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Abstract 
 

Magnetic metal oxide nanoparticles for contrast enhancement in Magnetic Resonance 

Imaging (MRI) have proven to be one of the most promising applications in diagnostic 

science. The nanoparticles can provide better and more accurate diagnosis by their 

capability to enhance the contrast between different soft tissues. New and better 

contrast agents need to be developed, to further improve this contrast enhancement. 

This thesis is focused on biofunctionalization of gadolinium oxide (Gd2O3) nanoparticles 

to obtain specific properties for further functionalization with the long term goal to 

improve the biocompatibility and the biomolecular recognition. 

 

Gd2O3 nanoparticles have been synthesized by a polyol synthesis and characterized with 

Transmission Electron Microscopy (TEM), X-ray Photoelectron Spectroscopy (XPS) and 

Dynamic Light Scattering (DLS).  

 

Three different capping procedures of Gd2O3 nanoparticles was investigated to obtain 

improved stability and to present functional groups for further functionalization. 

Capping molecules used was oleic acid, citric acid and 3-aminopropyl-triethoxysilane 

(APTES).  

 

The presence of oleic acid and citric acid was examined with Fourier Transform Infrared 

Transmission (FT-IR) and XPS. The crystalline nature of Gd2O3 when capped with oleic 

acid and citric acid was also examined using X-ray powder diffraction (XRPD) and TEM. 

The capping layer from APTES was examined using XPS and DLS. 

 

Dialysis and filtration has a crucial role in decreasing the risk of aggregation and 

increasing the possibilities for functionalization of the Gd2O3 nanoparticles. Diafiltration 

procedure was studied which may lead to better and quicker filtration. 
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Acronyms and abbreviations  

 
arb.units  Arbitrary Units 

APTES   3-Aminopropyl-Triethoxy-Silane 

CaF2   Calcium Floride 

CMD   Carboxymethyl Dextran 

DEG   Di-Ethylene Glycol 

DLS   Dynamic Light Scattering 

DV   Diavolume 

EDC   1-Ethyl-3-(3-Dimethylaminopropyl)-Carbodiimide 

EDX   Elemental Energy Dispersive X-Ray Spectroscopy 

FID   Free Induction Decay  

FT-IR   Fourier Transform Infrared 

FWHM   Full Width at Half Maximum 

Gd2O3   Gd2O3 Nanoparticles Synthesized by Polyol Method 

KBr   Potassium Bromide 

K2CO3   Potassium Carbonate 

KMnO4   Potassium Permanganate 

MPTES   3-Mercaptopropylsiloxane 

MRI   Magnetic Resonance Imaging 

MWCO   Molecular Weight Cut Off 

NaIO4   Sodium Periodate 

NaOH   Sodium Hydroxide 

NHS   N-Hydroxy-Succinimide 

PBS   Phosphate Buffered Saline 

RF   Radiofrequency Waves 

rpm   Revolutions Per Minute 

TEM   Transmission Electron Microscopy 

TEOS    Tetraethyl Orthosilicate 

XPS   X-ray Photoelectron Spectroscopy 

XRPD   X-ray Powder Diffraction 
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1 Introduction 

 
Magnetic Resonance Imaging (MRI) is one of the most important tools for medical 

image diagnostics, where the internal structure of the body is viewed. MRI is useful in 

neurological, muscoskeletal, cardiovascular and oncological imaging, where it provides 

information of pathological and abnormal changes in different soft tissues.  

The first MR image was published in 1973 and the first studies performed on humans 

were published in 1977. [1] 

 

MRI contrast agents are used for enhancing the difference in signal intensity between 

different soft tissues, by altering their magnetic relaxation properties. Until now, most 

contrast agents have comprised paramagnetic chelates and the most commonly used 

contrast agent in clinical MRI consists of chelated gadolinium ions (Gd
3+

). These chelated 

Gd
3+

 are used in a very high concentration (>0.1 mM) as it provide rather low relaxivity 

[2]. In recent years, the focus has been on developing nanoparticle-based systems as a 

contrast agent in MRI. 

 

The major difference between chelates of ions and magnetic nanoparticles is that 

chelates of ions have only one or two metal ion per complex, which gives a relative 

week signal intensity enhancement. Nanoparticles on the other hand may bring a 

number of metal atoms per particle which will increase the local contrast considerably 

[4]. Superparamagnetic iron oxide nanoparticles are today the only ones allowed in in 

vivo measurements of patients. These are negative contrast agents, which appears 

predominantly as dark areas in T2-weighted images. Superparamagnetic iron oxides are 

quickly removed from the circulation system and accumulated in the liver and are 

usually used as contrast agents for liver tissues. The development of Gadolinium-based 

nanoparticle systems as contrast agents are in progress [2]. Gadolinium-based 

nanoparticles, i.e. Gd2O3 can be used as a positive contrast agent which appears as light 

areas in T1-weighted images. [3] 

 

Gadolinium exhibit highly interesting magnetic properties due to its seven unpaired 

electrons on the f level and are considered paramagnetic. A problem with gadolinium is 

that it is very reactive and thus toxic, as a free ion as most metal ions. The nanoparticles 

need to be biofunctionalized, to reduce and minimize the leach of gadolinium ions and 

to make them biocompatible. Biofunctionalized gadolinium-oxide nanoparticles may 

also prolong the duration time in the circulation system and increase the possible 

examination time. Accurate composed biofunctionalized nanoparticles can facilitate 

further functionalization for e.g. ligand specific interaction. [2,3] 

 

In this diploma work, gadolinium oxide nanoparticles have been synthesized and 

functionalized with different molecules as a possible step for further functionalization 

for e.g. contrast enhancement, cell tracking and ligand specific binding.  

This work has been performed in the division of Molecular Surface Physics and  
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Nanoscience at the department of Physics, Chemistry and Biology (IFM) at Linköping 

University, Linköping, Sweden. 

 

1.1 Aim 

 
The aim of this project is to synthesize and functionalize gadolinium oxide nanoparticles 

to be used as a contrast agent in MRI. The goal of functionalization is to achieve 

biocompatibility and increase the stability of the nanoparticles. Design and 

characterization of nanoparticles will be done and as well as evaluation of the 

possibilities for further functionalization for targeting purposes. 
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2 Background 

2.1 Gadolinium/Gadolinium Oxide 

 

Gadolinium (Gd) is a silvery-white rare earth metal and a member of the lanthanide 

elements. It has the atom number 64 and an atom weight of 157.25 g mol
-1

. Gd 

crystallizes in a hexagonal close-packed structure. Upon heating the structure changes 

to a body centered cubic structure. Gd has seven unpaired electrons in the f-shell, which 

means that it has good magnetic properties, i.e. paramagnetic. Gd also has the highest 

thermal neutron capture cross-section with the exception of Xenon-135. Due to this 

paramagnetic property, Gd is used as a positive contrast agent for signal enhancement 

in T1 weighted imaging. [5] 

 

Gadolinium oxide or gadolinia has the molecular formula Gd2O3. It has a cubic crystal 

structure and is white in powder form and slightly hygroscopic, i.e. it tends to adsorb 

water. Gd2O3 has a molecular weight of 362.50 g mol
-1

, a density of 7.07 g cm
-3

 and a 

molar magnetic susceptibility χm, of 53.2 10
-3

 cm
3
. [5,6] 

 

2.2 Nanoparticles 

 

Nanoparticles are particles in the range of 1-100 nm. These nanoparticles are 

characterized by a greater surface area per weight than larger particles, which makes 

them very reactive to other molecules. The physical properties for nanoparticles are 

dependent on the size and compared to larger particles, the electronic properties are in 

between a bulky state to an atomic state. [7] 

 

A nanoparticle-based system is expected to give a higher relaxivity compared to a 

system of chelates, since nanoparticles consist of a number of metal ions per particle 

which will increase the local contrast considerably. Ion based chelates have one or two 

metal ion per complex which will give a lower density of metal ions than for the 

nanoparticle-system. [8]   

 

2.3 Magnetism 

 

Magnetism is a phenomenon coupled to spin and orbital motions of electrons and their 

interactions with other electrons. A net magnetic dipole moment occurs for every atom 

by the movement of each electron. In most cases the net magnetic dipole moment is 

cancelled out due to paired electron spins. So a material is magnetic when the elements 

present, have a net magnetic dipole moment. This net magnetic dipole moment will give 

rise to a magnetic field. [9] 
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Different properties in a magnetic material are depending on the directions of the 

magnetic dipole moments. Three different kinds of magnetism exist, i.e. paramagnetism, 

ferromagnetism and diamagnetism. [9] 

 
Rare earth metals belong to the group paramagnetic materials with no net magnetic 

field, where every atom has randomized orientations of the magnetic dipole moment. 

When paramagnetic materials are applied to an external magnetic field, the magnetic 

dipole moment will align in the same direction as the external magnetic field. This 

results in net positive magnetization, thus reinforcing the magnetic field. The 

randomness of the orientation and the direction will reappear when the external 

magnetic field is removed. [9] 

  

2.4 Magnetic Resonance Imaging (MRI) 

 

Magnetic resonance imaging (MRI) is a noninvasive method of mapping the internal 

structure of the body. MRI is today widely used in medicine for clinical examination and 

where first introduced in the beginning of 1970. MRI is a powerful tool for identifying 

pathological and abnormal changes in tissues, yielding more information and helps to 

provide a more appropriate and accurate diagnosis. [10] 

Figure 1 shows an example of a MRI image of a human brain. 

 

 
Figure 1. An example of a MRI image of the brain. Kindly allowed by [11]. 

 

MRI is based on the phenomenon that when a nuclei of a certain atom possess a net 

charge, an odd number of protons and neutrons, can absorb and emit energy, when 

placed in a magnetic field. The most common atom in all organisms which possess a net 

charge is the hydrogen atom, making MRI a favorable and suitable application for 

mapping the internal structure of the body. [10] 

 

Hydrogen and other atoms which possess a net charge have an angular momentum i.e. 

spin. The magnitude of the angular momentum depends on the spin quantum number, I, 
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and it is related to the inner structure. A nuclei with angular momentum have spin 

directions which follows the expression, 2I + 1. Hydrogen, which is the most relevant 

nuclei for MRI have spin equals to ½ and hence two spin directions, or states. When 

these spins are applied to a strong external magnetic field the protons will be aligned in 

two different directions, i.e. parallel and anti-parallel to the applied magnetic field. 

These two directions correspond to different energy levels and a spin can jump from 

different energy levels by absorbing or emitting the energy difference in the form of 

electromagnetic waves with a specific frequency. The specific frequency from the 

absorbed or emitted electromagnetic waves is called the Larmor frequency. [10,12,13] 

 

The sample is exposed to pulses of oscillating radio waves (RF), at the Larmor frequency, 

and a shift is induced when the nuclei is absorbing the energy, which generates a small 

change in the net magnetization. The net magnetization vector is flipped into the x-y 

plane and is returned to the origin position within the magnetic field when emitting the 

absorbed energy. 90 degree and 180 degree are the most common used RF pulses, 

which rotate the net magnetization through 90 degrees and 180 degrees respectively. 

The original spin state equilibrium is reestablished between the RF pulses and the net 

magnetization vector will flip back. This process is called spin relaxation.  

This spin relaxation induces a small voltage and a receiver coil is located around the 

sample, which are used to create the image. [10,13] 

  

The induced signal, Free Induction Decay (FID), in the receiver coil contains all the 

information about the so-called relaxation times and can be observed after every RF 

pulse. This gives the information of the sample content and reflects the ongoing 

chemical interactions. [12,14] 

 

Two kinds of relaxation times are being used, denoted T1 and T2, respectively. T1 refers 

to the longitudinal relaxation time and describes the time elapsed of recovering the 

magnetization vector parallel to the external magnetic field (z-direction). T2 refers to 

the transversal relaxation time and describes the time elapsed for the magnetization 

vector in the x-y direction to return to the original direction. [13] 

 

Figure 2 shows a series of selected images from a brain MRI with different pulse 

sequences. Proton density (PD) is determined by the relative concentration of hydrogen. 

T1 and T2 reflect different features of the local environment, described above. 
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Figure 2. Images from a brain MRI with different image contrast, PD, T2 and T1 respectively. Kindly 

allowed by [11]. 

 

Relaxivity is a term used to compare the enhancement from different contrast agents. 

Relaxivity is described by the following equation (1) 

 

(1/Ti)obsd = (1/Ti)d + Ri[M] , i=1,2  (1) 

 

where Ri is the relaxivity from the specific sample and it is linearly dependent on the 

concentration of the paramagnetic species [M]. By plotting 1/Ti versus [M], the relaxivity 

is obtained as the slope of this dependence and a larger value of Ri indicates that 

improved contrast enhancement is achieved. [15] 

 

2.5 Contrast Agents 

 

Contrast agents are used to enhance the contrast in an image i.e. allow different parts 

to be differentiated from each other. This makes it possible to visualise e.g. an abnormal 

region of a tissue against a normal tissue. In their local environment, contrast agents 

enhance the signal intensity by altering the properties of the proton relaxations. This 

phenomenon is based on the fact that contrast agents such as paramagnetic metal 

complexs, possess a magnetic dipole moment within an external magnetic field, which 

will be align in the same direction as the external magnetic field, resulting in a net 

positve magnetization vector along the magnetic field. These metal complexes induces 

local fluctuating magnetic fields when distributed in a solvent containing protons, 

enhancing the external magnetic field. If the metal complex are in close proximity with 

the water protons, the enhanced magnetic field will accelerate their relaxation times, 

leading to a greater magnitude and longer duration of the electric signal. [10,16] 

 



 7 

Two different system of contrast agents, i.e. paramagnetic chelates of gadolinium(III) 

and superparamagnetic iron oxide nanoparticles, have until now been mainly used in 

MRI. [2]  

 

Chelates of Gd have some disadvantages compared to superparamagnetic nanoparticles. 

The fact that chelates of Gd are metal complexes with low molecular weight causes 

them to rapidly be diffused from the bloodstream. Each complex consists of only one or 

two Gd
3+

 ions and induces a low specific signal.  

On the contrary, the promising use of superparamagnetic nanoparticles is due to their 

high molecular weight, which will prolong the circulation time in the bloodstream. 

Superparamagnetic nanoparticles also consist of more metal ions per molecule which 

increases the concentration, which in turn gives a stronger local magnetic field. [2,4,17] 

  

Contrast agents are divided into the two different groups, positive and negative contrast 

agents. Positive contrast agents increase the longitudinal relaxation rate (1/T1). This 

means that they alter (1/T1) of a tissue more than (1/T2) owing to the fast endogenous 

transverse relaxation. This dominant T1 lowering effect will give rise to an increase in 

signal intensity. Negative contrast agents increase the transverse relaxation rate (1/T2) 

which causes a reduction in signal intensity.  

Contrast agents based on paramagnetic gadolinium are examples of positive agents 

while superparamagnetic iron oxide particles are example of negative agents. [8] 

 
Figure 3 shows an example of the efficiency on how the contrast is enhanced in a MRI 

image.  

 

 
Figure 3. Example of contrast enhancement MRI image. Left, unenhanced. Right, enhanced where yellow 

arrows shows tumor enhancement and red arrow show normal blood vessels. Kindly allowed by [11]. 
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3 Biofunctionalization 

 

Nanoparticles used in the biological system needs to be functionalized. Nanoparticles 

have a great tendency to aggregate due to the high surface-to-volume ratio. Gadolinium 

and other rare earth metals are in some extent toxic for the human body and cannot be 

degraded by a natural pathway. The nanoparticles can be coated with a biocompatible 

polymer to prevent aggregation, to increase biocompatibility and stability. A 

nanoparticle with biocompatible coating will also have a prolonged duration time in the 

blood circulation.  

 

Interactions between biological materials and synthetic materials in the human body 

may cause undesirable effects. The most common effect is the rapid, uncontrolled and 

irreversible adsorption of proteins, cells and microorganisms onto the synthetic material 

in a process called bioadhesion. The adsorbed proteins can undergo conformational 

changes and loose their biological functions which may give severe or lethal effects 

[18,19]. Molecules such as PEG or dextran can reduce this bioadhesion.  

 

Another promising use for functionalization with a biocompatible coating is that the 

capped nanoparticles can interact with a biological entity of interest to provide a more 

effectively deliver of e.g. an anticancer drug to a specific area in the body, such as a 

tumor. [1,4] 

 

There exist several different strategies for functionalization of nanoparticles. In this 

diploma work, the focus was on three different capping molecules. These molecules will 

act as a first protecting layer and stabilizing the nanoparticles. Two carboxylic acids in 

the form of citric acid and oleic acid and one silane, 3-aminopropyltriethoxysilane 

(APTES) have been used. All of these three capping molecules exhibit at least one 

moiety for interaction with the nanoparticles. They also provide at least one functional 

group for further functionalization.   

 

 

3.1 APTES 

 

The use of silanes, in this case APTES, as a capping molecule for metal oxide 

nanoparticles and especially magnetite nanoparticles are accepted and widely used. 

[20,21] 

 

The structure of APTES consists of a centered Si-atom which is bonded to three ethoxy 

groups and one propyl group. At the end of the propyl group an amine group is attached.  

APTES is assumed to bind through its silica atom to a hydroxyl group at the surface of 

Gd2O3, covalent bonding between the silica atom and the Gd2O3 nanoparticle surface is 

possible since APTES consists of three ethoxy groups. [22] 
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The prominent use of APTES is due to the amine group at the end of the propyl group. 

Amines in general, are very useful as a functional group and in this case it will act as a 

coupling agent for further functionalization. The molecular structure of APTES is shown 

in Figure 4  

 

 

 
 

Figure 4. The molecular structure of 3-aminopropyltriethoxysilane (APTES). 

 

 

3.2 Oleic acid 

 

Oleic acid is a monosaturated fatty acid with nineteen carbon atoms and a carboxylic 

acid at the end. At the ninth carbon there exists a double bond. Oleic acid is used as a 

capping molecule for magnetic nanoparticles for its steric stabilization in nonpolar 

solutions and the promising use for oxidation of the double bond. [23] 

 

Oleic acid can coordinate the carboxyl end groups to the surface of the nanoparticles 

and produce a stable suspension in nonpolar solvents. Nanoparticles that are used in 

the biological environment must fulfill several requirements. In this case, by 

functionalize the nanoparticles with oleic acid, the aim is to obtain a hydrophobic 

capping layer. Hydrophobic nanoparticles are not compatible with the biological system 

since they must be water soluble [24].   

 

To meet this requirement a well known oxidation technique, i.e. the Lemieux-von 

Rudloff method can be used to convert the hydrophobicity to a hydrophilicity state. This 

method can oxidize selectively a carbon-carbon double bond to give two carboxylic 

acids. The converted hydrophilic nanoparticles owing the presence of free carboxylic 

acid groups on the surface which can be further functionalized and conjugated with 

other molecules. [25,26] 
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Figure 5 shows the molecular structure of oleic acid.  

 

 
 

Figure 5. The molecular structure of oleic acid. 

 

 

3.3 Citric acid 

 

Citric acid is a colorless, crystalline, carboxylic acid. The molecular structure consists of 

three carboxyl groups and one hydroxyl group. The molecular structure of citric acid is 

shown in Figure 6. 

Citric acid can coordinate with one of its carboxyl groups to the oxide at the 

nanoparticle surface. This results in a stable aqueous dispersion with active carboxyl 

groups on the nanoparticles surface, making them amenable to bind and coordinate 

with other molecules. [27,28] 

 

 
 

Figure 6. The molecular structure of citric acid. 

 

 

3.4 Dextran 

 

Dextran is a branched polysaccharide made of several glucose molecules. 

There is a straight chain that consists of α-1.6 glycosidic linkages between the glucose 

molecules and the branches begin from α-1.4 linkages. The branches are mostly 1-2 

glucose units long and the degree of branching is approximately 5 percent. Figure 7 

reveals the structure of a fragment of dextran molecule. 
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Figure 7. A fragment of the dextran structure [29]  

 

The glucose molecules consist of several hydroxide groups that can easily be modified 

with other reactive groups for a possible further functionalization.  

  

In this thesis work, dextran has been modified with the incorporation of carboxylic 

groups to the glucose ring through carboxymethylation, i.e. part of the anhydroglucose 

unit is oxidized. These carboxylic groups can react with other functional groups, e.g. 

amine end groups from APTES. [29]  

Figure 8 shows a fragment of carboxymethylated dextran. 

 

 
Figure 8. A fragment of the molecular structure of carboxymethylated dextran [30]. 

 

 

The use of dextran as a coating material is very promising since it is a natural polymer 

with high chemical versatility, low toxicity and biological resistance [30]. 

At the molecular level, dextran has been found to reduce the adherence of cells, 

proteins and microorganisms to a very low level, thus making dextran a very capable 

candidate for a biocompatible coating [19]. 
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The prominent property of polysaccharide is that they exist of well-pinned and dense 

polymers which have the right physicochemical properties for reducing bioadhesion [31]. 
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4 Experimental methods 

4.1 Dynamic Light Scattering (DLS) 

 

Dynamic light scattering (DLS) is a fast and non destructive technique to measure the 

distribution of hydrodynamic radius of small particles in a solution. DLS is based on light 

scattering of diffusing particles and their Brownian motion in the solution. When 

monochromatic light hits the sample, light will be scattered in all directions. Due to the 

Brownian motion of the scattering light from these particles, the distance between the 

scattering light are constantly changing with time, which undergoes constructive or 

destructive interference with surrounding particles. This will lead to a time-dependent 

fluctuation in the scattering light intensity. [32] 

  
These fluctuations in the scattering light intensity are detected with a photon counter 

and the dynamic information is derived from an autocorrelation function of the intensity. 

From this autocorrelation function of the intensity, the diffusion constant can be 

defined and together with Stokes-Einstein equation, the hydrodynamic radius (
H

r ) can 

be calculated, according to (2): 

 

nD

Tk
r

B

H

π6
=   (2) 

 

Where 
B

k  is Boltzmann's constant, T is the temperature, n  is the viscosity of the solvent 

and D is the diffusion constant.  

 

 
Figure 9. Schematic drawing of a DLS spectrometer. Redrawn from [32]. 
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4.2 Fourier Transform Infrared Spectroscopy (FTIR) 

 

Fourier Transform Infrared Spectroscopy (FTIR) is a technique used for qualitative and 

quantitative analysis of organic compounds. FTIR provides information of molecular 

structures, molecular environment, chemical compounds and are used in the study of 

e.g. proteins, enzymes, nucleic acids and lipids. [33] 

 

Infrared spectroscopy is based on molecular vibrations between atoms linked to each 

other through chemical bonding. Hook’s law expresses the fundamental of vibrational 

frequency of a molecule according to (3):  

 

µπ

k

c
v

2

1
=   (3) 

 

where v is the vibrational frequency, k is the force constant and μ is the reduced mass 

(m1m2/m1+m2). [34] 

 

There exist several modes of vibrations, e.g. symmetrical- and antisymmetrical 

stretching and bending, where the vibration frequency increases with increasing bond 

strength and decreases with increasing atomic mass.  

A requirement for infrared absorption is that there must be a net change in the dipole 

moment during the vibration. These vibrations are unique and characterize the 

molecule and can be used to identify other compounds by comparing previously 

recorded samples with unknown samples. [35] 

 

In FTIR, an incoming infrared light beam, from a polychromatic light source, is separated 

into two individual beams, reflected and transmitted, using an optical beamsplitter. 

These beams are transported to a fixed and a movable retroreflector mirror. By using 

this movable retroreflector mirror to acquire differences in optical path length, an 

interference signal can occur when the two individual beams recombine. This 

recombined beam is sent to the sample which are absorbed and detected. [33] 
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Figure 10. Schematic set-up of a FTIR spectrometer. Redrawn from [33]. 

 

4.3 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a versatile analytical technique used for 

elemental characterization of surfaces. The basis behind this is the photoelectric effect, 

in accordance to that photons can induce electron emission from a solid, provided that 

the energy from the photon is greater than the work function. The photoelectric effect 

was explained by Einstein and follows (4): 

  

Φ+−=
BK

EhvE   (4) 

 

where 
K

E  is the kinetic energy of emitted electrons, hv  is the photon energy, Φ  is the 

work function, which is defined as the minimum energy required to remove an electron 

from the highest occupied energy level in the solid to the vacuum level. At the vacuum 

level the electrons has zero kinetic energy and zero potential energy. 
B

E  is the binding 

energy. [36] 

The binding energy represents the strength of interaction between electrons and the 

nuclear charge. Electrons in the core levels do not participate in the chemical bonding 

and are insensitive to the surroundings, which have the effect that they retain their 

binding energy. This binding energy becomes specific for every element. The binding 

energy follows the energy of different levels, i.e. 
B

E (1s) >
B

E (2s) >
B

E (2p) >
B

E (3s) and 

so on. The higher the nuclear charge of an adatom, the higher the binding energy of a 

given core level, e.g.  O (1s) > N (1s) > C (1s). The binding energy of an orbital also 
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increases with increasing atomic number and all core levels with angular momentum 

higher or equal to one, are split into doublets, due to spin-orbit coupling. [36,37] 

The kinetic energy of emitted electrons is measured using an electrostatic energy 

analyzer, i.e. a concentric hemispherical analyzer consisting of two concentric 

hemispheres electrodes with a potential difference between them. This adjustable 

potential allows electrons with a specific kinetic energy to pass on to the detector. The 

spectra displayed by the detector reveals the binding energy of the molecules. [35,36] 

 

Figure 11. Principle sketch of the electrostatic energy analyzer. Redrawn from [36]. 

 

4.4 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is a powerful microscopy technique for 

structure characterization. TEM is unique for its capability to identify and quantify the 

chemical and electronic structures of individual nanocrystals. Images of nanocrystals can 

be obtained at atomic resolution [38].  

 

The instrumental setup for a modern TEM can be seen in Figure 12 and is composed of 

an illuminating system which includes condensed lenses, a specimen stage, an objective 

electromagnetic lens system, a magnification system, a data recording system and a 

chemical analysis system.  

The illuminating system consists of an electron gun which typically uses a lathanide 

hexaboride (LaB6) emission source. Electrons are emitted through heating the LaB6 and 

accelerated through a potential and passes through the condenser lenses, which will 

focus and forming a fine electron probe.  

The focused electron probe interacts with the sample and the electrons can be 

transmitted, absorbed or scattered. The transmitted and scattered electrons are 

focused via objective lenses which produces diffraction patterns due to constructive or 
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destructive interference. The objective lenses determine the limit of image resolution. A 

magnification system composed of intermediate and projection lenses are magnifying 

the image of the diffraction pattern up to 1.5 million times. This image is then projected 

to a screen appearing as light and dark spots. These spots represents how much of the 

electrons being transmitted, where light spots equals several electrons and dark spots 

few electrons. [38,39] 

 

Figure 12. Schematic set-up for a transmission electron microscope. Redrawn from [39]. 

 

4.5 X-ray Powder Diffraction (XRPD) 

 

X-ray Powder Diffraction (XRPD) is an analytical technique used for identification of 

crystalline structures and atomic spacing. XRPD is based on constructive interference 

between monochromatic x-rays and crystalline samples. By satisfying the Bragg’s law,      

θλ sin2dn = , where n is the order of reflection, λ is the wavelength of incident x-rays, 

d is the interplanar spacing of the crystal lattice and θ is the angle of incidence, the 

interaction between the incident x-rays and the sample produces constructive 

interference.  

Bragg’s law relates the wavelength of electromagnetic radiation to the diffraction angle 

and the lattice spacing in a crystalline sample. The sample is scanning through a range of 

2θ angles where all the possible diffraction directions of the lattice are attained.  
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Figure 13 shows a typical setup of an XRPD which consists of an x-ray tube, a sample 

holder and a detector. Inside the x-ray tube electrons are produced by heating a 

filament. These electrons are accelerated through an applied voltage to bombard a 

target material. When the electrons have sufficient energy to dislodge the inner shell 

electrons from the target material, characteristic x-rays are produced. These x-rays are 

filtered which produces monochromatic x-rays and are directed onto the sample. When 

these incident x-rays and the sample satisfies Bragg’s law, constructive interference and 

a peak in intensity occurs. The detector collects and records the intensity at angles of 2θ. 

[40]  

 

 
Figure 13. Schematic set-up of an X-ray powder diffractometer. Redrawn from [40]. 
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5 Experimental  

 

5.1 Synthesis of Gd2O3 nanoparticles 

 
The Gd2O3 nanoparticles were synthesized by the Polyol method as earlier described in 

the literature [2]. An amount of 2.2 g GdCl3 (6mmol) was dissolved in 30 ml 

diethylenglycol (DEG) in a three necked bottle. The bottle was put in an oil bath and 

heated under magnetic stirring to 140 
o
C. 0.3 g NaOH (7.5 mmol) was dissolved in 30 ml 

DEG and added to the solution. The temperature was held constant for 1 hour. After 1 

hour the temperature was raised to 180 
o
C and the mixture was stirred for 4 hours. The 

final solution was cooled at room temperature over night and stored in the fridge.  

 

5.2 Filtration of nanoparticles 

 
The synthesized nanoparticles from the polyol method will have a slight differ in radius 

i.e. size distribution [2] and the capping layer from DEG could induce particle 

aggregation. Hence it was necessary to use filtration to get rid of these aggregations and 

bigger particles. The nanoparticle suspension was filtered using a centrifugation tube 

with a 0.2 μm membrane (polyethersulfone, Vivaspin 20). Centrifugation at a speed of 

3500 rpm for 10 minutes and at 20 
o
C was performed.  

 

5.3 Dialysis of nanoparticles 

 

Previously studies have shown that approximately 90 % of the Gd
3+

 precursors used for 

the synthesis remain in the Gd2O3-DEG colloidal suspension. The excess of Gd
3+

 ions 

needs to be removed to obtain a pure Gd2O3 solution. Furthermore, the material needs 

to be water soluble, i.e. the DEG solvent must be replaced with water. [4] 

 

Dialysis offers a way to get rid of this excess of Gd
3+

 ions and by dialyzing against water, 

the DEG capping layer will decrease, which will in turn increase the possibilities for 

penetration of other capping molecules. Furthermore, the presence of DEG is not 

suitable for MRI measurements.   

Filtered nanoparticle suspension was dialyzed using a cylindrical dialysis membrane of 

1000 MWCO (Molecular Weight Cut Off) (SpectraPor 6, flat width 18 nm, SpectrumLabs, 

Rancho Dominguez CA). The filtered nanoparticle suspension was dialyzed against ten 

liters of Milli-Q water (18 MΩ) for 24 hours and the water was exchanged 3 times.  

 

Further dialysis was performed after each functionalization step to remove unreacted 

ligands.  
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5.4 Diafiltration of Nanoparticles 

 

Diafiltration is another approach to decrease the amount of DEG and to remove the 

excess of Gd
3+

 ions. In Diafiltration, a membrane with a certain pore size is used to 

separate different molecules from each other. This pore size will retain molecules that 

are larger than the pore size, while smaller molecules can freely pass through the 

membrane, e.g. solvents, salts, water and ions. During diafiltration, the volume of the 

solution is kept constant by adding more buffer at defined intervals as molecules are 

being filtered. This makes it possible to exchange the buffer and remove all the 

undesired molecules, which are dissolved in the buffer. [41]  

    

The setup used consists of a peristaltic pump, a membrane, a pressure measurement 

and a container for the filtrate and the feed (buffer). See Figure 14.  

 

There are four important parameters in this setup, the feed flow, the membrane 

pressure, the filtrate flux and the concentration of the solution. The feed flow from the 

peristaltic pump needs to be accurate calibrated. If the feed flow is high, the 

concentration gradient at the membrane will reduce and the most of the solution will 

not be separated. If the feed flow is low, the risk of fouling is markedly increased. The 

membrane pressure refers to the pressure that forces the solution through the 

membrane and it is controlled through the pressure instrument at the beginning of the 

membrane. A solution with a high concentration, thus having a high viscosity, will result 

in reduced flux and may render in an increased risk of fouling.  

The filtrate flux is a measure of the amount filtered by the membrane per area. 

The results from diafiltration are influenced by all these parameters. [42,43,44] 

 

 

 
Figure 14. Schematic set-up of diafiltration. 
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5.5 Functionalization of Nanoparticles 

 

5.5.1 APTES  

 
The Gd2O3 nanoparticles have been synthesized by the polyol method described above.  

One ml of filtered and dialyzed Gd2O3 nanoparticles was put in an ultrasonic bath for 10 

minutes, followed by addition of 5.4 μl APTES. The reaction mixture was ultrasonicated 

for another 10 minutes and then stored in room temperature on a tip table over night.  

The reaction mixture was then dialyzed against Milli-Q (18MΩ) water for 24 hours using 

a membrane (SpectraPor 1000 MWCO) to remove unreacted APTES.  

 

5.5.2 Gd2O3 and Citric Acid 

 

Gd2O3 nanoparticles were synthesized through the polyol method described above, but 

in addition, 1.01 g citric acid (4.8 mmol) dissolved in 15 ml DEG was added as a final step 

in the synthesis, yielding a white/yellow syrup. The white/yellow syrup was washed and 

centrifuged several times in methanol, generating a white powder. Amounts of 0.2 g 

(20%, 0.96 mmol) and 0,05 g (5%, 0.24 mmol) of citric acid dissolved in 15 ml DEG are 

also added to different synthesis. These amounts of citric acid did also generate a white 

powder after washing and centrifugation in methanol.  

 

5.5.3 Gd2O3/Citric Acid/MPTES 

 
The previously synthesized Gd2O3 nanoparticles capped with citric acid where further 

functionalized with 3-mercaptopropyltrimethoxysilane (MPTS). 

20 mg Gd2O3 nanoparticles capped with citric acid were mixed with 10 ml Xylene. When 

the white powder had dissolved in Xylene, 128 μl MPTES was added to the solution. The 

solution was heated to 65 
o
C and stirred over night, which rendered in a white 

precipitate. The white precipitate were washed and centrifuged several times in Xylene. 

As a last step, the precipitate was washed in methanol, yielding a white powder.  

 

5.5.4 Gd2O3 and Oleic Acid 

 

Gd2O3 nanoparticles capped with oleic acid have been synthesized. The procedure is 

quite similar to the polyol method. An amount of 0.9 g Gd(NO3)3*6H2O (2mmol) and 

0.24 g NaOH (6mmol) were dissolved in two different beakers, each containing 10 ml of 

DEG. These two solutions were mixed and the temperature was raised to ~200
o
C. This 

temperature was held constant under magnetic stirring for 30 minutes. To the hot 
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solution, an amount of 0.45 g oleic acid (1,6 mmol) dissolved in 5 ml DEG was added. 

After washing and centrifugation several times in methanol a white/brown powder was 

generated.  

 

5.5.5 Carboxymethylation of Dextran 

 

Dextran has been modified with the incorporation of carboxylic groups through a 

method called carboxymethylation.  

An amount of 1 g of dextran (M.W 6000 D) was dissolved in 50 ml 2M NaOH containing 

0.25 M bromoacetic acid. The solution was stirred over night at room temperature and 

followed by dialysis against Milli-Q (18MΩ) water for 24 hours with a 1000 MWCO 

membrane. 
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6 Experimental setup 

 
Instrumental setup and sample preparations. 

 

6.1 DLS 

 

DLS measurements were performed with ALV/DLS/SLS-5000 Compact Goinometer 

System provided with an ALV/LSE 5003 Multiple tau digital real time correlator. ALV-

5000/E Correlator software was used with ALV-regularized Fit for curve fitting and data 

analysis.  

The samples were diluted 1:10 and received a total volume of 1 ml. Before measuring, 

the samples were put in a temperature regulated bath for a couple of minutes. The 

temperature was set to 295.2 K. 

 

6.2 TEM 

 

TEM measurements were performed on a Phillips CM UT microscope, operated at 200 

kV. Before measuring, the samples were prepared by dropping few drops of particle 

suspension on a copper grid covered with a thin carbon film and evaporated using a 100 

W lamp as energy source.   

 

6.3 XPS 

 

All XPS measurements were carried out with a VG instrument containing a CLAM 2 

electron energy analyzer and a twin Mg/Al anode as X-ray source operating with a pass 

energy of 50 kV, a 0.20 eV/step interval and a dwell-time of 500 ms. Unmonochromatic 

light produced by the Al anode was used to examine the specimen.  

The samples were prepared by spin-coating the nanoparticle suspension on TL1 washed 

Au substrates or Si substrates, using a WS-400B-6NPP/LITE spin-coater.  

The collected data with curve fitting and graph plotting were used with XPSPEAK version 

4.1 and Kaleidagraph version 3.5 respectively. 

 

6.4 FTIR 

 

All FTIR measurements were performed with a Vertex 70 FT-IR from Burker Optics. The 

samples were prepared with two different setups depending on the state. Samples in 

liquid state were dried with N2 gas on a CaF2 disc and samples in solid state were mixed 
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with KBr and pressed into a thin disc. Independent which setup used, the sample was 

mounted in the same sample holder. Before measuring, the samples are rested in N2 gas 

during 10 minutes. 

Absorption from CaF2 and KBr were subtracted from respectively sample spectrum.   

 

6.5 Diafiltration 

 

The filtration of Gd2O3 nanoparticles were performed with a 10000 MWCO membrane 

at a constant pressure of 20 psi. A mixture of Gd2O3, DEG and MQ water with the 

relationship 2:1:1, for a total volume of 30 ml was used as starting volume.  

The unit for filtration is diavolume (DV) and the definition for DV is when the volume of 

permeate is equal to the volume of the retentate when diafiltration operations began, 

one DV has processed.  

An equal amount of DEG/MQ (15 ml) was added after every half DV has permeated 

through the membrane, i.e. after 15 ml. After every DV, 20 μl permeate is extracted and 

mixed with 1980 μl MQ water in a test tube for concentration measurements.  
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7 Results and discussion 

7.1 Polyol synthesis of nanoparticles 

 

Gd2O3 nanoparticles were synthesized using the polyol method and the as prepared 

nanoparticles were evaluated by TEM, XPS and DLS. Furthermore, a comparison study 

between material obtained after dialysis and diafiltration is included. 

 

7.1.1 TEM 

 

High resolution TEM images were used to examine the average size, shape and crystal 

structure of the synthesized Gd2O3 nanoparticles. TEM images of as prepared freshly 

synthesized Gd2O3 nanoparticles are shown in Figure 15 and Figure 16 with resolution 

10 nm and 5 nm respectively. From the polyol synthesis, the nanoparticles tend to 

agglomerate and no single nanoparticle can be discerned from Figure 16. Regular 

lattices reveals the (222) planes with an approximately estimated distance around 3-5 

nm. The size characterization is highly affected by the relative low contrast, probably 

due to aggregation of the nanoparticles, which affects the possibilities to draw any 

certain conclusions about the distance of the (222) planes. The size characterization is 

influenced by the aggregating nature of the particles. Since the particles are in very 

close proximity or on top of each other this reduces the possibilities to calculate exact 

values of the spacing between the atomic planes. 

EDX confirms the occurrence of gadolinium and the size of the nanoparticles are in good 

agreement with earlier published data. [4,45]  
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Figure 15. TEM image showing the crystal planes for Gd2O3 nanoparticles, synthesized from the polyol 

routine. Resolution 10 nm.  
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Figure 16. TEM image showing the crystal planes for Gd2O3 nanoparticles, synthesized from the polyol 

routine. Resolution 5 nm. 

 

 

7.1.2 XPS 

 

The synthesized Gd2O3 nanoparticles were investigated by XPS and the spectrum for  

Gd (3d) and O (1s) are shown in Figure 17 and Figure 18 respectively. The samples were 

spin-coated on Si substrates. The Gd (3d) XPS spectrum in Figure 17 consists of a 

doublet, due to spin orbit coupling and the peaks for Gd (3d5/2) and Gd (3d7/2) are visible 

at 1188 eV and 1220 eV respectively. The line shape and peak position are in good 

agreement of previously published data, conforming the presence of gadolinium. [46]  



 28 

 
Figure 17. Gd (3d) XPS spectrum of Gd2O3 nanoparticles spin coated on Si substrate. 

 
The O (1s) XPS spectrum is shown in Figure 18. The peakfit consists of three peaks. The 

most intense peak at 532 eV is due to SiOx and is an effect of using a silicon substrate. 

The peak at 533.1 eV is due to the presence of oxygen in C-OH and C-O-C from DEG and 

the peak at 531.1 eV is assigned to oxygen in Gd2O3. These three peak positions 

correspond to previously published data [46], confirming the presence of an oxidation 

state of Gd2O3. 

 

 



 29 

 
Figure 18. O (1s) XPS spectrum of Gd2O3 nanoparticles spin coated on Si substrate. 

 

7.1.3 DLS 

 

In Figure 19, the average hydrodynamic radius of Gd2O3 is shown. The measured 

average hydrodynamic radius is in the region of 9 nm. Figure 19 shows nanoparticles 

with some aggregations. If there are aggregated nanoparticles in a sample when 

measuring with DLS, a high uncertainty in the fitting procedure will be introduced. A 

better calculation of the hydrodynamic radius will be possible if any aggregated 

nanoparticles can be removed. Further, the concentration of Gd is highly sensitive to the 

presence of larger particles. This will lead to an overestimated number of nanoparticles 

present in the sample solution and the outcome of a possible DLS figure will change 

drastically.   

Results from DLS, were the particle size is estimated by laser methods can be influenced 

by the attendance of miscible liquids in the fluid suspension. A diffuse liquid overlayer at 

the water/Gd2O3 interface tends to be created due the fact that DEG has a high affinity 

for gadolinium oxide surface. [4] 

This is the consequence of the size differences when comparing against TEM. TEM is 

expected to show smaller size since it only measures the core, while DLS also includes 

the capping layer.  

 

All of this makes it difficult to draw any evident conclusion, but estimation can be made 

on the size of the Gd2O3 nanoparticles.  
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Figure 19. The average hydrodynamic radius of synthesized Gd2O3 nanoparticles. 

 

7.2 Diafiltration 

 

Purification of synthesized Gd2O3 nanoparticles is of major importance to produce a 

useful MRI contrast agent. Furthermore, the synthesized nanoparticles are coated with 

a layer of DEG, which is supposed to minimize the risk of aggregation, but the presence 

of DEG complicates further functionalization of the nanoparticles. An excess of Gd
3+

 

precursors from the synthesis also remains in the nanoparticle-suspension which needs 

to be removed before further treatment.  

 

As mentioned in section 4.2, diafiltration offers a different purification route compared 

to dialysis. The promising set-up of diafiltration compared to dialysis may offer several 

benefits. First, the amount of time used for the purification can be markedly decreased. 

Second, the risk of sample loss and possible contamination from manual manipulation 

of dialysis membrane can be decreased since no external factors may interfere. Third, 

the procedure of diafiltration can easily be made for larger quantities i.e. scaling up for 

larger volumes which are important for industrial production lines. A large volume of 

water is required for dialysis which is minimized in diafiltration where the only solution 

present is the sample solution and buffer solution.    

 

A pilot study of diafiltration of Gd2O3 nanoparticles is included in this diploma work and 

the results from diafiltration of Gd2O3 nanoparticles synthesized from the polyol method    
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are shown in Figure 20 and Figure 21. These Figures shows filtration results with a 10000 

MWCO membrane from different nanoparticle batches. Table 1 and Table 2 show 

corresponding experimental data.      

 

In Figure 20, an initial concentration of Gd calculated to about 99 mM and after 3 DV the 

curve levels out into an almost straight line with a concentration of 2.8 mM.  

The Gd content in the sample solution decreased with approximately 87 percent after 1 

DV, 95 percent after 2 DV and 97 percent after 3 DV compared to the initial 

concentration.  

 

 
Figure 20. Result from filtration of Gd2O3 nanoparticles with a 10000 MWCO membrane. 

 

Sample [Gd] (mM) 

0 98,66 

1 13,35 

2 4,48 

3 2,95 

4 2,84 

5 2,87 

6 2,30 

Table 1. Corresponding sample and Gd concentration for Figure 20. 

 

In Figure 21, an initial concentration of Gd was measured to about 104 mM. The 

appearance of the curve is almost the same as in Figure 20, but after 10 DV the Gd 

content in the sample solution is approximately 0.4 mM. The Gd content has decreased 

with approximately 88 percent during the first DV compared to the initial Gd 
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concentration. After the second and third DV, the Gd content has decreased with 

approximately 93 and 96 percent compared to the initial Gd concentration, respectively.    

 

 
Figure 21. Result from filtration of Gd2O3 nanoparticles with a 10000 MWCO membrane. 

 

Sample [Gd] (mM) 

0 103,66 

1 12,21 

2 6,80 

3 3,87 

4 2,68 

5 1,85 

6 1,11 

7 0,70 

8 0,50 

9 0,41 

10 0,38 

Table 2. Corresponding sample and Gd concentration for Figure 21. 

 

 

Comparing these results from diafiltration with dialysis interesting information can be 

achieved, although different pore sizes of the membrane are used. For dialysis, a 1000 

MWCO membrane are used and hence for diafiltration, a 10000 MWCO membrane are 

used. Attempts for filter with a 1000 MWCO were tested but no permeate received. This 

can be explained by the high viscosity DEG possesses and in order to follow existing 
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parameters for maximal permeability and not to expose the membrane for damage 

these measurements could not be done at the moment.  

 

From dialysis, a linear relationship between the concentration of Gd and dialysis time 

(days) are achieved [47]. An initial concentration of about 100 mM for Gd is calculated 

and after 10 days the concentration decreases to about zero. After one day of dialysis, 

the concentration of Gd decreases to about 10 mM. A threefold increase in volume due 

to water uptake is attained when dialyzing against samples that are dissolved in DEG. 

This means that the concentration of Gd after one day reaches 30 mM. [47] 

From diafiltration, a concentration in the region of 12-14 mM after 1 DV for the 

different nanoparticle batches is achieved.  

 

As mentioned earlier, the curves from the both experiments levels out into almost 

straight lines with a more or less constant concentration. The differences in Gd 

concentration from dialysis and diafiltration may be attributed by several factors. The 

fact that different pore size for the membrane have been used, may affect the outcome 

of the results. The product may also be exposed by different forces during filtration, i.e. 

from the pump-system, which do not appear in dialysis. This effect may change the 

outcome and rendering in a lowering of the Gd content. It is difficult to state the 

underlying effects for this difference in Gd content between diafiltration and dialysis, 

since this have only been initial experiments. Further tests and evaluation must be done 

before any conclusions can be stated.    

 

The time used for diafiltration is markedly reduced compared to dialysis. For dialysis, a 

purification time of at least 24 hours have earlier been used for the nanoparticle system, 

sometimes even longer. Comparing this with diafiltration where the first DV took 

approximately 1 hour and 40 minutes. The second DV took around 1 hour and 10 

minutes. The time elapsed for the third DV and every DV that followed were about 50 

minutes. The time interval for the two diafiltration experiments was equal. 

 

A typical experimental protocol for synthesis and functionalization of Gd2O3 

nanoparticles involves purification when a new step is introduced. So, for dialysis there 

is at least a 24 hours delay for every purification step in the protocol and the time in the 

end usually brings up to several days. The results from diafiltration indicate that the 

time used for an experimental protocol can noticeably be reduced.   

 

One very notable observation for the diafiltration setup compared to dialysis is the 

amount of sample used in each experiment. For dialysis, a normal volume of 1-2 ml 

synthesized Gd2O3 nanoparticles are used and for diafiltration a volume of 15 ml 

synthesized Gd2O3 nanoparticles are used in this work, with a total volume of 30 ml 

including buffer. This indicates that the process can in some way be scaled up to larger 

volumes, i.e. for industrial production lines.   
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These attempts have only been done once as a pilot study and an optimization process 

needs to be done regarding the entire setup involving the relationship of DEG/MQ-

water/Gd2O3, membrane pore size, pressure, sample volume etc. 

 

7.3 Oleic acid 

 

Gd2O3 nanoparticles capped with oleic acid have been synthesized and the results are 

examined by TEM, IR, XPS and XRPD. 

 

7.3.1 TEM 

 

High resolution TEM was used to examine the average size, shape and crystal structure 

of Gd2O3 nanoparticles capped with oleic acid, which are shown in Figure 22. Figure 23 

shows a zoomed image of the (222) planes for one Gd2O3 nanoparticle capped with oleic 

acid. The oleic acid capped Gd2O3 nanoparticles exhibit clear lattice fringes which 

indicate a high crystallinity. The particles are mostly round shaped with an estimated 

crystal core size of about 5 nm. No contrast appears from the capping layer but 

unbroken (222) planes running throughout the crystals can be observed.  

High resolution TEM images from uncapped Gd2O3 nanoparticles reveal several 

aggregates where no single nanoparticle can be discern. For Gd2O3 nanoparticles capped 

with oleic acid, these aggregates have markedly decreased and several single particles 

are observed. This is very promising since it indicates that oleic acid capped Gd2O3 

nanoparticles have a higher stability in comparison with uncapped particles and the high 

crystallinity shows potential for a first step as a possible contrast agent in MRI.   

The occurrence of Gadolinium is confirmed with EDX.   
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Figure 22. TEM image showing the crystal planes for Gd2O3 nanoparticles capped with oleic acid. 

Resolution 5 nm. 

 

 
Figure 23. Zoomed TEM image showing the (222) planes of Gd2O3. 
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7.3.2 FT-IR 

 

A FTIR spectrum for Gd2O3 nanoparticles coated with oleic acid is shown in Figure 24 

and observed vibrational modes are given in Table 3. Pure oleic acid is shown in Figure 

25.   

 

Indications on how a carboxylate group may coordinate to gadolinium oxide or other 

metal oxide surfaces can be calculated from the wavenumber separation, Δ, between 

the symmetric (vs(COO
-
)) and the antisymmetric (vas(COO

-
)) stretching bands.  

 

The main evidence that oleic acid has been successfully coated on Gd2O3 nanoparticles 

is that the peak at 1711 cm
-1

 for pure oleic acid, is not longer present for oleic acid 

capped Gd2O3 nanoparticles, see Figure 25. This peak corresponds to the v(C=O) stretch. 

Instead there appears two characteristic bands for oleic acid capped Gd2O3 

nanoparticles at 1443 cm
-1

 and 1559 cm
-1

 corresponding to vs(COO
-
) and vas(COO

-
) 

respectively, seen in Figure 24. The wavenumber separation of 116 cm
-1

 indicates that 

the carboxylate groups have coordinated in a bidentate matter, where the oxygen 

groups have organized to gadolinium oxide symmetrically. This is in good agreement 

with earlier published data. [48] 

  

The peaks at 2852 cm
-1

, 2923 cm
-1

 and 3005 cm
-1

 for oleic acid capped Gd2O3 

nanoparticles and the peaks 2854 cm
-1

, 2924 cm
-1

 and 3005 cm
-1 

for pure oleic acid, 

corresponds to the antisymmetric and symmetric methylene stretches (vas(CH2), va(CH2)), 

antisymmetric methyl stretch (vas(CH3)) and the v(=C-H) stretch attributed from the 

double bond, respectively. Comparisons between pure oleic acid and oleic acid capped 

Gd2O3 nanoparticles in the region 2800-3100 cm
-1

 show little or none shifts, which 

indicates well ordered hydrocarbon chains at the nanoparticle surface. The peaks in the 

region 1050-1130 cm
-1

 are probably attributed by DEG and methanol, which are used in 

the synthesis, since pure DEG have two strong peaks at 1060 cm
-1

 and 1128 cm
-1

. [48] 
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Figure 24. FTIR spectrum of Gd2O3 nanoparticles capped with oleic acid. 

 

 
Figure 25. FTIR spectrum of pure oleic acid, kindly allowed by [48].  
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Modes of vibration Wavenumber (cm
-1

) 

(Gd2O3-oleic acid) 

Wavenumber (cm
-1

) 

(pure oleic acid) 

 v(=C-H) 3005 3005 

vas(CH2), vs(CH2) 2923 2924 

vas(CH3) 2852 2854 

v(C=O) - 1711 

vas(COO
-
) 1559 - 

vs(COO
-
) 1443 - 

v(C-C) 920 911 

   Table 3. Vibrational modes of Gd2O3 capped with oleic acid and pure oleic acid. 

  

As mentioned in section 3.2, oleic acid consists of a double bond at the ninth carbon. By 

the use of an oxidizing technique, i.e. Lemieux-von Rudloff method, this double bond 

can be oxidized, leaving free carboxylic groups pointing outwards from the nanoparticle 

surface. This may facilitate the attachment of DNA, proteins or antibodies on the surface 

of the nanoparticles. [25] 

 

An attempt of cleaving this double bond has not been tested yet due to the fact that the 

time period for the diploma work was at its final stage and the amount of oleic acid 

capped Gd2O3 nanoparticles were out.  These experiments will be done in the near 

future as a following up project. An experimental protocol for this cleavage has already  

been setup, which consist of 30 mg Gd2O3 nanoparticles capped with oleic acid, 30 ml 

cyclohexane, 30 ml tert-butanol, 4 ml H2O, 2 ml 5 % K2CO3 and 7 ml Lemieux-von Rudloff 

reagent (5.7 mM KMnO4 and 0.105 M NaIO4 aqueous solution). A mixture of all the 

above mentioned chemicals, except the Lemieux-von Rudloff reagent, will be stirred for 

about 20 minutes at room temperature. Then, 7 ml of Lemieux-von Rudloff reagent will 

be added dropwise. The resulting mixture will be stirred for 24 hours at 40 
o
C. After 24 

hours, the product should be isolated by centrifugation and washed with deionized 

water, acetone and ethanol. [25] 

 

From this setup, the hydrophobic Gd2O3 nanoparticles should be converted to 

hydrophilic ones. By using 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide 

hydrochloride (EDC) and N-hydroxysulfosuccinimide (NHS) activation, the exposed 

carboxylic groups can crosslink to primary amines.  

There exists a range of molecules with a primary amine tag that can be used to form a 

biocompatible coating around the nanoparticles. This may increase the possibilities for 

further functionalization and the promising attachment of a biocompatible capping layer 

may also be increased. [25] 
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7.3.3 XPS 

 

The Gd2O3 nanoparticles capped with oleic acid were investigated by XPS and the 

spectrum for Gd (3d), C (1s) and O (1s) are shown in Figure 26, 27 and 28 respectively. 

The nanoparticles were spin-coated on Si substrates. 

The Gd (3d) spectrum of oleic capped Gd2O3 nanoparticles which is shown in Figure 26, 

consists of a spin orbit doublet with the peak Gd (3d5/2) positioned at 1188 eV and the 

peak Gd (3d7/2) positioned at 1220 eV. The peak positions are in good agreement with 

earlier published data but the line shape of the two peaks is quite different compared to 

uncapped Gd2O3 nanoparticles. [46] 

The appearance of the line shape and underlying theory have not yet been investigated 

which should be done in a near future.     

 

 
Figure 26. Gd (3d) XPS spectrum of Gd2O3 nanoparticles capped with oleic acid. 

 

The C (1s) core level spectrum of oleic acid capped Gd2O3 nanoparticles spincoated on Si 

substrate is shown in Figure 27. A peakfit shows three peaks where the most intense 

peak positioned at 285.3 eV can be assigned to aliphatic carbons in oleic acid. The peak 

at 287 eV, may corresponds to hydroxyl carbons and terminating carbons in DEG. The 

presences of DEG at the particles are also indicated from IR spectra, see Figure 24. The 

peak at 289.4 eV can be assigned to carboxylic groups in oleic acid. The line shape of C 

(1s) is quite broad. A full width at half maximum (FWHM) of 2.2 is used for the fitting 

procedure for all the three fitted peaks. The origin of the broadening of the XPS peaks 

compared to what the instrument setting chosen for the experiment may be attributed 

by several factors. First, the properties of gadolinium oxide or other nanoparticles are 
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very dependent on its size. A change of ± 1 nm for Gd2O3 nanoparticles may have 

different properties and since there are some or few agglomerates, indicated by HRTEM, 

in the sample solution, the Gd atoms within these agglomerates of nanoparticles may 

have slightly different chemical surrounding render in a broadened spectrum. Second, 

the surface and the samples may be subjected to an unevenly grounded sample, which 

would lead to clusters of macroscopic positive charges that can produce a “drag” on 

outgoing electrons. This can result in a broadening-type of the spectrum. Third, the 

sample preparation is very crucial since XPS analyses a few atoms thick layer. Not evenly 

distributed and free from contaminations may give a changed spectrum. The presence 

of DEG from synthesis is very high and may contribute to the broadening line shapes 

thus complicates the evaluation of the spectra. 

The peaks positions are in good agreement of earlier published data indicating that oleic 

acid have coordinated to Gd2O3 nanoparticles. [48]  

 

 

 
Figure 27.  C (1s) XPS spectrum of Gd2O3 nanoparticles capped with oleic acid. 

 

The O (1s) spectrum of oleic capped Gd2O3 nanoparticles spincoated on Si substrate 

shows one broad peak at about 532 eV, see Figure 28. A suggested peakfit with three 

peaks is also included. The peak positions are set to values from the literature on these 

components. As for C (1s), the O (1s) spectrum has a quite broad line shape and possible 

reasons are previously discussed above. The value for FWHM is 2.2 and chosen for the 

fitted peaks as a consequence of the broad line shape of the spectrum.  

The prominent and most intense peak at 532.2 eV can be assigned to SiOx and is 

expected an effect of using a silicon substrate. The peak at 531.1 eV can be due to 

oxygen in Gd2O3 and the peak at 533.8 eV may be assigned to oxygen in carbonyl and 
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carboxyl groups in the terminating group from oleic acid and oxygen in hydroxyl and 

carbonyl from DEG. Since no experimental evidence can confirm the presence of the 

fitted peaks, this is just a suggestion based on earlier experiments on Gd2O3 

nanoparticles capped with oleic acid. The fitted peaks are not at al a full proof of the 

oxygen content, only expectations based on what should be present due to previously 

published data. 

 

  

 
Figure 28. O (1s) XPS spectrum of Gd2O3 nanoparticles capped with oleic acid. 

 

 

7.3.4 XRPD 

 

The XRPD pattern of Gd2O3 nanoparticles capped with oleic acid is shown in Figure 29. 

Any distinctive peaks in the region of 20 to 50
o 

can not be seen that confirms the 

crystalline nature of Gd2O3. The (222) peak for cubic Gd2O3 appears at 2θ ≈ 28.6
o
    

accordingly to literature [48]. This peak can not be distinguished from the diffractogram 

but an increase in the intensity in the region of 2θ ≈ 20-35
o
 can be seen.  

At 2θ ≈ 28-29
o
, the intensity seems to level out, this might be due to the crystalline 

nature of Gd, but as stated earlier, no distinctive peaks can be seen. 

According to literature [48], a peak arises in the region 2θ ≈ 19.5-21.5
o
 which may 

emanates from molecular coating, i.e. oleic acid. Even though the lower limit for the 

diffractogram ends at 2θ = 20
o 

and no more data is collected, a peak can not be seen, 

but this increase in the intensity may yet be attributed to oleic acid.     
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The appearance of the diffractogram is quite remarkably since HRTEM reveals particles 

with clear lattice fringes with a high crystallinity. An explanation for this appearance can 

be assigned to the fact that the amount of oleic acid capped Gd2O3 nanoparticles did not 

reached the full requirement for an ideal measurement since this was the last 

experiment. Another possible explanation can be due to the amount of oleic acid 

capped around the Gd2O3 nanoparticles which may produce poorly coherent scatters 

from Gd2O3.    

 

 

 
Figure 29. X-ray diffractogram of Gd2O3 nanoparticles capped with oleic acid. 

 

 

7.4 Citric acid 

 

Gd2O3 nanoparticles capped with different amounts of citric acid have been synthesized 

and the results are examined by TEM, IR, XPS and XRPD. 

 

7.4.1 TEM 

 

Figure 30 shows a high resolution image of citric acid capped Gd2O3 nanoparticles with a 

resolution of 5 nm. Although the resolution is not optimal, regular lattices reveals the 

(222) planes with an approximately estimated distance around 3-5 nm. These particles 

appear a little smaller than for oleic acid capped nanoparticles. This might be explained 

by the large amount of citric acid capped around the particles. Citric acid has very strong 

attraction to each other and may render in possible multilayer. These multilayers can 
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reduce the resolution of the image. The formation of island with particles may also be 

due to the strong attraction between citric acid. A possible way to reduce these islands 

and minimize the strong attraction between the capping molecules, which may interfere 

with further functionalization, is to use lesser amount of citric acid in the synthesis. 

These experiments were not examined by TEM since the yield was to low and other 

analytical methods were prioritized. The results are discussed in further sections. 

The presence of Gadolinium in Figure 30 is confirmed by EDX.  

 

 
Figure 30. TEM image showing the crystal planes for Gd2O3 nanoparticles capped with citric acid. 

Resolution 5 nm. 

 

 

7.4.2 FT-IR 

 

Figure 31 shows two FTIR spectra of gadolinium oxide nanoparticles capped with citric 

acid and pure citric acid. Corresponding vibrational modes are given in Table 4. 

 Pure citric acid has v(C=O) stretching bands at 1755 cm
-1

 and 1713 cm
-1

, but when 

capped on gadolinium oxide these v(C=O) stretching bands disappears. Instead two new 
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peaks appear at 1579 cm
-1

 and 1422 cm
-1

 which corresponds to the antisymmetric 

vas(COO
-
) and the symmetric vs(COO

-
) stretching bands, respectively. A similar behavior 

between oleic acid and citric acid can be seen, indicating that carboxylic groups have 

coordinated to gadolinium oxide. The wavenumber separation between the symmetric 

(vs(COO
-
)) and the antisymmetric (vas(COO

-
)) stretching bands has a value of 157 cm

-1
 

which indicates a bridging coordination of the carboxylic groups.  

 

According to [48] a bridging coordination shows stronger binding energy than a 

bidentate coordination as for oleic acid capped Gd2O3 nanoparticles.  

 

 
Figure 31. FTIR spectra of citric acid capped gadolinium oxide nanoparticles and pure citric acid. 

 

Modes of vibration Wavenumber (cm
-1

) 

Gd2O3-citric acid 

Wavenumber (cm
-1

) 

Pure citric acid 

v(OH) 3398 3300 

v(C=O) - 1755 

v(C=O) - 1713 

vas(COO
-
) 1579 - 

vs(COO
-
) 1422   - 

vas(C-C) 910 - 
Table 4.  Vibrational modes of Gd2O3 capped with citric acid and pure citric acid. 
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Figure 32 shows different amounts of citric acid used in the synthesis, i.e. 5 percent and 

20 percent, towards the original amount which is previously shown in Figure 31.  

Index A and B indicates the difference in washing procedure, where B has been 

sonicated and A has not been sonicated. All the curves in Figure 32 have the same 

characteristic peaks but a variance in intensity. 5B and 20B both have stronger intensity 

than 5A and 20A. This is quite remarkable because sonication should split up aggregates 

and unbound citric acid. One explanation for this behavior can be the preparation of the 

samples before measuring. For FTIR measurements, an amount of 1 mg is optimal, but a 

difference of ± 0.1 mg will have a remarkable influence on the intensity. Any conclusions 

about how thick the capping layer is between the different amounts of citric acid can 

not be stated. Further investigations with other instrument needs to be done. 

 

 
Figure 32. FTIR spectra of different amounts of citric acid capped Gd2O3 nanoparticles and a difference in 

washing procedure where B is sonicated and A is not sonicated. 

 

7.4.3 XPS 

 

The Gd2O3 nanoparticles capped with citric acid were investigated by XPS and the 

spectrum for Gd (3d) and O (1s) are shown in Figure 33 and Figure 34 respectively. The 

samples were spin-coated on Si substrates.  
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The spectrum in Figure 33 consists of a doublet, due to spin orbit coupling and the peaks 

for Gd (3d5/2) and Gd (3d7/2) are visible at 1188 eV and 1220 eV respectively. The peak 

positions are in good agreement of previously published data, confirming the presence 

of gadolinium. [46] 

 

 
Figure 33. Gd (3d) XPS spectrum of Gd2O3 nanoparticles capped with citric acid. 

 

The peakfitted O (1s) spectrum of citric acid capped Gd2O3 nanoparticles shows three 

peaks and are seen in Figure 34. The broad line shape of the spectrum shows an obvious 

relationship against the spectra for oleic acid capped Gd2O3 nanoparticles. Some 

possible explanations have been outlined in section 7.3.3 and the reasons and 

explanations for the broad line shape for citric acid capped Gd2O3 nanoparticles can be 

correlated to oleic acid capped Gd2O3 nanoparticles. The value for FWHM was set to 2.2.  

 

The prominent and most intense peak about 530 eV can be assigned to SiOx and may be 

as expected an effect of using a silicon substrate. The peak at 531.5 eV can be due to 

oxygen in Gd2O3 and the peak at 533.7 eV may be assigned to oxygen in carbonyl and 

carboxyl groups from citric acid and oxygen in hydroxyl and carbonyl from DEG. The 

presence of DEG from synthesis is very high and may contribute to the broadening line 

shapes thus complicates the evaluation of the spectra.  
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Figure 34. O (1s) XPS spectrum of Gd2O3 nanoparticles capped with citric acid 

 

 

7.4.4 XRPD 

 

The XRPD pattern of Gd2O3 nanoparticles capped with citric acid is shown in Figure 35. 

Any distinctive peaks in the region of 20 to 50
o 

can not be seen that indicate the 

crystalline nature of Gd2O3. The (222) peak of cubic Gd2O3 is therefore not shown, which 

has earlier been identified by HRTEM and the results from XPS reveals significant peaks 

originated from Gd. For Gd2O3 capped with lesser amounts of citric acid, i.e. 20A and 

20B in Figure 35 reveals crystalline patterns that are almost or nearly the same as for 

the original amount (100). Attempts with even lesser amount of citric acid, i.e. 5 percent 

where synthesized but the quantity of the resulting product was too little for 

measurements with the X-ray diffractometer. The idea was too see a more distinct 

crystalline pattern with descending amounts of citric acid and the correlation of 

introducing sonication after every washing procedure in the synthesize.    

An explanation for this behavior might be to the relatively random arrangement of the 

citric acid molecules, which may produce poorly coherent scatters even if the amount of 

citric acid is changed to a fifth compared to the original amount.  
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Figure 35. X-ray diffractograms of Gd2O3 nanoparticles capped with citric acid.   

 

 

7.5 Citric acid and MPTES 

 

Previously section confirms that Gd2O3 nanoparticles have successfully been capped 

with citric acid. In this section, citric acid is used as a possible surfactant where it maybe 

can be exchanged with MPTES that exhibit other functional groups with different 

properties. The attempt to exchange citric acid with MPTES is examined by IR and XPS. 

 
Figure 36 shows two FTIR spectra of Gd2O3 nanoparticles capped with citric acid and 

Gd2O3 nanoparticles capped with MPTES. 

 

The result is very evident that no exchange of citric acid against MPTES has proceeded. 

Spectrum from both citric acid and MPTES has almost the same appearance which 

reveals that citric acid is still capped around the particles. 

 

XPS confirms that no MPTES has bound to the particles since peaks of silicon and sulfur, 

which are characteristic species for MPTES, did not appear (spectra not shown).   
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XPS spectrum of Gd (3d) shows two characteristic peaks at 1188 eV and 1220 eV which 

are in good agreement including peak position and peak intensities as for citric acid 

capped particles (not shown). This further confirms that MPTES has not been coated on 

the particles.   

 

An explanation for this behavior can be assigned to the fact that the amount of citric 

acid are of such high content. As stated in section 7.4.1, citric acid may produce 

multilayer and the thickness may be in the range of that the existed experimental 

protocol did not loosen up citric acid from the particles and from each other in that 

sentence that an exchange could take place. Attempts to exchange Gd2O3 nanoparticles 

capped with lesser amounts of citric acid with MPTES were not investigated since the 

yield of product was too low and the time period of the diploma work where at the end.  

 

 
Figure 36. FTIR spectra of Gd2O3 nanoparticles capped with citric acid and capped with MPTES. 

 

 

7.6 APTES 

 

Gd2O3 nanoparticles capped with APTES have been synthesized and the results are 

examined by XPS and DLS. An amount of 5.4 μl APTES has been used for the 

functionalization. This amount has been calculated from several assumptions and 

previously published data. First, the cubic crystal system are thought to consists of a unit 
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cell with the dimension 3*3*3 nm, which gives a total volume of 27 nm
3
 for one Gd2O3 

nanoparticle [49]. Second, dialyzed Gd2O3 nanoparticles have a Gd concentration of 

about 100mM, confirmed by concentration measurements from ALS Laboratory Group, 

Analytical Chemistry and Testing Services. Third, a number of 2000 APTES molecules 

have been used for the calculation of the capping layer.  

 

7.6.1 XPS 

 

The XPS spectra of Gd2O3 nanoparticles capped with APTES are shown in Figure 37 and 

Figure 38. The samples were spin-coated on Au substrates.  

In Figure 37, the spectrum for Gd (3d) is shown for filtered and dialyzed Gd2O3 

nanoparticles and Gd2O3 nanoparticles functionalized with APTES. The spectrum for 

filtered and dialyzed Gd2O3 nanoparticles consists of a doublet, due to spin orbit 

coupling and the peaks for Gd (3d5/2) and Gd (3d7/2) are visible at 1188 eV and 1220 eV 

respectively. The line shape and peak position are in good agreement of previously 

published data, conforming the presence of oxidized gadolinium. [46] 

 

The spectrum for Gd2O3 nanoparticles functionalized with APTES shows little or no 

peaks at the position 1188 eV and 1220 eV.  

 

 
Figure 37. The XPS spectra of for filtered and dialyzed Gd2O3 nanoparticles and Gd2O3 nanoparticles 

functionalized with APTES.  
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In Figure 38, two spectra for N (1s) are shown for filtered and dialyzed Gd2O3 

nanoparticles and Gd2O3 nanoparticles functionalized with APTES. In this narrow scan 

for N (1s) there exist two peaks, at 401 and 399.2 eV respectively. These two peaks 

indicate that nitrogen is present in the sample. The most intense peak at 399.2 eV is 

assigned to NH2 and the peak at 401 eV is assigned to NH3
+
 together with hydrogen 

bonded amines. [50] 

 

 

 
Figure 38. The XPS spectrum of N (1s). Top represents Gd2O3 capped with APTES, bottom represents as 

prepared Gd2O3. 

 

Spectrum for Si (2p) was also obtained (not shown), but no peaks could be seen that 

verify the presence of silicon on the particles when comparing to uncapped 

nanoparticles. 

The ambiguous results from XPS might be due to that no APTES has been capped around 

any Gd2O3 nanoparticles or maybe that the APTES molecules have formed possible 

multilayer. The very week Gd signal from Figure 37 may be a consequence of a 

multilayer, since XPS is very sensitive to the surface. Even though the absence of silicon 

is very remarkable, XPS measurements were only made few times and further 

improvements and optimization are clearly needed. 

 

7.6.2 DLS 

 

In Figure 39, the average hydrodynamic radius for Gd2O3 nanoparticles capped with 

APTES is shown. The measured average hydrodynamic radius is in the region of 
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approximately 10-25 nm with a peak at 13 nm. Comparing this result with Figure 19 for 

Gd2O3 nanoparticles a difference can be seen. There is an increase in hydrodynamic 

radius for Gd2O3 capped with APTES which indicates that APTES is present in the sample 

solution and maybe capped on the particles. There exists an overlap between uncapped 

Gd2O3 nanoparticles and capped with APTES, this might indicate that all the 

nanoparticles present are not capped or that several nanoparticles are not fully 

encapsulated by the APTES molecules. One explanation for this behavior can be 

assigned to relatively small amount APTES used in the synthesis.    

Louis C., et al. [51], has published results from DLS measurements on Gd2O3 

functionalized with polysiloxane, i.e. APTES and TEOS (tetraethyl orthosilicate). They 

have estimated an average hydrodynamic radius of 14.8 nm.  

 

 
Figure 39. The average hydrodynamic radius of Gd2O3 nanoparticles capped with APTES and uncapped 

Gd2O3 nanoparticles. 

 

 

7.7 Carboxymethylation of Dextran 

 

Dextran has been modified with the incorporation of carboxylic groups to the glucose 

ring which has been studied by FTIR. 
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7.7.1 FT-IR 

 

FT-IR spectra of dextran and carboxymethyl dextran (CMD) are shown in Figure 44 and 

corresponding vibrational modes are seen in Table 5. Figure 45 shows the FT-IR spectra 

for dextran and CMD in the region of 1900 to 1200 cm
-1

. 

 

The strong band in the region of 3400 cm
-1 

for dextran and CMD are due to the hydroxyl 

stretching vibrations. Stable hydrogen bonds are found between these hydroxyl groups. 

The band for dextran and CMD in the region of 2930 cm
-1

 is due to C-H stretching 

vibrations. The difference between dextran and CMD is that part of the anhydroglucose 

unit has been oxidized by bromoacetic acid and sodium hydroxide, which will generate 

carboxylic groups in the glucose ring. [52,53] 

 

The peak at 1639 cm
-1 

for dextran is attributed to O-H bending vibrations and is absent 

for CMD. Instead there exist two peaks for CMD at 1725 cm
-1 

and 1596 cm
-1

 which are 

due to carbonyl groups and carboxylic acid sodium respectively. [52] 

 

The main characteristic peaks for dextran and CMD are shown in the region of 1154-

1018 cm
-1

, where the peak at 1154 respectively 1152 is due to vibrations of C-O-C bond 

and glycosidic bridge. The peak at 1004 cm
-1 

respectively 1003 cm
-1 

belongs to the 

vibration of the C-O bond and the peak at 1020 cm
-1 

respectively 1018 cm
-1 

is due to the 

flexibility around the α(1 -> 6) glycosidic bonds. [53]     
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Figure 40. FT-IR spectra of dextran and carboxymethyl dextran (CMD). 

 

 

 

Modes of vibration Wavenumber (cm
-1

) 

(Dextran) 

Wavenumber (cm
-1

) 

(CMD) 

v(OH) 3400 3395 

v(CH2) 2929 2926 

vbend(OH) 1639 - 

v(C=O) - 1725 

v(COONa) - 1596 

vbend(CH2) 1451-1405 1450-1405 

v(C-O-C) 1154 1152 

v(C-O) 1104 1103 

v(C-C) 1020 1018 

Table 5. Vibrational modes for dextran and carboxymethyl dextran (CMD). 
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Figure 41. FT-IR spectra of CDM and dextran in the region of 1900 to 1200 cm

-1
.  

 

By changing the concentration of bromoacetic acid, the degree of carboxylation can be 

modified. [54] 

 

Wagner et al [55] have reported preparation of magnetic iron oxide nanoparticles 

functionalized with a coating of carboxymethyl dextran which is suitable for covalent 

attachment of bioactive molecules. An oligonucleotide with an amine linker group at the 

end was used as a further coupling agent. These amine groups were attached to the 

carboxylic acid groups incorporated in dextran through EDC carbodiimide coupling agent 

in a phosphate buffered saline (PBS) solution. 

Studies of the uptake of these oligonucleotide coupled, CMD coated, iron oxide 

nanoparticles by tumor cells, i.e. breast carcinoma cell line MCF-7 and the CML cell line 

K-562 has also been done in earlier studies [55]. Both the cell lines showed a strong 

interaction with the functionalized particles confirming the good cytocompatibility of 

the CMD coated nanoparticles. 

 

These results are very promising and indicating that CMD coated nanoparticles can be 

used as a possible contrast agent in MRI since CMD showed a good cytocompatibility. 

No attempts have been made for coating Gd2O3 nanoparticles with CMD, but these 

experiments will be evaluated in a near future.  
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8 Conclusions 

 

Gadolinium oxide nanoparticles have been synthesized through the polyol method and 

the crystalline nature of gadolinium has been confirmed with high resolution TEM. The 

size ranges from 3-5 nm which are confirmed by TEM. XPS confirms the presence of the 

oxidation state for Gd2O3. 

 

Diafiltration offer an alternative way for purification of Gd2O3 nanoparticles instead of 

dialysis. Although promising results were achieved, direct comparisons between dialysis 

and diafiltration were not possible since there was a difference in pore size. 

Optimization of diafiltration regarding the set-up may give fast and efficient purification 

in the future.   

 

Three different molecules have been used for functionalization of the nanoparticles, 

which generated different outcomes.  

 

The attempt to functionalize Gd2O3 nanoparticles with oleic acid has proven to be 

successful. IR studies reveal the transformation of carboxylic acid stretching band into 

one antisymmetric- and one symmetric carboxylic acid stretching band at different peak 

positions, confirming coordination to the particle surface. IR spectra also suggest that 

the carboxylates are coordinated in a bridging manner. Characteristic peaks from 

oxygen and carbon are identified with XPS which corresponds to oleic acid. TEM 

measurement confirms a high crystallinity for the particles. 

 

Gd2O3 nanoparticles capped with citric acid have been successfully synthesized. IR 

spectra reveals the transformation of carboxylic acid stretching band into one 

antisymmetric- and one symmetric carboxylic acid stretching band, as can be compared 

with oleic acid. For citric acid, the carboxylates are thought to coordinate in a bidentate 

manner. XPS also confirms the presence of citric acid.  

TEM measurement confirms the crystalline nature of gadolinium. 

 

The immobilization of APTES on Gd2O3 nanoparticles showed ambiguous results. XPS 

reveal the presence of nitrogen, but no silicon. DLS measurements showed an increase 

in hydrodynamic radius from 9 nm to 13 nm compared to uncapped Gd2O3 

nanoparticles.    

 

IR studies reveal that dextran has successfully been modified with the incorporation of 

carboxylic groups to the anhydroglucose ring. This is very prominent since it may be 

used as a biocompatible capping layer.  
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9 Future Work 

 

In this diploma work, many of the performed experiments have only been done few 

times. It is therefore necessary to repeat the experiments in order to get more precise 

and more accurate information. It is also important for receiving statistics of the 

outcome upon functionalization of the nanoparticles.  

 

Diafiltration shows some promising results which gave several indications for possible 

improvements of the purification process. In this pilot study, only one measurement per 

different nanoparticle batch was obtained and a number of further tests are required to 

get evident results. Optimization regarding the entire set-up is needed, involving tests 

with different membrane pore size, different pressure, sample amount etc. Diafiltration 

of functionalized Gd2O3 nanoparticles should also be evaluated and maybe a mixture of 

both dialysis and diafiltration may reveal interesting information. An experimental 

protocol regarding this optimization and further tests will be done in near future.    

 

Oleic acid capped Gd2O3 nanoparticles shows promising use for further functionalization, 

as mentioned in section 4.2. Since no further experiments yet were performed on these 

particles, this will be carried out in a near future through the existing protocol discussed 

in section 7.3.2. If the oxidation of the double bond at oleic acid is successful, further 

functionalization is possible.    

 

Carboxymethylated dextran (CMD) shows potential as a biocompatible capping layer 

since incorporated carboxylic groups can be bounded to e.g. amine containing groups 

through EDC/NHS coupling chemistry. Experiments and evaluation on CMD capped 

Gd2O3 nanoparticles are in progress.    

 

MRI measurements have not been performed yet on the set of functionalized Gd2O3 

nanoparticles presented in this work. MRI studies will be done in the near future to 

confirm the signal relaxivity.  
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