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1 ABSTRACT 

This work is focused on the synthesis of a family of new macrocyclic ligands with exchangeable 

protons on coordinating groups that could potentially serve (after complexation with suitable 

paramagnetic lanthanide(III) ions) as responsive contrast agents (CAs) for magnetic resonance 

imaging (MRI). It is expected that measurement of extracellular pH should bring information for 

tumorous disease diagnoses and/or for suggesting the most efficient treatment. Therefore, our 

attention was focused on pH-dependent CAs based on a PARAmagnetic Chemical Exchange 

Saturation Transfer (PARACEST) mechanism capable of reporting pH changes in tissue. 

The PARACEST-related properties of a series of Ln(III) complexes with the CEST effect caused 

by amino groups coordinated to the central Ln(III) metal ions were investigated. Such a kind of 

PARACEST CA is new and has had no precedent in the literature. It was shown that these Ln(III) 

complexes produce a pH-sensitive PARACEST effect in the pH region relevant for living systems. The 

study brings proof-of-principle for utilization of complexes with a linear diamine pendant arm, i.e. 

complexes with two exchanging proton pools, for ratiometric pH determination by MRI independently 

on the probe concentration. In addition, to ensure a higher kinetic inertness of the complexes and 

PARACEST properties suitable for potential pH-sensitive CAs, a novel macrocyclic ligand containing 

aminophosphonate-coordinating pendant arm was prepared. It was found that its Ln(III) complexes 

could be used as concentration-independent ratiometric probes for pH determination using 

PARACEST measurements and also 31P Magnetic Resonance Spectroscopy (MRS) techniques. Thus, 

these complexes extend the family of pH-sensitive probes for possible utilization in vivo. 
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2 ABSTRAKT 

Tato práce je zaměřena na syntézu nových makrocyklických ligandů s vyměnitelnými protony 

na koordinujících se skupinách a na přípravu komplexů těchto ligandů s vhodnými paramagnetickými 

ionty trojmocných lanthanoidů. Takové komplexy by mohly sloužit jako tzv. responzivní kontrastní 

látky pro tomografii magnetické rezonance (MRI) vhodné ke sledování změn okolních podmínek. 

V rámci této dizertační práce byly studovány kontrastní látky citlivé na změnu pH, které využívají 

přenosu saturace (PARAmagnetic Chemical Exchange Saturation Transfer; PARACEST) a mohly by 

tak sloužit ke sledování změn pH v tkáních. Informace o těchto změnách jsou důležité například pro 

diagnostiku nádorových onemocnění a/nebo pro volbu vhodného způsobu léčby. 

Byla připravena série komplexů makrocyklických ligandů s ionty trojmocných lanthanoidů 

s vyměnitelnými protony aminoskupin, které jsou koordinované k centrálnímu iontu kovu. 

U těchto komplexů byly podrobně studovány vlastnosti PARACEST. Kontrastní látky založené na 

výměně protonů z koordinovaných aminoskupin dosud nebyly v literatuře popsány. Bylo zjištěno, 

že tyto komplexy vykazují efekt PARACEST závislý na pH, a to při takových hodnotách pH, které 

odpovídají fyziologickým podmínkám. Tato studie ukázala, že komplexy s pendantním ramenem 

v podobě lineárního diaminu poskytují ve spektru CEST dva různé signály. Intenzity těchto signálů je 

možné porovnávat a vytvořit tak metodu umožňující určení hodnoty pH pomocí MRI nezávisle na 

koncentraci dané kontrastní látky. Aby byla zajištěna kinetická inertnost komplexů, byl navržen 

a připraven také nový makrocyklický ligand s aminofosfonátovým pendantním ramenem. Bylo 

zjištěno, že komplexy tohoto ligandu vykazují vlastnosti PARACEST důležité pro potenciální senzory 

pH a mohly by tak být použity jako kontrastní látky ke sledování změn pH. Stejné látky lze také použít 

k určení pH pomocí techniky 31P MRS (Magnetic Resonance Spectroscopy). Komplexy připravených 

ligandů tedy mají velký potenciál pro další aplikace a rozšiřují tak možnosti využití kontrastních látek 

ke sledování pH za podmínek in vivo. 
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3 PREFACE 

In 1945, Edward M. Purcell, Henry C. Torrey and Robert Pound observed the first 

radio-frequency signals generated by the hydrogen nuclei in paraffin wax. Independently a few months 

later, Felix Bloch, William W. Hansen and Martin E. Packard performed a different experiment in 

which they detected the signal of the hydrogen nuclei of water. In the years since then, i.e. after this 

“birth” of the field known today as nuclear magnetic resonance (NMR), this modality has become an 

important physical tool for investigating chemical compounds.1 

Over the next 30 years, the method was gradually developed and new ways of its utilization 

were discovered. In 1966, Richard Ernst explored application of a new Fourier transform technique to 

magnetic resonance spectroscopy. The method consisted of the application of a sequence of short 

radiofrequency (RF) pulses to the sample, record the response (FID; Free Induction Decay) of the 

system in a digital form on a computer, and Fourier transformation of the time-dependent signal. He 

demonstrated that it can enhance the signal-to-noise ratio of NMR spectra and that the NMR spectrum 

measured by this technique (compared to that recorded with the usual spectral sweep method) can be 

obtained in a much shorter time.2,3 

Over the next few years, scientists realized the potential of NMR for visualization of 

pathological changes in living subjects. In 1971, Raymond Damadian observed that NMR relaxation 

times of normal healthy tissues and those of tumours are different and he suggested that these 

differences could be used for the detection of cancer.4 He also designed a concept of 3D NMR 

apparatus for scanning a whole body which was patented in 1974 with a title “Apparatus and Method 

for Detecting Cancer in Tissue”.5 Between 1973 and 1975, several articles were published by Paul C. 

Lauterbur and Peter Mansfield (without knowledge of each other’s work) describing a way to spatially 

localize NMR signal using magnetic field gradients. Lauterbur measured the first images of two 1 mm 

capillaries filled with water in 1973 and called his imaging method zeugmatography (Greek word 

zeugma means joining, connection; this technique used a static magnetic field and spatially defined 
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radiofrequency field gradients).6 , 7 This term was later replaced by the term Nuclear Magnetic 

Resonance Imaging (Nuclear MRI) and then MRI.*,8 Two years later, in 1975, application of Fourier 

transformation to reconstruct 2D images was described by Richard Ernst and this technique is the basis 

of today’s MRI. All of the discoveries mentioned above laid the foundation for Magnetic Resonance 

Imaging and opened the door to novel opportunities in medicine.9 

 

 
*In 1983, the editorials of the American Journal of Roentgenology suggested that the word “nuclear” should be 

eliminated to reduce patient anxiety; therefore, the method was renamed MRI. 
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4 INTRODUCTION TO MRI 

Nowadays, MRI is one of the most valuable diagnostic methods used in clinical practice and 

biomedical research. This imaging modality uniquely offers convenient non-invasive application, 

spatial resolution and tomographic capability, and often represents the only reliable method for 

detection of cranial abnormalities or cerebral lesions. The principles of MRI predominantly rely on 

monitoring of different distributions and properties of water molecules in tissues and on a variation in 

its proton longitudinal (T1)† and transversal (T2)‡ relaxation times (except for some less common MRI 

techniques utilizing other isotopes , e.g. 19F and 31P).10,11 Therefore, several types of MRI images can be 

generated that represent local differences in a water concentration (proton density weighted images) 

and relaxation times (T1- and T2-weighted images) in different tissues, healthy or pathological 

(Figure 1). 

 

Figure 1: A: Proton density, B: T1- and C: T2-weighted MR images of a human brain. Adapted from [12]. 

 

As the human body is mostly composed of water (~70%), almost any tissue type generates a 1H 

NMR signal and, therefore, relevant diagnostic information from MR images can be obtained even with 

a natural contrast. However, for further extension of the level of image contrast and resolution of 

anatomical features (e.g. to differentiate between cancerous and healthy tissue), exogenous MRI 

 
† The longitudinal relaxation time T1 characterizes the time at which the z-component of the nuclear spin 

magnetization vector (Mz) recovers towards its thermodynamic equilibrium (z-axis is parallel with B0). 
‡ The transversal relaxation time T2 characterizes the time at which the xy-component of the nuclear spin 

magnetization (Mxy) recovers towards its thermodynamic equilibrium. 
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contrast agents (CAs) were developed very soon after foundation of the method.13 Using CAs greatly 

enhances, for example, the possibility to depict disruption of the blood-brain barrier and the 

morphological details of lesions.14 With MR CAs, it also becomes possible to improve MRI sensitivity 

to detect and assess ischemically injured myocardium15 or, for example, to monitor vascular flow of the 

large arteries and veins using MR angiography.16 CAs also enable specific cell labelling and subsequent 

monitoring of the labelled cells in vivo.12 Thus, the application of CAs has become an indispensable tool 

of modern medicine. 

4.1 T1  AND T2  CONTRAST AGENTS 

The most widely used CAs are those that enhance MR contrast by reducing the T1 and/or T2 

relaxation times of the surrounding nuclei (i.e. bulk water protons) and provide an increase/decrease in 

the 1H MR signal intensity of the affected tissue using a suitable measuring pulse sequence. Those that 

predominantly reduce T1 are called “positive CAs” and, in T1-weighted images, their application results 

in increases in signal intensity. Those that affect T2 are known as “negative CAs” and, in T2-weighted 

images, they provide reductions of signal intensity.17 The efficiency of the CAs is commonly expressed 

in terms of relaxivity ri (where i = 1, 2 correspond to the particular relaxation processes; longitudinal or 

transversal) which is defined as the longitudinal or transversal relaxation rate Ri (= 1/Ti) of water 

protons observed for millimolar solution of the CAs.10 

From the chemical point of view, T1-CAs are complexes of appropriate organic ligands with 

highly paramagnetic metal ions, such as Mn(II), Fe(III) or Gd(III). These ions have a symmetric 

electronic state (d5, f7) and, thus, a relatively long electronic relaxation time which is needed for 

efficient relaxation of neighbouring molecules. In these complexes, the presence of a water molecule 

coordinated to the central metal ion is needed because this water molecule exchanges with the 

surrounding water molecules and transfer the paramagnetic information to the bulk water. Therefore, 

efficiency of the T1-CAs depends on the number of inner-sphere water molecules (hydration number 

q). It also depends on the distance between the metal ion and the protons of the coordinated water 

molecule and on numerous physico-chemical parameters including residence time of the coordinated 

water molecules (τM), rotational correlation time of the complex (τR), and interaction of the complex 
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with water molecules in the second and outer spheres (hydration number qss and mean residence time 

τMss).10 Currently, the mostly used T1-CAs are complexes that consist of a multidentate ligand and 

Gd(III) ion. However, free Gd(III) is significantly toxic. The ionic radius of this ion is close to that of 

Ca(II) and, therefore, this element is a blocker of many types of voltage-gated calcium channels.18 Thus, 

the ligands have to exhibit complexation selectivity for Gd(III) over endogenous metal ions such as 

Zn(II), Mg(II) or Ca(II) and the complexes must be thermodynamically stable. Another important 

toxicological feature is the rate of decomplexation and transmetalation in comparison with the rate of 

excretion of the complex from the body.10,19 

The most commonly used commercial T1- CAs utilize two types of octadentate polyamino- 

-polycarboxylic ligands which employ nitrogen and oxygen donor atoms to coordinate the Gd(III) ion. 

The first type of ligands includes acyclic diethylenetriamine derivatives with several chelating pendant 

arms. The second type are tetraazamacrocyclic cyclen derivatives (cyclen = 1,4,7,10- 

-tetraazacyclododecane). Selected Gd(III) complexes used in clinical practice are shown in Figure 2.10 

On the other hand, T2-CAs are mostly superparamagnetic nanocrystalline iron oxides 

(maghemite γ-Fe2O3 or magnetite Fe3O4), for example coated by dextrans or siloxanes. The coated 

nanoparticles of several substituted ferrites (MnFe2O4, CoFe2O4, NiFe2O4 etc.), bivalent metal-doped 

lanthanide manganites with the perovskite structure (Ln1-xMxMnO3) or lanthanide(III) oxides, such as 

Dy2O3, have also been investigated as potential T2-CAs.20,21,22 Nanoparticles of iron oxides are divided 

into three categories according to their hydrodynamic size, as follows: a) USPIO (Ultra-Small Super 

Paramagnetic Iron Oxides; <50 nm); b) SPIO (Super Paramagnetic Iron Oxides; hydrodynamic 

diameter from 50 nm to several microns); and c) MPIO (Micron-Sized Iron Oxide Particles) and their 

biological distribution and blood half-life is directly dependent on their size.12 

Nanoparticles of iron oxides have a very large magnetic moment and create a strong magnetic 

field inhomogeneity around them and, thus, they considerably reduce the T2 relaxation time of the 

water protons in their vicinity.12,20,23 The commercial T2-CAs based on iron oxide nanoparticles used in 

clinical practice are specifically SPIO and USPIO particles. Some SPIO nanoparticles are in clinical 

trials or already approved for the detection of liver metastases. A typical clinical application of USPIOs 

is lymph-node imaging.12,23,24  
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 Dotarem® 

[Gd(dota)]− 

Gadovist® 

[Gd(bt-do3a)] 

ProHance® 

[Gd(hp-do3a)] 

 

 

 

 
  

 

 Magnevist® 

[Gd(dtpa)]2− 

MultiHance® 

[Gd(bopta)]2− 

Omniscan® 

[Gd(dtpa-bma)] 

 

Figure 2: Selected clinically used Gd(III)-based MRI CAs. Coordinated water molecules (q = 1 in all cases) are 

omitted for clarity. 

 

4.2 CEST CONTRAST AGENTS 

4.2.1 History 

Recently, a new class of MR CAs that operate through a completely different mechanism called 

Chemical Exchange Saturation Transfer (CEST) was introduced. The effect of chemical exchange 

process on NMR spectra was reported in 1951 and, in the years since then, it has been intensively 

investigated.25 In 1957, Harden M. McConnell and Don D. Thompson used modified Bloch equations 

to describe a new transient nuclear magnetic resonance effect arising from the rapid transfer of 

non-equilibrium nuclear spin magnetization from one magnetic environment to another. They applied 

this method to study proton transfers between ammonium ions in acidified solution of ammonium 
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nitrate.26 However, the first chemical exchange saturation transfer experiments were performed in 1963 

by Sture Forsén and Ragnar A. Hoffman when they studied proton transfer rates between 

salicylaldehyde and water.27 In 1989, Robert S. Balaban and Steven D. Wolff calculated the pseudo-first-

-order rate constant for the transfer of magnetization between water and exchangeable protons of some 

macromolecules in kidneys and skeletal muscle and introduced an alternative way to produce MR 

images using presaturation pulses.28 They also studied proton exchange between ammonium chloride 

and water; they found that only the water resonance could be detected in the 1H NMR spectrum while 

the ammonium proton signal was invisible. However, when they applied a RF presaturation pulse at the 

ammonium proton resonance frequency, they detected a decrease in the water signal intensity and they 

called this new MRI contrast mechanism chemical exchange saturation transfer (CEST).29,30 This 

approach has garnered significant attention as the same group has demonstrated that low-molecular- 

-weight compounds containing OH and NH groups able to exchange protons with the bulk water may 

also be used to alter tissue contrast via saturation transfer. This new class of agents was named CEST 

CAs.31,32 

4.2.2 Principle 

The mechanism of CEST imaging is based on chemical exchange of bulk water protons with 

labile (exchangeable) protons of some specific functional group (such as hydroxyl, amide, amine, thiol) 

or, in the case of paramagnetic metal complexes, with protons of a coordinated water molecule which 

resonate at a frequency different from that of the bulk water protons. At equilibrium, the number of 

spins aligned with the magnetic field slightly exceeds the number aligned against it (Figure 3). When a 

selective RF presaturation pulse is applied at the resonance frequency of the exchanging site, the 

Boltzmann distribution of nuclear spins is temporarily altered and the number of spins aligned against 

the field is increased. When the number of spins aligned with (Nα) and against (Nβ) the field is equal 

(Nα = Nβ), the system is said to be saturated and no signal is observed in the NMR spectrum 

(Figure 3).27, 33 In the case that the exchange rate constant (kex) between exchanging site (H) and bulk 

water protons (H2O) is not greater than the difference in Larmor frequency (Δω) between these two 
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chemical environments (kex ≤ Δω), and the longitudinal relaxation rates (R1) of two pools, H and H2O, 

are lower compared to the rate of the exchange between these two pools, the saturation is transferred to 

the surrounding bulk water molecules (H2O). It results in a decrease in the water signal intensity and, 

thus, in darkening of the corresponding area in the MR image (Figure 3).33 

 

 

 

Figure 3: Schematic representation of spins distribution and simulated NMR spectra of two chemically distinct 

pools of nuclei (exchangeable and bulk water protons). 

 

Results of CEST experiments are usually presented as so-called CEST spectra (or Z-spectra), 

i.e. as a dependence of the normalized bulk water signal intensity (magnetization; Mz/M0) as a function 

of presaturation frequency. Mz corresponds to the water signal when a presaturation pulse is applied 

and M0 represents magnetization of the water signal without RF saturation. The bulk water signal is 

commonly referenced as 0 ppm (Figure 4). Sometimes it is difficult to quantify the CEST effect due to 

close proximity of the CEST signals of exchangeable protons with the regions affected by direct water 
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presaturation. The magnitude of the CEST effect can therefore be better described in terms of a 

magnetization transfer ratio (MTR) parameter,34 defined as (Equation 1) 

 

MTR = MΔω/M0 − M−Δω/M0 (1) 

 

where M±Δω is the magnetization (i.e. intensity) of the 

water signal with the use of a presaturation 

frequency ±Δω away from the bulk water signal 

(Figure 4D). 

4.2.3 PARACEST CAs 

The first molecules used to demonstrate the 

CEST effect were diamagnetic endogenous 

compounds and, therefore, they had chemical shifts 

of labile protons not much different from that of 

bulk water. Recently, this modality has been 

extended to exogenous paramagnetic complexes to 

produce an MR contrast called PARAmagnetic CEST 

(PARACEST) effect. Paramagnetic agents enlarge the 

frequency range for exchanging sites by a few orders 

of magnitude (up to several hundred ppm). 

Therefore, these agents allow easy saturation of one 

of the exchangeable pools without partial saturation 

of the bulk water pool, i.e. reduce non-specific 

proton irradiation.33, 35  Moreover, paramagnetic 

complexes can provide additional saturation transfer 

between the bulk water and the water molecule coordinated to the central metal ion.13 

 

Figure 4: Schematic representation of A: 1H NMR 

spectrum, B: bulk water signal intensity 

(magnetization; Mz/M0) at different presaturation 

frequencies, C: corresponding Z- (or CEST) 

spectrum and D: MTR spectrum. 
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H4dota H3do3a  R = H 

 R = CH2COOH 

 R = CH2COOEt 

 dotam 

 H4dotamGly 

 Et4dotamGly 

 

 

  

cnphc H3do3a-hp 
s-thp 

Figure 5: Macrocyclic ligands discussed in the text. 

Most often, PARACEST CAs are complexes of macrocyclic (DOTA- or DO3A-like) ligands 

with lathanide(III) ions (Ln ≠ Gd, La, Lu). In 1998, S. Aime et al. reported the possibility to detect a 1H 

NMR signal of bound water of [Eu(dotam)(H2O)]3+ complex (Figure 5) at low temperature in 

acetonitrile-d3.36 Several years later, A. D. Sherry and co-workers were the first who demonstrated 

utilization of the lanthanide(III) complexes of the DOTA tetraamide derivative (Et4dotamGly; Figure 5) 

for CEST imaging. These complexes exhibit unusually slow bound-water exchange (i.e. long residence 

time τM) in aq. solution (3–380 μs, depending on the Ln3+). They found, from a series of lanthanide(III) 

complexes with different ligands, that the complex [Eu(Et4dotamGly)(H2O)]3+ (which has a bound-water 

signal near δH = 50 ppm with an exchange lifetime τM = 382 μs)31 appears to be the most favourable 

PARACEST agent showing the largest CEST effect.37,38 Later on, S. Aime et al. investigated CEST 

properties of another series of Ln(III) complexes (Ln = Eu, Dy, Ho, Er, Tm and Yb) with H4dotamGly 

(Figure 5). These complexes possess two pools of exchangeable protons. The first one is represented by 

the protons of a coordinated water molecule and the second one belongs to the amide protons. The 
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amide groups (or, in general, other suitable functional groups) are an alternative source of highly 

shifted exchangeable protons and might offer an advantage in increasing the number of labile protons 

(for example, there are four exchanging amide protons in these complexes compared to only two 

protons of coordinated water molecule). Consequently, the CEST effect of these CAs could be more 

intensive and, thus, their administered dose could be lower. Moreover, the exchange rate of the amide 

protons is base-catalysed and it was shown that the CEST effect of [Yb(dotamGly)]− is strongly 

pH-dependent and this complex could be efficient pH-responsive probe in the physiological pH 

range.39  Interesting behaviour was also found in the case of [Yb(dotam)]3+ complex with two 

magnetically non-equivalent amide protons on each amide group which appear as two broad CEST 

peaks at −14.5 and −17.7 ppm. Chemical exchange of these protons lays, depending on the pH (from 

6.5 to 7.8), in the 440–5000 μs range.40 

More recently, M. Woods et al. identified another potential exchangeable group in Ln(III) 

complexes when they introduced hydroxyethyl pendant arms.41 Such a type of ligands has been widely 

employed for chelation of the Ln(III) ions and, thus, it is known that the hydroxyl groups of these 

ligands at neutral pH retain their protons upon coordination to a metal ion.42 This group then provides 

another type of chemical exchange site for the CEST activation.33,41,43 It was shown that the proton 

exchange rate of [Eu(s-thp)(H2O)]3+ complex§,44 (Figure 5) in aqueous solution is so fast that no 

appreciable CEST effect can be observed.41 On the other hand, Eu(III) complex of cnphc (Figure 5) 

possesses three CEST signals from the pendant nonequivalent hydroxyethyl groups, one CEST signal of 

coordinated water molecule and another one corresponding to exchange of the amide proton. 

However, this complex showed the CEST effect of the coordinated alcohol groups in acetonitrile as a 

solvent but not in pure water.41 Later on, Ce(III) complex of the s-thp was introduced as the first 

PARACEST agent that exhibits a CEST spectrum of alcohol group in aqueous solution at pH = 7.0.45 

Unfortunately, the CEST signals of these complexes are not highly shifted away from bulk water and 

the most efficient CEST probe, [Yb(s-thp)]3+, produces CEST effect only at acidic pH. Recently, it has 

been reported that Yb(III) analogue of the clinically used [Gd(do3a-hp)(H2O)] complex (ProHance®; 

 
§ s-thp = the stereoisomer of thp with all hydroxypropyl groups with the S-configuration. 
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Figure 2; ligand structure is shown in Figure 5) has CEST signals of the coordinated alcohol groups 

more shifted away from that of bulk water peak in the physiologically relevant pH range (two isomers; 

~70 and ~100 ppm at pH = 7.3).46 

It has been demonstrated that administration of Ln(III)-based CAs to patients with severe 

renal insufficiency can result in a serious disease called nephrogenic systemic fibrosis (NSF).47 NSF is a 

fibrosis of skin and internal organs related to exposure to the free Ln(III) ions which are released from 

the MRI CAs due to their prolonged stay in a blood pool of patients with impaired kidney function. 

Therefore, complexes that employ some endogenous transition metal ions with suitable magnetic 

properties, such as Fe(II), are another promising class of PARACEST agents and could be an alternative 

to lanthanide(III) CAs for patients with renal failure and predisposition to NSF. These are mainly 

complexes with derivatives of cyclen (1,4,7,10-tetraazacyclododecane), TACN (1,4,7- 

-triazacyclononane) or 1,4,10-trioxa-7,13-diazacyclopentadecane having 2-hydroxypropyl or acetamide 

pendant arms, or with pendants containing derivatives of benzimidazole or pyridine. 48  The 

coordination chemistry of transition metal ions is different from that of the Ln(III) ions and, thus, this 

leads to new challenges in design of PARACEST CAs. Besides complexes of endogenous Fe(II), the 

PARACEST properties of Ni(II) and Co(II) complexes were also studied.49 However, potential in vivo 

applications of these compounds require (as well as in the case of Ln(III) complexes) a high kinetic 

inertness of the metal complexes towards dissociation/transligation/transmetalation. 

4.2.4 Advantages of PARACEST CAs 

One of the major advantages of PARACEST CAs is the possibility to turn the image contrast 

produced by these agents “on” and “off” by application of a frequency-selective RF presaturation pulse 

and, thus, to modulate the water signal intensity at will. This feature makes it possible to get a response 

after the saturation of different CEST sites in the same experiment, i.e. to detect different exchanging 

sites of one agent or to detect several agents with different CEST signals in the same sample. This fact 

makes it possible to visualize and monitor labelled cell cultures after cell transplantation in one MR 

experiment or to detect different CEST signals for ratiometric purposes. 
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Moreover, MRI contrast produced by these agents is extremely sensitive to proton exchange 

rates (kex) and, therefore, to a number of external factors. This feature makes them attractive for 

measuring various physiological parameters, such as temperature, pH, metabolite or metal ion 

concentration. In addition, it is possible to use PARACEST CAs for quantitative concentration- 

-independent measurements using ratiometric methods. Therefore, these agents extend the imaging 

capabilities of MRI and they could be used as biologically responsive sensors.13 

4.3 PH IMAGING 

In living systems, variations of physicochemical parameters (as concentration of ions and 

metabolites in tissues or in cellular microenvironment) can provide important information about the 

status of healthy or diseased tissues, organs and tumours.17 Therefore, nowadays, MRI CAs (usually 

called “responsive” or “smart”) with the ability to detect these parameters are of the great interest of 

researchers.12,16 

It is known that an extracellular tumour microenvironment is often slightly acidic (pH is about 

0.5−0.6 units lower than that of healthy tissue).12 It is caused by reduced buffering capacity, poor 

perfusion, and accumulation of lactic acid from increased anaerobic glycolysis.50 Therefore, it is 

expected that measurement of extracellular pH in vivo using non-invasive techniques should provide 

important information for early detection of disease or some metabolic disorders. Moreover, it was 

demonstrated that some hypoxic tumour cells are resistant to radiation and to many anticancer drugs 

(a lower tumour pH can provide resistance to chemotherapeutics that are weak bases and/or enhance 

the efficacy of chemotherapeutics that are weak acids).51,52 Therefore, ability to detect extracellular pH 

could also be useful for suggesting the most efficient treatment or for monitoring the effects of pH-

altering therapies.16,53 For the reasons mentioned above, it is unsurprising that this Thesis is focused on 

such responsive CAs that are pH-sensitive. 
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4.3.1 Gd(III)-based CAs 

Several MRI approaches have already been devised to map pH. Some of them exploit 

endogenous MR resonances while others require the administration of exogenous CAs. Previous works 

have suggested relaxation-based MRI CAs, mainly Gd(III) complexes, with the longitudinal relaxivity 

(r1) dependent on pH.54 Some of them were based on a variation in the hydration state of the complex 

(i.e. on the number of inner-sphere water molecules q). Interesting results have been obtained, for 

example, with a series of Ln(III) macrocyclic complexes based on DO3A with variation of the 

p-substituent in the β-arylsulfonamide group in the pendant arm (H3do3a-sa-R; Figure 6). It was 

shown that (de)protonation of this group and, thus, a change in the coordination ability of the 

β-arylsulfonamide pendant arm, is associated with changes in the number of coordinated water 

molecules (q = 2 at low pH to 0 at high pH values). It results in significant changes in relaxivity r1.55 

Similar features were found in the case of Gd(III) complexes based on DO3A with 

2-aminoethyl (H3do3a-ae; the results were published during work on this project)56 or methylene-p- 

-nitrophenol57 pendant arms (H3do3a-mnp; Figure 6). Strong and reversible pH-dependent relaxivity 

changes related to (de)protonation of the 2-aminoethyl/phenolic group were observed. Other 

interesting results have been obtained by J. Hall et al.,58 who studied the Gd(III) complex with 

terpyridine-containing macrocycle, which demonstrated a significant decrease of relaxivity with 

increasing pH. The authors attributed it to a decrease in q from 3 to 0. These changes were ascribed to 

formation of the hydroxido species and hydroxido-bridged dimer with a negligible exchange rate of the 

coordinated OH− ions.58 However, an important limitation of the MRI methods for determination of 

pH using relaxation-based CAs is fact that the relaxation enhancement of these complexes is also 

dependent on their concentration. Therefore, it becomes difficult to distinguish whether the observed 

changes in MRI images are caused by changes in pH or changes in concentration of the probe and it, of 

course, requires separate measurement of agent concentration to obtain quantitative results. Thus, 

novel methods based on ratiometric approaches are investigated in order to remove dependence of the 

measurement on the local concentration of the CAs.17,19,59 
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 H3do3a-sa-R 

 R = CF3, CH3 or OCH3 

 

 H3do3a-mnp R1 = R2 = H 

R1 = H; R2 = CH3 

R1 = R2 = CH3 

H3do3a-ae 

H3do3a-aeMe 

H3do3a-ae2Me 

 

 

  

 

 

 H8dotp  H8dotamAmP 

Figure 6: Macrocyclic ligands discussed in the text. 

The first concentration-independent method was proposed in 2003 by A. D. Sherry, R. J. Gillies 

and co-workers.54b They developed a relaxivity-based dual-contrast-agent strategy using two different 

Gd(III) complexes to obtain a pH map of mice kidneys and rat glioma. This method consists of 

consecutive injection of two compounds, pH-insensitive [Gd(dotp)]5− and pH-sensitive 

[Gd(dotamAmP)]5− complexes (Figure 6) containing four ionisable phosphonate groups. These 

complexes have similar tissue pharmacokinetics and biodistribution. Hence, the pH-insensitive CA can 

be used to predict concentration of the pH-sensitive one: knowledge of this local concentration allows 

access to a relaxivity-based image that directly reports on the pH-differences.20,54b,60 An alternative 

approach, introduced by E. Terreno and co-workers, deals with measurement of the ratio of transversal 

and longitudinal relaxation rates of water protons (R2/R1) after the injecting of a single paramagnetic 

Gd(III) complex of DOTA-functionalized polypeptide (poly-L-ornithine). Depending on the 

protonation state, this complex changes its τM or rotational mobility; it therefore allows an assessment 

which is independent of contrast agent concentration.61 
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4.3.2 PARACEST CAs 

Another concentration-independent approach for detection of pH is based on (PARA)CEST 

agents having two independent and selectively detectable CEST signals. They can originate from two 

different exchangeable proton pools of the same molecule or from two conformations of the same 

complex generating CEST signals at different chemical shifts.16 

As mentioned above, in 2002 S. Aime et al. explored the PARACEST properties of a series of 

Ln(III) complexes with the macrocyclic ligand H4dotamGly (Figure 5). They proposed a ratiometric 

method utilizing a bound water exchange site from one PARACEST agent and an amide proton 

exchange site from another [mixture of Eu(III) and Yb(III) complexes was tested]. This ratiometry is 

possible because the exchange rate of amide protons of the [Yb(dotamGly)]– complex is base-catalysed 

and responsive to pH changes, and the CEST effect arising from the bound water of the 

[Eu(dotamGly)(H2O)]– is pH-independent in the physiological pH range (i.e. pH = 6–8).**39 Later on, an 

improvement of this procedure was demonstrated when it was shown that the paramagnetic 

H4dotamGly complexes of “lighter” Ln(III) ions (Pr, Nd and Eu) behave as pH-responsive “single- 

-molecule” CEST agents. These agents have two CEST-active exchanging pools (protons of the 

coordinated water molecule and amide protons) with different pH dependencies of their CEST effects. 

Thus, the CEST signals can be analysed on a ratiometric basis allowing the pH readout.62 

Results of the experiments with Yb(III) complex of H3do3a-hp (Figure 5), which is analogue of 

clinically used MRI CA, [Gd(do3a-hp)(H2O)] complex (ProHance®), seem very promising.46 This 

PARACEST probe is responsive to pH and also to temperature irrespective of the complex 

concentration. In this case, the proton exchanging pools are represented by the hydroxyl protons of 

two diastereoisomers (SA, Square Antiprism and TSA, Twisted Square Antiprism) of the same complex 

(well resolved PARACEST peaks at 71 and 99 ppm; pH = 5, 20 °C) and can be used to devise a 

 
** The [Eu(dotamGly)(H2O)]– complex also possesses one pool of the exchangeable protons of the amide groups in 

the 1H NMR spectra. However, the first attempts to detect the CEST effect arising from the irradiation of the 

amide protons were unsuccessful because of the small chemical shift difference (~4 ppm) between the bulk water 

and amide-protons signals.  
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ratiometric concentration-independent procedure for pH mapping.46 This probe has already been 

tested as a pH probe in mice murine melanoma.53 

 

 

 

 

 

 H4dotamGlyLys  H3do3a-oAA 

Figure 7: Ligands discussed in the text. 

A novel method for in vivo extracellular pH measurement using amide protons of Tm(III) 

complex of H4dotamGlyLys (Figure 7) was also presented. This approach uniquely determines pH from 

the linewidth of the CEST signals in MTR spectrum.63 je CEST signal of amide proton at −10 ppm (in 

combination with the CEST signal of amine protons at +10 ppm) of Yb(III) complex with H3do3a-oAA 

(Figure 7) was also used to accurately measure pH with a single CA using ratiometry and some 

preclinical in vivo experiments with tumour tissues were presented.64 

4.3.3 Agents for Magnetic Resonance Spectroscopy (MRS) 

MRS (Magnetic Resonance Spectroscopy) is an alternative approach for concentration- 

-independent in vivo pH-determination exploiting endogenous and exogenous MR resonances. In 

general, such a method is a clinical imaging tool for detection of tissue metabolites in vivo to provide 

information about neurological, psychiatric and metabolic diseases.65 In addition, spectral information 

of a metabolite/compound with a particular chemical shift can be encoded into the image and a map of 

its spatial distribution can be reconstructed by a method called Magnetic Resonance Spectroscopic 

Imaging (MRSI). MRS approaches for pH mapping are generally based on a difference in chemical 
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shifts between pH-dependent and pH-independent resonances and, over the years, several techniques 

and agents have been tested for this purpose. 

It was shown that intracellular inorganic phosphate concentrations (Pi) are 2−3 mM, compared 

to ca. 1.0 mM for extracellular environment.50 Therefore, the majority of Pi resonance is intracellular. 

As the resonance frequency of Pi is pH dependent in the physiological pH range (appropriate pKa is 

~7.2), intracellular pH (pHi) may be estimated by measuring the 31P NMR chemical shifts of this anion 

and some pH-independent compound as a reference compound (phosphocreatine or α-phosphorus 

atom of ATP).66 On the other hand, extracellular pH (pHe) of tumours in animal models has been 

monitored by administration of some nontoxic and membrane impermeant exogenous agents such as 

3-aminopropylphosphonic acid (3-APP; Figure 8) with a chemical shift dependence of ~1 ppm per pH 

unit [δP = 24.32±0.01 and δP = 21.10±0.01 ppm for zwitterionic NH3
+(CH2)3PO3H− and deprotonated 

NH3
+(CH2)3PO3

2− form, respectively; pKa = 6.9].12,50,67 

Probes with the pH-sensitive 19F signals having an advantage in total lack of endogenous 19F 

resonances in normal tissues have also been developed. Fluorinated derivatives of vitamin B6, 6-FPOL 

and 6-FPAM, i.e. 6-fluoropyridoxol (pKa = 7.05)68 and 6-fluoropyridoxamine (pKa = 8.2)68, respectively 

(Figure 8), allow the measurement of both intra- and extracellular pH in rat tumours.69 

It was also shown that tissue pH can also be detected in vivo using probes with pH-sensitive 1H 

nucleus.12 For example, the imidazole ring has pKa = 6.49 (i.e. close to physiological pH) and its three 

aromatic proton NMR resonances have chemical shifts far away from the water signal. Therefore, the 

imidazole ring-containing molecules are suitable candidates for this purpose. An exogenously 

administered 2-(imidazol-1-yl)-3-ethoxycarbonyl-propanoic acid (IEPA; Figure 8) has been utilized in 

non-invasive determination of pHe of breast cancer or brain tumours in vivo using 1H MRS.70 This 

compound is nontoxic with pH-dependent chemical shift of the C-2 hydrogen atom resonance in the 

7–9 ppm range.12,50 

However, the disadvantage of using diamagnetic compounds as pH probes for MRS is the fact 

that their signals can be overlapped with existing in vivo resonances. That is why macrocyclic 

complexes of paramagnetic Ln(III) ions have also been tested. The Yb(III) complex of H8dotp has been 

introduced as a prototype of pH indicators because stepwise protonation of the complex is 
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accompanied by variations in the proton chemical shifts (6 signals in 1H NMR spectrum). This enables 

creation of a calibration curve for determination of pH.71 Recently, it has been demonstrated that pH 

and temperature can be simultaneously measured using a three-dimensional chemical shift imaging 

(CSI) method called Biosensor Imaging of Redundant Deviation in Shift (BIRDS) that combines a high 

spatial resolution MRI with a high molecular specificity MRS. It was shown that Tm(III) complex of 

H8dotp (Figure 6) infused through the blood stream can be used for pH and temperature 

determination of rat brain in vivo.72 Chemical shifts of nonexchangeable protons of this complex are 

shifted due to their close proximity to the metal ion. Protonation of the phosphonate groups of the 

pendant arms affects the molecular structure of the complex and, therefore, the chemical shifts of the 

proton signals are shifted in response to pH changes. Moreover, the proton chemical shifts also have 

temperature sensitivity and, therefore, it is possible to use 3D calibrations (chemical shift vs. pH vs. 

temperature) of different protons signals for pH and temperature determination. Complexes of Tm(III) 

and Yb(III) ions with phosphonate-carboxamide ligand H8dotamAmP (Figure 6) also exhibit suitable pH 

sensitivity for BIRDS detection using chemical shift difference between two proton resonances. In 

addition, these agents are also CEST-active and, thus, the CEST effect observed together with BIRDS 

opens the way towards high-resolution and quantitative pH imaging.73 

 

 

 

  

3-APP R = OH 6-FPOL IEPA 

R = NH2 6-FPAM 

Figure 8: Compounds discussed in the text. 

A large number of different approaches and probes for potential utilization in pH mapping has 

been reported in the literature and it is unsurprising that a current challenge is translation of the 

promising in vitro results into in vivo applications. 
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5 AIMS OF THE THESIS 

The presented Thesis arose as a continuation of my previous research which has been started 

during my master’s studies. In that work, I investigated PARACEST-related properties of a series of 

lanthanide(III) complexes with the CEST effect caused by amino groups coordinated to the central 

Ln(III) metal ions. Such a kind of PARACEST CA had not been reported in the literature. These 

macrocyclic ligands (H3do3a-ae, H3do3a-aeMe and H3do3a-ae2Me; Figure 9), as well as their Ln(III) 

complexes, were prepared and the PARACEST properties were studied by NMR spectroscopy and by 

MRI techniques. The first objective of this Thesis was to expand the previous work, optimize and 

improve synthesis of the ligands, and to study the PARACEST effect of their Ln(III) complexes in more 

details. 

 

  
 

R1 = R2 = H 

R1 = H; R2 = CH3  

R1 = R2 = CH3 

H3do3a-ae 

H3do3a-aeMe 

H3do3a-ae2Me 

 H3do3aNN 

 

 H5do3aNP 

Figure 9: Structural formulas of the ligands studied in the Thesis. 

It is expected that mapping tumour pH in vivo should provide important information 

concerning the aggressiveness of tumours and, thus, pH-responsive CAs are nowadays intensively 

investigated. They could serve as valuable markers of disease progression or indicators for the choice of 

the best treatment. In this respect, the second aim of this work was to synthesize a new macrocyclic 

ligand H3do3aNN (Figure 9) containing a semilabile coordinating pendant arm with two (primary and 
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secondary) amino groups as two potentially independent proton exchanging pools, to investigate the 

PARACEST properties of its Ln(III) complexes, and to develop a concentration-independent 

ratiometric approach for pH determination using MRI. 

Based on the promising results of the previous study, we also defined the third goal of this 

project. To explore what progress could be made in the PARACEST properties of the complexes with 

aminophosphonate-coordinating pendant arm, a new macrocyclic ligand H5do3aNP was designed 

(Figure 9). The Ln(III) complexes of this ligand were expected to be more kinetically inert and an 

existence of different isomers in solution was supposed. Isomers could provide different CEST signals 

to set up a ratiometric calibration that will report on the pH values, irrespective of the concentration of 

the CA. In addition, the presence of phosphorous atom could potentially be employed in 31P NMR- 

-based applications (e.g. 31P MRS/MRSI) for determination of pH. 
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6 RESULTS AND DISCUSSION 

6.1 LANTHANIDE(III) COMPLEXES OF AMINOETHYL-DO3A 

6.1.1 Synthesis and structure 

Before I decided to design and synthesize Ln(III) complexes of analogues of DOTA, several 

PARACEST CAs were already known (see Introduction). However, the research area of the 

macrocyclic complexes with the CEST caused by amino groups was quite unexplored and, therefore, 

there was a good motivation to start with this topic. To ensure complex stability, the ligands studied in 

this work are based on a macrocyclic skeleton. They are derivatives of DOTA formally obtained by 

replacing one carboxylic arm with 2-aminoethyl pendants containing primary (H3do3a-ae; referred as 

H3L1 in the paper),74 partially methylated secondary (H3do3a-aeMe; H3L2), and dimethylated tertiary 

(H3do3a-ae2Me; H3L3) amino groups, see Figure 9. 

 

Scheme 1: Synthesis of H3do3a-ae and H3do3a-ae2Me: (i) phthalimide, DMF, K2CO3, TBAB, 40 °C, 18 h; (ii) 

tBu3do3a·HBr, MeCN, K2CO3, 60 °C, 24 h; (iii) CF3COOH/CHCl3 (1:1), reflux, 24 h; (iv) 80% aq. NH2NH2·H2O 

90 °C, 18 h; (v) (CH2O)n, 10% aq. HCOOH, reflux, 24 h. 
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The ligands, as well as their Eu(III) and Yb(III) complexes, were prepared and characterized. 

To obtain ligand H3do3a-ae, N-(2-bromoethyl)-phthalimide 2 was used as an alkylation agent reacting 

with tBu3do3a·HBr. After sequential deprotection by trifluoroacetic acid and hydrazine, and 

chromatography on an anion exchanger, the target ligand H3do3a-ae was isolated as a zwitterion in 

59% overall yield (based on tBu3do3a·HBr). Ligand H3do3a-ae2Me with dimethylated tertiary amino 

group was prepared in a high yield by a simple direct methylation of H3do3a-ae with a formaldehyde-

formic acid mixture (Scheme 1). 

 

Scheme 2: Synthesis of H3do3a-aeMe: (i) CH3CH2OC(O)Cl, dioxan/H2O (1:1), RT, 2 h; (ii) CBr4, PPh3, THF, RT, 

1 h; (iii) tBu3do3a·HBr, K2CO3, MeCN, 60 °C, 24 h; (iv) CF3COOH/CHCl3 (1:1), reflux, 24 h; (v) 10% aq. NaOH, 

90 °C, 24 h. 

Compared to the synthesis presented in my Diploma Thesis,75 the ligand H3do3a-aeMe was 

prepared in a different way, providing a much higher yield. The 2-[N-(ethyloxycarbonyl)-N- 

-methylamino]bromoethane 7 was synthesized by CBr4/PPh3 bromination of ethyl-carbamate- 

-protected 2-(methylamino)ethanol 6 ††  and used as the alkylation agent. By reaction with 

tBu3do3a·HBr, consecutive deprotection using trifluoroacetic acid and aq. NaOH, and chromatography 

on ion exchange resins column, the ligand was isolated in 30% overall yield (based on tBu3do3a·HBr). 

The structure of all three studied ligands was verified by single-crystal X-ray diffraction analysis. 

Important information about potential MRI CAs can be obtained by investigation of the 

isomerism of macrocyclic complexes in solution (individual isomers of Gd(III) complexes can have, e.g. 

very different water exchange rates of directly coordinated water molecules, which is one of the most 

 
†† In my Diploma Thesis, N-benzyloxycarbonyl-protected 2-(methylamino)ethanol was used for the synthesis of 

alkylation agent. Unfortunately, reaction of this alkylation agent with tBu3do3a·HBr provided N-benzylated 

tBu3do3a as a byproduct and, therefore, the yield of the reaction was low. 
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important parameters for T1-CAs). It is well known that Ln(III) complexes of DOTA-like ligands are 

usually nonacoordinated (eight donor atoms from the ligand and one site is occupied by a water 

molecule) and occur in solution as a mixture of isomers. The conformation of ethylene groups of the 

macrocycle causes one type of isomerism (δ/λ), and the orientation of the pendant arms causes the 

second one (Δ/Λ). A combination of these isomerisms leads to four isomers (two diastereomeric pairs 

of enantiomers): Δλλλλ/Λδδδδ (SA; Square Antiprism) with the “oxygen” O4 plane rotated by ~40° 

(ideal angle 45°) with respect to the “nitrogen” plane N4, and Λλλλλ/Δδδδδ (TSA; Twisted Square 

Antiprism) where the O4 and N4 planes are mutually rotated by ~24° (ideal angle 22.5°, see 

Figure 10).10, 76,77 In the case of octacoordinated species (i.e. without a coordinated water molecule; it 

was observed for small ions), these isomers are usually denoted as SA’ and TSA’. 

The isomer ratio in 

solution can be determined from 

the 1H NMR spectra where the 

“axial” protons (Figure 10) of 

the macrocyclic chelate are the 

most “shifted” ones. These are 

closest to the Ln(III) ion and to 

the principal magnetic axis of the 

complex. The isomerism of the 

Eu(III) and Yb(III) complexes 

with H3do3a-ae was studied by 

variable-temperature 1H NMR. 

Unfortunately, the 1H NMR 

spectra of the Eu(III) complex at 

25 °C in slightly alkaline region 

(pD = 9.0; Figure 11A) were not 

resolved enough to observe the signals of “axial” protons properly. Moreover, chemical shifts of these 

signals were just between the regions typical for SA(’) and TSA(’) species and, at low as well as at high 

Figure 10: Illustration of possible isomers for Ln(III) complexes 

with DOTA-like ligands highlighting the “axial” protons (orange). 
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temperatures, the signals disappeared from the NMR spectra. It points to the fact that two relatively 

independent fluxional processes occurred, affecting the position of “axial” hydrogen atoms with respect 

to the Ln(III) ion and influencing its chemical shifts in the 1H NMR. Due to these facts, we could only 

speculate that a mixture of SA/TSA isomers was present in solution at 25 °C. 

Similarly, in the case of the 

Yb(III) complex (pD = 8.5, 25 °C), 

the signals of “axial” macrocycle 

protons were broad and their 

chemical shifts did not allow clear 

determination of the isomerism 

(Figure 11B). Heating up to 90 °C 

and cooling down to 0 °C led to a 

visual disappearance of the signals of 

“axial” protons. Therefore, one can 

assume the presence of SA(’)/TSA(’) 

exchange process. This hypothesis is 

supported by the solid-state structure 

of the Yb(III) complex. It was found 

that no water molecule is directly bound to the metal centre in the [Yb(do3a-ae)] complex and disorder 

between the SA’ and TSA’ isomers was observed and successfully modelled (Figure 12). 

Later on, the structural and dynamic properties of the Eu(III) complexes of H3do3a-ae in more 

alkaline solution (pH = 10.0, i.e. pD = 10.4) were investigated by L. Tei et al. by using 1H NMR 

spectroscopy (B0 = 500 MHz) at low temperatures (270, 280 and 290 K). The predominance of one 

isomer (TSA) in solution at pD = 10.4 was observed in the 1H NMR spectra of the [Eu(do3a-ae)(H2O)] 

complex measured at low temperatures.56b It points to the fact that the complex at higher pH 

(pD = 10.4) has more rigid structure, whereas the same complex at pD = 9.0 is characterized by a fast 

fluxional motion even at low temperature and, therefore, it is not possible to follow the isomerism 

more clearly. 

 

 

Figure 11: 1H NMR spectra of the A: [Eu(do3a-ae)(H2O)] complex 

in D2O at pD = 9.0 (100 mM, B0 = 7.05 T, 25 °C) and B:  

[Yb(do3a-ae)] complex in D2O at pD = 8.5 (100 mM, B0 = 7.05 T, 

25 °C). Chemical shift of HDO in the sample solution was 

referenced to 0 ppm. 
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Figure 12: Disorder of the [Yb(do3a-ae)] molecule found in the solid-state structure of [Yb(do3a-ae)]·5H2O. The 

figure shows an overlay of both disordered complex species; the more abundant (85%) TSA’ isomer is represented 

using solid bonds and the less abundant (15%) SA’ isomer using dashed bonds. A: Top view. B: Side view. 

Carbon-bound hydrogen atoms are omitted for clarity reasons. Colour code: Yb – green; N – blue; O – red;  

C – black; H – grey. 

6.1.2 PARACEST experiments 

Saturation transfer experiments investigated by NMR spectroscopy with aq. solutions of the 

H3do3a-ae complexes revealed two broad signals in the Z-spectra. These signals have equal intensities 

with maxima at +19.5 ppm and +34 ppm (pH = 7.67, 25 °C) for the Eu(III) and +42 ppm and +89 ppm 

(pH = 7.4, 25 °C) for the Yb(III) complex (Figure 13) and are assigned to hydrogen atoms of the amino 

group. These two protons become magnetically non-equivalent after group coordination and, 

therefore, both can be distinguished in the Z-spectra. Surprising behaviour of the CEST peaks was 

observed while changing the solution pH. It is known that the CEST effect caused by a coordinated 

water molecule,78  or by exchangeable protons of amide40,78, 79  or hydroxy45, 80  groups, drops with 

increasing pH due to faster base-catalysed prototropic exchange of the corresponding protons. In the 

case of Eu(III) and Yb(III) complexes of H3do3a-ae, the CEST effect starts to be observable at pH ~ 6, 

reaches its maximum at pH ~ 8 and remains unchanged with further pH increase. Such behaviour has 

not yet been reported in the literature. Due to low “acidity” of the protons of the amino group 

(compared to that of the carboxylic amides), the base-catalysed proton exchange does not decrease the 

CEST effect in alkaline solutions. It was shown that pH dependence of the saturation transfer efficiency 
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parallels with abundance of the species with the coordinated amino group. The CEST signals disappear 

at lower pH values if the amino group is protonated and, thus, uncoordinated from the metal centre 

which corresponds to data obtained from potentiometry (pKa of the protonated pendant amino group 

was determined to be 6.06 and 5.83 for the La3+ and Gd3+ complexes, respectively; see Table 2 in 

Chapter 6.3.2). 

In conclusion, the 

mechanism of the CEST effect 

is very probably based on 

coordination/decoordination 

of the pendant amino group. If 

the pendant arm is 

coordinated, no proton 

exchange occurs. In the 

moment of the pendant 

decoordination, the exchange 

between protons of the free 

amino group and those of bulk 

water proceeds very fast and 

the CEST effect is detectable. 

PARACEST properties 

of the complexes with mono- 

and dimethylated ligands were 

also studied. Two close CEST 

signals (but with unequal 

intensities) at +43 and +49.5 ppm were detected in the Z-spectra of the aq. [Eu(do3a-aeMe)(H2O)]. One 

can conclude that two different species with the methyl substituent of the aminomethyl group in 

equatorial/axial (and hydrogen atom in reverse) positions are present in the solution. In the Z-spectra 

 

Figure 13: Z-spectra of a A: 80 mM; B: 100 mM aq. solution (H2O−D2O 

1:10) of A: Eu(III) and B: Yb(III) complex of H3do3a-ae [B0 = 7.05 T,  

B1 = 21.7 μT (920 Hz), RF presaturation pulse applied for 2 s] at 25 °C and 

MRI-CEST images of related phantoms of 80 mM aq. solution of these 

complexes and diamagnetic La(III) standard in false colours. B0 = 4.7 T, 

B1 = 20 μT, RF presaturation pulse applied for 2 s at A: 34 ppm; B: 89 ppm, 

TR = 5 s, TE = 8.9 ms, scan time 8 min at 20 °C. 
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of the complex with the smaller Yb(III) ion, only one CEST signal was observed, probably due to the 

preference of only one of these possibilities (Figure 14). 

 

Figure 14: Z-spectra of a 25 mM aq. solution (H2O−D2O 1:10) of A: Eu(III) and B: Yb(III) complex of  

H3do3a-aeMe [B0 = 7.05 T, B1 = 21.7 μT (920 Hz), RF presaturation pulse applied for 2 s]. 

 

Surprisingly, the Yb(III)–H3do3a-ae2Me complex is also CEST-active exhibiting the CEST 

signal (Figure 15A) with small intensity at +26 ppm in a narrow pH range (6–8.5) where the 

protonation/deprotonation of the –NMe2 group is supposed.56 Therefore, the saturation transfer to 

bulk water is very probably caused by the protons of the uncoordinated and protonated dimethylamino 

group which is still located close to the paramagnetic centre. This explanation is also supported by the 

fact that this CEST effect (due to an acceleration of the proton exchange process) disappears at 

relatively low temperature (~65 °C; Figure 15B), whereas the CEST signals of the complexes with 

H3do3a-ae are still visible even at 95 °C. In the case of the Eu(III)–H3do3a-ae2Me complex only some 

asymmetric broadening of the water signal was observed in the Z-spectra probably due to a lower 

magnetic moment of the Eu(III) ion [in comparison with the Yb(III) one], and due to a small influence 

of the chemical shift through the space. 

The applicability of the Eu(III) and Yb(III) complexes of H3do3a-ae as CAs was tested by MRI 

scanner. MRI images were measured with phantoms consisting of a series of vials containing aqueous 

solutions of these complexes with different pH values or concentrations. The final CEST images were 

obtained by taking the difference of water signal intensity when the CEST signal frequency and 

symmetrical negative frequency were applied, and these were finally false colour coded (Figure 13). 



RESULTS AND DISCUSSION 

 

 

35 

The CEST effect was clearly detected and the results show that the complexes can be employed as 

PARACEST probes in the physiological pH range. 

 

Figure 15: Z-spectra of a 50 mM aq. solution (H2O−D2O 1:10) of Yb(III) complex of H3do3a-ae2Me 

[B0 = 7.05 T, B1 = 21.7 μT (920 Hz), RF presaturation pulse applied for 2 s] at A: 25 °C; B: at pH = 7.72. 

 

6.1.3 Conclusions 

In a summary, three macrocyclic ligands with pendant arms containing primary, secondary 

and tertiary amino groups were prepared, as well as their Eu(III) and Yb(III) complexes. The 

PARACEST properties were investigated by NMR spectroscopy and by MRI techniques; it was shown 

that coordination/decoordination of the amino group mediates saturation transfer to the bulk water in 

the pH range relevant for biological systems. A new mechanism for the PARACEST effect was 

suggested. This mechanism is based on a slow coordination and decoordination of the pendant amino 

group coupled with a fast proton exchange between the amino group and the bulk water while the 

pendant arm is uncoordinated. Therefore, these agents represent an innovative class of MR imaging 

probes which could be used as pH-sensitive probes for in vivo CEST MRI pH measurements. All details 

on this topic and full relevant experimental data are presented in more details in the paper74 reprinted 

in Appendix 1. 
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6.2 LANTHANIDE(III) COMPLEXES OF DIAMINE-DO3A 

The successful testing of the Ln(III) complexes with amino groups such as pH-dependent 

PARACEST agents was a decisive impulse to search for other promising structures. As mentioned 

above (see Introduction), the PARACEST effect is sensitive to a number of external factors, also to the 

concentration of CA. Therefore, the exact determination of the pH value requires a separate 

measurement of the agent concentration to obtain quantitative results. Hence, ratiometric methods are 

explored to make the assessments independent from the local concentration. One of the possible 

approaches is to use a single CEST agent having different pools of exchangeable protons with different 

pH behaviour.46,62 Based on the results of the previous study, a new macrocyclic ligand H3do3aNN (see 

Figure 9) was designed and synthesized. Choosing this molecule was motivated by the presence of a 

semilabile coordinating pendant arm with primary and secondary amino groups as two potentially 

independent proton exchanging pools. The PARACEST properties of its Ln(III) complexes were 

investigated to develop a concentration-independent ratiometric approach for pH mapping using MRI. 

6.2.1 Synthesis and structure 

The reaction of tBu3do3a·HBr with brominated ethyl-carbamate-protected 

N-(2-aminoethyl)ethanolamine 12 as the alkylation agent, consecutive deprotection in a 

CF3COOH:CHCl3 1:1 mixture and hydrolysis in 10% aq. NaOH led to the forming of the urea 

derivative 15 (42% overall yield based on tBu3do3a·HBr; see Scheme 3). Structure of this surprising 

intermediate was confirmed by a single-crystal X-ray diffraction study. The target ligand H3do3aNN 

was then prepared by hydrolysis of this intermediate with aq. HCl. The required ligand can also be 

prepared by acid hydrolysis of mother liquors after crystallization of the urea-intermediate 15 and 

consecutive chromatography on a column of strong (Dowex 50) and weak (Amberlite CG50) cation 

exchange resins. 

The solution structure of the Eu(III) and Yb(III) complexes were investigated by 1H NMR 

spectroscopy. In comparison with the spectra of the complexes with the previously discussed ligands, 

1H NMR spectra of the Ln(III)-H3do3aNN complexes were much clearer. In both cases, only one set of 
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signals was detected. It points to the exclusive formation of only one diastereomer in solution. The 

chemical shifts of “axial” protons are in the region typical for TSA isomers [Eu(III): 9–13 ppm, Yb(III): 

45–62 ppm; with respect to the signal of bulk water referenced to 0 ppm; Figure 16] and, therefore, the 

presence of this isomer in solution is assumed. 

 

Scheme 3: Synthesis of H3do3aNN. (i) CH3CH2OC(O)Cl, dioxane:H2O (1:1), RT, 2 h; (ii) CBr4, PPh3, THF, RT,  

1 h; (iii) tBu3do3a·HBr, K2CO3, MeCN, 60 °C, 24 h; (iv) CF3COOH:CHCl3 (1:1), reflux 18 h; (v) 10 % aq. NaOH, 

90 °C, 24 h; (vi) aq. HCl (1:1), 95 °C, 7 d. 

 

In the 1H NMR spectra of the prepared complexes in H2O, it is possible to identify signals of 

their exchangeable NH protons. In the case of Eu(III) complex, one narrow signal at +22.2 ppm and 

two symmetrical broad signals at +43.3 and +46.5 ppm (pH =11.7; Figure 16A) are detectable and 

disappear when measuring the 1H NMR spectra in D2O (pD =10.7; Figure 16B). The narrow signal at 

+22.2 ppm is shifted similarly as one of the protons of coordinated NH2 group of the 

[Eu(do3a-ae)(H2O)] complex (+19.5 ppm). Therefore, the resonance at +22.2 ppm was attributed to the 

proton of coordinated secondary amino group which adopts an analogous position as the primary 

amino group in the Eu(III) complex of H3do3a-ae (nitrogen atom forms O3N-plane with the pendant 

donor oxygen atoms). Coalescence of two symmetrical broad signals at higher chemical shifts was 

observed at higher temperature (45 °C). Hence, they can be assigned to the magnetically nonequivalent 

protons of coordinated primary amino group. 
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Surprisingly, in the 1H NMR 

spectra of the [Eu(do3aNN)] complex 

in H2O, a small signal at +35 ppm was 

found (pH = 11.7; Figure 16A) and it 

disappeared when the spectrum was 

measured in D2O (pD = 10.7; 

Figure 16B). At the same chemical 

shift, a minor CEST signal of 

exchangeable protons was detected in 

the Z-spectra, accompanied by two 

CEST peaks lying at +10 and +15 ppm 

(see PARACEST experiments below). 

These peaks were attributed to 

exchangeable protons of another TSA 

isomer originating from the opposite 

chirality of the coordinated nitrogen 

atom of the secondary amino group. 

Therefore, simple molecular modelling 

was performed (see the results in 

Figure 17). It was shown that the apical 

coordination of the primary amino 

group is possible only in the 

Δδδδδ-S/Λλλλλ-R enantiomeric pair 

and, thus, this isomer is suggested to be 

the major one. In the case of 

Δδδδδ-R/Λλλλλ-S species (minor isomer), the position of primary amino group is not suitable for 

apical coordination. Therefore, the CEST signals of the primary amine in the Z-spectrum are 

significantly closer to the free water signal. 

 

 

 

 

Figure 16: 1H NMR spectra of the A, B: Eu(III); C, D: Yb(III) 

complex of H3do3aNN (B0 = 7.05 T, 25 °C) in A: H2O, pH = 11.7, 

90 mM; B: D2O, pD = 10.73, 90 mM; C: H2O, pH = 11.41, 90 mM; 

D: D2O, pD = 11.34, 40 mM. Chemical shift of H2O/HDO in the 

sample solution was referenced to 0 ppm.  
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Figure 17: Tentative visualization of TSA isomers of the [Eu(do3aNN)(H2O)0–1] complex differing in chirality 

of coordinated secondary amino group A: TSA species (Λλλλλ) with R chirality of the coordinated secondary 

amino group, enabling coordination of the primary amino group in the apical position. B: TSA species 

(Λλλλλ) with S chirality of the coordinated secondary amino group, disabling coordination of the primary 

amino group in the apical position. 

Similar 1H NMR spectra were observed also for the Yb(III) complex possessing one very broad 

signal of the NH2 group at 82–104 ppm (centred at +95 ppm) which splits into two signals at 5 °C, and 

one narrow signal of the secondary amino group at +35 ppm (Figure 16C). Such a chemical shift is 

similar to the analogous 1H NMR signal of the [Yb(do3a-ae)] complex at +42 ppm. Both these signals 

are not visible in D2O (Figure 16D). As in the previous case, minor NH signals of another TSA isomer 

are observable in the 1H NMR spectra, and minor CEST signals of exchangeable protons were detected 

in the Z-spectra at +17, +26 and +57 ppm. 

Interesting behaviour was observed when the 1H NMR spectra of the [Yb(Hndo3aNN)]n and 

[Eu(Hndo3aNN)(H2O)0–1]n complexes were measured with bulk water presaturation. In the 1H NMR 

spectra of the Eu(III) complex measured in H2O at pH = 6.75, all three main signals of exchangeable 

protons of amino groups (at +22.2, +43.3 and +46.5 ppm) disappear upon presaturation of the bulk 

water signal (Figure 18A). When the same experiment was performed with the aq. solution of the 

Eu(III) complex at pH = 11.7, the signal at +22.2 ppm (secondary amino group) remained unaffected 

whilst the signals at +43.3 and +46.5 ppm (primary amino group) were decreased by the water 

suppression (Figure 18B). 
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Similarly, in an alkaline aq. 

solution of the [Yb(Hndo3aNN)]n 

complex, signal of the primary amino 

group was the only one affected by 

water presaturation. Due to a 

broadening of the primary amino group 

signal and broadening and overlapping 

of the signal of the secondary amino 

group at lower pH, suppression of these 

signals was not so evident as for the 

Eu(III) complex. In a summary, these 

experiments showed that exchangeable 

protons of both amino groups of the 

prepared complexes could have 

pH-dependent CEST effects in the 

physiologically relevant pH range. Based on these findings, PARACEST properties of these agents and 

the possibility of their use as pH-responsive probes were further investigated. 

6.2.2 PARACEST experiments 

Z-spectra of the Eu(III) and Yb(III) complexes of H3do3aNN in aq. solutions were recorded 

over the pH range from ~5 to ~8. These experiments revealed two CEST signals of both complexes 

centred at +22.2 and +44.4 ppm for the Eu(III) (Figure 19A) and at +35 and +95 ppm for the Yb(III) 

complex (Figure 19B). It clearly corresponds to the chemical shifts of the exchangeable protons 

detected and identified in the 1H NMR spectra (Figure 16). The broad CEST signals at +44.4 and 

+95 ppm for the Eu(III) and Yb(III), respectively, correspond to exchangeable protons of the primary 

amino group. These broad CEST signals split into two signals of magnetically non-equivalent protons 

by applying a lower intensity of presaturation pulses at 25 °C or at low temperatures. The CEST signals 

 

 

Figure 18: 1H NMR spectra of the [Eu(Hndo3aNN)(H2O)0–1]n 

complex in H2O (90 mM, B0 = 7.05 T, 25 °C) at A: pH = 6.75 and 

B: pH = 11.70. The signal of water was saturated. Arrows show 

the position of exchangeable (NH) protons. Chemical shift of 

H2O in the sample solution was referenced to 0 ppm. 
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with chemical shifts at +22.2 and +35 ppm for the Eu(III) and Yb(III) complex, respectively, represent 

saturation transfer between proton of the secondary amino group and those of bulk water. 

 

Figure 19: Z- and corresponding MTR spectra of an A: 83 mM and B: an 87 mM aq. solution of the A: 

[Eu(Hndo3aNN)(H2O)0–1]n and B: [Yb(Hndo3aNN)]n complexes [B0 = 7.05 T, B1 = 21.7 μT (920 Hz), RF 

presaturation pulse applied for 2 s, 25 °C]. 

As mentioned above (see discussion of the 1H NMR spectra), the sets of minor signals at +10, 

+15 and +35 ppm for Eu(III) and at +17, +26 and +57 ppm for Yb(III) complex appear in the Z-spectra 

when the low saturation power was applied (Figure 20). These CEST signals were attributed to the less 

abundant TSA isomer with opposite chirality of the coordinated secondary amino group. At slightly 

acidic to neutral pH, all three signals were detected. However, in the alkaline region, only the couples of 

signals with lower chemical shifts at +10 and +15 ppm for the Eu(III) complex and at+17 and +26 ppm 

for the Yb(III) complex remain in the Z-spectra. This implies their assignment to the exchangeable 

protons of the primary amino group. 
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Figure 20: Z-spectra of an 87 mM aq. solution of the A: [Eu(Hndo3aNN)(H2O)0–1]n complex at pH = 6.45 and 

B: [Yb(Hndo3aNN)]n complex at pH = 6.33 at various presaturation power levels B1 (B0 = 7.05 T, RF 

presaturation pulse applied for 2 s, 25 °C). 

 

The Z-spectra clearly showed that the exchangeable protons of both amino groups of the major 

isomer of the [Ln(Hndo3aNN)(H2O)0–1]n complexes have significantly pH-dependent CEST effects. For 

detailed analysis of the CEST properties, the Z-spectra were transformed to MTR spectra (Figure 19). 

At pH < 5.5, the CEST signal of the primary amino group gradually disappear from the Z-spectra as a 

consequence of its protonation and decoordination [from potentiometry, the corresponding observed 

equilibrated protonation step has logK(HLM) = 6.03/6.22 for the Eu(III)/Yb(III) complexes, 

respectively; see Table 2 in Chapter 6.3.2]. Simultaneously, a new (very broad) CEST peak appears at 

~25−30 ppm for both complexes. jis broad signal can be attributed to the proton exchange of water 

with protonated amino group which is close to the paramagnetic ion and, thus, it is still shifted but this 

shift is much lower compared to the situation when the group is directly coordinated to the 

paramagnetic centre. The CEST signal of the coordinated secondary amino group was observed for the 

Eu(III) and Yb(III) complexes in the pH region of ~5.5–8.5 [potentiometric titrations revealed 

equilibrated protonation step with logK(H2LM) = 5.09/5.07 for the Eu(III)/Yb(III) complexes, 

respectively; see Table 2 in Chapter 6.3.2]. In an alkaline solution (pH > 8.5), the chemical exchange of 

the NH proton become too slow to transfer a saturation to the bulk water signal and, thus, the CEST 

effect of this group cannot be detected. Such CEST behaviour is consistent with the 1H NMR spectra 

measured with presaturation of the bulk water signal where the signal of the secondary amino group in 
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alkaline solution remains unaffected after water suppression (Figure 18B). This can be explained by 

coordination of the primary amino group and, thus, absence of a positive charge which, at pH < 8.5, 

probably helps decoordination of the secondary amine. On the other hand, an effective CEST effect of 

the primary amino group is detectable even in alkaline solutions. A suggested mechanism of origin of 

the pH-dependent CEST effects is shown in Figure 21. 

 

Figure 21: A suggested mechanism of origin of the pH-dependent CEST effect of the [Ln(Hndo3aNN)(H2O)0–1]n 

complexes. In hepta/octa-coordinated species, binding of water molecule(s) to the central ion giving coordination 

number 8–9 is expected but it is not shown for the sake of clarity. 

 

To test applicability of the prepared Eu(III) and Yb(III) complexes as pH-sensitive and 

concentration-independent MRI probes, the CEST effect was measured by MRI scanner for solutions 

in HEPES/MES buffers with different pH values and concentrations (Figure 22) and the ratio of MTR 

intensities was calculated. Then the pH-dependent function independent of a concentration of the 

probe was defined. Unfortunately, this function can be defined only for the Yb(III) complex of 

H3do3aNN. It is not possible for the Eu(III) complex due to a significant overlapping of the signal of 

the NH proton (22.2 ppm) with the signal attributable to the protonated and uncoordinated primary 

amine in the acidic region. The calibration curves obtained from the MRI experiments were compared 
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with the curves obtained by NMR techniques (the concentration range used covers about one order of 

magnitude; 7.7–87 mM) and all of them were very similar (Figure 23). 

 

Figure 22: MRI-CEST images of phantoms consisting of one vial containing an aq. solution of MES and HEPES 

(1:1, 50 mM) as a standard and nine vials containing solutions of (A, B) Eu(III) or (C, D) Yb(III) complexes of 

H3do3aNN in the same buffer with different pH values and concentrations (in false colours). Experimental 

conditions: RARE pulse sequence (Rapid Acquisition with Relaxation Enhancement), B0 = 4.7 T, RF presaturation 

pulse applied for 2 s, T = 298 K, TR = 5 s, TE = 8.9 ms, (B) B1 = 35 μT (1490 Hz), (A, C, D) B1 = 25 μT (1060 Hz). 

 
 

The standard deviations for the low 

concentrated solutions measured by MRI 

were relatively high due to high background 

noise. Despite the low signal-to-noise ratio 

and related high standard deviations, the 

shape of the calibration curves enables 

distinguishing between the samples with pH 

> 7 and those with pH < 6. Such 

information can be useful for example in the 

detection of hypoxic tissues. Unfortunately, 

it was found that the [Ln(do3aNN)(H2O)0–1] 

complexes are not fully kinetically inert in 

acidic solutions (pH < 6). When a solution 

of pre-formed complex (pH = 7.5) was 

 

Figure 23: Ratiometric plots of the 7.7−87 mM 

[Yb(Hndo3aNN)]n complex, 25 °C; RF presat. pulse applied 

for 2 s. Circles: aq. solution, B0 = 7.05 T (NMR), B1 = 500 Hz 

(11.8 μT) or 920 Hz (21.7 μT). Squares and triangles: 50 mM 

HEPES-MES, B0 = 4.7 T (MRI), B1 = 1060 Hz (25 μT) or 

1490 Hz (35 μT). The ratiometric value (35/95) is the ratio of 

MTR intensity at 35 ppm to MTR intensity at 95 ppm. 
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added to slightly acidic buffered solution with pH = 5.5, a slow dissociation of the complex was 

observed by xylenol orange test.81 From the quantitative UV-Vis experiments, dissociation of about 

10% of the complex was found after standing for one week at room temperature (Figure 24). Due to 

the dissociation, validity of the PARACEST experiments at the pH = 5−6 was tested. The innocence of 

the free Eu(III) aqua ion and of the free ligand was studied by independent experiments and it was 

shown that these do not interfere either with the 1H or CEST measurements. It was demonstrated that 

the shape of the Z-/MTR spectra is not affected by a presence of the free metal ion/ligand and, 

therefore, conclusions drawn from the PARACEST experiments are valid even in the pH range where 

the complex slowly dissociates. 

 

Figure 24: A: Change of the UV-Vis spectra of an aq. solution of xylenol orange (10−5 M, pH = 5.55, 0.025 M 

HEPES and 0.025 M MES, 25 °C) with increasing concentration of EuCl3 (10−5–10−4 M). B: Time dependence of 

the UV-Vis spectra of aq. solution of xylenol orange (10−5 M, pH = 5.55, 0.025 M HEPES and 0.025 M MES, 25 °C) 

in presence of the [Eu(Hndo3aNN)(H2O)0–1]n complex (8∙10−4 M). 

6.2.3 Conclusions 

A novel macrocyclic ligand H3do3aNN was prepared and, from the pH-dependent Z-spectra, it 

was found that its Yb(III) and Eu(III) complexes possessed two pools of exchanging protons of amino 

groups that show different pH-dependences of their CEST effects in the pH range relevant for 

biological systems (pH ≈ 5.5–8.5). The CEST effect of the secondary amino group is observable up to 

pH ~ 8.5. Above this pH where the species with deprotonated primary amino group are mostly present 
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in solution, chemical exchange of the proton of the secondary amino group becomes too slow. On the 

other hand, CEST effect of the primary amino group is detectable even in alkaline solutions and, 

therefore, the same mechanism of the PARACEST effect as for the previously studied complexes of 

ligands with 2-aminoethyl pendant arm is supposed. 

MTR of the Yb(III) complex with H3do3aNN can be used for pH determination by MRI, and it 

is independent of the concentration of the probe (the tested concentrations were in the range 

7.7–77 mM). Unfortunately, the complex cannot be used in medical applications because it is not fully 

kinetically inert and slowly releases the free metal ion in slightly acidic solutions. However, 

the proof-of-principle study shows that complexes with a linear diaminic pendant arm can be used for 

pH determination using MRI ratiometry. All of the results discussed above and full relevant 

experimental data are presented in more details in the paper82 reprinted in Appendix 2. 
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6.3 LANTHANIDE(III) COMPLEXES OF PHOSPHO-AMINO-DO3A 

Based on the previous studies it is not surprising that we wanted to design and synthesize a 

new ligand whose complexes will be more stable than those of the H3do3aNN and that could exhibit 

suitable properties for pH mapping in vivo. Therefore, the third goal of this Thesis was to extend 

PARACEST studies to Ln(III) complexes of aminophosphonate-containing DO3A analogue 

(H5do3aNP; Figure 9). This structure was chosen because, in general, protonation constants of amino 

and phosphonate groups are close to the pH region relevant for living systems and, thus, complexes of 

the new ligand were expected to change their properties in the physiological pH range. As mentioned 

above, a higher kinetic inertness of the complexes was supposed. We also suggested that these 

phosphorus-containing molecules can be applied for pH determination using 31P NMR-based 

technique. 

6.3.1 Synthesis 

The target ligand H5do3aNP was synthesized according to Scheme 4. The key phosphorus- 

-containing intermediate 17 was successfully prepared by the one-step Mannich-type reaction of 

N-benzylethanolamine with diethylphosphite and paraformaldehyde and it was isolated as a brownish 

oil after the cation-exchange resin purification. This compound was then converted to alkylation agent 

18 by reaction with methylsulfonylchloride. Alkylation of tBu3do3a·HBr by the agent 18 afforded 

intermediate 19. The tBu-ester groups were removed by reflux in a CF3COOH:CHCl3 1:1 mixture and 

the ethyl-esters protection groups were removed by hydrolysis in hydrochloric acid. Hydrogenation of 

the deesterified compound 21 using the Pd/C catalyst produced the H5do3aNP that was purified on 

cation exchange resin and was isolated by crystallization in a zwitterionic form in the overall 44% yield 

(based on tBu3do3a·HBr). The target ligand H5do3aNP was structurally characterized by the single-

crystal X-ray diffraction analysis. 
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Scheme 4: Synthesis of H5do3aNP: (i) HP(O)(OEt)2, (CH2O)n, dry MeCN, 60 °C, 2 d; (ii) CH3SO2Cl, TEA, dry 

DCM, 0 °C–RT, 20 min (iii) tBu3do3a·HBr, K2CO3, dry MeCN, RT, 24 h; (iv) CF3COOH:CHCl3 (1:1), reflux, 18 h; 

(v) conc. aq. HCl, 95 °C, 24 h; (vi) H2 (atmosph. pressure), Pd/C, 20 % aq. CH3COOH, RT, 2 d. 

6.3.2 Thermodynamic behaviour of H5do3aNP and its Eu(III) complex 

Complexing properties of the ligand H5do3aNP were investigated in detail by potentiometry. 

je potentiometric titrations of the ligand were performed in the pH range 1.9−12.1 and revealed six 

consecutive protonation processes in this region (Table 1). Five of these constants were also calculated 

from the data obtained by 31P NMR titration and both data sets are in good agreement (Table 1). Slight 

differences can be attributed to different and non-controlled ionic strength during the NMR 

experiment, type of electrode calibration, and temperature of the pH measurement. Based on 

comparison with the literature data,83 the first and the third protonation steps [logK(HL) = 12.56 and 

logK(H3L) = 9.23, respectively] correspond to protonation of the macrocycle amino groups. According 

to the data from 31P and 1H NMR titrations of the free ligand, the second protonation step 

(logK(H2L) = 10.37) can be attributed to protonation of the amino group of the pendant arm. Due to a 

positive induction effect of the deprotonated phosphonate moiety, the value of this protonation 

constant is higher than the value reported for the analogous protonation of the 2-aminoethyl arm of 

the H3do3a-ae; logK = 8.9.74 The fourth protonation [logK(H4L) = 6.17] can be assigned to protonation 
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of the phosphonate moiety. The next protonation constants logK(H5L) = 4.19 and logK(H6L) = 1.90 are 

associated with protonation of the acetate arms. 

Table 1: Equilibrium constants (logK)[a] of H5do3aNP (0.1 M NMe4Cl, 25 °C) obtained from potentiometric and 
31P NMR titrations, and comparison with related ligands. 

Equilibrium H5do3aNP H5do3aNP (31P NMR) H3do3aNN[b] H3do3a-ae[c] H4dota[d] 

H+ + Ln– ↔ HL1–n 12.56 12.52 12.62 13.19 12.9 

H+ + HL1–n ↔ H2L2–n 10.37 10.59 10.28 10.51 9.72 

H+ + H2L2–n ↔ H3L3–n 9.23 9.37 9.67 8.90 4.60 

H+ + H3L3–n ↔ H4L4–n 6.17 5.96 8.30 3.87 4.15 

H+ + H4L4–n ↔ H5L5–n 4.19 – 3.30 1.27 2.29 

H+ + H5L5–n ↔ H6L6–n 1.90 2.05 1.58 – 1.34 

[a] K = [HhL]/{[H]·[Hh–1L]}. [b] ref. 82. [c] ref. 74. [d] ref. 84. 

 

The stability constant of the Eu(III) complex was obtained by an out-of-cell technique and was 

found to be logKML = 23.49 (comparison with the stability constants of related ligands is in Table 2). In 

contrast with the Eu(III)–H3do3aNN and Gd(III)–H3do3a-ae systems, where (according to the 

distribution diagrams) metal complexation is not quantitative until pH ~ 6 and pH ~ 5.5, 

respectively,74,82 the distribution diagram of the Eu(III)–H5do3aNP system showed that free Eu(III) ions 

are not present above pH ~ 5.0. Equilibrated protonation of the [Eu(do3aNP)]2− complex proceeds with 

logK(HLM) = 8.0 and that of the [Eu(Hdo3aNP)(H2O)]− occurs with logK(H2LM) = 3.75 (Table 2). 

Table 2: Equilibrium constants (logK and logKML)[a] of the Ln(III) complexes of H5do3aNP (0.1 M NMe4Cl, 25 °C) 

obtained from the potentiometric titrations, and comparison with corresponding constants reported for the 

complexes of related ligands. 

Equilibrium H5do3aNP H3do3aNN[b] H3do3a-ae[d] H4dota[g] 

Eu3+ + Ln– ↔ [Eu(L)]3–n 23.49 23.16/22.76[c] 22.23[e]/20.02[f] 24.2 

H+ + [Eu(L)]3–n ↔ [Eu(HL)]4–n 8.00 6.03/6.22[c] 5.83[e]/6.06[f] – 

H+ + [Eu(HL)]4–n ↔ [Eu(H2L)]5–n 3.75 5.09/5.07[c] – – 

H+ + [Eu(H2L)]5–n ↔ [Eu(H3L)]6–n 4.35 – – – 

H+ + [Eu(H3L)]6–n ↔ [Eu(H4L)]7–n 3.31 – – – 

[a] K = [HhLM]/{[H]·[Hh–1LM]}; KML = [ML]/{[L]·[M]}. [b] ref. 82. [c] Data reported for the Yb(III) complex. [d] 

ref. 74. [e] Data reported for the Gd(III) complex. [f] Data reported for the La(III) complex. [g] ref. 85. 
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The first protonation is associated with the pendant amino group and its value 

(logK(HLM) = 8.0) points to the promising fact that the complex could change its properties in the 

physiological pH range. A further three protonation steps determined from the potentiometric 

titrations can be attributed to simultaneous protonations of the phosphonate group and the macrocycle 

nitrogen atoms. Therefore, the equilibrated H3LM and H4LM species are expected to be out-of-cage 

complexes with protonated macrocycle amino groups as already suggested for other systems with 

DOTA-like ligands.86 Moreover, an acid-base potentiometric titration of the pre-formed complex was 

performed (pH region 1.9−9.5) and three stepwise protonation constants were found. je urst one 

[logK(HLM) = 8.29] corresponds to protonation of the pendant amino group and the second one 

[logK(H2LM) = 4.07] to protonation of the phosphonate group which is coordinated. A small 

difference found between values obtained by titration under equilibrated conditions and on the pre-

formed complex can be attributed to a partial protonation of the macrocyclic amino group in the H2LM 

species under equilibrium conditions. The third protonation constant [logK(H3LM) = 1.75] is much 

lower than that observed in the equilibrated solutions (out-of-cell titration). One can assume that 

during the fast potentiometric titration no dissociation of the complex occurs and, thus, the third 

constant corresponds very probably to protonation of the coordinated carboxylate groups of the in-

cage complex. 

6.3.3 Solution structure of the Eu(III)–H5do3aNP complex 

Solution structure of the Eu(III) complex of H5do3aNP was investigated by 1H NMR 

spectroscopy in the pD range 6.8−9.9 (Figure 25). At lower pD values (pD < 7.3), one set of signals was 

detected in the 1H NMR spectra pointing to the presence of only one diastereomer in solution. The 

signals of “axial” protons appear in the range typical for the SA isomers (20−49 ppm; Figure 25A and 

B). Surprisingly, when the pH was increased, the signals of the SA isomer slowly disappeared from the 

1H NMR spectra and a new set of signals appeared simultaneously. These signals can be attributed to 

the TSA isomer with the most shifted signals in the 7−14 ppm range (Figure 25B and C). Thus, the SA 

arrangement in the [Eu(Hdo3aNP)(H2O)]− species is, upon deprotonation (pKa ~ 8; see Table 2) and 
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coordination of the pendant secondary amino group, converted to TSA geometry in [Eu(do3aNP)]2− 

ion (Scheme 5). Both isomers are in a slow exchange on the NMR time scale. 

To support this explanation, 31P 

NMR spectra of the Eu(III) complex 

were also measured (Figure 26). Based 

on the significantly shifted 31P NMR 

resonances (SA: δP = −118 ppm; TSA: δP 

= +70 ppm; free ligand: 8−16 ppm; 

La(III) complex: 23−25 ppm) and short 

T1 relaxation times of 31P NMR signals 

(~0.2 s; La(III) complex: ~2−3 s) one 

can conclude that the phosphonate 

group is coordinated in both 

[Eu(Hdo3aNP)(H2O)]−/[Eu(do3aNP)]2− 

species. In addition, the species are not 

in fast exchange as both signals are 

present in the 31P NMR spectra in the 

pH range ~ 7.8−8.8 (Figure 26). A large 

change in the 31P NMR shifts (~190 

ppm) upon (de)protonation is 

unprecedented. We suppose that the 

coordinated phosphorus atom of the 

phosphonate pendant arm of protonated 

SA-[Eu(Hdo3aNP)(H2O)]− species lies 

in the O4-plane (Scheme 5). After 

deprotonation of the secondary amino 

group and its coordination to the metal 

 

 

 

 

Figure 25: 1H NMR spectra of the [Eu(Hdo3aNP)(H2O)]−/ 

[Eu(do3aNP)]2− species (80 mM solution in D2O, B0 = 7.05 T,  

25 °C) at A: pD = 6.8, B: pD = 8.4 and C: pD = 9.9. Chemical 

shift of tBuOH in the sample solution was referenced to  

1.25 ppm. 
 

 

Scheme 5: Suggested geometry of the [Eu(do3aNP)]2– and 

[Eu(Hdo3aNP)(H2O)]– species. An apical coordination of a 

water molecule in the protonated species is expected. 
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centre, the phosphonate group moves up to the position capping newly formed O3N-plane of the 

TSA- [Eu(do3aNP)]2− species. 

Surprisingly, the paramagnetic contribution to the 31P NMR shift of SA-[Eu(Hdo3aNP)(H2O)]− 

species [i.e. shift differences between Eu(III) and La(III) complexes of H5do3aNP in acidic solution] is 

negative (ΔδP = −143 ppm), whereas in the Eu(III)-complexes of DOTA-like ligands having 

methylenephosphonate/methylenephosphinate pendant moieties with a phosphorus atom in a similar 

position, the paramagnetic contribution to the 31P NMR shift is positive (15−70 ppm).86,87 This 

contradiction can be explained by a low symmetry of the ligand field of the SA-[Eu(Hdo3aNP)]– 

complex, which can lead to a discrepancy between principal magnetic and pseudo-C4 axes and to 

significant anisotropy of magnetically induced shifts.88 This is supported by a large difference in 

chemical shivs of “axial” macrocycle protons (20−49 ppm; see Figure 25A) pointing to different 

positions of pseudosymmetric-C4 and principal magnetic axes (all “axial” protons have a similar 

position in respect to pseudo-C4 symmetry and they should have a similar chemical shift when the 

magnetic axis is identical to the (pseudo)symmetry axis). Therefore, in the case of SA-[Eu(Hdo3aNP)]– 

species, the phosphorus atom could fall into a space close to the principal magnetic axis direction with 

induced negative 31P NMR shifts. This hypothesis was supported by assignment of the 1H NMR signals 

of both complex species in the 1H NMR spectra. It was confirmed that the phosphorus atom moves 

from a space with induced negative 31P NMR shift in the SA isomer to a space with positive 31P NMR 

shift in the TSA isomer. 

From a sigmoidal dependence (Figure 26) of integral intensities of the phosphorous signals on 

pH it is possible to calculate the protonation constant characterizing the [Eu(do3aNP)]2−/ 

[Eu(Hdo3aNP)(H2O)]− equilibrium. The value of this protonation constant is strongly dependent on 

the concentration and type of background electrolyte (logK = 7.4−8.5 in dependence of the ionic 

strength) but independent of the concentration of the complex (Figure 26 and Table 3). When the 31P 

NMR spectra of the complex were measured in the presence of NaCl, CaCl2 or MgCl2, the value of the 

protonation constants dropped with increasing concentration of the salt due to the presence of the 

coordinable cation facilitating a deprotonation of the ligand side group. In contrast, the protonation 

constant is significantly higher in the presence of NMe4Cl (Table 3). Such behaviour is expected. The 
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difference between results obtained by 31P NMR titrations and potentiometry of the pre-formed 

complex can be attributed to a different and non-controlled ionic strength. 

 

  

Figure 26: The pH dependence of 31P{1H} NMR spectra of SA-[Eu(Hdo3aNP)(H2O)]–/TSA-[Eu(do3aNP)]2– 

complex species at different complex concentrations and corresponding pH dependencies of an integral intensity 

of the 31P NMR signals. A: 50 mM solution, B: 10 mM solution. Conditions: H2O, ~150 mM NaCl, B0 = 7.05 T, 

25 °C. Calculated protonation constants logK A: 8.05, B: 8.06. 

 

As the 31P NMR signals of the [Eu(Hdo3aNP)(H2O)]−/[Eu(do3aNP)]2−species provided such 

interesting pH dependence, the integral intensities of these signals were exploited to set up a 

ratiometric calibration reporting on solution pH. The logarithm-weighted ratio of the integral 

intensities of the 31P NMR signals of both species at various experimental conditions (different 

concentration of the complex probe and different ionic strength) was calculated and these values were 

plotted against the pH in the pH range 6.5−9.5 (Figure 27). 
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Table 3: The protonation constants logK characterizing [Eu(Hdo3aNP)(H2O)]−/[Eu(do3aNP)]2− equilibrium 

calculated from the 31P NMR titrations at 25 °C. 
 

Background 

electrolyte 

Electrolyte 

concentration (mM) 

Complex 

concentration (mM) 

 

logK 

NaCl 60 20 8.16(3) 

NaCl 120 39 8.08(2) 

NaCl 154 10 8.05(2) 

NaCl 154 50 8.06(3) 

NaCl 250 79 7.93(3) 

NaCl 1060 19 7.39(2) 

NaCl 1260 85 7.40(5) 

NMe4Cl 1270 90 8.53(3) 

NaCl + CaCl2 190 + 65 65 7.48(3) 

NaCl + MgCl2 190 + 65 65 7.58(3) 

 

The results prove the principle of the suggested method. The function is linear, slightly 

dependent on the ionic strength and independent of the concentration of the probe. Therefore, under 

the defined conditions, it is possible to use these calibration curves to determine pH irrespective of the 

concentration of the complex. 

 

Figure 27: Dependence of y = log{Int(−118 ppm)/Int(70 ppm)} ~ log{[SA]/[TSA]} on pH in solutions with 

different concentration of the complex probe ([Eu(Hdo3aNP)(H2O)]−/[Eu(do3aNP)]2−) and at different ionic 

strengths relevant for physiological conditions. 
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6.3.4 pH mapping using 3 1P MRS 

Based on the facts summarized above, the Eu(III) complex with such a slow exchange (with 

respect to the NMR time-scale) between two, [Eu(Hdo3aNP)(H2O)]− and [Eu(do3aNP)]2− complex 

species, could be employed in the measurement of pH by 31P MRI techniques. Therefore, the 

[Eu(Hdo3aNP)(H2O)]−/[Eu(do3aNP)]2− system was tested as a pH probe using an MRI scanner. The 

localized 31P NMR spectra were measured in a phantom sample consisting of one vial containing an aq. 

solution of H3PO4 (200 mM) as a reference and three vials with Eu(III)–H5do3aNP complex solutions 

(50 mM) having different pH values. The selected pH values were 6.4, 8.0 and 9.0. From the previous 

studies, it is known that the protonated [Eu(Hdo3aNP)(H2O)]− and the deprotonated [Eu(do3aNP)]2− 

complex species are purely present at pH = 6.4 and pH = 9.0, respectively. At pH = 8.0, both species are 

present in a similar abundance. The experiments performed on the MRI scanner proved the concept 

suggested above. The signals of the [Eu(do3aNP)]2− and [Eu(Hdo3aNP)(H2O)]− species and H3PO4 

were clearly detected by 31P MR (as shown in the localized spectra in Figure 28). The spectral 

information was then encoded into the images by MRSI. The integrals of the 31P NMR signals were 

summed in the interval δP ± 4 ppm (i.e. 70 ± 4, 0 ± 4 and –118 ± 4 ppm, respectively) and these were 

transformed into false colours. Finally, the map of distribution as a sum of all three colour-coded 

images was reconstructed (Figure 28). 

As a broad spectral width (~250 ppm) is necessary for the measurement, the experiment 

requires a short excitation pulse. Due to the limitations of available hardware, a block pulse with 

inhomogenous excitation profile had to be used and, therefore, intensities at different frequencies may 

not exactly correspond to the concentrations. Due to the hardware limitations, duration of the 

measurement is quite long. However, it was shown that the probes having two signals of the different 

species in slow exchange have the prospect of being used in the 31P MRI-based applications useful for 

pH mapping. All details on this topic are presented in the paper89 reprinted in Appendix 3. 
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Figure 28: A: Localized 31P MR spectra; B: pH map and legend (1H MR reference image) of phantom [one vial as a 

reference containing an aq. solution of H3PO4 (~200 mM solution in H2O) and three vials containing aq. solutions 

of Eu(III)–H5do3aNP complex at pH = 6.4, 8.0 and 9.0 (~50 mM solution in H2O, ~150 mM NaCl), B0 = 4.7 T, a 

single rectangular pulse: BW = 20000 Hz and duration 0.064 ms, TR = 1000 ms, TEeff = 15 ms, measured matrix 

size 4×4 interpolated before Fourier transform to 32×32 by zero-filling, field of view 32×32 mm, slice thickness  

10 mm, 16384 scans]. Post-processing included interpolation to spatial 256×256 matrix, integration over the 

selected signals and false colour coding. Colour scheme: red: signal at +70 ppm {[Eu(do3aNP)]2−}; blue: at  

−118 ppm {[Eu(Hdo3aNP)]−}; purple: superposition of intensities at +70/−118 ppm; green: 0 ppm (H3PO4). 

6.3.5 PARACEST experiments 

PARACEST properties of the Eu(III) complex were also investigated. First, to identify the 

signal of an exchangeable proton, the 1H NMR spectra were measured in H2O. From the pH-dependent 

1H NMR spectra, it was found that there is one signal at +36.4 ppm which is not observable up to 

pH ~ 7 and, when the pH is increased, the signal slowly appears (Figure 29 and Figure 30A; note that 

all of the 1H NMR spectra shown here have the bulk water peak set at 0 ppm). When the proton spectra 

are measured in D2O (Figure 25) or with presaturation of the bulk water (Figure 30B), the signal at 

+36.4 ppm was not detected. As the signal is observable only at higher pH where the TSA isomer is 

gradually formed, one can conclude that it can be assigned to the proton of the coordinated secondary 



RESULTS AND DISCUSSION 

 

 

57 

amino group of the pendant arm. It is supported by the similarity of the chemical shift of this signal to 

that of one of the protons of primary amino group of the [Eu(do3a-ae)(H2O)] complex (+34 ppm).74 

Moreover, the signal is visible in the 1H NMR spectrum in alkaline solutions. Thus, the possibility 

that it belongs to a coordinated water molecule can be excluded as those signals disappear in the 

alkaline region.78 

Based on these findings, 

PARACEST properties of the Eu(III)–

H5do3aNP complex were investigated in 

an aq. solution from slightly acidic 

(pH ~ 6) to alkaline solutions (pH ~ 9). 

Surprisingly, it was found that the 

Eu(III) complex gives one CEST signal 

at –17 ppm at pH = 6.0 (see Figure 31) 

which slowly disappears from the 

Z-spectra and it is not observable above 

pH ~ 8. In the 1H NMR spectra, no 

signal of exchangeable proton at such a 

chemical shift was observed. It is very 

probably overlapped with the signals of 

CH2 protons and, therefore, it cannot be 

detected. As the CEST signal at –17 ppm 

is observed at the pH range where the 

presence of the [Eu(Hdo3aNP)(H2O)]− 

species in solution is supposed, one can 

assume that the peak refers to the 

protons of protonated and 

uncoordinated secondary amino group 

which is located sufficiently close to the highly paramagnetic centre. Due to a negative chemical shift of 

 

 

 

 

Figure 29: 1H NMR spectra of the [Eu(Hdo3aNP)(H2O)]−/ 

[Eu(do3aNP)]2− species (85 mM solution in H2O, B0 = 7.05 T,  

25 °C) at A: pH = 6.5, B: pH = 7.4 and C: pH = 7.7 and D:  

pH = 8.5. Arrows show the position of the exchangeable proton. 

Chemical shift of H2O in the sample solution was referenced to  

0 ppm. 
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the signal (–17 ppm), an assignment to coordinated water molecule can be excluded, as the signals of 

coordinated water in the Eu(III)-macrocycle complexes are typically much more shifted away from the 

bulk water signal and, in addition, these are in a positive chemical shifts range.31,90,91 

With increasing pH, the CEST 

signal at –17 ppm disappears from the Z-

spectra as a consequence of 

deprotonation and coordination of 

pendant amino group and another signal 

at +36.4 ppm (Figure 31) starts to be 

observable. This CEST signal 

corresponds to the signal detected in the 

1H NMR spectra. Based on comparison 

with previous data obtained by the 1H 

NMR experiments with this complex, it 

was attributed to the protons of pendant 

arm amino group of the [Eu(do3aNP)]2− 

species. As the CEST signal is detected 

even in alkaline region, the mechanism 

is associated with semilabile coordination of amino group analogously, as in the case of the Ln(III) 

complexes with H3do3a-ae, H3do3a-aeMe and H3do3aNN. 

To validate the observed CEST spectra of the Eu(III) complex, CEST imaging was done on a 

4.7 T MRI scanner using a phantom containing complex solutions at three different pH values 

(pH = 6.4, 7.8 and 8.6) as shown in Figure 32. It is evident that the CEST effect is clearly detected in the 

sample solution at pH = 6.4 and 7.8 when the presaturation pulse is applied at –17 ppm (Figure 32A), 

whilst by switching the presaturation frequency to +36 ppm, saturation transfer can be observed only 

in the samples at pH = 7.8 and 8.6 (Figure 32B). Such behaviour is consistent with the results obtained 

from the NMR experiments and it supports our concept of the probe with two independent proton-

exchanging sites producing different dependencies of their CEST effect on pH. 

 

 

Figure 30: 1H NMR spectra of the [Eu(Hdo3aNP)(H2O)]−/ 

[Eu(do3aNP)]2− species in H2O (87 mM, B0 = 7.05 T, 25 °C) at 

pH = 8.0 A: without and B: with presaturation of the bulk water 

signal. Arrows show the position of exchangeable (NH) protons. 

Chemical shift of H2O in the sample solution was referenced to 

0 ppm. 
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Figure 31: Z- and corresponding MTR spectra of 87 mM aq. solution of the [Eu(Hdo3aNP)(H2O)]−  

and [Eu(do3aNP)]2− complex species (B0 = 7.05 T, B1 = 16.5 μT (700 Hz), RF presaturation pulse  

applied for 2 s, 25 °C). 

 

 

Figure 32: MRI-CEST images of phantom consisting of three vials containing aq. solutions of the Eu(III) 

complex of H5do3aNP (82 mM solution; ~250 mM NaCl) with different pH values (in false colours). 

Experimental conditions: turbo spin echo pulse sequence, B0 = 4.7 T, RF presaturation pulse applied for 2 s at A: 

–17 ppm B: +36 ppm; T = 298 K, TR = 5 s, TE = 8.9 ms, B1 = 10 μT (425 Hz). 

 

In the previous study it was shown that the [Ln(Hndo3aNN)(H2O)0−1]n complexes are not fully 

kinetically inert in acidic solutions (pH < 6).82 Therefore, the stability of the Eu(III) complex of the 

H5do3aNP was also tested. The complex solution (pD = 5.9) was heated for 3 weeks at 60 °C and it was 
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monitored by 31P NMR spectroscopy and by xylenol orange test. It was found that the 31P NMR spectra 

remain unchanged during this period and the negative xylenol orange test confirmed that the complex 

does not release the free metal ion. Because the complex is stable under these conditions, this probe has 

potential for being used as a ratiometric pH contrast agent and it is being further investigated. 

6.3.6 Conclusions 

The present study describes the synthesis of the new macrocyclic ligand H5do3aNP with 

phosphonomethyl-aminoethyl coordinating pendant arm and its coordination properties studied by 

potentiometry and NMR spectroscopy. NMR experiments revealed significant pH dependence of the 

31P NMR spectra of Eu(III) complex. It was shown that the in-cage complexation of the Eu(III) is 

finished at pH > 5 forming the [Eu(Hdo3aNP)(H2O)]– complex species with protonated NH3
+ group 

and SA arrangement and with the phosphonate group coordinated in the O4-plane. Upon 

deprotonation (pKa ~ 8) and coordination of the pendant amino group, it is converted to a 

[Eu(do3aNP)]2− species preferring TSA geometry with the phosphonate group capping the apical 

position of the newly formed O3N-coordination plane. The 31P NMR shifts of the species differ by an 

unprecedented value (~190 ppm) and both SA/TSA species are in slow exchange with respect to the 

NMR time scale. Therefore, it is possible to compare the integral intensities of two separate signals and 

use this complex as concentration independent ratiometric probe for pH determination using 31P 

Magnetic Resonance Spectroscopic (MRS) technique. In addition, both SA-[Eu(Hdo3aNP)(H2O)]– and 

TSA-[Eu(do3aNP)]2− complex species are CEST-active exhibiting the CEST peaks of amino group of 

the aminophosphonate pendant arm at ~ –17 ppm and +36 ppm, respectively. These two signals have 

different dependencies of their CEST effect on pH. Therefore, the applicability of this complex for pH 

determination without complications from varying concentrations of the agent is being investigated in 

more detail. 
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7 CONCLUSIONS  

In this PhD Thesis, I studied several novel macrocyclic ligands with exchangeable protons on 

their coordinating pendant arms that could potentially be (after the complexation with suitable 

paramagnetic ions) responsive CAs for MRI. My attention was focused on pH-responsive CAs because 

the ability to determine extracellular pH could provide information on disease progress. In an effort to 

develop a novel pH-responsive MRI CA with potential to be used in vivo, I decided to study Ln(III) 

complexes with exchangeable protons of amino groups. 

This Thesis deals with a study of Eu(III) and Yb(III) complexes of three macrocyclic ligands 

with 2-aminoethyl pendant arms containing primary (H3do3a-ae), secondary (H3do3a-aeMe) and 

tertiary (H3do3a-ae2Me) amino groups, with a view to explore their PARACEST properties. It was 

shown that the PARACEST ezect of the Eu(III)−H3do3a-ae/H3do3a-aeMe and Yb(III)−H3do3a-ae/ 

H3do3a-aeMe complexes was observable. In both cases, the PARACEST effect was strongly dependent 

on pH in the region of 4.5−7.5 where the coordination of the pendant amino group to the metal ion is 

expected. In more alkaline solutions, the CEST efficiency was pH-independent. Such behaviour has not 

yet been reported in the literature. Based on these findings, a new mechanism of the PARACEST effect 

associated with the semilabile coordination of the 2-aminoethyl pendant arm was suggested. 

Surprisingly, the Yb(III)–H3do3a-ae2Me complex is also CEST-active. In this case, the CEST effect is 

caused by a magnetic saturation transfer to the bulk water protons from the protons of the 

uncoordinated and protonated dimethylamino group which is still located close to the paramagnetic 

centre. je applicability of the Eu(III)− and Yb(III)−H3do3a-ae complexes as MRI pH probes was 

tested by MRI scanner in the pH region relevant for living systems. The results clearly showed the 

potential of these compounds. 

As the second goal of my project, I decided to study another promising structure with a linear 

diaminic pendant arm (H3do3aNN). Choosing this molecule was motivated by the presence of two 

potentially independent proton exchanging pools (primary and secondary amino groups) in the 
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structure. The PARACEST properties of its Eu(III) and Yb(III) complexes were studied and in both 

cases the experiments revealed two CEST signals of the major isomer corresponding to the primary and 

secondary amino groups. In addition, the shape of the Z-spectra of the [Ln(Hndo3aNN)(H2O)0−1]n 

complexes was signiucantly dependent on pH in a slightly acidic to neutral region (pH = 5−8). je 

intensity of the CEST effect was obviously dependent on the protonation state of each amino group. In 

addition, the CEST signal of the primary amino group exhibits different pH dependence from that of 

the secondary amine and the differences were clearly detectable by MRI scanner. In the case of the 

[Yb(Hndo3aNN)]n, it was possible to define the pH-dependent but concentration-independent 

ratiometric calibration function (the complex concentrations in the tested samples were 7.7–87 mM). 

Unfortunately, it was shown that the presence of linear diaminic pendant arm in the ligand structure 

decreases kinetic inertness of their Ln(III) complexes (the complexes slowly release the free metal ion 

even in slightly acidic solutions); thus, they cannot be used in medical applications. However, the 

present study showed the possibility of using Ln(III) complexes containing CEST-active exchangeable 

NH protons for pH determination using MRI ratiometry, and it was an impulse to synthesize novel 

complexes for this purpose. 

Based on the results of the previous experiments, a novel ligand with N-phosphonomethyl-2-

aminoethyl coordinating pendant arm (H5do3aNP) was designed and prepared, and the PARACEST 

properties of its Ln(III) complexes and potential use of these complexes in the 31P NMR/MRI-based 

applications were explored. It was found that the protonated [Eu(Hdo3aNP)(H2O)]− complex 

exclusively forms a single diastereomer with square-antiprismatic (SA) geometry in solution. Upon 

deprotonation (pKa ~ 8) and coordination of the pendant amino group, the complex rearranges to the 

twisted-square-antiprismatic TSA-[Eu(do3aNP)]2− species. These complex species are in slow 

equilibrium on the NMR time-scale, providing two separate signals in the 31P NMR spectra with a 

chemical shift difference of ~190 ppm. It was shown that the integral intensities of these signals could 

be used for calculation of ratiometric function in the pH range 6.5−9.5, allowing for determination of 

pH by MRS ratiometry. In addition, each complex species exhibits a separate CEST signal of the amino 

group. These CEST peaks have different dependencies on pH and, therefore, it also allows 

determination of pH by CEST ratiometry. 
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Currently, the complexes of H5do3aNP with other Ln(III) ions are being investigated. By 

changing the central metal ion it is possible to influence the 31P NMR chemical shift of the complex 

species and, in addition, to affect the protonation constant characterizing equilibrium of the 

deprotonated/protonated secondary amino group of the pendant arm and to “modulate” properties of 

the PARACEST agent or agent for MRSI technique. 
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8 LIST OF ABBREVIATIONS 

3-APP 3-aminopropylphosphonic acid 

6-FPAM 6-fluoropyridoxamine 

6-FPOL 6-fluoropyridoxol 

BIRDS biosensor imaging of redundant deviation in shift 

BW bandwidth 

CA contrast agent 

CEST chemical exchange saturation transfer 

CSI chemical shift imaging 

DCM dichloromethane 

DMF N,N-dimethylformamide 

FID free induction decay 

IEPA 2-(imidazol-1-yl)-3-ethoxycarbonyl-propanoic acid 

MPIO micron-sized iron oxide particles 

MRI magnetic resonance imaging 

MRS magnetic resonance spectroscopy  

MRSI magnetic resonance spectroscopic imaging 

MTR magnetization transfer ratio 

NMR nuclear magnetic resonance 

NSF nephrogenic systemic fibrosis 

PARACEST paramagnetic chemical exchange saturation transfer 

pHe extracellular pH 

pHi intracellular pH 

Pi inorganic phosphate 
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q number of water molecules bound in the first coordination sphere of 

Ln(III) ion 

r1 longitudinal relaxivity 

R1 longitudinal relaxation rate (1/T1) 

r2 transversal relaxivity 

R2 transversal relaxation rate (1/T2) 

RARE rapid acquisition with relaxation enhancement 

RF radiofrequency 

RT room temperature 

SA square antiprism 

SPIO super paramagnetic iron oxides 

T1 longitudinal relaxation time 

T2 transversal relaxation time 

TBAB tetrabutylammonium bromide 

TE echo time 

TEA triethylamine 

TEeff effective echo time 

TR repetition time 

TSA twisted square antiprism 

USPIO ultra-small super paramagnetic iron oxides 
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