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Abstract 
 

This thesis presents a new procedure for synthesizing nanoparticles with fluorescent and 

MRI contrast enhancement properties. The produced nanoparticles consist of mixtures 

between two well-known materials; zinc oxide and gadolinium oxide. Zinc oxide is a well-

known semiconductor with visible fluorescence and gadolinium oxide is a paramagnetic 

material exhibiting excellent magnetic properties for enhancing contrast in MRI.  

 

The presented synthesis is based on a recently published protocol by Zhang et al [1], for 

synthesis of pure zinc oxide nanoparticles. The procedure includes a precursor synthesis 

where respectively metal is dissolved in a solution of water and methacrylic acid. Thereafter 

the precursors are mixed and dissolved in TEG for a combined nucleation and in-situ 

polymerization step. 

 

The work in this thesis is multidisciplinary involving molecular design, chemical synthesis, 

nanoparticle preparation, purification, characterization and also biological applications. The 

first rounds of nanoparticles were readily dispersible in water, had adequate fluorescent 

properties, were in a size range suited for in vivo applications and had better relaxivity 

properties compared to commonly used contrast agent. These results motivate future work 

including further optimizations of the protocol. This new nanomaterial has high potential as 

contrast agent for biomedical imaging. 
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1. Introduction 
Magnetic Resonance Imaging (MRI) is today an established technique for clinical diagnosis. 

MRI is, compared to similar techniques as Computer Tomography, especially useful in 

imaging soft tissues as brain, lungs, liver etc. To detect different pathogenic conditions it is 

usually required to use contrast enhancement. For example tumor tissue is difficult to 

distinguish from normal tissue and is easily detected after administration of a contrast agent. 

Today commercially available contrast agents suffer from low relaxivity efficiency and 

poor stability in vivo [2].   

 

Luminescent nanoparticles have a growing interest for biomedical purposes. Compared to 

traditional used organic dyes, nanoparticles exhibit improved photostability, higher 

brightness and are more stable both in vitro and in vivo [2].  

 

This thesis presents a new synthesis purposing optic and MRI-active nanoparticles for 

biomedical application. The optic and magnetic properties emerge from constructing 

nanoparticles containing the combination of zinc oxide and gadolinium oxide. Zinc oxide is 

a semiconductor recognized for its fluorescence properties [3] and gadolinium oxide is a 

prominent material for positive contrast enhancement in MRI [4]. Beside these two features, 

the produced nanoparticles are aimed to be water dispersible and biocompatible by a 

covering hydrophilic polymer layer.  

 

Nanotechnology is a relative new research area and scaling down materials in to the 

nanometer range induces unique novel properties [5]. In general a nanoparticle is composed 

of a collection of property-active atoms, which is an answer to the emerging unique 

properties and great interest among nanotechnology.  

 

 

1.1. Aim 
The aim of this thesis is to utilize Zhang et al’s presented protocol to produce bifunctional 

nanoparticles containing zinc and gadolinium. The zinc and gadolinium particles are 

purposing biomedical applications as MRI contrast agents and fluorescent probes. The 

produced particles will be characterized in order of water dispersibility, relaxivity, 

absorption, fluorescence, size, biocompatibility and functionalization.  
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2. Theoretical Background 
 

2.1. Magnetic Resonance imaging  
MRI is a sophisticated instrument using radiology for 

imaging soft tissues, as for example the brain shown in 

figure 1. It consists of a powerful magnet and can tune for 

a specific tissue by the parameters spin density, T1 

relaxation, T2 relaxation, flow and spectral shifts. MRI 

equipment can construct a strong magnetic field, which 

aligns nucleuses with magnetic moment. The nucleus of 

hydrogen is very useful in MRI due to its magnetic 

moment is provided by only one proton. In nucleuses 

containing several protons and neutrons, the subatomic 

particles individual spins align in order to cancel each 

out. A water molecule consists of two hydrogen 

nucleus with strong magnetic moments, therefore is the 

water contents in tissues a very important factor in MRI. 

 

In presence of applied magnetic field, individual odd-

numbered nucleuses in a sample are oriented and a 

net magnetic moment is possessed. The aligned 

magnetic moment can by a proper low energy pulse 

be tilted. The net magnetic moment starts to rotate 

purposing alignment with the applied field again. 

This phenomenon introduces two terms that can be 

confusing, namely precession and relaxation.  

 

Precession is the term for the rotational magnetic 

motion and relaxation is the realignment of the net 

magnetic field. The precession around an axis induces 

an alternating voltage in a receiver coil. This 

alternating voltage is the MRI-signal and it has the 

same frequency as the larmor frequency. The larmor 

frequency depends on the strength of the applied 

magnetic field and the nucleus gyromagnetic ratio. 

Nucleuses with equal gyromagnetic ratio generate 

voltage with the same larmor frequency. This is an 

important feature in MRI.  

 

Relaxation can be diverged in two different 

mechanisms that both are important features in 

magnetic resonance imaging, namely spin-lattice 

relaxation (T1) and spin-spin relaxation (T2). An 

overview of spin-lattice relaxation is presented in 

figure 2, where the magnetic moment is represented 

by a vector, which rotational motion around the dotted 

axis forms a cone. 

  

Figure 2 illustration of spin-lattice relaxation 
procedure 

Figure 1 MRI scan of a head. Author Ranveig 
Thattai 
<http://commons.wikimedia.org/wiki/File:MRI
_head_side.jpg> [accessed online 2013-08-06] 
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The MRI-signal is at maximum directly after the tilt of the magnetic moment, corresponding 

to larger rotational motion in the xy-plane. Meanwhile decreasing rotational motion in xy-

plane the MRI-signal emission decays. The fading of MRI signal depends on both spin-

lattice relaxation and spin-spin relaxation, which are two independent processes.  

 

In case of inhomogeneities in the surrounding magnetic field the precessing magnetic 

moment is decomposed/dephased into several components (see figure 3). The signal 

intensity will decrease relative to the dephased components cancel each other (figure 3 d). 

When the dephased components cancel each out completely in the xy-plane, spin-spin 

relaxation has occurred. The net magnetization vector continues realign with the z-axis and 

when the magnetization is aligned with z-axis, spin-lattice relaxation has occurred. These 

relaxation procedures are schematic illustrated in figure 3 [6], [7].  

 

 
  

  

Figure 3 illustration of spin-spin relaxation and spin-lattice relaxation: a) the magnetic moment of the nucleus has been 
tilted from the applied magnetic field along the z-axis by a low-energy pulse. b) Due to inhomogeneities the magnetic 
moment splits up to several components. c) The components start spreading around the z-axis. d) The dephasing 
process is completed and, because there are components in each direction of the xy-plane cancelling each other, spin-
spin relaxation has occurred. e) The magnetization vectors continue realigning with the z-axis. Still there are 
components cancelling each other in the xy-plane f) The magnetization vectors has realigned and spin-lattice relaxation 
has occurred. 
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The three most influencing parameters to receive as much contrast as possible are proton-

density, T1 and T2 relaxation times. In tissue the proton density mainly correlates to the 

water concentration but also to the lipid content [7]. The relaxation times T1 and T2 varies 

in a complex way depending on the physical and chemical features of the tissue in query. In 

order to increase contrast utilizing MRI, it is possible to weight the images accordingly to 

proton density, T1 and T2. Despite the possibilities with instrumental contrast enhancement 

there are in several medical applications need for contrast agents [8].  

 

2.1.1. Useful terms in MRI 

 

T1:  Is a relaxation mechanism also termed spin-lattice or longitudinal relaxation.     

In addition is T1 the time for a spin-lattice relaxation to occur, unit [s]. 

 

T2:  Is a relaxation mechanism also termed spin-spin or transverse relaxation. The 

time for a spin-spin relaxation to occur is also abbreviated T2, unit [s]. 

 

R1:   R1=1/T1 and is a value of the rate for a T1-relaxation, unit [s
-1

]. 

 

R2:   R2=1/T2 and is a value of the rate for a T2-relaxation, unit [s
-1

]. 

 

r1:  Is the ability for a contrast agent to change R1, unit [mM
-1

s
-1

]. 

 

r2:   Is the ability for a contrast agent to change R2, unit [mM
-1

s
-1

]. 

 

Relaxivity:  Is a general term for the transmission of a contrast agent’s ability to affect 

water molecules to undergo relaxation.   
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2.2.  MRI Contrast Agents 
There exist a manifold of MRI contrast agents with various chemical and physical properties, 

which are useful for image enhancement of specific organs such as brain, bone marrow, 

lymph nodes etc [9]. Water is one of the molecules with largest impact in MRI and is 

therefore the target for contrast agent to increase relaxation resulting in enhanced contrast. 

 

Contrast agents are usually divided into two categories T1-positive contrast agents and T2-

negative contrast agents. The categorization corresponds to their ability to affect relaxation 

mechanisms T1 and T2 in tissues and the contrast in MRI-images. Worth to notice is that 

every contrast agency affects both T1 and T2 relaxation times, but in different ways 

depending on the physical properties of the material and the measurement conditions. 

Shortening of relaxation time is referred to increased relaxivity because the MRI-signal 

intensity increases [10]. 

 

The main difference between T1-positive and T2-negative is that T1 agents enhance the 

signal in MRI while T2 agents lower the signal. The R2/R1 values for respective kind of 

agents are about 1-2 for T1 agents and about 10 for T2 agents [10]. Over the last decades 

T2-negative agents such as different superparamagnetic iron oxides have successful been 

used for imaging spleen, liver and bone marrow. However T1-positive agents are preferred 

in clinical applications, due to two drawbacks concerning T2 agents. First, a “dark signal” 

may result in difficulties to distinguish pathogenic conditions from healthy tissue. Secondly, 

as T2 contrast agents show high magnetic susceptibility they induce distortion of the 

magnetic field in neighboring tissues, causing dark background close to the lesion and spoils 

the image. These issues do not emerge utilizing T1-positive agents due to the positive 

contrast enhancement and that the major T1-positive materials are paramagnetic [11]. In 

addition, T1-weighted scans are significant faster compared to T2-weighted scans [10]. 

 

Two important magnetic features for a T1 contrast agent are a large S spin number and a 

paramagnetic spin structure, because R1 (=1/T1) relaxation is proportional to S(S+1) and a 

paramagnetic structure implies no net magnetic vector, minimizing R2 (=1/T2) relaxation. 

With a spin number of S=7/2 and a paramagnetic structure gadolinium is the most prominent 

material satisfying these features and many tons of gadolinium has been used in clinical 

applications for MRI contrast enhancement [10]. There exist some concerns regarding 

gadolinium-containing contrast agents in clinical applications, because of relations between 

gadolinium-based agents and nephrogenic systemic fibrosis (NSF) among patients with 

renal dysfunction [12]. However it seems possible to reduce cases of NSF in clinical practice 

by evaluating the renal status in order to use a proper contrast agent and adjustment of 

administrated dose [13]. 
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Mainly there are two options to utilize gadolinium based contrast agents for clinical usage, 

chelates and nanoparticles 

 

Chelates have been commercially used as 

contrast agents for many decades. One of the 

most successful chelate is Gd-DTPA and is 

presented in figure 4. Gd-DTPA is an inert 

complex embedding a gadolinium ion in the 

center of the chelate. In this chelate the toxic 

gadolinium ion is constrained and cannot interact 

in vivo with for example proteins. The chelates 

have been seen as an inert drug molecule, which 

stays intact in vivo [10]. However the chelates do 

not seem to be completely inert due to upcoming 

NSF-cases [13]. Another issue among chelates is 

the low relaxivity efficiency, causing high doses of 

contrast agents [2]. 

 

Nanoparticles are defined by IUPAC (International Union of Pure and Applied chemistry) 

as uniform particles in dimensions of 1-100nm [14]. Scaling down materials in the 

nanometer range yield novel properties compared to bulk material [15]. When decreasing 

the size of gadolinium oxide increase T1 relaxivity is indicated. Possibly due to higher 

surface to volume ratios for smaller particles and the surface atoms provide highest 

contribution to the water relaxation. In addition a particle size of a few nanometers is of a 

main importance for an effective excretion through kidney and bladder [4]. Other 

advantages using nanoparticles rather than chelates are the manifold of possibilities to 

design the particle with for example additional functionalities as luminescence, different 

functionalizations for specific targets and protective covering layers as organic or inorganic 

polymers, which can minimize metal ion leakage [13].  

 

In order to produce high relaxivity contrast agents it is of major importance that the 

polymer layer is hydrophilic and provides fast water exchange. The hydrophilicity is 

required for stability in vivo and a fast water exchange allows the particle to transmit its 

relaxivity effect to the water bulk. Interestingly high water exchange can limit the relaxivity; 

since water molecules are exchanged more rapid than the time it takes for the contrast agent 

to relax a water molecule. Another key factor for high relaxivity contrast agents is a short 

distance r between the interacted gadolinium ions and water molecules, because relaxivity 

has a     dependency. A slow rotational motion is another important feature among many 

others to obtain high relaxivity [16]. Further central parameters can be studied in the 

Solomon-Bloemberg-Morgan equations, which describe the parameters influence on 

relaxation [10]. 

  

Figure 4 GD-DTPA, a common used contrast agent. 
Author: Smokefoot 
<http://commons.wikimedia.org/wiki/File:Gd(DT
PA)(aq)2-.png> 
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2.3.  Optical imaging 
Today there are many optimal techniques utilizing the properties of light. Fluorescence 

microscopy is one of the more prominent light imaging techniques. This technique depends 

on the fluorophores inherent properties to absorb and emit light [2]. When a fluorophore 

absorbs light, energy is absorbed and an electron in the ground energy level state becomes 

excited to a higher energy level. The excited electron will in its return to the ground energy 

state lose a part of its energy in vibrational motion and a major part the excitation energy is 

emitted as light.  

 

In this thesis the semiconductor zinc oxide is used for introducing fluorescent properties. 

Semiconductors have two bands with energy levels, valence band and conduction band. The 

valence band is the lower energy band, where electrons in ground state are bonded to. 

During excitation electrons are moved to higher energy levels in the conduction band. The 

electrons deexcite to the valence band over a separating gap known as band gap. The 

energy of the light emitted during deexcitation corresponds to the energy of the band gap. 

For quantum dots the band gap increase with decreasing sizes, causing higher energy in the 

emitted light [5]. Figure 5 is an illustration of increasing band gap related to the size of the 

semi-conductive material.  

 

 
Figure 5 Illustration of increasing band gap with decreasing size of quantum dots. 

In general zinc oxide has a band gap of 3.37 eV in room temperature and its absorbance and 

fluorescence are usually in the blue-UV region [17]. However for in vivo fluorescence 

microscopy there is limited usage of fluorescent probes active in the blue-UV region, due to 

low tissue penetration. Fluorescent probes active in the near-infrared region have high 

tissue penetration and are therefore desired for biomedical applications [2]. 

 

In addition to size are the optical properties of zinc oxide dependent on temperature and 

defects or impurities [3], [18]. Djurisic et al brings up different visible emissions from 405 

to 640 nm for different reported zinc oxide nanostructures. These varying emissions are not 

fully understood but it may correlate to the level of defects among nanostructured zinc 

oxide. The most common emission among nanosized zinc oxide is in the green region and 

the green emission is considered to origin from nanoparticle surfaces of zinc oxide and can 

be suppressed by coating with surfactants [3]. 

 



8 

 

2.4. Gadolinium and Zinc Oxide 
Gadolinium is a trivalent rare-earth metal with superior properties for magnetic resonance 

imaging. Gadolinium is paramagnetic and has 7 unpaired S-electrons in a symmetric 

configuration. These electrons provide a large magnetic moment. The gadolinium ion is 

toxic [10] and besides the optic properties, the idea to synthesize gadolinium doped zinc 

oxide particles is to produce chemically stable and biocompatible particles. Zinc oxide is 

seen as a chemically stable, biocompatible and environmental friendly material to work with 

[3].  

 

Nanoparticle mixtures of gadolinium and zinc oxide particles have been published before 

[19], [20] with good result in respect to T1 relaxivity and fluorescence. Selegard et al 

reached among its particles prepared at different ratios of gadolinium and zinc, a maximum 

relaxivity of r1=19.9 mM
-1

s
-1

 at 1.41 T for Gd/Zn=0.04 and a 100% increase in fluorescence 

for Gd/Zn = 0.17 compared to pure zinc oxide. Interesting to note is that Selegard et al 

presented particles emitting green fluorescence that were not fully dispersible in water [20]. 

Liu et al presented water dispersible particles with yellow fluorescence and a maximum 

relaxivity r1=16 mM
-1

s
-1

 at 1.5 T [19].   
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3. Synthesis of ZnO: Gd2O3 nanoparticles 
The synthesis approach is based on Zhang et al’s protocol [1] and can be divided into two 

syntheses; a precursor synthesis and a nanoparticle synthesis. The precursor synthesis 

consists of a zinc dimethacrylate and a gadolinium trimethacrylate production. These two 

precursors are at different ratios used in the nanoparticle synthesis. All the materials used in 

the production of nanoparticles are purchased from Sigma-Aldrich. After the nanoparticle 

synthesis followed a purification step implementing dialysis. 

3.1.1. Material list 

Zinc Oxide Nanopowder <100nm 

Gadolinium Oxide Nanopowder< 100nm 99.8 % trace metal basis 

Methacrylic acid 99% 

Methacrylamide 98% 

Lithium Hydroxide powder reagent grade >98% 

Triethylene Glycol >99% 

 

3.2. Precursor Synthesis 
Two schematic overviews of respectively zinc and gadolinium precursor synthesis are 

presented in figure 6 and figure 7.  

 

CH3

OH

O

CH2

20 w.t.% methacrylic acid in 
water

Stirred in 60oC for 1 hour

Add 0.5 equiv. ZnO

Filtrated and dried with rotary evaporator at 

70oC and 150rpm in 2 hours 

CH3

OH

O

CH2

CH3

OH

O

CH2

1.Wash with ethyl acetate

2. Dehydration, rotary evaporator 

and oven in 70oC

~2 H2O at 1 Zn

CH3
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O

CH2

CH3
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O

CH2

OH2
OH2

OH2

OH2

OH2 OH2
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CH3

O
-

O

CH2

CH3
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O
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O
-

O

CH2
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O
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2+

O
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O
2-
H
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H
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Mw ~ 271.6 g/mol

OH2

OH2

OH2 OH2

 
 
Figure 6 Schematic overview of zinc dimethacrylate synthesis 
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CH3

OH

O

CH2

20 w.t.% methacrylic acid 
in water

Stirred in 60oC for 1 hour

Add 0.13 equiv. Gd2O3

Dried with rotary evaporator at 

70oC in 2 hours 

CH3

OH

O

CH2

CH3

OH

O

CH2

1. Wash with ethyl acetate

2. Dehydrated in rotary evaporator 

and in oven at 70oC for 24 hours

CH3

OH O

CH2

OH2OH2

OH2
OH2

CH3

O
-

O

CH2

OH2

OH2

OH2
OH2

3

Gd

CH3

O
-

O

CH2

CH3

O
-

O

CH2
Gd3+

CH3

O
-

O
CH2

OH2

OH2

OH2

OH2

OH2 OH2

OH2OH2

Gd2O3

H
+

H
+

H
+

Mw ~487.4 g/mol

 
Figure 7 Schematic overview of gadolinium trimethacrylate synthesis 

 

First a water solution containing 20 weight percent (w.t. %) methacrylic acid (MAA) and 80 

w.t. % distilled water was prepared by stirring in 60 C for one hour. Thereafter were small 

portions of respectively metal oxide nanopowder was added into the solution until the ratio 

between metal and methacrylic acid were 0.5 for zinc and 0.13 for gadolinium. To add the 

total amount of metal could take several days, because the metal oxides were hard to 

dissolve in the MAA/water solution. The solutions were not completely dissolved when 

continuing to the next step, filtering the samples with paper and dry the solutions to powder 

with rotary evaporator at 70 C, 150 rpm for two hours.  

 

The created powders of metal-poly-methacrylates were, in contrast to Zhang et al’s protocol 

[1], washed with ethyl acetate and büchner filtration. The purpose of the washing was to 

remove eventually free methacrylic acid molecules. Excess of methacrylic acid and water 

can cause interaction interferences in the following nanoparticle synthesis. The washed 

powders were dehydrated in rotary evaporator at 70 C, 150 rpm for one hour and in oven at 

70 C for at least 24 hours.  
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Expected products are presented in figure 8 and 9 and the prediction of the resulting 

precursor were done together with the supervisor Dr. Xuanjun Zhang at IFM, Linköping 

University.  The forecasted products are aqueous complexes with a number of methacrylic 

acids matching the valence of respectively metal.  

 

OH2

OH2

CH3

O
-

O

CH2

CH3

O
-

O

CH2 Zn

Mw ~ 271.6 g/mol
 

Figure 8 Expected zinc dimethacrylate precursor                    Figure 9 Expected gadolinium trimethacrylate 

 

The hydration number (number of water molecules) is predicted to be 2 for the zinc 

dimethacrylate due to its tetrahedral coordination geometry [21]. For gadolinium 

trimethacrylate it is more difficult to predict a number of water molecules. The coordination 

number for lanthanides such as gadolinium can vary from 3-12 depending on complex and 

environment, where the most common coordination numbers are 8-9 [22]. Considering the 

steric hindrance from the three methacrylic acids it seems reasonable with a coordination 

number of seven.  

 

The prediction of number methacrylic acids per ion assumes that only one of two oxygens in 

the methacrylic acid interacts in the formation of the complexes. It is probable that both two 

oxygens interact with either the same or two different atoms, which would implicate a 

manifold of possible complexes.  

 

  

CH3

O
-

O

CH2

OH2

OH2

OH2
OH2

3

Gd

Mw ~487.4g/mol
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3.3. Nanoparticle synthesis 
The overall protocol for the nanoparticle synthesis is presented in figure 10.  

1. Mix under stirring x eq. Gd-complex and 1-x 

eq. Zinc methacrylate at 72oC in TEG

2. Cool down to room temperature (under 
stirring)

3. Add slowly 0.33 eq. AIBN (5-10min)

4. Add very slowly 8 eq. methacrylamide (40min)

5. Dissolve under stirring at room temperature

6. Heat at 72oC for 5min

7. Add drop-by-drop 1.5-2.2 eq. LiOH dissolved 
in TEG-solution

8. Wait 2 min

9. Add directly 0.33 eq. AIBN

10. Leave it stirring at 72oC for 2hours

OH2

OH2

CH3

O
-

O

CH2

CH3

O
-

O

CH2 Zn

Mw ~ 271.6 g/mol

CH3

O
-

O

CH2

OH2

OH2

OH2
OH2

3

Gd

Mw ~487.4 g/mol

 
Figure 10 Overview of the nanoparticle synthesis. 

 

In the first step the precursors are mixed at different molar proportions and dissolved in 

triethylene glycol (TEG) at 72 C under magnetic stirring.  

The different prepared nanoparticle batches are named after the proportion gadolinium 

trimethacrylate used in the first step. As an example a batch prepared with 0,4mmol 

Gadolinium trimethacrylate and 0,6mmol zinc dimethacrylate will be named 40% Gd.  

 

The second step implements a cooling step to room temperature. Continuously 

azobisisobutyronitrile (AIBN) and methacrylamide are added to dissolve in the following 

three steps. AIBN is a free radical initiating polymerization with a decomposition rate of 

             at temperatures above 50 C, [23]. The decomposition of AIBN is illustrated 

in figure 11. 

 

CH3

CH3

N

N

N

CH3

CH3

N

N

N
+ 2 CH3 C

CH3

N

heat

 
Figure 11 Decomposition of AIBN 
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When polymerization is induced the H2C=CH2 of the precursors are reacting with each other 

and with the H2C=CH2 of methacrylamides, shown in figure 12. The coupled 

methacrylamides make the nanoparticles more water-soluble, because an amino- and a 

carbonyl-group become oriented outwards. The large amount of methacrylamide (8 

equivalences) inhibits reaction between precursors’ carbon double bonds and consequently 

limits the nanoparticle size in the synthesis.  

 

(n+1)
AIBN + heat

n
O

CH2 CH3

O

Zn/Gd

CH2CH3

O NH2

+

+

n
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CH3

CH3

NC

CH3

O

CH3

O

NH2
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CH3

CH2

O

NH2

CH3

CH3

NC

CH3

OO

Zn/Gd

C

Zn/Gd

O O

CH3

 
Figure 12 Induction of polymerization between the metal polymethacrylate precursors and methacrylamides using 
AIBN and heat 

The polymerization is thermally initiated in the sixth step by heating the solution at 72ᵒC. 

After 5 minutes 0.5mg/ml lithium hydroxide in TEG added drop wise to the solutions for 

oxidization of metals and formation of nanoparticles. Worth to notice is that Zhang et al [1] 

used lithium hydroxide monohydrate powder. This thesis experienced difficulties to 

dissolve lithium hydroxide in TEG, which consequence in uncontrolled oxidation.  

 

The amount of lithium hydroxide was adapted to proportion of zinc dimethacrylate and 

gadolinium trimethacrylate. The amounts are presented in table 1 together with the 

theoretical amount of lithium hydroxide needed for complete oxidation of zinc and 

gadolinium. The theoretical amount for complete oxidation require respectively zinc and 

gadolinium 2 and 3 lithium hydroxides according to reaction 1 and 2. 

 

Reaction 1:                               

Reaction 2:                       

 
Table 1 The amount of lithium hydroxide in respect to amount of zinc and gadolinium together and the theoretical 
amount of lithium hydroxide. (*) 100% Gd did fail in the synthesis.  

Sample Used amount of LiOH 

(equivalences) 

Theoretical amount of LiOH 

for complete oxidation 

(equivalences) 

ZnO (0%Gd) 1.5 2.0 

10% Gd 1.6 2.1 

20% Gd 1.7 2.2 

40% Gd 2.0 2.4 

100% Gd (*) 2.0 3.0 
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The reason for careful and small addition of lithium hydroxide is because a small particle 

size as possible was wanted and the addition of base seems to be decisive for the size [24]. 

Therefore were the chosen amounts of lithium hydroxide were barely increased from the 

amount used in reference [1].  

 

An overall illustration of the polymerization and oxidization in the synthesis is illustrated in 

figure 13. 

 

 
Figure 13 Illustration of the nanoparticle formation. First is the carbon double bonds in the methacrylate compounds 
polymerized and thereafter is zinc and gadolinium oxidized and nanoparticles are formed. 

 

After adding the base the solutions were still kept stirring for 2min, then the same amount 

of AIBN as previous was added directly to complete the polymerization. The reaction 

solutions were left stirring at 72 C for 2 hours for the nucleation growth. Nucleation and 

growth of nanoparticles are preceded of particles which have at least been oxidized to 

hydroxide. Finally were the solutions were cooled down to room temperature. Thereafter 

were the samples either stored in fridge or directly purified as described in section 3.4. 
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3.3.1. Result and discussion 

Figure 12 represents the importance of using a 

well prepared zinc dimethacrylate and a right 

procedure for a successful synthesis. With well 

prepared zinc dimethacrylate means a proper 

washing with ethyl acetate and a well dried 

material using a MAA/ZnO ratio of 2. Right 

procedure implies a very careful addition of base 

and proper dissolving of materials as the two 

precursors, AIBN and methacrylamide in the 

nanoparticle synthesis.  

 

One interesting note is the preparation of 

gadolinium trimethacrylate was prepared with a 

MAA/Gd ratio of 6 instead of 3, which was the 

structural predicted MAA/Gd ratio of the 

precursor shown in figure 9. In spite of good 

washing with ethyl acetate, the high MAA/Gd 

ratio implies an excess of methacrylic acid. It 

might be a possible reason to the synthesis of 100% 

Gd failed to an aggregated, opaque solution, 

similar to the right tube in figure 14.  

 

The well prepared zinc dimethacrylate and the 

only prepared gadolinium trimethacrylate 

(MAA/Gd=6) were successfully used to 

synthesize the samples ZnO, 10% Gd, 20% Gd 

and 40% Gd. The successful syntheses were 

transparent see the left tube shown in figure 14. 

 

  

Figure 14 A representing picture of a good 
synthesized batch ZnO (left tube) and a bad 
synthesized batch ZnO (right tube).  
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3.4. Purification of ZnO: Gd2O3 nanoparticles 
Purifying the prepared nanoparticles is necessary to remove small and large impurities, such 

as free ions and aggregates. There is a range of possible purification techniques as 

centrifugation, ultrafiltration, gel filtration diafiltration, cross-flow microfiltration and 

dialysis, which briefly have been considered below. 

 

3.4.1. Purification techniques for nanoparticle samples 
Centrifugation and redispersing in deionized water is a common procedure to remove larger 

impurities. However there are issues regarding centrifugation as low yield of nanomaterial 

and risk for aggregation if the particles are not well stabilized by capping ligand. Similar 

aggregation problems are faced with ultrafiltration. Gel filtration suffers of poor resolution 

between small nanoparticles and impurities and the gel column might adsorb the particles. 

The more sophisticated filtration techniques such as diafiltration and cross-flow filtration 

have shown interesting results but they are relatively new approaches and require further 

investigations before they are adapted as standard purification approaches. Dialysis is 

similar to centrifugation a common and simple procedure. Disadvantages using dialysis is 

premature release, it is time consuming and inefficiency to remove larger aggregates [25].  

 

3.4.2. Procedure 

In similar research performed by Ahrén et al in [26] dialysis has been utilized to remove 

free ions and exchange media. Because of the availability and the simple procedure dialysis 

was used in this study to purify the samples and exchange media from TEG to milli-Q 

water. In order to remove the largest aggregates the synthesized samples were centrifuged 

at        (g= gravity constant) in 4 minutes before dialysis. The dialyses were 

performed using the membrane 10 000 MWCO, Spectra/Por from Spectrum laboratories 

(same as in [26]). The samples were dialyzed against milli-Q water (in a 20 l bucket) for 24 

hours with two water exchange.  

 

Important notice is that longer dialysis can be necessary for complete removal of TEG, but 

on the other hand the dialysis time can affect the relaxivity negatively [26].  
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3.4.3. Result and discussion 
The fluorescent property of the synthesized nanoparticles was useful in order to estimate 

loss of material during the dialysis. Figure 15 is a representative picture for this kind of 

estimation. 

It is observed as shown in figure 15 that samples after dialysis have a much lower 

fluorescence compared to before dialysis. The decrease in fluorescence indicates a major 

loss of ZnO: Gd2O3 nanoparticles. Nevertheless the decrease in fluorescence may be 

affected positively or negatively due to eventually surface modifications emerging in the 

dialysis. 

 

The transferring of nanoparticles from TEG to milli-Q as surrounding media did not cause 

any complications as described by Selegard et al [20] and all dialyzed nanomaterial was 

dispersive in water. 

 

  

Figure 15 4 ZnO: Gd2O3 samples held in front of an UV-lamp. Tube 1 and 3 from left are samples after dialysis, 
which corresponds respectively to tube 2 and 4. Tube 2 and 4 are samples before dialysis 
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4. Characterization 
The prepared nanoparticles were characterized in respect to size, absorbance and 

fluorescence, relaxivity and interaction with neutrophils. The characterization studies are 

divided and presented in following order concentration, relaxivity, size, cell study and 

further functionalization. In each study there is a short description of the measurement 

procedure.  

 

4.1. Concentration determination 
The concentrations of gadolinium and zinc were determined by ALS Scandinavia AB, using 

an Inductively Coupled Plasma-Mass Spectrometer (ICP-MS). This concentration 

determination was done after the following presented characterization studies and only for 

one 40% Gd sample, because of cost and low relaxivity response in other samples.  

 

The concentration content in the 40% Gd sample was determined to 62.6mg/l gadolinium 

and 6.2 mg/l zinc. These values appear to be very low because the initial gadolinium and 

zinc content in the nanoparticle synthesis were respectively estimated to 2.621 g/l and 1.635 

g/l (see Appendix). Compared to the ALS results the estimated concentrations in the 

nanoparticle synthesis were approximately 40 times higher for gadolinium and more than 

260 times higher for zinc. There were some expected material losses or concentration 

dilutions in the purification procedure such as aggregated material removed in the 

centrifugation and in the dialysis the samples are diluted 2 times. However a large 

concentration decrease of dimensions 40 and 260 times dilution, indicate a further 

optimization of the protocol regarding precursor synthesis, nanoparticle synthesis and 

purification procedure is needed. 

 

A concentration dilution in similar extents as for the 40% Gd can be assumed for all the 

produced samples, because results in relaxivity and fluorescence are in the same magnitude. 

The samples also looked quite similar as in figure 15, where the fluorescence intensity of the 

samples decrease after dialysis compared to before dialysis. These low yield material 

concentrations after purification have been an issue in the following characterization process. 

 

Important to clarify is that the absolute concentrations were determined after all the 

characterization studies. Anyway low concentrations of gadolinium and zinc were suspected 

due to low relaxivity response and to the decreasing fluorescence intensity after purification 

as described in 3.4.3.  

 

Furthermore the result from ALS Scandinavia AB is very valuable to obtain the relative ratio 

i.e., the content in molar percent is 80% gadolinium and 20% zinc. This indicates that 

gadolinium is oxidized first in the synthesis. Gadolinium has in earlier studies been reported 

to be easily oxidized [24]. 
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4.2. Relaxivity 
In the relaxivity study the nanoparticles were characterized in respect to their transmission 

of its relaxivity effect to the surrounding water. One 40% Gd sample’s relaxivity abilities r1 

and r2 were determined. The long-term stability of the nanoparticles was briefly studied. 

 

4.2.1. Instrument and procedure 

Bruker Minispec mq 60 NMR analyzer is a relaxameter, which utilize the MRI technology 

described in 2.1 and there are programs for T1- and T2-weighted measurements. Relaxivities 

in the range 1800-2300 ms are very low responses and a high good response for an undiluted 

sample containing gadolinium nanoparticles is suggested from experienced users to be 

around 20-70 ms.  

 

The relaxivity assays were performed using a Bruker Minispec, mq60 NMR analyzer at 

40ᵒC on 1.41 T. A measurement is preceded by adding 220µl of a sample to a glass tube. 

The glass tube is inserted in the sample holder of the instrument and is temperature 

stabilized for at least 4 min before measurement. 

 

Determination of r1 and r2 for a sample was performed on measuring the relaxivity times 

(T1 and T2) for several concentrations of gadolinium. The R1 (=1/T1) and R2 (=1/T2) 

values were calculated and plotted for each concentration in a relaxivity curve. These data 

points were used in a simple linear regression intercepted in origin. The linear curve’s 

gradient is equal to r1 and r2 for corresponding weighted measurements. The gadolinium 

concentration was determined by ALS Scandinavia AB and is presented in 4.1.  

4.2.2. Result and discussion 

An overall result regarding T1, T2 and R2/R1 for different batches of 10% Gd, 20% Gd and 

40% Gd is presented in table 2. In general the relaxivities was 10 times longer than wanted  

Analyzing the values in table 2 it seems as the relaxation times varies for different batches. 

However the R2/R1 ratios to be stable between 1.6-1.8 for freshly dialyzed samples, 

indicating the difference for different dialysis batches are the concentration.  

 
Table 2 Overall relaxivity results for different batches of 10% Gd, 20% Gd and 40% Gd. Each sample has been separately 
dialyzed. 10% Gd#1 is not from the same synthesis as #2 and #3. The 20% Gd samples come all from the same 
synthesis. 40% Gd#1 is not from the same synthesis as #2 and #3. * 20% Gd #3 was stored in fridge for 2 months before 
measurement. 

Sample T1 (ms) T2(ms) R2/R1 

10% Gd 24/4 973 591 1.6 

10% Gd #1 590 324 1.8 

10% Gd #2 716 431 1.7 

10% Gd #3 1140 642 1.8 

20% Gd #1 515 295 1.7 

20% Gd #2 645 360 1.8 

20% Gd #3 (*) 357 155 2.3 

40% Gd #1 198 118.8 1.7 

40% Gd #2 249 157 1.6 

40% Gd #3 248 148 1.7 
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The contrast agent’s relaxivity abilities r1 and r2 was determined only for the 40%Gd#2 

sample, because of cost and the long relaxivity times for the 10% Gd and 20% Gd. The 

relaxivity curves for 40%Gd#2 is presented in figure 16 and figure 17. 

 

 
Figure 16 r1-relaxivity curve for 40%Gd#2 

 
Figure 17 r2-relaxivity curve for 40% Gd#2 

The relaxivity abilities were determined to r1= 9.5 mM
-1

s
-1

 and r2= 16.4 mM
-1

s
-1

. The ratio 

r2/r1=1.7 was similar to the R2/R1 value in table 1. This measurement series was done 

approximately three days after dialysis and meanwhile the sample was stored in the fridge. 

After this first measurement the used series was stored in room temperature and the 

measurement was redone and resulting curves are in figure 18 and figure 19. 
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Figure 18 r1-relaxivity curve for 40%Gd#2 stored in room temperature 

 
Figure 19 r2-relaxivity curve for 40% Gd#2 stored in room temperature 

Both r1 and r2 have decreased to r1 = 5.4 mM
-1

s
-1

 and r2= 11.0 mM
-1

s
-1

. r2/r1 increased 

from 1.7 to 2.0. The results indicate that the nanoparticles do not stay stable, if stored in 

room temperature and r1 seems to be affected more than r2. 

 

The stability over time of the nanoparticles were not fully analyzed, however the 40% Gd#3 

was measured at three different times presented in table 3. The sample was stored in fridge 

and meanwhile used in characterizations as for example DLS and Fluorescence. 

 
Table 3 The long-term stability for 40% Gd#3. Sample was stored in fridge and was meanwhile used in other 
characterizations. 

  

Time after dialysis T1 (ms) T2 (ms) R2/R1 

0 days 248 148 1.7 

7 days 261 151 1.7 

30 days 366 176 2.1 
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The relaxivities were measured as a function of storage time. The relaxivities, especially T1, 

decreased with storage time. The R2/R1 ratio increased with time, which means the sample 

had become less T1-weighted. The 20% Gd#3’s relaxivities were determined two months 

after dialysis and the R2/R1 ratio was as high as 2.3. The 20% Gd and 40% Gd nanoparticles 

became less T1-weighted by time. 

 

Comparing to the common commercial agent Gd-DTPA r1of 4 mM
-1

s
-1

, a r1 of 9.5 mM
-1

s
-1

 

is quite good. However there has been reported contrast agent with r1 as high as 39 mM
-1

s
-1

 

at 0.47 T [16] and for similar ZnO: Gd2O3 nanoparticles there have been reported r1 around 

16-20 mM
-1

s
-1

 [19], [20]. The measured relaxivity r1 = 9.5 mM
-1

s
-1

 is comparable with 

previously published results of ZnO: Gd2O3 nanoparticles, but not as high as desired. One 

strategy to increase relaxivity can be to affect the rotational diffusion to further functionalize 

the coating of the particles. Rotational diffusion is one of the most important parameters for 

relaxation [16]. 

 

The R2/R1 ratios were for all fresh-dialyzed samples about 1.7 which is quite normal values 

for a T1 contrast agent [10]. However there were indications on R2/R1 increased with time. 
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4.3. Absorbance and fluorescence 
In this part the absorbance, excitation and emission spectra of the different samples ZnO, 10% 

Gd, 20% Gd and 40% Gd are presented.  

 

4.3.1. Instrument and procedure 

The absorbance was determined using an UV 2450 UV-VIS spectrophotometer from 

Shimadzhu. The absorbance was measured between 190-600 nm using slit width 5nm and 

milli-Q as a reference. The fluorescence studies were performed with a Horiba Jobin Yvon 

FluoroMax 4 using slit widths of 4nm. The excitation spectra were received in the 

wavelength area of 230-420nm with chosen wavelength 450nm. The emission spectra were 

performed with excitation wavelength 350nm to receive emission spectra between 380-

600nm. 

 

The only exception was an early produced sample 10% Gd 24/4, which was excited at 330 

nm and the emission peaked at 510nm.  

 

4.3.2. Result and discussion  

In similarity with the relaxivity study, the intensities in absorbance and emission have been 

varying depending on dialysis batch. For example is the absorbance of the 10% Gd samples 

are presented in figure 20. 

 

 
Figure 20 Absorbance spectra for 10% Gd samples 

The 10% Gd 24/4 is not from the same nanoparticle synthesis as 10% Gd#1 or 10% Gd#2 

and 10% Gd#3. 10% Gd 24/4 absorbance is presented in figure 20 and it had an extra 

absorbance peak about 490nm. . 
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The samples with highest absorbance had the highest relaxivity (shortest relaxation time) in 

the relaxivity study. Indicating there are variations depending on dialysis batch and the same 

behavior was found for 20% Gd and 40% Gd. Highest response was for the 10% Gd#1, 

which absorb at higher wavelengths compared to the other 10% Gd samples. This kind of 

shift was not observed for any other sample and in figure 21 one spectrum of each 

nanoparticle sample is presented. 

 

 

 
Figure 21 Absorbance spectra of ZnO, 10% Gd"2, 20% Gd#2 and 40% Gd#1 

 

Except 10% Gd#1 all samples absorb at the same wavelength. It is difficult to draw any 

conclusion regarding the intensity of each nanoparticle sample but as indicated in the 

presented absorbance, excitation and emission spectra (figures 21-23); the 20% Gd seems 

continuously to have the highest intensity.  

 

 
Figure 22 Excitation spectra for ZnO, 10% Gd#2, 20% Gd#3, 40% Gd#1 and 10% TEG 
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Figure 23 Emission spectra for ZnO, 10% Gd#2, 20% Gd#3, 40% Gd#1 and 10% TEG 

A small peak between at 390nm and 400nm is observed in respectively excitation and 

emission spectra (figure 22 and figure 23). Compared to a reference measurement of 10 

volume percent TEG in milli-Q (10% TEG); these peaks possibly come from remaining 

TEG, which were not completely removed in the dialysis. 

. 

One interesting result from the fluorescence study is that a minor excitation and emission 

shifts were observed between the four samples. The excitation and emission peaks for 

samples prepared with higher gadolinium content are shifted to higher excitation 

wavelengths and lower emission wavelengths. It is quite intuitively that the level of defects 

in the ZnO varies according to prepared proportion gadolinium and might be the cause of the 

excitation and emission shifts. However the shifts are very small. The emission for ZnO has 

only shifted 10 nm for 40% Gd. In addition the peaks were not very distinct, which 

complicates to state an excitation and emission shift dependency on the Gd/Zn ratio. The 

wide excitation and emission peaks might be due to inhomogeneous size distribution. 
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The 10% Gd 24/4 excitation and emission spectra are shown in figure 24. Compared to all 

the other samples, this batch had interesting fluorescence properties in the green region with 

a distinct peak at 520 nm. 

 

 
 

 

The 10% Gd 24/4 fluorescence properties reminds of Selegard et al’s nanoparticles [20], 

emitting green fluorescence at UV-excitation. The fluorescence intensity of 10% Gd 24/4 is 

approximately 4 times larger compared to the presented 20% Gd sample. However the 

concentrations or size are not known.   

Figure 24 Excitation and emission of 10% Gd 24/4 
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4.4. Size determination –Transmission Electron Microscope 
In this study the size was estimated with High Resolution Transmission Electron 

Microscope (HR-TEM) and Dynamic Light Scattering (DLS). The DLS study is further 

explained in section 4.5 and this section will only regard the TEM study.   

 

4.4.1. Instruments and procedure 

The main difference between a Transmission 

Electron Microscope (TEM, shown in figure 

25) and a commonly used light microscope is 

that TEM uses electrons instead of light. 

Using electrons enables a resolution of a few 

angstroms, which is about 1000 times better 

resolution compared to a light microscope 

[27].  

 

The TEM used in this study was a Fei Tecnai 

G2 operated at 200kV by Dr. Fredrik 

Söderlind, Nanostructured Materials, IFM 

Linköping University. The TEM has been 

used in several similar studies [28-30] in 

order to characterize size and shape. 

Elemental information of the nanoparticles is 

provided by using an energy diversity x-ray spectroscopy (EDX) mode incorporated in the 

instrument. The elemental information is 

characterized by the unique X-ray spectra, 

which is emitted when the electron beam is 

transmitted through the sample [31]. 

 

HR-TEM was used to study the samples 10% Gd#2, 20% Gd#3 and 40% Gd#2. The 

samples were prepared by applying a few drops of respectively nanoparticle to a 

respectively copper grid, which were left to dry before installing the grids in the instrument. 

 

  

Figure 25 Illustration of TEM, author GrahamColm 
<http://commons.wikimedia.org/wiki/File:Electron_
Microscope.png> [accessed 2013-07-12] 
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4.4.2. Result and discussion 
In this result section 2-3 representative TEM pictures are presented together with their 

individual EDX-result.  

 

For all the three samples, the sizes of the produced particles are according to the TEM 

images in the range of 3-7nm. In figure 32 and 36 big huddles can be seen, which may 

indicate aggregation of nanoparticles.  Nevertheless there were no huddles observed in the 

sample 40% Gd#2. One explanation behind the huddles in 10% Gd and 20% Gd is the 

presence of TEG, which has not been completely removed in the dialysis. In the huddles 

there are no observable crystalline features which would be expected if the samples were 

massively aggregated.  

 

The EDX-result in the TEM study displayed strong signals for gadolinium for all the 

samples, and the zinc signal were strong in 10% Gd and 20% Gd. In the 40% Gd could no 

zinc signal been seen and the concentration analysis indicate that only 20 molar percent zinc 

and 80 molar percent gadolinium in the 40% Gd. These results indicate gadolinium is easier 

oxidized compared to zinc and are in consistency with the metals individual standard 

reduction potentials, -2.28 V for gadolinium [32] and -0.76 for zinc [33]. This would imply a 

higher content of gadolinium compared to the prepared ratios (lithium hydroxide is in deficit) 

and would explain the strong gadolinium signals for all the samples in the EDX-results. 
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40% Gd#2   

Figure 26 TEM-image of 40% Gd#2 

 

Figure 27 TEM-image of 40% Gd#2 

Figure 28 TEM-image of 40% Gd#2 
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Figure 29 EDX-result for 40% Gd#2 
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20% Gd 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 31 TEM-image of 20% Gd#3 

Figure 30 TEM-image of 20% Gd#3 
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Figure 33 EDX-result for 20% Gd 

  

Figure 32 TEM-image of 20% Gd#3 
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10% Gd 

  

Figure 35 TEM-image of 10% Gd#3 

Figure 34 TEM-image of 10% Gd#3 
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Figure 36 TEM-image of 10% Gd#3 

 
Figure 37 EDX-result for 10% Gd#3 
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4.5. Size determination – Dynamic light scattering 
The information from a Transmission Electron Microscope regards the crystalline size of a 

nanoparticle. Another size parameter is the hydrodynamic radius, which correspond to the 

size of a spherical particle’s diffusion within a fluid, according to the Stoke-Einstein 

equation [34]. This information is interesting due to the biomedical purpose for these 

particles. 

4.5.1. Instrument and procedure 

Dynamic Light Scattering is a technique normally used for estimating the hydrodynamic 

radius of particle in a solution with known refractive index. The hydrodynamic radius is the 

diameter of a sphere with the same translational diffusion coefficient as the measured 

particle. The translational diffusion coefficient describes how a particle diffuses into a fluid. 

Besides size there are several factors that affect the measured hydrodynamic radius of a 

particle such as shape, surface structure, refractive index of particle, multiple scattering and 

particle interactions.  

 

A DLS-experiment is carried out with a photomultiplier measuring the intensity of particle-

scattered light at a specific angle. The intensity variation corresponds to Brownian motion 

and how fast the particles diffuse in the solution. Small particles diffuse faster than larger, 

resulting in more intensity variations. The intensity variations over time are further analyzed 

in a correlator, which measures the degree of similarity between the signals different time 

intervals (or two different signals). During a DLS-experiment it is important that the 

temperature in the system is stable due to that potential convection streams that will affect 

the Brownian motion.  

 

The intensity of the scattered light has a (hydrodynamic radius) ^6 dependency. Which 

means that particles with a hydrodynamic radius of 100nm contributes 10^6 more light 

intensity compared to 10nm particles. This intensity dependency consequence in difficulties 

measuring very polydispersed samples, there the smallest particles contribution to the total 

light intensity will be very small. With Mie theory it is possible to weight the intensity for 

different size distributions against volume and number of particles. However the weighting 

can be untruthful if the contribution of light for a specific size is extremely small (because of 

inaccuracies in measurement).  

[34], [35] 

 

The DLS-experiment were performed with ALV/DLS/SLS-5022F system from ALV-GmbH, 

Langen, Germany, using a HeNe laser at 632.8nm operated at 90 ᵒ and the temperature was 

set to 22 ᵒC. Before measurement the system temperature and the samples were stabilized 

for at least 15 minutes.  
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4.5.2. Result and discussion 

The DLS-experiments were overall very dispersed from ~10nm to ~1000nm, consequencing 

in vulnerable measurements. Some measurements were proved difficult to reproduce and in 

some cases the samples appeared to be unstable over time. Filters with pore size 0.2µm were 

used without improvements. Filtering of metal oxides is known to be a difficult process, 

because they have a tendency to associate and get stuck in filter membrane [36]. The 

presented DLS-result is representing the best results for unfiltered samples measured in the 

first weeks after dialysis. 

 

In the number weighted diagrams, figures 39, 41 and 43, have the smaller particles 

contribution to the light intensity been compensated and these results indicate the most of 

the nanoparticles have a hydrodynamic radius about 10nm. Considering a crystallization size 

of 3-7nm from the TEM it is quite probable with a hydrodynamic radius of 10 nm. Because 

the hydrodynamic radius includes the surface molecules as in this case the polymer layer 

surrounding the particles.  

 

However the contributions in light intensity for particles with hydrodynamic radius ~10nm 

see unweighted graphs in figures 38, 40 and 42, extremely small and are therefore the DLS-

results not reliable. If the intensity contribution is less than 5% of total light, there is an 

extremely high probability for measurement error.  

 

To receive a usable DLS-result it is important to get rid of the “larger particles”. One 

possible approach is to use centrifugation. Nevertheless centrifuging samples implicate 

many trials to receive a protocol with satisfying yield. In addition it is not certain that there 

are larger aggregates, instead it is possible the particles interacted and were loosely 

associated to each other and seem to be larger particles than what is shown in the DLS-

experiment.  
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40% Gd 

 

 
Figure 38 Size distribution of unweighted light intensity of a 40% Gd sample 

 
Figure 39 Size distribution of number weighted light intensity for a 40% Gd sample 
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20%Gd 

 

 
Figure 40 Size distribution of unweighted light intensity of a 20% Gd sample 

 

 

  

Figure 41 Size distribution of number weighted light intensity for a 20% Gd sample 
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10% Gd 

 

 
Figure 42 Size distribution of unweighted light intensity of a 10% Gd sample 

 

 
Figure 43 Size distribution of number weighted light intensity for a 10% Gd sample 
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4.6. Cell study  
The cell study investigates the interaction between cells and the synthesized nanoparticles. 

This is an important characterization for nanoparticles aimed for medical use. The 

construction of the cell study is also interesting because it utilize the bifunctional properties 

of the nanoparticles. 

 

4.6.1. Instrument and procedure 

In this thesis, the interaction between neutrophils and the Gd/Zn nanoparticles (10%Gd, 

20%Gd and 40%Gd) were analyzed. Relaxivity and microscopy studies were performed on 

cell pellets and supernatants following cell incubation with nanoparticles (15 and 45 min).  

Relaxivity measurements were performed using a Bruker Minispec mq60 NMR analyzer at 

40ᵒC on 1.41 T and the microscopy part utilized a Nikon inverted Microscope Eclipse Ti-

E.  

 

Nikon inverted Microscope Eclipse Ti-E is a combined phase contrast light microscope, 

epifluorescence microscope and Total Internal Reflection Fluorescence Microscope (TIRF-

M) and a useful utility in cell studies [37]. In this thesis the phase-contrast and 

epifluorescence were the only modes used to study the viability of cells in comparison with 

the cellular exposure of nanoparticles. In epifluorescence mode; the nanoparticles are 

excited with UV-light and emit blue light according to the fluorescence measurements. 

 

Human neutrophil granulocytes were used. Neutrophils are one of the main actors in 

inflammation, which makes them interesting as targets in cell studies. In recent publications 

nanoparticles have been shown to induce and modulate inflammatory responses of 

neutrophils [38], [39]. The neutrophils inflammatory response can be characterized e.g. by 

measuring the production and release of Reactive Oxygen Species (ROS) or as in this case 

by examining the cellular morphology. Normal and resting non-activated neutrophils are 

round-shaped and non-aggregated. When activated; the neutrophils change shape and 

become more long-shaped and tend to aggregate to form small clusters [38], [40]. 
 

Venous whole blood was collected from two healthy, non-medicated volunteers at 

Linköping University Hospital. The neutrophils from the two blood donors were separately 

isolated using a protocol previously described in [38] and [41]  
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Neutrophil isolation: 

In short, two 50ml Falcon tubes were prepared with 25ml Polymorphprep (Nycomed (Axis-

Shield PoC AS)). 25 ml heparinized, room tempered blood was carefully added along the 

tubes’ walls to receive separate layers of blood and Polymorphprep. The tubes were 

centrifuged at       for 40min. Neutrophils were collected, mixed 1:1 with room 

tempered 0.45% NaCl solution. 20 ml PBS (room temp.) was added and the tubes were 

gently mixed before centrifugation at       for 10min. Supernatants were removed and 

the cell pellets were carefully resuspended. Neutrophils were then kept on ice for the 

following lysis procedure. Any remaining erythrocytes were lysed by addition of dH20, 

following PBS with 3.4% NaCl. The lysis procedure was performed twice and then 

neutrophils were resuspended in physiological hepes solution without added calcium. Cell 

concentrations were determined using a Burkner chamber and the solutions were diluted to a 

final concentration of         cells/ml.  

 

Sample preparations: 

In every sample 800µl cell suspension (        cells) from the neutrophil isolation and 

200µl of respectively nanoparticle solution was added. Because of expected low 

nanoparticle concentration (see relaxivity study) the largest possible volume of nanoparticle 

solution was used, without risking osmotic lysis of the cells due to the water used as solvent 

of the nanoparticles.  After adding the nanoparticle solutions samples were put into a 37ᵒC 

water bath and incubated for 15 and 45 min.  Neutrophils were then  fixated with 

paraformaldehyde (4%) and centrifuged at       for 20min. 900µl of the total 1110 µl 

volume was first taken as supernatant. Then was 150µl removed as waste and the remaining 

pellet was resuspended in 300µl hepes.  

 

To the cell relaxivity measurements 220µl of respectively samples’ supernatant and pellet 

was used. For the microscopy a few drops of the pellet suspension was placed on a 

microscopy slide and covered with a glass slip. 

 

The relaxameter was used to analyze the supernatant and the pellet for the 40% Gd samples, 

in order to distinguish the localization of the nanoparticles. If the particles have interacted 

with the neutrophils the pellet will exhibit stronger relaxivity than the supernatant. Only the 

40% Gd was analyzed, because when mixing with the cell suspension and paraformaldehyde 

the nanoparticles are diluted almost 6 times and the response for 10%Gd and 20% Gd were 

marginal due to strong particle dilution in the proceedings. The dilution of the particles 

could to some extent cause cell interaction but in this case they were further diluted with 

300µl hepes.  
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4.6.2. Result and discussion 

The results are divided into two parts, cell relaxivity and microscopy. 

 

Cell relaxivity: 

Table 4 and 5 shows the relaxivity for, respectively blood donor and the 40% Gd and control 

samples. 

 
Table 4 Cell study: Using 40% Gd nanoparticles to measure the difference in relaxivity between supernatant and pellet 
for two interaction times and two blood donors. 

Cell study: Relaxivity 

 Supernatant Pellet 

Blood 

donor 

Sample T1 (ms) T2 (ms) T1 (ms) T2 (ms) 

1 

Control 15 min 2000 582 1800 1310 

Control 45 min 2200 579 1700 1360 

40% Gd 15 min 2000 523 1010 494 

40% Gd 45 min 1800 510 1180 527 

2 

Control 15 min 1700 583 2000 1360 

Control 45 min 1600 564 1600 1490 

40% Gd 15 min 1800 514 1020 529 

40% Gd 45 min 2300 507 1350 568 

 

For all the control samples, the T2-times were about 2.5 times longer for the pellet compared 

to the supernatant, while there is a marginal T1 difference between pellet and supernatant for 

the control samples. Most likely the supernatants were containing more paraformaldehyde 

compared to the pellets, because the pellets (60µl) were further diluted with 300µl hepes.  

Paraformaldehyde is known to decrease T2 relaxivity [42], [43] and following reference 

measurement results in table 2 displays paraformaldehyde’s affection on T2 relaxivity. 

Extensive washing of samples in order to remove paraformaldehyde or the use of some other 

fixative should thus be considered. 

 
Table 5 Reference measurement; two samples with 1% and 4% paraformaldehyde (PFA) in physiological (phys.) hepes 
and one sample with 300µl 40%Gd + 700µl phys. hepes + 110µl 37% PFA. 

Sample T1 (ms) T2 (ms) 

Phys. hepes 1700 1880 

1% PFA + phys. hepes 1900 1170 

4%P FA + phys. hepes 1700 587 

4% PFA + 40% Gd + phys. hepes 1020 307 

 

The reference samples confirm that paraformaldehyde is decreasing T2 and has neglectful 

effect on T1. In the reference sample with 40% Gd, the particles were diluted ~3.5 times to 

receive a similar T1 response as the 40% Gd samples in the cell relaxivity measurement. 

Assuming that T1 was not affected by paraformaldehyde and comparing the T2 of the 40% 

Gd reference sample to the 40% Gd cell samples; it indicates paraformaldehyde and the 

nanoparticles cumulative decrease the T2. However the reference measurements were 

performed around two months after and the R2/R1 ratio for the 40% Gd had increased from 

1.7 to 1.9. Therefore, this comparison between reference and cell relaxivity measurements is 

not fully valid, however not negligible because the increase in R2/R1 was relative small. 
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Comparing the different T2 responses of the samples’ pellet; the control samples relaxation 

times are approximately 2.5 times longer than the 40% Gd samples’ pellet. Important to 

notice is that there were minor differences in T1 and T2 for each sample between the two 

interaction times and the two donors. The results indicate the interaction between 

nanoparticles and neutrophils is rapid and is not donor-dependent. These assumptions are 

important to clarify in order for constructing a t-test, which compares the T1-responses for 

the control samples against the 40 % Gd samples. The t-test is displayed in figure 41 and is 

an independent t-test with significance p ≤ 0.01. The t-test was constructed in GraphPad 

with one series of the 4 control samples and one series of the 4 40 % Gd samples.  

 
 
Figure 44 An independent t-test (p ≤ 0.01) displaying significant difference in T1 relaxation time between control and 
40% Gd samples. 

The t-test show a significant difference between supernatant and pellet, which indicate that 

particles interact with and are attached to the neutrophils. Additional experiments are needed 

in order to clarify if the particles are taken up by the cells or associated to the cell membrane. 

However, as shown by the microscopy results below, the particles seemed to be evenly 

distributed throughout the cell and it is most likely that the particles are internalized by the 

cells.   

 

A T1-response at about 1000-1300 ms as for the 40% Gd is quite low and a T1 less than 500 

ms would be desired in this case, but not possible because of the low concentration of 

nanoparticles in the stock solution of 40% Gd. The maximum possible response is estimated 

in appendix to 600 ms and considering material lost in the sample preparation the T1 about 

1000 ms were relative good.  

 

  



44 

 

Microscopy: 

A representative collection of microscopy pictures, figure 45-51, has been selected for this 

section of the thesis. The pictures are presented in pairs, where each pair consists of a bright 

field image and a epifluorescence image over the same area. All the fluorescence images 

were obtained using a UV-light source and corresponding filters, allowing excitation of the 

ZnO resulting in a blue emission  

 

The control samples cells show a quite round morphology and seem to be vital for both time 

points. No fluorescence signal was detected in the controls (except for one control sample, 

which most likely had been contaminated during the procedure). Because the other three 

control samples were all black for the utilized settings, the cells seemed not to be auto-

fluorescent.  

 

Control sample blood donor 2 15 min: 

 

  
Figure 45 Phase-contrast image and epifluorescence image over the same area for control sample blood donor 2 15min. 
Scale bars are 25 µm. 

 

Control sample blood donor 2 45min: 

 

 
Figure 46 Phase-contrast image and epifluorescence image over the same area for control sample blood donor 2 45min 
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All the epifluorescence images for the nanoparticle-containing samples exhibited a bright 

blue fluorescence light, characteristic for ZnO. This observation is in agreement with the cell 

relaxivity measurement result, indicating that the particles seemed to be attached close the 

cell membranes or internalized. Differences between the two kinds of donors and the 

interaction times could not either be distinguished in the microscopy. 

 

The neutrophils in the nanoparticle samples seemed to be in larger extent more activated and 

the cell activation corresponds to the up exposed amount of nanoparticles. Examples  are 

seen in picture sets 10% Gd Blood donor 1 15 min and 20% Gd blood donor 1 15 min, 

where the strongest blue fluorescence corresponds to the most activated cells, as judged by 

cell morphology. The strong fluorescence is interpreted in these cases as cells in presence of 

large amount nanoparticles. Nevertheless it is difficult to make any distinct observation 

regarding the fluorescent intensity, and the concentration of nanoparticles in 10% Gd and 20% 

Gd is unknown. 

 

10% Gd Blood donor 1 15min: 

 

 
Figure 47 Phase-contrast image and epifluorescence image over the same area for 10% Gd Blood donor 1 15min 

 

 

20% Gd Blood donor 1 15min: 

 

 
Figure 48 Phase-contrast image and epifluorescence image over the same area for 20% Gd Blood donor 1 15min 
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40% Gd Blood donor 1 15 min: 

 

 
Figure 49 Phase-contrast image and epifluorescence image over the same area for 40% Gd Blood donor 1 15min 

 

 

20% Gd Blood donor 2 15 min: 

 

 
Figure 50 Phase-contrast image and epifluorescence image over the same area for 20% Gd Blood donor 2 15min 

 

 

20% Gd Blood donor 2 45 min 

 

 
Figure 51 Phase-contrast image and epifluorescence image over the same area for 20% Gd Blood donor 2 45min 
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In the cell relaxivity assay the 10% Gd and 20% Gd particles were not used due to low 

relaxivity. However the 40% Gd could be used in the cell relaxivity assay and all the three 

Gd/Zn samples were detectable in microscopy assay. Except for one control sample; both 

the cell relaxivity and the microscopy results were consistent indicating an interaction within 

15 minutes between neutrophils and nanoparticles, for all the three Gd/Zn nanoparticles 

tested. The microscopy experiments reveal that the nanoparticles may induce inflammatory 

response among the neutrophils and this should be further investigated in future studies. 
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4.7. Functionalization and chemical analysis 
In this study further coupling possibilities of 20% Gd nanoparticles were investigated. This 

is an important feature in order to functionalize the nanoparticles for a specific target as for 

example a tumor tissue. 

4.7.1. Instrument and procedure 

The idea was to use available CH2=CH2 sticking outwards from the nanoparticle to couple 

via dimercaptosuccinic acid (DMSA) to a gold surface. The gold surface was then installed 

in a NanoESCA for chemical analysis. 

 

NanoESCA was first described 2005 in [44] and is a non-destructive technique for chemical 

analysis. In similarity to the older kinds of ESCA:s (XPS and AES) the instrument utilizes 

energy analysis of photo emitted electrons, providing fingerprint-like detection of elements 

and their chemical state in the compound. Even quantitative analysis is enabled because 

many reference spectra for compounds and elementals already exists [44]. Worth to notice 

are that the defining of the elementals composition occurs at the outer 10 nm of the 

elementals, which need to be solids. In addition are Hydrogen and Helium not detectable due 

to their low photoemission cross sections. [45].   

 

Compared to XPS and AES the NanoESCA offers a higher lateral resolution of 100-500nm 

mainly depending on excitation source and it is an imaging technique [46]. Therefore each 

pixel contains in the resulting image both microscopic and spectroscopic data, which makes 

NanoESCA to a powerful tool in surface analysis [47].  

 

 The NanoESCA is a combination of a photoemission 

electron microscope (PEEM) and a double 

hemispherical analyzer. A single hemispherical 

provides only a half revolution for the photoemitted 

electrons to pass. If the emitted electrons have the same 

energy but different start angles, they will have different 

trajectories (see figure 52). The largest dispersion 

between the trajectories is at the half revolution. This 

dispersion blurs the image and it is named α
2
-

abbreviation. Utilizing a second hemispherical analyzer 

corrects the α
2
-abbreviation, because the trajectories for 

the electrons with different start angles coincide at a complete revolution [48] 

The spatial resolution of the NanoESCA is limited by the chromatic aberration of the PEEM 

lens [44] and the intensity of the source [47]. As presented in figures 53-55, there are three 

modes or electron paths available and are further discussed below. 

  

Figure 52 Schematic illustration of α2-
abbreviation 
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1. Direct non-energy filtered PEEM imaging: Electrons 

are emitted from the sample if the energy of the 

incident photons exceeds the work function. By an 

electric field the electrons are conducted into an 

electron-optical imaging system, consisting of 

several electron-optical lenses. The electrons are 

visualized by a detector. Several contrast 

mechanisms are available utilizing PEEM for 

example topographical, work function, elemental, 

chemical, orientation and magnetic contrasts [44], 

which makes it useful to find interesting features for 

the NanoESCA [49]. 

 

2. Selective area spectroscopy: This mode is based on 

the same principle as for normal XPS and AES, 

utilizing one single hemispherical energy analyzer 

(HSA) allowing passage of electrons with specific 

energy. Since the resolution is mainly limited by α
2
-

abbreviation, which increases for lower pass energies, 

which is preferable to achieve high transmission [44]. 

However this mode provides an overall view of the 

elementals in the target sample [52]. 

 

 

3. Energy filtered ESCA imaging: Utilizing a double 

hemispherical energy analyzer (IDEA) enables a low 

pass energy approach, where resulting data has good 

energy resolution and good lateral resolution. With 

good energy resolution it is possible to separate 

chemical core level shifts (~100eV) and identify the 

chemical states. In contrast from a HSA-instrument, 

the lateral resolution in an IDEA-instrument is 

independent of the pass energy and only limited by 

the aberration in the PEEM objective lens. The 

PEEM-microscope uses an immersion objective lens 

with an extraction voltage and into the lens focusing 

field the electrons are decelerated with asymmetrical 

voltages. In this mode a resulting image is obtained 

from a three dimensional stack. Each frame corresponds to an energy level during 

the operation mode. In operation mode the sample is voltage scanned, the pass 

energy is fixed and the lens refocuses automatically [47]. 

Figure 53 NanoESCA in PEEM-mode. 
The red line represents the electron 
pathway [50] * 

Figure 54 Selective area 
spectroscopy, the kinetics of 
phtoemitted electrons (red line) are 
observed with a channeltron detector 
[51] * 

Figure 55 Energy filtered ESCA 
imaging, photoemitted electrons are 
guided through the double 
hemisphericals [52] * 
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In laboratory environment it is common to use an X-ray source to induce photoelectron 

emission. The performance of NanoESCA using Al Kα as X-ray source is a photon flux 

density of 10
12

 photons s
-1

 mm
-2

 at an adjustable spot of 30-200µm with an energy width of 

400 eV and a lateral resolution of 610 nm. To reach a higher performance in core level 

imaging it is possible to change the X-ray source to a synchrotron source. A synchrotron 

offers a much higher photon flux density (10
18 

photons s
-1

 mm
-2

 at a spot of 10µm) and 

enables tuning of photon energy in a wide range. Therefore the photoionization cross-section 

can be optimized to a specific element and the kinetic energy can be set to low resulting in 

high transmission [47]. 

 

The procedure of the performed NanoESCA experiment is illustrated in figure 56.  

 

The used gold surfaces were first cleaned using TL-1 procedure and incubated with 10
-2

 M 

DMSA dissolved in 1:1 solution of milli-Q and ethanol. The thiol groups of the DMSA-

molecule will associate and couple to the gold surface. However using such high 

concentration DMSA as in this case will favor a more upward orientation of the DMSA 

molecule and form a DMSA layer with approximately one free thiol group per DMSA 

molecule. After 5 hours of incubation, the surfaces were rinsed with 1:1 milli-Q/ ethanol 

solution to remove free DMSA-molecules. The surfaces were dried with N2-gas and 

incubated with a 20% Gd sample over a night. The association between thiol group and 

predicted available double bond from an unreacted methacrylic acid is expected to be quite 

fast. But to compensate for an expected low concentration nanoparticles the nanoparticle 

incubation time was extended to over a night. After incubation the surfaces were again 

rinsed with 1:1 milli-Q/ethanol solution and dried in N2-gas.  

 

Figure 56 Illustration of the performed NanoESCA experiment. 
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Before and after each incubation steps the surfaces were analyzed regarding thickness and 

hydrophilicity using ellipsometry and contact angle measurement. Finally one surface 

sample was installed in the NanoESCA. 

 

The NanoESCA experiment was constructed to exhibit the possibility for further 

functionalization via available double bonds.  

 

4.7.2. Result and discussion 

The results from ellipsometry and contact angle measurement are respectively presented in 

figure 54 and table 6. 

 

 
Figure 57 Result from ellipsometry in the NanoESCA experiment. The thickness in Å is displayed for each surface. 

 
Table 6 Contact angle measurement before and after each incubation in the NanoESCA experiment 

Surface Өleft (ᵒ) Өright (ᵒ) Өsum (ᵒ) 

Cleaned Au 

72,84 71,99 

71.24 71,58 71,43 

72,28 67,33 

Au+DMSA 

64,54 66,04 

67.40 68,29 68,16 

68,78 68,56 

Au+DMSA+20% Gd 

47,11 50,52 

45.68 38,36 39,12 

49,44 49,5 

 

The thickness of the incubated DMSA layer was determined in the ellipsometry to 10 Å. 

Assuming the bond length distances in the DMSA molecule are 1 Å, a single layer would 

have the expected thickness of 5 Å. In this case with a thickness of 10 Å would indicate that 

there was a double layer of DMSAs. The contact angle changed in the DMSA-incubation 

changed approximately from 71ᵒ to 67ᵒ, indicating the DMSA layer was more hydrophilic 

compared to the gold surface. The DMSA molecule might introduce carbonyl group, which 

could affect the hydrophilicity positively. 
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After 20% Gd nanoparticles were incubated there was a marginal negative change in 

thickness. A change in thickness was not expected, because the nanoparticles would most 

likely not create a uniform layer above the DMSA-layer. The 20% Gd nanoparticle were 

dispersive in water and therefore a major increase in hydrophilicity was expected in the 

contact angle measurement. As indicated in table 6 the angle decreased more than 20 

degrees and the surface became more hydrophilic. However the decrease in the contact 

angle measurement can largely be affected by remaining TEG. 

 

More or less the NanoESCA-experiment was complicated, due to remaining TEG as 

shown in figure 58 and additional work is requested to investigate the available double 

bond at methacrylic acid for further functionalization. The complications involve the 

contact angle measurement where decreased angle can origin from remaining TEG and the 

nanoparticles cannot be determined to be functionalized to the surface or be located on the 

surface by TEG. 

 

 
Figure 58 Image from NanoESCA experiment there are large huddles of TEG distributed over the surface. 
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5. Overall result and discussion 
Much of the laboratory works in this thesis need to be reproduced to be able to ensure the 

quality of the results. However the main result from syntheses, purification and the 

characterization studies will be summarized and discussed in this section. Table 7 shows 

which batch of nanoparticles have been used in the different characterizations.  

 
Table 7 Overview of batches and each characterization they were used into. The DLS-measurements are not presented 
in this table, because the results of the DLS were not valid.  (*) 20% Gd#3 was measured 2 months after dialysis. 

Sample T1 

(ms) 

T2 

(ms) 

R2/R

1 

r1     
(mM-1s-1) 

Fluore-

scence 

TEM Biocomp-

atibility 

ZnO - - - - Blue - - 
10% Gd 24/4  973 591 1.6 - Green -  
10% Gd #1 590 324 1.8 - Blue -  
10% Gd #2 716 431 1.7 - Blue 3-7nm Used 
10% Gd #3 1140 642 1.8 - Blue -  
20% Gd #1 515 295 1.7 - Blue - Used 
20% Gd #2 645 360 1.8 - Blue 3-7nm  

20% Gd #3 (*)  357 155 2.3 - Blue -  
40% Gd #1 198 119 1.7 - Blue -  
40% Gd #2 249 157 1.6 9.5  Blue 3-7nm  
40% Gd #3 248 148 1.7 - Blue - Used 

 

In this diploma work many synthesis procedures delivered nanoparticles in opaque solutions 

similar to the right tube in figure 14. Only one of three produced zinc dimethacrylate 

materials worked properly in the nanoparticle synthesis. In addition the commercial zinc 

dimethacrylate did not either yield in desired clear solutions. This indicates that the 

precursor material need to be well prepared regarding ethyl acetate washing and dehydration 

for successful nanoparticle syntheses. One precursor batch of gadolinium trimethacrylate 

was produced and it seemed not to be sufficiently prepared for synthesizing pure gadolinium 

oxide nanoparticles. If one batch of precursor material was not carefully prepared, 

methacrylic acid might be in excess and causing comprehensive cross-linking in the 

nanoparticle synthesis. 

 

In total there were only 6 successful nanoparticle syntheses (1 ZnO, 3 10% Gd, 1 20% Gd 

and 1 40% Gd). For the three 10% Gd syntheses there were differences in optical and 

relaxivity properties between the syntheses. The different properties using the same Gd/Zn-

ratio in the preparations complicated comparison between the different Gd/Zn nanoparticles. 

However the development from opaque whitish nanoparticle solutions to clear transmissible 

solutions (figure 14) may be one of the most important results in this thesis. With further 

optimization it may be possible to receive a stable protocol yielding reproducible 

nanoparticles.   
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During the purification step much material was lost. This loss might be due to poor yield in 

the nanoparticle synthesis. The poor yield can emerge from low amount of used base, 

incomplete growth of nanoparticles or much material aggregates and were removed during 

centrifugation in the purification step. Another issue concerning the purification is the 

incomplete removal of TEG, which has complicated the functionalization study. In future 

works it can be useful to monitor the TEG removal using fluorescence spectroscopy. 

 

The measured relaxivity were in general low and most likely it dues to previous described 

low material content. T1-relaxivity effect was calculated to r1 = 9.5 mM
-1

s
-1

 and the r2/r1-

ratio was determined to 1.7. These are satisfying values for a T1 contrast agent, but higher r1 

is desired. The R2/R1-ratios were in general around 1.7 and were increasing by time.  

 

Fluorescence measurements show with the exception of one sample (10% Gd 24/4), that all 

the produced nanoparticles are excited at ~360nm and emit blue light at ~450nm. 

Interestingly the blue fluorescence differs from earlier published result with ZnO: Gd2O3 

nanoparticles [19], [20]. 

 

Small shift toward higher excitation wavelength and lower emission wavelength have been 

observed for nanoparticles prepared with higher gadolinium content. For clinical 

fluorescence microscopy applications the use of nanoparticles with absorbance and 

fluorescence in the UV-blue region is limited. However can these optical properties be 

useful in different characterizations as for example in vitro cell studies. 

 

With the TEM the crystallized size of the nanoparticles were small and in the range of 3-7 

nm for all three Gd/Zn samples. The samples were not of proper quality to generate good 

DLS-results. However if compensating for the small particles low contribution to light 

scattering compared to large particles, the most nanoparticles indicated a hydrodynamic 

radius about 10nm. With the TEM-results in mind, it is quite probable with a hydrodynamic 

radius ~10nm.  

 

The strong gadolinium signals for all the samples in the TEM study indicated together with 

the concentration analysis, the produced nanoparticle samples contained higher Gd/Zn ratios 

compared to respectively prepared Gd/Zn ratios. Gadolinium is according to the standard 

reduction potentials easier to oxidize than zinc and the lithium hydroxide was in deficit 

during the synthesis. 
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In the cell study both the magnetic and fluorescence properties of the 40% Gd nanoparticles 

could be used for investigation of interaction between neutrophils and nanoparticles. The 10% 

Gd and 20% Gd could only be used in the microscopy studies, due to low relaxivity 

response. Except one control measurement the cell study result were consistent indicating a 

faster interaction than 15 min between the cells and particles. The observed blue light in the 

microscopy come from the nanoparticles and the cell inflammatory response seemed 

dependent on the amount of nanoparticles surrounding the cells.  

 

In this diploma work an in-situ hydrophilic polymer was successfully used to coat the 

nanoparticles in order to receive nanomaterial which can readily be dispersed in water. This 

is an important ability for nanoparticles purposing in vivo applications and is not always an 

obvious result. Selegard et al presented ZnO: Gd2O3 nanoparticles that were not fully 

dispersible in water [20]. 
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6. Conclusion 
This thesis should be considered as a pilot study and further work is required to overcome 

the low yield of nanomaterial and to obtain a fully characterized material. The first results 

show a bifunctional nanomaterial prepared by a new synthesis procedure with 1) the 

capability to be dispersive in water, 2) novel blue fluorescent properties, 3) usable magnetic 

properties for MRI applications and 4) in the size range suited for in vivo applications. 

These results indicate a high potential for the protocol to produce multifunctional 

nanomaterial with properties required for biomedical applications and is strongly motivating 

future research work. 
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7. Future studies 
In future studies there are several key points and improvements in the synthesis to consider. 

Here follows a list with the major ideas for improving the protocol in order to increase the 

yield of nanomaterial, reproducible syntheses and the general properties of the nanoparticles. 

 

Precursor synthesis: 

 The precursors may need to be prepared at MAA/Metal ratios of 2 and 3 for 

respectively zinc and gadolinium. Because the only successful zinc dimethacrylate 

batch were prepared at a MAA/Zn ratio of 2. The dissolving of metal in the 20 w.t. % 

MAA/Water solution is time consumable (especially for gadolinium) and addition 

need to be careful. One idea for improvement is increasing the concentration of 

methacrylic acid for preparing gadolinium trimethacrylate.  

 The washing procedure with ethyl acetate need to be careful regarding time for the 

methacrylic acid to dissolve into the media and the rinse using büchner filtration. 

 Dehydration of precursor material is important and may need further optimization. In 

this thesis minimum dehydration was 1 hour in rotary evaporator (70 ᵒC, 150 rpm) 

and 24 hours in a 70 ᵒC oven. 

 To monitor the washing and dehydration, the precursors will be characterized using 

Infra-red spectroscopy (IR) and thermogravimetric analysis (TGA). IR can provide 

structure information about coordination modes of the carboxylic acid groups. The 

data from TGA provide information about the number of water molecules in the 

precursors.  

 

Nanoparticle synthesis: 

 The amounts of AIBN, methacrylamide and lithium hydroxide may need further 

optimization in order to receive a successful polymerization and oxidization. The 

methacrylamide amount is an important key for the size of the nanoparticles. 

 The time from the start of the polymerization until lithium hydroxide is added and 

the time from last addition of base until final addition of AIBN may need further 

optimization to receive best polymerization.  

 The addition of base is the most crucial step for nanoparticle synthesis and can be 

modified in several ways regarding addition speed, amount and concentration.  

 The nucleation time or the time for the nanoparticles to grow may need further 

optimization. 

 

Purification: 

 Dialysis has been used before in similar purification purposes [26] and the main 

problem with the loss of material might be that the syntheses are not good enough to 

yield in nanoparticles of good quality. However better purification approaches can 

exist and it is worth to investigate optional techniques as for example diafiltration, 

cross-flow filtration and gel filtration using triton-100 to prevent adsorption to 

column. The dialysis approach suffers from insufficient removal of large aggregates, 

premature release [25], affecting the relaxivity properties negatively [26] and was 

ineffective to remove TEG. 

 The removal of TEG can be monitored using fluorescence spectroscopy and this is 

helpful for adjustments of dialysis time. 

 Change medium in the nanoparticle synthesis from TEG to a medium with lower 

boiling point such as dimethylformamide, provide the opportunity to change medium 

using rotary evaporator at 70 ᵒC.  
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Beside optimization of syntheses and repetition of characterizations, future work will 

involve more careful elemental analysis of the nanoparticles using X-ray diffraction and 

NanoESCA. Further functionalization strategies will be investigated and the monomer 

shown in figure 59 is one candidate to consider for following work. This molecule is highly 

water dispersable and the NH2-group enable conjugation to interesting biomolecules by 

using EDC/NHS coupling, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxy-

succinimide.  

 

 
Figure 59 Structure of N-{2-[2-(2-Aminoethoxy)ethoxy]ethyl}acrylamide 

 

The fluorescence may be affected using different coatings or different strategies to introduce 

dislocations in the nanoparticle structures. It would be of highest interest to be able to tune 

the fluorescent properties against near-infrared region. Near infrared light has higher tissue 

penetration compared to blue light and are therefore more useful as a biomedical nanoprobe.  
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Appendix 
 

Estimation of gadolinium and zinc content in the nanoparticle 
synthesis 
 

The molecular weights of the precursors were estimated to 271.6 g/mol for zinc 

dimethacrylate and 487.4 g/mol for gadolinium trimethacrylate. These estimations were used 

for the addition of 0.15 mmol zinc dimethacrylate and 0.10 mmol gadolinium 

trimethacrylate to a TEG-solution of 6ml. 

 

The molecular weights of the metals were determined to 65.38 g/mol for zinc and 157.25 

g/mol for gadolinium, using a IUPAC periodic table 

<http://www.ciaaw.org/pubs/Periodic_Table_Isotopes_2013_May.pdf>.  

 

Estimated amount of zinc  
               

                 

 

Estimated amount of gadolinium 
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Maximum possible response in the cell relaxivity 
 

The batch used in the cell study is assumed to contain 0.4mM gadolinium, which is the same 

concentration as in the batch used for determining the relaxivities. This assumption is 

strengthened by the similar relaxivity response 248 ms and 249 ms for respectively batch 

and they are from the same synthesis batch 

.  

200µl 40 % Gd contain                              gadolinium.  

Assume that every nanoparticle are attached to the cells and everything is in the remaining 

volume of 60µl. Finally is 300µl hepes solution added the final concentration gadolinium is 

  
       

        
                 

 

Accordingly the response in the relaxivity study presented in figure 60, 0.2mM corresponds 

to a T1 around 600ms.  

 

 
Figure 60 Measured  T1 and T2 responses for the sample 40% Gd, which was used to determine r1 and r2 in the 
relaxivity study 
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