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In this thesis, two sets of experiments will be discussed: synthesizing a T1 

contrast agent as nanosize particles and in bulk. 

In the first set of experiments, a T1 MRI contrast agent was synthesized as 

nanoparticles. The goal was to prepare a new gadolinium based MRI contrast agent 

with a stable structure in aqueous solution and a low relaxivity (r2/r1) ratio compared to 

those commercially available. Gadolinium Phosphonate nanoparticles were prepared 

using a reverse microemulsion method with IGEPAL-520 as the surfactant. The 

nanoparticles varied in size from 38 nm to 1000 nm. A surface modification with PMIDA 

was performed to achieve particle stability in aqueous solution. FTIR (Fourier Transform 

Infrared Spectroscopy), C/H/N analysis (carbon, hydrogen, nitrogen analysis), XRD (X-

Ray Diffraction Spectroscopy), EDS (Energy Dispersive X-Ray Spectroscopy) and TEM 

(Transmission Electron Microscopy) images were recorded to visualize the 

nanoparticles. Magnetic resonance relaxivity properties were measured to compare 

those of the nanoparticles to available gadolinium based contrast agents (GBCA). If GP 

nanoparticles prove stable at room temperature in aqueous solution and generate 
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higher resolution MRI images, this would represent a significant improvement over 

existing GBCA.  

In the second part, the same particles were synthesized in bulk. The goal of this 

part was to make a comparison between the bulk and nanoparticles materials. The 

comparison was made using FTIR, TEM and EDS analysis for both parts. An interesting 

result was observed with the EDS assay; the Gd atoms in the nanoparticles bound to 

more ligands than the gadolinium in the bulk materials. Although several attempts were 

made to grow crystals from the GBCA, they were not successful.  
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CHAPTER 1 
INTRODUCTION 

1.1 Imaging Techniques 

A critical step in the diagnosis of many diseases involves internal imaging of the 

body. Several non-invasive imaging modalities are in use today, including plain film X-

ray, computed tomography (CT), and Magnetic Resonance Imaging (MRI) [17]. Each 

form of imaging has advantages and drawbacks. On the one hand, X-rays and CT 

scans can be performed in a matter of minutes; however, the resulting images are often 

time consuming for radiologists to interpret, with the exceptions of gross bone fractures 

and acute cerebral hemorrhages. On the other hand, an MRI scan may take 30-60 

minutes to complete but generally provides higher quality images than the other two 

techniques, especially of most soft tissues. This property makes MRI the preferred 

choice for imaging the brain [1], heart, skeletal muscles, abdominal cavity as well as a 

majority of tumors [10]. Additional advantages of using MRI for body imaging are that 

the process is painless and entails no exposure to X-ray radiation. Excessive exposure 

to ionizing radiation including X-rays can induce mutations in DNA leading to cancer 

and birth defects [5]. 

1.2 Magnetic Resonance Imaging (MRI) 

MRI uses a powerful magnetic field and various frequencies of radio waves to 

scan the body and produce images. The magnetic field aligns the spin axes of water 

protons (and other atomic nuclei with an odd number of protons and neutrons) [2]. Once 

aligned, the protons absorb radio waves, which excite them, causing their spins to “flip” 

or change direction. After the excitation step, relaxation occurs several milliseconds 

later as the protons return to their baseline spin state. This process generates a signal 
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detected by a computer [8]. Using a program based on Fourier transformations, the 

computer converts the signal into an image corresponding to that part of the body. The 

final image is three dimensional [19], which is very desirable in radiology.  

This is the ideal scenario; in practice, random signals arise from hydrogens in 

surrounding molecules, e.g. proteins and lipids. To minimize this interference, contrast 

agents are used to enhance the signal to noise ratio and make the resulting images 

clearer. Without a contrast agent, the water protons’ magnetic signal is distorted by 

background magnetic fields. When a soluble contrast agent is added, however, the MRI 

machine mainly detects the magnetic field generated by the electrons of the CA’s core 

metal atoms. The CA signal dwarfs a proton signal by a factor of several thousand. So, 

when the contrast agent is added the sensitivity and the ability to detect lesions 

increases [11,14]. This will help and improve imaging in the fields of biology and 

medicine.  

1.3 Nanoparticles as MRI Contrast Agents 

Advances in nanotechnology have led to improvements and new directions in the 

development of contrast agents. Nanoparticle contrast agents, especially those less 

than 100 nm in diameter, have several advantages. Their two most important properties 

are, first the large surface area increases the reactivity of the material, and second, the 

core metal atom has a greater ability to bind to other functional groups [8].   

The superiority of nanotechnology is obvious compared to traditional contrast 

agents, the ferromagnetic iron oxides. Ferromagnetic iron oxides distort the magnetic 

field due to their huge magnetic susceptibility from neighboring normal tissues. This 

background distortion is known as the blooming effect [8]. This effect increases the 

signals in the background which decreases the resolution of the images, in turn leading 
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to inaccurate or inconclusive disease diagnoses. On the other hand, at nanoparticle 

sizes, the ferromagnetic iron oxides will lose the large susceptibility and become 

superparamagnetic. That will shorten T2 and increase the contrast in the resulting 

images.  

1.4 Types of MRI Contrast Agents 

MRI contrast comes from the interaction between the contrast agent and the 

neighboring water molecules in the body. MRI contrast agents are geared toward 

enhancing one of two imaging parameters, known as T1 and T2. T1 and T2 weighting 

use two entirely different types of contrast agents (CA). T1 contrast agents usually 

consist of paramagnetic complexes. They can be called Longitudinal or positive contrast 

agents. The other type of contrast agent is a T2 contrast agent. They can be called 

transverse or negative contrast agents. Most of T2 contrast agents are based on 

transition metal agents contain Fe (III) or Mn (II). One well known example of a T2 

contrast agent is Superparamagnetic iron oxide (SPIO). This type of contrast agent is 

based on spin-spin relaxation time, or the magnetic interaction of protons with 

neighboring protons [15].  

Although T2 contrast agents have been used for a long time in MRI imaging, they 

have several disadvantages which limit their usefulness in clinical applications. First, the 

fast absorption of SPIO agents by the liver leads to a correspondingly rapid excretion 

from the body. To avoid this limitation, particles less than 50 nm in diameter are 

necessary to prolong hepatic excretion time. Another disadvantage is that SPIO agents 

tend to appear darker than the background tissue; these areas can easily be confused 

with opacities in the surrounding tissue [8]. Today, SPIO contrast agents are still 
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available for human use; however, their sole indication is to confirm the presence of 

cancer metastases to the liver [19]. 

The second type is the Gadolinium based contrast agents. They can be thought 

of as T1 or Longitudinal contrast agents; they act upon the proton’s spin-lattice 

relaxation time [15], i.e. the proton’s magnetic interaction with surrounding molecules as 

it returns to its baseline state. Paramagnetic gadolinium complexes are used because 

this element has seven unpaired electrons in its 4F orbital, which has a total capacity of 

14 electrons. Each unpaired electron has a local magnetic field almost 660 times more 

potent than a proton. In addition, Gadolinium can induce relaxivity in 1 million water 

molecules per second, making it an ideal contrast agent [11]. A good example of a 

gadolinium contrast agent is Gd-DTAP [7]. It has been widely used in detecting 

breakage of the blood brain barrier (BBB) [8]. More recently, a Gd based contrast agent 

has been used in liver imaging in addition to SPIO [12].   

1.5 Devising New Gadolinium Based Contrast Agents 

In recent years and for the above mentioned reasons, there has been a great 

deal of interest in developing new Gadolinium contrast agents in order to provide higher 

resolution and better quality T1 images. In practical terms, this will make MRI scans 

even more sensitive at detecting lesions like tumors at smaller sizes than currently 

possible [21]. The in vivo resolution limit of MRI is approximately 0.5-1 millimeters [3]. 

Although this sounds tiny, a tumor that reaches 2 mm in diameter (and is probably still 

asymptomatic at that size) may already contain 1 x 107 or 10 million cancer cells [20]. 

Clearly, much room for improvement exists in the realm of MRI imaging. Although T2 

imaging is preferred for highlighting a tumor or a fluid collection, T1 imaging plays a 

complementary role in most diagnostic situations. 
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Figure 1-1. T1, T2 weighted image of transverse sections of human brain and proton 
density weighted images of human brain. 

From a safety perspective, a solution containing free Gadolinium (III) is too toxic 

for use in humans; hence, it is necessary to chelate Gd with other compounds to 

minimize the risk of heavy metal poisoning, especially hepatotoxicity (liver damage) and 

nephrotoxicity (kidney damage). The big concern for researchers when synthesizing a 

new gadolinium contrast agent is to choose a stable chelate that will hold the Gd3+ ion 

and not release it or allow it to exchange inside the body.  

There are three types of stability classes: non-ionic linear agent, ionic linear 

agents, and macrocyclic agents. In the Anzalone paper [16], data suggests that the 

macrocyclic agents are the most stable, as they contain a core of four atoms that bind 

covalently to the central Gd. After that, ionic linear ligands come next in order from a 

safety perspective. In this research we used HEDP (Figure 1-2) which is an ionic linear 

ligand. The reason for our choice was because we wanted to get solid nanoparticles 

which is not the case with macrocyclic; they are soluble molecules. As will be discussed 

later, this ligand has an interesting property that could make it more stable than other 

ionic linear ligands. 



 

17 

 
Figure 1-2. HEDP structure (1-hydroxyethane 1, 1-diphosphonic acid) 

One risk factor associated with GBCA deserves special mention, and that is 

nephrogenic systemic fibrosis (NSF). NSF occurs almost exclusively in patients with 

acute kidney injury (AKI) or chronic kidney disease (CKD). In severe renal impairment, a 

low GFR (glomerular filtration rate), corresponding to a creatinine clearance less than 

30 mL/minute, means the patient’s kidneys are unable to excrete gadolinium in a 

reasonable amount of time [6]. Although the cause(s) of NSF remains obscure, it seems 

after several days in the body, Gd3+ ions dissociate from their ligand shell and deposit 

systemically, triggering a serious, sometimes fatal dermatological reaction. With the 

above in mind, the advent of a GBCA in the form of a chelated gadolinium nanoparticle 

should mean a lower dose of contrast agent needed for human imaging studies. This, in 

turn, should lower the risk of nephrotoxicity, NSF, or other complications arising from Gd 

(III) deposition in a patient’s liver, bones, and other organs. 

Considering that renal elimination is the body’s main disposal mechanism for 

most contrast agents, the consensus is that GBCA are safer than the iodinated contrast 

agents still used in X-ray radiography and CT scans [17]. 
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The strategy for developing a new GBCA was based on a 1997 paper entitled 

DNA Surface Modified Gadolinium Phosphate Nanoparticles as MRI Contrast Agents 

[15]. IGEPAL-CO520 would be used as a surfactant to control the sizes of the 

nanoparticles. The next step was to modify the surface with PMIDA to make the 

particles soluble in aqueous solution. Finally, the resulting nanoparticles would be 

subjected to a magnetic field and radio frequencies to measure their r2/r1 ratio as an 

indicator of relaxivity. An r2/r1 ratio less than 2 is considered desirable for a T1 contrast 

agent [9]. 
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CHAPTER 2 
MATERIALS AND EXPERIMENTAL METHODS 

2.1 Materials and Methods 

The following three compounds were purchased from Sigma-Aldrich and used as 

received. 1) Gadolinium nitrate (Gd-(NO3)3) was dissolved in water to allow the Gd3+ 

ions to dissociate. 2) Etidronic acid monohydrate (1-hydroxyethane 1, 1-diphosphonic 

acid): This compound was used to chelate the Gd3+ ions. It has two phosphate groups 

on each side (bisphosphonate) as shown in Figure 1-1. 3) IGEPAL CO-520 is a non-

ionic surfactant used to control the particle size. Additional reagents:  Cyclohexane: 

Cyclohexane was used as a non-polar solvent. Potassium bromide (KBr): 200 mg of this 

compound was used for FTIR background.  

N-(Phosphonomethyl) iminodiacetic acid (PMIDA): This compound used for the 

surface modification. It has two carboxylic acid groups on one side and a phosphate 

group on the other side. The phosphate group binds to and stabilizes the Gd3+ on the 

particle's surface (Figure 2-1). 

 
Figure 2-1. The structure of PMIDA. 

Gadolinium-HEDP contrast agent was synthesized and characterized in this 

research.  The two parts of this chapter will discuss the synthesis of Gd-HEDP. Part 1 
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will explain how the Gd-HEDP was synthesized as nanoparticles. Some techniques that 

have been used to characterize the synthesize material such as FTIR, TEM, EDS, 

C,H,N analysis and XRD will also be shown. Next, surface modification with PMIDA will 

be discussed. Part 2 will discuss synthesis of the Gd-HEDP in bulk. Next, a review of 

some techniques used to characterize the new material will be highlighted. After that, a 

detailed comparison between the two different parts will be summarized. 

2.2 Part 1 

2.2.1 Method 

Gd-HEDP was prepared using the same method as described in the article DNA 

Surface Modified Gadolinium Phosphate Nanoparticles as MRI Contrast Agents (10). 

The first beaker (A) was prepared by adding a solution of 500 mg Gadolinium nitrate 

(Gd (NO3)3) in 5 mL of H2O to 100 mL of cyclohexane combined with 20 mL of IGEPAL 

CO-520. The second beaker (B) was prepared with the addition of a solution of 568 mg 

of HEDP to 5 mL of H2O. That was added to 100 mL of cyclohexane mixed with 20 mL 

of IGEPAL CO-520. Beakers A and B were stirred for 30 minutes. Afterwards, the 

contents of beaker B were added drop by drop to beaker A. After three hours of stirring, 

the microemulsion was broken with 250 mL of Acetone. The washing steps consisted of 

three centrifugations with acetone then twice with water.  

After synthesizing the material several techniques were used to characterize the 

product. 

2.2.2 Characterization  

2.2.2.1 Fourier transform infrared spectroscopy (FTIR) [26]: 

The infrared spectrum was taken on KBr background. 1 mg of Gd-HEDP was 

added to 200 mg of KBr. The mixture was ground for 3 minutes and put it into the die. 
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Afterwards, the IR spectrum was measured. The selected range was between 400 - 

4000 cm-1, and the number of scans was 16. With this method the infrared spectrum of 

HEDP (Etidronic acid) was recorded as shown in Figure 2-2.  

From this spectrum, we can tell that the signals from 1230-1260 cm-1 belong to 

phosphonate group. The second step consisted of recording the infrared spectrum of 

the synthesis Gd-HEDP, shown in Figure 2-3. A consistent result was observed with 

three different samples. They were prepared according to the same method described 

previously. The phosphonate stretch signal remains very sharp and intense.  

2.2.2.2 High resolution transmission electron microscopy (HR-TEM) [25]: 

HRTEM images were taken on the prepared samples. The purpose of capturing 

the images was to take a close look at the shapes and sizes of the particles. TEM grids 

were purchased from the Ted-Pella Company. The sample was prepared by dispersing 

5 mg of Gd-HEDP in 2 mL of acetone. Next, 20µL of the solution was added drop wise 

to the grid. Afterwards, the microscopy was performed on JEOL 2010F HRTEM at 200 

kV.     

The shapes of the samples in Figure 2-4 were well defined rectangles. The sizes 

varied a great deal between 160 nm - 1000 nm. The goal was to achieve smaller crystal 

sizes with a more defined shape, which is clearly shown in Figure 2-5. In this image, I 

used the same preparation method as previously discussed but decreased the volume 

of cyclohexane to 50 mL. This change produced crystals as small as 38 nm in diameter, 

as shown in Figure 2-5. 

2.2.2.3 Energy dispersive X-ray spectroscopy (EDS) [23, 24]: 

Analysis was performed on an EDS X-ray microanalysis system coupled to an 

HRTEM microscope. Determining the ratio between gadolinium and phosphate was our 
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goal in this step. Table 2-1shows the ratio of gadolinium to phosphate for the two 

different samples. 

 

Figure 2-2.  Infrared absorption spectrum of etidronic acid (HEDP) 
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Figure 2-3. Infrared spectrum of three different samples of Gd-HEDP. 
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Figure 2-4. TEM images of Gd-HEDP. 

 

 
 

Figure 2-5. HR-TEM images of Gd-HEDP with the altered ratio of cyclohexane to 
IGEPAL CO-520. 

Table 2-1. EDS data of Gadolinium to Phosphorus ratio. 

Sample ID Gadolinium Phosphorus  

Sample 1 21.00 79.00 

Sample 2 21.60 78.40 
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Sample 1 and sample 2 show the same ratio between the two elements; these 

numbers are consistent with a Gd to P ratio of 1:4. Essentially, we are chelating the 

gadolinium with two bidentate molecules of HEDP, which will stabilize the complex 

inside the body and minimize the risk of free Gd3+ ions being released. 

2.2.2.4 Carbon, Hydrogen And Nitrogen analysis [27]: 

This step characterized the sample content to ensure that we were able to 

accurately synthesize the material on a consistent basis. In Table 2-2, which shows the 

percentage of carbon, hydrogen and nitrogen for two different samples, a consistent 

result from the two samples can be seen. 

Table 2-2. Carbon, Hydrogen and Nitrogen analysis of two samples of Gd-HEDP. 

Sample ID Carbon Percentage  Hydrogen percentage  Nitrogen Percentage 

Sample 1 7.081% 2.252% 0.000% 

Sample 2 7.383% 2.377% 0.081% 

 
2.2.2.5 X-Ray powder diffraction (XRD) [22]: 

This technique was used to determine if the sample is crystallized. We obtained 

X-ray data for both samples that is shown in Figures2-4 and 2-5. Both of the two 

samples show exactly the same result, as shown in (Figure 2-6). Powder data were 

obtained using X'Pert Powder instrument that was purchased from the "PANalytical" 

company. We weighed out 100 mg of the nanoparticles then applied a very thin layer of 

them to double sided tape backed by a glass slide. Defined crystalline structures usually 

produce very sharp peaks. This is not the case with my material; in angle 22 we can see 

a very broad peak (Figure 2-6). 

2.3 Surface Modification with N-(Phosphonomethyl) Iminodiacetic Acid (PMIDA): 

To make this contrast agent comparable to the other contrast agent, we needed 

to see how these particles disperse in water. In their native state, the particles are not 
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soluble in water so the idea was to modify their surfaces to make them more soluble in 

aqueous solution. For this step we added 20 mg of Gd-HEDP Nanoparticle to 1 mL of 

water. Then 30 mg of Gd (NO3)3 was added to the solution. After that, we placed the 

solution in the ultrasonicator for 30 minutes. This step allowed us to coat the particle 

surface with Gd3+ ions. In another vial 60 mg of PMIDA was dissolved in 3 mL of water. 

Then, the pH of the solution was adjusted to around 7.  

To raise the pH, we first measured the pH of the PMIDA solution; it was 

extremely acidic. As such, we added 100 µL of NaOH and measured the resulting pH. 

We repeated this step until the solution reached pH 7. Next, a Gd-HEDP vial was added 

to the PMIDA vial and placed in the ultrasonicator for 60 minutes. The new particles 

were collected by centrifuge and washed three times with nanopure water. After 

completing these steps, we visually inspected the dispersal properties of the particles in 

water and found that they disperse very well.  

 
Figure 2-6. X-ray powder diffraction of Gd-HEDP. 
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Next we wanted to see how these nanoparticles compare to bulk particles. So, I 

performed another series of experiments which will be discussed in Part 2. 

2.4 Part 2 

2.4.1 Method 

The method used was similar to the method described by Nash, K. (13). This 

experiment basically involves mixing the lanthanide with the HEDP in a 1:2 molar ratio. 

For this method two vials were mixed. The first one, which we will call vial A, contained 

0.295 g of Gd (NO3)3 dissolved in 5 mL of H2O. The second vial (vial B) contained 0.448 

g of HEDP dissolved in 5 mL of H2O. Then we added vial A to B.  

After that I tried several ways to collect the particles. Two ways were ultimately 

successful. The first one was to allow the mixture to stand at room temperature for three 

days until the particles form then collect them by four rounds of centrifugation with 

water. The result of this method will be shown in sample FY012. The second way was 

to stir the solution for 60 minutes, let it stand for another hour, and then centrifuge it with 

water 4 times. The result of this approach will be shown with the sample FY013.  

We characterized the results of the two methods FY012 and FY013 by several 

techniques in order to compare it to the nanomaterials.  

2.4.2 Characterization  

2.4.2.1 Fourier transform infrared spectroscopy (FTIR): 

The same setup of Part 1 was used. 200 mg KBr was ground and combined with 

1 mg of the synthesized material. The result is shown in Figure 2-7, which shows the 

FTIR spectroscopy of the bulk materials of Gd-HEDP. We still can see the P=O peak 

which confirms the presence of the phosphate group. Also, in Figure 2-7 we can directly 

compare the two ways of collecting the materials FY012 and FY013; in both methods, 
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identical material was collected. Finally, IR spectroscopy confirms the presence of a 

phosphonate peak at 1230 cm-1. 

 

Figure 2-7. FTIR spectroscopy of Gd-HEDP in bulk 

 
Figure 2-8. FTIR for Gd-HEDP synthesized in part 1 (FY005) and Gd-HEDP 

synthesized in part 2 (FY012). 



 

29 

For the sake of comparison, Figure 2-8 shows two samples of FY005 (prepared 

in Part 1) with FY012 (prepared in Part 2). We can see many identical peaks that 

represent identical functional groups in both materials. The only difference between the 

two samples is a small shift in the phosphonate peak. 

2.4.2.2 High resolution transmission electron microscopy (HRTEM): 

The second step in characterizing these materials was obtaining high resolution 

TEM images. The same setup that preformed in Part 1 was used. By doing this step, we 

wanted to compare the shape and size of crystals produced by the two different 

methods. In Figure 2-9, Gd-HEDP synthesized by the method described in Part 2 is 

shown. We can see that it is much larger than the nanomaterial, which was expected. 

The other noticeable feature is the rectangular shape of the particles. 

 
 

Figure 2-9. TEM images of Gd-HEDP synthesized with method in part 2. 

2.4.2.3 Energy dispersive X-ray spectroscopy (EDS): 

The analysis was done coupled to the TEM instrument. We wanted to know the 

ratio between the Gd and P atoms in these particles. Table 2-3 shows the atomic 

percentage of both Gd and P. 
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Table 2-3. EDS data using the method described in part 2. 

Sample ID Gadolinium percentage Phosphorus percentage 

Sample 1 38.75 61.25 

Sample 2 31.35 68.65 

 
From Table 2-3 we can see that we were able to synthesize Gd-HEDP with a 

different Gd to P ratio than the compound in Part 1. In this part, the Gd-HEDP has a Gd 

to P ratio of 1:2, which means a lower number of P ligands around the core lanthanide 

atom.  

After using these various methods to characterize the two materials, we conclude 

that the nanomaterial and bulk material differ in terms of ligand composition, i.e. the Gd 

to ligand ratio. 

In FTIR for both methods the functional groups are present and had very sharp, 

intense peaks with only a small shift, as shown in Figure 2-8.  

In the HRTEM images it is notable that the nanoparticles are much smaller that 

the bulk material. In both methods the particle shape was a rectangular prism.  

In the EDS technique, an important difference between the two methods was 

found. In the nanoparticles, more HEDP ligands are attached to the Gd whereas in the 

bulk material only one ligand is attached. More phosphate ligands are attached to the 

nanomaterial than to the bulk material; the implications of this finding will be discussed 

in Chapter 4.    

2.5 Crystal Growth 

One of the main goals of this research was to grow a crystal of Gd-HEDP in 

order to obtain a more detailed structure and a better idea of the atoms’ bonding 

arrangement. The following experimental protocol was taken from a 1997 paper [13].  I 

tried to grow different lanthanide-HEDP crystals using Gd, Eu, and Dy HEDP. In the 
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following experiment 0.448 g of HEDP dissolved in 5 mL of H2O was added to 0.295 g, 

0.446 g and 0.377 g of Gd(NO3)3, Eu(NO3)3 and DyCl3
.6 H2O dissolved in 5 mL of H2O, 

respectively. The solutions were left on the counter for almost seven months. During 

this time, white Gd-HEDP and Eu-HEDP particles as well as yellow Dy-HEDP particles 

appeared, but ultimately no crystals formed. By the end of the experiment, the particles 

resembled a powder more than a crystal. 
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CHAPTER 3 
RELAXATION DATA 

3.1 T1 and T2 Relaxation Times 

1H NMR signals arise from the coupling proton spin excitation and relaxation in a 

strong magnetic field swept by radio frequencies. Proton spin relaxation can be 

enhanced in one of two ways depending upon whether a T1 or T2 contrast agent is 

used.  

T2 (the transverse or spin-spin relaxation time) is defined as the time it takes for 

the synchronous magnetic spins of the 1H nuclei to decay from their peak excitation 

state in the xy plane (Mxy decay) [8]. A plot of T2 appears as a downward sloping curve 

that falls to its original value after several seconds.  Effective T2 contrast agents are 

compounds with the ability to shorten T2 relaxation time (see image 12). This makes the 

contrast appear as a dark area on the resulting image; for this reason T2 agents are 

also called negative contrast agents. This property is considered a drawback, however, 

because it often makes image interpretation difficult.     

Conversely, T1 (the longitudinal or spin-lattice relaxation time) is the time it takes 

the 1H nuclei to realign or their magnetic spins along the longitudinal or z plane (Mz 

recovery) [8]. The T1 signal plot appears as a curve with a positive slope that plateaus 

after several seconds. T1 contrast agents shorten T1 relaxation time; this increases the 

signal and produces a correspondingly brighter region on the resulting image. For this 

reason, T1 agents are called positive contrast agents and are often preferred over T2 

agents.  
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Figure 3-1. Mz recovery in T1 relaxation (Left) and Mxy decay in T2 relaxation (Right).    

In an effective T1 contrast agent, the ratio between the transverse and 

longitudinal relaxivities (r2/r1) must be kept low. Ideally, the value of this ratio should be 

lower than 2 [9]. To obtain r2 values, we plot the concentration in mM vs. the T2 value in 

S-1 unit and measure the slope, which corresponds to r2; similarly, the value of r1 is 

obtained by plotting the concentration vs. T1.  

3.2 T1 and T2 Measurement 

T1 and T2 measurements were done to assess the quality of our new 

synthesized contrast agent. Five T1 and T2 measurements were taken for each sample. 

Different concentrations of gadolinium were prepared by dissolving 10 mg, 5 mg, 2.5 

mg, 1.25 mg, and 0.625 mg of Gd-HEDP respectively into 1 mL of H2O. Another sample 

was prepared for ICP to measure the concentration.  

For the ICP measurement, 1-2 mg of the nanoparticles was dissolved in 3-5 mL 

of nanopure water. First, a sample of nanopure water is run to measure any background 

signal and calibrate the machine accordingly. Next, a series of standards is run 

containing 1, 10, and 100 ppm of Gd, respectively. Finally the sample solution is 

measured, and the instrument calculates the Gd concentration automatically. 
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Figure 3-2. T1 measurement of Gd-HEDP of FY005 sample 

 
Figure 3-3. T2 measurement of Gd-HEDP of FY005 sample. 

T1 and T2 measurements were done on the product synthesized according to 

the two methods described in Part 1 of the Experimental section. The first sample, 

represented by FY005, was synthesized by the original method. The other sample, 



 

35 

represented by FY019, was synthesized using the new ratio between cyclohexane and 

IGEPAL- 520 and corresponds to sample FY018. In Figures 12 and 13, a plot of T1 and 

T2 vs. concentration is shown. All five data points appear distinctly on the plot. From the 

slope of the linear equation, r1 and r2 can be calculated.  

In Figures 12 and 13, the ratio of r2/r1 was around 2.495, which is higher than 

the desired result. The other measurements are shown in Figures 14 and 15, which 

show the plot for the FY019 sample. Here the value of r2/r1 is around 1.800. By 

changing the ratio between cyclohexane and IGEPAL-520, we were able to achieve an 

r2/r1 ratio within the acceptable range (lower than 2). To compare this result with the 

available result for Gd-DTPA, see Table 3-1. In this table our relaxation data is 

compared to Gd-DTPA which is a complex of gadolinium with a chelating agent, 

diethylenetriamine penta-acetic acid (DTPA). Also, we compare it with Gd-PO4-DNA 

which is a complex of gadolinium phosphate with DNA surface modification. 

Table 3-1. Comparison of r2/r1 values for different contrast agents. 

Contrast agent  Structure a  Magnetism  r1 

mM-1s-1 

r2 

mM-1s-1 

r2/r1 

Gd-HEDP(FY019) NP Paramagnetic 9.9 17.8  1.8 

Gd-HEDP(FY005) NP Paramagnetic 2.5 6.2 2.4 

Gd-PO4-DNA NP Paramagnetic 0.2 12.8 60.9 

Gd-DTPA C Paramagnetic 4.6 5.4 1.1 

a NP: nanoparticles C: chelate  

As Table 3-1 shows, it is clear we were able to get an acceptable r2/r1 ratio with 

our new contrast agent compared to the other agents. 
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Figure 3-4. T1 measurement of Gd-HEDP of FY019. 

 

 
 

Figure 3-5. T2 measurement of Gd-HEDP of FY019. 
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CHAPTER 4 
DISCUSSION AND CONCLUSIONS 

4.1 Discussion  

The main objective of this project was to develop a novel T1 gadolinium based 

contrast agent. Since free Gd3+ ions are too toxic to be used in vivo, it was necessary to 

select a strong chelating agent to prevent the release or exchange of ions in solution. 

As noted previously, as a class, macrocyclic agents reliably chelate lanthanide ions by 

forming covalent bonds with them. However, since linear chain ionic agents form 

comparatively stable complexes with Gd3+ ions in solution, HEDP was chosen as the 

gadolinium chelating agent.  

Gd-HEDP nanoparticles were synthesized using a reverse microemulsion 

method. Many techniques were employed to characterize the resulting product including 

FTIR, C,H,N analysis, XRD, HR-TEM images, and EDS. Nanoparticles ranged in size 

from 160 to 1000 nm in diameter. To achieve a smaller particle size, the synthesis was 

repeated using the same protocol but decreasing the volume of cyclohexane by 50%. 

After making this change, we obtained complexes as small as 38 nm in diameter. TEM 

images revealed a rectangular prism shape for the nanoparticles. 

A second set of experiments was done using the bulk synthesis product for 

comparison, as described in Chapter 2. FTIR spectroscopy of both nanoparticles and 

bulk material showed the same peaks with a small shift in the (P=O) peak seen in the 

bulk product. TEM images of the bulk material also revealed rectangular prisms. The 

size of the bulk product was much larger than the nanoparticles, as we anticipated.  

The EDS analysis revealed a surprising result. In the nanoparticles, the Gd to P 

ratio was 1:4 whereas the ratio for the bulk material was 1:2. This means twice as many 
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phosphonate ligands are present in each nanoparticle compared to their bulk material 

counterparts. A chelation shell consisting of two ligands would bind Gd3+ ions more 

effectively and provide greater stability in solution compared to an agent with only one 

ligand. Although bulk synthesis of Gd-HEDP requires less time than nanoparticle 

preparation, use of the bulk contrast agent would be confined to in vitro imaging. Gd-

HEDP nanoparticles, on the other hand, are far more likely to meet the safety criteria for 

future in vivo experiments using animal models.    

XRD analysis showed that the nanomaterial lacks a well-defined crystal 

structure. Several attempts were made to grow crystals using various lanthanide-HEDP 

combinations (specifically Gadolinium, Europium, and Dysprosium); however, none of 

these attempts proved successful.  

To evaluate the effectiveness of the contrast agent, T1 and T2 measurements 

were performed on five different product concentrations. Afterwards, the r2/r1 ratios 

were calculated. We were able to achieve a ratio of 1.8, which is lower than the 

threshold value of 2 considered to be the acceptable upper limit of relaxivity for a T1 

contrast agent.  

4.2 Conclusions / Future Directions 

In summary, we have developed a novel GBCA with optimal dispersal properties 

in aqueous solution. EDS results for the nanoparticles confirm that each Gadolinium ion 

is chelated by two HEDP complexes rather than one, which minimizes the risk of free 

Gd3+ ions being released inside the body. Relaxation measurements were especially 

promising, as we achieved an r2/r1 value less than 2. On the other hand, we were 

unable to crystallize the Gd-HEDP complex; consequently, we have not yet worked out 

its exact structure at the atomic level.  
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Crystallization experiments based on alternate lanthanide series elements may 

yet prove successful. Also, measure the r2/r1 for the bulk material will be interesting to 

know and compare to our NP result. Beyond in vitro experiments, using this contrast 

agent to obtain real time images in animal models represents a truly exciting prospect. 
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