. Therefore, the samples were put on conductive tape, 

that was fixed on an Aluminum holder. Dynamic light scattering (DLS) was done on a 

Zetasizer Nano ZS from Malvern Instruments Ltd (Malvern, UK). The machine is equipped 

with a 4.0 mW, 633 nm He-Ne Laser and the 173° back-scatter mode was used to analyze 

the obtained particles. The multiple-peak fitting procedure implemented in the Software for 

Zetasizer (Version 6.12) was used to evaluate the autocorrelation function. Diameters are 

given as number weighted mean values of the obtained particle size distributions. 

Dispersions were prepared from commercial dry material by suspending it in MilliQ water 

using a ¼‘ultrasonic probe for 2 min.  

Zeolite loading (Ln-LTL-L) 

K-LTL zeolite was first ion exchanged with NaCl. This was done in order to obtain Na-

LTL, which is supposed to be more active in the ion exchange with Ln3+ ions. For this 

purpose, 1 g of K-LTL was stirred in 20 mL NaCl solution (1 M) for 20 h. After finishing 

the exchange, the sample was centrifuged and the solid was washed with 20 mL of water 

(3x) and then re-dispersed in 15 mL of the corresponding Ln-containing solution (80 mM) 

at pH 5.5 and stirred for 24 h. After this procedure, the dispersion was dialyzed against 1 L 

of water (3x). The obtained solution was freeze dried and the resulting powder was 

collected as Ln-LTL-L sample.  

Ion relocation 

The ion relocation was done in a standard calcination oven. The Ln-LTL-L samples were 

put in porcelain crucibles and heated to 100 °C at a rate of 1 °C/min in order to allow the 

water in the zeolite to escape slowly without damaging the structure. Then the samples 

were heated to the desired temperature (400 or 600 °C) at a rate of 10 °C/min. After 

reaching the temperature, it was kept constant for 6 h. Then the oven was turned off and left 

to cool to room temperature. The calcined zeolites were stored in ambient atmosphere for 

rehydration and they were named Ln-LTL-C.  
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Extraction 

1.4 g of the Ln-LTL-C samples was dispersed in 15 mL of saturated aqueous NH4Cl 

solution. After stirring for 72 h the dispersion was centrifuged and the solid was washed 

with 20 mL of water (3x). The re-dispersed sample was then freeze dried to obtain the final 

Ln-LTL-E product. An in detail investigation indicated that the extraction was already 

finished after 24 h. Already after this shorter period more than 90% of the Ln ions were 

extracted and no change in the following 48 h could be found. This material could be 

reloaded with another or the same lanthanide according to the above described loading 

procedure. The NaCl exchange step was not repeated in the second round of loading, 

because it can be expected that there are only loosely bound NH4
+ ions present in the 

channels. The obtained reloaded material was named Ln-LTL-R. 

Stability 

To investigate the extent of leaching of Gd3+-ions from the framework, a defined amount of 

Gd-LTL-L were dispersed in 5 mL aqueous medium and sonicated for 10 min in an 

ultrasonic bath. The dispersions were divided into 4 portions and kept in a thermo-shaker at 

37 °C for 24 h. After the incubation time, the zeolite dispersion was centrifuged at 13.2k 

rpm and the supernatant was tested for free Gd3+-ions in a colorimetric assay.29 Briefly, 100 

μL of the supernatant was thoroughly mixed with 1 mL of a freshly prepared acetate 

buffered xylenol orange solution. Then the absorption spectrum was measured in the 

spectral range from 350 to 600 nm. The ratio of the absorptions at 573 nm and 433 nm was 

calculated and used to determine the Gd3+ concentration via a calibration curve, measured 

in the same way with Gd3+ stock solutions of known concentrations. The detectable 

concentrations of Gd3+ were in a range of 4 to 50 μM with an error of ± 2.5 μM. All 

experiments were repeated in triplicate. The initial Gd3+-concentration in the Gd-LTL-L 

dispersions was calculated from the amount of zeolite that was subjected to extraction and 

the concentration of free Gd3+ that was found in the supernatant after the extraction. 
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INTRODUCTION  

Magnetic resonance imaging (MRI) has found widespread applications in biomedical 

diagnostics. The contrast in resulting images originates from differences in water content in 

soft tissues and from variations in the longitudinal (T1) and transverse (T2) relaxation times 

of water protons. Contrast agents (CAs) improve the contrast by taking advantage of 

paramagnetic metal ions to reduce the relaxation times.1-4 The efficacy of a CA is usually 

expressed as its relaxivity (ri, i = 1,2), which is the relaxation rate enhancement expressed 

in s-1 mM-1 paramagnetic metal ion). CAs with small r2/r1 ratios give rise to bright spots in 

T1-weighted images and are called positive or T1 CAs. Presently, most clinically applied T1 

CAs are low-molecular Gd-chelates, like Gd-DTPA and Gd-DOTA. T2 or negative CAs 

decrease T2 of water protons significantly more than their T1 (r2 >> r1) and afford dark spots 

in T2- or T2*-weighted images. Iron oxide-based nanoparticles are the main representatives 

of this class. 

MRI is superior compared to other imaging techniques with respect to resolution and 

penetration depth, but the low sensitivity of the presently applied clinical MRI CAs is a 

serious shortcoming, particularly because CAs distribute rather unselectively over the body. 

Nanoparticles may be employed to overcome this by delivering a high payload of Gd3+ at 

points of interest such as, for example, tumors or arterial plaques. The resulting high local 

concentration of paramagnetic substance dramatically boosts the contrast in the area of 

interest. The local accumulation may be further enhanced by attachment of targeting 

vectors to the nanoparticles and/or by exploiting the enhanced permeability and retention 

effect, the propensity of nanoparticles to accumulate in tumors through the leaky 

neovasculature. The diagnostic value may be increased if the CAs are responsive to specific 

physiological parameters of the tissues in which the CAs are localized, such as pH, 

temperature, redox potential, and concentration of endogenous ions. 

Much effort is focused on designing multimodal imaging probes. Those CAs can be 

used in more than one imaging technique either separately or simultaneously (for instance 

in PET-MRI) to compensate the weaknesses of one modality with the strength of the other.5 

Furthermore, there is an increasing interest in the development of agents that can be applied 

for both diagnosis and therapy (theranostics).6 Nanoparticulate, water permeable silicas and  
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Figure 3.1. Illustration of 3D structures of zeolites with the water-accessible pores (blue). The zeolite 

Na-LTL (a) clearly shows parallel 1D-channels with a diameter of 7.1 Å at the narrowest point; 

zeolites Na-Y (b) and Na-LTA (c) show 3D-intercrossing channel systems with the size of entrance 

windows 7.4 and 4.1 Å, respectively. The columns represent the resultant longitudinal relaxivities of 

the zeolites with Gd3+-loadings of 1.6%, 1.3% and 1.5% for Gd-LTL,14 Gd-Y10 and Gd-LTA,11 

respectively (25 °C, 300MHz). d) TEM image of zeolite Na-LTL crystals.  

 

zeolites are particularly attractive in this respect because they are suitable for the 

attachment of paramagnetic metal ions (for MRI), radioactive metal ions (for SPECT, PET, 

and radiotherapy), fluorescent materials, and for the confinement of therapeutic agents.7 

Zeolites are aluminosilicates that in contrast to common silica are crystalline structures 

with well-defined pores and cavities. The AlO4-tetrahedra provide a negative charge to the 

framework, which is counterbalanced by non-framework cations, usually alkali ions, which 

can easily be exchanged with other cations. In this way, Gd3+-exchanged zeolite Na-Y has 

been prepared and used as an oral T1 MRI CA for imaging of the gastrointestinal tract,8,9 

and later has been proposed as intravenous CA.10 The efficacy of these CAs is very high but 

still limited by the rather slow water exchange between the interior of zeolites and the 

bulk.11 This was confirmed by comparison with the results of experiments with Gd3+-loaded 

Na-LTA nanozeolites, which have supercages of about the same size as Na-Y but the 

access to these cages is through an 8-membered ring with diameter of only 4.1 Å as 

compared to the 12-membered entrance ring of Na-Y with diameter 7.4 Å for zeolite Na-Y 

(Figure 3.1b,c).11 Upon calcination, the Gd3+ ions in Gd-Y and Gd-LTA zeolites move 

irreversibly from the large cages to the smaller surrounding sodalite cages or their 
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hexagonal entrance windows and then become less accessible for water, resulting in a 

decrease in relaxivity. Partial destruction of walls between cavities by treatment with 

(NH4)2SiF6 or diluted HCl resulted in an increase of r1 due to the increase of the amount of 

non-coordinated water inside the zeolite. Zeolites with higher Si/Al ratios had higher 

relaxivities by virtue of an increased water exchange rate between the interior and the 

exterior of the zeolite.12  

Dual MRI/optical probes have been constructed from zeolite LTL (Linde Type L).13-15 

This zeolite has a framework with a pore system that is based upon so-called cancrinite 

cages, which are connected via their upper and lower six-membered rings to form columns 

(Figure 3.1a), interlinked to neighboring columns through oxygen bridges. This peculiar 

arrangement creates large undulating channels, which are separated from each other by 

elliptical 8-membered ring channels, parallel to the original columns along the c-axis of the 

crystal. The large 12-membered ring channels have free diameters between 7.1 Å at the 

most narrow and 12.6 Å at the widest point. Ion exchange exclusively takes place in the 

latter channels. A dual probe has been synthesized by ion exchange of the K+ counter ions 

of the zeolite channels with a cationic dye for optical imaging and by functionalization of 

the Si–OH groups on the external surface with Gd3+- or Eu3+-DOTA chelates for MRI.13 

Recently, we have prepared a different type of dual probe based on zeolite LTL. This 

probe had Gd3+ and Eu3+ both at the inside of the zeolite, but at different locations: Eu3+ was 

selectively deposited in the narrow and Gd3+ in wide channels of the LTL framework.14 The 

Gd3+-ions have 6 water molecules in their first coordination sphere, whereas the 

confinement in the narrow channels leaves only space for coordination of a single water 

molecule to Eu3+. This design is advantageous for the performance in MRI as well as in 

optical imaging, due to the fact that coordinated water is very desirable for increased 

relaxivity, whereas it is efficiently quenching luminescence. Consequently, Gd3+ is an 

efficient MRI probe and Eu3+ an efficient luminescent probe in this material. Surprisingly, 

the longitudinal relaxivity of this Gd3+ exchanged zeolite LTL is much higher than that of 

the previously investigated zeolite Gd-Y with similar Gd3+-loadings.10 Even though the 

access of the channels in both zeolitic systems is through 12-membered ring entrance 

windows with a diameter of about 7.1 Å, the water exchange between the interior and the 

exterior was not limiting the longitudinal relaxivity of Gd-LTL,14 in contrast to the situation 

observed for Gd-Y10-12 and also to that in a recently reported study on Gd3+-loaded 
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mesoporous materials with pore sizes that were even an order of magnitude larger than that 

of the zeolites.16 To better understand this phenomenon, we have now performed more 

detailed relaxation studies to elucidate the origin of the unexpected high relaxivity of Gd-

LTL. At the same time we have performed transverse relaxivity studies to investigate 

whether these materials have potential as T2 CA as well. Generally, for Gd3+-containing 

nanoparticles, the transverse relaxivity at higher magnetic fields steeply increases, whereas 

the longitudinal relaxivity decreases with increasing field strength.11 Therefore, these 

materials might be promising as T1 MRI CA at low field, and as T2 CA at higher fields.  

RESULTS AND DISCUSSION 

Preparation of Ln
3+

-loaded zeolite LTL 

Cylindrical nanoparticles of zeolite LTL (radius 10 nm, height 40 nm, Figure 3.1d) were 

loaded with Ln3+ (Ln = La, Gd, Ho) by ion-exchange with the appropriate LnCl3 in an 

aqueous suspension at room temperature.14 The extent of loading could easily be controlled 

by variation of the amount of LnCl3 in suspension. The maximum loading reached for Gd3+ 

was 5.2 wt%, which is in good agreement with the amount of alkali ions (3) located in the 

easily accessible sites of the zeolite prior to exchange. A part of the loaded zeolites 

obtained was calcined at 600 C, which leads to migration of Ln3+-ions from the large 

channels to locked sites in the hexagonal prism, the cancrinite cage, and in between 

cancrinite cages.20 The Ln3+-ions that did not migrate during the calcination were extracted 

with a saturated aqueous NH4Cl solution to obtain samples Ln-LTL-E.20 In this way, 

loadings up to 3.3 wt% Gd3+ located exclusively in the locked sites were achieved, which 

suggests that the alkali ions in the “locked” sites can only be partially exchanged for Gd3+-

ions. Previously, we have shown by XRD that the integrity of the zeolite framework 

remains intact after exchange, calcination, and extraction.14 

The Gd3+ ions in Gd-LTL-E have only one water molecule in their first coordination 

sphere, whereas those of Gd-LTL-L have six. Consequently, the paramagnetic NMR effects 

in aqueous suspensions of Gd-LTL-E are generally smaller and the data are less accurate 

than those of Gd-LTL-L. However, the trends in these data are similar to those shown by 

Gd-LTL-L.  
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Dependence of the longitudinal relaxivity of Gd-LTL suspensions on the pH 

Previously, we have fitted the inner-sphere longitudinal relaxivity of Gd-LTL-L with 5.2 % 

loading using a two-step mechanism,14 in which first only the relaxivity inside the zeolite 

cavity is considered and treated as a concentrated solution of Gd3+-ions.10 In the second 

step, the propagation of the relaxation enhancement from the interior water of zeolite to the 

bulk water outside was taken into account (Figure 2.10, in Chapter 2). It appeared that for 

zeolite LTL, the residence time of protons inside the zeolite, zeo, was so short (zeo  10-8 s) 

that this parameter was not limiting the longitudinal relaxivity. As stated in the 

introduction, the short zeo is unexpected in view of other results obtained with zeolitic and 

mesoporous systems.10-12,16 A possible reason for this phenomenon may be that the 

relaxivity of the Gd-LTL system is not governed by exchange of water molecules in the 

first coordination sphere of Gd3+ but by prototropic exchange, which is surprising because 

normally proton exchange is much slower than whole water exchange at physiological 

pH.21-23 

Aime et al. have shown that the exchange of whole water for some highly kinetically 

stable cationic Gd3+-complexes of tetraamide DOTA derivatives in homogeneous solutions 

is so slow (m = 8-17 s) that it is possible to evaluate the contribution of the prototropic 

exchange, which appeared to be acid and base catalyzed.23 The latter was reflected in an 

increase of the relaxivity below pH 2 and above pH 8 for these compounds. Since we 

suspected that catalysis of prototropic exchange might be involved in the observed fast 

proton exchange observed in the presently studied suspensions of Gd-LTL as well, we have 

investigated the relaxivity of Gd-LTL as a function of the pH. A substantial dispersion of 

the relaxivity centered at a pH value around 7 was observed. At higher pH the relaxivities, 

r1 as well as r2, decreased significantly, while no increase of the relaxivity occurred upon 

further increase of the pH. All pH effects were completely reversible and xylenol orange 

tests24 showed that leaching of Gd3+-ions out of the zeolite particles did not occur in the pH 

range investigated. The reversible pH dependence of r1 that we observed for Gd-LTL (3.5 

wt % Gd loading) suggests that prototropic exchange dominates here at pH < 7 (Figure 

3.2). It should be noted that the relaxivity of previously investigated zeolite systems did not 

show any pH dependence.10-12  
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Figure 3.2. The relaxivity of aqueous samples of Gd-loaded LTL-L (3.5 wt % Gd) as a function of 

pH at 7.5 T and 25 C in the presence of 0.5 wt% xanthan as dispersant;  r1;  r2
CPMG as measured 

with CP = 0.5 ms; ▲ r2
LW the curves are guides to the eye. 

 

For the interior of the zeolite, r1 and r2 will be governed by the exchange of protons 

between the Gd-bound water and the water in the pores. It may be expected that the 

residence time of a water molecule in the first coordination sphere of Gd3+ for Gd-LTL-L is 

of about the same magnitude as that on the Gd-aquo ion (m,O = 1.2 ns, the label O indicates 

that it concerns the parameter for whole water, the corresponding parameters for protons 

are not labeled)25 and of that observed for Gd-Y (m,O = 10 ns for 3.6 % Gd3+-loading).10 

The overall relaxivity of the Gd-LTL zeolites at pH > 8 seems to be limited by the slow 

exchange of (whole) water between the interior and the bulk water outside the zeolite. A 

changeover from relatively slow water exchange between cavities and bulk to fast 

prototropic exchange may explain the large increase in relaxivities observed upon 

decreasing the pH below 8 (Figure 3.2). Since this effect seems to be unique for Gd-LTL, it 

most likely can be explained by the structure of this zeolite. It has been demonstrated that 

the peculiar partition of the non-framework cations in zeolite LTL allows for variable 

amounts of water molecules to form 1D clusters exclusively in the main channel 

system.26,27 The presence of such confined water clusters has been confirmed by high-

resolution synchrotron X-ray powder diffraction in a gallosilicate with LTL topology (see 

Figure 3.3).27 
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Figure 3.3. Non-framework contents inside the 12-ring channel of hydrated Rb-GaSi-LTL, 

illustrating the alternation of hydrogen bonded (with bars) water clusters and cation-water layers 

along the c-axis. Oxygen atoms from water molecules are depicted by filled circles, and rubidium 

cations at site D (Rb4) are depicted by open circles. The Rb4 and water sites are not fully occupied. 

The arrow indicates the c-axis length. Reprinted with permission from Lee, Y.; Kim, S. J.; Ahn, D.-

C.; Shin, N.-S. Chem. Mater. 2007, 19, 2277. Copyright 2007, American Chemical Society. 

 

Probably, a reaction path of very fast hops of water protons from the first coordination 

sphere of the Gd3+-ion across clusters of hydronium ions (connected by hydrogen bonds) to 

the bulk water outside the zeolite is dominating the propagation of the relaxivity to the bulk 

water outside the zeolite (see Figure 3.4). Such a proton hopping mechanism, also known as 

the Grotthuss mechanism,28 has been put forward as an explanation for the exceptionally 

high water proton mobility in zeolites29-33 and a similar mechanism has been proposed for 

the high methanol proton mobility in zeolite ZSM-5.34 The protonated clusters may be 

associated with the Brønsted acidic silanol groups,34 framework oxygen atoms, and Gd3+-

bound water molecules. 

Above pH above 7, the water structuring inside the zeolite may be disrupted by 

ionization of the silanol groups, ionization of the Gd3+-bound water molecules (pKa  8)35 

and by the low concentration of hydronium ions. As a result, the propagation of the 

relaxivity is then dominated by the much slower whole water exchange between zeolite 

interior and the bulk. The ionization of a Gd3+-bound water molecule gives rise to an 

additional drop in relaxivity due to the accompanied decrease in q (the number of Gd3+-

coordinated water molecules) by 0.5 due to the loss of a Gd-coordinated water proton. 
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Figure 3.4. Schematic representation of the Grotthuss proton hopping mechanism proposed for the 

fast proton exchange observed for Gd-LTL below pH 7; R = H+, Gd3+. 

 

By virtue of the large jump in relaxivity of Gd-LTL-L between pH 5 and 7.5 (r1  9 mM-1 

s-1, r2  15 mM-1 s-1, at 7.5 T, see Figure 3.2), this material has great potential as pH 

responsive contrast agent with desirable r2/r1 ratio (3-4), particularly if one considers that 

each nanoparticle of 3.5 wt% Gd-loaded LTL-L contains about 2700 Gd3+-ions.  

17
O NMR measurements on Gd-LTL suspensions  

Dominance of the prototropic exchange for the Gd-LTL system at pH < 6.5 should lead to 

exchange rates of water that differ from the proton exchange rate governing the longitudinal 

relaxivity. To verify this, information on the (whole) water exchange rates can be obtained 

from 17O NMR chemical shift and relaxation time measurements.1 In the present case, the 

17O NMR measurements could only be performed over a small temperature range (15 - 41 

C) to avoid irreversible changes in the relaxation rates caused by the xanthan dispersant 

blocking the pores of the zeolite.14 Longitudinal and transverse relaxation rates and 

chemical shifts were measured at 7.5 T for a sample of Gd-LTL-L with 5.2 wt % Gd3+-

loading. The exchange rate of water will be limited by the relatively slow exchange 

between water in the pores and the external bulk water. Therefore, the 2-step model 

mentioned before should be considered for the interpretation of the data (Figure 2.10 in 

Chapter 2).10 The observed 17O NMR relaxation rates (T1p,O
-1, T2p,O

-1) and angular 

frequencies (p,O) of the suspensions, after correction for diamagnetic contributions by 

subtraction of data of a corresponding La-LTL-L sample (see Table 3.1), can be written as 

in Equations 3.1-3.3, where T1zeo,O
-1 and T2zeo,O

-1 are the longitudinal and the transverse 
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relaxation rates of water inside the zeolite pores, zeo,O is the angular frequency,36-39 zeo,O 

is the residence time of a (whole) water molecule in the interior of the zeolite, and Pzeo,O is 

molar fraction of interior free water molecules per Gd3+ ion. Outer sphere contributions can 

be neglected in Equations 3.1-3.3.10  

𝑇2𝑝,𝑂
−1 =  𝑃𝑧𝑒𝑜,𝑂

(𝜏𝑧𝑒𝑜,𝑂
−1 +𝑇2𝑧𝑒𝑜,𝑂

−1 )/𝑇2𝑧𝑒𝑜,𝑂+∆𝜔𝑧𝑒𝑜,𝑂
2

(𝜏𝑧𝑒𝑜,𝑂
−1 +𝑇2𝑧𝑒𝑜,𝑂

−1 )2+∆𝜔𝑧𝑒𝑜,𝑂
2       3.1 

𝑇1𝑝,𝑂
−1 = 𝑃𝑧𝑒𝑜,𝑂

1

𝜏𝑧𝑒𝑜,𝑂+𝑇1𝑧𝑒𝑜,𝑂
       3.2 

∆𝜔𝑝,𝑂 = 𝑃𝑧𝑒𝑜,𝑂
∆𝜔𝑧𝑒𝑜,𝑂

(𝜏𝑧𝑒𝑜,𝑂𝑇2𝑧𝑒𝑜,𝑂
−1 +1)2+∆𝜔𝑧𝑒𝑜,𝑂

2 𝜏𝑧𝑒𝑜,𝑂
2      3.3 

 

Since the contribution of Δωzeo,O in Equation 3.1 is relatively small, this Equation can be 

approximated by simplified Equation 3.4. 

𝑇2𝑝,𝑂
−1 = 𝑃𝑧𝑒𝑜,𝑂

1

𝜏𝑧𝑒𝑜,𝑂+𝑇2𝑧𝑒𝑜,𝑂
       3.4 

In the fast exchange limit, T2zeo,O is the principal term in the denominator of Equation 3.4, 

while in the slow-exchange limit at zeo,O is the principal term. Since zeo,O decreases, while 

T2zeo,O increases with increasing temperature, T2p,O
-1 decreases with temperature in the fast 

exchange limit, whereas the opposite holds for the slow exchange limit. The experimental 

values for T2p,O
-1 decrease with temperature in the present case (see Table 3.1), it can be 

concluded that the fast exchange regime holds here. This is not unexpected because the 

local concentration of Gd3+ inside the zeolite is very high. For the fast exchange limit 

Equations 3.1-3.3 can be simplified to Equations 3.5 and 3.6.40 Here, w is the number of 

free water molecules inside the zeolite per Gd3+-ion, q is the number of water molecules 

coordinated to Gd3+, Pm is the molal fraction of Gd3+ in the system (Pzeo,O = wPm/q), and 

m,O is the angular frequency of a Gd3+ bound water molecule (zeo,O = qm,O/w). 

𝑇2𝑝,𝑂
−1 − 𝑇1𝑝,𝑂

−1 = 𝑃𝑧𝑒𝑜,𝑂∆𝜔𝑧𝑒𝑜,𝑂
2 𝜏𝑧𝑒𝑜,𝑂 = 𝑞𝑃𝑚∆𝜔𝑚,𝑂

2 𝜏𝑧𝑒𝑜,𝑂/(𝑤 + 𝑞)   3.5 

∆𝜔𝑝,𝑂 = 𝑃𝑧𝑒𝑜,𝑂∆𝜔𝑧𝑒𝑜,𝑂 = 𝑃𝑚∆𝜔𝑚,𝑂      3.6 
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Table 3.1. 17O NMR measurements of Gd-LTL-L and Gd-LTL-E samples. a 

T (K) Δωp,O (106 rad s-1) b 1/T2p,O (s
-1) b 1/T1p,O (s

-1) b zeo,O (s) 

Gd-LTL-L     

288.15 -0.461 108 12.1 1.9 

293.15 -0.589 104 8.0 1.1 

298.45 -0.452 109 9.9 2.0 

303.15 -0.460 86 9.7 1.5 

308.65 -0.421 71 7.8 1.5 

314.35 -0.371 62 5.9 1.7 

Gd-LTL-E     

298.15 -1.007 1 0.03 0.1 

aThe Gd3+ concentration of Gd-LTL-L sample is 2.248 mM, measured by bulk magnetic susceptibility 

(ref. 19). bAll data are with respect to the corresponding diamagnetic La-LTL-L sample. Chemical 

shifts were corrected for the BMS contribution as described in ref. 19. 

 

The values of zeo,O in Gd-LTL-L were evaluated by solving Equations 3.5 and 3.6 

using the experimental values of T1p,O, T2p,O, p,O and the previously determined values of 

q and w (6 and 15, respectively).14 The values of zeo,O obtained varied from 4-7 s for the 

temperature range investigated (see Table 3.1). Although the accuracy of these numbers is 

low due to the small magnitudes of the experimental data, they show that the exchange rate 

of (whole) water between the interior of the zeolite and that of bulk (zeo,O  7 s at 298 K) 

is 3 orders of magnitude larger than the corresponding exchange rates of protons as 

evaluated from the 1H NMRD profile (zeo  10 ns),14 which confirms that prototropic 

exchange is dominating the relaxivity of Gd-LTL. The value for zeo,O is of the same order 

of magnitude as that determined for previously studied zeolitic Gd-Y and Gd-A systems 

(zeo 30 s),12 where prototropic exchange is unimportant. 

Transverse electronic relaxation rates by EPR measurements on Gd-LTL suspensions  

To investigate possible clustering of Gd3+ in the interior of the zeolite, X-band EPR spectra 

of the various Gd-LTL-L zeolite nanoparticles were studied in aqueous suspensions at 298 

K (Figure 3.5). They display a single, approximately Lorentzian resonance at a field 

corresponding to a Landé g-factor, gL  2, probably resulting from rotational averaging of 

the various anisotropic magnetic interactions present (g tensor, hyperfine tensor and zero-

field splitting tensor).  
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Figure 3.5. EPR spectra (0.34T, 9.43 GHz) of aqueous Gd-LTL-L suspensions. The samples are 

coded according to their Gd3+-loading (in wt%). 

 

The transverse electronic relaxation rates, 1/T2e, were calculated from the peak-to-peak 

EPR line widths of the derivative of the absorption mode, Hpp, with Equation 3.7, in 

which B is the Bohr magneton and h the Planck constant.41
 

𝑇2𝑒
−1 =

𝑔𝐿𝜇𝐵𝜋√3

ℎ
∆𝐻𝑝𝑝         3.7 

The values of 1/T2e are almost independent of the Gd3+-loading up to about 4 wt%, the 

sample at 5.2 wt% loading had a significantly higher electronic relaxation rate (Figure 3.6). 

Gd3+-loaded Na-Y zeolite also showed an increasing trend of 1/T2e, but with a steeper slope 

at low Gd3+-loadings.10 This phenomenon may probably be ascribed to dipolar and/or weak 

antiferromagnetic interactions between Gd3+-ions, when they are in close proximity of each 

other, for example due to formation of Gd-O-Gd type of aggregates at higher loadings.10,42 

Apparently, the linear pore system in LTL results in a better distribution of the Gd3+-ions 

than in the tetragonal pores of Y, which leads to an onset of dimerization only when the 

maximal loading is almost reached. 

Transverse relaxivity of suspensions of the Gd
3+

-loaded zeolite LTL nanoparticles  

Samples of 2.5 mg of the Gd-LTL-L in 1 mL of water were stabilized by addition of 1% 

xanthan gum. The pH of the samples obtained was 5.0-5.8. The transverse relaxation times  
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Figure 3.6. Transverse electronic relaxation rates (1/T2e) of Gd3+-loaded zeolite LTL (Gd-LTL-L, ) 

as obtained from EPR measurements (X band, 0.34 T, 9.43 GHz, 25 C) on aqueous suspensions 

containing 0.5 wt% xanthan as emulsifier, compared to similar data for Gd-Y (). The curves are 

guides to the eye. 

(T2) of these suspensions were determined by the Carr-Purcell-Meiboom-Gill (CPMG) 

pulse sequence (T2
CPMG)18 and through the line width (1/T2

LW = R2
LW = ½, where ½ is 

the line width) at 7.5 T and 25 °C (see Table 3.2). The decay of the spin-echo signals of 

Gd-LTL-L in the CPMG experiment was always mono-exponential with a relaxation rate 

R2
CPMG (= 1/T2

CPMG) that was almost independent of the interval applied between successive 

180 pulses (0.2 CP  5 ms). For comparison, the longitudinal relaxation rates of these 

samples were included in Table 3.2. The transverse relaxivities showed similar trends as a 

function of pH as the longitudinal relaxivities. Curves of r2
CPMG and r2

LW as a function of 

pH are included in Figure 3.2.  

Table 3.2. Longitudinal and transverse relaxation of Gd-LTL-L. 

Gd-loading 

(wt%) 

Conc. 

(mM) 

R1 

(s-1) 

R2
CPMG 

(s-1) 

R2
LW 

(s-1) 

r1 

(s-1mM-1) 

r2
CPMG 

(s-1mM-1) 

r2
LW 

(s-1mM-1) 

Zeta 

mV 

Gd-ions  

per particle 

0.80 0.127 4.3 20 65 31 140 184 -35.5 530 

1.56 0.248 8.3 32 81 32 122 159 -35.4 1100 

2.70 0.425 13.1 41 90 30 92 114 -34.4 2000 

4.30 0.687 18.0 60 109 26 85 98 -33.3 3300 

5.20 0.798 21.0 68 128 26 84 108 -23.8 4100 
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The observed relaxation rates (R2,obs) are the sum of diamagnetic (R2,dia) and 

paramagnetic contributions (R2,para) (Equation 3.8). To allow comparison of the efficacy of 

the relaxation enhancing compounds, the paramagnetic relaxation rate enhancement is 

expressed as the relaxivity, (r2, see Equation 3.9, where C is the concentration in mM Ln3+). 

R2,obs = R2,dia + R2,para = R2,dia + R2,IS + R2,OS      3.8 

r2 = R2,para/C = (R2,obs – R2,dia)/C        3.9 

The diamagnetic contributions were estimated from the relaxation rates for similar 

suspensions of zeolite LTL loaded with the diamagnetic La3+ ions (see Table 3.3). These 

relaxation rates were almost identical to those of unloaded zeolite LTL and were, within the 

accuracy of the measurements, equal to the intercept of curves of R2 versus amount of 

loading. Therefore, the observed relaxation rates were corrected for diamagnetic 

contributions by subtracting the relaxation rates of the corresponding La-LTL data. 

The relaxivities evaluated after subtracting the diamagnetic contribution appear to be 

dependent on the loading of the Gd-LTL-L nanoparticles, the transverse relaxivities show a 

significant decrease with increasing loading (Figure 3.7, Table 3.2). In this respect, these 

materials differ from homogeneous solutions of Gd3+-chelates, which have relaxivities that 

are independent of the Gd3+-concentration in diluted aqueous solutions up to concentrations 

of at least 0.1 M. The transverse relaxivities obtained for Gd-LTL by CPMG experiments 

are somewhat lower than those obtained from the line widths. This may be explained by an 

exchange contribution to the line width that reduces the rate of spin-echo decay in the 

CPMG experiment (see below) and partly to inhomogeneities of the magnetic field due to 

imperfect shimming.  

 

Table 3.3. Longitudinal and transverse relaxation rates of La-loaded zeolite LTL samples. 

Sample name La3+ loading (wt%) R1 (s
-1) R2

CPMG (s-1) R2
LW (s-1) 

La-LTL-L 5.2 0.33 1.9 46 

La-LTL-C 5.2 0.34 1.6 47 

La-LTL-E 3.3 0.36 1.5 45 

LTL - 0.35 1.4 41 
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Figure 3.7. Relaxivities of Gd3+-loaded zeolite LTL-L nanoparticles as a function of the Gd3+ content 

in aqueous suspension containing 2.5 mg Gd-LTL-L/mL and 0.5 wt% xanthan gum at 7.5 T and 25 

C. The curves are guides to the eye. 

The paramagnetic relaxation rates (R2,para) originate from a contribution due to 

exchange of bulk water molecules with water bound in the first coordination sphere of the 

paramagnetic metal ion (the inner sphere contribution, R2,IS) and from effects that water 

molecules experience when they diffuse along the paramagnetic ions or through the 

magnetic field gradients induced by the Gd3+-loaded zeolite particles without being bound 

(the outer-sphere contribution, R2,OS).  

The outer-sphere contribution to the relaxation rate can be evaluated by measuring the 

relaxation rates after addition of a compound that does not coordinate with the Ln3+ ion.43-45 

However, the presently studied suspension is rather complex and addition of most 

compounds results in precipitation. As a compromise, we followed a modified procedure of 

Gossuin et al.44 by measuring transverse relaxation rates of the methyl protons of methanol 

for samples of Gd-LTL-L in mixtures of methanol and water. 17O NMR measurements on 

solutions of DyCl3 in water methanol mixtures have demonstrated that Ln3+ ions coordinate 

preferentially water molecules, for example the first coordination sphere of Dy3+ in a 1:1 

mixture of methanol and water contains only 12 mol % methanol.46 Therefore, in a first 

approximation the coordination of Gd3+ by methanol can be neglected, particularly since 

any coordination would have relatively small effects on the relaxation rates of the methyl 

protons because they are at large distance of the Gd3+-ion as compared to water protons of 

coordinated water molecules. Figure 3.8 displays the observed transverse relaxivities versus 
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the reciprocal of the total concentration of OH protons (from water and methanol) for Gd-

LTL-L samples with 1.6 and 5.2 wt% Gd3+-loading, Figure 3.9 shows a similar graph for 

Gd-LTL-E. If exclusively outer-sphere interaction would occur, the relaxation rate is only 

dependent on the concentration of Gd3+ and a horizontal line would be expected, whereas 

for inner-sphere interaction the relaxation rate would be proportional to the total number of 

protons participating in the exchange, hence to 1/COH.44 In Figure 3.8, it can be seen that the 

curve for the CH protons is nearly horizontal at low methanol concentrations (low 1/COH); 

at higher methanol concentrations and higher Gd3+-loading the deviations become larger 

due to increasing inner-sphere complexation of methanol. Extrapolation of the curves for 

the CH protons to 1/COH = 0.09 (corresponding to pure water) affords, after subtraction of 

the diamagnetic contribution, estimates of the outer-sphere contribution to the transverse 

relaxation. However, several complications may occur in the present case, such as the 

preferential absorption of methanol in hydrophobic pores of zeolite LTL nanoparticles, 

which will bring a relatively large amount of methanol in close proximity of the Gd3+ ions 

in the pores and thus will result in over-estimated values of R2,OS
CPMG. Such an effect has 

also been observed in a study on esterification reactions catalyzed with zeolites.47 Figures 

3.8 and 3.9, however, clearly show that the inner-sphere contribution is dominating the 

relaxation of the OH protons whereas it is of minor importance in the CH relaxation. This 

contrasts with the relaxation behavior of solid particles, such as Ln-oxides and carbonates, 

where the relaxivity is almost exclusively determined by the outer-sphere 

mechanism.7,14,48,49  

Since no good theoretical models exist for the calculation of outer-sphere relaxivities in 

porous systems like zeolites, estimations were made using two extreme hypothetical models 

for this system. In the first model, the particles were considered to be impenetrable solid 

spheres, whereas in the second model a homogeneous aqueous solution of Gd3+ was used to 

model porous particles with unlimited access of water. The outer-sphere transverse 

relaxivity originates from water molecules experiencing the magnetic field gradients while 

diffusing along the Gd-LTL particles and from water molecules that diffuse through the 

large pores. The effect on the outside of the zeolite may be estimated by assuming the 

particles to be non-porous spheres with the same volume as the cylindrical LTL 

nanoparticles. 
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Figure 3.8. Transverse relaxation rates R2
CPMG as a function of 1/COH for suspensions of Gd-LTL-L in 

various mixtures of methanol-water. (a) 1.6 wt % Gd3+ loading, (b) 5.2 wt % Gd3+-loading. The 

curves were obtained by fitting the experimental data with second order polynomial functions. 
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Figure 3.9. Transverse relaxation rates R2
CPMG as a function of 1/COH for suspensions of Gd-LTL-E in 

various mixtures of methanol-water. (a) 1.6 wt % Gd3+ loading (before calcination), (b) 5.2 wt % 

Gd3+-loading (before calcination).  

 Since the Gd3+ content is lower than that of the previously studied solid Gd-carbonate 

particles for which the transverse relaxivity was in the motional averaging regime, 14 this 

regime will hold in the present case as well. Then, r2,ext
OS is given by Equations 3.10-3.14, 

48 where  is the volume fraction occupied by the particles, D the diffusion correlation 

time,  the difference in resonance frequencies (in rad s-1) of water protons at the surface 

and those in the bulk, Rp the radius of a particle, D the diffusion coefficient of water, 0 the 

permeability of a vacuum, H the proton magnetogyric ratio, Mp the magnetization of a 
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particle, C the Curie moment, eff the effective magnetic moment of Gd3+, B the magnetic 

field strength, kB the Boltzmann constant, and T the temperature. The contributions of the 

external water to r2
OS (r2,ext

OS) were calculated to be only 0.3 and 0.9 s-1 mM-1 for the Gd-

LTL-L samples loaded with 1.6 and 5.2 wt% Gd3+, respectively. 

𝑟2,𝑒𝑥𝑡
𝑂𝑆 =

16

45
𝑣𝜏𝐷(∆𝜔)2                     3.10 

𝜏𝐷 =
𝑅𝑝

2

𝐷
                                    3.11 

∆𝜔 =
𝜇0𝛾𝐻𝑀𝑝

3
                                 3.12 

𝑀𝑝 =
𝑛𝜇𝐶

𝑉𝑝
                    3.13 

𝜇𝐶 =
𝜇𝑒𝑓𝑓

2 𝐵

3𝑘𝐵𝑇
                      3.14 

Alternatively, we can get an impression of the importance of the outer sphere contribution 

by considering a homogeneous solution with the same Gd3+ concentration. For such a 

solution Equation 3.15 has been derived.50 

𝑟2
𝑂𝑆 =

16𝜋

405

𝑁𝐴[𝑀]

1000

𝛾𝐻
2 𝜇𝑒𝑓𝑓

2

𝑑𝐷
[4𝐽(0) + 13𝐽(𝜔𝑆) + 3𝐽(𝜔𝐼)]                             3.15 

Where NA is the Avogadro constant, [M] the concentration of Gd3+, d the distance of closest 

approach of water protons and Gd3+ and J the spectral density functions given by 

𝐽(𝜔) = 𝑅𝑒(
1+𝑧 4⁄

1+𝑧+4𝑧2 9⁄ +𝑧3 9⁄
) with 𝑧 = √𝑖𝜔𝜏𝐷 + 𝜏𝐷/𝑇𝑘𝑒; D = d2/D; k = 1,2                    3.16 

Using the parameters obtained from the fitting of the 1H NMRD profile of Gd-LTL,14 the 

value of r2
OS would be 2.7 s-1 mM-1 if it was a homogeneous solution. However in a 

suspension of Gd-LTL, only a part of the water protons will enter the zeolite and can 

approach the Gd3+-ions closely enough to experience the effect. These calculations confirm 

the minor importance of the outer-sphere contribution to the overall realxivity for the Gd-

LTL zeolites. Therefore r2
OS was not included in any further calculations. 

Previously, we have derived that for the two-step mechanism the transverse relaxation 

rate of inner-sphere water protons can be expressed as in Equations 3.17-3.18.11
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𝑟2 =
1

1000

(𝑞+𝑥)

55.5𝜏2𝑧𝑒𝑜

𝑇2𝑧𝑒𝑜
−1 (𝑇2𝑧𝑒𝑜

−1 +𝜏𝑧𝑒𝑜
−1 )+∆𝜔𝑧𝑒𝑜

2

(𝑇2𝑧𝑒𝑜
−1 +𝜏𝑧𝑒𝑜

−1 )
2

+∆𝜔𝑧𝑒𝑜
2

                              3.17 

𝑇2𝑧𝑒𝑜
−1 =

𝑞

(𝑤+𝑞)𝑇2𝑚
                                 3.18 

Here, zeo is the frequency difference between the water protons in the bulk and in the 

interior of the zeolite cavities; T2zeo, the transverse relaxation time of water protons in the 

interior of the zeolite, and zeo is the average residence time of a water molecule in the 

zeolite pore system (It should be noted that all parameters here concern water protons). The 

transverse relaxation time of Gd-bound water protons, T2m, is of predominant dipolar nature 

and can be given by:51,52 

𝑇2𝑚
 −1 =  

1

15
(

𝜇0

4𝜋
)

2

𝛾𝐻
2𝜇𝑒𝑓𝑓

2 𝑞

𝑟6 (4𝜏𝑑1 +
3𝜏𝑑1

1+𝜔𝐼
2𝜏𝑑1

2 +
13𝜏𝑑2

1+𝜔𝑆
2𝜏𝑑2

2 )                3.19 

Here r is the distance between Gd3+ and the bound water protons, I and S are the angular 

precession frequencies of proton and electron, respectively, and di (I = 1,2) the correlation 

times modulating the dipolar interaction (di
-1 = r

-1
 + m

-1 + Tie
-1). The electronic 

longitudinal and transverse relaxation rates (Tie, I = 1,2) are given by Equations 3.20 and 

3.21, respectively,53 where ∆2 is the mean squared fluctuation of the zero field splitting 

(ZFS) and τν is the correlation time for the modulation of the ZFS. 

𝑇1𝑒
−1 =

1

25
∆2𝜏𝑣[4𝑆(𝑆 + 1) − 3](

1

1+𝜔𝑠
2𝜏𝑣

2 +
4

1+4𝜔𝑠
2𝜏𝑣

2)                             3.20 

𝑇2𝑒
 −1 = ∆2𝜏𝑣(

5.26

1+0.372𝜔𝑠
2𝜏𝑣

2 +
7.18

1+1.24𝜔𝑆𝜏𝑣
)                 3.21 

For homogeneous solutions of Gd3+ chelates, the bound shift is exclusively of a Fermi 

contact character and it is estimated to be 23 ppm.54,55 In the present case, the Gd3+-bound 

water are located in the 1-dimensional pores of the cylindrical nanoparticles that contain 

about 4000 Gd3+ per particle (5.2 wt % Gd loading, Table 3.2). Because of the 

magnetization, the particles may orient along the magnetic field to some extent and 

therefore, it cannot be excluded that zeo has a bulk magnetic susceptibility shift (BMS) 

contribution as well. Both, the contact and the BMS contributions are linearly proportional 

to the magnetic field strength B, and therefore it is convenient to convert zeo into the 
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corresponding chemical shift difference, zeo (in ppm) using Equation 3.22, where LF is 

the Larmor frequency. 

∆𝛿𝑧𝑒𝑜 =
106∆𝜔𝑧𝑒𝑜

2𝜋𝐿𝐹
                                 3.22 

The observed decrease in relaxivity upon raising Gd3+-loading (Figure 3.7) could be 

due to blocking of the diffusion of water protons through the zeolite, for example because 

of formation of Gd-hydroxide oligomers. However, this explanation can be rejected 

because the EPR measurements (see above) indicated that this occurred only in the sample 

with 5.2 wt% loading, whereas the most significant decrease in relaxivity took place 

between 1 and 4 wt% Gd3+. Furthermore, zeolite LTL exchanged with a mixture of Gd3+ 

and La3+ ions in such a way that the resulting samples containing 0.8 wt% Gd3+ and various 

amounts of La3+, showed both r1 and r2 values that were almost identical to those of zeolites 

exclusively loaded with Gd3+-ions and having the same total Ln3+ content (Figure 3.10). 
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Figure 3.10. (a) r2
CPMG of Gd-LTL and Gd-La-LTL. The Gd-La-LTL samples had loadings consisting 

of 0.8 wt% Gd3+ and an amount of La3+ to give the total Ln3+-loading as indicated on the horizontal 

axis. (b) The corresponding r1
 relaxivities. All the measurements were performed at 25°C and 7.5 T.  
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Figure 3.11. Simulation of r2
IS as a function of M using Equations 3.15-3.21, LF = 300 MHz and || 

= 0.0. 

 

Simulations using Equations 3.17-3.22 show that the increase of electronic relaxation 

upon increase of the Gd3+-loading, observed by EPR would result in a minor decrease in 

relaxivity, whereas r is so large and zeo so small, that they do not limit the relaxivity. 

Therefore, changes of these parameters can also be excluded as reason for the decrease in 

relaxivity with the Gd3+-loading of Gd-LTL-L. However, simulations of r2 as a function of 

m or |zeo|, at LF = 300 MHz using Equations 3.17-3.22, while keeping all other variables 

at the values evaluated previously from the 1H NMRD showed that these parameters had 

large effects on r2 (Figure 3.11). Previously, an increase in m from 4 to 769 ns has been 

observed for Gd-Y upon increase of the Gd3+-loading from 1.3 to 5.5 wt%,10 which was 

ascribed to the increase of the local Gd3+ concentration in the zeolite pores making the 

probability of a water molecule being located in the inner coordination sphere of the Gd3+ 

ion higher. The simulation (Figure 3.11) shows that such an increase in m would result in 

an increase in r2 in the present case, whereas actually a decrease has been observed. 

Therefore, a decrease of |zeo| remains as the most likely origin of the observed drop of r2 

with increasing loading. The increase of the Gd3+-loading results in larger magnetization of 

the particles, which may lead to more alignment in the magnetic fields resulting in an 

increase of the BMS. Since the BMS and Fermi contact shifts have opposite signs, this 

probably results in a smaller overall |zeo| at higher loadings. 

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5

0

200

400

600

800

1000

1200

r 2
  (

s
-1
m

M
-1
)


M
  (s)



Chapter 3 

 

 

 84 

Magnetic field dependence of the relaxivities of Gd-LTL-L 

The magnetic field dependence of the transverse and the longitudinal relaxivities was 

evaluated for Gd-LTL-L with 3.1 wt% Gd3+-loading. The results (Figure 3.12) demonstrate 

that the ratio r2/r1  10 between LF = 30 and about 300 MHz for Gd-LTL-L sample. 

Therefore, it has potential for application as a dual T1/T2 MRI contrast agent for the 

presently applied clinical magnetic field strengths. 

For Gd-LTL-L at 400 and 600 MHz, r2
LW was significantly larger than r2

CPMG, which 

suggests that chemical exchange is influencing the spin-echo decay. The obtained values of 

r2
LW for Gd-LTL-L were fitted simultaneously with the previously reported longitudinal 1H 

NMRD and the EPR data using Equations 3.17-3.22 for r2
LW.14 Because many parameters 

are governing these data, several constraints were introduced. The value of q was fixed at 6, 

which was determined by the luminescence decay of the corresponding Eu3+-loaded 

samples.14 Since we have demonstrated that r1 for zeolites is independent of r implying 

that r  10 ns,10 r was fixed to 10 ns. Furthermore, we have previously shown that the 

NMRD data of Gd-LTL-L can only be explained with zeo  10 ns and therefore, zeo was 

fixed at 10 ns.14 A good fit was obtained for values of the variable parameters listed in 

Table 3.4 and the curve of r2
LW as a function of LF, calculated with these parameters, is 

displayed in Figure 3.12. The obtained best-fit parameters agree well with those previously 

reported.14  
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Figure 3.12. Magnetic field dependence of relaxivities of (a) Gd-LTL-L and (b) Gd-LTL-E at 25 C, 

both with ~3 wt % Gd3+loading; , r1; , r2
CPMG; , r2

LW. The red curves are representing fits of 

r2
LW with Equations 3.10-3.20; the blue curves are guides to the eye. 
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Magnetic field dependence of the relaxivities of Gd-LTL-E 

The magnetic field dependence of the transverse and the longitudinal relaxivities was 

evaluated for a Gd-LTL-E samples with 3.3 wt% Gd3+-loading. Also this material has r2/r1 

 10 between LF = 30 and about 300 MHz (Figure 3.12) and has thus potential for 

application as a dual T1/T2 MRI contrast agent for the presently applied clinical magnetic 

field strengths. The value of r2
LW was always significantly larger than that of r2

CPMG. From a 

more detailed study of Gd-LTL-E at LF = 300 MHz, it appeared that in this case the spin-

echo decay was dependent on CP (Figure 3.13), which suggests that chemical exchange is 

influencing the spin-echo decay. The dependence of R2
CPMG on CP can be modeled with the 

Carver-Richards Equation.8-10 According to this model, a plot of R2
CPMG versus log(1/cp) 

has a sigmoidal shape with an inflection point at 1/CP  1/m, where m is the lifetime of 

each of the exchanging sites and at the slow 180 pulse rate limit (1/cp  0) the curve 

approaches the value of R2
LW.56,57  

In the present case, the full dispersion appears to be very distorted and there is a large 

gap between the slow pulse rate limiting value of R2
CPMG and the value R2

LW, which was 

determined to be 145 s-1. The obtained values of r2
LW for Gd-LTL-E were fitted 

simultaneously with the previously reported longitudinal 1H NMRD and the EPR data using 

Equations 3.17-3.21 of the main text.14 The value of q was fixed at 1, which is the value 

determined by the luminescence decay of the corresponding Eu3+-loaded sample.14  

Table 3.4. Best-fit-parameters governing the transverse relaxivity of 3.1 wt % Gd-LTL-L and of 3.3% 

wt Gd- LTL-E at 25 C obtained from simultaneous fitting of r2
LW, 1H NMRD and EPR data. 

 Gd-LTL-L Gd-LTL-E 

v (ps) 29  2 4.5  1.3 

2 (1019 s2) 3.2  1.8 6.9  1.8 

m (ns) 0.19 0.03 1600 500 

r (ns) a 10 10 

zeo (ns) a 10 10 

q a 6 1 

|zeo| (ppm) 0.00 0.00 0.00 0.00 

a Fixed during the fittings. 
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The values of r and zeo were fixed at 10 ns. A good fitting was obtained for values of 

the variable parameters listed in Table 3.4, in which the values obtained for Gd-LTL-L 

were included for comparison. The curves of r2
LW as a function of LF calculated with these 

parameters are displayed in Figure 3.12. The obtained best-fit parameters agree well with 

those previously reported.14 Surprisingly, the transverse relaxation rates of Gd-LTL-E were 

of the same magnitude as those of Gd-LTL-L, even though here q = 1 as compared to q = 6 

for Gd-LTL-L. This can be ascribed to the large value of m for Gd-LTL-E relative to that 

for Gd-LTL-L. This relatively large m also explains why r2
CPMG for Gd-LTL-E is 

dependent on CP as opposed to r2
CPMG for Gd-LTL-L (see above). The value of m for Gd-

LTL-E is close to the residence time for undissociated water as estimated from the 17O 

NMR measurements (see Table 3.1) and on previous studies on other zeolites.58,59 

However, an attempt to fit the present datasets with the value of zeo fixed at 1-10 s led to 

unreasonable values for the remaining variable parameters. This and the pH dependence of 

the relaxivity (Figure 3.2) suggest that for Gd-LTL-E prototropic exchange is also 

dominating over water exchange. 

The negligible |zeo| values obtained show that the Fermi contact shift inside zeolite 

Gd-LTL is completely compensated by the BMS with opposite sign, which suggests that 

the particles are aligned in the magnetic field. If the particles were randomly rotating, the 

BMS would average out and a relatively large overall shift determined by the Fermi contact 

interaction would result. 
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Figure 3.13. The dependence of the transverse relaxation rate R2
CPMG on the rate of the refocusing 

pulse (1/cp). Sample of 5 mg Gd-LTL-E with 3.3 wt % Gd3+-loading suspended in water with 0.5 % 

xanthan at 300 MHz and 25 C. 



Prototropic Exchange Governs T1 and T2 Relaxivities of Nanozeolite Gd-LTL with High pH Responsiveness 

 

 

 
87 

Table 3.5. Comparison of relaxivities of Gd3+ and Ho3+-loaded LTL samples in aqueous suspensions 

containing 1% xanthan at 25 C and 7.5 T. 

sample Ln3+-loading  r1 (s
-1mM-1) r2

CPMG
 (s

-1mM-1) r2
LW

 (s
-1mM-1) 

Ho-LTL-L 5.1 wt% Ho3+ 0.6 17 208 

Ho-LTL-Ca 5.1 wt% Ho3+ 0.3 25 487 

Gd-LTL-L 5.2 wt% Gd3+ 26 83 103 

Gd-LTL-Ca 5.2 wt% Gd3+ 10 29 207 
a Calcined, not extracted. 

Relaxivities of Ho-LTL 

For comparison two Ho3+-loaded samples were included in this study. The relaxivities 

measured are compared with those of analogue Gd3+-loaded LTL samples in Table 3.2. 

Ho3+ has electronic relaxation rates that are 4-5 orders of magnitudes lower than those of 

Gd3+.60 Consequently, the longitudinal relaxivities of these materials are substantially 

smaller than that of the comparable Gd3+-loaded samples (see Table 3.5). Surprisingly, the 

Ho3+-loaded samples show a large gap between r2
CPMG and r2

LW and a strong CP-

dependence (Figure 3.14). This demonstrates that here r2
LW has a relatively large exchange 

contribution. This can be rationalized by a large value for |m|, which is determined by the 

Fermi contact and the BMS contribution and that both are proportional to eff
2 and thus are 

a factor 1.8 larger for Ho as compared to Gd.61  
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Figure 3.14. The dependence of the transverse relaxation rate R2
CPMG on the refocusing pulse (cp). 

Sample of 5 mg Gd-LTL-L with 5.2 wt % Ho3+-loading suspended in water with 0.5 % xanthan at 

300 MHz and 25 C. 
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CONCLUSIONS 

With the here presented study we show that the up to now unexplained high relaxivity of 

Gd-loaded zeolite LTL particles most likely originates from a prototropic exchange of 

water protons rather than water diffusion in the large channels. As a result of this 

prototropic mechanism, the relaxivities are highly pH dependent leading to a strong 

decrease of r1 from 32.5 to 8 s-1mM-1 and r2 from 98 to 50 s-1mM-1 when going from pH 5 

to 9 (3.5 wt % Gd-LTL-L). At higher pH, when the concentration of hydronium ions 

becomes low, the exchange mechanism changes from prototropic to water diffusion, which 

significantly limits the relaxivity. In the physiological pH range, nanoparticulates LTL-L 

with up to 5.2 wt% Gd3+ have very high longitudinal and transverse relaxivities.  

The strong pH response (r1  9 s-1 mM-1 and r2  15 s-1 mM-1 upon decrease from pH 

7.5 to 5.0 for 3.5 wt % Gd-LTL-L) is among the strongest responses reported so far.62 Since 

the extracellular pH of tumors is 0.5 to 0.6 pH units lower than that of healthy tissue, the 

presence of these nanoparticles will result in bright spots near these tumors in T1 weighted 

images and dark spots in T2 weighted images. This opens the way to an increase of the 

contrast by subtracting the T2 weighted from the T1 weighted image and to reduce artifacts 

by the recently published “AND logic gate” algorithm.63 Furthermore, the effect is 

multiplied by the presence of a large amount of Gd3+ in each particle. The zeolites can 

easily be loaded with additional radioactive cations, which enables application in 

ratiometric pH determination and pH mapping.  

The ratio r2/r1 increases strongly with the magnetic field strength. At 7.5 T and 25C it 

is 3-4 and therefore, this material is applicable for both T1 and T2 weighted images. Possible 

alignment of the nanoparticles in the magnetic field contributes to the efficacy as T2 CA. 

Previously, we have already demonstrated that a fluorescent-MRI probe can be prepared by 

selectively locking Eu3+ in the small cavities, and depositing Gd3+ in the wide channels. As 

a result of its higher effective magnetic moment Ho-LTL has significantly higher transverse 

relaxivities than corresponding Gd-LTL materials and therefore, this material exclusively is 

an effective T2 CA.  
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EXPERIMENTAL SECTION 

Ion exchange 

The nanozeolite LTL was purchased from NanoScape AG, Munich, Germany. The Gd-

LTL-L and Gd-LTL-E (L=loaded, E=extracted) materials and aqueous suspensions thereof 

were prepared according to procedures described previously.14 Briefly, zeolite K-LTL (0.5 

g) was first ion-exchanged with Na+ for 24 h using 10 mL of NaCl (1 M) and then washed 

with 25 mL of water (3×). The obtained Na-LTL was re-suspended in 10 mL of the Ln3+-

containing solution, which has a defined mass ratio of Ln3+ and zeolite LTL. After the ion-

exchange step between Na+ and Ln3+ overnight, the suspension was dialyzed against 1 L of 

water (3×) at 45°C to remove the loosely bound Gd3+-ions. The obtained suspension was 

freeze-dried and the resulting powder was collected (Ln-LTL-L).  

Ion relocation 

The ion relocation was achieved in a standard calcination oven. The Ln-LTL-L samples 

were heated to 100 °C at a rate of 1 °C min-1 and then calcined at 600 °C for 6h with a 

heating rate of 10 °C min-1 to afford sample Ln-LTL-C. The Ln-LTL-C samples (0.5 g) 

were suspended in saturated aqueous NH4Cl solution (10 mL). After stirring for 24 h the 

suspension was centrifuged and the solid was washed with water (3×). The samples were 

then freeze-dried to obtain the Ln-LTL-E products. 

NMR relaxation and EPR measurements 

1H NMR spectra were measured on a Varian Inova-Unity 300, a Bruker Minispec 30, and 

Bruker Avance 200, 400, and 600 spectrometers. 17O NMR spectra were measured at the 

Varian Inova-Unity 300 spectrometer. For all line width measurements, the magnetic field 

was carefully shimmed. Peak positions and line widths were determined by fitting 

Lorentzian functions to the experimental spectra. The EPR spectra were recorded on a 

Bruker ESP300E spectrometer, operating at 9.43 GHz (0.34 T, X-band) at 298 K. Typical 

parameters used were microwave power 4 mW, modulation amplitude 1.0 mT, and time 

constant 0.03s. For the longitudinal and transverse relaxivities as a function of pH, 5.0 mg 

of the Gd-LTL-L/E was suspended in 1.0 mL water by sonication and stabilized by 1.0 g of 

1% xanthan gum solution. The pH of this sample was carefully adjusted by using 0.1 M 
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HCl or NaOH. The Gd-LTL samples for 17O NMR measurements were prepared by 

suspending 15.0 mg of the Gd-LTL particles in 1.0 mL water to which 20 µL of 17O-

enriched water (10% 17O, Cambridge Isotope Laboratories Inc.) was added, and the 

suspension was stabilized by 1.0 g of 1% xanthan gum solution. Longitudinal relaxation 

times were measured with the inversion recovery method.17 1H transverse relaxation time 

was measured with the CPMG pulse sequence in which the length of the spin echo train 

was varied.18 An echo time of 0.5 ms was applied, unless stated otherwise. The transverse 

relaxation times of H2
17O were measured with a CPMG pulse sequence with two spin 

echoes of which interval between the echoes was varied. The Gd3+ concentration of all LTL 

samples was measured by using the bulk magnetic susceptibility (BMS) method.19 
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INTRODUCTION 

A large range of nanoscale materials such as gold, fluorescent upconversion crystals, 

quantum dots, iron oxides, lanthanide oxides, zeolite, silica have shown to be widely 

applicable in biomedical imaging and therapy.1-5 Nanoparticles (NPs) are favorable devices 

particularly for tumor diagnosis and therapy, as they tend to accumulate at tumor sites via 

the enhanced permeability and retention (EPR) effect.6 This effect allows NPs without 

targeting vectors to deliver a high payload of functional species at the site of interest for 

imaging and therapy. On the other hand, there has been substantial interest in creating 

multifunctional NPs that combine distinct specific properties (e.g. magnetic, radioactive, or 

optical) into one system.7 This can be achieved by surface engineering,8 which may provide 

the core of NPs with additional properties9 that enhance the specificity and improve the 

performance of the material. Dual radioactive and magnetic superparamagnetic iron oxides 

NPs,10 magnetic and optical quantum dots11 as well as upconversion NPs12 are just a few 

examples of nanoparticulate materials that are of great interest in this regard.  

Important factors that need to be considered in design of multifunctional NPs for in 

vivo application are toxicity and biodistribution. A common approach to cope with these 

issues is through coating of NPs with an organic layer, such as biocompatible and 

hydrophilic polyethylene glycol (PEG),13 which may significantly reduce the cytotoxicity 

of NPs and leads to a longer blood circulation half-time (t1/2).
14 For example, as iron 

oxides10 and manganese oxides15 NPs are often originally coated with oleic acid during the 

synthesis, subsequent PEGylation can remove the oleic acid and therefore improve the 

biocompatibility and physiological stability of NPs. In addition, attachment of functional 

groups (e.g. –NH2, –SH, –COOH) onto the terminal of PEG chains,16 may provide anchors 

to introduce functions such as optical tags or targeting vectors onto NPs. 

Porous materials such as silica NPs and zeolites are attractive platforms to 

accommodate optical reporters, radiotracers and/or paramagnetic magnetic resonance 

imaging (MRI) contrast agents (CAs). Mesoporous silica NPs loaded with paramagnetic 

Gd(III)-ions and doped with Eu(III)-ions have been described as dual MRI-optical imaging 

agents.17 Alternatively, encapsulation of paramagnetic Gd(III)-complexes into the silica 

NPs results in a highly efficient MRI CA.18,19 Grafting of Gd(III)-complexes to silica NPs 
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labelled with radioisotopes leads to a promising dual agent for MRI and radionuclides-

based imaging.20  

Zeolite LTL is a promising porous material that has been proposed as a versatile 

platform for accommodation of paramagnetic ions for MRI CAs.5 LTL has a well-defined 

negatively charged framework that is composed of big and small cavities, both form 1D-

channels that are separated from each other and that are parallel to the c-axis of the crystals. 

An MRI-optical dual agent has been constructed by loading cationic fluorescent dyes into 

the interior channels of the zeolite LTL for optical imaging, while the Si-OH groups at the 

outside surface were conjugated with Gd(III)-DOTA chelate for MRI.21 Recently, we have 

demonstrated a different strategy to achieve MRI-optical dual functionality based on zeolite 

LTL.22 Both Eu(III)- and Gd(III)-ions were loaded selectively into the narrow and wide 

channels of the zeolite LTL, respectively. As the narrow channel is basically not accessible 

for the water molecules, the luminescence quenching of Eu(III) was greatly reduced, 

whereas fast exchange between the bulk water and water coordinated to paramagnetic 

Gd(III)-ions resulted in remarkable magnetic properties of the material.  

The porous structures are superior to solid particles due to the large surface area of 

both internal (e.g. cavities, pores, or channels) and external surfaces. As a result, the porous 

systems can accommodate a large payload of functional species per particle, e.g. 4000 

Gd(III) ions per LTL particle (20 × 40 nm).23 This is highly beneficial for its performance 

as MRI CAs, since the enhancement of both longitudinal (T1) and transverse (T2) relaxation 

times is linearly proportional to the amount of paramagnetic ions per particle. Delivering a 

high payload of paramagnetic compound to the site of interest has become an important 

strategy in overcoming the intrinsic low sensitivity of MRI. The efficacy of a CA is 

assessed by its water proton relaxation rate (Rn = 1/Tn, n = 1 or 2) expressed as relaxivity 

(rn) per amount of Gd(III)-ions (s-1mM-1). A large number of parameters governs the 

relaxivity, of which, water exchange and the number of water molecules bound to Gd(III) 

are two dominating factors.24 Both can be optimal in the porous structure, thus, the MRI 

CAs based on zeolite and mesoporous silica NPs have much higher r1 and/or r2 relaxivity in 

comparison to paramagnetic complexes (e.g. Gd-DOTA) and solid NPs (e.g. Gd2O3).
5 

Recently, we demonstrated that fast prototropic exchange is the origin of exceptionally high 

relaxivity of Gd-loaded LTL (Gd-LTL). Moreover, Gd-LTL also exhibits high pH 
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Scheme 4.1. Synthesis of mPEG2000-silane for the surface functionalization of Gd-LTL. 

 

responsiveness of both r1 and r2 relaxivities.23 In the view of high potential of the porous 

systems for MRI application, we are interested in the effects of surface engineering on their 

performance as CAs. Herein, we present a systematic study on surface functionalization of 

zeolite LTL NPs via PEGylation. Particularly, the impact of PEGylation on the water 

exchange was investigated. Moreover, the cytotoxicity of Gd-LTL and PEGylated Gd-LTL 

were investigated. The results of the present work can be readily extrapolated to other 

zeolite types and silica NPs.  

RESULTS AND DISCUSSIONS 

PEGylation of Gd-LTL  

Cylindrical nanoparticles of Gd(III)-loaded zeolite LTL with the dimensions of 20 × 40 nm 

were used to study conjugation of methoxy polyethylene glycol (mPEG) chains to its 

surface, and to evaluate the effects of PEGylation on the porous entrance. In order to avoid 

a significant increase of the hydrodynamic size of the zeolite particles, a relatively short 

mPEG (Mn = 2000) was selected. To react with the Si-OH groups on LTL surface and 

covalently attach PEG chains, the triethoxysilane derivative of mPEG was prepared by 

oxidation of mPEG2000-OH to mPEG2000-COOH, followed by amidation with (3-

aminopropyl)trimethoxy silane (APTMS) giving mPEG2000-silane, see Scheme 4.1. 

The mPEG was characterized by FT-IR and NMR spectroscopy. A characteristic 

carbonyl stretching vibration at 1739 cm-1 that was found after the oxidation step shifted to  
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Figure 4.1. IR spectra of (a) mPEG2000-COOH, mPEG2000-silane and APTMS and (b) Gd-LTL (5.2 % 

Gd-loading) and PEGylated Gd-LTL (5.2 % Gd-loading) with 6.2 wt% PEG. 

1657 cm-1 upon reaction with APTMS (Figure 4.1a). Additionally, the–NH2 vibration in 

APTMS at 1599 cm−1 shifted to 1538 cm−1, confirming the formation of an amide bond. 

In the next step, mPEG2000-silane was covalently attached onto Gd-LTL surface by 

reaction with Si-OH groups present on the LTL surface. The IR spectra of LTL prior to 

PEGylation showed characteristic stretching vibrations at 3453, 1629, and bending 

vibrations at 1100 and 607 cm-1 that can be assigned to the Si-OH groups and (Si/Al)O4 

units in zeolite (Figure 4.1b).25,26 After the PEGylation, additional C-H stretching bands at 

2930 and 1397 cm-1 and additional peaks for -NH peaks at 3241 and 1531 cm-1 

demonstrated the grafting. 

Zeta potential (ζ) measurements of aqueous suspensions of NPs have been shown to be 

a good indication of successful PEGylation of the materials.13 Intrinsically, zeolite LTL 

crystals possess a negative zeta potential (ζ = -32.2 mV), which is slightly compensated 

after the ion-exchange with lanthanide ions in Gd-loaded LTL (ζ = -23.8 mV, 5.2 wt% Gd-

loading). Conjugation of mPEG2000-silane at the surface of the zeolite further increases ζ up 

to -16.9 and -3.3 mV for 6.2 wt% and 9.1 wt% PEG-substitution, respectively. Comparison 

of ζ measured as a function of pH on aqueous suspensions of zeolite LTL after various 

treatments confirms the PEGylation based on electrokinetic charges. Both, the native and 

Gd-loaded LTL samples showed negative ζ in the whole pH range studied (Figure 4.2)  
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Figure 4.2. Zeta potential (ζ) of zeolite LTL suspensions as a function of pH: non-PEGylated LTL 

(diamond), Gd-LTL (5.2 % Gd-loading, circle), PEGylated Gd-LTL (5.2 % Gd-loading) with 6.2 

wt% (triangle) and 9.1 wt% PEG (square), respectively. The curves are guides to eyes. 

 

and hence no isoelectric point (IEP) was observed. The increase of negative charge 

observed (ζ ≈ -35 mV) can be explained by the dissociation of Si-OH groups; similar 

results have been observed for Si-OH rich mesoporous silica NPs.27,28 By contrast, Gd-LTL 

functionalized with mPEG2000-silane showed a clear IEP at pH 5.6 and 8.3 for 6.2 wt% and 

9.1 wt% of PEG-loading, respectively. The presence of PEG chains is known to reduce the 

overall charge of the surfaces due to the effect of charge shielding.29-31 In case of 

PEGylated Gd-LTL, the samples showed expected different ζ values compared to the non-

PEGylated samples, changing from positive to negative upon increasing pH from 3 to 11. 

Such a changeover is less pronounced for the Gd-LTL with a lower PEG-loading. This 

observation is in a good agreement with the results by He et al. who demonstrated that 

PEGylated mesoporous silica NPs is less negatively charged with the increased PEG-

loading.32 Interestingly, the ζ values of both PEGylated samples reached -27 mV at pH 11, 

which is only slightly above the ζ value of non-PEGylated samples. This suggests that only 

a part of the surface Si-OH groups were substituted with mPEG2000-silane. The residual 

dissociated Si-OH groups contribute to the negative charge at higher pH.27,28 The observed 

IEP of PEGylated Gd-LTL between pH 5 and 9 is due to a collective effect of protonation 

of PEG and dissociation of Si-OH groups. 
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Figure 4.3. TGA profiles of (a) non-PEGylated Gd-LTL (5.2% Gd-loading, solid line), PEGylated 

Gd-LTL (8.7 wt% PEG, 5.2% Gd-loading, dash-dot line) and a mixture of Gd-LTL with 8.7 wt% 

with PEG-silane (dot line) and (b) free mPEG2000-COOH and mPEG2000-silane. 

 

Additional information on the degree of m-PEG substitution was obtained from TGA 

measurements. For this purpose, dried samples were heated from 25 up to 750 °C while 

monitoring the weight loss (Figure 4.3). The obtained profiles can be divided into different  

phases of decomposition. The first stage (< 200 °C) can be assigned to the loss of water that 

was not removed by freeze-drying from the surface and the pores of the zeolite LTL. 

During the second stage (200-600 °C), the organic content at the surface of zeolite is 

burnt, and finally, only the inorganic material remains. The TGA profiles of both and 

mPEG2000-silane (Figure 4.3b) show no weight decrease in the first stage indicating that 

there is no retained water in the samples. Between 200 and 400 °C, mPEG2000-COOH burns 

completely, whereas for mPEG2000-silane a residue of 10-15 wt% remains. This weight 

corresponds with the amount of silane after conversion to silica under the measuring 

conditions. The changes above 600 °C observed for the LTL-samples (Figure 4.3a) can be 

attributed to aging of the silica that give rise to some insignificant mass decrease of the 

remaining material. For the inorganic material Gd-LTL (solid line), no weight loss was 

observed between 200 to 600 °C, while the significant weight loss upon heating of the 

PEGylated Gd-LTL (dash-dot line) within the same temperature range indicates 

decomposition of the organic component. Quantification of this weight loss allows 

determination of the degree of PEGylation, which in this case corresponds to 8.7 wt% PEG 

substitution. To exclude the possibility of adsorption of PEG at the zeolite surface and to 
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prove its successful conjugation, Gd-LTL and mPEG2000-silane were simply mixed in the 

same weight ratio as in the conjugated Gd-LTL-PEG (91:9) and the TGA profile was 

measured for comparison (Figure 4.3a, dot line). In this case, only decomposition of PEG 

taking place between 150 and 400 °C with a 9.3% weight loss was observed, demonstrating 

a profile similar to decomposition of free PEG-derivatives.  

The PEG-grafting density at the surface of particles determines the conformation of 

PEG-chains,33 which is expected to influence the water exchange behavior in the case of 

functionalized porous materials. Therefore, investigations on the morphology of the zeolite 

surface, such as PEG-chain regime and thickness of PEG-layer are included in this study. 

Two different grafting regimes can be adopted by the PEG-chains, “mushroom” and 

“brush”. According to the theory based on the Flory radius (RF),13,34-36 the mushroom 

regime is typically expected when the PEG-density is low (D > RF or L ≤ RF, where D is the 

average distance between surface grafting points and L the thickness of the grafted chains), 

because then the chains occupy an area that allows them not to stretch fully and thus form a 

thin layer at the surface. When the PEG-density is increased (D < RF or L > 2RF), the PEG-

chains gradually adopt a brush regime, in which they extend from the surface as long 

bristles, and form a thick layer at the surface. Therefore, the two regimes can be 

distinguished if the parameters D, RF and L are known.36 Atomic force microscopy (AFM) 

offers a possibility to investigate the PEG-layer thickness (L), benefiting from its atomic-

scale sensitivity and resolution, as well as the ability to image the samples with non-

destructive forces as small as 1 nN in a medium such as water or NaCl solution.37 The fact 

that due to the small size and hydrodynamic movements of LTL NPs in water, it is difficult 

to measure directly the force between the surface of an individual LTL particle and the 

AFM tip. Therefore, to estimate the regime and thickness of PEG on an LTL surface, a 

commercially available silicon wafer was applied as model surface. The wafer has a 

sufficiently flat surface and its hydrophilicity is close to that of LTL (Si/Al ratio of 3.0 for 

LTL). Prior to the PEGylation, the flat silicon wafer was cleaned by an oxygen plasma 

treatment, which resulted in an suitable water contact angle of less than 10o, and increased 

the density of surface silanol groups.37 After the plasma treatment, the silicon wafer was 

PEGylated by the same procedures as for were used for PEGylation of LTL. The interaction 

forces of this surface model recorded in MilliQ water are displayed in Figure 4.4. For the 

flat silicon wafer without PEG-chains, a clear attractive van der Waals force was observed  
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Figure 4.4. Visualization of PEG-regimes by measuring the force F (nN) as a function of the distance 

(nm) between the AFM tip and the surface of the silicon wafer used as the model of zeolite surface: 

without PEG (a), and with gradually increased PEG-density of 6.2 wt% (b) and 9.1 wt% (c). 

at a distance of 1.5 nm (Figure 4.4a).38,39
 By varying the concentration of mPEG2000-silane 

during the PEGylation, materials with various PEG-loadings were obtained. When the 

surface was occupied by mPEG2000, the force showed an exponential decay for both 

mushroom and brush regimes (Figure 4.4b and 4.4c), which is in good agreement with 

reported models.40 When the surface is dominant with mPEG2000 chains in a mushroom 

regime (L ≤ RF), a mPEG2000 thickness of about 2 nm was directly observed (Figure 4.4b). 

As expected, for a higher mPEG2000 density, a brush regime (L > RF) with a PEG thickness 

of 9 nm (as shown in Figure 4.4d) was observed. The RF of mPEG2000 in this work is 3.5 

nm, as calculated with RF = a n3/5, where a is the length of a monomer unit (3.5 Å for PEG), 

and n is the number of monomer units (n = 45 for mPEG2000). Under these conditions, the 

experimental value of PEG thickness on the surface model is consistent with the theoretical 

as well as the reported values for mPEG2000.
36,41,42 Therefore, direct visualization of the 

PEG layer with AFM using this surface model of zeolite proves that two regimes can be 

adopted on the particle surface depending on the amount of PEG used in the PEGylation 

procedures. 
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Figure 4.5. Relaxivity studies on aqueous suspension of Gd-loaded LTL stabilized with 1 % xanthan 

solution: (a) longitudinal relaxivity (r1) vs PEG-loading at the surface of Gd-LTL (5.2 wt% Gd-

loading, pH 5.5), (b) longitudinal (r1) and transverse (r2) relaxivities of non-PEGylated (3.5 wt% Gd-

loading) and PEGylated Gd-LTL (3.9 wt% Gd-loading, 6.2 wt% PEG) as a function of pH. All the 

measurements were performed at 300 MHz and 25oC. τcp = 0.5 ms was applied in all T2 

measurements. 

 

Evaluation of the effects of PEGylation on water access to Gd(III)-ions in the LTL 

channels  

Recently, we have reported high longitudinal (r1) and transverse (r2) relaxivities measured 

for aqueous suspensions of Gd-loaded nanozeolite LTL. For this system, six water 

molecules have been found in the first coordination sphere of Gd(III)-ions accommodated 

in the large channels of LTL.22 The relaxivities were found to be highly pH dependent, 

showing a steep decrease of r1 and r2 from 32 to 8 and from 98 to 50 s-1mM-1, respectively, 

when going from pH 4 to 9 (7.5 T and 25 °C).23 This could be explained by the exchange of 

water protons between the interior of the zeolite, which was found to be prototropic and fast 

at low pH (< 6), whereas at higher pHs the exchange took place through whole water 

molecules with a much lower rate. The pH responsive relaxivity makes Gd-loaded LTL an 

interesting candidate MRI CA for example for in vivo pH mapping of tumors, which often 

have intrinsically lower pH than healthy tissues.43 It may be expected that modification of 

the surface of porous structures might block the channel entrance by small molecules and 

ions. Therefore, the impact of the extension of PEGylation on relaxivity requires careful 

investigation to enable fine-tuning of the system.  
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Figure 4.6. Schematic representation of PEGylated Gd(III)-loaded zeolite LTL and the water 

exchange parameters (τm is the residence time of water molecules in the first coordination sphere of 

Gd-ions, τzeo is the residence time of water molecules inside the zeolite). Only one cage unit is shown 

for convenience.  

 

Figure 4.5a displays the r1 values measured for aqueous suspensions of Gd-LTL with 

an mPEG-content varying from 0 to 9.1 wt%. The relaxivity appears to remain constant 

(~25 s-1mM-1) up to 6.2 wt% PEG after which it decreases to 12.3 mM-1s-1 at 9.1 wt%, 

which is the maximum degree of mPEG-substitution that could be reached for this zeolite. 

According to the evaluation based on the AFM data, the mPEG chains in the sample with 

6.2 wt % of PEG (D = 3.23 nm, L = 3.57 nm) are in the mushroom regime. Upon increase 

of the mPEG densities (D < RF and L > RF), a transition to the brush regime occurs in which  

the PEG chains stretch from the particle surface and form long bristles. Most likely, water 

protons (or entire water molecules at > pH 9) that exchange with interior water protons will 

then be increasingly slowed down due to interactions with the hindering PEG brushes 

compactly arranged at the surface (Figure 4.6), which explains the decline in relaxivity 

above 6.2 wt% mPEG coverage. For this mushroom regime, the pH dependence of the 

relaxivities was studied in some more details using a sample with 6.2 wt % mPEG coating. 

Figure 4.5b shows that both r1 and r2 relaxivities of Gd-LTL remain high after PEGylation 

of the surface within a mushroom regime and that the pH response is retained (Figure 4.5b).  
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Figures 4.7. Leaching of free Gd(III)-ions from non-PEGylated Gd-LTL (5.2 wt% Gd-loading) and 

Gd-LTL (5.2 wt% Gd-loading) with various PEG loadings incubated in pure water, physiological 

saline (0.9 w/v%), bovine serum (20 v/v%), and lactate solution ( 2.5 mM) at 37 °C for 24 h. 

The magnitudes of r1 are similar to those before PEGylation. As a higher density of PEG 

chains results in decreased relaxivity, the PEGylation degree of Gd-LTL ideally should not 

exceed 6.2 wt% PEG in order to preserve the high relaxivities and pH responsiveness.  

Stabilizing role of PEG chains  

The stability of Ln-loaded porous system is an important aspect in the design of advanced 

materials for imaging and therapy. Many publications report negligible leaching of Ln-ions 

from porous silica particles and zeolites in water.17,44,45 However, data for physiological 

media should give more relevant insights into the prospects of these materials for medical 

applications. PEG chains at the surface of Gd-LTL are expected to have a stabilizing effect 

and to provide protection against leaching of Gd(III)-ions, which are known to be highly 

toxic. Therefore, the leaching of free Gd(III)-ions from the non-PEGylated as well as of 

Gd-LTL with various degrees PEG substitution at the surface was investigated. The 

evaluations were conducted by using a colorimetric assay46 in water, physiological saline, 

serum, and solution of lactate (Figure 4.7). 
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After incubation of non-PEGylated Gd-LTL at 37 °C in saline, serum and lactate 

solution for 24 h, about 31, 4, and 5 % of free Gd(III) was detected, respectively, compared 

to only 0.7 % found in water. These numbers were significantly reduced for the PEGylated 

analogues. For example, the leaching from PEGylated Gd-LTL decreased dramatically to 3 

% (6.2 wt% PEG) and 0.5 % (9.1 wt% PEG) in saline. A similar behavior was found for 

PEGylated Gd-LTL samples in serum and lactate. Upon increase of PEG-density the 

negative surface charge gradually decreases as is reflected in ξ potential which increases 

from -16.9 mV to -3.3 mV for 6.2 and 9.1 wt% PEG (suspensions in Milli Q water, pH ca. 

8.3), respectively. As a result, the ion-exchange between PEGylated Gd-LTL and 

electrolytic cations present in physiological media is reduced and the stability of the system 

is increased. To verify this, a sample of LTL particles was first PEGylated , and after that 

subjected to ion-exchange. In this way, only 0.42 % Gd was found to be loaded into LTL, 

whereas 4.5 % of Gd could be loaded into naked Gd-LTL under the same conditions. This 

indeed confirms the protecting effect of the PEG layer against leaching of Gd through ion 

exchange. 

Another concern is possible blocking of the entrance of the pores due to the affinity of 

various molecules for the surface of porous materials. In our previous study we have found 

that stabilizing aqueous suspensions of Gd-LTL with 1 wt % xanthan gum, which is a 

common agent for the dispersion of NPs for the relaxometric studies at strong magnetic 

fields, results in perturbed relaxivities particularly at higher temperatures (> 25 C).23 At 25 

°C the value of r1 was constant over time for Gd-LTL without PEG at the surface but at 50 

°C,22 a decrease of r1 over time was observed, which appeared to be irreversible; after 

cooling down the sample to 25 °C the initially measured r1 at that temperature was not 

reproduced.  

To evaluate the role of the xanthan gum in this irreversible decrease, Gd-LTL was 

incubated in water at 50 °C in the absence of xanthan for 1 hour and only after cooling to 

25 °C the gum was added to stabilize the suspension. The relaxivity measured on this 

sample was the same as that for a sample that was prepared by suspending the Gd-LTL in a 

solution of 1% xanthan in water at 25 °C. It may be concluded that most likely xanthan 

interacts with the pores of the zeolite LTL material and partially blocks them at higher 

temperatures. A similar study was carried out with a PEGylated Gd-LTL (6.2 wt% PEG).  
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Figure 4.8. Longitudinal relaxivity of (a) non-PEGylated Gd-LTL (5.2 % Gd-loading) and (b) 

PEGylated Gd-LTL (5.2 % Gd-loading and 6.2 % PEG) stabilized in xanthan solution (1 wt%) at 25 

(), 37 () and 50 °C (), respectively. Linear fitting was applied to the points measured after 

equilibration of the sample (> 10 min) to calculate the extent of decrease in relaxivity.  

The obtained relaxivities after 20 min’s temperature equilibration remained constant over 

time at elevated temperatures (Figure 4.8b). This is a remarkable reduction of the 

interaction of zeolite LTL with xanthan that firstly indicates that our assumption on the 

origin of the r1 effect was right, and secondly it confirms that the protecting function can be 

achieved by a PEG layer with a mushroom configuration without affecting the longitudinal 

relaxivity (with 6.2 wt% PEG). 

Cytotoxicity study 

The colloidal stability of both PEGylated and non-PEGylated materials in a cell medium 

was evaluated by DLS on suspensions of Gd-LTL (4.3% Gd-loading) at 37 °C over 24 h 

(Figure 4.9). The results demonstrated that no changes of hydrodynamic size occur, 

indicating a good colloidal stability. This allowed further in vitro assessment of the 

cytotoxicity by a viability test with macrophage cell lines using an ATP assay. As shown in 

Figure 4.10, no significant toxic effects were detected for the cells incubated with K-LTL 

(commercially available starting material), non-PEGylated Gd-LTL (4.3 wt% Gd-loading), 

and PEGylated Gd-LTL (4.3 wt% Gd-loading and 6.5 wt% PEG) at the doses between 10 

and 250 μg mL-1. Only a slight decrease of viability was observed at the highest dose of 500 

μg mL-1 for all the samples. The biocompatibility of PEG is already well-documented.48  
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Figure 4.9. Hydrodynamic size (nm) of non-PEGylated () and PEGylated (5.2 wt% PEG) () Gd-

LTL samples suspended in DMEM (with 10 % FCS) at 37 °C over 24 h. Particle concentration 750 

mg/mL. 

 

Figure 4.10. Viability of macrophage cells incubated with K-LTL, Gd-LTL (4.3% Gd-loading), and 

Gd-LTL-PEG (4.3% Gd-loading and 6.5 wt% PEG) at different doses (a). The comparison between 

Gd(III) encapsulated LTL and free Gd(III) ions (b).  

Therefore, the very similar viability results obtained in this study with both PEGylated and 

non-PEGylated samples suggest that the cytotoxicity of LTL itself is negligible.  

Kihara et al. reported that the cytotoxicity of zeolite particles is strongly dependent on 

morphology and size of the zeolites as well as the type of the cell line.49 Interestingly, a 

pronounced toxicity increase was found for smaller zeolite particles (50×100 nm) compared 

to the bigger analogues (90×210 nm) incubated with HeLa cells most probably due to the 
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higher surface-to-volume ratio of the smaller particles. On the other hand, Laurent et al. 

reported non-toxicity of spherical LTL (18 nm) and other small zeolitic particles.50 

The cytotoxicity of Gd-LTL used in this study was investigated by comparing the 

viability of cells incubated with PEGylated/non-PEGylated Gd-LTL particles and solutions 

of free Gd(III)-ions with the same concentration. As clearly shown in Figure 4.10, the total 

cell death was caused by the free Gd(III)-ions present at the concentration of 120 μM. By 

contrast, the Gd-LTL particles retain excellent cell viability (90 %) at this Gd(III)-

concentration, thus demonstrating the absolute necessity of the stable encapsulation of 

Gd(III)-ions and the nontoxicity of LTL particles, which is in a good agreement with the 

results from leakage study by colorimetric assay.  

CONCLUSIONS 

In summary, the systematic study on PEGylation of Gd-loaded LTL nanoparticles gives 

insights into the effects that the surface functionalization has on the channel entrance for 

water exchange processes and hence the relaxivity. A surface model of zeolite allowed for 

direct assessment of the PEG layer via AFM, confirming the different regimes that PEG can 

adopt at the surface of the LTL particles. Depending on the PEG-density at the LTL 

surface, a relatively compact PEG layer (brush regime) can limit the bulk protons/water 

diffusion and exchange with the water molecules in the interior of LTL. This is an 

important guidance for the surface engineering of porous nanoparticulate MRI CAs that 

take advantage of the channel entrance for water exchange. The relaxivity study of a 

PEGylated Gd-LTL sample with 6.2 wt% PEG showed that the high pH responsiveness of 

both T1 and T2 relaxivities is not affected compared to the non-PEGylated Gd-LTL. 

However, the PEG layer can effectively mediate the mutual interaction between the 

surroundings and Gd-LTL particles. As a result, PEGylation of the LTL NPs reduces 

significantly the Gd(III)-leakage under physiological conditions, due to a change of surface 

charge.  

Furthermore, the study indicated that both Gd-LTL and PEGylated Gd-LTL particles 

show nontoxicity. Previously, Gd-loaded LTL has already shown great potential for MRI-

optical and MRI Tl-T2 dual imaging,22,23 while the current study demonstrates the benefits 

from the further surface modification. Therefore, we believe that this work will steer the 

lanthanide-loaded zeolite LTL towards bioapplications. 
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EXPERIMENTAL SECTION 

Materials and methods 

All chemicals in this study were used as obtained (Sigma-Aldrich, Alfa-Aesar). The zeolite 

LTL nanoparticles (with cation K+) were purchased from NanoScape (Planegg, GE). GdCl3 

obtained as hexahydrates from Strem Chemicals, Newburyport, USA. 1H and 13C NMR 

were performed on Bruker Avance 400 NMR spectrometer. Chemical shifts in ppm are 

reported relative to TMS as internal standard. Thermogravimetric analyser (TGA, Perkin-

Elmer) was used to evaluate the level of PEG loading of Gd-LTL samples from room 

temperature to 800 °C (heating rate 10 °C/min) under air atmosphere. Infrared (IR) spectra 

were recorded using a Thermo Nicolet 6700 FTIR spectrometer. The concentration of 

Gd(III)-ions was determined by using the bulk magnetic susceptibility (BMS) method with 

t-butanol as the internal reference.53 The longitudinal and transverse relaxation time of all 

samples was measured on a Varian Unity Inova 300 NMR spectrometer. The samples were 

prepared by dispersing 2.5 mg of Gd-LTL or PEGylated Gd-LTL nanoparticles in 1.0 mL 

of MilliQ water using a sonication bath and stabilized by adding 1.0 g of 1% xanthan gum 

solution. The pH of the samples was adjusted by addition of either 0.1 M HCl or 0.1 M 

NaOH. An echo time (τcp) of 0.5 ms was applied for all the measurements of transverse 

relaxation times. Dynamic light scattering (DLS) and zeta potential experiments were 

performed on a Malvern Zetasizer NanoZS at 25 °C. The average diameter and values of 

zeta potential were based on three individual measurements, 15 scans of each measurement. 

For the AFM measurement of the model surface of zeolite, a (100) silicon wafer (1 cm x 1 

cm) with a natural oxidized layer (about 2 nm) was purchased from Sil’Tronix Silicon 

Technologies. The wafer was rinsed with MilliQ-water and ethanol several times, and 

sonicated in ethanol and acetone for 5 min, respectively. After drying under N2 flow, the 

wafer was subjected to plasma treatment with oxygen plasma for 1 min under the pressure 

of 1600 mTorr using a Harrick plasma cleaner (Anadis Instruments). The wafer was then 

stored in MilliQ-water for 24 h. After the above treatments, the silicon wafer was 

PEGylated using the procedures for PEGylation of LTL. The AFM and the tip used in the 

force measurement were fabricated by NT-MDT (Russia). The height of the silicon tip was 

14-16 µm with a curvature radius of 10 nm. The length, width and thickness of the 

cantilever were 135±5 µm, 30±5 µm and 1.5 µm, respectively. The resonant frequency of 
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the cantilever was 57 kHz and the force constant of the tip was 0.7 N/m. The landing speed 

of the tip was 350 nm/s. 

Synthesis of mPEG2000-COOH and mPEG2000-silane 

PEG-COOH was synthesized according to the published procedure.51 Then, 5.0 g of 

mPEG2000-COOH (2.5 mmol) was mixed with 450 µl of APTMS (2.5 mmol) under nitrogen 

atmosphere and reacted at 180 °C for 2h to yield the mPEG2000-silane conjugate.52 After 

that, the reaction mixture was cooled down to room temperature and stored in a desiccator. 

1H-NMR of mPEG2000-silane (400 MHz, CDCl3): δ= 0.59 (CH2CH2Si), 1.56 

(CH2CH2CH2Si), 2.63 (-NCH2CH2CH2), 3.35 (Si-O-CH3), 3.1-4.5 (mPEG-signals), 8.11 

(NH). For the PEGylated zeolite particles used in cytotoxicity study, the PEG-silane was 

synthesized following a different protocol: tosylated PEG (mPEG2000OTs) was first 

synthesized according to the published procedures.53 The resultant mPEG2000OTs (5.0 

mmol) was reacted with APTMS (10.0 mmol) in 25mL chloroform refluxed at 70 °C for 8 

h, in order to bind the silane group to the end of PEG chains through the amino 

functionality. After filtration over Celite, the solution was concentrated and dried under 

vacuum. 1H-NMR (400 MHz, CDCl3): δ= 0.59 (CH2CH2Si), 1.51 (CH2CH2CH2Si), 2.64 (-

NCH2CH2CH2), 3.32 (Si-O-CH3), 3.2-3.9 (mPEG-signals).  

Procedures for PEGylation 

Ln3+-loaded zeolite L (50 mg) was dispersed in a mixture of EtOH and water (25 mL, 3:2, 

v/v), sonicated and vigorously stirred, followed by the addition of 0.5 mL of NH4OH 

(25%). To obtain different PEG-loading levels, different amounts of a 0.23 M mPEG2000-

silane stock solution in water were added to the particle suspension (25 μL for 6.2% PEG-

loading). The mixture was gently stirred for 24 h and then centrifuged, washed with water 

(3x) and freeze-dried.  

Stability assessment 

The assessment of leaching of Gd(III)-ions from the obtained samples was performed with 

1.5 mg/mL zeolite dispersions in water, physiological saline (0.9 w/v%) and serum (20 

v/v%), respectively. After being incubated in a shaker at 37 °C for 24h, the supernatant was 
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collected and determined by the xylenol orange complexation method using UV-Vis 

spectroscopy, as has been previously reported.46
 

Cytotoxicity test 

LTL samples. 15 mg of lyophilized pure-zeolite LTL, Gd-LTL, and Gd-LTL-PEG NPs 

were suspended in 1 ml of filter sterile water with 0.05% BSA. These stock suspensions 

were sonicated for 10 min at 20 °C in a Branson 5510 water bath sonicator (Emerson, 

USA) at 100% output (4W specific ultrasound energy (240 J/m3)). The suspensions were 

transferred to glass vials, after which the total volume was set to 3 ml with 0.05% BSA 

(final concentration stock solutions 5000 µg/ml).  

Cell culture. Mouse macrophage cells, RAW 264.7 (ATCC TIB-71) were obtained from 

the American Type Culture Collection, Manassas, VA (ATCC). Cells were used at passages 

8 and 10. RAW264.7 cells were cultured in Dulbecco Modified Eagle’s Minimal Essential 

medium (DMEM; 4.5 g/L glucose, w/o L-glutamine, w/o phenol red, Lonza, Verviers, 

Belgium) supplemented with glutamax (Gibco). Also, penicillin-streptomycin (PEST; 1% 

v/v; Sigma, St. Louis, MO), and heat-inactivated fetal bovine serum (FBS; 10% v/v; Gibco) 

were added to the medium. Cells were incubated at 37°C in a humidified environment 

(95% relative humidity; RH) and 5% carbon dioxide (Thermo Scientific HERAcell 240). 

Cells were passed at 80% confluency by sub-cultivation at a ratio 1:6 twice a week until 

use. All media and solutions were pre-warmed to 37 °C before use. 

ATPlite assay. 100 ul cells with a concentration of 2x104 cells/ml were seeded in 96 wells 

white plates with clear bottom (Costar) (6250 cells/well). After 48 hours these cells reached 

a confluency of 30%. To assess the possible cytotoxic effect of the NPs on RAW264.7 

cells, a dilution range of 10, 25, 50, 100, 250, and 500 µg/ml nanoparticles (corresponding 

to 2.87, 7.17, 14.3, 28.7, 71.7, and 143.4 µM GdCl3) was added to the cells for 24h. The 

viability was assessed using the ATPlite assay (Perkin Elmer). Briefly, 50 μL mammalian 

cell lysis solutions was added to 100 μl of cell suspension, and incubated for 5 minutes in 

an orbital shaker at 700 rpm. Subsequently 50 μL substrate solution was added, followed by 

another 5 minutes at 700 rpm, and a final incubation in the dark for 10 minutes. 

Chemoluminescence was measured at 590 nm with the appropriate. A control of NPs 

without cells, showed no interference of the NPs with the ATPlite assay.  
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INTRODUCTION 

Combination of contrast agents (CAs) for several imaging modalities (e.g. optical, 

magnetic, and radioactive) in single nanoparticulate platform is a promising strategy in 

biomedicine.1 For example, MRI has as advantages that it has excellent soft-tissue and 

temporal resolution (10-100 μm) without the use of harmful ionizing radiation.2 However, 

the low sensitivity and the difficult quantifiability of MRI CAs are inherent limitations.  

Clinically applied MRI CAs, mainly paramagnetic Gd-chelates or superparamagnetic 

iron oxide nanoparticles improve the contrast of images by altering respectively ether 

longitudinal (T1) or transverse (T2) relaxation times of water protons in their proximity.3 

Due to the low sensitivity, large amounts of MRI CAs (e.g. 4×107 Gd ions per cell) need to 

be delivered locally for molecular imaging purposes. The emergence of multimodal 

imaging that combines highly sensitive reporters such as tracers for positron emission 

tomography (PET) or single photon computed tomography (SPECT) with MRI CAs opens 

possibilities to assess physiological parameters, such as pH, metabolic rates, and receptor 

densities with a single probe.4,5 Furthermore, such a combination can also be used to 

introduce a therapeutic component into a probe, which is then known as theranostics.  

Combination of MRI with radionuclide-based PET/SPECT is highly synergistic: it 

provides both high resolution images of the morphology and highly sensitive and 

quantifiable information on the location of the CA.6 Usually, labeling of MRI CAs with a 

tiny concentration of radionuclides (10-13-10-11 M) is sufficient for easy localization and 

quantification of the CAs. Metal-based radionuclides that exhibit relatively long half-life 

times (e.g. 64/67Cu (t1/2 = 12.7 or 62.0 h), 89Zr (t1/2 = 78.5 h), 66/67/68Ga (t1/2 = 9.5, 78.3, or 1.1 

h) and 86Y (t1/2 = 14.7 h)) are of great interest as they can be handled without loss of a 

substantial amount of activity in chemical procedures (synthesis, purification, 

characterization) and in shipment.7 Efficient methodologies for radio-chemical synthesis 

are very important.7-9 Rosales et al. reported a novel chelate 

bis(dithiocarbamatebisphosphonate), which has the ability to bind PET tracers (64Cu and 

99mTc) after their conjugation at the surface of the superparamagnetic iron oxide 

nanoparticles.10,11 On the other hand, chelate-free radiolabeling has become a promising 

alternative to label nanoparticles in a facile and rapid manner without laborious synthetic 

procedures. Such an approach also minimizes the effect of the labeling on the 

pharmacodynamics of the applied probes.12 Recently, Liu et al. demonstrated this for a 
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MRI-PET dual probe, which was prepared in a chelate-free approach.13 Iron oxides 

nanoparticles modified with meso-2,3-dimercaptosuccinnic acid were self-assembled on the 

surface of atomically thin MoS2 nanosheets by forming sulfur bridges with defected sites of 

MoS2. Then, 64Cu2+-ions could, thanks to their high affinity to sulfur atoms, also anchor the 

MoS2 defect sites in the nanosheets, resulting in a MRI-PET nanoprobe. 

Zeolite Linde Type L (LTL) has been proved to be a versatile carrier in potential 

biosensors14,15 and MRI CAs.16,17 LTL has a negatively charged framework with well-

defined big and small cavities that can accommodate a large amount of positively charged 

ions. Previously, we have shown that a dual MRI-optical probe can be prepared by loading 

the large and small cavities selectively with Gd3+ and Eu3+, respectively.17 The Gd-loaded 

LTL provides very high T1 (bright contrast) and T2 (dark contrast) relaxation enhancement. 

Both relaxation enhancements show high pH responsiveness due to a changeover of fast 

prototropic exchange to relatively slow full water exchange between the interior of the 

zeolite and the exterior at above pH 7.18  

Herein, we report a chelate-free radiolabeling of Gd3+-loaded LTL nanoparticles with 

64Cu and 89Zr and demonstrate the potential of the resulting materials as MRI-PET dual 

agents with both T1 and T2 MRI contrast enhancing abilities. 64Cu and 89Zr are two isotopes 

that are important in PET imaging due to their favorable properties.19 64Cu has a half-life 

time 12.7 h, and its decay has 18% β+ (0.653 MeV), 39 % β– (0.579 MeV) and 43% electron 

capture. Moreover, the relatively high decay energies of 64Cu make this isotope also 

suitable for radiotherapy.20 89Zr exhibits a longer half-life time (78.4 h) and decay of 22.7 % 

β+ (0.897 MeV) and 77 % electron capture (0.909 MeV). 89Zr is an upcoming isotope that is 

not widely used yet in PET imaging. Up to now its application is mainly focused in 

immuno-PET (89Zr-labeled proteins and antibodies).21,22 In order to prepare PET agents 

using 64Cu or 89Zr, a large variety of chelates have been designed to form stable complexes 

with radiometals,7,19 but application of zeolites for the design of MRI/PET probe has not 

been reported so far. 
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RESULTS AND DISCUSSION 

Ion-exchange efficiency 

Previously we prepared Gd3+-loaded LTL by incubating nanozeolite LTL with an aqueous 

solution of GdCl3 at room temperature during 24 h, a time usually used for the loading of 

zeolites.23,24 In this way, a quantitative loading of Gd3+-ions into the big channels of LTL 

was achieved. For the preparation of the MRI-PET dual probe based on the zeolite LTL in 

the current study, the time needed for the exchange between Na+ and Gd3+ or Cu2+ ions 

were minimized to avoid too much loss of radioactivity of 64Cu during the preparation. 

There are 3.6 Na+ ions coordinated per unit cell in the large channels of LTL,25 which can 

be substituted with Gd3+ ions. As a result, the theoretical maximum loading of Gd is 6.4 wt 

% after the exchange with 3 Na+ ions, whereas the maximum experimental Gd3+-loading at 

room temperature is 5.2 wt %.17 After stirring of Na-LTL nanoparticles in an aqueous 

solution with 2.7 wt % Gd3+
 (with respect to LTL) for 0.5 h, the Gd3+-loading as determined 

by the bulk magnetic susceptibility (BMS) method26 was quantitative (2.7 wt %). Upon 

longer incubation times (up to 24 h) the Gd3+-loading remained constant. 

The ion-exchange between cold Cu2+ and Na+ was investigated at room temperature by 

means of colorimetric assay using xylenol orange.27 Therefore, a suspension of LTL was 

stirred at room temperature in the presence of Cu2+
 (1.5 wt % with respect to LTL). The 

concentration of Cu2+-ions in water before and after the exchange was determined from the 

 

 

Figure 5.1. Colorimetric assay for determination of the concentration of Cu2+-ions: (a) UV-Vis 

spectra of solutions of xylenol orange (blank, 16 µM) and the products of its complexation with Cu2+-

ions at various concentrations (µM), (b) the calibration curve. 
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Figure 5.2. Comparison of r1 (solid) and r2 (dashed) of LTL co-loaded with Cu2+ and Gd3+-ions 

(1.5 % Cu + 2.7 % Gd) and LTL loaded with Gd3+-ions exclusively (2.7 % Gd), measured at 25°C 

and 7 T. 

ratio of the UV-Vis absorbances at 573 and 433 nm (see Figure 5.1). After the exchange 

between Cu2+ and Na+ during 0.5 h, the obtained Cu-LTL solid appeared to be complete 

(1.5 wt% loading). The resulting Cu2+-loaded zeolite showed a slightly blue color. This 

indicates that co-loading of zeolite LTL with Gd3+ and radioactive 64Cu2+ is possible in a 

very short time, and hence this leaves plenty of time for any post-loading surface 

functionalization.  

Co-loading of Cu
2+

 and Gd
3+

 into LTL, relaxivity study and surface functionalization 

A mixture of 2.7 wt % Gd3+ and 1.5 wt % Cu2+-ions were loaded into LTL to assess the 

suitability of the resulting particles for MR imaging. The relaxivity expressed in s-1mM-1 of 

Gd (ri (i = 1,2) was measured at 25 °C and 7 T. As shown in Figure 5.2, the relaxivities (r1 

= 29.4 s-1mM-1 and r2 = 82.4 s-1mM-1) are compared with the relaxivities measured for a 

sample that was loaded exclusively with 2.7 % Gd3+ (r1 = 29.8 s-1mM-1 and r2 = 92.3 s-

1mM-1). It may be concluded that the effect of Cu2+ on the relaxivities in the zeolite with 

both Gd3+ and Cu2+ is negligible. This result is in a good agreement with our previous 

study, in which it was shown that the presence of diamagnetic La3+ has no effect on the 

relaxivity of Gd3-loaded LTL.18 By virtue of the high r1 value, the Gd-loaded LTL 

nanoparticles are promising for T1-weighted MRI. Moreover, the very high r2 value and low 

r2/r1 ratio (< 5.0) make this material interesting as a T1-T2 dual agent. 



Chapter 5 

 

 

 124 

100 200 300 400 500 600 700
80

85

90

95

100

(c) (b)

 

 

(a) Gd-LTL

(b) Gd-LTL-PEG, 50 
o
C, 90 min

(c) Gd-LTL-PEG, NH4OH, 30 min

Temperature, 
o
C

W
e
ig

h
t 
(%

)

(a)

 

Figure 5.3. TGA curves of Gd-LTL and PEGylated Gd-LTL samples. The PEGylation was carried 

out either under heating (50 oC) or catalytic conditions (the use of NH4OH). 

As we have shown in our previous studies (Chapter 4), PEGylation of the surface of 

LTL significantly prevents leakage of loaded ions from the inner cavities. Therefore in the 

current case, loading with a 64Cu radiotracer is expected to demand for a prompt surface 

functionalization, and the PEGylation step requires optimization. Here, for this purpose 

methoxypolyethylene glycol (mPEG) (Mn = 2000) conjugated with (3-aminopropyl) 

trimethoxysilane (mPEG2000-silane) was attached to the silanol-rich surface of zeolite. Two 

methods were investigated to reduce the PEGylation time. In the first method, a mixture of 

LTL and an excess of mPEG2000-silane (ratio of 1 : 5, w / w) was incubated at 50 °C for 90 

min, followed by triple washing with PBS and freeze drying. Thermogravimetric analysis 

(TGA) showed successful 8.1 wt % PEGylation. The TGA curve of the PEGylated sample 

(Figure 5.3) showed a typical decomposition range of 200 to 600 °C that can be assigned to 

mPEG2000-silane. The second method involved PEGylation at room temperature using 

NH4OH as a catalyst. As shown in Figure 5.3, successful PEGylation with 5.0 % PEG can 

be achieved within 30 min under these conditions. The TGA curve of this sample showed 

quite similar PEG decomposition with that of samples using NH4OH, which is in agreement 

with our previous results (Chapter 4). Extraction of significant amounts of Cu2+ from the 

zeolite interior by application of NH4OH due to formation of [Cu(NH3)4]
2+•nH2O could be 

excluded by a quantitative gamma counting study on the leaching using 64Cu-loaded LTL 

(20 MBq, 1.2×10-5 wt % of 64Cu) during PEGylation: the leaching with and without using  
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Figure 5.4. Radiolabeling of Gd-LTL with 64Cu. (a) The average activity measured by gamma 

counting after loading of Gd3+ and 64Cu2+, (b) PET and (c) PET-CT phantom images. In both images, 

the centrifuged sample is on the left while the non-centrifuged is on the right. 

NH4OH for PEGylation was very small, 7.3 % and 7.6% of the loaded amount, 

respectively. Therefore, both PEGylation methods described above can be used for the 

post-loading PEGylation of LTL particles. 

Radiolabeling of Gd-LTL using 
64

Cu  

The radiolabeling of LTL with 64Cu was performed following the procedures described 

above. The obtained labeled LTL was PEGylated under heating conditions. After ion-

exchange between Na+ and the mixture of Gd3+ (4.3 wt % loading) and 64Cu2+ (20 MBq) for 

30 min and PEGylation at 50 °C for 90 min, the reaction mixture was centrifuged and 

washed thoroughly with PBS. The resulting sample showed a radiolabeling yield as high as 

88.4 ± 7.2 % (Figure 5.4a).   

To confirm the successful loading of 64Cu into LTL, gamma counting measurement 

and acquisition of PET phantoms were used. After the radiolabeling, PEGylation and 

purification, the obtained sample was first split into two Eppendorf vials, one was 

centrifuged while the other one was not. Clearly, the centrifuged sample showed centered 

radioactivity in the pellet while the non-centrifuged sample exhibited distributed 

radioactivity throughout the suspension (Figure 5.4b and 5.4c). Therefore, the PET and 

PET-CT phantom images indicate the successful loading of 64Cu2+ into LTL. Noteworthy,  
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Figure 5.5. Radiolabeling of Gd-LTL with 89Zr. (a) The average activity measured by gamma 

counting after labeling using 89Zr4+. (b) PET images of the non-centrifuged (left) and centrifuged 

(right) samples. 

when the CT images are included (Figure 5.4c), we observed a background of the 

supernatant, which should result from the tiny amount of remaining zeolite particles after 

centrifugation. This, however, was not observed in PET images due to the very low 64Cu 

concentration remaining in this supernatant (e.g. only 1.2 × 10-5 wt % of 64Cu loaded into 

zeolite in the radiolabeling experiment). 

Radiolabeling of Gd-LTL using 
89

Zr 

Labeling of Gd3+-loaded LTL with 89Zr was performed at pH 3.0-4.0 for 1.5 h by adding 

1.0 MBq of 89Zr (in oxalic acid) into LTL suspension. After the reaction and purification, 

this sample showed an average radiolabeling yield of 74 % (Figure 5.5a). In contrast to the 

fast labeling with 64Cu (0.5 h), increasing the incubation time of 89Zr from 0.5 to 1.5 h 

resulted in an increase of loading from 46.7 to 80.3 ± 6.7 %. This suggests a labeling 

mechanism that differs from that for the fast ion-exchange between Cu2+ and Na+ is 

operative here. 89Zr is typically produced in oxalic acid and exists as 89Zr oxalate 

[Zr(C2O4)4]
4−, with a Zr-coordination number of 8 under acidic conditions (pH 3.0-4.0). 

The oxalate dissociates to give 6-coordinated [Zr(C2O4)3]
2−,28 which provides space on Zr4+ 

to coordinate with silanol oxygen atoms at the surface of LTL. As the calculated diagonal 

dimension of [Zr(C2O4)3]
2− is 7.3 Å and thus larger than the pore opening of LTL (7.1 Å), it 
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can be assumed that 89Zr strongly coordinates to the oxygens at the surface of LTL rather 

than those of the interior. Furthermore, all Zr4+-complexes present in solution are negatively 

charged, which prevents entering the negatively charged framework of zeolite LTL. It may 

be concluded that the 89Zr label is present on the surface of the LTL nanoparticles. 

The successful labeling was confirmed by PET phantoms (Figure 5.5b). The 

background in images of both centrifuged and non-centrifuged samples appears similar 

caused by the necessary software manipulation during image construction due to the low 

activity used.  

Stability of 
64

Cu-LTL and 
89

Zr-LTL under physiological conditions  

The stability of the radiolabeled LTL was evaluated by incubating the samples in PBS (pH 

= 7.4) and human serum at 37 °C for 24 h, respectively. As shown in Table 5.1, the leakage 

of 64Cu is 11.1% in PBS and 89.7% in serum despite 5 % PEG coating on the surface PEG. 

On the contrary, the leakage of 89Zr from the unPEGyalted Zr-LTL is significantly lower in 

both media (1.6 and 7.1 %, respectively). The difference in stability of the two radiolabeled 

LTL samples can be most probably explained by the different location of the radioactive 

label as discussed above.  

 

Table 5.1. Stability of 64Cu-LTL and 89Zr-LTL in PBS and Serum at 37 °C for 24 h. 

                                                  Leakage of 64Cu, % Leakage of 89Zr, % 

PEGylated In PBS In Serum In PBS In Serum 

 11.1 89.7 1.6 7.1 

Calcined and Extracted n.d.a 8.0 / / 

a n.d. = not determinded. 

 

Next, two methods were investigated to increase the stability of 64Cu-LTL: 1) 

increasing the PEG-loading and 2) locking the 64Cu2+-ions in the small cavities of LTL. 

Upon increasing the PEG-density on 64Cu-LTL from 5.0 to 7.0 %, the leaching of 64Cu2+-

ions indeed decreased by 23.2 % to 66.5 % in serum. However, further increase of the 

PEG-density is not preferred as it will eventually result in restriction of water exchange 

processes and hence decrease of relaxivity (see Chapter 4). Locking of the Cu2+ ions was 

achieved by a procedure analogous to that used previously to selectively load Eu3+ ions into 
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the locked small cavities of LTL.17 The 64Cu2+ ions were first loaded into the big channels 

of LTL by ion-exchange. After calcination at 600 °C for 2 h and extraction with EDTA 

(0.05M) (three times), 64Cu2+ ions remaining at the surface of LTL (55 wt %) were 

extracted, suggesting that 45 wt % of 64Cu2+ ions were effectively retained in the big and 

small cavities of LTL. The resultant sample was then incubated in serum at 37 oC for 24 h. 

It turned out that after the calcination and extraction only 8.0 % 64Cu2+ leached out. 

Therefore, it can be concluded that calcination is an effective method to stabilize the 64Cu2+ 

in LTL. The total time needed for the preparation of 64Cu-LTL in this way is less than 7 h, 

including ion-exchange, calcination and extraction, which is still shorter than one half-life 

time of 64Cu and thus is favorable to prepare the final MRI-PET dual agent. In the 

following work, both calcination and PEGylation will be used to stabilize the 64Cu-Gd-

LTL, which is expected to prevent the leaching completely. 

CONCLUSIONS 

The chelate-free radiolabeling of zeolite LTL can be achieved by using 64Cu and 89Zr 

through ion-exchange with Na+ in the zeolite cavities and coordination with silanol oxygen 

on the surface of LTL, respectively. Both labelings have very high efficiency and labeling 

yield. Incubation of 64Cu-LTL under physiological conditions, particularly in serum, 

showed significant leaching of 64Cu. The leakage can be circumvented by the relocation of 

64Cu-ions to the small cavities of LTL upon calcination where they can be locked due to the 

restrict dimension of the cavities. PEGylation can be further applied to improve the stability 

of the 64Cu-LTL. By contrast, 89Zr-LTL shows very high stability (7.1% in serum), which 

can be explained by a stronger binding of [Zr(C2O4)3]
2− species with the surface oxygen.  

In conclusion, this preliminary study demonstrates the versatility of LTL nanozeolite 

for the application in bioimaging and provides useful insights into the radiolabeling 

strategies with 64Cu and 89Zr. After the following careful optimizations it may lead to a 

highly stable MRI-PET dual imaging probe.  
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EXPERIMENTAL SECTION 

Production of 
64

Cu and radiolabeling of zeolite LTL 

64Cu was produced by a cyclotron at the PET Imaging Centre, St. Thomas’Hospital, 

London, UK. The 64Cu solution obtained (20 MBq) was transferred into a small glass vial, 

dried at 90 oC under N2 gas flow, and then re-dissolved by adding 286.4 μL of aqueous 

solution of GdCl3 (1mM, pH = 5.5). The resulting solution was added to a suspension of 1.0 

mg of LTL particles in 1.0 mL of MilliQ H2O prepared by sonication. The radioactivity of 

the final mixture was 18.0 MBq. The solution was then kept at 45 oC for 0.5 h and shaken 

manually every 5 min. After that 10 μL of mPEG2000-silane solution (10 mM) was added 

and incubated for another 1.5 h. Finally, the mixture was centrifuged (10.000 rpm) and 

washed three times with PBS. The radioactivity was measured by a gamma counter. 

The leakage study of 64Cu was carried out at the Reactor Institute Delft. 64Cu was 

produced in the SmallBeBe facility in the reactor. 40 mg of 64Zn (pure Zn, 99.97%) was 

irradiated with a thermal neutron flux of 3.71×1017 n m-2 s-1, epithermal flux of 3.59×1016 n 

m-2 s-1 and fast flux of 2.05 x 1017 n m-2 s-1 for 12 h. After decaying for 3 h, the product was 

dissolved in a small amount of HCl (8 M). This solution was purified through a 2x8 Dowex 

resin column, and the 64Cu was extracted by a second wash with 1 M HCl. The 

radiolabeling following the procedures as those at King’s College London (see above) by 

first transferring the 64Cu solution into a small glass vial and drying it at 90 oC under N2 gas 

flow. After the labeling, the suspension of LTL particles was transferred into a porcelain 

crucible and carefully dried under N2 gas flow. The calcination was then performed at 600 

oC for 2h. To extract the 64Cu ions from the big cavities, the calcined 64Cu-LTL particles 

were suspended in 1.5 mL of EDTA (0.05 M), incubated for 10 min, centrifuged (3.500 

rpm) and washed twice with EDTA. The extracted particles were finally suspended in 1.5 

ml of pure serum and incubated at 37 °C for 24. The leakage was determined by counting 

the radioactivity of the supernatant and pellet after centrifugation. 

Radiolabeling of zeolite LTL using 
89

Zr 

The radionuclide 89Zr was produced by BV Cyclotron VU, The Netherlands. The labeling 

was performed by addition of 1.0 MBq 89Zr (30 μL in oxalic acid) into 1.0 mL of Na-LTL 

suspension (1.0 mg/mL) followed by incubation at 55 oC for 1.5 h. The pH value of the 
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suspension was determined to be between 3.0-4.0. After incubation the mixture was 

centrifuged at 10.000 rpm for 5 min, the radioactivity of both supernatant and precipitate 

were measured, and the labeling yield was calculated.  

PET/CT phantoms and radioactivity measurements 

PET phantom images were acquired with a NanoPET-CT TM preclinical animal scanner 

(Mediso Ltd., Bioscan Inc.). The image acquisition was set in list mode format.10 

Acquisition time was 15 min. OSEM was used as the reconstruction method (6 subset s, 8 

iterations, 0.29 mm pixel size, 0.585 mm axial thickness) based on SSRB 2D LOR 

rebinning (linear interpolation, 16 span-size). The CT images were acquired with 55 kVp 

tube voltage, 1.2 s exposure time in 360 projections. The images of two modalities (PET-

CT) were fused using InVivoScope (Bioscan) software. The radioactivity of the obtained 

samples was measured with a dose calibrator (CRC-25R, Capintec, USA) or a gamma-

counter (1282 CompuGamma, LKB Wallac, Finland).29 

Relaxation time measurements 

The longitudinal and transverse relaxation times of all samples were measured on a Varian 

Unity Inova 300 NMR spectrometer, as described in Chapter 3. In typical procedures, 2.5 

mg of LTL samples were stabilized in 2.0 mL of 0.5 % xanthan gum solution. Longitudinal 

relaxation times were measured with the inversion recovery method. Transverse relaxation 

times were measured with the CPMG pulse sequence in which the length of the spin echo 

train was varied. An echo time of 0.5 ms was applied for all measurements. The 

concentration of Gd3+-ions was determined using the bulk magnetic susceptibility (BMS) 

method.26 
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INTRODUCTION 

Lanthanide-containing nanoparticles (Ln-NPs) have attracted considerable interest in 

recent years, and their properties have been thoroughly investigated in relation to the 

various applications such as optics,1 catalysis2 or biomedicine,3-6 including cell 

labelling, diagnostics, therapy and combinations thereof. For instance, due to their 

high Ln3+-loading, targeting Ln-NPs can deliver high payloads of Ln-ions to the site 

of interest,7 which allows the detection of biomarkers expressed at low levels on a 

cell surface.8 Size and morphology control plays an essential role in application of 

NPs. For example, it has been demonstrated that non-spherical shapes translate into 

cytotoxicity due to a higher chance to damage the cell membranes.9 Furthermore, the 

cellular as well as tissue and organ distribution of NPs is highly dependent on the 

particle size.10,11 Particles less than 100 nm in diameter can easily pass through the 

vasculature, and the smallest ones can even spread into organs.12,13 In case of 

application of NPs as contrast agents (CAs) for magnetic resonance imaging (MRI), 

the size becomes particularly essential as it determines their usefulness for either T1- 

or T2-weighted imaging. Since the efficacy of positive (T1) nanoparticulate CAs 

depends on the interaction of water molecules with paramagnetic ions at the surface 

of NPs, a high surface-to-volume ratio is required and thus NPs with a diameter 

smaller than 10 nm are preferred. On the other hand, negative (T2) contrast depends 

on magnetic susceptibility and the magnitude of magnetic moment, which are in 

direct relation with the number of paramagnetic ions per particle and hence the size, 

shape and surface-to-volume of the applied NPs.  

A large number of publications reports on Ln-based NPs such as oxides,14,15 

carbonates,16 oxysulfides,17 polysiloxane networks,18 hybrids,19 zeolites, and porous 

silica supporters.6 The size of these particles varies widely in the range of 1-200 nm 

depending on the preparation methodologies applied. The polylol method is 

particularly useful to prepare ultrasmall Gd-oxide NPs (1-3 nm).20 However, for 

larger particles this procedure is time-consuming due to slow nucleation and the 

need for repetition of seed growth, and poorly reproducible as there is no control 

over the yield and uniformity of the resultant NPs. The polylol method has also 

raised concerns about inhibitory effects on neutrophil oxidative burst that might be 

caused by the presence of diethylene glycol on the surface of particles prepared in 
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such solvent.21 We have previously reported that Ln carbonate NPs (turning into 

oxides upon calcination) can be readily prepared via controlled microwave-assisted 

seed growth.16 The smallest size achievable with reasonable yield and good 

homogeneity by this method is 40 nm, as demonstrated by dynamic light scattering. 

Finally, the solvothermal method is dominating in the synthesis of upconversion NPs 

with highly controlled size and morphological uniformity. The resulting particles 

have promising applicability in optical imaging, but their usefulness with respect to 

MRI is limited.22 Recently, Eu-doped Gd2O3 particles in a 5-200 nm range for 

multimodal/sequential CAs prepared by chemical vapor synthesis at high 

temperature have been reported.23 Alternatively, a laser ablation method performed 

by focusing the laser beam onto a Gd target has been described,24 resulting in 

spherical Gd2O3 particles with an average diameter of 7 nm.  

The miniemulsion (or nanoemulsion) technique, widely applied in polymer 

chemistry,25,26 is however uncommon for the preparation of inorganic NPs. 

Considering the great interest towards NPs with defined size, we describe herein a 

novel miniemulsion method for the facile size-controlled preparation of spherical 

Ln-based NPs in the otherwise not readily acccessable range of 5-40 nm. A 

miniemulsion consists of dispersed nanosized droplets formed from two phases of 

different polarity upon exposure to high power ultrasound. The resulting 

nanodroplets usually have a narrow size distribution and can be well stabilized in 

emulsion by an appropriate surfactant. The formation of the droplets highly depends 

on tunable factors such as composition, phase or surfactant,25 and the miniemulsion 

technique can be extended to the generation of composite materials, in which 

different metals as well as surface coatings can be incorporated.27-29  

The method reported herein involves two steps: an easy and efficient preparation 

of miniemulsions consisting of Ln nanodroplets, and a subsequent thermal 

decomposition to obtain Ln-containing solid particles. It is noteworthy that the 

nature of the product obtained through thermal decomposition is highly dependent 

on the surfactant in the continuous phase: for example Ln2O3 is obtained using Brij® 

35, while Ln2O2SO4 is produced in the presence of sodium dodecyl sulfate (SDS). 

This simple miniemulsion method opens new and interesting alternatives to prepare 

NPs for a variety of applications, including imaging and therapy. 
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RESULTS AND DISCUSSION  

Formation of the nanodroplets 

In order to obtain a miniemulsion containing homogeneous and stable nanodroplets, 

a hydrophobic dispersed phase and a hydrophilic continuous phase need to be mixed 

and sonicated. In general, once homogeneously distributed nanodroplets are 

obtained, no decomposition or aggregation takes place and the nanodroplets can be 

converted into a solid material by removal of the solvents. This strategy was 

successfully exploited for the synthesis of lanthanide-containing NPs (Scheme 6.1). 

 

Scheme 6.1. Two-step preparation of Ln-NPs. Small and homogeneous nanodroplets in miniemulsion 

were first achieved by powerful sonication followed by evaporation of the hydrophobic solvent; 

freeze-drying and subsequent calcination led to the aimed systems.  

Homogeneous nanodroplets in miniemulsion were prepared by powerful 

sonication of a mixture of Ln(acac)3 in the dispersed phase and surfactant in the 

continuous phase. The conditions of sonication in terms of mechanical energy and 

duration were chosen to allow the nanodroplets in emulsion to reach a steady state.30 

The presence of a surfactant facilitates the nucleation by forming a region of 

hydrophobic tails where nanosized chloroform or dichloromethane cores containing 

Ln(acac)3 are trapped and act as nanoreactors; the hydrophilic moieties extend into a 

polar continuous phase of water. Such configuration provides discrete particle 

formation. The resulting nanodroplets were then isolated and thermally decomposed 

into solid nanoparticles. 

Ultrasonication

Thermal

decomposition

SDS

Brij® 35

Crystalline

Ln2O2SO4

or

Ln2O3
Continuous phase

Dispersed phase

Ln(acac)3
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Table 6.1. Experimental data for the preparation of Ln-containing nanodroplets and NPs 

under different conditions 

Entry Metala 
Dispersed 

phaseb 

Octadecane 

(mg) 

Continuous 

phase 

Surfactant 

(mM)c 

DLS sized 

(nm) 
PDI 

Product 

after 

calcinatione 

TEM size 

(nm) 

1 Ho CHCl3 30 H2O SDS (10) 37 ± 6 0.25 Ho2O2SO4 15 ± 3.1 

2 Ho CHCl3 5 H2O SDS (10) 43 ± 4 0.34 Ho2O2SO4 18 ± 3.8 

3 Ho CHCl3 0 H2O SDS (10) 45 ± 4 0.37 Ho2O2SO4 24 ± 5.7 

4 Ho CHCl3 0 H2O SDS (30) 51 ± 7 0.44 Ho2O2SO4 - f 

5 Ho DCM 0 H2O SDS (10) 26 ± 3 0.39 Ho2O2SO4 8 ± 1.8 

6 Ho DCM 0 H2O /EtOH SDS (10) 37 ± 9 0.31 Ho2O2SO4 18 ± 2.0 

7 Ho DCM 0 H2O /EtOH SDS (20) 57 ± 6 0.39 Ho2O2SO4 - f 

8 Ho DCM 0 H2O Brij® 35 (5.2) 109 ± 9 0.087 Ho2O3 12 ± 2.0 

9 Gd DCM 0 H2O SDS (10) 33 ± 7 0.40 Gd2O2SO4 - f 

10 Gd DCM 0 H2O Brij® 35 (5.2) 98 ± 11 0.10 Gd2O3 7 ± 2.1 

a 50 mg of Ln(acac)3 for each batch. b 2.5 ml for each batch. c With respect to the continuous phase. d 

Average diameter. e As determined by XRD. f not measured. 

 

Different synthetic conditions, such as combinations and amounts of solvents 

and surfactants, were investigated (Table 6.1). The various products obtained were 

preliminary characterized via DLS size measurements. At first, preparations were 

carried out with Ho(acac)3 in chloroform as dispersed phase, while SDS was used as 

surfactant in the aqueous phase. It is a common strategy in miniemulsion techniques 

to add a hydrophobic co-stabilizing agent to stabilize the droplets against Ostwald 

ripening.31 Here, we selected octadecane to adjust the osmotic pressure of the 

miniemulsion. It appeared that the presence of octadecane in the dispersed phase had 

a positive effect on reducing the size of the Ho-containing droplets, but decreasing 

its concentration led to higher polydispersity index (PDI) values (Table 6.1, entries 

1-3). TEM images of the particles obtained after thermal decomposition of these 

droplets showed that the presence of octadecane leads to less homogenous solid 

particles. Therefore, a hydrophobic agent was omitted in the next preparations in 

order to achieve a better homogeneity of the resultant solid particles.  

Although it has been demonstrated that in general the concentration of surfactant 

plays a crucial role in controlling the size of the droplets,32 this effect was observed 

only to a limited extent in the present case: varying the concentration of SDS in the 
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continuous phase from 10 to 30 mM (Table 6.1, entries 3 and 4) did not change the 

droplet size significantly (as measured by DLS, 45 vs. 51 nm). Furthermore, 

increasing the SDS concentration over 30 mM resulted in unstable nanodroplets 

precipitating within 3 days. 

The diffusion of the dispersed phase through the water phase has been shown to 

limit the growth of nanodroplets.25 With this in mind, we investigated the use of 

more polar DCM as the solvent of the dispersed phase. When keeping the other 

conditions unmodified (Table 6.1, entries 3 and 5) the diameter of the droplets in the 

miniemulsion was only 26 nm as compared to 45 nm in CHCl3. This can be 

explained in terms of a different interface activity, where the interfacial tension is 

32.80 mN m-1 for H2O/CHCl3 and 28.31 mN m-1 for H2O/DCM.33 Thus, a relatively 

minor change in the polarity of the dispersed phase has a strong impact on the 

formation of the droplets in the miniemulsion. To further investigate this effect, 12.5 

wt% of ethanol was added to the continuous phase to improve the diffusion at the 

interface between H2O and DCM:34 this led to an increase in the size of the 

nanodroplets from 26 to 37 nm (Table 6.1, entries 5 and 6), in accordance with the 

improved solubility of Ln(acac)3 and the higher miscibility of DCM towards the 

continuous phase. Doubling the concentration of SDS for the H2O+EtOH/DCM 

resulted in notably bigger nanodroplets (from 37 to 57 nm; Table 6.1, entries 6 and 

7). It was also noticed that with anionic SDS as surfactant, the PDIs of the obtained 

nanodroplets were relatively high (generally between 0.3 and 0.4). This may be 

explained by the effect of collisions between nanodroplets: the smaller the droplets, 

the shorter the distance and the higher their number, thus the collision rate increases; 

eventually, this leads to destabilization and a broader PDI.35 

However, when SDS was replaced with Brij® 35, a purely organic and non-ionic 

surfactant, the PDI dropped dramatically (e.g. 0.09 vs. 0.39; Table 6.1, entries 5 and 

8). At the same time the size of the nanodroplets increased significantly (109 vs. 26 

nm). The latter phenomenon is the consequence of the good affinity between water 

and the long hydrophilic polyethylene glycol chain of Brij® 35. 

Once the factors influencing the preparation of Ho-nanodroplets were assessed, 

the applicability and reproducibility were checked by preparing analogous Gd-based 

systems. With Gd(acac)3 under the same conditions (Table 6.1, entries 5 and 9) the 
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obtained Gd-nanodroplets had a size of 33 nm, consistent with the value previously 

measured for the corresponding Ho-based products (26 nm). Also the replacement of 

SDS with Brij® 35 as surfactant had similar effects (Table 6.1, entries 9 and 10); a 

remarkable increase in size (98 vs. 33 nm) and a significant lowering of the PDI 

(from 0.40 to 0.10). These results show that the formation of nanodroplets in a 

miniemulsion process can be reliably tuned not only by adjusting the polarity of the 

two phases, but also by playing with the other components in general and the 

surfactant in particular. 

Formation of the nanoparticles 

The second step in the preparation of Ln-NPs consists of the transformation of the 

nanodroplets from the miniemulsion into solid particles through calcination (Scheme 

6.1). Both the Ho- and Gd-containing nanodroplets were dried and then decomposed 

under aerobic conditions at 800 °C for 1 h. The nature of the product after thermal 

decomposition turned out to depend on the surfactant added during the synthesis. 

When SDS was used, the calcination yielded oxysulfates (Ln2O2SO4) nanocrystals, 

the surfactant being the source of sulphur. The XRD pattern of the dried Ho-

nanodroplets is mainly featureless, indicating a basically amorphous nature (Figure 

6.1). The evolution in the crystal structure can be observed by X-ray powder 

diffraction measurements. After calcination, Ho2O2SO4 is obtained instead in a 

crystalline form (Figure 6.1a). All the XRD reflections revealed a crystal structure of 

Ho2O2SO4 with calculated lattice constants a = 4.045 Å, b = 4.185 Å and c = 12.963 

Å. In addition, a diffraction peak of Ho2O3 was observed (Figure 6.1a), the intensity 

of which was mainly dependent on the applied Ho(acac)3:SDS ratio. 

The thermal decomposition of Gd-containing nanodroplets showed analogous 

effects (Figure 5.1b). Noteworthy, it is possible to obtain Ln2O2SO4 NPs with higher 

purity by adjusting the molar ratio of starting materials, as shown for Gd(acac)3 and 

SDS during the preparation of the corresponding nanodroplets. The XRD pattern of 

the obtained crystalline Gd2O2SO4 reveals calculated lattice constants a = 4.051 Å, b 

= 4.174 Å and c = 12.973 Å. 
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Ho-nanodroplets

 

Figure 6.1. XRD pattern of dried Ho-nanodroplets before calcination. 

 

Figure 6.2. XRD patterns of the solid Ln-containing NPs obtained by miniemulsion and subsequent 

open-air thermal decomposition at 800 °C for 1 h. (a) Ln2O2SO4 NPs, SDS was used as surfactant; the 

peak marked with an asterisk is due to Ho2O3. (b) Ln2O3 NPs, Brij® 35 was used as surfactant.  

When non-ionic surfactant Brij® 35 was used in the miniemulsion, the subsequent 

thermal decomposition yielded crystalline oxide (Ln2O3) nanocrystals (Figure 6.1b). All 

reflections in the XRD spectra can be indexed to the cubic structure of Ln2O3 (space group: 

Ia-3 (No. 206)) with calculated lattice constants a = 10.606 Å for Ho2O3 and a = 10.812 Å 

for Gd2O3, in perfect agreement with those reported (JCPDS 44-1268, a = 10.610 Å and 

JCPDS 65-3181, a = 10.818 Å respectively). The observed red shift of the patterns is 

attributed to the use of Co Kα radiation (1.789 Å) instead of usual Cu (1.541 Å).  

TGA profiles of the thermal decompositions were recorded (Figure 6.3). The 

starting material Ho(acac)3 has a major multistep weight loss in the temperature 

range 30 - 550 °C that includes the dehydration of structurally bound water between 
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Figure 6.3. TGA profiles of Ln(acac)3 and the corresponding Ln-containing nanodroplets prepared by 

using SDS or Brij® 35 as surfactants. Ln = Ho (a) or Gd (b). 

30 and 200 °C and decomposition of the organic chelate acetylacetonate up to 550 

°C; holmium oxide is finally obtained. The thermogravigram between 30 and 850 °C 

of a sample of Ho-containing nanodroplets obtained from Ho(acac)3 in the presence 

of SDS as surfactant shows a dominant loss (45%) between 170 and 350 °C, that can 

be attributed to the major decomposition of SDS and acetylacetonate. A total 62% 

loss was measured until 760 °C, in agreement with the value calculated when 

considering the reaction scheme (1) with 35 wt% retained taking S, Ho and O into 

account. 

SDS + Ho(acac)3 Ho2O2SO4                                                            6.1 

It has been reported that an alternative stacking of La2O2
2+ and SO4

2- layers takes 

place under treatment at high temperature of hydrous nitrates (Ln(NO3)3·nH2O) 

intercalated with dodecyl sulphate ions.36,37 The gradual decomposition observed in 

the range 300 - 700 °C can thus be ascribed to the stacking mechanism leading to the 

formation of Ln2O2SO4. Such gradual process proceeds until 760 °C to yield Ln-

oxysulfates, in agreement with the XRD evolution (Figure 6.4). The formation of 

Gd2O2SO4 follows a totally analogous pathway (Figure 6.3b).  

Different TGA profiles were recorded for dried nanodroplets obtained in the 

presence of Brij® 35 as surfactant (Figure 6.3). The dominant weight loss (~78%) 

between 200 and 500 °C corresponds to the decomposition of organic Brij® 35 and 
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Figure 6.4. XRD patterns of Ho-containing species obtained upon calcination of nanodroplets at 

different temperatures. The evolution indicates the formation of solid Ho2O2SO4 nanoparticles. 
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Figure 6.5. FTIR spectra of the starting material Ln(acac)3 and obtained products Ln2O2SO4 

and Ln2O3 NPs. Ln = Ho (a) or Gd (b). 

 

acetylacetonate. Above 500 °C, the thermogravigram reaches a plateau, indicating 

that Ho2O3 or Gd2O3 NPs are obtained.  

The surface chemical structure of the obtained various NPs were characterized 

by Fourier transform infrared spectroscopy (Figure 6.5). The main starting material 

Ln(acac)3 (Ln = Ho or Gd) shows the characteristic bands of enolized -diketones at 

about 1610, 1520 and 1400 cm-1. After thermal decomposition, the resulting 

Ln2O2SO4 exhibited characteristic bands of SO4
2- ion coordinated to Ln3+ ion at 

1210, 1130, 997, 664 and 619 cm-1, with an indication of low site symmetry in the 

oxysulfate.38 In contrast, the spectra of materials prepared by using Brij® 35, 

exhibited a strong peak at 550 cm-1, typical for cubic-type Ln2O3 NPs.39  
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Figure 6.6. EDS spectrum of (a) Ho2O2SO4, (b) Ho2O3 (c) Gd2O2SO4 and (d) Gd2O3NPs obtained 

after calcination, respectively. 

Energy dispersive X-ray spectroscopy (EDS) was further applied to determine 

the compositions of various Ln-based NPs, as shown in Figure 6.6. It is clear that the 

obtained NPs are composed of Ln2O2SO4 and Ln2O3 when SDS and Brij® 35 were 

used, respectively. The solids obtained after thermal decomposition consisted of 

fairly uniform spherical particles, as determined by TEM images (Figure 6.7).  

As mentioned above, with this technique it was also possible to observe how the 

use of octadecane as a co-stabilizing agent in miniemulsions affects the final size of 

the particles: under the same reaction conditions (Table 6.1, entries 2 and 3) the 

addition of octadecane (10 wt% with respect to Ln-acetylacetonate) led to particles 

(Figure 6.7a) with a diameter (18 nm) smaller than that (24 nm) obtained in its 

absence (Figure 6.7b). This effect is consistent with the reported claim that 

increasing the osmotic pressure leads to a decrease in the particles size.30 However, 

one of the advantages of the method discussed herein is that a hydrophobic co-

reagent is not decisive in the preparation of nanodroplets. 

As described above, changing the solvent in dispersed phase from CHCl3 to 

DCM (Table 6.1, entries 3 and 5) resulted in Ho-nanodroplets with a significantly 

reduced diameter (from 45 to 26 nm). This is confirmed by the TEM images of the 

corresponding final Ho2O2SO4 NPs (Figure 6.7b and 5.7c) with diameters 24 and 8 

nm, respectively. This further highlights the importance of the interfacial activity on 

the formation of the nanodroplets and, consequently, of the solid particles. 
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Figure 6.7. TEM images of solid Ho2O2SO4 NPs prepared using SDS: (a) and (b) correspond to 

entries 2 and 3 in Table 5.1 with 10 and 0 wt% of octadecane in dispersed phase, respectively; (c) and 

(d) correspond to entry 5 and 6 with 0 and 12.5 wt% of ethanol in continuous phase, respectively. 

 

Figure 6.8. TEM images of (a) Ho2O3 and (b) Gd2O3 nanoparticles, corresponding to entries 9 and 10 

in Table 5.1, respectively. Brij® 35 was used in the continuous phase. 

The increase in size of the nanodroplets prepared with the addition of ethanol 

(Table 6.1, entry 6) is reflected in the TEM images of the corresponding final NPs 

(Figure 6.7d), for which an average diameter of 8 nm was measured. Upon 

replacement of SDS with Brij® 35 as surfactant in the miniemulsion, the TEM 

images of Ho2O3 and Gd2O3 obtained upon calcination showed spherical particles 

with a diameter of 12 and 7 nm, respectively (Figure 6.8). Although the 

hydrodynamic diameters of the corresponding nanodroplets were by far larger (109 

and 98 nm, respectively) due to the long polymer chain of Brij® 35 (Table 6.1, 

entries 9 and 10), the solid Ln2O3 particles showed the expected small sizes. 
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Figure 6.9. MR relaxation rates and MR images of Gd- and Ho-based NPs dispersed in 0.5 % 

solution of xanthan: (a) Transversal (Ho, solid symbols) and longitudinal (Gd, open symbols) 

relaxivities of oxysulfates (squares) and oxides (circles) NPs (7 T and 25 °C). (b) MR phantoms 

containing 0.1 and 0.3 mM Gd2O3 and Gd2O2SO4 NPs (7 T and 25 °C), left: T1-weighted spin-echo 

MR images, TE = 10.6 ms and TR = 250 ms; right: T2-weighted MR images, TE = 90 ms and TR = 

3s. (c) T2-weighted images of xanthan phantoms containing 0.1 mM Ho2O3 and Ho2O2SO4. 

Relaxivity measurements of Ln2O2SO4 and Ln2O3 NPs 

As an example of their applicability, the Ln-NPs prepared as described above were 

evaluated in terms of their performance as magnetic resonance imaging contrast 

agents. Because of its seven unpaired 4f-electrons Gd is the most paramagnetic 

stable metal ion, and therefore Gd3+-complexes are nowadays the most common 

longitudinal- or T1-CAs in medical MRI.40,41 On the other hand, Ho (together with 

dysprosium) is the most efficient transversal- or T2-CA for its highest magnetic 

moment.42 In view of their possible application as MRI CAs, the final Ho- or Gd-

based NPs were evaluated for transverse (r2) and longitudinal (r1) proton relaxivities. 

The water proton relaxation rates (Rn = 1/Tn, n = 1 or 2) of four samples of each Ln 

were measured at 25 °C and 7 T, and then plotted against the related concentration of 

paramagnetic Ln3+ ion in order to attain the corresponding relaxivity value as the 

slope of the obtained straight line (Figure 6.9a). For Gd2O2SO4 (12 nm) and Gd2O3 

(7 nm) particles r1 is 1.0 and 3.1 s-1mM-1, respectively and is expected to be more 

impressive at the clinically used magnetic fields (1.5 - 3 T),  according to  the typical  
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Table 6.2. Longitudinal and transversal relaxivities of Gd- and Ho-containing NPs as 

function of their size at 7 T and 25 °C.  

Material 
Diameter  

(nm) 

r1             

(s-1mM-1) 

r2               

 (s
-1mM-1) 

Preparation 

methoda 

 

r2/ r1 
Ref. 

Gd2O3 2.2 8.8 11.4 PL 1.3 20 

Gd2O3 3.8 8.8 28.8 PL 3.3 20 

Gd2O3 4.6 4.4 28.9 PL 6.6 20 

Gd2O3 7.0 3.1 30.0 ME 9.7 This work 

Gd2O2SO4 12.0 1.0 35.7 ME 35.7 This work 

Gd2O2S 25.0 0.2 55.0 ST 275.0 17 

Ho2O3 12.0 0.2 31.1 ME 155.5 This work 

Ho2O2SO4 18.0 0.4 43.9 ME 109.8 This work 

Ho2(CO3)3 40.0 - 105.0 MW - 16 
a PL=polylol; ME=miniemulsion; ST=solvothermal; MW=microwave. 

 

1H nuclear magnetic relaxation dispersion profiles of solid NPs.20,41 The effect of 

particle size on the MRI contrast enhancement is demonstrated by the acquisition of 

T1- and T2-weighted images of phantoms containing various concentrations of the 

particles at 25 °C and 7 T. The brightness of T1-weighted images acquired with 

Gd2O3 or Gd2O2SO4 particles of 7 nm is increasing with increasing concentrations 

between 0.1 and 0.3 mM (Figure 6.9b). This effect is in agreement with the obtained 

r2/r1 ratio of 10, which is known to be favorable for the T1 contrast.6 Increasing the 

particle size to 12 nm has a clear negative (dark) effect on the T1-weighted intensity, 

due to higher r2/r1 ratio (up to 36, Table 6.2) and a consequent dominance of T2- on 

the intensity (Figure 5b).  

The r2 values obtained for Ho2O2SO4 and Ho2O3 are 43.9 and 31.1 mM-1 s-1, 

respectively. The difference in diameter between the two systems (18 and 12 nm, 

respectively) must be taken into account, due to the strong linear dependence of r2 on 

the particle size.43 Based on the low r1 values, and consequently, high r2/r1 ratio, 

these particles are suitable for T2-weighted imaging, as demonstrated in Figure 6.9c. 

Besides the size and chemical composition, several experimental parameters, 

such as temperature, pH, the strength of the applied magnetic field etc. determine the 

r1 and r2 of NPs. Therefore, the relaxivities of even similar types of NPs reported in 

the literature often cannot be compared directly. Taking this into account, in Table 
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6.2 a small selection of literature data is compiled to demonstrate the consistency of 

the relaxivities of Gd- and Ho-NPs obtained by different preparation methods, and 

measured under the same conditions (7 T, 25 °C). The data clearly show a decrease 

of r1 for Gd-NPs upon increase of their particle size as the consequence of the 

decreasing in the surface-to-volume ratio for oxides as well as for oxysulfates and 

oxysulfides.  

Ho-containing NPs show a strong size-dependence of r2. The chemical 

composition of NPs seems to be of minor importance, as the values for oxide, 

oxysulfate and carbonate follow the same linear increase of r2 upon increase in the 

size. Finally, the relaxivities of Gd- and Ho-NPs obtained from the miniemulsion 

method fit perfectly in the rn vs diameter trend and are in agreement with those 

previously reported for analogous Ln-containing NPs.40  

CONCLUSIONS 

We have demonstrated a facile miniemulsion technique and subsequent thermal 

decomposition that can be advantageously applied for the preparation of Ln-

containing NPs. Such methodology is particularly useful for the preparation of NPs 

in the size range of 5 to 40 nm as it is far less time-consuming, more reproducible 

and results in a higher productivity than the polyol strategies suitable for ultrasmall 

NPs. Therefore, the present miniemulsion method is a valid and convenient 

alternative strategy with attractive advantages for the synthesis of Ln-NPs. 

The formation of nanodroplets under emulsion conditions is highly influenced 

by the selection of the surfactant and the nature of the dispersed and continuous 

phases. In the present study, the interfacial activity and the type of surfactant 

revealed to be the key parameters determining not only the size of the nanodroplets 

and hence the final solid particles, but also their chemical composition. In particular, 

depending on the surfactant used, the main products are either lanthanide oxysulfates 

or oxides. By adjusting these parameters, spherical NPs with a defined diameter can 

be readily obtained through further thermal decomposition. Both types of particles 

exhibited the relaxivities that are in accordance to the size and the values reported in 

the literature. The r2 relaxivities measured on smaller Ho-NPs (< 20 nm) confirm the 

linear size-dependence reported previously for larger Ho-NPs (> 40 nm).16 The MR 
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images indicate a good T2-weighted contrast, and hence, suitability of these NPs 

prepared by the miniemulsion method as T2 CAs after a proper surface 

functionalization. On the contrary, the r1 relaxivities of Gd-containing NPs decrease 

with the particle size, and as the result of T2-effect becoming dominant, the 

brightness of the T1-weighted MR images acquired with bigger Gd-NPs (> 7 nm) is 

less. These observations demonstrate the importance of size-control for the 

applications of Ln-based nanoparticles as MRI CAs. 

Considering the similarity of chemical properties of the f-elements, the present 

technique can be predictably expanded for the preparation of NPs of the whole series 

of lanthanides to be exploited in a variety of fields such as catalysis (oxysulfates for 

oxygen storage/release),2 optics (oxides with luminescence properties),1 and 

diagnostics (paramagnetic nanoparticles).42  

EXPERIMENTAL SECTION 

Materials and methods 

All chemicals were used as supplied from commercial sources: analytical grade 

solvents, sodium dodecyl sulfate, octadecane (Sigma-Aldrich), polyethylene glycol 

dodecyl ether (Brij® 35, Mn ~1198), acetylacetone (acac) (Fluka). “H2O” refers to 

high purity water with conductivity of 0.04 μS cm-1, obtained from a Milli-Q 

purification system. Lanthanide chlorides (LnCl36H2O, Strem Chemicals) were 

dissolved in 10 mL water, the obtained solutions were filtered over a 200 μm Nylon 

syringe filter and evaporated to dryness under high vacuum before use. Ln(acac)3 

were synthesized according to published procedures:30 typically, acetylacetone 

(0.220 mol) was dissolved in H2O (135 ml) and the pH of this solution was adjusted 

to 8.5 by portion-wise addition of 25% ammonium hydroxide; LnCl3 (10 mmol; Ln 

= Gd, Ho) was dissolved in H2O (5 ml) and slowly added to the above-mentioned 

solution under stirring. The mixture was stirred overnight and the pink (Ho(acac)3) 

or white (Gd(acac)3) crystals were filtered, washed three times with water and air-

dried. 
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Preparation of Ln-containing nanodroplets by miniemulsion 

In a typical procedure to prepare the miniemulsion, the dispersed hydrophobic phase 

was obtained by mixing Ln(acac)3 (50 mg) in CHCl3 or dichloromethane (DCM) 

(2.5 ml). This suspension was then added dropwise to a continuous phase consisting 

of SDS or Brij® 35 dissolved in H2O (8 ml). The mixture was vigorously stirred at 

room temperature for 1 h (pre-emulsion) and then ultrasonicated (Qsonica Sonicator, 

500 W, 1/2 inch tip, 80% amplitude, time interval 0.5 s) for 5 min under ice cooling, 

yielding milky miniemulsions (pink for Ho and white for Gd). The hydrophobic 

solvents were removed by careful rotary evaporation at 30 °C to avoid aggregation, 

until a turbid dispersion appeared. These dispersions were used to measure the 

hydrodynamic radius of the nanodroplets, and they were then freeze-dried yielding 

Ln-containing powders. 

Phase transformation 

Thermal decomposition of the previously obtained powders was performed by 

calcination at 800 °C under air atmosphere for 1 h applying a heating rate of 2.5 °C 

min-1. The average yield of this procedure was 82% with respect to Ln(acac)3. 

Characterization 

The size of the nanodroplets in the miniemulsion was measured by dynamic light 

scattering (DLS). The experiments were carried out by using a Malvern Zetasizer 

NanoZS operating in a particle size range from 0.6 nm to 6 μm and equipped by a 

He-Ne laser with λ=633 nm. The measurements were performed at 25 °C, and the 

average diameter was based on three individual measurements, 20 scans for each 

measurement. To evaluate the process of conversion of the freeze-dried Ln-

containing nanodroplets into solid particles, thermogravimetric analysis (TGA) was 

conducted by using a Perkin-Elmer Thermogravimetric Analyzer TGA7 equipped 

with a Thermal Analysis Controller TAC 7/DX, from 25 to 900 °C (10 °C min-1) 

under air atmosphere. X-ray diffractometry (XRD) measurements were performed 

on a Bruker D8 Advance X-ray diffractometer using Co Kα radiation (1.789 Å) at 35 

kV and 40 mA. The data were collected from 5° to 80° 2θ with a step size of 0.020° 

2θ and a counting time of 0.5 s per step. Lattice constants were calculated and 

corrected using MDI JADE software. Transmission electron microscopy (TEM) 
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analyses were performed on a JOEL JEM-2100 transmission electron microscope. 

Samples of nanoparticles from dilute aqueous dispersions were evaporated over a 

400-mesh copper measurement grid. The instrument operated at an accelerating 

voltage of 200 kV for the acquisition of section images. The surface composition of 

formed NPs was characterized by Infrared (IR) spectroscopy performed on a Perkin 

Elmer Spectrum One FT-IR spectrometer using KBr tablet. The chemical 

composition of NPs was analyzed by Energy dispersive X-ray spectroscopy (EDS) 

on a JEOL-JMS 6010 scanning electron microscope with an acceleration voltage of 

20kV. The longitudinal (T1) and transversal (T2) water proton relaxation times were 

measured on a Varian-INOVA 300 NMR spectrometer applying inversion recovery 

and CPMG sequences, respectively. For the latter sequence the half interval time 

(τcp) between the successive 180° pulses was fixed at 1.0 ms. The samples for these 

measurements were prepared by suspending defined amounts of particles in 0.5% 

xanthan gum solution. The same equipment was exploited to determine the 

concentrations of Ln3+ (Ln = Ho and Gd) ions in the aqueous solutions via bulk 

magnetic susceptibility (BMS) method.44 MRI experiment were conducted on a 

PharmaScan 7 T horizontal magnet (B-C 70/16 US, Bruker BioSpin, Wissembourg, 

France) equipped with B-GA09 gradient system (120 mT/m maximal strength and 

90 mm inner diameter) and Paravision 4.0 software (Bruker BioSpin). T1-weighted 

and T2- weighted MR images were acquired with spin-echo sequence (RARE 

sequence with one echo to get a small echo time (TE) equal to the effective-TE) at 

25 °C. T1-weighted images were acquired with 10.6 ms TE and 250 ms TR 

(Repetition Time) and 200 x 200 µm2 resolution with a matrix 128 x 128 in 32 s. T2-

weighted images were acquired with 90 ms TE and 3000 ms TR and 400 x 400 µm2 

resolution with a matrix 64x64 in 3min. All images have 2.0 mm thickness. 
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INTRODUCTION 

Materials with a capacity for cyclic oxygen storage and release are important oxygen 

carriers (OCs) in automotive catalytic combustion. Under oxidative conditions metal oxides 

are formed, which can in turn be reduced by fuel components such as CO, hydrocarbons 

and NOx. These metal oxides thus act as combustion catalysts and their advantage is that 

they can act as buffer for oxygen under oxygen lean conditions, thus regulating the oxygen 

concentration.1-3  

The redox reactions of the OCs must be fully reversible and quantitative. Commonly, 

transition metal oxides on various supports, e.g. dendrimers, TiO2, Al2O3, zeolites, SiO2, 

etc.,  have been studied for this purpose.4  However, metal oxides are generally susceptible 

to sulfur poisoning, which is a true disadvantage when using common carbon fuels.5,6 In 

addition, CeO2 is an attractive OC material because of the reversible and fast redox 

reactions between Ce4+ and Ce3+ at relatively mild temperatures (< 400 oC). However the 

maximum capacity of oxygen storage per mole of CeO2 is limited to 0.25 mol of O2 and its 

stability is not sufficient under operating conditions.7,8 An attractive material that does not 

depend on metal, and which is sulfur tolerant is CaSO4.
9,10 Sulfate compounds can have an 

oxygen storage capacity of 2 mol of O2 per mol of CaSO4 due to the redox number of sulfur 

from +6 (in SO4
2-) to -2 in sulfide (S2-). Therefore CaSO4 has been extensively studied as 

oxygen carrier.9,10 However CaSO4 exhibits only high rates for reduction above 1000 °C, 

and at these temperatures SO2 is also produced.11 

In 2004, Machida and coworkers reported lanthanide oxysulfates (Ln2O2SO4) as OCs, 

which have much larger capacities for oxygen storage (2 mole of O2 per mole of S).12 These 

OCs do not depend on metal ions, but, as in the case of CaSO4, are based on the reversible 

redox of sulfur (S6+/S2-, Scheme 7.1a).1 The structures for Ln2O2SO4 and Ln2O2S are 

depicted in Scheme 7.1b. Ln2O2SO4 is stable at very high temperatures (> 1000 °C) and no 

release of H2S or SO2 occurs. Moreover, a wide range of lanthanides can be applied for this 

purpose.1,13 Despite the above-mentioned advantages, the practical application of Ln2O2SO4 

is limited due to the still high reaction temperatures (600-800 oC) required. By the 

impregnation of the Ln2O2SO4 materials with noble metals (Pt or Pd), a significant 

reduction of the operative temperature by 100-200 °C for both oxygen release and storage 

processes could be achieved due to the activation of hydrogen and oxygen.12  
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Scheme 7.1. Redox reactions of (a) Ln2O2SO4 and Ln2O2S, and (b) the corresponding crystal 

structures (adapted from Ref. 1). 

 

The reaction rates could also be accelerated by increasing the surface area of the 

Ln2O2SO4 materials.14 Doping by Ce is another effective way of improving the activity of 

Ln2O2SO4. It causes structural distortion of tetrahedral SO4 units (thus promoting the rates 

of both oxygen release and storage),15 while the presence of Ce3+/Ce4+ on the surface of 

Ln2O2SO4 further accelerates the redox of sulfur. The detailed X-ray structural study 

revealed that the oxygen release and storage behavior is accompanied by noticeable 

differences in S–O distances and O–S–O angles of the SO4 units, as well as differences in 

the crystal structure of the Ln2O2
2+ unit, as shown in Scheme 7.1b.13,16 In a very recent 

report, Lisi et al demonstrated that Cu-doping can also enhance the oxygen mobility in the 

La2O2SO4 structure, leading to a decreased reaction temperature for both reduction and 

oxidation.11 

The Ln2O2SO4 materials for OC purposes reported so far, have been prepared by 

different methods, such as calcination of Ln2(SO4)3·nH2O,1 utilization of precursors of 

layered Ln-dodecyl sulfate mesophases,14,17 or Ln-precipitation.18 All these procedures lead 

to bulk materials with an irregular morphology. It has been demonstrated that the size and 

shape of OC particles (e.g. CeO2) have a strong influence on their catalytic performance, 

due to the increased surface-to-volume ratio, and the exposure of reactive metal ions at the 

surface.19-21 However, the effects on oxygen storage/release performance of Ln2O2SO4 
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materials as a function of size and shape have not yet been investigated. Herein, we report 

on a remarkable enhancement of the catalytic activity of LnPr2O2SO4 (with Ln = Pr) by (i) 

using nanoparticles rather than bulk material and (ii) by doping the Pr2O2SO4 with cost-

effective Ni(II). Pr2O2SO4 was selected, because among the lanthanides it can act as 

oxidation catalyst with high rates at relatively low  temperatures (< 600 °C).1 

RESULTS AND DISCUSSION 

Recently, we have developed a facile method for the preparation of nanosized Ln2O2SO4 

(Ln = Gd and Ho) based on thermal decomposition of nanodroplets (NDs) formed by Ln-

acetylacetonates (Ln(acac)3) under emulsifying conditions.22 The choice of the surfactant 

during the formation of NDs was found to determine the elemental composition of the 

nanoparticles (NPs) obtained after calcination of the dried NDs. Therefore, in the present 

study we prepared Pr2O2SO4 NPs by using sodium dodecyl sulfate and Pr(acac)3 and 

subsequent calcination of the lyophilized NDs. The thermogravimetric analysis (TGA) 

profile of the lyophilized NDs visualizes the formation of Pr2O2SO4 particles (Figure 7.1). 

Dehydration and combustion of organic moieties were observed below 300 °C . The 

formation of Pr2O2SO4 NPs is expected to occur between 300 and 800 °C by the alternative 

stacing between SO4
2- and Pr2O2

2+ (Scheme 7.1b).14,15 Above 800 °C a stabilized curve was 

observed, indicating the full formation of inorganic NPs. Therefore, in order to obtain the 

solid NPs, the calcination was carried out at 800 °C for 1 h to give Pr2O2SO4 NPs  in 82 % 

yield with respect to Pr(acac)3.  
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Figure 7.1. TGA profile of nanodroplets containing sodium dodecyl sulfate and Pr(acac)3 prepared by 

miniemulsion method. 
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Figure 7.2. Powder XRD patterns of nanoparticulate Pr2O2SO4 obtained by miniemulsion method, 

and Pr2O2S resulted from the subsequent reduction by 10 % H2/Ar. 

 

 

Figure 7.3. TEM images of the solid Pr2O2SO4 NPs. 

Figure 7.2 demonstrates the X-Ray Diffraction (XRD) patterns of the crystalline 

Pr2O2SO4 as well as the oxysulfide Pr2O2S, which was obtained after reduction of the 

oxysulfate by H2 (10 %) in Ar. The XRD pattern reveals an orthorhombic structure of 

Pr2O2SO4 with calculated lattice constants a = 4.240 Å, b = 4.138 Å, and c = 13.422 Å, 

which are in a relatively good agreement with the reported values (PDF#41-0679). 

Additionally, the XRD pattern of Pr2O2S shows lattice dimensions of a = 3.574 Å, b = 

3.974 Å and c = 6.798 Å, corresponding to a hexagonal cell (p3ml-164, PDF#65-3453). 

TEM images show that fairly spherical particles were obtained with a diameter of 28 ± 5.1 

nm (Figure 7.3). 
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Figure 7.4. Temperature programmed profiles of redox reactions catalyzed by nanoparticulate 

Pr2O2SO4: on the left are TPR profiles of non-doped (a) and 1.9 % Ni-doped (c) Pr2O2SO4 in a flow 

of 10 % H2/Ar and on the right are TPRO profiles of non-doped (b) and 1.9 % Ni-doped (d) Pr2O2SO4 

in a flow of 20 % O2/He. Heating rate 10 oC min-1. 

 
Following the successful preparation of Pr2O2SO4 NPs, their thermo-chemical 

behaviour as oxygen carriers was  investigated by carrying out TPR/TPRO cycles using H2 

and O2 (Figure 7.4 a,b). Temperature programmed reduction (TPR) was carried out in a 

conventional flow system by heating the sample at 10 °C min-1 in a stream of 10 % H2 in Ar 

as shown in Figure 7.4 a. The reduction started at about 700 °C and gave a peak in H2-

uptake at 790 °C, whereas the reaction was completed at around 800 °C. The asymmetric 

peak in the narrow temperature range indicated a very fast reduction of Pr2O2SO4. The 

oxysulfate was reduced into oxysulfide (Pr2O2S), as proven by its XRD pattern shown in 

Figure 7.2. The obtained oxysulfide was then subjected to temperature programmed 

reoxidation (TPRO) in a stream of 20 % O2 in He (Figure 7.4 b). The oxygen consumption 

started at about 480 oC and exhibited a maximum at 580 oC. Above this temperature, the 

reoxidation rate became slower and was not even completed until 900 oC. Based on the 

integration from TPR and TPRO, the amount of consumed O2 and H2 was 1.34 and 3.97 

mol-1 for Pr2O2SO4 and Pr2O2S, respectively. The O2 consumption (per mol of Pr2O2SO4) 
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Figure 7.5. EDS spectrum of (a) Pr2O2SO4 and (b) Ni-doped Pr2O2SO4 NPs. The amount of Ni is 1.9 

wt% from three separate spot analyses. 

is significantly lower than 2, thus indicating that  the re-oxidation was not completed under 

the conditions applied. 

These results can be compared with those for the bulk material as reported in literature: 

the nanosized Pr2O2SO4 displays a fast reduction in TPR between 700 - 800 °C, and a low 

temperature for the maximum uptake of oxygen in TPRO (580 oC). In contrast,  the 

previously reported bulk Pr2O2SO4 exhibited lesser performance: the reduction took place 

in the range of 700 to > 900 °C and maximum oxygen uptake was observed only at 700 oC.1  

In a next step, motivated by the redox behavior of nanosized Pr2O2SO4, we doped the 

Pr2O2SO4 with Ni(II) aiming at a further enhancement of the redox properties. Ni(II) is a 

cost-effective alternative for Pt and Pd for both the activation of both hydrogen and 

oxygen.2,23 The Pr2O2SO4 NPs described above were impregnated with an aqueous solution 

of NiCl2 and then calcined at 450 °C for 90 min to give Pr2O2SO4 doped with 1.9 wt% Ni. 

The extent of Ni-doping was calculated from the Energy Dispersive Spectrum (EDS) of the  



Chapter 7 

 

 

 160 

 

Figure 7.6. H2 and O2 consumption profiles of 1.9 wt% Ni-doped Pr2O2SO4 at 700 °C (a,b) and 600 

°C (c,d) under a feed stream of 10 % H2/Ar or 5 % O2/He. 

 

prepared materials (Figure 7.5). The TPR/TPRO profiles of these Ni-doped NPs (Figure 7.4 

c,d) show that the reduction took place in the temperature range of 570 to 730 °C with 

consumption of 3.89 mol of H2 per mol of Pr2O2SO4. The reoxidation started at about 400 

°C, reached a maximum at 580 °C, and was completed at about 700 °C with 1.93 mol of O2
 

uptake per mol of Pr2O2S. The ratio H2/O2 uptake is 2, which is in perfect agreement with 

fully reversible redox reactions.  

The rate of reduction with H2, and oxidation with O2, is an important property that 

characterizes the performance of the Ln2O2SO4 as a storage material. We performed the 

redox reactions at both 700 and 600 °C, as shown in Figure 7.6. For the 1.9 wt% Ni-doped 

Pr2O2SO4 sample, surprisingly, both reduction and reoxidation were completed within 10 

min at 700 °C. The reaction rates calculated from the redox profiles are 0.51 mmol·g-1min-1 

for the reduction, and 0.66 mmol·g-1min-1 for the reoxidation. We thus observe that 

nanoparticulate Pr2O2SO4 doped with Ni, displays two times higher oxidation rates  
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Table 7.1. Oxygen Release and Storage Properties of Pr2O2SO4. 

Catalyst Reaction Temp. 

°C 

reduction  with H2 

mmol·g-1min-1 

oxidation with O2 

mmol·g-1min-1 

Ref. 

Pr2O2SO4 NPs, 1.5wt% Ni 700 0.51 0.66 This work 

Pr2O2SO4 NPs, 1.5wt% Ni  600 0.13 0.36 This work 

Bulk Pr2O2SO4, 1wt% Pd 700 0.11 0.325 13 

Bulk Pr2O2SO4, 1wt% Pd 600 0.01-0.11 N.A. 17 

 

 
compared to that of the best bulk Pr2O2SO4 materials doped with 1 wt% Pd reported in the 

literature (see Table 7.1). At 600 °C, the storage rate of Ni-doped Pr2O2SO4 is still faster 

than that of the bulk material measured at 700 °C. Admittedly these data need further 

confirmation by studies for both materials under identical conditions, but the first indication 

is that 1) NPs of Pr2O2SO4 compared to bulk material exhibit higher activity in both 

reduction and oxidation, and 2) Ni is a suitable alternative to doping by Pd. The 

nanoparticulate nature of nanosized Pr2O2SO4 particles, is expected to be beneficial for 

higher oxidation and reduction activities. The smaller NPs lead to rapid gas diffusion and 

solid-gas reactions that facilitate oxygen storage and release.14,17 Additionally, as discussed 

above, the obtained Pr2O2SO4 NPs exhibit an orthorhombic structure with shortened a 

(4.240 Å) but extended c (13.422 Å) of the lattice parameters, compared to those of the 

bulk material with a monoclinic structure (a = 14.047 Å, and c = 8.281 Å).13 Stacking of 

SO4
2- and Pr2O2

2+ layers along the a-axis changes the crystal structure of Pr2O2SO4 NPs by 

distortion of the SO4 tetrahedral units in which each oxygen atom is coordinated to a Pr 

atom.16 This is, therefore, probably advantageous for the faster redox reactions observed in 

the present study. As for the observed rates for oxidation being faster than those for 

oxidation, this is in agreement with the data for the bulk material: Machida and co-workers 

postulated that the coexistence of Pr4+ with Pr3+ ions on the particle surface is one of the 

factors responsible for this and it seems to be specific for  Pr-based oxysulfates.13,17 
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CONCLUSIONS 

In summary, the nanoparticulate (around 30 nm in diameter) Pr2O2SO4 was synthesized 

by the miniemulsion method. Properties for oxygen storage (oxidation with oxygen leading 

to oxysulfates) and release (reduction of oxysulfates by hydrogen leading to sulfides) were 

evaluated by temperature programmed reduction/reoxidation (TPR/TPRO). The samples 

were doped with 1.9 wt% Ni in order to further promote the redox behavior due to 

increased oxygen mobility known to occur at the surface of Ni(II) with available  d-orbitals. 

The Ni-doping represents a cost-effective alternative to the more expensive Pt and Pd. The 

results of TPR/TPRO for the Ni-doped Pr2O2SO4 showed that at 700 °C, the rates for 

oxygen storage and release are respectively  2 and 4.6 times higher than these of the best 

bulk 1 wt% Pd-doped Pr2O2SO4 reported.  In addition, the Pr2O2SO4 is already very active 

at 600 oC. The overall improved performance is proposed to be caused by a collective effect 

of a higher surface-to-volume ratio, the copresence of Pr4+ and Pr3+ ions at the particle 

surface, the distorted crystal structure leading to more reactive SO4 units, and Ni doping of 

the obtained Pr2O2SO4 nanoparticles. Further studies will be directed to the exact structure 

of the Ni-doped material, and towards determining its reactivity versus real reductants (CO, 

hydrocarbons, NOx) as a function of Ni-content. 

 

EXPERIMENTAL 

Materials and methods 

All chemicals were used as purchased without further purification: analytical grade solvents 

(Sigma-Aldrich), sodium dodecyl sulfate (99%, Sigma-Aldrich), octadecane (99%, Sigma-

Aldrich), acetylacetone (acac, 98%, Fluka) and lanthanide chlorides (LnCl36H2O, Stem 

Chemicals). 

Preparation of nanosized Pr2O2SO4 and characterization 

The NPs of Pr2O2SO4 were prepared by a previously reported miniemulsion method24 

starting from Pr(acac)3, which was synthesized according to published procedures.27 To 

prepare nanodroplets in a miniemulsion containing Pr3+, the dispersed hydrophobic phase 

was obtained by dissolving 100 mg of Pr(acac)3 and 20 mg of octadecane in 5 mL of 

dichloromethane. The dispersed phase was then added dropwise to a continuous phase 
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consisting of 50 mg of SDS in 16 mL of water. The mixture was vigorously stirred at room 

temperature for 1 h (pre-emulsion) and then ultrasonicated for 5 min under ice cooling at 

62% amplitude with time intervals at 1 s (Qsonica Sonicator, 500 W, 1/2 inch tip) yielding 

a greenish milky miniemulsion. The hydrophobic phase was then removed by careful 

evaporation at slightly reduced pressure and room temperature (to avoid aggregation), until 

an opaque dispersion appeared. The obtained dispersion was freeze-dried, yielding Pr-

containing fluffy powders. To obtain solid Pr2O2SO4, thermal decomposition was 

performed by calcination at 850 °C in an air atmosphere for 1 h with a heating rate of 10 °C 

min-1. TGA was used to evaluate conversion of the freeze-dried Ln-containing nanodroplets 

into the solid particles. The structure of the Pr2O2SO4 was identified by a Bruker D8 

Advance X-ray diffractometer using Co Kα radiation (1.789 Å) at 35 kV and 40 mA. The 

data were collected from 5.0° to 80° 2θ with a step size of 0.020° 2θ and a counting time of 

0.5 s per step. Lattice constants of Ln-oxysulfates and Ln-oxides were calculated and 

corrected using MDI JADE software. The particle size and morphology were analyzed by 

TEM (JOEL JEM-2100) with 200 kV acceleration voltages.  

The reduction/reoxidation profiles of Pr2O2SO4 NPs were measured by temperature-

programmed reduction and reoxidation (TPR/TPRO) in a conventional flow-reactor. A 

tubular quartz reactor with 6 mm inner diameter was firstly filled with a layer of quartz 

wool, followed by a layer of 200 mg of SiC and 15-20 mg of Pr2O2SO4 sample, followed by 

another 200 mg of SiC. The reactor was connected to an inert system and to a differential 

evacuation system. After careful flushing by He, the reactor was heated in a flowing gas 

mixture of 10 % H2 in Ar (20 mL min-1) with a constant rate 10 °C min-1 until 900 °C. The 

effluent gas was analyzed by a residual gas analyzer mass spectrometer. After the 

completion of the TPR measurement, the sample was cooled down in a N2 flow. This was 

followed by evacuation and a second heating in a flow of 20 % O2 in He (20 mL min-1) at a 

heating rate 10 oC min-1up to 900 oC to measure the TPRO profile. The overall H2 and O2 

consumptions in TPR and TPRO are calibrated by the redox of a known amount of CuO. 

To calculate the redox rate of the Ni-doped Pr2O2SO4 sample, 15-20 mg of Pr2O2SO4 was 

kept at 600/700 °C, 10 % H2 in Ar and 5 % O2 in He were applied in the reduction and 

oxidation, respectively. 
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Summary 

Multimodal imaging techniques are emerging in medical diagnosis. The synergistic 

combination of imaging techniques, such as MRI and PET/SPECT, is highly useful to 

strengthen each of the individual imaging modalities while reducing any of their 

disadvantages. In recent years, the progress of technical integration of imaging scanners has 

led to a clear motivation to design multimodal agents that can be used simultaneously and 

hence profit optimally of the new hybrid imaging scanners. Nanoscaffolds combining 

discrete functions (e.g. magnetic, radioactive, optical or therapeutic) are particularly 

interesting in this regard. There has been an increasing endeavour to design and synthesize 

multifunctional nanocomposites for practical applications in dual imaging modalities such 

as MRI-optical, MRI-PET, PET-optical, PET-CT, MRI-SPECT. Chapter 1 of this thesis 

summarizes the state-of-the-art in the development of multimodal probes for medical 

imaging and therapy. 

The immense structural diversity of more than 200 known zeolites is the basis for the 

wide variety of applications of these fascinating materials ranging from catalysis and 

molecular filtration to agricultural uses. Despite this versatility, the potential of zeolites in 

medical imaging has not yet been much exploited. The well-defined pore and/or channel 

systems of the zeolite crystals allows specific chemical multifunctionalization with 

functional moieties. In Chapter 2, a novel strategy is presented to selectively deposit 

different ions into distinct framework locations of zeolite-LTL (Linde type L). It is 

demonstrated that carefully ion-exchanged Gd/Eu-containing nanocrystals acquire 

exceptional magnetic properties in combination with enhanced luminescence. This smart 

exploitation of the framework structure results in the highest relaxivity density (13.7 s-1 Lg-1 

at 60 MHz and 25 °C) reported so far for aluminoosilicates, rendering these materials 

promising candidates for the design of dual magnetic resonance/optical imaging probes, as 

demonstrated in preliminary phantom studies.  

Chapter 3 reports on thorough investigations of relaxometric properties of Gd-loaded 

nanozeolite LTL by 1H, 17O NMR, and EPR relaxation studies. Both the longitudinal and 

the transverse relaxivity of these Gd3+ loaded materials are strongly pH dependent and 

therefore, they have great potential as pH responsive contrast agents. For example, LTL-

nanocrystals loaded with 3.5 wt% Gd show a dramatic decrease in the longitudinal 

relaxivity from 32 to 7 s-1 mM-1 (7.5 T and 25 °C) when going from pH 4 to 9. 1H and 17O 
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NMR show that this phenomenon can be rationalized by a decrease in proton mobility 

between the zeolite interior and the exterior due to a change from a fast prototropic 

exchange to a three orders of magnitude slower water exchange mechanism. The same 

material also has a high transverse relaxivity (98 s-1 mM-1 at 7.5 T, 25 °C, and pH 5 as 

measured with the CPMG pulse sequence), which is governed by proton exchange too, 

while water diffusion plays a minor role. The high relaxivities and pH dependence render 

Gd-loaded LTL materials promising pH responsive contrast agents. Since the r2/r1 ratio of 

the designed probe strongly increases with the magnetic field strength, these materials are 

expected to be applicable for both T1 and T2 weighted MRI at low and high fields, 

respectively. 

Chapter 4 describes the effects of surface functionalization on the relaxivities of Gd-

loaded LTL nanoparticles by conjugation with long PEG-chains. The methoxy PEG was 

modified to yield PEG-silane, which was then successfully attached onto the surface of 

LTL, and the PEG-density could be controlled by adjusting the amount of reacting 

materials. It appeared that the longitudinal relaxivity decreased with increasing PEG 

loading. When the PEG loading increased from 6.2 to 9.1 %, the longitudinal relaxivities 

decreased from 25.7 to 12.3 mM-1 s-1 for 5.2 % Gd-loaded sample. This can be rationalized 

by PEG chains blocking the channel entrance of LTL to such an extent that the exchange 

between the interior water and bulk water becomes limited. The presence of PEG layer on 

LTL surface, however, did not change the high pH responsiveness of Gd-loaded LTL. 

Benefiting from the neutralization of surface charge after PEGylation, the leakage of Gd-

ions under physiological conditions was significantly reduced. A stronger interaction 

between PEGylated LTL and cells was also observed. A cytotoxicity study showed that 

both PEGylated and non-PEGylated Gd-LTL are not toxic up to the dose 500 μg mL-1. 

Additionally, the PEG layer effectively protects the pore entrances of Gd-LTL against 

blocking by compounds in the medium in which it is dispersed (e.g. xanthan).  

Chapter 5 presents the radiolabeling of the Gd-loaded LTL nanoparticles with two 

potential PET-tracers 64Cu and 89Zr, aiming at the design of MRI-PET dual agents. A very 

high labeling yield, 88.4 % for 64Cu and 74.0 % for 89Zr, was reached in 60 min. 

Importantly, the T1 and T2 relaxivities are not affected by the coexistence of the 

radionuclides. The successful radiolabeling of LTL with 64Cu is based on a simple ion-

exchange with Na+, whereas radiolabeling with 89Zr is due to coordination of 89Zr-ions by 
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oxygens of LTL framework. These two different mechanisms determine the radionuclide 

leakage of the obtained LTL samples. The former exhibited very high leakage of 64Cu, up 

to 11.1 % in PBS and 89.7 % in serum at 37oC for 24 h. On the contrary, the leakage of 

89Zr-ions from the latter sample was determined to be 1.6 % in PBS and 2.3 % in serum. A 

significant reduction of 64Cu leakage (8.0 %) was achieved by calcination of 64Cu-loaded 

LTL at 600 °C for 2 h. It may be expected that a further improvement may be realized by 

surface coating of LTL particles with PEG. 

Chapter 6 reports a facile method to synthesize Ln-containing NPs. Among the 

procedures to prepare Ln-containing nanoparticles a gap exists in the range between 5 and 

40 nm. The miniemulsion technique presented here is intended to fill this discontinuity and 

offers a facile method that can be applied for the preparation of nanoparticles for various 

applications, e.g. medical imaging, optics and catalysis. We demonstrate that formation of 

nanodroplets under emulsion conditions is the key step in the size control of the 

nanoparticles. The type of surfactant and the nature of the dispersed and continuous phases 

strongly influence the interfacial activity and consequently, the size of the solid particles 

that finally result from the subsequent thermal decomposition. Moreover, the choice of the 

surfactant determines the final elemental composition of the particles, leading to either 

lanthanide oxides or oxysulfates when using Brij® 35 or sodium dodecyl sulphate, 

respectively. Nanoparticles of holmium and gadolinium were prepared and their 

applicability as magnetic resonance imaging contrast agents was proved. 

In Chapter 7 the versatility of lanthanide-based nanoparticles is demonstrated by the 

application of lanthanide oxysulfate for oxygen storage/release purposes in catalytic 

oxidation. Nanosized Pr2O2SO4 particles (around 30 nm in diameter) were synthesised via 

the miniemulsion method, followed by Ni-doping (1.9 wt%) which is a cost-effective 

alternative to Pd- or Pt-doping. The temperature programmed reduction/reoxidation 

(TPR/TPRO) profiles show that this material has an excellent performance in both oxygen 

release and storage in terms of reaction rate and temperature. The rate of oxygen storage is 

more than 2 times higher than that of the best bulk 1 wt% Pd-doped Pr2O2SO4 at 700 °C 

reported so far. The 1.9 wt% Ni-doped nanosized Pr2O2SO4 is already very active at 600 oC. 

The improved performance is attributed to a collective effect of higher surface-to-volume 

ratio, copresence of Pr4+ and Pr3+ ions at the surface, and crystal deformation of the 

obtained Pr2O2SO4 nanoparticles. 
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Samenvatting 

Multimodale imagingtechnieken zijn sterk in opkomst in de medische diagnostiek. 

Synergetische combinatie van imaging technieken zoals MRI en PET/SPECT is erg nuttig 

ter versterking van elk van de individuele imaging modaliteiten, terwijl het ook eventuele 

nadelen kan verminderen. De vooruitgang in de technische integratie van imaging scanners 

stimuleert het ontwikkelen van multimodale contrast reagentia die simultaan gebruikt 

kunnen worden, zodat optimaal geprofiteerd kan worden van de nieuwe hybride scanners. 

In dit verband zijn vooral nanodeeltjes interessante platformen waarop afzonderlijke 

functies (magnetische, radioactieve, optische, of therapeutische) kunnen worden 

gecombineerd. De aandacht voor het ontwerp en de synthese van multifunctionele 

nanocomposieten met potentiële praktische toepassingen als MRI-optisch, MRI-PET, PET-

optisch, PET-CT, MRI-SPECT neemt toe. Hoofdstuk 1 van dit proefschrift is een 

samenvatting van de ontwikkeling van multimodale “probes” voor medische imaging en 

therapie. 

De enorme structurele diversiteit in de meer dan 200 bekende zeolieten, vormt de basis 

voor een breed scala aan toepassingen van deze fascinerende materialen in gebieden 

variërend van katalyse en moleculaire filtratie tot landbouw. Ondanks deze veelzijdigheid 

zijn de mogelijkheden van zeolieten in medische imaging nog nauwelijks onderzocht. Het 

structureel goed gedefinieerde porie- en/of kanalensysteem van zeolieten maakt het 

mogelijk om, door middel van specifieke chemische modificaties, functionele groepen aan 

te brengen. In Hoofdstuk 2 wordt een nieuwe strategie gepresenteerd om selectief 

verschillende ionen op bepaalde posities in het zeoliet-L (Linde type L) rooster aan  te 

brengen. Aangetoond wordt dat zorgvuldig uitgewisselde Gd-Eu houdende nanokristallen 

zowel bijzondere magnetische eigenschappen, als versterkte luminescentie hebben. Deze 

slimme benutting van de structuur van het rooster leidt tot de hoogste relaxatiedichtheid 

ooit voor aluminosilicaten gerapporteerd (13.7 s-1 L g-1 at 60 MHz en 25 °C). Dit maakt 

deze materialen veelbelovende kandidaten voor het ontwerp van duale magnetische 

resonantie-optische imaging “probes”. Deze veelbelovende toepassing wordt geïllustreerd 

aan de hand van resultaten van verkennende fantoomstudies. 

Hoofstuk 3 rapporteert een grondig onderzoek naar de relaxatie eigenschappen van Gd-

geladen zeoliet LTL met behulp van 1H, 17O NMR, en EPR relaxatie studies. Zowel de 
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longitudinale als de transversale relaxivity van deze Gd3+-geladen materialen zijn sterk pH 

afhankelijk en daarom zijn ze veelbelovend als potentiële pH-gevoelige contrastmiddelen. 

Bijvoorbeeld LTL-nanokristallen geladen met 3.5 gew.% Gd vertonen gaande van pH 4 

naar 9 een dramatische afname van de longitudinale relaxatie van 32 tot 7 s-1 mM-1 (bij 7.5 

T en 25 °C). 1H en 17O NMR tonen aan dat dit fenomeen verklaard kan worden door een 

afname van de protonmobiliteit tussen de binnen- en de buitenkant van de zeoliet ten 

gevolge van een overgang van de snelle prototropische uitwisseling naar een orde drie  

langzamere uitwisseling van ongedissocieerd water. Hetzelfde materiaal heeft ook een hoge 

transversale relaxatie (98 s-1 mM-1 bij 7.5 T, 25 °C, en pH 5 gemeten met de CPMG 

pulssequentie), wat eveneens bepaald wordt door de protonuitwisseling, terwijl de 

waterdiffusie van minder belang is. De hoge relaxaties en  de pH-afhankelijkheid  maken 

dat  Gd-LTL materialen veelbelovende pH contrastmiddelen zijn. Omdat de r2/r1 

verhouding van de ontworpen “probe” sterk toeneemt bij toenemende magnetische 

veldsterkte, wordt er verwacht dat deze materialen toepasbaar zijn voor zowel T1 als T2 

gewogen MRI, bij respectievelijk laag en hoog veld. 

Hoofdstuk 4 beschrijft de effecten van het aanbrengen van lange PEG ketens op het 

oppervlak van Gd-geladen LTL. Methoxy-PEG werd omgezet in PEG-silaan, dat 

vervolgens met succes bevestigd werd aan het oppervlak van LTL. De dichtheid van de 

PEG ketens op het oppervlak kon gecontroleerd worden door aanpassing van de 

hoeveelheid reactant. De longitudinale relaxatie bleek af te nemen met toenemende PEG-

belading. Een PEG-beladingstoename van 6.2 tot 9.1 % resulteerde in een longitudinale 

relaxatie-afname van 25.7 tot 12.3 mM-1 s-1 voor een 5.2 % Gd-geladen monster. Dit kan 

verklaard worden doordat de PEG ketens de ingang van de LTL kanalen in een zodanige 

mate blokkeren, dat de uitwisseling van water tussen het interieur van de zeoliet en de bulk 

geremd wordt. De aanwezigheid van een PEG-laag op het oppervlak had echter geen 

invloed op de hoge pH-respons van Gd-geladen LTL. Dankzij de neutralisatie van de 

oppervlaktelading door PEGylering, verminderde de lekkage van Gd-ionen onder 

fysiologische omstandigheden aanzienlijk. Er werd een sterkere interactie tussen 

gePEGyleerd LTL en cellen waargenomen. Cytotoxiciteitsonderzoek toonde aan dat, tot 

een dosis van 500 μg mL-1, zowel gePEGyleerd als niet-gePEGyleerd Gd-LTL niet giftig 

zijn. Bovendien beschermt de PEG-laag de porie-openingen van Gd-LTL tegen blokkering 

door stoffen uit het medium waarin het zich bevindt.  
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Hoofdstuk 5 handelt over de radiolabeling van Gd-geladen LTL nanodeeltjes met twee 

potentiële PET-tracers, 64Cu en 89Zr, met als uiteindelijk doel het ontwerp van MRI-PET 

duale contrastmiddelen. In 30 min tijd werd een zeer hoge labeling opbrengst gehaald 

(88.4% voor 64Cu en 74.0% voor 89Zr). Hierbij is belangrijk dat de relaxaties niet beïnvloed 

bleken te worden door de aanwezigheid van de radionucliden. De succesvolle radiolabeling 

van LTL met 64Cu is gebaseerd op een eenvoudige ionenwisseling met Na+, terwijl de 

radiolabeling met 89Zr berust op coördinatie van 89Zr door de zuurstofatomen van het LTL 

rooster. Deze twee verschillende mechanismes bepalen de lekkage van radionucliden uit het 

verkregen LTL monster. Het eerste vertoonde een zeer hoge lekkage van 64Cu: tot 11.1% in 

PBS en 89.7% in serum bij 37 °C gedurende 24 u. Daarentegen was de lekkage van 89Zr 

ionen uit het laatste monster slechts 1.6 % in PBS en 2.3 % in serum. Een aanzienlijke 

vermindering van de 64Cu lekkage werd verkregen door het 64Cu geladen LTL gedurende 2 

u bij 600 °C te calcineren. Het valt te verwachten dat een verdere verbetering gerealiseerd 

kan worden door het oppervlak van de LTL deeltjes te coaten met PEG. 

Hoofdstuk 6 rapporteert een eenvoudige methode om Ln-bevattende nanodeeltjes te 

synthetiseren. Tot op heden bestond er nog geen procedure om nanodeeltjes in het bereik 

van 5-40 nm te synthetiseren. De hier gerapporteerde mini-emulsietechniek vult dit gat op 

en het is een eenvoudige methode voor de bereiding van nanodeeltjes voor verschillende 

toepassingsgebieden, zoals bijvoorbeeld in medische beeldvorming, optica, en katalyse. We 

tonen aan dat de vorming van nanodruppels onder emulsiecondities de sleutel is tot het 

beheersen van de afmetingen van de gevormde nanodeeltjes. Hierbij zijn het type 

oppervlakte-actieve stof en de aard van de disperse en de continue fases van grote invloed 

op de activiteit van het grensvlak en daarom ook op de thermische ontleding in de volgende 

stap. Bovendien bepaalt de keuze van de oppervlakte-actieve stof de uiteindelijke 

elementaire samenstelling van de deeltjes: gebruik van Brij@35 geeft lanthanide oxides en  

natrium dodecylsulfaat lanthanide oxysulfaten. Holmium en gadolinium nanodeeltjes 

werden bereid en hun toepasbaarheid als MRI contrastmiddelen werd aangetoond. 

In hoofdstuk 7 wordt de veelzijdigheid van op lanthaniden gebaseerde nanodeeltjes 

gedemonstreerd met de toepassing van lanthanide oxysulfaat als katalysator voor zuurstof-

opslag en afgifte. Met behulp van de mini-emulsiemethode werden nanodeeltjes van 

Pr2O2SO4 gesynthetiseerd van ongeveer 30 nm, die vervolgens beladen werden met 1.9 

gew.% Ni. Dit is een kostenefficiënt alternatief is voor het gebruik van Pd of Pt.. 
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Temperatuur-geprogrammeerde reductie/re-oxidatie (TPR/TPRO) toonde aan dat dit 

materiaal, wat betreft reactiesnelheid en temperatuur, uitstekend presteert in zowel 

zuurstofopslag als -afgifte. De begin- en eindtemperatuur hierbij waren lager en de 

opnamesnelheid van zuurstof was twee keer hoger dan het tot op heden gepubliceerde best 

presterende bulk Pr2O2SO4 met1 gew-% Pd. Deze prestatieverbetering kan worden 

toegeschreven aan de gezamenlijke effecten van een hogere oppervlakte/volume 

verhouding, een aanwezigheid van zowel Pr4+ als Pr3+ ionen aan de oppervlakte, en 

kristalvervormingen in de verkregen Pr2O2SO4 nanodeeltjes. 
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