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Paramagnetic chemical exchange saturation transfer (paraCEST) is a novel technique used in 

magnetic resonance imaging that offers several advantages over the traditional gadolinium T1 

agents. In this dissertation, I aimed to investigate new types of paraCEST contrast agents 

responsive to biologically relevant parameters, such as lactate and pH. In Chapter 1, a description 

is given detailing the techniques and basic concepts, such as T1, T2ex, and CEST agents. 

In Chapter 2, we describe the study of EuDO3A, a well-known lanthanide macrocyclic complex 

that can be used as a shift reagent for L-lactate, a biologically relevant metabolite overproduced 

by tumors. Here, we utilized the CEST technique as a means of detecting extracellular L-lactate. 

The lactate hydroxyl proton shifts from 0.5 ppm to 47 ppm in the presence of EuDO3A at room 

temperature. This unique property allows EuDO3A to serve as a shift reagent (SR) for the in vitro 

imaging of extracellular L-lactate produced by cancer cells.  

In Chapter 3, we proposed a way that could optimize the lactate SRs and combine better CEST 

contrast with structural simplicity. We used a revolutionary approach that uses chirality at δ-

position centers of the pendant arms in the heptadentate macrocyclic Yb-complexes. This strategy 
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promotes preferential orientation of the conformers in solution and forms selective complexes with 

lactate in a single conformation. Furthermore, the SRs presented in this chapter can discriminate 

L- from D-lactate through 1H NMR and CEST. The approach used might prove useful in the design 

of metabolite-specific shift reagents for functional MRI. 

In Chapter 4, we describe the properties of a series of LnDOTAM-amine complexes. Ln-DOTAM-

amine complexes prove useful for detecting pH changes in vitro with a bimodal strategy by CEST 

and T2ex NMR mechanisms. We also proposed a mathematical model to explain the pH sensitivity 

based on a base-catalyzed amine process. The proton exchange rates were affected by a hydrogen 

bond network established between bound water protons and outer-sphere amines. Furthermore, 

since the longitudinal relaxation rates (R1) remained unchanged through the entire pH range, a 

concentration independent ratiometric method (r2ex/r1) can be used for pH imaging by MRI by 

DyDOTAM-amine complexes. 

Concluding this dissertation is a chapter providing future perspectives as they pertain to each 

project and conclusion. 
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CHAPTER 1 

INTRODUCTION 

Magnetic resonance imaging (MRI) has emerged as the most powerful diagnostic tool in 

clinical medicine and biomedical research. MRI is a non-invasive and functional technique. It 

provides an exquisitely high special and anatomical resolution image solely based on proton 

detection of the water contents and fat in soft tissues.1 However MRI suffers from a technical lack 

of sensitivity and this is why normally exogenous contrast agents are introduced in clinical 

applications to increase contrast in tissues. Gd(III) is the preferred lanthanide used for T1-weighted 

 

Figure 1.1. Simulated curves showing the influence of inner-sphere bound water residence 

lifetimes (M) on r1
IS, r2exch, and CEST for various lanthanide complexes as a function of R, Δ, 

and B1, respectively. The theoretical curves shown were calculated for 3 T. The reported M values 

for GdTREN-bis-1,2-HOPOTAM-N3,
3 GdPCP2A,4 GdDOTA,5 EuDOTAM-(tBu)4,

6 EuDOTA-

(gly)4,
7 EuDOTA-(gly)2-(DMB)2 (where DMB = 3,3-dimethylbutan-2-one)8 are placed along the 

upper abscissa to illustrate the wide range of water exchange rates that are possible.9 
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images in MRI, but other lanthanide ions are also being investigated as clear alternatives to Gd 

(III).2  

For simplicity, lanthanide based MRI contrast agents can be divided in three groups: based 

on water (proton) exchange rate properties [as shown in Figure 1.1: T1 (fast exchange rate)], T2ex 

(intermediate to slow exchange rate), and paramagnetic chemical exchange saturation transfer 

(paraCEST) (slow exchange rate). This chapter provides a brief introduction of each of these 

groups followed by the objective of the investigations.  

1.1 T1-based relaxation agents 

The first reports with gadolinium based contrast agents dated from the 1980s.10,11 

Magnevist (GdDTPA), an octadentate linear complex formed by diethylenetriaminepentaacetic 

acid (DPTA) and the Gd3+ ion, was the first FDA approved agent. Normally Gd3+ forms complexes 

with nine coordination sites on the inner-sphere. With DTPA eight sites are coordinated by the 

free carboxylates and the four tertiary amines, and one site remains available for one water 

molecule to coordinate. The coordinated water exchanges with the surrounding bulk water 

transferring the paramagnetic effect from the Gd(III) ion—a phenomenon known as nuclear spin 

relaxation. This phenomenon creates the basis of the T1 contrast agent for MRI. Gd(III) has seven 

unpaired electrons at the S orbitals and long electronic spin relaxation times resulting in a high 

magnetic moment.12 After the introduction of Magnevist, other Gd-based contrast agents followed 

with more efficient capabilities (Figure 1.2). The efficiency of a T1 MRI contrast agent is defined 

by its relaxivity, r1, the longitudinal paramagnetic relaxation rate observed for a 1 mM aqueous 

solution of contrast media. r1 is reported in units of mM-1s-1 and is field and temperature 

dependent.2,13–15 
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1

𝑇1𝑜𝑏𝑠
=

1

𝑇1𝑑
+

1

𝑇1𝑝
      (1) 

1

𝑇1(𝑜𝑏𝑠)
=

1

𝑇1(𝑑)
+ 𝑟1[𝐺𝑑]      (2) 

𝑟1 = 𝑟1
𝐼𝑆 + 𝑟1

𝑂𝑆       (3) 

𝑇1(𝑜𝑏𝑠) is the T1 of bulk water measured in the presence of a paramagnetic compound. 𝑇1𝑑 is the 

T1 of water without any paramagnetic compounds. 𝑇1𝑑  is the paramagnetic contribution. r1 

represents relaxivity of the contrast agent and [Gd] represents the concentration of Gd3+ ion. The 

relaxivity contains both inner sphere (IS) and outer sphere (OS) terms. The inner sphere term 

describes the relaxation effect originating from the closest hydrogen nuclei of water molecules 

interacting directly with the paramagnetic ion. Conversely, the outer sphere term describes the 

effect of the interactions between the paramagnetic ion and closely diffusing water molecules 

without interacting with the complex (the outer sphere).  

The inner sphere relaxivity is proportional to the hydration number (q) of a Gd complex. 

Commercially available MRI CAs (including clinically approved agents), as shown in Figure 1.2, 

have only one bound water molecule. A higher hydration number would risk the dissociation of 

the complex and induce toxicity, which is a vital consideration for in vivo application16,17. Upon 

dissociation, the released Gd ion has the ability to replace Ca(III) and block enzymatic biological 

process including calmodulin, calsequestrin etc. Nonetheless, several studies have been devoted 

to develop q=2 system complexes such as [Gd.RRR-gaDO3A]18 which has ten times higher kinetic 

stability than clinical Ln approved Gd-DTPA. Additionally, the rapid water exchange rate 

(𝑘𝑒𝑥=33×106s-1) of this complex results in higher relaxivity which also made it more appealing. 
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Aside from the hydration number, other parameters could also be optimized to increase the 

efficiency of contrast agents, including water (proton) exchange rate (kex), rotational correlation 

time (R), and electronic spin relaxation time, T1e and T2e.  

 

 

Figure 1.2. Schematic representation of commercial available MRI contrast agent. 
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55.5
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)      (4) 
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=

1
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𝐷𝐷 +
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𝑆𝐶      (5) 
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𝐷𝐷 =

2
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𝑔2𝛾𝐼
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2
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1

𝜏𝑐𝑖
=

1

𝜏𝑟
+

1

𝑇𝑖𝑒
+

1

𝜏𝑚
, 𝑖 = 1,2      (7) 

Equation 4 represents the inner sphere term, where c is the molar concentration of contrast 

agent, q is the number of bound water number molecules, and 1/T1m is the longitudinal proton 

relaxation rate of the bound state containing a dipole-dipole term and a scalar term as shown in 

eqn 5. Normally in a Gd(III) complex, the scalar part can be ignored, so that only 1/T1m will control 

the dipole-dipole mechanism. The dipole-dipole term consists of three parts: the nuclear spin 

vector with respect to the electron spin vector, the variations of the electron spin orientation, and 

the water (proton) exchange rate as shown in eqn 6, where 𝛾𝐼 is the nuclear gyromagnetic ratio, g 

is the electronic g factor, 𝜇𝑏 is the Bohr magneton, rGdH is the proton distance to the electronic 

spins, S is the total spin quantum number of the paramagnetic ion (for Gadolinium S=7/2), s is 

the electron Larmor frequency, I is the nuclear Larmor frequency, and ci are the correlation times 

of the dipolar-dipole terms. ci is affected by the water exchange rate kex, rotational correlation 

time r, and the longitudinal and transverse electron spin relaxation times of the metal ion, T1e and 

T2e, respectively. Although complex, these equations reveal significant information. The dipole-

dipole interaction consists of a function of the nuclear precession frequency and a function of 

electronic precession frequency. Because the magnetogyric ratio of an electron is much greater 

than that of a proton, the electronic term dominates at low magnetic fields, while nuclear term 

dominates at higher applied fields.19–21 

 Based on theory, several research studies have been devoted to the design of smart, 

responsive contrast agents for T1-weighted MRI. T1 agents can detect and respond to specific 

factors such as pH, temperature, and the presence of metallic ions or enzymes. T1 based contrast 

agents based on relaxivity responses to biological parameters are affected most by changes in q, 
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τr, or τM. Also, from an in vivo application point of view, the image intensity depends on both the 

relaxivity and the concentration of the contrast agent due to the challenges brought by 

inhomogeneity. Even though, this issue may be addressed by taking difference images using 

another nonresponsive agent with similar biodistribution rates. This technique has been used to 

image pH using a responsive agent.22  

This dissertation will not cover T1 type contrast agents. However, in chapter 4, we will 

utilize the effect of a Dy(III) complex’s water exchange rate being further away from the optimal 

T1 agent’s range. This directly helps us design T2 responsive agents without affecting the T1 of 

that complex. In this way, the ratiometric method of T2/T1 can be applied. 

1.2 T2 exchange based relaxation agents 

T2 exchange agents provide another way to introduce contrast. Several T2 agents have been 

reported in past years, with an increase in interest originating from an in vivo finding of a decrease 

in the renal water proton signal in the presence of Eu3+ agents (paraCEST agents as described in 

1.3).23 The reason for that was later ascribed to a T2 shortening of the bulk water surrounding the 

metal complexes—T2 exchange system (T2ex).
9 Much like T1 agents, T2ex agents are also dependent 

on water/proton exchange rates between the inner-sphere bound and the bulk water, and they 

present optimal values as predicted by the Swift-Connick theory.23–25 

1

𝑇2𝑡𝑜𝑡𝑎𝑙
=

1

𝑇2𝑤𝑎𝑡𝑒𝑟
+

1

𝑇2𝑝𝑎𝑟𝑎
+

1

𝑇2𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒
      (8) 

In the above equation, T2water is the transverse relaxation time of diamagnetic water, T2para is the 

transverse relaxation time of the Ln-complex, and T2exchange is the paramagnetic transverse 

relaxation time of the exchangeable waters/protons. For a specific paramagnetic complex, to 
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increase the transverse relaxation rate (R2), the only parameter that requires improvement is the 

T2ex.
23 T2ex can be defined by the Swift-Connick equation where PB is the molar fraction of the 

paramagnetic contrast agent, τB is the residence lifetime of the bound water proton, and Δ is the 

chemical shift of the bound water proton (eqn 9).  

1

𝑇2𝑒𝑥𝑐ℎ
= 𝑅2𝑒𝑥𝑐ℎ = 𝑃𝐵

𝜏𝐵𝛥𝜔2

1+𝜏𝐵
2 𝛥𝜔2

      (9) 

The chemical shift of the bound water protons range from 50 ppm to 720 ppm, depending 

on the lanthanide ion used. Thus, different lanthanide-complexes present different Swift-Connick 

curve as shown in Figure 1.3. 

 

Figure 1.3. r2exch (the contribution to the bulk water linewidth caused by chemical exchange) for 

various lanthanide complexes with different bound water chemical shifts (Δ) at 3 T. 

 

Overall, lanthanides with larger magnetic moments, such as Dy(III), Tb(III), and Tm(III), 

present faster water exchange rates and showed to be more effective T2 exchange agents.26,27 
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1.3 Paramagnetic chemical exchange saturation transfer agents  

Chemical exchange saturation transfer (CEST) is a relatively new type of contrast 

mechanism in the MR field originating from magnetization transfer (MT), which is a common 

physical phenomenon described by Forsen and Hoffman in 1963.28 The mechanism of CEST is 

based on the detection of different pools of nuclear spins, separated by different chemical shifts, 

, in chemical exchange with one another. The first CEST agent was reported by Balaban in 

2000 as a new technique to produce contrast in MRI.29 In the following year, a paraCEST agent 

was developed by Sherry and co-workers.7 Thus, CEST could be explored with diamagnetic and 

paramagnetic molecules (diaCEST and paraCEST). In biological media, a CEST agent requires 

labile protons to exchange with the bulk water protons. Furthermore, the exchange with water can 

also be modulated.  Typically, a moderate to slow exchange rate (kex) is preferable for CEST 

(Figure 1.1). The kex is not the only factor governing CEST; in fact, both 𝑘𝑒𝑥 and  are linked in 

CEST (eqn 10).7,29  

𝑘𝑒𝑥 ≤ 𝛥𝜔       (10) 

In order to produce a signal through a CEST mechanism, the kex must be smaller than the 

chemical shift difference (). When this condition is satisfied and the labile pool of protons is 

detected, one can saturate it by applying a selective radio-frequency pulse. After the pulse 

saturation, the labile pool of protons exchange spins with the bulk water, and that transfer is 

observed as a decrease in the bulk water CEST signal to yield negative contrast as shown in Figure 

1.4. One of the advantages of CEST agents compared to traditional T1 and T2 contrast agents is 

that the tissue contrast can be turned ‘on’ and ‘off’ by applying the selective radiofrequency pulse.1 
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Figure 1.4. Schematic representation of the distribution of spins and the simulated NMR spectra 

when a pre-saturation pulse is applied and the system is undergoing chemical exchange. 

 

diaCEST agents normally are of low molecular weight and contain endogenous diamagnetic 

molecules, which contain amide, hydroxyl, or amine groups. This presents a smaller chemical shift 

difference between labile protons and solvating water protons, exhibiting an optimal slower kex.
30  

Barbituric acid, shown in Figure 1.5, was the first example of a diaCEST agent. By applying a 

saturation power on an exchangeable amide proton (5 ppm compared to the water proton signal), 

the bulk water signal decreased by 32% at a concentration of 68 mM. However, the small Δ 

makes it hard to perform a selective saturation without interfering with the bulk water signal. 

Another challenge is that there are numerous other exchangeable protons present in vivo in the 

diamagnetic NMR chemical shift range.  
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Figure 1.5. Chemical structure of barbituric acid as the first diaCEST agent in MRI. 

 

Given the challenges of diaCEST agent, another type of CEST modality was introduced - 

paramagnetic chemical exchange saturation transfer (paraCEST) agents. Typically paraCEST 

agents contain a highly shifted bound water molecule coordinated to a Ln metal ion and produce 

CEST signals with a much larger and faster exchange rate.14  

 

Figure 1.6. Chemical structure of EuDOTA(gly)4
-. 

 

The first paraCEST agent reported in the literature was a Eu based macrocyclic complexe31. 

EuDOTA(gly)4
- as shown in Figrue 1.6. The chemical structure of this Eu complex is similar with 

GdDOTA, but with amides in the place of carboxylate groups found in GdDOTA, yielding a 
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slower water exchange rate of the bound water. EuDOTA(gly)4
- has been widely studied in the 

past years for its detectable bound water pool of protons, shifted to 50 ppm at 298 K with moderate-

to-slow proton exchange rate.7 The first advantage of paraCEST over diaCEST agents is the large 

chemical shifts of exchangeable protons that allow for direct saturation at specific frequencies 

without interfering with the bulk water. Another advantage is the better shifting ability of some 

lanthanide metals, yielding a further shifted bound water molecule signal. This prevents the 

magnetization transfer effect (MT) caused by a semisolid nature of biological tissues having a very 

long T2 value.32 A third advantage is that, by altering the side arm, the complex could be designed 

as an agent responsive to several biological factors, such as pH, temperature, and the presence of 

metallic ions and enzymes.  

1.4 Objectives of this research 

The research work presented in this dissertation includes three separate but related projects. 

In chapter 2, a comprehensive study with a lactate responsive shift reagent (EuDO3A) is presented 

together with the imaging CEST properties in vitro and in vivo. Chapter 3 shows the design, 

development, and application of a set of new Yb-DO3A-amide chiral complexes capable of 

discriminating D- from L-lactate by both CEST and 1H NMR. Finally, in chapter 4, novel probes, 

LnDOTAM-amine derivatives, were developed as potential pH sensors detectable by CEST, T2ex, 

and a concentration independent method. 
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CHAPTER 2 

IMAGING EXTRACELLULAR LACTATE IN VITRO AND IN VIVO USING CEST 
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2.1 Abstract 

Overproduction of lactate is a hallmark of cancer, yet a method to quantitatively measure 

lactate production by cancer cells is not straight-forward. CEST MRI can potentially be used to 

image lactate but the small difference in chemical shifts of the lactate -OH proton and water proton 

resonances make it challenging. Like other spectroscopic methods, CEST MRI cannot discriminate 

intracellular lactate from extracellular lactate. Here, we demonstrate a relatively simple way to 

shift of the lactate -OH proton resonance far away from water by addition of the paramagnetic 

shift reagent, EuDO3A, while retaining the CEST properties of lactate itself. The potential of the 

method was demonstrated by imaging extracellular lactate excreted from lung cancer cells in tissue 

culture without interference from other components in the culture media and by imaging excess 

lactate excreted into the bladder of a mouse. 

2.2 Introduction 

Contrast agents are often used in magnetic resonance imaging (MRI) studies to enhance 

contrast between poorly perfused and highly perfused tissues.12 During the last decade, a new type 

of contrast mechanism based on chemical exchange saturation transfer (CEST) has been explored 

using a variety of diamagnetic and paramagnetic molecules. One advantage of CEST over typical 

T1 or T2 agents is that contrast can be turned “on” and “off” by use of frequency-selective 

activation pulses.1 Based on this mechanism, many molecules have been proposed for measuring 

physiological parameters such as pH, temperature, metal ions and enzyme activities.32–34 Many 

endogenous biomolecules contain exchangeable OH protons and several have been detected using 

CEST MRI, including glucose35 and glycogen.30 Lactate also has an exchangeable –OH proton 
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that could potentially be detected by CEST, but the chemical shift of the lactate –OH proton is 

even closer to water than the –OH protons of glucose. This small difference makes it quite difficult 

to detect lactate by CEST, especially in vivo where many other OH resonances interfere. Even with 

this limitation, a recent report demonstrated that lactate can be detected in highly exercised skeletal 

muscle in vivo by CEST MRI.36 

 Lactate is overproduced by most tumors even in the presence of abundant oxygen (the 

Warburg effect) so a method that allows direct imaging of lactate production by tumors could 

provide new insights into cancer metabolism.37 A variety of pulse sequences have been used to 

detect lactate in tissues by 1H NMR spectroscopy38 even in the presence of abundant overlapping 

lipid signals. More recently, hyperpolarized 13C imaging has been used to detect lactate in human 

prostate cancer and the intensity of the hyperpolarized lactate signal has been shown to reflect 

tumor aggressiveness.39 However, both methods detect total tissue lactate and do not easily 

differentiate intracellular lactate from extracellular lactate. A method that allows this distinction 

could be important because transport of lactate and protons out of cancer cells into the extracellular 

space is thought to be a key factor in initiating tumor metastases.40 

 Lanthanide complexes capable of binding to lactate have been reported previously.41 In 

2002, Aime, et al., demonstrated that the amide CEST signals of Yb-MB-DO3AM change 

frequency upon formation of a ternary complex with lactate.42 This illustrated for the first time that 

a shift reagent (SR) could potentially be designed to sense key metabolites as long as the SR meets 

the coordination requirements of the substrate of interest. This same group later measured binding 

constants between lactate and several GdDO3A derivatives by 1H and 19F NMR.  In that study, 

they demonstrated that the lactate binding affinity can be altered by simple chemical modification 
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of the DO3A chelate. These observations stimulated us to explore the possibility of using a 

paramagnetic shift reagent to shift the lactate -OH resonance well away from the tissue water signal 

so that lactate can be detected by CEST without interference from other endogenous –OH 

containing metabolites. In this work, we choose EuDO3A as binding agent because this complex 

has two inner-sphere water molecules that are easily displaced by bidentate lactate (Scheme 2.1). 

A recent report showed that a CEST signal from the single exchanging -OH proton of lactate can 

be detected ~0.4-0.5 ppm downfield of water. The rate of proton exchange between lactate and 

water at pH 7 and 298 K was reported to be ~350 ± 50 s-1.36 This same proton exchange rate was 

measured here in a 50:50 mixture of H2O/D2O (to better resolve the CEST signal from water) at 

three different pH values (Table 2.1). Although the absolute rates measured here in H2O/D2O 

cannot be directly compared with those reported by DeBrosse et al. due to solvent differences, the 

results demonstrate that proton exchange is slowest at pH 7 and faster at both higher and lower pH 

values.  

 

 

Scheme 2.1. Structure of EuDO3A (1) and the lactate•EuDO3A complex (2). 
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2.3 Experimental section 

All reagents and solvents were purchased from commercially available sources and used 

without further purification unless otherwise stated. DO3A (DO3A= 1,4,7,10-

tetraazaciclododecane-1,4,7-triacetic acid) was synthesized as described previously. L-lactate was 

dried before into oven for about 2h in 343 K to remove the hygroscopic waters. Fisher Science 

Education pH meter coupled with Thermo Scientific Orion Micro pH electrode was used for pH 

measurements.  

Synthesis of the Eu(III) Complex EuDO3A were prepared by mixing 5% excess DO3A ligand 

at stoichiometric amounts of lanthanide chloride stock solutions. The pHs were adjusted by adding 

0.1 M NaOH solution. The solution was stirred at room temperature. The final concentration of 

the Eu complex was determined by Evans’ method.43 Analytical HPLC was performed on a 

Agilent Technologies 1220 Infinity LC using a RESTEK Ultra C-18 IBD column (3 mm, 100×4.6 

mm). Preparative HPLC was performed on a Waters Delta Prep HPLC system equipped with 

Water® 2996 photodiode array detector and Phenomena Luna C18 column (5 mm, 250×30.00 

mm). VirTis Freeze Dryer (Benchtop-k) was used to lyophilize the EuDO3A samples. 

 

 

Scheme 2.2. Synthetic procedure of EuDO3A complex.  

 



 

17 

CEST Experiments All CEST NMR studies were recorded on a Bruker AVANCE III 400 NMR 

(9.4 T) spectrometer. Saturation power range was from 2.35~23.5 T. Temperature unit controller 

Model # 2416 has been used to control the temperature in the range of 288 ~ 313 K. 

Cell Culture Experiments A549 cells were maintained using standard cell culture techniques in 

Dulbecco's Modified Eagle's medium (DMEM) containing 10% fetal bovine serum and 100 μg/mL 

G418. For assays, cells were plated at density of 4×106 cells per 150 mm-diameter dish. 300 μL 

medium was taken at 24 h, 48 h, 72 h and 96 h from the dish. And the same amount of blank 

medium was put into the dish. At 96 h, detached cells were counted and the number is 1.85×107. 

The blank medium was used as blank control. 

In vitro MRI Experiments Phantom images were acquired using an Agilent 9.4 T (400 MHz) 

small animal MR imaging system equipped with a dual-channel 38 mm diameter birdcage volume 

coil. The temperature of the phantom was regulated at 310 ± 1 K using an animal monitoring 

system from Small Animal Instruments (SAI, Stony Brook, NY). The MRI data were acquired 

using a steady state gradient echo pulse sequence (GEMS) with centric k-space encoding preceded 

by a rectangular saturation pulse (power = 16 T and duration = 5 s).  The frequency of the pre-

saturation pulse was varied from 60 to -60 ppm in steps of 1 ppm. Other acquisition parameters 

included TR = 5.2 s, TE = 1.69 ms, average = 1, FOV = 3.0 cm × 3.0 cm, matrix = 64 × 128, and 

flip angle = 20°.   

2.4 Results and discussion 

Upon addition of one equivalent of EuDO3A to lactate, a new CEST signal appears near 47 ppm 

(Figure 2.1) that does not appear in a CEST spectrum of EuDO3A alone. In separate titration  
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Figure 2.1. CEST spectra of 10 mM EuDO3A in the absence (black) and presence (red) of 10 mM 

lactate. Sample conditions: pH 8.2, 298 K, saturation power = 14.1 µT, saturation time = 7 s.  

 

Table 2.1. Proton exchange rates and association constants (KA) for formation of the major 

lactate•EuDO3A species at four pH values. 

 

pH kex(s
-1) 47 ppm[a] 

EuDO3A 
KA (M-1)[b] kex (s

-1)[d] 

lactate 

5 3610±360 95±4 N/A[c] 

6 2469±250 45±3 336±33 

7 2179±220 42±4 131±13 

8 4082±400 151±8 790±79 

[a] Determined by varying B1 from 2.35~23.5 T using a pre-saturation time of 10 s. [b] 

Determined using a constant B1 of 23.5 T and a pre-saturation time of 10 s. All data were collected 

at 298 K. [c] Due to fast exchange rate at pH 5, CEST effect is not observed very well from 

experiment. [d] Samples were prepared in D2O/H2O (1:1). Three saturation powers (0.67 T, 1.01 

T and 1.35 T) with 10 s saturation delay were applied at 298 K.  
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Figure 2.2. 47 ppm pool Omega plot generated from the CEST data of 50 mM EuDO3A with 50 

mM lactate at different pH points. Pre-saturation pulse of 10 s with B1 of 2.35 T, 4.7 T, 9.4 T, 

16.45 T and 23.5 T have been applied at 298 K. 

 

experiments, the intensity of this new CEST signal increases in proportion to the amount of added 

lactate, showing that it reflects formation of new CEST active lactate•EuDO3A complex. 

The proton exchange rate in this new lactate•EuDO3A complex measured using the Omega 

plot method44 was also found to be pH dependent (Table 2.1). A comparison of exchange rates 

shows that the proton in the lactate•EuDO3A complex exchanges about 10-fold faster than the 

proton in free, unbound lactate, exactly as expected for an -OH group directly coordinated to a 

trivalent metal ion. 

In samples containing much higher concentrations of EuDO3A and lactate (Figure 2.4), a 

second weaker CEST peak near 19 ppm appears in the spectra reflecting a second type of 

lactate•EuDO3A complex that forms only at higher concentrations. To learn more about the 

structure of these multiple lactate•EuDO3A complexes, we turned to high resolution 1H NMR. 
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The spectrum of EuDO3A alone (Figure 2.3) shows four highly shifted resonances between 17-36 

ppm characteristic of the four non-equivalent macrocyclic axial H4 protons in the square  

 

 

Figure 2.3. 1H NMR spectra of an aqueous solution (pD=8.0, 277 K) containing 50 mM EuDO3A 

(bottom), 50 mM EuDO3A plus 50 mM lactate (middle), and 50 mM EuDO3A plus 2 M lactate 

(top). The red and green arrows reflect the H4 resonances of two different lactate•EuDO3A species. 

anti-prismatic (SAP) coordination isomer.45 Upon addition of lactate, a new species appears in the 

spectrum with four different H4 proton resonances (red arrows). The frequency separation among 

the four H4 resonances in this new species is smaller (20-29 ppm), showing that newly formed 

lactate•EuDO3A complex were visible in the spectrum, indicating that a 1:1 complex is not fully 

lactate complex has higher symmetry than EuDO3A alone. For the sample containing 50 mM 

EuDO3A and 50 mM lactate, resonances characteristic of both free EuDO3A and the formed under 

these concentrations. With further addition of lactate, the resonances of EuDO3A completely 

disappear and a second less intense group of four axial resonances become evident between 19-27 

ppm (green arrows). A second minor species similar to this was also observed in the spectrum of 
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[Yb(MBZDO3AM)]3+ after addition of lactate.45 The minor species only appears at very high 

lactate concentrations and likely corresponds to the minor species detected by CEST at 19 ppm. 
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Figure 2.4. CEST spectrum of a sample containing 168 mM EuDO3A and L-lactate in D2O (2% 

H2O). Sample conditions: pH 6.5, 298 K, saturation power = 14.1 µT, saturation time = 5 s. 

  

 Given that the CEST peak in the major lactate•EuDO3A complex (47 ppm) has a chemical 

shift similar to the bound water molecule CEST peak in symmetric complexes such as EuDOTA-

(gly)4,
7 the lactate –OH group in this major species must coordinate to the Eu3+ ion in an apical 

position similar to that of the single water molecule in the EuDOTA-tetraamide complexes. Closer 

inspection of the 47 ppm CEST peak in samples containing largely D2O reveals that this peak has 

two overlapping components of near equal intensity (Figure 2.4). Since EuDO3A exists in solution 

as a pair of diastereoisomers (Δ and Λ) both equally capable of forming a complex with lactate, 

the near equally intense CEST peaks in the D2O sample near 45 ppm are logically assigned to these 

two diastereomeric lactate•EuDO3A complexes, both of which must have a lactate OH group 
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positioned in an apical position near the top of the molecule.  A representative model is shown in 

Figure 2.5 (left). Given that lactate has an asymmetric carbon with a relatively bulky methyl group, 

lactate may have a slight preference for one diastereomer of EuDO3A over the other simply due 

to interactions between the bulky methyl group and the three acetate arms of DO3A. Also, this  

 

Figure 2.5. Schematic representation of two binding modes proposed for lactate•EuDO3A. (Left): 

The favoured species (47 ppm) has the lactate OH group bound near the highest-fold symmetry 

axis of the chelate. (Right): The less favoured species (19 ppm) likely has the lactate carboxyl 

group bound near the highest-fold symmetry axis and the OH group in a more equatorial position.  

Both structures likely exist as diasteroisomers with the acetate arms twisted clockwise or counter-

clockwise relative to the cyclen ring (Λ(δδδδ) and Δ(λλλλ)). 

model supports the observation that the chemical shifts of two CEST peaks in the two diastereomer 

complexes are not magnetically equivalent even though the H4 protons in these two species cannot 

be resolved (red arrows in Figure 2.3). 

The species with a CEST OH peak near 19 ppm must then be assigned to the less abundant 

species detected in the 1H NMR spectrum (marked by the four green arrows in Figure 2.3. The 

chemical shifts of the four H4 protons in this minor species were only slightly upfield of the H4 

proton resonances of the major species so any structural differences between the major and minor 

lactate•EuDO3A species must be relatively minor. However, the fact that the chemical shift of the 

OH proton in minor lactate•EuDO3A species (19 ppm) differs considerably from that of the major 
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lactate•EuDO3A species indicates that the position of the coordinating lactate OH group must be 

quite different. The most reasonable explanation is that the lactate is coordinated to EuDO3A, 

again in a bidentate configuration, but with the carboxyl group in the apical position and the OH 

group in a more equatorial position. Based on geometry alone, this would result in a dramatically 

smaller lanthanide induced shift in the OH proton even though the differences in chemical shifts 

of the H4 protons are relatively small. 

 To evaluate the binding constant of the major lactate•EuDO3A species, CEST titrations 

were performed at concentrations where the minor species is negligible. One such titration result 

for samples containing 10 mM EuDO3A plus variable amounts of added lactate at four different 

pH values is shown in Figure 2.6. The binding constants (KA) determined by fitting these data to 

a simple 1:1 binding model are summarized in Table 2.1. Nearly identical results were obtained 

by fitting the 50 mM titration data (Figure 2.7) which shows that the presence of a small amount 

of the minor lactate•EuDO3A species in solution did not have a substantial impact on this 

calculation.  Interestingly, the binding constants (KA) were comparable at pH 6 and 7 but were 

higher at both pH 5 and pH 8. The value obtained here at pH 8 (151 M-1) was identical to that 

reported previously for lactate binding to GdDO3A.41  

 

𝐶𝐸𝑆𝑇% = 𝐶𝐸𝑢𝐷𝑂3𝐴× {

1

2
(𝐶𝐸𝑆𝑇𝑏𝑜𝑢𝑛𝑑)×

(𝑛𝑐𝐸𝑢𝐷𝑂3𝐴 + 𝑐𝐿−𝑙𝑎𝑐 + 𝐾𝐴
−1 − √(𝑛𝑐𝐸𝑢𝐷𝑂3𝐴 + 𝑐𝐿−𝑙𝑎𝑐 + 𝐾𝐴

−1)2 − 4𝑛𝑐𝐸𝑢𝐷𝑂3𝐴𝑐𝐿−𝑙𝑎𝑐)
}     (1) 

 The association constants (KA) of lactate to EuDO3A has been assessed by CEST % effect 

enhancement titrations. This experiment consists of measuring the –OH CEST % effects at 

increasing concentrations of the lactate at a fixed concentration of complex. CESTbound is the CEST  
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Figure 2.6. Intensity of the 47 ppm CEST peak plotted as a function of lactate concentration. 

EuDO3A was held constant at 10 mM while lactate was varied from 5 to 400 mM at four different 

pH (5, 6, 7, and 8). A pre-saturation pulse of 23.5 T was applied for 10 s at 298 K before 

measuring the water intensity. 

 

 

Figure 2.7. Variation of the CEST intensity at 47 ppm upon adding lactate to 50 mM EuDO3A 

complex. Lactate concentration was varied from 25 mM to 400 mM at four different pH (5, 6, 7, 

and 8). A pre-saturation pulse of 9.4 T was applied for 10 s at 298 K. 
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Figure 2.8. CEST z-spectra of competition study. A pre-saturation pulse of 14.1 T was applied 

for 5 s at 298 K. All sample pHs were adjusted to 7.0. CEST spectra of different component with 

50 mM EuDO3A, 1) Black line:50 mM EuDO3A + 50 mM lactate 2) Red line: 50 mM EuDO3A 

+ 50 mM (NaH2PO4 + citric acid+ NaHCO3 + lactate) 3) Blue line: 50 mM EuDO3A+50 mM 

citric acid 4) Green line: 50 mM EuDO3A +50 mM lactate in 4% HSA. 

  

intensity for the bound state, CEuDO3A and CL-lactate are the concentration of EuDO3A and of the 

lactate, respectively, and n determines the number of binding sites on the complex that was 

assumed as 1. 

To determine potential binding interferences from other common biological molecules, 

additional in vitro experiments were performed using EuDO3A•lactate dissolved in 4% HSA and 

cell growth media containing glucose, bicarbonate, monosodium phosphate and citric acid. CEST 

spectra of those samples showed no significant competition between these species and lactate for 

binding to EuDO3A (Figure 2.8). 

 This result encouraged us to perform imaging studies of lactate production in cells growing 

in culture media using this method. Images of cell media from A549 lung cancer cells grown in 
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cell culture over a period of three days under normoxic conditions are shown in Figure 2.9. CEST 

images of seven phantom tubes containing samples of media collected each day for 3 days, fresh 

media, and water, each containing 10 mM EuDO3A, are also shown.  In each case, the pH of each 

sample was adjusted to 5.5 immediately prior to imaging at 310 K. CEST images were acquired 

using a 16 T pre-saturation pulse at ±43 ppm, the frequency of the major lactate•EuDO3A species 

at 310 K. The images reflected an increase in CEST amplitude from lactate produced by cells over 

days 1-3. The sample collected at day 3 containing 28 mM lactate as assayed by LDH38,46 showed 

a CEST amplitude of 17.4% as shown in Table 2.2. Using a calibration curve established for a 

sample of 10 mM EuDO3A and variable amounts of lactate, this CEST amplitude corresponded 

to a lactate concentration of 27.9 ± 3 mM. Samples containing 10 mM EuDO3A with variable 

lactate concentrations of 0 to 25 mM were prepared for lactate concentration calibration curve 

experiments as shown in Figure 2.10. A linear regression line was obtained with the experimental  

 

 

Figure 2.9. Phantom images containing water (6), fresh cell culture media (0) and media samples 

collected after day (1), day (2), and day (3). 10mM EuDO3A was added to each sample and the 

pH was adjusted to 5.5. Samples (4) contained only 10mM lactate (no SR) and (5) only cell culture 

medium (no SR). The T1-weighted proton image (left) shows the sample designations while the 

CEST images (right) show accumulation of lactate produced over 3 days by cells incubation. The 

CEST images were collected by pre-saturation of the lactate peak at 43 ppm using a 16 µT pulse 

of 5 s duration (T= 310 K). 
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Figure 2.10. Variation of the CEST effect at 47 ppm upon adding lactate (0 to 25 mM) to 10 mM 

EuDO3A in uncultured cell medium. A pre-saturation pulse of 5 s with B1 of 16 T have been 

applied at 310 K with samples’ pH 5.5. The red line represents the linear fitting from data points. 

 

 

Table 2.2. Sample information for cell culture phantom imaging and correspond CEST intensity.  

 

# Samples CEST (%) 

0 Media + 10 mM EuDO3A 2.8 ± 0.3 

1 Day 1 + 10 mM EuDO3A 6.4 ± 0.6 

2 Day 2 + 10 mM EuDO3A 13.1 ± 0.8 

3 Day 3 + 10 mM EuDO3A 17.4 ± 0.8 

4 10 mM Lactate @ pH 5.5 0.6 ± 0.2 

5 Pure Cell Culture Media 0.2 ± 0.2 

6 Water + 10 mM EuDO3A 0.3 ± 0.2 
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points plotted, and the lactate concentration produced by cancerous cells in the medium was 

determined by the generated equation, y = 0.5x +3.4, R2 = 0.96. Thus, the CEST measurement of 

lactate closely matched that measured using a standard LDH enzymatic assay.  

Since our goal is to image lactate production in tumors in vivo, as a first step we also 

evaluated the potential of this method for detecting lactate in normal healthy mice after IV injection 

of the 1:1 mixture of EuDO3A and lactate. Although a CEST signal of lactate•EuDO3A was not 

detected in tissues, a strong CEST signal characteristic of the major species (43 ppm) was quite 

evident in the bladder of these animals at 45 minutes (Figure 2.11). There was no evidence for 

toxicity in these animals and further HPLC analyses of urine after imaging showed that EuDO3A 

was intact. 

 

 

Figure 2.11. Axial proton MRI, CEST image, and overlay image of a mouse after IV injection of 

0.105 mmol/kg EuDO3A and lactate. The CEST image of the bladder shows that the intact 

lactate•EuDO3A complex is present at 45 min after IV injection (n=3).  The CEST image 

represents intensity differences between images collected after a 14 T pre-saturation pulse of 5 s 

duration at ±43 ppm.  
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2.5 Conclusions 

 We conclude that lactate can be detected by CEST using EuDO3A as a paramagnetic shift 

reagent to move the lactate OH CEST peak well downfield from its original position near bulk 

water. This sizeable shift allows for selective and direct detection of lactate without significant 

off-resonance saturation of water protons. The structural NMR studies showed that the two 

available positions normally occupied by two bound waters can be replaced by lactate, and the 

coordination chemistry of lactate•EuDO3A showed three different species with square anti-prism 

geometry, two diastereomeric complexes with the lactate OH group bound to the Eu3+ ion in an 

apical position and a minor one with the lactate carboxyl group occupying the apical position. The 

CEST spectrum in 98% D2O and 1H NMR were consistent with these assignments. The OH CEST 

signal from lactate is temperature and pH dependent, showing a maximum effect under slightly 

acidic or alkaline conditions. Such behavior correlates nicely with the increase in the KA and kex 

determined experimentally. These data demonstrate that paramagnetic shift reagents can be used 

to simplify detection of diaCEST molecules such as lactate by MRI. Considering that there has 

been great interest in discovering new diaCEST molecules with chemical exchange groups shifted 

well downfield of the water proton resonance frequency,47 the approach described here may prove 

useful in the design of metabolite-specific shift reagents that magnify this chemical shift difference 

much more dramatically. 

 Finally, it is worth considering the potential applicability of this method for imaging lactate 

production by tumors in vivo. The amount of SR used in the in vivo experiments described here 

(0.105 mmol/kg) may limit detection of lactate in tumors but this limitation could potentially be 

overcome by delivering the SR in the form of a nanoparticle into the extracellular space of a tumor 
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using the well-known enhanced permeability and retention (EPR) effect. This may allow delivery 

of sufficient SR into the extracellular space of tumors to allow monitoring of lactate production 

over a period of time sufficient to classify the metabolic phenotype of tumor. It has been reported 

that nanoparticles deliver 24-fold higher accumulation of therapeutic drugs using 100-200 nm 

sized nanoparticles.48 Given the uncertainties about the role of the Warburg effect on tumor growth 

and regulation, an imaging biomarker that measures actual lactate production (as opposed to 

glucose uptake) could potentially provide new insights into cancer metabolism that are simply not 

available using standard clinical imaging modalities. 

This chapter was published as a communication article in Chemistry-A European Journal.  

Zhang L, Martins AF, Mai Y, Zhao P, Funk AM, Clavijo Jordan MV, et al. Imaging Extracellular 

Lactate In Vitro and In Vivo Using CEST MRI and a Paramagnetic Shift Reagent. Chemistry -A 

European Journal. 2017. 23(8):1752–6. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 

Reproduced with permission.  
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3.1 Abstract 

In this study, a series of heptadentate macrocyclic YbDO3A complexes were designed with 

δ-chiral carbons on the three-acetate pendant side-arms. This series of YbDO3A complexes 

provided for the first-time detailed information about the interplay of shift reagents with relevant 

substrates, otherwise not possible with the commonly used non-chiral derivatives. Specifically, 

lactate binding to the heptadentate Yb(III) complexes enabled the identification of the structural 

isomers in solution and proved useful on the discrimination of the lactate enantiomers. Aided by 

1H NMR and CEST NMR, we predicted the symbiotic effect of these ternary complexes. This 

work demonstrates the importance of lanthanide complexes and coordination chemistry 

identifying biological relevant substrates in medical imaging.  

3.2 Introduction 

The binding of biologically important molecules to paramagnetic lanthanide DO3A-type 

complexes offers new avenues for molecular imaging of such species.41,42,49,50 Lactate, for 

example, is overproduced in most cancers yet methods to quantify lactate production in vivo are 

lacking, especially methods that can distinguish intracellular lactate from extracellular 

lactate.37,51,52 Recently, Zhang et al. reported a strategy to image extracellular lactate in cancer 

using the shift reagent (SR), EuDO3A.53 This SR was quite specific for binding lactate even in the 

presence of a variety of potentially competing biological anions.  Once bound to EuDO3A, lactate 

was easily detected via CEST-MRI (chemical exchange saturation transfer magnetic resonance 

imaging) by selective activation of the paramagnetically shifted lactate –OH proton which is in 

exchange with water protons. Two major lactate-EuDO3A structures of near equal intensity were 
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detected by CEST, suggesting the metal ion-bound L-lactate lifts the magnetic degeneracy of the 

two SAP diastereomers (Λ(δδδδ) and Δ(λλλλ)) known to be present in solution. Evidence 

supporting this hypothesis was reported by Dickins et al. in a study of a chiral heptadentate 

lanthanide complex which also forms a stable ternary complex with L-lactate.54 In this case, the 

two diasteriomeric ternary complexes were resolved by 1H NMR yet only a single Λ(δδδδ) crystal 

was isolated for crystallographic studies. Somewhat later, Terreno et al.45 also found that a variety 

of α-hydroxyl-carboxylate molecules form ternary complexes with heptadentate YbDO3AM-type 

complexes and some result in rather specific stereochemical discrimination of complex isomers.  

This suggests that bidentate coordination of a α-hydroxyl-carboxylate ligand such as lactate to a 

LnDO3A-type complex can result in isomer discrimination likely on the basis of differences in 

affinity. This is not terribly surprising given that complex isomer discrimination has even been 

reported for octadentate systems such as EuDOTP even on the basis of forming strong ion-pair 

complexes.55,56 

 The current study was initiated to investigate this phenomenon in more detail by using 

various YbDO3A-derivatives as shift reagents for L- lactate with the overarching goal of 

improving the sensitivity of CEST for detection of lactate. Previous studies of various YbDOTA-

tetraamide complexes with chiral centers on the pendent arms often result in a single species in 

solution due to the steric and torsional strain of placing larger groups in pseudo-axial positions.57–

60 One exception was reported by Mani, et al. that smaller amide substituent could also induce 

isomerization between SAP and TSAP59. Given our previous observation that addition of lactate 

to EuDO3A results in discrimination of lactate•EuDO3A stereoisomers by CEST but not high 

resolution 1H NMR, we were interested in knowing whether introduction of chiral centers result 
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in 1) improved stereoisomer discrimination by lactate to yield a single CEST-active species, and 

2) altered lactate –OH proton exchange rates for optimizing CEST sensitivity. Introduction of 

chiral centers in YbDO3A may also allow discrimination of lactate stereoisomers. 

3.3 Experimental section 

General remarks. All reagents and solvents were purchased from commercial sources and used 

as received without other purification unless stated in the work. Proton and carbon NMR have 

been recorded on a Bruker AVANCE III 400 NMR spectrometer operating at 400 MHz and 100 

MHz. Mass spectra were obtained though LC-MS. 

CEST experiments. All CEST studies were recorded on a Bruker AVANCE III 400 NMR (9.4 

T) spectrometer. Saturation power range was from 2.35~23.5 T. Temperature unit controller 

Model # 2416 has been used to control the temperature in the range of 285 ~333 K.  

 

Scheme 3.1. Synthetic procedure for the set arm chain on the cyclen.   



 

35 

 

Scheme 3.2. Synthetic procedure in this study for final ligands.  

 

General procedure for the synthesis of the N-alkyl- bromoacetamides. Bromoacetyl bromide 

(1.1 equiv) is dissolved in dichloromethane (50ml) which was added dropwise to a cooled solution 

(0oC) of corresponding amine (1 equiv) and potassium carbonate (5 equiv) in the water and 

dichloromethane (100ml) mixture. The resulting solution was allowed to warm to room 

temperature and stirred for 8 hours. The organic layer was washed with brine (100 ml) for three 

times and dried over Na2SO4. The organic layer was evaporated high under vacuum. 

N-alkyl- bromoacetamides. Bromoacetyl bromide (1.1 equiv) is dissolved in dichloromethane 

(50ml) which was added dropwise to a cooled solution (0oC) of corresponding amine (1 equiv) 

and potassium carbonate (5 equiv) in the water and dichloromethane (100 ml) mixture. The 
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resulting solution was allowed to warm to room temperature and stirred for 8 hours. The organic 

layer was washed with brine (100ml) for three times and dried over Na2SO4. The organic layer 

was evaporated under high vacuum.  

Ethyl (2-bromoacetyl) glycinate (arm 0): The title compound was prepared in an analogous 

manner to that described above and was obtained as a white solid. (Yield 95%) 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.45 (9H, s, CH3), 5.11 (2H, s, CH2O), 7.34 (5H, m, Ph), 

4.51 (1H, q, NHCHCH2), 3.83 (2H, s, BrCH2), 2.42 (2H, m, CH2CH2CO2), 2.02 and 2.24(2H, m, 

CHCH2CH2). 
13C NMR (100 MHz, CDCl3): δ (ppm) 14.1 (CH2CH3), 28.4 (BrCH2CO), 39.7 

(NHCH2CO), 61.0 (CH2CH3), 169.5 (CH2COO), 177.8 (CH2CONH). 

Ethyl (2-bromoacetyl)-L-alaninate (arm 1): The title compound was prepared in an analogous 

manner to that described for arm 0 and was obtained as a white solid. (Yield 96%) 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.29 (3H, t, CH2CH3), 1.48 (3H, d, CHCH3), 4.19 (2H, s, 

BrCH2CO), 4.21 (2H, q, CH2CH3), 4.35 (1H, q, NHCHCO), 8.03 (1H, s, NH). 13C NMR (100 

MHz, CDCl3): δ (ppm) 14.1 (CH2CH3), 17.3 (CHCH3), 28.7 (BrCH2), 51.1 (NHCHCO), 61.3 

(CH2CH3), 171.5 (CHCO), 177.5 (CH2CO).  

(S)-5-benzyl 1-(tert-butyl) (2-bromoacetyl)-glutamate (arm 2): The title compound was 

prepared in an analogous manner to that described for arm 0 and was obtained as a colorless oil. 

(Yield 98%) 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.47 (9H, s, CH3), 2.03 (2H, m, CHCH2CH2), 2.25 (2H, m, 

CH2CH2CO), 2.44 (1H, m, CH2CHCH2), 3.82 (2H, m, NHCH2CH). 4.19 (2H, s, BrCH2CO), 4.75 

(2H, s, OCH2Ph), 7.35 (5H, m, Ph). 13C NMR (100 MHz, CDCl3): δ (ppm) 27.2 (CHCH2CH2), 
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27.9 (CH3), 28.7, (BrCH2), 30.1 (CH2CH2CO), 39.4 (NHCH2CH), 52.6 (CH2CHCO), 66.7 

(OCH2Ph), 82.8 (C(CH3)3), 135.8 (Ph), 165.7 (CHCOO), 170.2 (CHCOO), 172.4 (BrCH2CO).  

1,4,7,10 –tetraazacyclododecane-1,4,7-tris(2-acetamidoglycine) (1): Compound 0 was 

prepared using previous method61 with the yield of 79%. The ligand 0 (1 g, 1.6 mmol) was 

dissolved in water, using lithium hydroxide change the pH to 12 under room temperature. The 

resulting solution was stirred for 12 hours and change the pH back to 7. The final solution was 

lyophilized and the solid was used for next step without purification.  

(S,S,S)-1,4,7,10- tetraazacyclododecane- 1,4,7 –tris(2-acetamido-glutamic acid γ-benzyl ester 

α-tert-butyl ester 10-benzyloxycarbonyl (2): benzyloxycarbonyl-1,4,7,10- 

tetraazacyclododecane trihydrochloride (1 g, 2.4 mmol) and bromo-N-(2-acetamido- L-glutamic 

acid γ-benzyl ester α-tert-butyl ester (3.04 g, 7.32 mmol) were dissolved in anhydrous CH3CN in 

the presence of 8 equivalences of K2CO3 (2.66 g, 19 mmol). The resulting solution was stirred at 

65oC for 24 hours under N2 condition and then the organic phase was filtered and evaporated in 

vacuo. Column chromatography by alumina oxide with 2% methanol/98% dichloromethane to 

elute column afford pure colorless oil compound (2.1 g, 66%). 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.43 (27H, s, C(CH3)3), 2.35 (12H, m, CHCH2CH2CO), 2.5-

3.0(22H, m, CH2 on cyclen and NCH2CO), 3.85 (2H, s, COCH2Ph), 4.48 (3H, t, NHCHCH2), 5.09 

(6H, s, OCH2Ph), 7.30-7.40 (20H, m, Ph). 13C NMR (100 MHz, CDCl3): δ (ppm) 27.5 

(CHCH2CH2), 27.9 (C(CH3)3), 30.57 (CH2CH2CO), 30.59 (COCH2), 49-55 (ring CH2), 57.8 (CH), 

58.9 (NCH2CO), 66.4 (OCH2Ph), 82.3 (C(CH3)3), 129-138 (Ph), 156.6 (NCOCH2), 170.0 

(CH2CONH), 171.1 (CHCOO), 172.4 (OCOCH2).  



 

38 

(S,S,S)-1,4,7,10- tetraazacyclododecane- 1,4,7 –tris(2-acetamido- glutamic acid α-tert-butyl 

ester) (3): compound 2 (2.1 g, 1.6 mmol) was dissolved in ethanol and pour into glassware with 

20% palladium on carbon (wt %). The mixture was shaken on a Parr hydrogenator under a 

hydrogen pressure of 50 psi for 10 hour at room temperature. The resulting solution was filtered 

and evaporated in vacuo to afford the title compound (1.4 g, 96%). 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.41 (27H, m, C(CH3)3), 2.17-2.65 (28H, m, ring CH2, 

CHCH2CH2CO), 3.25 (6H, s, NCH2CO), 4.55 (3H,t, NHCHCH2), 8.03 (3H, s, NH)13C NMR (100 

MHz, CDCl3): δ (ppm) 27.0 (CHCH2CH2), 27.4 (C(CH3)3), 31.1 (CH2CH2CO), 41-55( ring CH2), 

57.8 (CH), 59.9 (NCH2CO), 84.0 (C(CH3)3), 164.8 (CH2CONH),  171.3 (OCOCH2), 177.7 (COO).  

(S,S,S)-1,4,7,10- tetraazacyclododecane- 1,4,7 –tris(2-acetamido) -alanine ethyl ester 10-

benzyloxycarbonyl (4): 1-benzyloxycarbonyl-1,4,7,10- tetraazacyclododecane trihydrochloride 

(1 g, 2.4 mmol) and N-(2-bromoacetyl) - alanine ethyl ester (1.75 g, 7.3 mmol) were dissolved in 

anhydrous CH3CN in the presence of 8 equivalences of NaHCO3 (1.61 g, 19 mmol). The resulting 

solution was stirred at 65oC for 24 hours under N2 condition and then the organic phase was filtered 

and evaporated in vacuo. Column chromatography (alumina oxide with 2% methanol/98% 

dichloromethane to elute column) afford pure colorless oil compound (1.0 g, 53%). 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.21-1.33 (18H, m, CHCH3, CH2CH3), 2.16-3.28 (16H, m, 

ring CH2), 3.25 (6H, s, NCH2CO), 4.12-4.48 (9H, m, CH, CH2CH3), 5.04 (2H, s, PhCH2O), 7.28-

7.53 (8H, m, Ph, NH). 13C NMR (100 MHz, CDCl3): δ (ppm) 14.3 (CH2CH3), 18.2 (CHCH3), 44-

55 (ring CH2 CH), 59.5(NCH2CO), 61.2 (CH2CH3), 67.5 (PhCH2O), 127-136 (Ph), 156.2 (NCOO), 

170.8 (CH2CO), 173.1 (CHCOO).  
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(S,S,S)-1,4,7,10- tetraazacyclododecane- 1,4,7 –tris(2-acetamido)-alanine ethyl ester (5) : 

compound 4 (1.0 g, 1.2 mmol) was dissolved in ethanol and pour into glassware with 20% 

palladium on carbon (wt %). The mixture was shaken on a Parr hydrogenator under a hydrogen 

pressure of 50 psi for 10 hours at room temperature. The resulting solution was filtered and 

evaporated in vacuo to afford the title compound (0.56 g, 67%).  

1H NMR (400 MHz, CDCl3): δ (ppm) 1.12 -1.38 (18H, m, CHCH3, CH2CH3), 2.46-2.96 (16H, m, 

ring CH2), 3.25 (6H, s, NCH2CO), 4.11-4.46 (9H, m, CH, CH2CH3), 7.93 (3H, s, NH). 13C NMR 

(100 MHz, CDCl3): δ (ppm) 17.4 (CH2CH3), 17.7 (CHCH3), 44-55 (ring CH2 CH), 57.2 

(NCH2CO), 59.5 (CH2CH3), 171.0 (NCOO), 172.0 (CH2CO), 173.2 (CHCOO). 

(S,S,S)-1,4,7,10- tetraazacyclododecane- 1,4,7 –tris(2-acetamido)-alanine (6): compound 5 

(0.56 g, 0.86 mmol) was dissolve in H2O and use 1N lithium hydroxide solution slowly change 

the pH to 12 under room temperature and last the reaction for overnight. After the reaction, change 

the pH back to 7 and lyophilize the sample afford the title compound as colorless oil (310 mg, 

63%).  

1H NMR (400 MHz, D2O): δ (ppm) 1.36 (9H, d, CHCH3), 2.46-2.65 (16H, m, ring CH2), 3.25 (6H, 

s, NCH2CO), 4.19 (3H, q, CHCH3), 8.03 (3H, s, NH). 13C NMR (100 MHz, D2O): δ (ppm) 17.5 

(CHCH3), 45.2-55.1 (ring CH2, CH), 58.1 (NCH2CO), 172.8 (CH2CONH), 180.3 (COO).  

(S,S,S)-1,4,7,10- tetraazacyclododecane- 1,4,7 –tris(2-acetamido)-glutamic acid (7): 

compound 3 (1.4 g, 1.5 mmol) was dissolved in 4 mL trifluoroacetic acid and let the reaction last 

for 16 hours. Evaporate sample in vacuo after reaction finished to afford the title compound as 

yellow oil (900 mg, 79%).  
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1H NMR (400 MHz, D2O): δ (ppm) 2.17 (6H, m, CHCH2CH2), 2.40- 2.6 (m, cyclen ring CH2 plus 

CH2COO-), 3.25 (6H, s, NHCH2), 4.45 (3H, t, NHCH). 13C NMR (100 MHz, D2O): δ (ppm) 28 

(CHCH2), 31.9 (CHCH2CH2), 45.2-65.2 (cyclen rings CH2, NCH2 and CH), 170-183 (CHCOO-, 

CH2COO- and CONH).  

General procedure for the preparation of Yb(III) complexes. The ligand was dissolved in H2O 

and followed by adding 1 equivalence of YbCl3. Using 1N sodium hydroxide and 1N hydrochloric 

acid to change the pH to 5.5~6.0 and leave the reaction stirred for overnight. Xylenol orange test 

was done by each of the complexation until there is no free metal. Filter the sample using 2 um 

membrane filter. Lyophilize the sample and dissolved in desire water volume without further 

purification unless mentioned in the detail. The final concentration was check by Evan’s method 

as described before. 

3.4 Results and discussion 

 The ligand designs shown in Scheme 3.2 were chosen to vary in 1) overall charge and 

affinity for lactate, 2) position and stereochemistry of the δ chiral carbons on the side-arms, and 3) 

capability to form stable heptadentate LnDO3A-type complexes. Carboxylates and carboxylate 

esters were used as bulky groups on the δ chiral carbon centers and Yb(III) was selected among  

the lanthanide series for its greater charge density, small ion radius, and for inducing large 

hyperfine NMR shifts. Heptadentate macrocyclic complexes with Yb(III) are known to increase 

the binding affinity to lactate by one order of magnitude.45  

Octadentate LnDOTA-type chelates are known to interconvert between four isomeric 

structures determined by the orientation of the ethylene groups in the macrocycle (positive = δδδδ, 

negative = λλλλ) or arm rotation (positive = Δ, negative = Λ) relative to the four nitrogen atoms.  
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Scheme 3.3. Structure of Yb(III) complex examined in this work.  

 

Only four isomers are typically detected by 1H NMR due to symmetry and/or rapid exchange 

present between isomers.59,62 Heptadentate Ln-complexes also exist in solution as multiple 

species45 but some recent reports showed that overall positively charged Yb(III)-complexes favor 

a single SAP isomer as shown in Figure 3.1.54 With lactate bound as a bidentate ligand, many more 

structures are possible since lactate can bind in two different orientations, either syn or anti with 

respect to the position of the coordinated –OH group.63 The 1H NMR shifts observed for Yb(III) 

complexes are largely dipolar in origin (𝛿ij
dip

) and produce large lanthanide induced shifts (LIS) 

with negligible contact contributions. These properties also make Yb(III) a preferred lanthanide 

for structural elucidations of organometallic complexes by NMR. The hyperfine NMR shifts 

induced by the paramagnetic Yb(III) ion in these complexes are smaller compared to those 

observed the analogous octadentate YbDOTA-type complexes (Figure 3.2) and the ligand proton 

resonances appear as multiple, broad overlapping H4 (ax1) resonances (except for Yb2). However, 

the ligand proton resonances become much sharper and well-resolved after addition of one 

equivalent of lactate (Figure. 3.3). This  
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Figure 3.1. Schematic representation of the isomeric forms of heptadentate lanthanide complex 

with lactate. R’ represents for bulkier group and R represents for less bulk group. Arm rotation 

will induce enantiomers and ring flip will lead to diastereoisomers.  

 

indicates that with lactate bound, inter-conversion among the multiple isomers present in the di-

aqua complexes is slowed considerably. The H4 resonance assignments were made by comparison 

with analogous YbDOTMA, YbDOTTA, YbDTMA complexes.64 The H4 resonances of the SAP 

isomers (Δ(λλλλ) and Λ(δδδδ)) in this series of lactate•Yb0-4 complexes are all in the chemical 

shift range of ~40-100 ppm (Figure. 3.3). 
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Figure 3.2. High resolution 1H NMR of Yb1-4 complex.  

 

 

Figure 3.3. (Left) 1H NMR spectra of Yb(III) complexes with L-lactate (1:1) (Right). 1H NMR 

spectra of Yb(III) complexes with D-lactate (1:1). All NMR spectra are recorded at 298 K in D2O 

at 400 MHz. pD= 6.5.  
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 Among the five complexes, a striking difference was observed in the 1H NMR spectra of 

Yb0 which lacks a chiral carbon. Here, each of the H4 resonances appear as two equally intense 

peaks after addition of lactate. This indicates that lactate binds with equal affinity to the two SAP 

diasteroisomers of Yb0, Λ(δδδδ) and Δ(λλλλ), and the chemical shifts of the protons in these two 

diastereoisomer L-lactate•Yb0 complexes are not identical. When D-lactate was substituted for L-

lactate in this experiment, again each H4 resonance appears as a doublet, consistent with NMR 

resolution of diastereoisomers by either D- or L-lactate. This illustrates that the carboxyl groups 

on the three glycinate side-arms of Yb0 are easily repositioned into a Λ or Δ orientation by bidentate  

coordination of either D- or L-lactate, i.e., the stereochemistry of lactate dictates the 

stereochemistry of the heptadentate Yb0 complex.  This same feature is also reflected in the CEST 

spectra of D-lactate•Yb0 versus L-lactate•Yb0 (vide infra). 

Table 3.1. H4 proton chemical shift of ML-lac complex. 

 

 L-lactate (ppm) D-lactate (ppm) 

Yb0 101.3/100.5 77.2/75.4 67.1/66.3 53.6/52.1 101.3/100.5 77.2/75.4 67.1/66.3 53.6/52.1 

Yb1 84.7 68.9 42.1 41.0 82.9 67.8 43.7 39.2 

Yb2 85.3 65.2 47.6 41.0 85.8 67.1 50.0 43.7 

Yb3 98.1 75.7 65.0 52.8 96.9 73.2 64.3 50.5 

Yb4 97.4 74.3 62.6 50.4 95.8 72.1 61.5 48.1 

 

 In comparison, the 1H NMR spectra of D- or L-lactate with the four complexes containing 

an asymmetric chiral carbon (Yb1-4) displayed four sharp H4 resonances (Figure 3.3) characteristic 
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of a single species in solution. Close inspection of these spectra show that the chemical shifts of 

the H4 protons in the L-lactate•Yb1-4 complexes are not identical to those in the spectra of the 

corresponding D- lactate•Yb1-4 complexes (Figure 3.3). The chemical shifts of the lactate methyl 

and methine protons also differ in each of these complexes (Table 3.1).  This indicates that a single 

stereoisomer, either Λ(δδδδ) or Δ(λλλλ), is formed in the lactate complexes and that the 

stereochemistry in these complexes is again determined by the stereochemistry of the bound 

lactate. Further 2D EXSY NMR successfully proved that Yb0 would formed two SAP 

diasaterisomers in slow exchange with each other, while complex containing a δ-position chiral 

center like Yb4, only one isomer is present. No evidence is seen in the 2D EXSY spectrum for two 

exchange lactate species as shown in Figure 3.4.  

 

Figure 3.4. (Left). 2D EXSY NMR of Yb0+L-lactate (1:1) in D2O, mixing time= 15 ms. (Right). 

2D EXSY NMR of Yb4+L-lactate (1:1) in D2O, mixing time = 15 ms. The red arrows indicate the 

exchange of lactate CH and CH3, blue arrows indicate the exchange of two SAP disasterisomers 

on Yb(III) complexes (H4 proton). 
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 Unfortunately, we have not had success in crystallizing any of these lactate-Ybx complexes 

due to their high solubility in polar protic solvent. However, one complex, Yb3 did form dimer 

crystal in the presence of L-lactate which is similar to GdDO3AM dimer crystal structure study65. 

Similarly, a previous crystal structure of a similar lactate-YbDO3A complex with the chiral D- 

 

Figure 3.5. (Top) Both Λ and Δ would prefer in Yb0 complex due to carboxylate group could stay 

in pseudo-equatorial position for both structure form. due to carboxylate is bulkier than H. Δ-

helicity would be preferred in Yb2 complex due to CO2C2H5 is bulkier than methyl group and then 

the CO2C2H5 would rotate to pseudo-equatorial position for lower energy state. Λ -helicity would 

be preferred in Yb3 complex form due to the methyl group is bulkier than COO-. Λ-helicity would 

be favored in Yb4 complex due to C2H4CO2
- is bulkier than CO2

- and then it’s more stable for 

C2H4CO2
- stay in pseudo-equatorial position. The Yb1 complex would prefer Δ-helicity due to tert-

butyl ester carboxylate group is bulkier in this case. All the chiral centers were drawn as S-

configuration.  
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phenyl groups indicated those bulky groups were positioned pseudo-equatorial as predicted.54 For 

our case, energetically, bulkier group would prefer the equatorial position. This predict that Yb3 

and Yb4 would favor Λ(δδδδ) structure while Yb1 and Yb2 would favor Δ(λλλλ). This is diagramed 

in Figure 3.5 by layout of the cyclen side-arms structure. Since it’s hard to compare the bulkiness 

of methyl group and carboxylate in Yb1, we assume that charge effect plays an important role to 

determine the preferred confirmation preferred when a complex binds with lactate. The chemical 

shifts of the bound lactate protons in these complexes are also informative (Table 3.2). Just as each 

of the H4 protons in the D- or L-lactate complexes with Yb0 appear as doublets, the lactate –CH 

and methyl proton resonances also indicate the presence of two isomers with different chemical 

shifts (only the methyl resonance chemical shifts are reported in Table 3.2).  Interestingly, the 

chemical shift differences between the D- and L-lactate complexes are much larger (~10 ppm) 

compared to the H4 resonances.  This illustrates that the geometrical positions of the methyl groups 

in D-lactate•Yb0 versus L-lactate•Yb0 are quite different and are dictated by the neighboring 

effects of the nearby side-arms of the complex. In the chiral complexes (Yb1-4), only single 

resonances were observed for the –CH and -CH3 groups indicating again that a single species in 

present in solution. Here again, the chemical shift difference between the methyl resonances of D-

lactate•Yb0 versus L-lactate•Yb0 are ~10 ppm but each methyl resonance in each complex has a 

unique chemical shift. In comparison with non-aqueous chiral derivatizing agents, the shift 

differences observed here, ΔΔδ ≥ 7 ppm is substantially better for enantiomeric differentiation of 

D- versus L-lactate in aqueous solution by 1H NMR.66–68  

To investigate the utility of these Ybx complexes for imaging lactate by CEST,63 we 

collected CEST spectra of samples containing each complex (Yb0-4) with one equivalent of L- 
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Table 3.2. Chemical shifts of the lactate–OH proton resonances and methyl for each of the D- or 

L-lactate•Ybx complexes, proton exchange rate of bound L and D lactate at 298 and 310 K and 

CEST intensity at 298 K and 310 K.  

 

 

 
δ-OH at 

298/310 K 

(ppm) 

CH3-lac 

(ppm)[a] 

kex 298 K 

(s-1) [b] 

kex 310 K 

(s-1) 

1-Ms/Mo 

(%) (298 K) 

[c] 

1-Ms/Mo 

(%) (310 K) 

[c] 

Yb0+L-lac 
164/149 

152/144 
29.4/19.2 1850/1754 3030/2925 7.0/7.8 8.2/9.0 

Yb0+D-lac 
164/149 

152/140 
29.4/19.2 2179/1998 2752/2718 19.1/18.3 19.1/18.4 

Yb1+L-lac 
136 

145 
22.1 1754 2752 8.5 19.4 

Yb1+D-lac 
145 

132 
14.9 1660 2718 11.6 21.6 

Yb2+L-lac 
129 

145 
24.5 2550 4105 19.5 35.2 

Yb2+D-lac 
145 

133 
15.7 2595 4207 19.8 34.2 

Yb3+L-lac 
157 

168 
30.1 2008 2610 13.7 30.0 

Yb3+D-lac 
168 

154 
20.6 2026 2319 11.7 27.0 

Yb4+L-lac 
155 

166 
29.8 1464 1780 6.6 16.0 

Yb4+D-lac 
166 

153 
19.3 1385 1778 4.4 15.9 

[a]. 1H NMR spectra were collected in D2O. [b]. Omega plot was performed with 50 mM complex 

plus 50 mM lactate. Pre-saturation pulse of 3 s with B1 from 2.35 to 23.5 T was applied at 298 K 

and 310 K. [c]. CEST experiments were performed with 50 mM complex plus 50 mM lactate. A 

pre-saturation pulse of 3 s with B1 of 14.1 T was applied at 298 K and 310 K.  Proton exchange 

rate and (1-Ms/Mo) are in 10 percent error range. 
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lactate or D-lactate. As shown in Figure 3.6, the chemical shifts of the exchanging lactate –OH 

proton is the Ybx complexes are substantially larger (~130-170 ppm) compared to the shifts 

observed when using EuDO3A as a shift reagent.8 For the achiral complex, Yb0, two sharp CEST 

peaks at 149 and 164 ppm were detected attributable to two the equally favored diasteroisomeric 

complexes, Λ(δδδδ) and Δ(λλλλ). Identical CEST exchange peaks were observed for the D- versus 

L-lactate complexes formed with Yb0, similar to that seen in the 1H NMR spectra. Upon addition 

of either D- or L-lactate to any one of the chiral complexes, Yb1-4, only a single CEST peak was 

observed, (Table 3.2) but again, the chemical shifts of the CEST exchange peaks for D- versus L-

lactate complexes varied from 9 -16 ppm. This observation is again consistent with enantiomeric 

discrimination of the Yb1-4 complexes by D – or L –lactate (Table 3.2). 

 The amplitude of the CEST exchange peaks for the D- versus L-lactate in each complex 

varied to some extent.  For example, the CEST intensities of the D-lactate –OH exchange peaks 

were larger than the corresponding L-lactate –OH exchange peaks in the Yb1 complexes, about 

equal in the Yb3 complexes, and smaller in the Yb2 and Yb4 complexes. The corresponding 1H 

spectra show that the concentrations of the D- versus L-lactate species are identical so these 

intensity differences must reflect differences in proton exchange rates as shown in Table 3.2. With 

a temperature increase to 310 K, a larger CEST amplitude was observed for all Yb1-4-lactate 

compare to 298 K. The proton exchange rate was estimated by the Omega plot method at both 

temperature. Faster proton exchange rate was observed at 310 K than at 298 K indicating that the 

proton exchange rate at 310 K is closer to optimal for physiological imaging experiments. In each 

complex, the D-lactate –OH exchange peak was further downfield compared to the analogous L-

lactate –OH exchange peak. This points to a small geometrical difference between the two species 
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Figure 3.6. CEST spectra of Yb(III)-complexes with either L-lactate or D-lactate in H2O. (50 mM 

complex with 50 mM D-lactate or L-lactate). Pre-saturation pulse of 4 s with B1 of 14.1 T was 

applied at 298 K using a NMR spectrometer. The pH was adjusted to 7.4 in all samples just prior 

to data collection. CEST spectra were only shown the downfield part for clarification. 

  

where either the –OH proton in the D-lactate complexes are situated closer to the Yb(III) ion or 

have a more favorable angle with respect to the highest fold symmetry axis of the complex (these 

pseudo-contact shifts have a (3cos2θ-1)r-3 dependence).69 These observations are consistent with 

the 1H NMR results, where the –CH proton of the bound D-lactate also showed larger downfield 

chemical shift positions in the 1H NMR spectra. 
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3.5 Conclusions 

 In this study, we investigated whether the substitution of a δ chiral center on the pendant 

arms of YbDO3A-amide type complexes can limit the number of stereoisomers present in solution 

and thereby enhance detection of lactate by CEST NMR. Our results suggest that the synthetic 

designs, Yb1-4, with different substitutions at the δ-position of pending arms, all formed stable 

complexes with lactate. Our finding that the chiral Yb(III)-complexes bind to lactate with a single 

structural conformation is supported by high resolution 1H NMR and CEST NMR data. In the 

presence of (D or L) lactate, the Yb complex with achiral pendent arms show two sets H4 protons 

(Λ(δδδδ) and Δ(λλλλ)), whereas Yb(III)-complexes with δ position chiral centers produced 

structures with only four sharp H4 peaks (Λ(δδδδ) or Δ(λλλλ)). A second finding of this study, was 

the observation, and unique capability, of enantiomeric discrimination of D- and L-lactate by the 

chiral Yb(III)-complexes. This feature was only observed by the complexes containing a δ position 

chiral center at the pendant arms, Yb1-4. Enantiomeric discrimination was also observed by CEST 

NMR, showing distinct -OH CEST peaks for D and L-lactate.  

 In summary, our study shows that heptadentate macrocyclic Yb(III)-complexes with δ 

position chiral centers serve as key predictors of conformational orientation of lanthanide 

complexes with macrocyclic ligands and powerful discriminators of enantiomeric substrates, like 

D- and L-lactate. Ternary complexes are formed with the lactate OH group bound to the Yb(III) 

ion in an apical position as reported previously for lactate•EuDO3A. The lactate OH proton is 

highly shifted downfield in the presence of the Yb(III) -complexes as seen by CEST NMR. The 

approach used magnified the chemical shift of lactate OH CEST and might prove usefull in the 

design of metabolite-specific shift reagents for functional MRI. For example, these agents may 
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prove useful for enantiomeric discrimination of D- and L-lacate. In fact, L-lactate is a well-known 

cancer biomarker overproduced by cancer cells (Warburg effect). But D-lactate, although rarely 

produced by human cells, is also present in the metabolism of essential bacteria from the human 

microbiota. In consequence, D-lactate acidosis is associated with several diseases including bowel 

syndrome and D-lactate encephalopathy.70,71 Given that the development of enantiopure agents is 

of interest in molecular imaging, this work is a positive step forward towards optimizing inorganic 

responsive agents (shift reagents) for selective identification of important biomarkers and 

metabolic profiles. 
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4.1 Abstract 

In this study, we present a type of primary amine based Ln3+ macrocyclic complex capable of 

sensing pH based upon both CEST (Eu3+) and T2 exchange (Dy3+) mechanism. The r2ex of Dy(III) 

complexes increase from around 1.5 mM-1s-1 at pH 5 to around 13 mM-1s-1 at pH 9. With r1 of the 

Dy(III) complex almost keep constant, we could consider using the ratiometric method (r2ex/r1) to 

deter-mine pH without knowing complex concentration. Especially for complex Dy-1 and Dy-2, 

the pH sensitivity falls nicely into physiological pH range. The pH sensitivity of these agents is 

present of the extended amine groups that attic prototropic proton exchange of bound water 

protons. 

4.2 Introduction 

Magnetic resonance imaging (MRI) contrast agents (CAs) are widely used in clinical 

medicine to enhance the contrast between normal and diseased tissues by shortening the T1 and T2 

of tissue water protons.  The most commonly used clinical agents are low molecular weight 

chelated forms of gadolinium(III) that distribute into all extracellular spaces of tissues before being 

excreted via kidney filtration. Dynamic contrast enhancement measurements during agent 

clearance are widely used as an index of tissue perfusion.  Numerous “responsive” contrast agent 

designs have been reported that alter image contrast in response to changes in pH, common 

biological cations (Cu2+, Ca2+, Zn2+),72,73,74,75 O2 tension,76 temperature,32 and enzyme activity but 

none have been approved for clinical use. A new class of contrast agent based upon chemical 

exchange saturation transfer (CEST)29 that use frequency selective radio frequency pulses to 

initiate image contrast is rapidly gaining in popularity.29 CEST imaging has been used to image 
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the tissue distribution of a variety of endogenous molecules containing exchangeable –NH or –OH 

protons such as protein amides, glucose, glutamate, creatine, and others.  A variety of diamagnetic 

(diaCEST) and paramagnetic CEST (paraCEST) agents have also been reported for specific 

applications.13,77 

An attractive feature of CEST is that chemical exchange of protons is a pH-dependent 

process. Consequently, there have been many reports of CEST agents as pH sensors.  The best 

example is the use of the clinically approved CT agents such as Iopamidol78,79 for mapping the 

normal pH gradient in kidneys in vivo.22,80 Other ratiometric methods have been used to quantify 

amide proton exchange CEST amplitudes to determine pH without knowing the local 

concentration of contrast agent.61,79 Although this technique could potentially be applied in vivo, 

the background signal arising from solid-like tissue water referred to as the magnetization transfer 

(MT) signal can be problematical for in vivo studies.  paraCEST agents offer the advantage of a 

much wider chemical shift range over typical diaCEST agents. For example, Wang et al. reported 

a Tb3+-based macrocyclic complex with CEST activatable water signal at ~650 ppm, well-beyond 

the MT window. This complex also displayed a nice pH response between pH 5-8 suitable for 

ratiometric imaging.81 Similar Eu3+ complexes have been applied in vivo despite their lower than 

anticipated sensitivity.61,82  Paramagnetic complexes that act as T2ex agents have also been used as 

responsive MRI agents.27 Like paraCEST, the magnitude of the T2ex effect is also heavily 

dependent on the rate of water exchange in a paramagnetic complex but the optimal exchange rates 

for paraCEST (~103 s-1) and T2ex (~106 s-1) agents differ by about 3 orders of magnitude depending 

upon which lanthanide is used.23,26,9  
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4.3 Experimental section 

 All reagents and solvents were purchased from commercial sources and used as received 

without other purification unless stated in the work. Proton and carbon NMR have been recorded 

on a Bruker AVANCE III 400 NMR spectrometer operating at 400 MHz and 100 MHz. Mass 

spectra were obtained though LC-MS. Preparative HPLC was performed on a Waters Delta prep 

HPLC system equipped with a Water 2996 photodiode array detector and a Phenomenex Luna 

C18 column (5mm, 30mm × 250mm). 

 

 

Scheme 4.1: Synthetic procedure for three final ligands and complexes used in this study.  

 

1,4,7,10- tetraazacyclododecane- 1,4,7,10-tetrakis(N-ethylene (tert-butoxycarbonyl) amino 

acetamide) (1): 1,4,7,10- tetraazacyclododecane (1 g, 5.8 mmol) and tert-butyl N-[2-(2-
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bromoacetamido)ethyl] carbamate (6.61 g, 23.5 mmol) were dissolved in anhydrous CH3CN in the 

presence of 8 equivalences of K2CO3 (6.4 g, 46.4 mmol). The resulting solution was stirred at 65oC 

for 24 hours under N2 condition and then the organic phase was filtered and evaporated in vacuo. 

Column chromatography of alumina oxide with 2%methanol/98% dichloromethane as eluent to 

afford pure colorless oil compound (3.5 g, 61%). 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.38 (CH3, s, 36H), 2.46 (CH2 ring, s, 16H), 3.29 (NCH2CO, 

s, 8H), 3.42 (CH2CH2NH, m, 8H), 3.66 (CH2CH2NH, m, 8H), 8.03 (NH, m, 8H). 13C NMR (100 

MHz, CDCl3): δ (ppm) 28.4 (CH3), 37.6 (CH2CH2NH), 40.6 (CH2CH2NH), 55.1 (CH2 ring), 59.5 

(NCH2CO), 79.5 (C(CH3)3), 155.9 (NHCOO), 170.7 (CH2CONH).  

1,4,7,10- tetraazacyclododecane- 1,4,7,10-tetrakis (N-propyl (tert-butoxycarbonyl) amino 

acetamide) (2): 1,4,7,10- tetraazacyclododecane (1 g, 5.8 mmol) and tert-butyl N-[3-(2-

bromoacetamido)propyl] carbamate (6.93 g, 23.5 mmol) were dissolved in anhydrous CH3CN in 

the presence of 8 equivalences of K2CO3(6.4 g, 46.4 mmol). The resulting solution was stirred at 

65oC for 24 hours under N2 condition and then the organic phase was filtered and evaporated in 

vacuo. Column chromatography of alumina oxide with 2%methanol/98% dichloromethane as 

eluent to afford pure colorless oil compound (4.3 g, 71%). 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.38 (CH3, s, 36H), 1.86 (CH2CH2CH2, m, 8H), 2.46 (CH2 

on ring, s, 16H), 3.18 (CH2CH2NH, m, 8H), 3.29 (NCH2CO, s, 8H), 3.42 (NHCH2CH2, m, 8H), 

8.03 (NH, m, 8H). 13C NMR (100 MHz, CDCl3): δ (ppm) 28.4 (CH3), 28.6 (CH2CH2CH2), 37.1 

(CH2CH2CH2), 55.1 (CH2 ring), 59.5 (NCH2CO), 79.5 (C(CH3)3), 155.9 (NHCOO), 170.7 

(CH2CONH). 
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1,4,7,10- tetraazacyclododecane- 1,4,7,10-tetrakis (N-butylidene (tert-butoxycarbonyl) 

amino acetamide) (3): 1,4,7,10- tetraazacyclododecane (1 g, 5.8 mmol) and tert butyl N-

aminopropyl carbamic acid tert-butyl ester bromoacetamide (7.26 g, 23.5 mmol) were dissolved 

in anhydrous CH3CN in the presence of 8 equivalences of K2CO3(6.4 g, 46.4 mmol). The resulting 

solution was stirred at 65oC for 24 hours under N2 condition and then the organic phase was filtered 

and evaporated in vacuo. Column chromatography of alumina oxide with 2% methanol/98% 

dichloromethane as eluent to afford pure colorless oil compound (4.5 g, 71%). 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.38 (CH3, s, 36H), 1.52 (CH2CH2CH2CH2, m, 16H), 2.46 

(CH2 on ring, s, 16H), 3.02 (NHCH2CH2, m, 8H), 3.18 (CH2CH2NH, m, 8H), 3.29 (NCH2CO, s, 

8H), 8.03 (NH, m, 8H). 13C NMR (100 MHz, CDCl3): δ (ppm) 27.0 (CH2CH2CH2CH2), 28.4 

(CH3), 35.8 (CH2CH2NH), 38.6 (NHCH2CH2), 55.1 (CH2 on ring), 59.5 (NCH2CO), 79.5 

(C(CH3)3), 155.9 (NHCOO), 170.7 (CH2CONH). 

1,4,7,10- tetraazacyclododecane- 1,4,7,10-tetrakis (N-ethyleneamine acetamide) (4): 

compound 1 (2 g, 2 mmol) was reacted directly with 4 mL TFA for 16 hours. Solvents were 

removed under vacuum and the title compound was obtained as yellow oil (1.1 g, 92.5%). 

1H NMR (400 MHz, D2O): δ (ppm) 3.03 (CH2CH2NH2, t, 8H), 3.18 (CH2 on ring, s, 16H), 3.41 

(NHCH2CH2, m, 8H), 3.72 (NCH2CO, s, 8H). 13C NMR (100 MHz, D2O): δ (ppm) 36.6 

(CH2CH2NH2), 38.8 (NHCH2CH2), 50.0 (CH2 on ring), 54.4 (NCH2CO), 169.3 (NHCOCH2). 

1,4,7,10- tetraazacyclododecane- 1,4,7,10-tetrakis (N-propylamine acetamide) (5): compound 

2 (2 g, 2 mmol) was reacted directly with 4 mL TFA for 16 hours. Solvents were removed under 

vacuum and the title compound was obtained as yellow oil (1.2 g, 95%). 
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1H NMR (400 MHz, D2O): δ (ppm) 1.86 (CH2CH2CH2, m, 8H), 2.46 (CH2 on ring, s, 16H), 2.65 

(CH2CH2NH2, m, 8H), 3.29 (NCH2CO, s, 8H), 3.42 (NHCH2CH2, m, 8H). 13C NMR (100 MHz, 

D2O): δ (ppm) 33.4 (CH2CH2CH2), 37.1 (NHCH2CH2), 39.1 (CH2CH2NH), 55.1 (CH2 on ring), 

59.6 (NCH2CO), 170.1 (NHCOCH2).  

1,4,7,10- tetraazacyclododecane- 1,4,7,10-tetrakis (N-butylideneamine acetamide) (6): 

compound 3 (2 g, 1.8 mmol) was reacted directly with 4 mL TFA for 16 hours. Solvents were 

removed under vacuum and the title compound was obtained as yellow oil (1.2 g, 94%).  

1H NMR (400 MHz, D2O): δ (ppm) 1.34 (CH2CH2CH2CH2NH2, m, 8H), 1.42 

(CH2CH2CH2CH2NH2, m, 8H), 2.75 (CH2CH2CH2CH2NH2, t, 8H), 2.99 (CH2CH2CH2CH2NH2, t, 

8H), 3.07 (CH2 on ring, s, 16H), 33.5 (NCH2CO, s, 8H). 13C NMR (100 MHz, D2O): δ (ppm) 24.0 

(CH2CH2CH2CH2NH2), 25.2 (CH2CH2CH2CH2NH2), 38.5 (CH2CH2CH2CH2NH2), 38.9 

(CH2CH2CH2CH2NH2), 49.8 (CH2 on ring), 54.6 (NCH2CO), 170.1 (NHCOCH2). 

General procedure for the preparation of Ln3+ complexes. The ligand was dissolved in either 

acetonitrile or H2O and followed by adding 1 equivalence of LnCl3. Using 1 N sodium hydroxide 

and 1 N hydrochloride acid change the pH to 5.5~6.0 and leave the reaction stirred for overnight. 

Xylenol Orange test was done by each of the complexation until there is no free metal detected. 

Change the solution pH to 8.5 and stir it at room temperature for overnight to eliminate free metal. 

Filter the sample using 2um membrane filter and then lyophilize the sample and dissolved in desire 

water volume without further purification unless mentioned in the detail. The final concentration 

was check by Evan’s method. 

Relaxivity Measurement. The T1 and T2 of the samples were measured at 400 MHz at 298 and 

310 K using a Bruker AVANCE III 400 MHz vertical bore spectrometer The T2 was measured by 



 

60 

using the Carr-PurcellMeiboom-Gill (CPMG) sequence and nonlinear least –squares fitting. 

Transverse relaxivities and longitudinal relaxivities were determined by linear fitting of the 

relaxation rates of four solutions (1, 2, 3, 4 mM) as shown in Figure 4.1-3.  

 

Figure 4.1. pH dependence of T1 and T2 of Dy-1 complex at four concentrations. B0= 400 MHz, 

T= 298 K.  

 

Figure 4.2. pH dependence of T1 and T2 of Dy-2 complex at four concentrations. B0= 400 MHz, 

T= 298 K. 
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Figure 4.3. pH dependence of T1 and T2 of Dy-3 complex at four concentrations. B0= 400 MHz, 

T= 298 K. 

4.4 Results and discussion 

 

Scheme 4.2. The complexes examined in this work. 

 In this study, we examined the CEST and T2ex properties of the lanthanide complexes 

illustrated in Scheme 4.2. The ligands were designed to have primary amine groups positioned at 

variable distances (2-4 CH2 carbons) from the amide coordinating groups so we could evaluate the 

impact of protonation at these distant sites on the CEST signal of the single exchanging lanthanide-
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coordinated water molecule.  Although the four appended primary amine groups have pKa values 

well-above pH 8, the CEST and T2ex signals were found to be remarkably sensitive in the pH range 

5-7.  Further studies designed to understand this surprising effect led to a catalytic model of proton 

exchange involving all protonation sites in the immediate vicinity of the single lanthanide ion 

coordinated water molecule.  

 The CEST spectra of three Eu3+ complexes recorded at various pH values are shown in 

Figure 4.4. A rather dramatic increase in CEST intensity was detected near ~50 ppm (a well-known 

Eu3+-water exchange peak) as the pH was reduced from ~7 to ~4 in all three complexes. To better 

understand the origin of this observation, the pKa’s of the primary amine groups were measured  

 

Table 4.1. Protonation and stability constants of Ca2+ and Gd3+ complexes of ligand 2.  

 

 CaL2 GdL2 

log KMHL 9.71 9.53 

log KMH2L
 9.77 9.49 

log KMH3L
 8.94 8.90 

log KMH4L
 8.69 8.46 

log KMH-1 11.24 10.78 

log KML 8.51 11.1-11.9 

 

by potentiometric titration in two model complexes, CaL2 and GdL2 (Table 4.1). These data show 

that the primary amines on the pendant arms have pKa’s much higher than the pH-dependent CEST 

effects shown in Figure 4.4. The lowest protonation constant measured for CaL2 and GdL2 were 
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log KMH4L 8.69 and 8.46, respectively, about 2 orders of magnitude higher than the pH effects 

shown in Figure 4.4. The titrations also revealed pKa’s for the bound water molecule (log KMH-1) 

in these complexes was also much too high to have a direct impact on the CEST signal between 

pH 5-7 as shown in Figure 4.5.  

This suggests that a different mechanism may be responsible for the pH-dependent CEST 

response observed in these complexes. To understand further the pH dependence mechanism of 

these type complexes, the rate of water (or proton) exchange (kex) was estimated by fitting the 

CEST data of Figure 4.4 to Bloch theory. These data are summarized in Table 4.2. In Eu-1, kex 

was found to increase nearly 100-fold between pH 4 and 7.6 (~8,000 to ~760,000 s-1) consistent 

with a base-catalyzed exchange mechanism.  

 

 

Figure 4.4. pH dependence of CEST spectra of three Eu3+ DOTAM-amine complexes. 

Experimental condition: CEST data were obtained at 20 mM concentration in H2O, B1= 23.5 T, 

saturation delay = 2 s and temperature = 298 K. The line represents fitting results from Bloch 

equation. 
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Table 4.2. pH dependence of proton exchange rate of Eu(III) complexes estimated by Bloch 

equation.  

Eu-1 Eu-2 Eu-3 

pH 𝑘𝑒𝑥(s-1) pH 𝑘𝑒𝑥(s-1) pH 𝑘𝑒𝑥(s-1) 

2.4 7800 3.3 8801 3.1 11822 

4.0 8200 4.2 7278 4.2 10562 

5.4 12188 5.4 9632 5.1 10841 

6.4 95817 6.4 12482 6.6 18062 

7.6 759653 7.4 92696 7.6 125600 

 

 

Figure 4.5. pH dependence of Eu(III) complexes CEST intensity profile. Samples’ information: 

[Eu3+]= 20 mM, saturation power= 23.5 T, saturation delay= 2 s and T= 298 K.  

 

The proton rates in Eu-2 and Eu-3 increase with pH similarly but the maximum rates at pH 

7.6 are about 8-fold slower than in Eu-1. This likely reflects the greater distance between the 
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positively charged appended amino groups in Eu-2 and Eu-3 and the protons on the slowly 

exchanging inner-sphere water molecule in these complexes. In an effort to fit these data to a 

model involving base-catalyzed exchange, we considered the following possible exchange 

contributions to proton exchange in these complexes.  For any exchangeable –OH or –NH proton, 

the rate of proton exchange induced by the base catalyze can be described by eqn. 11. Here, ko is 

spontaneous rate of proton exchange, kb is the base-catalyzed rate of exchange, and pkw is the 

ionization constant of water (pkw = 14 at 298 K).  

𝑘𝑒𝑥 = [𝑘𝑜 + 𝑘𝑏 ∗ 10(𝑝𝐻−𝑝𝑘𝑤)]                             (11) 

For complexes, such as these, the existence of the four protonated amine groups in each complex 

will also impact the proton exchange rates either through direct interactions with the inner-sphere 

water molecule or through second-sphere water interactions. In this case, an additional catalytic 

term, α, can be added to eqn. 1.  

𝑘𝑒𝑥 = 𝛼[𝑘𝑜 + 𝑘𝑏 ∗ 10(𝑝𝐻−𝑝𝑘𝑤)]                      (12) 

𝑘𝑒𝑥 = 𝑘𝑜
′ + 𝑘𝑏

′ ∗ 10(𝑝𝐻−𝑝𝑘𝑤)                            (13) 

 

By fitting the proton exchange rates as measured by CEST (Table 4.2) to eqn. 13, the values of 𝑘𝑜
′

 

and 𝑘𝑏
′  for each complex were obtained (Table 4.3). 
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Figure 4.6. pH dependence of proton exchange rate data fitted into base catalyze eqn. 13. 

 

The plot in Figure 4.6 shows the experimental proton exchange rates plotted as a function 

of pH with the solid lines reflecting the fit of the data to eqn. 13. Although the data below pH 6 is  

Table 4.3.  Experimental rate constants determined for each Eu(III) complexes derived from Eqn. 

13 for a base-catalyzed proton exchange mechanism. 

 

Complexes 𝑘𝑜
′

 (s
-1) 𝑘𝑏

′  (s-1) 

Eu-1 23721 1.8×1012 

Eu-2 15781 1.0×1011 

Eu-3 8558 3.0×1011 

 

not terribly informative, the agreement between the experimental and fitted data above pH 6 is 

quite good. The two complexes with more extended primary amine groups with higher pKa. To 

avoid the possible contribution of base catalyze amide proton on the pendent arm to bound water 
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proton exchange rate, additional CEST experiments were measured on Eu-2 analogue complex 

bearing a benzyl ester functional group on the free amine at pH 3 and 7.  
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Figure 4.7. (Left) CBZ protected Eu-2 complex structure. (Right) CEST spectra of left complex at 

pH 3.0 and 7.1. [Eu3+] = 20 mM, saturation time = 2 s, saturation power = 23.5 T, and temperature 

= 298 K. 

  

 Surprisingly, two identical CEST spectra were obtained at two pH, clearly demonstrating 

that the base catalyze of amide proton have no effect on bound water proton. Another observation 

from these CEST profiles is that, the bulk water linewidths are fairly broader at higher pH values. 

Data suggests that the T2 exchange phenomena would also be affected by these pH changes. 

Interestingly, after an analysis to the 𝑘𝑒𝑥 determined from Eu(III) complexes, it becomes clear that 

the values are also in the triggering region for T2ex.
9 

 To further validate our conclusions, we have prepared Dy3+ complexes of the three ligands, 

Dy-1, Dy-2 and Dy-3. Dy3+ complexes typically are ideal for T2ex systems because they present 

faster proton exchange rates combine a larger magnetic moment. The transverse relaxivity come 

from the water molecule exchange was then calculated by subtracting the total transvers relaxivity 

for Dy-TETA complex which is a good control for measure T2 due to lack of bound water 
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molecule. All samples r1 and r2ex are based upon four different concentration measurement results 

with linear fitting given in Figure 4.1-3.  

 

 

Figure 4.8. pH dependence of r1 and r2ex for each Dy(III) complexes measured on 400 MHz NMR 

at 298 K. 

 

 The r1 and r2ex of Dy(III) complexes recorded with various pH were shown in Figure 4.8. 

A dramatic increase on r2ex with pH increase from 5 to 9 were observed on all three Dy(III) 

complexes with similar trend. Further temperature dependence of r2ex were measured at pH 7 ( 298 

K and 310 K). Higher r2ex were obtained at 310 K for the three complexes demonstrating that the 

proton exchange rate should fall right into the slow-exchange side of the theoretical SWIFT-

Connick curve26 that similar to other Dy-DOTA-amide complexes reported previously. The 

increase on r2ex at higher pH values suggests faster proton exchange rates. Precisely the same 

behavior observed with the pH dependence of Eu(III) complexes CEST intensity profile. 

Additionally, data indicates a similar prototropic effect produced by the primary amines that 

creates the r2ex dependence with the pH. To better understand the r2ex pH dependence behavior, we 

incorporate SWIFT-Connick equation (eqn 14) into base catalyze equation (eqn 11). Equations 14 

to 16 represent the interrelationship between theories. PB is the molar fraction of complexes in 
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solution and Δ𝛚 is the metal bound water chemical shift. As reported before we have assumed Δ𝛚 

equal to -730 ppm.26 𝑘𝑜
′  and 𝑘𝑏

′ represent the spontaneous and base catalyze exchange rate 

respectively.  

1

𝑇2𝑒𝑥
= 𝑅2𝑒𝑥 = 𝑃𝐵

𝑘𝑒𝑥
−1𝛥ѡ2

1 + 𝑘𝑒𝑥
−2𝛥ѡ2

                                                   (14) 

1

𝑇2𝑒𝑥
= 𝑅2𝑒𝑥 = 𝑃𝐵

[𝑘𝑜
′ + 𝑘𝑏

′ ∗ 10(𝑝𝐻−𝑝𝑘𝑤)]−1𝛥ѡ2

1 + [𝑘𝑜
′ + 𝑘𝑏

′ ∗ 10(𝑝𝐻−𝑝𝑘𝑤)]−2𝛥ѡ2
           (15) 

𝑟2𝑒𝑥 = 𝑃𝐵

[𝑘𝑜
′ + 𝑘𝑏

′ ∗ 10(𝑝𝐻−𝑝𝑘𝑤)]−1𝛥ѡ2

1 + [𝑘𝑜
′ + 𝑘𝑏

′ ∗ 10(𝑝𝐻−𝑝𝑘𝑤)]−2𝛥ѡ2
                          (16) 

 

 

 

Figure 4.9. pH dependence of r2ex and T2ex data fitted by a base catalyzed exchange model 

described by Eqn (15) and (16). (Left) pH dependence of r1 and r2ex profile. (Right) pH dependence 

of T2ex data of 4 mM concentration Dy(III) complexes. 
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Table 4.4. Rate constants derived from Eqn. 15 and 16 for a base-catalyzed proton exchange 

mechanism. 

Complexes 𝑘𝑜
′

 (s
-1) 𝑘𝑏

′  (s-1) 

Dy-1 (1/T2ex, 4 mM)) 144480 1.0×1012 

Dy-2 (1/T2ex 4 mM) 59830 0.8×1012 

Dy-3 (1/T2ex 4 mM) 160940 0.7×1011 

Dy-1 (r2ex) 126170 9.7×1011 

Dy-2 (r2ex) 32840 8.5×1011 

Dy-3 (r2ex) 154880 0.7×1011 

 

The plot in Figure 4.9 shows experimental r2ex and T2ex (4 mM) as a function of pH with 

the solid lines reflecting the fit of the data to eqn 15 and eqn 16 respectively with the rate constant 

presents in Table 4.4. The agreement experimental and fitted data is quite good for Dy-2 and Dy-

3 complexes. The larger residual differences for Dy-1 can be explained by the higher perturbations 

on the primary amines due to the shorter distance to the metal ion (charge, flexibility, paramagnetic 

effects) that is also consistent with pH dependence of Eu-1 proton exchange rate profile.  

Unlike r2ex values presented optimal pH responsiveness at biological relevant pHs, the 

longitudinal relaxivity (r1) remained unaffected for the full pH range studied. These results also 

demonstrate that proton exchange rates are too slow to be used for T1 contrast imaging (10-9 to 10-

6 s). That interesting observation, of unchangeable r1s, makes it possible to measure pH by a 

ratiometric method r2ex/r1 with a concentration independent analysis (Figure 4.10). This is 

important because in most cases, the local concentration of contrast agent in tissues is unknown in 
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Figure 4.10. Ratiometric plots of r2ex/r1 for all there Dy(III) complexes at pH range of 5 to 9. 

Relaxivities were measured at 400 MHz NMR at 298 K.  

 

vivo. Even though the ratiometric curves show almost the same trend with r2ex vs pH profile, while 

larger difference on the r2ex/r1 value make it more appealing for in-vivo application.  

4.5 Conclusions 

In summary, we studied a series of Eu(III) and Dy(III) DOTA-tetraamide complexes with four 

appended primary amine groups, for their CEST and T1/T2 relaxation properties. The 

corresponding ligands were synthesized in high yield and few synthetic steps. The corresponding 

Eu3+ complexes showed a high metal-bound-water CEST intensity at slightly acidic pHs, but the 

signal was small at pH 7.4.  
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Figure 4.11. Schematic representative of prototropic effect of amine to metal bound water proton. 

 

This turn “on” feature as shown in Figure 4.11 could be quite efficient for detecting acidic 

microenvironments in tumor tissues. Moreover, with Dy(III) complexes, transverse relaxivities 

showed also a similar trend, where r2ex increased dramatically from pH 5 to 9. In contrast, the 

longitudinal relaxation rates (R1) remained unchanged, which makes possible the use of a 

concentration independent ratiometric r2ex/r1 method for MRI. The discrepancy between the 

protonation constant of the primary amines, determined by potentiometry, and the effect observed 

by the two techniques was interpreted for the first time. A fit of the CEST data to Bloch Theory 

and the T2ex data to Swift-Connick theory, modified to include a base-catalyzed prototropic effect, 
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showed a reasonable agreement between the proton exchange rates as a function of pH. The 

hydrogen bonding network present in solution at the secondary sphere of with these complexes, 

produces an indirect prototropic effect at the inner-sphere bound water molecules. This work 

serves as a proof of concept for multifunctional detection of pH by MRI. The complementarity of 

the different modalities, CEST T2ex, and T1, may allow the development of agents that can be used 

in concentration independent way. We believe that this work may serve as a model for subsequent 

functional MR imaging and development of responsive probes. 

Contribution to this research work. LZ, PZ and GT carried out the experiments. LZ, AM, GT and 

PZ performed the data analysis. LZ, AM, and ADS drafted the manuscript.  

 

This chapter will be published as journal paper. The manuscript is under preparation.   

Lei Zhang, Andre Martins, Yunkou Wu, Piyu Zhao, Gyula Tirćso and A, Dean Sherry. New pH 

responsive agents based on T2ex mechanism. JACS, manuscript in preparation.  
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CHAPTER 5 

FUTURE PERSPECTIVES 

In this dissertation, we described several Ln-based macrocyclic complexes capable of image 

lactate or pH and their potential application for biomedical imaging at the in vitro and in vivo 

levels. 

In chapter 2, EuDO3A was successfully synthesized, and we found that, upon binding with 

lactate, the labile proton on the lactate hydroxyl group shifted well away from the bulk water 

signals so that it becomes easy to detect by CEST. Such a specific chemical shift in CEST idealizes 

these heptadentate complexes as a new platform for contrast agent design for imaging lactate. 

Furthermore, the successful in vitro cell imaging and in vivo study provides a new method to 

imaging lactate produced by cancer cells.  

Future work on these shift reagents for imaging lactate includes synthetic chemistry studies 

on their fundamental properties, such as improving the sensitivity by producing a polymeric 

heptadentate Eu complex, altering the side arm chain on cyclen to optimize the proton exchange 

rate, and conjugate a functional targeting group on the free secondary amine of cyclen to direct 

these agents to cancer cells. Specifically, incorporating different functional targeting groups on the 

EuDO3A would be a key direction for the development of different tumor targeting agents for 

imaging lactate. In this case, the complex would accumulate in the area of interest for a prolonged 

time rather than immediately being filtered by kidneys. 

In chapter 3, we proved that including a δ-position chiral center on the YbDO3AM 

derivative complexes bind D- or L-lactate in a single confirmation. This complex has the ability 

to shift the lactate hydroxyl proton from 0.5ppm to ~120ppm, a significant increase in chemical 
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shift when compared to an identical Eu complex. Due to the tiny geometric differences when either 

D- or L-lactate bind to the complex, the chemical shifts of both hydroxyl and methyl proton CEST 

signals are different, suggesting that these complexes could be considered chiral shift agents.  

Future work on these YbDO3MA complexes will be focused on the fundamental 

understanding of the proton exchange rate in the SR-lactate complex. The reason behind why the 

complex exhibits a larger CEST intensity (higher proton exchange rate) at 310 K than at 298 K is 

unclear, and this is a key parameter in further designing contrast agents for lactate detection. In 

addition, based on the theory of CEST, these complex derivatives can distinguish other α-amine 

or hydroxyl carboxylate molecules, such as amino acids. CEST intensity is proportional to proton 

donor concentration (such as lactate). This method can also be applied in calculating the 

asymmetric enantiomeric excess due to the large chemical shift difference between enantiomers. 

In chapter 4, we described the Ln-DOTAM-amine complex as potentially pH sensitive 

agents based on CEST and T2 exchange mechanisms. The base catalyzed amines accelerate the 

bound water proton exchange rates through a hydrogen bond network between the amines and the 

bound water proton. The resulting overall effect is the decrease in CEST intensity with an increase 

in pH in Eu3+ complexes while the T2ex of Dy complexes increase with an increase in pH. By 

keeping the T1 of Dy complexes constant, a ratiometric method (T2ex/T1) can be applied for the 

imaging of pH without knowing the CA’s concentration.  

Subsequent work on these pH responsive agents will focus on both fundamental chemistry 

and in vivo pH imaging studies. It’s known that the net charge on the contrast agent is an important 

parameter for in vivo application. Instead of using four appended amine groups, a single amine 

with three carboxylate groups may prove to work equally well compare to the four amine groups 
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on the side arms. In addition, the future work of this amine based complex could serve as a T2 

exchange agent responsive to biomarkers, such as enzymes and important biological cations.   
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