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Abstract 

This thesis focuses on the functionalization of iron oxide nanoparticles (Fe3O4) and their 

applications in biomedical sciences. Each chapter represents an independent research project that 

has been conducted within a different collaboration. For each project, magnetic Fe3O4 iron oxide 

nanoparticles have been functionalized or modified to suit its requirements. This thesis aims to 

show how versatile and most promising Fe3O4 iron oxide nanoparticles are, and how their unique 

properties in size, shape, and magnetism can be utilized for a broad range of applications in 

biomedicines. 

Chapter 2 focuses on magnetic resonance (MR), computed tomography (CT), and intravascular 

ultrasound (IVUS) as essential diagnostic imaging techniques and how iron oxide nanoparticles 

can potentially be used as contrast agents across all three imaging modalities.  Contrast agents are 

commonly used to enhance the imaging quality and thus provide more detail for assessment.  

However, previous studies using nanoparticles for MR and CT were prepared with surface coating 

stabilizers, which in turn can compromise the use in clinical studies.  In this chapter, gold-iron 

oxide nanoparticles (Au*MNP) are presented as a multi-modal contrast agent.  Using a chemically 

grafting method without stabilizers, presenting nanoparticles with pristine surfaces that allow for 

further functionalization in molecularly targeted theragnostic applications.  

In Chapter 3, the response of HepaRG liver cells to nanoparticles is examined in two methods, 2D 

and 3D cell culturing.  By analyzing the cell response in 2D and 3D cultures an accurate estimation 

of the toxicity of nanoparticles can be made.  The toxicity of iron oxide was assessed using 

commercially available cell assays (CellTiter-Glo and PrestoBlue), however, the experiments 

suggested some restrictions that could alter the data and therefore resemble inaccurate results.  For 

this purpose, non-invasive imaging techniques based on impedance (xCELLigence system) and 

Coherent Anti-Stokes Raman Scattering (CARS) were used to analyze the cell toxicity.  The results 

showed that those methods provided a much deeper insight into the cell viability and proliferation 

of HepaRG cells.  Furthermore, valuable data on the immediate effects in real-time and long-term 

exposures can be captured of the same culture.  

Chapter 4 presents the cell internalization process of iron oxide nanoparticles, captured using the 

unique holographic cell imaging technique of a HoloMonitor M4 microscope.  In most cases where 

the cell internalization process is monitored, only one or two cells can be visualized and tracked at 

the same time.  This is not the case with this technique, where hundreds of cells can be 

simultaneously visualized, analyzed, and monitored over time.  Unlike single-cell observation, the 

system takes pictures of the cell culture at a high capture rate, allowing to observe and interpret 

the cell dynamics, cell morphologies, and cell reactions to nanoparticles (e.g., toxicity and 

apoptosis).  Measuring the kurtosis and skewness of MCF-7 cancer cells for 72 hours after 

nanoparticle exposure, showed that cell splitting and proliferation took place, and no extraordinary 
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damages or cell death was caused by the internalization of the particles.  Furthermore, every step 

of the internalization process was monitored and captured in visible data for the first time.  

Chapter 5 demonstrates magnetic molecularly imprinted polymer networks and spheres (MMIPs) 

for the selective binding of antibiotics.  MIPs are polymers that can be synthesized with highly 

selective and reusable binding sites.  Their combination with magnetic iron oxide can be used as a 

useful tool to monitor and remove antibiotic pollutants from freshwater sources and food products.  

MMIPs are prepared using a microemulsion technique containing vinyl-functionalized iron oxide 

to selectively bind the model antibiotics erythromycin (ERY) and ciprofloxacin (CPX).  The results 

show that MMIPs prepared using this technique are highly selective towards their respective 

template molecule in methanol/water and milk matrix, are recyclable, and most importantly open 

to modification.  

In Chapter 6, zebrafish larvae are exposed to polyethylene glycol coated iron oxide supported gold 

nanoparticles for further toxicity assessment.  In general, toxicological data is gathered in vivo, 

however, the translational values from in vitro to in vivo are sometimes questionable due to the 

complexity of the organism.  Zebrafish larvae are used as an intermediate method for in vivo 

experiments, as they can be used 96 hours after hatching, unlike larger animals such as mice, rats, 

or rabbits which take a much longer time to reach adulthood, sometimes up to 3 months.  Also, a 

single female zebrafish can spawn about 200-300 eggs per week, which can generate an extensive 

data set from a small-scale experimental setup.  The results presented in this chapter showed a 

100% survival rate of all exposed zebrafish larvae between a range of concentrations from 0 - 2mM 

(0 - 463.1 mg/L).  

Chapter 7 summarizes the key findings and developments presented in this thesis, suggestions for 

future work within each research project, and proposes future applications.   

Chapter 8 includes a list of journal publications produced from this thesis.  
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CHAPTER 1 

1.1.  Introduction  

Research on magnetic nanoparticles (MNPs) is becoming increasingly important for many 

industrial and scientific communities, such as chemistry, material science, and particularly 

biochemistry and biomedicine [1.1].  Due to their sizes ranging from 1 to 100 nm, 

nanoparticles have shown unique, specific, and controllable properties when compared to 

macroscopic-sized particles.  A significant change of the particles properties takes place 

when the particle sizes are reduced from macro- to nanoscale, where the particles now 

present unique optical, electronic, magnetic, and physicochemical properties [1.1-1.14]. 

For various research fields and industries, iron oxide nanoparticles have established 

themselves as one of the most promising nanoparticles.  Iron oxide is a mineral compound 

that can be found throughout nature [1.16], has a crystalline structure, and occurs with 

different structural and magnetic properties [1.17].  Hematite and magnetite are the main 

forms of iron oxide and their crystal structure can be “defined in terms of close-packed 

planes of oxygen anions with iron cations in octahedral or tetrahedral interstitial sites” 

(Figure 1.1) [1.18-1.21]. 

 

 

  

Figure 1.  1: Crystal structure of (a) hematite, which has a rhombohedral centred 

hexagonal structure and a close-packed oxygen lattice, in which two-thirds of the 

octahedral sites are occupied by Fe3ions and (b) magnetite with a cubic shape, where  

four main oxygen atoms are arranged in a regular tetrahedron about the divalent 

atom. [1.20., 1.22.]. 
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Much research has been done to exploit the unique properties of iron oxide nanoparticles 

[1.15-1.21].  Ultimately leading to an increase of nanoparticles entering the commercial 

market each year [1.23].  The nanoparticles have been functionalized, optimized, and 

modified in their properties to suit various industrial needs and are frequently added to 

new products in catalysis, pigments, food additives, sunscreens, cosmetics, and many more 

[1.24].   

As magnetic nanoparticles have a nontoxic metal constituent, high biocompatibility, and 

a large surface area, which allows for manipulation and functionalization, especially 

biochemistry and biomedicines are embracing a novel and very promising research area.  

Biosciences have already successfully utilized iron oxide nanoparticles for magnetic cell 

labeling, cell separation, tracking or immobilization, and therapeutic purposes in 

hyperthermia or drug delivery [1.6-1.8].  Diagnostic purposes, such as magnetic iron oxide 

nanoparticles as contrast agents for magnetic resonance imaging (MRI) are currently under 

intense investigation [1.9, 1.10.]  Furthermore, iron oxide nanoparticles showed great 

potential for targeted drug or gene delivery for cancer treatment and therapy [1.11-1.14.]. 

However, the vast amount of iron oxide nanoparticle-based applications has not reached 

its maximum yet and more research areas could benefit from its unique qualities.  Based 

on the requirements, iron oxide can be synthesized and functionalized in various ways like 

no other nanomaterial. 

1.2.  Synthesis  

Most used magnetic iron oxide nanoparticles for biomedical applications and 

nanomedicines have a core size between 5 nm and 100 nm.  Some of them have been 

clinically tested and were commercialized for use in vivo.  Controlling the growth of the 

crystal structure is a key factor for well-prepared iron oxide-based MNPs.  For instance, 

Do et al.  reported that the amount of PEI showed considerable effects on the size of metal 

oxide nanoparticles and their clusters [1.25].  With this size and cluster controlling 

property polyethyleneimine can be regarded as an active stabilizer for the synthesis of 

magnetic iron oxide nanoparticles.  Nowadays, there are plenty of guides and reported 

methods for their synthesis.  Whether they are prepared through hydrothermal synthesis, 

micro emulsion, or co-precipitation, they all have their advantages and disadvantages 

[1.26-1.28].  It is obligatory to choose the correct method for the right purpose and 

intended use of the magnetic iron oxide nanoparticles.  When choosing the synthetic 

pathway, it is important to consider appropriate reaction conditions, firstly to avoid losing 

the desired functionalization but also to achieve the best results in terms of the required 

quantity of MNPs, their particle size, and size distribution. 
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Thermal decomposition in the presence of surfactants leads to a synthesis of magnetic 

nanoparticles with a small size lower than 10 nm [1.29].  Fe3O4 can be prepared by heating 

iron (III) acetylacetonate (Fe(acac)3) to over 250 °C in the presence of a chelating 

surfactant, which controls the growth of Fe3O4 during decomposition.  Oleic acid is very 

suitable as a surface-active chelating agent as it possesses a hydrophilic head, which can 

form coordination bonds with metal ions [1.29].   

 

Co-precipitation is the easiest synthesis pathway for good results in the quantity and 

quality of Fe3O4 magnetic nanoparticles.  It is a simple one-step method with a reaction 

time within 24 hours and the product is easy to isolate.  The following pictures (Picture 1, 

a and 1, b) demonstrate the simplicity of separating Fe3O4 magnetic nanoparticles from 

toluene by using a NdFeB magnet.   

 

Picture 1: Separation of iron oxide nanoparticles in toluene by the external application 

of a NdFeB magnet; captured at t1=1 second and t2=3 seconds. 

 

However, the co-precipitation must react under an inert environment (N2, He2, etc.) to 

prevent Fe3O4 NP’s from oxidizing to Fe2O3 by atmospheric air.  [1.27] Co-precipitation 

with fast mixing means adding a base into an aqueous solution of iron (II) and iron (III) 

salt to form nano-scaled crystals of Fe3O4.  The mixing rate, reaction temperature, and the 

presence of a polymer, which hinders the growth of Fe3O4 crystals, allow to control and 

influence their size.   

Synthesizing iron oxide nanoparticles by micro emulsion can be carried out following the 

same principle as co-precipitation.  In this method, the growth of nanocrystals is controlled 

using micelles in a water-in-oil emulsion.  Those micelles are the result of a self-

assembling surfactant to some specific nanostructures on the interface of a two-phased 

mixture.  Using a water-in-oil emulsion is a possibility to prepare magnetic iron oxide 

nanoparticles with a narrow size lower than 10 nm [1.27].   
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After comparing the three methods above by their effectiveness in MNP production, co-

precipitation is the only one that can be extended up to a kilogram level.  However, 

magnetic nanoparticles prepared on large scale tend to have wider size distributions of 

around 50 ± 10 nm. 

 

1.3.  Iron oxide nanoparticles for biomedical applications 

As previously mentioned, nano-scaled iron oxide has unique properties which can be 

utilized in many ways.  By coating or grafting certain chemicals onto the surface of the 

nanoparticles (functionalization), the properties and characteristics of the nanoparticle are 

changed and can be used for the intended purpose.  Table 1 shows a list of Fe3O4 

nanoparticles that have been functionalized with specific functional molecules, so they can 

be utilized for their various biomedical applications.   
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Table 1: Examples of functionalized magnetic nanoparticles with bioactive species for 

their individual biomedical applications [1.30]. 

Coating material MNP type 
Specific functional 

molecule 
Application 

Dextran Fe3O4 Transferrin 
Targeted MRI 

[1.31] 

 γ-Fe2O3 (10 nm) Folic acid 

Magnetic 

hyperthermia  

[1.32.] 

Chitosan Fe3O4 (20 nm)  MRI [1.33.] 

 Fe3O4 (8-11 nm) Papain Biocatalysis [1.34.] 

 Fe3O4 (10-16 nm) FITC 
Fluorescence 

imaging [1.35.] 

Starch Fe3O4 (8 nm) 

AGKGTPSLETTP 

peptide (A54) and 

doxorubicin 

Drug delivery 

(doxorubicin) 

[1.36.] 

Polylysine Fe3O4 (35 nm)  
Cell labelling 

[1.37.] 

 Fe3O4  
Gene delivery 

[1.38.] 

Polyethylene 

glycol 
Fe3O4 (10 nm) Methotrexate 

MRI and drug 

delivery [1.39.] 

Polyvinyl alcohol Fe3O4 Cy3.5, Texas Red Cell labeling [1.40.] 

Polyethyleneimine Fe3O4 (11-25 nm)  
Gene delivery 

[1.41.] 

 Fe3O4 (5-10 nm)  
Gene delivery 

[1.42.] 

Aminopropyl silica Fe3O4 (15 nm) 188Re Radiotherapy [1.43.] 
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1.3.1.  Cell response and toxicity  

Since iron oxide nanoparticles are used and investigated for various biomedical 

applications it is of the highest interest to determine their effects on cell and tissue cultures 

in vivo and in vitro.  Therefore, gathering toxicological data and developing reliable 

assessments for the nanoparticles' health and hazard potential is essential.  Conventional 

approaches to determine the cytotoxicity of nanomaterials include (a) testing the cell 

response after nanoparticle exposure and include the measurement of intra- and extra 

cellular chemicals that are expressed when the cells endure stress or apoptosis (cell death) 

[1.44], (b) measuring the cell proliferation with and without nanoparticles and (c) 

monitoring the cell viability after nanoparticle exposure.  However, the specific properties 

of iron oxide nanoparticles, such as the smaller size but larger surface, high catalytic 

reactivity, and distinctive optical properties compared to macroscopic materials, can 

interfere with conventional experimental approaches [1.45].  Therefore, alternative 

methods such as impedance-based measurements and coherent anti-stokes Raman 

scattering (CARS) are introduced and have gained much attention from the scientific 

community.  This will be further discussed in Chapter 3 of this thesis. 

 

1.3.2.  Gene and drug delivery  

Iron oxide-based magnetic nanoparticles have been developed and optimized for 

biomedical purposes for years now [1.3-1.8].  Constant output in literature confirms that 

there are always new pathways established for their functionalization and preparation, 

improving their efficiency and stability.  Research on the topic has been growing faster 

than ever before.  Fe3O4 for DNA binding and delivery has already been developed and 

clinically tested [1.3-1.8].  Binding organic functional groups onto their surface enables 

them not only to bind DNA but also other negatively charged biomolecules such as small 

interfering RNA (siRNA) [1.46] and proteins like bovine serum albumin (BSA)[1.47, 

1.48].  Hartono et al.  synthesized nanocarriers based on covalently bonded PEI iron oxide, 

which act as an excellent supplier of siRNA into osteosarcoma cancer cells, resulting in 

an appreciable decrease of its cellular viability [1.49].  Cancer treatments became one 

major biomedical sector, using iron oxide nanoparticles.  Functionalized nanoparticles for 

targeted drug delivery reduced the necessary therapeutic use of pharmaceuticals (e.g. 

cytotoxic drugs) and therefore reduced their side effect.  The possibility of targeting 

specific cells or tissues in the human body offers a new dimension to treat cancers and 

other diseases.  Treating different kinds of human disorders, especially cancers, using 
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multifunctional MNP’s is being pushed forward every year.  Veiseha et al. modified iron 

oxide nanoparticles with polyethylene glycol (PEG), siRNA, and a cationic polymer layer 

to evaluate the safety and ability to promote gene silencing in three types of cells 

mimicking human cancer of the brain, breast, and prostate (C6/GFP+, MCF-7/GFP+, and 

TC2/GFP+).  Three types of cationic polymer layers have been tested for their safety ability 

to promote gene silencing, poly-arginine (pArg), polylysine (pLys), and 

polyethyleneimine (PEI).  The assay revealed that iron oxide MNP’s coated with pArg 

showed to be the most effective in promoting gene knockdown and least toxic than the 

other polymers.  [1.46]  

However, as pArg can be used for the promotion of gene knockdown, in particular, PEI 

has also the ability to bind and deliver biomolecules through the body.  For example, Peipei 

et al. used a combination of both and reported that the cancer drug daunorubicin (DNR) 

became more biocompatible when it is conjugated with Fe3O4 NPs.  [1.50] Daunorubicin 

inhibits the enzymatic effect of Topoisomerase type II, which regulates the opening and 

closure of double-stranded DNA (dsDNA) to two single-stranded (ssDNA) by cutting the 

phosphate backbone.  An increasing amount of this enzyme induces DNA breaks, which 

block the transcription of DNA to RNA during cell division.  This leads to cell apoptosis 

(cell death).  Killing cancer cells is one effective way to treat cancer, but it needs to ensure 

that the healthy adjacent cells are not affected.   

Zhang et al. modified magnetic Fe3O4 nanoparticles with polyethylene glycol (PEG) to 

improve their intracellular uptake.  After the injection of modified MNP’s into mouse 

macrophage (RAW 264.7) and human breast cancer (BT20) cells for 48 hours, the MNP’s 

were internalized into the cells.  A study using inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) indicated that the uptake amount into the macrophage cells was 

lower than the uptake of unfunctionalized nanoparticles.  Resisting protein absorption and 

thus avoiding the particle recognition by macrophage cells [1.51.] means delivering a 

special drug or medicine to a targeted cell without being incorporated.  Therefore, MNP’s 

can be labeled as precious retrievable nanotools.   
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1.3.3.  MRI and CT  

Magnetic Fe3O4 nanoparticles have found great applications in magnetic resonance 

imaging (MRI), where they are used and investigated as contrast agents and drug delivery 

agents in cancer treatment [1.9., 1.10., 1.31, 1.39.].  MRI is a non-invasive medical 

diagnostic technique using a strong magnetic field and radio frequency to produce detailed 

pictures of organs, soft tissue, bones, and almost any other part of the human body.  Unlike 

X-ray examinations or computed tomography (CT), which is based on ionizing radiation, 

MRI uses the principle of realigning protons in the body [1.9, 1.10.].  After the external 

magnet has lined up the protons, short shocks of radio waves are sent to the desired part 

of the body, distracting the up-lined protons from their natural alignment.  When the radio 

waves are switched off, the protons return to their usual alignment, emitting radio signals 

which are then collected by the receivers.  These signals create a 3D image of the inside 

of the body.  Because protons e.g. of the bone realign at a different speed (relaxation time) 

as the protons from soft tissue, distinct signals are emitted.  Those signals are finally 

displayed as different types of tissues.  Malformations such as tumors or cancer tissues are 

then identifiable by a radiologist.   

There are two main types of relaxation processes, longitudinal (T1) and transverse (T2) 

relaxation (Figure 1. 2).  The longitudinal relaxation is also known as T1 relaxation and 

describes the process of transferring magnetic energy into the system and the surrounding 

tissue and measuring how fast the magnetization recovers.  This recovery process happens 

along the z-direction (longitudinal).  T1 refers to the time it takes for the tissue to recover 

63% of its original longitudinal magnetization.  T2, also known as transverse relaxation, is 

the loss of transverse magnetization after excitation.  When the protons in the tissue are 

excited by the magnetic pulse, they start to randomize their orientation within the 

transverse plane.  Once the excitation is stopped, the transverse magnetization is measured 

until 63% of the original signal remains [1.52].  The combination of both relaxation times 

(T1 and T2) generates tissue-specific signature relaxation times.   
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Figure 1. 2: Relaxation curves of T1, T2 and T2
* relaxation curves [1.52.]. 

 

During the past years, iron oxide has been examined as a signal enhancing contrast agent 

for magnetic resonance imaging by changing the relaxation time of the targeted tissue.  

Changing the relaxation time that the protons need to realign will lead to an improved 

image and thus to a better differentiation between the targeted and the surrounding tissues. 

1.3.4.  In vivo testing 

In vitro testing has two major limitations, (a) only particular and individual cells can be 

tested in their response to nanoparticles exposure and (b) the cells have different 

physiologies than they would behave in vivo (e.g. they are flat and spread across the culture 

dish, rather than being compact and tightly packed).  Therefore in vivo models are required 

to evaluate the metabolism and effects of nanoparticles in a fully functioning organism.  

Understanding and analyzing their behavior in a complete metabolic system gives great 

insight into their toxicology, metabolic pathway, and most importantly their endpoints (i.e. 

liver, spleen, and lungs) [1.53].  Depending on their size and surface characteristics iron 

oxide nanoparticles are usually quickly recognized by the immune system, transported to 

the liver and spleen, and lungs, which then clear the nanoparticles from the system [1.54].  

Currently, the most promising surface modification of iron oxide nanoparticles is a coating 

with polyethylene glycol, which is known to be biocompatible and minimizes the 

clearance by the RES system [1.55].  This ultimately leads to longer circulation times and 

improved pharmacokinetic properties. 

Two common in vitro models that are currently used to evaluate toxicological effects of 

iron oxide nanoparticles on the body focus on mice [1.56 -1.58.] and zebrafish [1.59.-

1.61.].  This is mainly due to their relatively small size, easy handling, maintenance, and 

affordability.   
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1.4.  Summary and perspectives 

Iron oxide nanoparticles have shown great potential in various research areas and have 

proven themselves as unique, multifunctional, and most importantly, modifiable tools for 

modern research.  Their small particle size, large surface area, and magnetism have made 

them valuable tools in biomedical research areas, such as digital imaging (MRI, CT, 

Ultrasound) and toxicity screening (colorimetric assays, impedance measurements).  2D 

cell and 3D in vitro models and in vivo applications have been used to analyze their 

toxicologic effects on various cell lines and how they behave in a fully functioning 

organism.  Furthermore, surface functionalization by coating the particles with functional 

groups and combining the core material (iron oxide) with other nanomaterials (i.e. gold) 

has made the nanoparticles highly customizable for any intended purpose.  Much research 

has been done in the past decades and much more can be expected in the future. 

This thesis demonstrates how versatile and most promising Fe3O4 iron oxide nanoparticles 

are, and how their unique properties in size, shape, and magnetism can be utilized for a 

broad range of applications in biomedicine.  Various research projects within this Ph.D. 

have led to great insight into their versatility, toxicity, and modification, and are presented 

in the individual chapters.  The individual chapters aim to show, where Fe3O4 can improve 

state-of-the-art biomedical analytics and applications, how these nanoparticles can be 

modified for those specific purposes.  The application of iron oxide nanoparticles has 

found many purposes in the scientific community, however, this Ph.D. focused on 

applications in multimodal imaging, real-time holographic imaging, molecularly 

imprinted polymers, and in vitro and in vivo toxicology.   

 

  



24 | P a g e  
 

1.5.  References 

[1.1] C. Chen, X. Jiang, Y. Valentino K., A. Yu; Design and construction of polymerized 

glucose coated Fe3O4 magnetic nanoparticles for delivery of aspirin, Powder 

Technology 236, 2013, 157-163. 

[1.2.] R. J. Aitken, M. Q. Chaudhry, A. B. A. Boxall, M. Hull; Manufacture and use of 

nanomaterials: current status in the UK and global trends; Occupational Medicine, 

2006, 56, 300-306. 

[1.3.] M. Lewin, N. Carlesso, C.-H. Tung, X.-W Tang, D. Cory, D.T. Scadden, R. 

Weissleder; Tat peptide-derivatized magnetic nanoparticles allow in vivo tracking 

and recovery of progenitor cells; Nature Biotechnology, 2000, 18, 410-414. 

[1.4.] D. Wang , J.B. He , N. Rosenzweig ,  Z. Rosenzweig; Superparamagnetic Fe2O3 

Beads−CdSe/ZnS Quantum Dots Core−Shell Nanocomposite Particles for Cell 

Separation; Nano Letters, 2004, 4, 409–413. 

[1.5.] J-H Lee, J-W Kim, J.Cheon; Magnetic Nanoparticles for Multi-Imaging and Drug 

Delivery; Mol. Cells, 2013; 35; 274-284. 

[1.6.] Q A Pankhurst, N T K Thanh, S K Jones,  J Dobson; Progress in applications of 

magnetic nanoparticles in biomedicine; Journal of Physics D., Applied Physics, 

2009, 42, 4001. 

[1.7.] S A. Meenach, J. Z. Hilt, K. W. Anderson, Poly(ethylene glycol)-based magnetic 

hydrogel nanocomposites for hyperthermia cancer therapy, Acta Biomaterialia, 

2010, 6, 1039-1046. 

[1.8.] M. Namdeo, S. Saxena, R. Tankhiwale, M. Bajpai, Y. M. Mohan, S. K. Bajpai, 

Magnetic Nanoparticles for Drug Delivery Applications; Journal of Nanoscience 

and Nanotechnology, 2008, 8, 3247-3271. 

[1.9.] J. R. McCarthy, R. Weissleder, Multifunctional magnetic nanoparticles for 

targeted imaging and therapy, Advanced Drug Delivery Reviews, 2008, 60, 1241–

1251. 

[1.10.] M-K Yoo, I-K Park, H-T Lim, S-J Lee, H-L Jiang, Y-K Kim, Y-J Choi, M-H Cho, 

C-S Cho, Folate–PEG–superparamagnetic iron oxide nanoparticles for lung cancer 

imaging; Acta Biomaterialia, 2012, 8, 3005-3013. 



25 | P a g e  
 

[1.11.] B Ankamwar, T C Lai, J H Huang, R S Liu, M Hsiao, C H Chen and Y K Hwu; 

Biocompatibility of Fe3O4 nanoparticles evaluated by in vitro cytotoxicity assays 

using normal, glia and breast cancer cells; Nanotechnology, 2010, 21, 075102. 

[1.12.] Y. Chang, X. Meng, Y. Zhao, K. Li, B. Zhao, M. Zhu, YP Li, XS Chen, JY Wang; 

Novel water-soluble and pH-responsive anticancer drug nanocarriers: 

Doxorubicin–PAMAM dendrimer conjugates attached to superparamagnetic iron 

oxide nanoparticles (IONPs); Journal of Colloid and Interface Science, 2011, 363, 

403-409. 

[1.13.] A V Bychkova; Multifunctional biocompatible coatings on magnetic 

nanoparticles; Russian Chemical Reviews, 2012, 81, 1026. 

[1.14.] A-H Lu, E. L. Salabas, F. Schüth; Magnetic Nanoparticles: Synthesis, Protection, 

Functionalization, and Application; Angewandte Chemie International Edition, 

2007, 46, 1222-1244. 

[1.15.] R.M. Cornell and U. Schwertmann, The iron oxides: structure, properties, 

reactions, occurrences. Wiley VCH, ISBN 978-3-527-30274-1. 

[1.16.] U. Schwertmann, Occurrence and Formation of Iron Oxides in Various 

Pedoenvironments. In: J.W.Stucki, B.A.Goodman, U.Schwertmann (eds) Iron in 

Soils and Clay Minerals, NATO ASI Series (Series C: Mathematical and Physical 

Sciences), 1988, 217. 

[1.17.] M. Krispin, A. Ullrich, A. and S. Horn, Crystal structure of iron-oxide 

nanoparticles synthesized from ferritin. J Nanopart Res., 2012, 14, 669. 

[1.18.] E. A. Campos, D. V. B. S. Pinto, J. I. S. de Oliveira, E. da Costa Mattos and R. de 

Cassia Lazzarini Dutra, J. Aerosp. Technol. Manag., São José dos Campos, 2015, 

7, 267-276. 

[1.19.] RM Cornell, U. Schwertmann, The iron oxides: structure, properties, reactions, 

occurrences and uses, Weinheim: Wiley-VCH, 2000. 

[1.20.] R. Zboril R, M. D. Petridis D, Iron (III) oxides from thermal processes-synthesis, 

structural and magnetic properties, Mossbauer spectroscopy characterization, and 

applications, Chem Mater., 2002, 14, 969-982,  DOI: 10.1021/cm0111074 



26 | P a g e  
 

[1.21.] S. Babay, T. Mhiri, M. Toumi, Synthesis, structural and spectroscopic 

characterizations of maghemite g-Fe2O3 prepared by one-step coprecipitation 

route.  J Mol Struct., 2015, 286-293, doi: 10.1016/j.molstruc.2014.12.067. 

 [1.22.] A.S. Teja, P.-Y. Koh, Progress in Crystal Growth and Characterization of 

Materials, 2009, 55, 22-45. 

[1.23.] Magnetite Nanoparticles Market Size, Share & Trends Analysis Report By 

Application (Bio-medical, Electronics, Energy, Wastewater Treatment), By 

Region, And Segment Forecasts, 2019 – 2025, 2019, Report ID: GVR-3-68038-

765-0. 

[1.24.] R. J. Aitken, M. Q. Chaudhry, A. B. A. Boxall, M. Hull; Manufacture and use of 

nanomaterials: current status in the UK and global trends; Occupational Medicine, 

2006, 56, 300-306. 

[1.25.] MA Do, GJ Yoon, JH Yeum, M Han, YM Chang, JH Choi; Polyethylenimine-

mediated synthesis of superparamagnetic iron oxide nanoparticles with enhanced 

sensitivity in T2 magnetic resonance imaging; Colloids, and Surfaces B: 

Biointerfaces, 2014, 122 752–759. 

[1.26.] C. Han, W. Cai, W. Tang, G. Wang, C. Liang; Protein-assisted hydrothermal 

synthesis of ultrafine magnetite nanoparticle built-porous oriented fibres and their 

structurally enhanced adsorption to toxic chemicals in solution; Journal of 

Materials Chemistry, 2011, 21, 11188-11196. 

[1.27.] Z. L. Liu, X. Wang, K. L. Yao, G. H. Du, Q. H. Lu, Z. H. Ding, J. Tao, Q. Ning, 

X. P. Luo, D. Y. Tian, D. Xi; Synthesis of magnetite nanoparticles in W/O 

microemulsion; Journal of Materials Science, 2004, 39, 2633-2636. 

[1.28.] Q. Zhang, M. S. Thompson, A. Y. Carmichael-Baranauskas, B. L. Caba, M. A. 

Zalich, Y-N Lin, O. Thompson Mefford, R. M. Davis, J. S. Riffle; Aqueous 

Dispersions of Magnetite Nanoparticles Complexed with Copolyether 

Dispersants:  Experiments and Theory; Langmuir, 2007, 23, 6927–6936. 

[1.29.] H H P Yiu; Engineering the multifunctional surface on magnetic nanoparticles for 

targeted biomedical applications: a chemical approach, Nanomedicine, 2011, 6, 

1429 – 1446. 



27 | P a g e  
 

[1.30.] J. Kuhn, Biomedical applications of functionalized magnetic nanoparticles 

(MNP’s): Functionalised MNP’s for Gene binding and Delivery, Bachelor’s 

Thesis, 2015. 

[1.31.] D. Hogemann, L. Josephson, R. Weissleder, JP Basilion; Improvement of MRI 

probes to allow efficient detection of gene expression; Bioconjugate Chem., 2000, 

11, 941 – 946. 

[1.32.] F. Sonvico, S. Mornet, S. Vasseur; Folate-conjugated iron oxide nanoparticles for 

solid tumor targeting as potential specific magnetic hyperthermia mediators: 

synthesis, physicochemical characterization, and in vitro experiments. 

Bioconjugate Chem., 2015, 16, 1181 – 1188. 

[1.33.] EH Kim, HS Lee, BK Kwak, BK Kim; Synthesis of ferrofluid with magnetic 

nanoparticles by sonochemical method for MRI contrast agent; J. Magnet. Magnet. 

Mater., 2005, 289, 328 – 330. 

[1.34.] YY Liang, LM Zhang; Bioconjugation of Papain on superparamagnetic 

nanoparticles decorated with carboxymethylated chitosan biomacromolecules, 

2007, 8, 1480 – 1486. 

[1.35.] YQ Ge, Y Zhang, SY He, F Nie, GJ Teng, N Gu; Fluorescence modified chitosan-

coated magnetic nanoparticles for high efficient cellular imaging; Nanoscale Res. 

Lett., 2009, 4, 287 – 295. 

[1.36.] Y. Yang Y, JS Jiang JS, B. Du, ZH Gan, M Qian, P Zhang; Preparation and 

properties of a novel drug delivery system with both magnetic and biomolecular 

targeting; J. Mater. Sci. Mater. Med., 2011, 22, 301 – 307. 

[1.37.] EV Gromann, MH Yang, CP Reinhardt, JS Weinberg, DE Vaccaro; Polycationic 

nanoparticles: (1) synthesis of a polylysine-MION conjugate and its application in 

labelling fibroblasts; J. Cardiovasc. Trans. Res., 2011, 4, 30 – 40. 

[1.38.] Z. Li, J Xiang, W Zhang, Nanoparticle delivery of anti-metastatic NM23-H1 gene 

improves chemotherapy in a mouse tumor model; Cancer Gene. Ther., 2009, 16, 

423 – 429. 

[1.39.] Kohler N, Sun C, Fichteholtz A, Gunn J, Fang C, Zhang MQ; Methotrexate-

immobilized poly(ethylene glycol) magnetic nanoparticles for MR imaging and 

drug delivery; Small, 2006,2, 785 – 792. 



28 | P a g e  
 

[1.40.] Schultze K, Koch A, Petri-Fink A; Uptake and biocompatibility of functionalized 

poly(vinylalcohol) coated superparamagnetic maghemite nanoparticles by 

synoviocytes in vitro; J. Nanosci. Nanotechnol., 2006, 6, 2829 – 2840. 

[1.41.] Arsianti M, Lim M, Marquis CP, Amal R. Polyethylenimine based magnetic iron-

oxide vector: the effect of vector component assembly on cellular entry 

mechanism, intracellular localization, and cellular viability. Biomacromolecules, 

2010, 11, 2521 – 2531. 

[1.42.] Arsianti M, Lim M, Marquis CP, Amal R; Assembly of polyethylenimine-based 

magnetic iron oxide vectors: insights into gene delivery; Langmuir, 2010, 26, 7314 

– 7326. 

[1.43.] Cao JQ, Wang YX, Yu JF et al.; Preparation and radiolabelling of surface-modified 

magnetic nanoparticles with rhenium-188 for magnetic targeted radiotherapy; J. 

Magnet. Magnet. Mater., 2004, 277, 165 – 174. 

[1.44.] R. Krętowski, M. Kusaczuk, M. Naumowicz, J. Kotyńska, B. Szynaka and M. 

Cechowska-Pasko, The Effects of Silica Nanoparticles on Apoptosis and 

Autophagy of Glioblastoma Cell Lines, Nanomaterials (Basel), 2017, 8, 230. 

[1.45.] B. Drasler, P. Syre, K. G. Steinhauser, A. Petri-Fink and B. Rothen-Rutishauser, 

In vitro approaches to assess the hazard of nanomaterials, Nano Impact, 2017, 99- 

116. 

[1.46.] O. Veiseh, F. M. Kievit, HJ Mok, J. Ayesh, C. Clark, C. Fang, M. Leung, H. Arami, 

J. O. Park, M Zhang; Cell transcytosing poly-arginine coated magnetic nanovector 

for safe and effective siRNA delivery; Elsevier, Biomaterials, 2011, 32, 5717–

5725. 

[1.47.] M. Mikhaylova, D. K. Kim, C. C. Berry, A. Zagorodni, M. Toprak, A. S. G. Curtis, 

M. Muhammed; BSA Immobilization on Amine-Functionalized 

Superparamagnetic Iron Oxide Nanoparticles.; Chem. Mater., 2004, 16, 

2344−2354. 

[1.48.] Pan B. F., Gao F., Gu H. C.; Dendrimer Modified Magnetite Nanoparticles for 

Protein Immobilization. J. Colloid Interface Sci., 2005, 284, 1−6. 

[1.49.] S. B Hartono, M. Yu, W. Gu, J. Yang, E. Strounina, XL Wang, S. Qiao, CZ Yu; 

Synthesis of multifunctional large pore mesoporous silica nanoparticles as gene 

carriers; Nanotechnology, 2014, 25, 055701. 



29 | P a g e  
 

[1.50.] PP Xu, JY Li, BO Chen, XM Wang, XH Cai, H Jiang, CL Wang, HJ Zhang; The 

Real-Time Neurotoxicity Analysis of Fe3O4 Nanoparticles Combined with 

Daunorubicin for Rat Brain In vivo; Journal of Biomedical Nanotechnology, 2012, 

8, 417-423. 

[1.51.] Y. Zhang, N. Kohler, M. Zhang; Surface modification of superparamagnetic 

magnetite nanoparticles and their intracellular uptake; Elsevier, Biomaterials, 

2002, 23, 1553–1561. 

[1.52.] J. L. Bloem, M. Reijnierse, T. W. J. Huizinga, and A. H. M. van der Helm-van Mil, 

Magnetic Resonance Imaging: The Underlying Principles, Journal of Orthopaedic 

& Sports Physical Therapy, 2011, 41, 806-819. 

[1.53.] M. Ajdary, M. A. Moosavi, M. Rahmati, M. Falahati, M. Mahboubi, A. 

Mandegary, S. Jangjoo, R. Mohammadinejad, and R. S. Varma; Health Concerns 

of Various Nanoparticles: A Review of Their in vitro and in vivo Toxicity, 

Nanomaterials, 2018, 8, 634. 

[1.54.] B. Fadeel, Hide and Seek: Nanomaterial Interactions with the Immune System, 

Front. Immunol., 2019, 133. 

[1.55.] S.  Nie, Understanding and overcoming major barriers in cancer nanomedicine, 

Nanomedicine, 2010, 5, 523-528. 

[1.56.] S.  Zanganeh, G.  Hutter, R.  Spitler, O.  Lenkov, M.  Mahmoudi, A.  Shaw, J.  S.  

Pajarinen, H.  Nejadnik, S.  Goodman, M.  Moseley, L.  M.  Coussens and H.  E.  

Daldrup-Link, Iron oxide nanoparticles inhibit tumour growth by inducing pro-

inflamatory macrophage polarization in tomour tissues, Nat.  Nanotechnol., 2016, 

11, 986-995. 

[1.57.] M.  S.  Bohley, E.  Birch, F.  J.  Baumann, A.  E.  Dillinger, E.  R.  Tamm, and A.  

M.  Goepferich, Design of dye and superparamagnetic iron oxide nanoparticle 

loaded lipid nanocapsules with dual detectability in vitro and in vivo, Int.  J.  

Pharm., 2020, 585, 119433. 

[1.58.] B.  R.  Smith and S.  S.  Gambhir, Nanomaterials for In vivo imaging, Chem.  Rev., 

2017, 117, 901-986. 

  



30 | P a g e  
 

[1.59.] L.  Evensen, P.  L.  Johansen, G.  Koster, K.Z.  Zhu, L.  Herfindal, M.  Speth, F.  

Fenaroli, J.  Hildahl, S.  Bagherifam, C.  Tulotta, L.  Prasmickaite, G.  M.  

Mælandsmo, E.  Snaar-Jagalskad, and G.  Griffiths, Zebrafish as a model system 

for characterization of nanoparticles against cancer, Nanoscale, 2016,8, 862-877. 

[1.60.] M.  Magro, D.  Baratella, E Bonaiuto, J.  de Almeida Roger, G.  Chemello, S.  

Pasquaroli, L.  Mancini, I.  Olivotto, G.  Zoppellaro, J.  Ugolotti, C.  Aparicio, A.  

P.  Fifi, G.  Cozza, G.  Miotto, G.  Radaelli, D.  Bertotto, R.  Zboril and F.  Vianello, 

Stealth Iron Oxide Nanoparticles for Organotropic Drug Targeting, 

Biomacromolecules, 2019, 20, 1375-1384. 

[1.61.] F.  Ahmad, X.  Y.  Liu, Y.  Zhou, H.  Z.  Yao, F, F.  Zhao, Z.  X.  Ling, and C.  Xu, 

Assessment of Thyroid Endocrine System Impairment and Oxidative Stress 

Mediated by Cobalt Ferrite (CoFe2O4) Nanoparticles in Zebrafish Larvae, Environ.  

Toxicol., 2015, 31, 2068-2080. 

  



31 | P a g e  
 

CHAPTER 2 

Iron oxide-gold nanoparticles for multimodal contrast enhancement in magnetic 

resonance, computed tomography, and intravascular ultrasound imaging 

2.1.  IntroductionMedical imaging techniques are extensively used for the non-invasive 

diagnosis of various diseases [2.1., 2.2.].  Among medical imaging techniques, magnetic 

resonance imaging (MRI), computed tomography (CT), and ultrasound (US) are widely 

available and commonly used in the clinical setting [2.3., 2.4.].  Due to intrinsic technical 

disparities, these imaging techniques have different advantages and limitations, which 

determine their diagnostic performance across clinical specialties.  MRI benefits from no 

radiation exposure, high soft-tissue contrast, and high spatial and temporal resolution and 

is capable of molecular and functional multi-parametric imaging [2.1.-2.5.].  However, it 

is limited by long imaging times between 15 to 90 minutes and is not suitable for patients 

with claustrophobia or MR contraindications [2.4, 2.5.].  CT provides a physical 

representation of the tissue attenuation properties, high spatial and temporal resolution, 

and fast imaging, but is associated with radiation exposure and lower soft-tissue contrast 

compared to MRI [2.1.-2.4., 2.6].  Ultrasound is often used for early disease assessment 

and compared to other imaging modalities is an inexpensive, real-time imaging 

technique with no radiation exposure [2.1., 2.3., 2.4., 2.7.].  Among important ultrasound 

applications, intravascular ultrasound (IVUS) is commonly used in cardiology to 

determine the hemodynamic significance of atherosclerotic plaques [2.1., 2.3.].  The 

main limitations of ultrasound are that it is operator-dependent and sub-optimal for obese 

patients and air-filled organs, as the ultrasound beams are attenuated and therefore 

increase the background noise and artifacts in the images [2.7.].  To capitalize on the 

advantages of each of the individual techniques, the development of multi-modal 

imaging methodologies is a fast-growing research area in deriving clinically relevant 

complementary diagnostic information and identifying the optimum imaging modalities 

across various diseases [2.1-2.4, 2.8, 2.9]. 

Contrast agents are commonly employed in MRI, CT and ultrasound scans to enhance the 

qualitative diagnostic information acquired and to obtain quantitative diagnostic 

information through the extraction of dynamic measurements and image-derived 

biomarkers [2. 3, 2.5, 2.7, 2.9].  Since the imaging techniques are based on different 

physical principles, the development of specific contrast agents which build upon utilizing 

these principles are required for multi-modal imaging.  However, the kinetic properties of 

different contrast agents vary considerably, leading to significant disparities in 
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biodistribution and tissue uptake thus, compromising the design, optimization, and cross-

validation of multi-modal imaging protocols [2.10].  Hence, one single agent carrying 

multi-modal contrast capabilities is required.   

Various nanoparticles (NPs) (inorganic, organic, and hybrid) have been developed as 

contrast agents for diagnostic imaging techniques [2.11].  Among these, magnetic iron 

oxide (Fe3O4) NPs have been commercialized for clinical MRI contrast [2.12], as they 

benefit from low toxicity and are detectable by MR even at low concentrations [2.13-2.15].  

Gold (Au) NPs are among the most promising for CT contrast since they have a high 

atomic number (abundant electrons for CT contrasting), good biocompatibility, 

controllable synthesis, and easy modification [2.16, 2.17].  In the context of multi-modal 

imaging, previous studies have developed several methodologies for synthesizing 

Au/Fe3O4 hybrids with different morphologies [2.17-2.22].  These morphologies include 

Au clusters on Fe3O4 to form “strawberry-like” NPs [2.17, 2.18], Au shell structures with 

a Fe3O4 core [2.19, 2.20], Au encapsulated Fe3O4 star-shaped NPs, and Janus dumbbell-

like particles (Figure 2.  1) [2.21, 2.22].  However, previous synthetic routes have used 

stabilizers before or after the reaction of the MNP component with Au and thus, have not 

focused on keeping either component surface pristine.  If possible, pristine NP surfaces 

could support further functionalization of Au/Fe3O4 hybrids, such as for simultaneous 

molecularly targeted diagnosis and therapy applications [2.11].   
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Figure 2.  1: Simplified structures of Au/Fe3O4 particles with  “strawberry-like” structure 

(a), “star-shaped” nanoparticle (b), and “dumbbell” nanoparticle (c). 

Synthesis of multimodal contrasting agents with combined NP properties is not 

straightforward, due to different chemical criteria that need to be satisfied for each 

component (such as in formation chemistry, pH control, and/or when specific functional 

groups are needed for coupling).  Possible interference between the NP precursors and/or 

between chemical functional groups on the NP surface will result in undesirable 

assemblies, such as in agglomeration and/or even in the deactivation of functional groups 

and NP surfaces [2.23].  Hence, developing a direct deposition route whilst aiming to keep 

either component pristine for further functionalization, could contribute towards 

optimizing the next generation of multi-modal/multi-functional contrast agents.   

In terms of imaging assessments, previous studies have mainly examined MR and CT 

contrasting ability of Au/Fe3O4 hybrids [2.18-2.20], whilst some have demonstrated signal 

changes in photoacoustic imaging due to the presence of the Au component [2.21, 2.22].  

Furthermore, the MR contrast enhancement ability of Au/Fe3O4 hybrids has been assessed 

using mainly T2-weighted imaging sequences, where the differences in the T2 relaxation 

time of various tissues are depicted [2.18-2.22].   

a) b) 

c) 
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Investigating the contrasting ability of Au/Fe3O4 hybrids across T1- and T2-weighted 

sequences used for high spatial resolution anatomical MR imaging, CT, and ultrasound, 

which are among the most widely used imaging techniques in the clinical setting [2.1-2.4], 

is therefore highly required. 

In this chapter, the synthesis of Au-dotted Fe3O4 NPs (Au*MNPs) via a direct deposition 

route, with variable Au content is presented. Compared with previous Au*MNPs synthesis 

pathways, in which individual particle surfaces were covered with stabilizers before or 

after the reaction with Au [2.17-22], the method presented in this chapter keeps the 

surfaces of both components pristine for further functionalization. This can efficiently 

support future molecularly targeted diagnosis and therapy applications.  This method is 

simple and scalable.  We have also extensively assessed for the first-time tri-modal signal 

changes due to concentration increases of these Au*MNPs across both a T1- and a T2-

weighted sequence on MRI scans, on CT scans, and IVUS B-mode scans.  We finally 

evaluated the toxicity of these Au*MNPs in breast cancer cells and assessed whether they 

have the potential to be optimized as a tri-modal contrast agent for clinical research and 

diagnosis.   

2.2.  Experimental  

2.2.1.  Materials 

Magnetite nanoparticles (Fe3O4 NPs, 98%, 20-30 nm) and chloroauric acid tetrahydrate 

(HAuCl4·4H2O, 99.9%) were purchased from Alfa Aesar.  Urea (AR grade) was supplied 

by Fisher Scientific.  Polyethylene glycol (PEG, Mw = 400) was purchased from Sigma 

Aldrich.  All water used was deionized water.  Dulbecco’s Modified Eagle Medium 

(DMEM) growth medium with 10% FBS and 1% penicillin-streptomycin was supplied by 

Sigma (D5671).  Ethidium homodimer (EthD-1) and Calcein AM (0.1% in DMEM) were 

purchased as a kit (LIVE/DEAD™ Viability/Cytotoxicity Kit) supplied by Invitrogen™.  

Glutaraldehyde (25% EM grade 1 (G5882), Sigma Aldrich UK) and sodium cacodylate 

buffer (0.1M) were supplied by AGAR Scientific Ltd (AGR1104).  Tannic acid was 

purchased from TAAB Laboratory and Microscopy Ltd.  Methanol and ethanol were 

purchased from VWR BDH Chemicals.  Uranyl acetate and osmium tetra oxide were 

purchased from OXKEM Ltd.  Hexamethyldisilazane (HMDS, 99%) was supplied by 

Sigma Aldrich UK.  All chemicals were used as supplied without further purification. 
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2.2.2.  Preparation of Au*MNP particles and characterization 

Au was deposited onto Fe3O4 NPs using a method adapted from the preparation of 

Au/Fe3O4 catalyst.  Depending on the designated Au:Fe wt.  ratio, 36 mg (5%), 72 mg 

(10%), or 144 mg (20%) chloroauric acid tetrahydrate (HAuCl4·4H2O) was dissolved in 

deionized water and added to a suspension of 300 mg Fe3O4 NP in 50 mL deionized water  

Urea (100 mg) was then added dropwise to the reaction suspension and this suspension 

was sonicated for a further 6 h.  The solid samples were then separated using a NdFeB 

magnet and washed using deionized water for a minimum of 10 times.  Samples of three 

Au:Fe wt. ratios 5%w/w, 10%w/w and 20%w/w were prepared.  PEG-coated Au*MNP 

was carried out by coating PEG (Mw = 400) onto particle surface following a published 

procedure for all Au:Fe wt. ratios (Figure 2.  2) [2.24].  For imaging experiments, samples 

with Au*MNP concentrations ranging from 0.01 to 0.4 mM were appropriately prepared 

to derive quantitative metrics from MR, CT, and IVUS experiments.   

 

Figure 2.  2: Schematic illustrations for the synthesis pathway for Au*MNPs. First, the 

deposit of Au-particles on the iron oxide surface, followed by the optional coating with 

polyethylene glycol (PEG). 

PEG-coated and unfunctionalized Au*MNP samples were characterized using 

Transmission electron microscopy (TEM), X-ray diffraction (XRD), and Fourier 

Transform Infrared Spectroscopy (FTIR).  TEM and Scanning TEM (STEM) were carried 

out in a JEOL JEM 2100 microscope operated at 200 kV.  The microscope is equipped 

with a Schottky field-emission gun and ultrahigh-resolution pole-piece (Cs = 0.5 mm).  

The TEM images were recorded by a Gatan Ultrascan 1000 camera.  High-angle annular 

dark-field (HAADF-STEM), known as Z-contrast imaging, and bright-field STEM (BF-
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STEM) were acquired simultaneously by a JEOL ADF and Gatan BF detector, 

respectively.  For sample preparation, 20 μl of a sample was drop-casted on a copper grid 

with carbon supporting films and then air-dried.  Powder X-ray diffraction (PXRD) 

patterns were recorded using a Bruker D8 ADVANCE diffractometer with Cu Kα1 

radiation and a step size of 0.01°.  FTIR spectra were recorded using a Nicolet is5 FTIR 

spectrometer (Thermo Scientific), fitted with an iD7 ATR-Diamond (KBr). 

2.2.3.  Cell culture, cytotoxicity, and imaging 

The human breast cancer cell line MCF-7 was employed in this study.  Cells were 

expanded in Dulbecco’s Modified Eagle Medium (DMEM) growth medium with 10% 

Fetal Bovine Serum (FBS) and 1% penicillin-streptomycin and maintained at 37oC in 5% 

CO2 until ~90% confluent.  Cells were seeded at a density of 1x104 cells per ml for 

experiments, unless stated otherwise, and were cultured for 24 hours before the addition 

of the Au*MNP treatments (10 μg/mL).  The same cell line not exposed to Au*MNP 

treatments was used as controls. 

To assess cell viability, live/dead staining was conducted using Ethidium homodimer 

(EthD-1) (0.1% in DMEM) and Calcein AM (0.1% in DMEM) (Invitrogen™ 

LIVE/DEAD™ Viability/Cytotoxicity Kit, for mammalian cells).  After both 24 hours and 

7-day culture with either 10 or 100 µg/mL Au*MNPs, the media from the MCF-7 cells 

was removed and replaced with fresh media containing both EthD-1 and Calcein; the cells 

were incubated for 30 minutes at 37°C.  After this, the cells were washed with fresh 37°C 

media and were visualized under a fluorescence microscope (Zeiss Axiovert 200M).   

To observe MCF-7 interaction with the Au*MNPs, the cells were fixed and processed for 

SEM following 1 and 3 days of culture.  The cells were fixed in 1.5% glutaraldehyde in 

0.1M sodium cacodylate buffer for 1 hour, washed in cacodylate buffer for 10 minutes, 

then incubated in 1% osmium buffer for one hour at room temperature.  Cell samples were 

washed twice in cacodylate buffer (5 minutes) and incubated in 1% tannic acid (in buffer) 

for 1 hour at room temperature.  After washing, cells were dehydrated twice in methanol 

gradients (30, 50, 70%; 5 minutes), incubated in 2% uranyl acetate for 30 minutes, then 

further dehydrated in 90% methanol for 5 minutes and 100% ethanol for 10 minutes.  

Finally, cells underwent HMDS dehydration (5 minutes), stored in a desiccator, sputter 

coated in gold-palladium (using a Quorum Q150t ES), and mounted onto stands to be 

viewed under a JEOL JSM 6400 SEM (running at 10kV).  The .tiff images were captured 

using Olympus Scandium software. 
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Cellular uptake of Au*MNP was also analyzed via TEM.  Cells were seeded at a density 

of 4x104 cells per mL onto Thermanox coverslips (13 mm diameter) and cultured to 

develop a confluent monolayer of cells.  At this point, the NPs were added by changing 

the medium to media containing NPs. The cells were then further cultured for 24 hours.  

Cells were subsequently fixed with 1.5% glutaraldehyde in PBS for 2 hours and washed 

for 10 minutes with PBS.  Cells were then post-stained for 60 minutes with 1% osmium 

tetroxide in phosphate buffer, and post-fixed in 1% buffer followed by 0.5% uranyl acetate 

for 1 hour, before being taken through alcohol dehydration increments and left in resin 

(propylene oxide Epon 812 resin mix (1:1)) overnight.  Cell layers were captured in pure 

resin and cured overnight in an oven.  Blocks were then cut into ultrathin sections, stained 

with 2% methanolic uranyl acetate and Reynolds lead citrate, and viewed under a Tecnai 

T20 (200 kV for cells).   

2.2.4.  MR imaging and analysis 

To assess the MR contrast enhancement ability of the MNP component in our samples, 

Au*MNP samples were imaged in a 7.0 Tesla preclinical MRI scanner (Agilent 

Technologies, Santa Clara, CA, USA) at Edinburgh Preclinical Imaging Laboratory, using 

a 72 mm internal diameter volume coil.  For T1-weighted imaging, a fast spin echo pulse 

sequence was used with an echo train length of 8, repetition time (TR) 1000 ms, echo time 

(TE) 5.99 ms, flip angle 90°, and slice thickness of 2 mm, across 5 different slice positions 

to obtain full spatial coverage of samples.  Images were reconstructed on a 256 x 256 pixel 

grid with a pixel size of 0.31 mm x 0.31 mm.  For T2-weighted imaging, a multi-echo 

multi-slice gradient echo sequence was used to acquire a series of 25 images across the 

same 5 slice positions as above with TR 2000 ms, TE 6.70 ms, flip angle 90°, and a slice 

thickness of 2 mm.  Images were reconstructed on a 256 x 256 pixel grid with 0.62 mm x 

0.62 mm pixel size.   
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MR images were analyzed in Matlab (MathWorks Inc., Natick, USA), using a customized 

in-house MR analysis software [5].  T1 signal changes were assessed by extracting signal 

intensities from T1-weighted images of all individual samples.  Signal intensities were 

extracted by using standardized circular regions of interest at the center of each sample 

tube (excluding the boundary areas) in Matlab.  T2 signal changes were estimated by fitting 

the transverse relaxation time equation (1) in the T2-weighted signal curves extracted 

across all successive TEs for each sample tube: 

𝑀𝑥𝑦 = 𝑀0𝑒−
𝑡

𝑇2 (1) 

where Mxy is the MR signal detected in the x-y plane by the scanner detector, M0 is the 

initial net magnetization and t is the TE.   

2.2.5.  CT imaging and analysis 

To assess the CT contrast enhancement of the Au component in our samples, Au*MNP 

samples were imaged on a second-generation Mediso micro PET/CT scanner 

(nanoPET/CT, Mediso, Hungary) at the Edinburgh Preclinical Imaging Laboratory.  The 

quality assurance was performed daily on the Mediso nanoPET/CT, as previously 

described [25].  The CT imaging parameters were tube voltage 50 kVp, exposure time 300 

ms, slice thickness 0.38 mm, matrix 324 x 324, and pixel size 0.38 mm x 0.38 mm.  

Attenuation coefficients were numerically normalized to the attenuation coefficient of 

water in our calibrated scanner environment and all CT image pixels were automatically 

converted into Hounsfield Units (HU): 

𝐻𝑈 = 1000
𝜇 − 𝜇𝑤𝑎𝑡𝑒𝑟

𝜇𝑤𝑎𝑡𝑒𝑟 − 𝜇𝑎𝑖𝑟
 

where μ is the linear attenuation coefficient in a pixel measured by the CT scanner, and 

μwater and μair are the linear attenuation coefficients of water and air, respectively.  CT 

images were analyzed using PMOD (PMOD Technologies, Zurich, Switzerland).  A 

cylindrical volume of interest (VOI) was drawn at the center of each sample tube 

(excluding the boundary areas) and was used to quantify the mean HU values and standard 

deviation. 
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2.2.6.  Ultrasound imaging and analysis 

To assess the ultrasound echogenicity, the samples were scanned using a Boston Scientific 

Clearview intravascular ultrasound (IVUS) scanner with an Atlantis SR Pro catheter and 

with a nominal center frequency of 40MHz.  The catheter was inserted into each of the 

samples and an image was acquired on the scanner and downloaded onto a computer using 

an 8 bit, 20MHz, image capture card (PicPort CameraTec AG, Weisslingen, Switzerland).  

The setup of the scanner was identical for all acquisitions.  Images were read and analyzed 

using Matlab, where the average signal intensity and standard deviation were measured 

from each sample (excluding the boundary areas).   

2.3.  Results and Discussion 

2.3.1.  Characterizations of Au*MNP nanoparticles  

The TEM micrograph in Figure 2.  3, a and b reveal that these Au*MNP possess a 

“strawberry-like” structure, with the Au nanoparticles (seeds) having a narrow size 

distribution dotted on the Fe3O4 MNP surface.  At 20% Au, it can be seen from the TEM 

micrograph (Figure 2.  3, c) that unattached Au nanoparticles were also formed.  The Fe3O4 

surface reached full saturation with Au NP “seeds” at 10% Au.  Indeed, this protocol was 

adapted from Au on Fe3O4 catalyst preparation, and 10% Au tends to be the upper limit 

[2.26]. 

 

Figure 2.  3: TEM images for (a) 5% Au*MNP, (b) 10% Au*MNP, and (c) 20% Au*MNP 

samples. Showing the individual gold particles (light spots) on the iron oxide surface 

(large circles). 
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Au seeds dotted on Fe3O4 nanoparticles with a similar structure have been reported [2.18], 

but those were prepared with a thiol-layer on the Fe3O4 surface (see Figure 2.  1).  The 

synthesis protocol, adapted from catalysts preparation has avoided the use of organosilane 

[26], keeping the Fe3O4 surface pristine for binding with other molecules and available for 

further functionalization.  Due to the small size of these Au NP seeds, these cannot be 

observed from the XRD pattern (Figure 2.  4).  FTIR spectra in Figure 2.  5Error! Reference 

source not found. depicted the PEG coating on the 10% Au*MNP samples, compared 

with the unfunctionalized MNPs.  The spectrum showed five bands at 1155, 1420, 1470, 

2870, and 2985 cm-1, which are characteristic of PEG.  The band at 1155 cm-1 can be 

attributed to the stretching mode of the ether linkage (-C-O-C-).  The other four peaks are 

assigned to the CH2 bending vibrations (1419 and 1470 cm-1) and the symmetric (2869 

cm-1) and asymmetric (2985 cm-1) stretching modes of the -CH2 repeating unit in PEG.   

 

Figure 2.  4: XRD patterns for 5% and 10% Au*MNP samples with indexes for Fe3O4 

magnetite.  The red arrows are indicating theoretical diffraction peaks for Au which were 

not seen in the XRD patterns due to their small particle size. 
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Figure 2.  5: FTIR spectra for 10% Au*MNPs (a) without PEG and (b) with PEG coating. 

The arrows highlight the characteristic bands of UREA and PEG that have been used in 

their synthesis. 

The synthesis method we presented here is adapted from large-scale preparation for 

“metal-on-metal oxide” catalysts.  However, there are several advantages from this method 

that can be useful for other research areas.  First, it is scalable up to 1 g per batch scale, 

which is a significant advantage over other methods for a similar type of materials.  As in 

catalysis, there are a wide range of metal-metal oxide combinations that can be adapted 

using this method, and the combinations are not limited to Au and Fe3O4.  Moreover, the 

reagents used were considered biocompatible, e.g., urea as the reductant.  This is aimed at 

high biocompatibility of the final contrast agent.  Unlike other published methods, there is 

also no organic functionalization, e.g., thiol groups, performed on the MNP surface 

(between the Au and Fe3O4 nanoparticles) [2.17-22].  As such, the surfaces of each 

component were kept pristine for further functionalization.  This is essential when further 

functionalities are required, e.g.  targeting molecules, for localization of the contrast agent 

on specific sites of interest [2.11] 

  

a) 

b) 
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2.3.2.  Effects on cells and cytotoxicity  

Calcein AM and ethidium homodimer staining demonstrated no adverse effects on cell 

culture at both 10µg/mL and 100µg/mL concentrations and for both unfunctionalized and 

PEG-coated Au*MNPs (10%), at both time points (1 day and 7 days) (Figure 2.  6).  Cells 

multiplied in number over the time course followed, suggesting a limited influence on cell 

proliferation.  Studying the cell membrane interactions and subsequent uptake of the 

Au*MNPs, MCF-7 cells were exposed to 10 μg/mL of 10% Au*MNPs (unfunctionalized 

and PEG-coated) and studied by SEM and TEM.  The SEM images of MCF-7 cells 24 h 

post Au*MNP exposure can be seen in Figure 2.  7.  The cells were like control cells in 

terms of their adherence (cell spreading), morphology, and size (Figure 2.  7, upper panel).  

Au*MNPs were visible on the cell surface, with increased levels of membrane activity, 

typically via F-actin protrusions (white arrowheads, Figure 2.  7) which were evident in 

cells treated with the PEG-coated Au*MNPs.  This may suggest active cell internalization.   
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Figure 2.  6: Cell images for Calcein AM assay.  White arrowheads indicate the 

internalized Au*MNP samples within the MCF-7 cell culture after 1-day exposure to 10% 

Au*MNPs 
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Figure 2.  7: SEM images of MCF-7 cells exposed with 10% Au*MNPs after 24 h.  White 

arrowheads on SEM indicate the F-actin protrusions on cell surfaces. 

The TEM images of cells were taken after 24 h exposure to Au*MNPs (see Figure 2.  8).  

Both unfunctionalized and PEG-coated Au*MNPs were observed in vesicles/ endosomes 

within the cell cytoplasm.  From the images, PEG-coated Au*MNPs showed a higher 

internalization, compared to the unfunctionalized NPs.  Moreover, the PEG-coated 

Au*MNPs aggregates were less dense than the unfunctionalized NPs.  This is consistent 

with similar observations from reports using PEG-coated NPs [2.27-2.30].  Overall, 

compared with the controls, Au*MNPs did not damage cells upon internalization.   

 



45 | P a g e  
 

 

Figure 2.  8: TEM images of MCF-7 cells exposed with 10% Au*MNPs after 24 h. Showing 

agglomerations of iron oxide nanoparticles (black dots) in the cell culture (gray matter). 

2.3.3.  Contrast enhancement ability in MRI  

In this study, MR imaging was used to assess for the first time a) the “negative” contrast 

enhancement ability of our Au*MNPs samples using both T1 and T2-weighted sequences 

used for anatomical imaging and b) to investigate whether different Au concentrations may 

affect the MR contrast enhancement of the MNPs.  Clear signal reductions were observed 

in both the T1- and T2-weighted MR images, as MNPs concentrations increased [from 0.01 

to 0.2 mM Fe] (Figure 2.  9). The fast spin echo and multi-slice gradient echo sequence used 

for T1- and T2-weighted MR images (see Experimental Section) respectively can both 

achieve high-quality anatomical imaging in vivo [2.31].  In the clinical setting, T1- and T2-

weighted MR protocols used for anatomical imaging can provide important 

complementary information of organ-tissue morphology and are routinely combined 

across various applications [2.25, 2.26].  Previous biomaterial synthesis studies have 

mainly focused on assessing T2-weighted signal reductions in the presence of Au*MNPs 

[2.18-2.22].  Different from previous studies which aimed to synthesize smaller diameter 

MNPs (<5 nm) to increase their r1 relaxivity and reinforce them as “positive” contrast 

agents for functional T1-weighted imaging [2.17, 2.33], our larger diameter (20-30 nm) 
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Au*MNPs effectively reduced the MR signal in a T1-weighted sequence.  This sequence 

is routinely used for high spatial resolution anatomical imaging.  Our Au*MNPs were 

therefore shown to have “negative” contrast ability for high spatial resolution MR 

anatomical imaging, using both T1- and T2-weighted protocols.   

 

Figure 2.  9: Different slice positions of Au*MNP samples in T1-weighted MR imaging (a-

c) and same slice positions of Au*MNP samples in T2-weighted MR imaging (d-f).  Note 

T1 and T2 “positive contrast” of Au*MNP samples as concentration increased across 

sample tubes, which is shown as increasing darkness of the individual samples. Blue, 

magenta, green and red stars denote 0.1, 0.2, 0.3, and 0.4 mM concentrations of Au*MNP, 

respectively.  The central tube a-f are the pure Au reference samples. 

More importantly, the effect of the Au content on the MR contrast enhancement ability of 

MNPs was also studied.  In Figure 2.  10, a and b, and Figure 2.  11, a and b, there was no 

systematic influence of the Au in the T1 and T2-weighted images across different 

Au*MNPs samples observed, which was consistent even for higher Au concentrations 

(≥10% Au in MNP).  This demonstrates that the Au component does not corrupt the MR 

signal modifications caused by Au*MNPs.    
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Figure 2.  10: MR T1-weighted (a) and T2-weighted (b) signal decreases quantified due to 

MNP concentration increase per sample (iron oxide only, purple; 5% Au*Fe3O4, blue; 

10% Au*Fe3O4, green and 20% Au*Fe3O4, red). 
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Figure 2.  11: T2-weighted curves (blue) across all 25 T2 images and transverse relaxation 

time model fit (red) from a sample tube with the lowest (a) and a sample tube with the 

highest (b) MNP concentration.  Note that the exponential decay for the T2 curve in (b) is 

shorter (curve decays faster) due to higher MNP concentration, compared to (a).  

Although visual differences between curves are relatively subtle, the T2-values, calculated 

by the system after 3 repeating measurements, showed values of 50 ms in (a) and 12 ms in 

(b). 

2.3.4.  Contrast enhancement ability in CT  

CT imaging was performed to separately assess a) the CT contrast enhancement ability of 

Au*MNPs and b) whether the MNPs and/ or PEG can affect the CT signal modifications 

caused by PEG-coated versus non-PEG-coated Au*MNPs.  There are distinct increases 

shown in CT signal intensity as Au concentration was raised [from 0.1 mM to 0.4 mM 

Au].  This is consistent with a previous study assessing CT signal enhancement in the 

presence of Au on MNPs [2.18].  Moreover, there was no systematic signal enhancement 

observed on CT images due to MNP concentration increases across samples (from 0.1 to 

0.4 mM Au, for all different 5% to 20% Au on MNP experiments, Figure 2.  12).   
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Figure 2.  12: The CT signals of iron oxide only (purple), 5% Au*Fe3O4 (blue), 10% 

Au*Fe3O4 (green), and 20% Au*Fe3O4 (red) increase with an increasing Au concentration 

per sample. 

In contrast, a systematic reduction of HU in the CT signal was observed for PEG-coated 

Au*MNPs versus non-PEG-coated Au*MNPs (10% and 20% Au in MNP with PEG 

versus 5% and 10% Au in MNP with no PEG).  Due to its low density, PEG has previously 

been used as a “negative” contrast agent in CT imaging [2.35], thus it is known that it can 

lower the signal intensity in CT imaging.  However, this is the first study investigating 

PEG interaction across varying Au concentrations in CT imaging.  As described above, 

PEG coating is commonly used to coat nanoparticles in biomedical research [2.17, 2.19-

2.22], as it can avoid unwanted protein binding, leading to corona formations and 

eventually immune clearance [2.35].  It is therefore critical to examine to which degree 

PEG coating may alter the Au*MNP performance in CT imaging.  Despite the PEG 

coating consistently reducing HU in the CT signal, it was still possible to obtain linear CT 

signal increases as Au*MNP concentration was raised (from 0.1 to 0.4 mM Au) within 

each of the PEG-coated experiments (10% and 20% Au in MNP with PEG) (Figure 2.  13).  

By increasing the concentration from 0.1 mM to 0.4 mM a stronger CT signal was 

achieved, improving the general signal performance as demonstrated in Figure 2.  12.  This 

was an important assessment towards optimizing PEG-coated Au*MNPs for pre-clinical 

and clinical CT applications.   
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Figure 2.  13: Different slice positions of Au*MNP samples in CT imaging.  Samples were 

re-positioned in an appropriately shaped radiolucent plastic container.  Note that the CT 

signal increases with an increasing concentration per sample.  Blue, magenta, green and 

red stars denote 0.1, 0.2, 0.3 and 0.4 mM concentrations of Au*MNP, respectively.  The 

central tube a-c is the pure MNP reference sample.  Changing the initial concentration of 

0.1 mM (blue) to 0.4 mM (red) visibly increased the signal performance, represented as a 

lighter tone of gray across the concentrations. 

 

2.3.5.  Contrast enhancement assessment in Ultrasound 

Figure 2.  14 shows typical images acquired from the IVUS scanner for all three Au*MNP 

concentrations.  There was consistently increasing signal enhancement as Au 

concentration increased (from 1 mg/mL to 10 mg/mL Au*MNP concentration, and from 

5% to 20% Au content on MNP).  For low Au*MNP concentrations (1mg/mL) little 

enhancement was observed in the image but increasing Au*MNP concentrations resulted 

in an increase in enhancement.  Figure 2.  15 illustrates the quantitative results from 

measuring the same sample 5 times, showing a four-fold increase in mean intensity 

between 1mg/mL and 5mg/mL Au*MNP concentration for 5% and 10% Au 

concentrations and a 2.5-fold increase for 20% Au concentration. The error bars result 

from the multiple measurements and represent the upper and lower limits measured, with 

no statistically significant differences between the samples (p<0.05) These results are 

consistent with previous studies demonstrating enhancement of ultrasonic emission in 

photoacoustic imaging, whilst Au is known to have a high density and therefore high 

acoustic impedance [2.21, 2.22]. 
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Figure 2.  14: Qualitative signal differences in images acquired using the IVUS scanner, 

showing signal enhancement (more white noise), as Au*MNP concentration increased 

from 1 to 10 mg/mL and as Au content increased from 5 to 20%.   

 

Figure 2.  15: Quantitative signal differences across the same Au*MNP samples, where 

blue, green, and red represent concentrations of 1,5 and 10 mg/mL. 
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This is the first study demonstrating increasing enhancement of ultrasonic emission from 

an IVUS scanner, due to Au concentrations increases within these Au*MNP samples.  

IVUS imaging is routinely used to invasively assess atherosclerotic plaque severity in 

coronary artery disease [2.38].  Furthermore, using MR imaging, our group has previously 

shown that MNPs are taken up in areas of cellular inflammation in the myocardium [2.14, 

2.37].  Being able to monitor cellular inflammation in coronary artery disease is critically 

important for clinically assessing atherosclerotic plaque formation, development, and 

rupture [2.38].  Thus, it is suggested that Au*MNP can in principle support a novel 

imaging methodology to simultaneously assess atherosclerotic plaque development and 

inflammation, by using a single Au*MNP IVUS imaging setting.  

2.4.  Conclusions  

In this chapter, the development of Au*MNPs which were synthesized using an 

impregnation method, leading to nanoparticles with pristine surfaces for either component.  

Pristine NP surfaces can be particularly important when functionalization needs to be 

engineered in molecularly targeted theragnostic applications.  Moreover, the cytotoxicity 

of these Au*MNP was evaluated in vitro and showed that these were non-toxic to cells 

when a maximum concentration of 100 μg/mL was examined for 7 days.  The contrasting 

capability of these Au*MNP was also shown to be concentration-dependent across all 

three (MR, CT, IVUS) imaging techniques.  Most importantly, for the first time, it has 

been shown that larger diameter (20 - 30 nm) Au*MNPs can modify the MR signal in a 

T1-weighted sequence which is routinely used for high spatial resolution anatomical 

imaging.  This assessment supports the use of larger diameter Au*MNPs, beyond their 

well-established contrasting ability in T2-weighted sequences.  For the first time, it was 

finally shown that the Au content of the Au*MNP can lead to evident increases of the 

IVUS signal and suggest that Au*MNP can potentially support a novel IVUS imaging 

methodology to simultaneously assess atherosclerotic plaque development and 

inflammation.  In conclusion, these materials have great potential where further 

developments and intensive studies in vitro and in vivo, can transform them into a 

powerful tool to enhance theragnostic applications and tri-modal imaging accuracy in the 

clinical setting.   
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CHAPTER 3 

Impedance-based measurements and CARS imaging as advanced techniques to 

assess the cytotoxicity of nanomaterials on liver cells in vitro. 

3.1.  Introduction 

To establish strategies for disrupting or circumventing the nanoparticle clearance 

mechanism by macrophages, a relevant, realistic liver model is required for evaluating 

the relationship between surface chemistry of nanoparticles and their uptake profile by 

macrophages. For this reason, iron oxide nanoparticles (Fe3O4) were coated with 

polyethylene glycol (PEG) using salinization, where the PEG polymers are grafted onto 

the nanoparticle surface by strong covalent bonding, ensuring long term stability of MNP 

coatings.  Various methods (colorimetric assays, impedance measurements, TEM, and 

coherent anti-stokes Raman scattering) were used to study the MNP uptakes in liver cells 

in 2-D and 3-D models.  Functionalized magnetic nanoparticles (e.g.  SPIONs) have been 

widely used in research for various medical applications, namely targeted drug delivery, 

gene therapy, imaging and diagnosis, and hyperthermia [3.1, 3.2].  However, once they 

have served their purpose they need to be cleared from the system. Various factors can 

influence the time that the immune system needs to clear the nanoparticles, including 

particle size, surface chemistry, and charges.  However, the same clearance time is a 

threat to the nanoparticles who have not fulfilled their intended purpose yet and premature 

clearance is threatening their efficiency, e.g., when a specific tissue or organ is targeted. 

Once the nanoparticles have been recognized by the system they are transported in 

vesicles to the liver or spleen, where they are likely to accumulate until excretion [3.3.].  

Therefore, testing nanoparticle compatibility on a liver system becomes more relevant to 

assess the long-term effect on a human. 

Conventionally, toxicity studies on magnetic nanoparticles (MNPs) in cancer cell lines 

are widely reported, but very few used liver cell models [3.4, 3.5].  A major issue for 

these toxicity assays is that they were designed for testing soluble substrates by measuring 

response via spectroscopy in the visible spectrum.  Solid-state nanoparticles, in particular 

black Fe3O4, can absorb visible radiation effectively, leading to possible errors on color 

assays [3.6].  Moreover, most studies on liver cell models with MNPs focused on 

developing contrast agents for MRI imaging [3.7, 3.8], while others are on targeted drug 

delivery and hyperthermia to treat liver cancers [3.9, 3.10].  Few studies have been carried 

out on the interaction between MNPs and liver cells, possibly due to a lack of reliable 

models.   
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There are two approaches to assess the hazard of nanomaterials, 2D and 3D models. In 

general, 2D cultures refer to adherent cells that grow as a mono layer in a culture flask or 

petri dish. 3D culture models are prepared by growing cell lines in a concentrated media 

suspension, scaffolds, or gel-like substance without attaching to the culture dish surface 

[3.11]. The main reason for growing cells in 3D culture is, that they grow into spherical 

structures in which they form various cell layers. Both approaches have great advantages, 

but also certain limitations. 2D cultures are generally associated with simple and low-

cost maintenance of the cell culture and tests are easy to perform according to the 

available test-kit s and protocols. However, cells cultured in 2D do not mimic the actual 

behavior as they would in the natural environment of tissues or tumors. 3D cultured cells 

mimic the physical and biochemical features of a solid tumor mass and therefore allow 

for a more accurate estimate of the cellular topology, gene expression, signaling, and 

metabolism [3.11, 3.12]. The limitations of a 3D model are, that the required nutrients 

might not necessarily penetrate through the whole 3D scaffold, causing cell apoptosis in 

the center of the spheroid [3.11]. Kapałczyńska et al. have published a table that compares 

the main features of 2D and 3D culture methods (Table 3.1.). 
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Table 3. 1: Comparison of 2D and 3D cell culture methods [3.11]. 

Type of culture 2D 3D Ref. 

Time of culture 

formation 

Within minutes to a few 

hours 

From a few hours to a few 

days 

[3.13-

3.15] 

Culture quality High performance, 

reproducibility, long-term 

culture, easy to interpret, 

simplicity of culture 

Worse performance and 

reproducibility, difficult to 

interpret, cultures more 

difficult to carry out 

[3.12.] 

In vivo imitation Do not mimic the natural 

structure of the tissue or 

tumor mass 

 

In vivo tissues and organs 

are in 3D form 

[3.17.] 

Cell interactions Deprived of cell-cell and 

cell-extracellular 

environment interactions, 

no in vivo-like 

microenvironment and no 

“niches” 

Proper interactions of cell-

cell and cell-extracellular 

environment, environmental 

“niches” are created 

[3.18-

3.22] 

Characteristics of 

cells 

Changed morphology and 

way of divisions; loss of 

diverse phenotype and 

polarity 

Preserved morphology and 

way of divisions, diverse 

phenotype, and polarity 

[3.23-

3.29] 

Access to essential 

compounds 

Unlimited access to 

oxygen, nutrients, 

metabolites, and signaling 

molecules (in contrast to 

in vivo) 

Variable access to oxygen, 

nutrients, metabolites, and 

signaling molecules (same 

as in vivo) 

[3.30., 

3.31.] 

Molecular 

mechanisms 

Changes in gene 

expression, mRNA 

splicing, topology, and 

biochemistry of cells 

Expression of genes, 

splicing, topology, and 

biochemistry of cells as in 

vivo 

[3.32-

3.35.] 

Cost of maintaining 

a culture 

Cheap, commercially 

available tests and the 

media 

More expensive, more time-

consuming, fewer 

commercially available tests 

[3.36] 
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For this chapter two liver cancer cell lines, Huh-7 and HepaRG were used to analyze the 

cytotoxicity of PEG-coated iron oxide nanoparticles in 2D and 3D cultures. Huh-7 is a 

well-established cell line that originates from a liver tumor taken from a 57-year-old 

Japanese male. It presents a highly heterogeneous cell culture with adherence to the 

surface of flasks or plates within hours and is typically grown as a 2D monolayer. The 

HepaRG cell line is an original human liver cancer cell line that comprises liver cells and 

cholangiocyte-like cells, which transport bile through the biliary system in the liver 

(Figure 3.  1) [3.36.]. The biliary system describes a network of the gall bladder, the liver, 

and bile ducts that clear waste products from the liver into the duodenum and aid the 

digestion with the controlled release of bile [3.36.]. Bile is made of cholesterol and bile 

salts and is secreted by the liver to carry away waste and break down fats during digestion. 

[3.36.]. Following a well-validated differentiation protocol, HepaRG cells grow to a 

uniquely stable, highly differentiated hepatocyte-cholangiocyte, co-culture system, in 

which liver-specific functions, such as drug efflux transporters and albumin and urea 

synthesis, are maintained for several weeks at levels, comparable to those found in 

primary human hepatocytes [3.37-3.39.] 

In this chapter, the response of HepaRG liver cells to nanoparticles was examined by both 

methods (2D and 3D).  Culturing the cells in 2D gives the cells room to stretch out and 

expand over the free surrounding area before cell assays were performed to assess their 

viability and proliferation.  Furthermore, a wider spread of cells allows to analyze each 

part of the cell culture in more detail, e.g. cell morphology, viability as well as the 

nanoparticle settlement, internalization, and distribution within the cells [3.40].  The 3D 

cell culture was realized by culturing the HepaRG cells in a gel model that was modified 

to mimic a realistic liver environment.  
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Figure 3.  1: Fully differentiated HepaRG culture imaged on a light microscope under 10x 

fold magnification, showing islands of hepatocytes (A, light structures), cholangiocyte-like 

cells (B, dark patches), and bile canaliculi (arrows, small spherical holes). 

3.2.  Colorimetric cell assays 

Biochemical assays are analytical procedures that use various enzymatic or chemical 

activities within biological cells to detect, analyze and evaluate their behavior, response, 

and cellular processes.  They are routinely used to characterize aims and targets but also 

to understand biomolecular functions [3.40].  Two-color assays have been chosen to 

assess the cell viability and proliferation (PrestoBlue®, Invitrogen™) and cell activity 

(CellTiter-Glo® 3D Cell Viability Assay, Promega®) of the cultured cell lines Huh-7 

and HepaRG after nanoparticle exposure.   
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3.2.1. PrestoBlue® Cell Proliferation Assay 

Viable cells possess the ability to reduce resazurin within their intracellular fluid 

(Cytosol) to red-fluorescent resorufin.  The PrestoBlue® cell viability reagent targets that 

reducing environment to quantitatively measure cell proliferation and determines the 

relative viability of various reagents across many different cell types.  The assay is based 

on a resazurin solution with a cell-permeant compound that is blue in color and non-

fluorescent.  Once the reagent is added to the cells, the reducing environment of viable 

cells changes the color of the solvent to a highly fluorescent red.  The fluorescence can 

then be detected using fluorescence measurements, using the excitation (569 nm, green) 

and emission (586 nm, yellow) peaks for resorufin [Figure 3.  2].  Converting the 

fluorescent signal is proportional to the number of metabolically active cells, allowing 

for quantification of viable cells [3.40.]. 

 

Figure 3.  2: Fluorescent measurement of resorufin with excitation and emission peaks at 

569 nm and 586 nm.  The fluorescence signal is proportional to the number of 

metabolically active cells and therefore allows for quantitative measurements of the cell 

viability [3.40.]. 
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3.2.2. CellTiter-Glo® 3D Cell Viability Assay 

The CellTiter-Glo® 3D Cell Viability Assay is a method to determine the number of 

viable cells in 2D and 3D cultures.  It is based on the quantification of available adenosine 

triphosphate (ATP) after cell lysis.  ATP is the source of energy for most cellular 

processes.  The enzymatic removal of phosphate groups from ATP releases energy which 

is used by the cell in several metabolic processes as well as in the synthesis of 

macromolecules such as proteins.  If there is no energy needed the phosphate groups are 

added back to form ATP storing the generated energy for the next time it is required 

[3.41.].  Once the assay solution is added to the cell culture, the cells undergo cell lysis 

and release their ATP.  Luciferin, a light-emitting compound within the assay solution 

then reacts with the released ATP and generates a luminescent signal that can then be 

used to compare control cells to cells that have been treated with nanoparticles or other 

materials or substrates.  The signal is equivalent to the amount of ATP present and 

therefore proportional to the number of viable cells within the culture [3.42.]. 

 

3.3.  Techniques to evaluate cell viabilities after nanoparticle exposure 

Biochemical assays can be very invasive and can mostly be performed only once one the 

same cell culture.  Much preparation needs to be done to perform the assay and the cells 

can be severely damaged or useless for further experiments.  When looking for long-term 

effects after nanoparticle exposure, several cell cultures need to be cultured for each time 

point (e.g.  1 day, 3 days, and 7 days, in triplicate) and large amounts of nanoparticles are 

needed for exposure.  Furthermore, experiments showed that various biochemical assays 

interfere with iron oxide nanoparticles and can emit wrong or altered fluorescent, 

luminescent, and adsorption values [3.6.]. 

Non-invasive imaging techniques are a great alternative to avoid such errors and prevent 

wasting valuable resources as nanoparticles and biological samples when long-term 

studies are required.  Once the cells are cultured only a single dose of nanoparticles is 

required to analyze the short- and long-term effects on the cell line.  The same culture 

dish can be looked at and evaluated at any desired time point without harming or 

damaging the cells.  Non-invasive imaging gives more insight into the cell behavior, 

response, and cellular processes, without harming or denaturing the cell and possible 

particle interference.  The image capture acquisition times are reduced to a few seconds 

and give more insight into the cell culture's physiology than standard biochemical assays 

allow.  In addition, shorter capturing times allow following biochemical reactions and 

cell responses in live cells in real-time [3.43.].  The two following microscopes have been 
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used to analyze the particle distribution and cell penetration of fluorescent-tagged and 

polyethylene glycol coated iron oxide nanoparticles (Meiji TC-5600 Epifluorescence 

microscope) and to determine how much PEG-coated nanoparticles influence the cell 

viability and study the cell expression in their lipid droplet formation (coherent anti-

stokes Raman scattering, CARS). 

A Meiji TC-5600 Epifluorescence microscope was used to analyze HepaRG cells in 

2D culture.  The cells were exposed to iron oxide nanoparticles functionalized with the 

fluorescent dye rhodamine B isothiocyanate (RITC) and finally coated with polyethylene 

glycol (Fe3O4-PEG-RITC).  The PEGylation helped the nanoparticles to diffuse through 

the cell walls and distribute throughout the cell, while the RITC dye emitted a fluorescent 

signal that could be picked up on the fluorescence microscope.  This allowed capturing 

images of the cell penetration and particle distribution within the cell. 

Coherent Anti-Stokes Raman Scattering (CARS) is a minimally invasive and label-

free imaging technique where image contrast is inherently generated from the molecular 

vibrations of the chemical bonds.  Pulsed lasers excite molecular vibrations at various 

wavelengths and therefore make it possible to chemically select and image molecules 

within the cells (e.g. lipid droplets or organic functionalization on nanoparticle surfaces).  

This is especially useful as no fluorescent markers are needed that could affect or change 

the cells or nanoparticles surface and cause unwanted reactions.  The CARS system offers 

a highly sensitive and three-dimensional digital imaging system using a Raman 

spectroscopy signal level that has been enhanced by 4-6 orders of magnitude [3.44., 3.45].  

In general, the Stokes (1064 nm) and the pump (817 nm) beams are coupled and used to 

excite the Raman peak at the desired wavelength, e.g. at 2985 cm-1 (663 nm), 

corresponding to the CH2 stretch in lipid droplets.  Using this high magnitude, the image 

acquisition can be done within seconds enabling monitoring biochemical reactions and 

cell responses in liver cells in real-time.   

An alternative method to evaluate the cytotoxicity of iron oxide nanoparticles (other than 

microscopy) is by impedance-based measurements. The xCELLigence system by 

ACEA Biosciences Inc. presents an analytical system, where sensor electrode arrays are 

integrated into the cell culture plate, measuring the local ionic environment (charge). 

When cells attach to the culture dish the ionic strength is altered, leading to an increase 

in electrode impedance. Therefore, the more cells are attached to the electrodes, the larger 

the increase in electronic impedance.  This principle is depicted in Figure 3. 3. 
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Figure 3. 3: Schematic drawing of impedance-based measurements, where the number of 

attached cells on the sensor electrode arrays results in an alteration of the impedance 

value [3.42.]. 

 

3.4.  Experimental  

3.4.1.  Materials 

Magnetite iron oxide nanoparticles (Fe3O4) with an average diameter of 30 nm were 

supplied by Alfa Aesar.  2-[Methoxy (poly-ethyleneoxy)9-12 propyl]trimethoxysilane 

(PEG9-12-silane) and 3-aminopropyltriethoxy silane were purchased from Fluorochem, 

U.K.  Polyethylene glycol (BioUltra, Mw: 4000 g/mol and Mw: 400 g/mol), rhodamine B 

isothiocyanate (RITC) fluorescent dye and dimethyl sulfoxide (DMSO) were supplied 

from Sigma Aldrich, UK.  Anhydrous sodium carbonate (reagent grade) and the solvents 

toluene (reagent grade) and methylated spirit (industrial 74 O.P) were purchased from 

Fisher Scientific UK Ltd.  Toluene was dried using activated molecular sieves (type 4 Å, 

general-purpose grade, Fisher Scientific UK Ltd.) in a closed container for 24 hours.  

Phosphate buffered saline (Gibco™, PBS) was purchased from Thermofisher Scientific 

UK Ltd.  All chemicals were used as received without further purification.  All water 

used was deionized water.   
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3.4.2.  PEG coating of Fe3O4-MNPs using salinization (Fe3O4-PEG) 

To chemically graft polyethylene oxide chains onto iron oxide, 200 mg Fe3O4 MNPs were 

dispersed in 200 mL dry toluene (dried over activated 4Å molecular sieves) using 

sonication.  After 30 min, the suspension was degassed with N2 and mechanically stirred 

at 300 rpm for 45 min.  Then, 1 mL of 2- [methoxy (poly-ethyleneoxy)9-12 propyl] 

trimethoxysilane was injected into the reaction mixture, which was then heated up to 

110ºC.  The reaction mixture was kept under reflux with constant purging with N2 gas 

and was stirred at 300 rpm for 4 hours.  The resulting MNPs (Fe3O4-PEG) were then 

recovered using a rare earth NdFeB magnet and washed with ethanol (methylated spirit) 

at least 10 times to remove unreacted silane and toluene.  After drying at room 

temperature overnight, the nanoparticles were dried at 80ºC under vacuum for 4 h.  Figure 

3.  4 shows the general synthetic pathway of PEGylating iron oxide nanoparticles (Fe3O4) 

using organosilane.   

 

Figure 3.  4: Scheme illustrates the chemical grafting of 2- [methoxy (poly-ethyleneoxy)9-

12 propyl] trimethoxysilane (PEG-silane) onto the surface of iron oxide nanoparticles 

(Fe3O4). 

The PEG-coated and unfunctionalized MNP samples were characterized using Fourier-

transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and high-

resolution transmission electron microscopy (HRTEM).  The chemical nature of the PEG 

coating was identified using a Nicolet is5 FTIR spectrometer (Thermo Scientific), fitted 

with an iD7 ATR-Diamond (KBr).  A total of 16 scans per sample between the 

wavelengths 500cm-1
 and 4000 cm-1 generated the final spectra.  TGA for quantification 

of PEG coating was carried out using a TA Instrument STD600 thermobalance.  In a 

typical experiment, ca.  5 mg of sample was heated to 800ºC under flowing air (100 mL 

min-1) at a heating rate of 5°C min-1 and the sample was held isothermal for 60 min.  The 

normalized weight loss against an unfunctionalized MNP sample was used to quantify 

the amount of organic material (PEG) on the particle surface.  The nanoparticle 

morphology was captured using HRTEM.  For this purpose, an FEI Tecnai TF20 

microscope fitted with a field emission gun operating at 200 kV was used.  The samples 

were suspended in ethanol before being dispersed on holey carbon sample grids (Agar 

Scientific Ltd.).  The software ImageJ was used to measure the mean particle size. 
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3.4.3.  Synthesis of fluorescent Fe3O4-PEG MNPs (Fe3O4-PEG-RITC) 

Fluorescent iron oxide nanoparticles with PEG coating (Fe3O4-PEG-RITC) were 

synthesized by mixing a 95:5 ratio of polyethylene glycol (PEG, Mw: 400 g/mol, 38 mL) 

and 3-aminopropyl triethoxysilane (APTES, 2 mL) with 80 mg iron oxide MNPs.  The 

mixture was then stirred at 300 rpm for 18 hours, using a mechanical overhead stirrer 

(IKA Eurostar 20 digital).  This resulted in an MNP coating consisting of PEG and 

APTES silane groups.  The resulting PEG-APTES coated MNPs were collected by 

centrifugation using an Eppendorf miniSpin centrifuge at 12.000 rpm for 10 minutes.  

Unreacted residues of PEG and APTES were removed by washing the resulting pellet of 

Fe3O4-PEG-APTES nanoparticles at least 10 times with ethanol and 5 times with 

deionized water.  The amine groups in APTES were used as bonding sites for the 

fluorescent dye RITC (rhodamine B isothiocyanate).  Fe3O4-PEG-APTES nanoparticles 

(50 mg) were mixed with 1 mL 0.5M sodium carbonate buffer solution and 100 µL RITC 

(1 mg RITC in 1 mL DMSO).  The reaction mixture was covered in aluminum foil to 

prevent fluorescent bleaching and was well mixed on a rotator (Stuart rotator SB2) for 48 

hours.  The resultant nanoparticles (Fe3O4-PEG-RITC) were collected using a rare earth 

NdFeB magnet.  Unreacted RITC was removed by washing the nanoparticles at least 50 

times with phosphate-buffered saline (PBS) or until the supernatant did not show any 

residual fluorescence under UV light.  All Fe3O4-PEG-RITC nanoparticles were stored 

in PBS and sterilized using γ-radiation for 5 minutes using a shielded irradiator that 

contained around 120 TBq of cesium-137 and operated at 5 µSvh-1.  In the first step amino 

propyl (3-aminopropyl triethoxysilane, APTES) and polyethylene glycol (PEG, Mw:400 

g/mol) groups are grafted onto the iron oxide nanoparticles surface (salinization).  The 

second step binds the fluorescent dye rhodamine B isothiocyanate (RITC) with the amine 

groups within the APTES coating.  The resulting iron oxide nanoparticles are now PEG-

coated and possess a fluorescent dye that can be viewed and monitored in vitro. 
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3.4.4.  Culturing of Huh-7 breast cancer cells for cytotoxicity assays 

The human liver cell line Huh-7 was cultured and maintained in 89 % low-glucose 

Dulbecco’s Modified Eagles Medium (DMEM, Sigma-Aldrich) supplemented with 10 % 

fetal calf serum (FCS, GE Bioscience) and 1 % of a penicillin-streptomycin solution 

containing 10.000 units of penicillin and 10 mg streptomycin/mL (Sigma-Aldrich).  The 

cells were incubated at 37ºC in a 5 % CO2 atmosphere for 7 days before nanoparticle 

exposure.  All cultures were routinely screened for mycoplasma contamination.  The 

control cells were cultured in the absence of any nanoparticles.  When reaching 

confluency between 80-90 % the Huh-7 cells (passages 10-20) were seeded onto 96-well 

tissue culture plates (Costar, 3595) at a density of 3 × 103  cells per well.   

The cells were exposed for 1, 3, and 7 days to either unfunctionalized iron oxide 

nanoparticles (Fe3O4; Ø30 nm) or polyethylene-glycol coated nanoparticles (Fe3O4-PEG) 

at concentrations of 125, 250, 500, and 1000 µg/mL.  On the day of exposure, the 

nanoparticles were suspended in serum-free media (media without FCS or proteins), 

applied to culture dishes, and incubated for 24h.  After the incubation period, the media 

was changed back to the original culture and maintenance media (incl.  FCS).  Before the 

performance of any cell assays, the cells were washed three times with Hank’s Balanced 

Salt Solution (HBSS Ca2+/Mg2+) to remove any media and protein residuals that could 

interfere with the nanoparticle exposure.  The cell viability was assessed using two 

colorimetric cell assays.  The first assay evaluated the cell proliferation (PrestoBlue®, 

Fisher Scientific) and the second assay evaluated how active the cells were after 

nanoparticle exposure by quantification of available ATP after cell lysis (CellTiter Glo™, 

Promega).  The assays were performed according to protocol and three PBS washes were 

carried out in between the assays. 

 

3.4.5.  Culturing HepaRG liver cells 

To prepare the HepaRG cells for 2D experiments, the cells (HPR116-TA08; 

Cryopreserved HepaRG cells; Biopredic Int., Rennes, France) were cultured using 

specialized media and following the supplier’s protocols. Each medium was made up 

using William’s E Medium with GlutaMAX™ (Sigma Aldrich) as the basal medium and 

the appropriate additives (ADD).  For each culture, format indicated, HepaRG cells were 

seeded (day 0) at 2.4 × 105/cm2 initially in Thaw, Seed and General Purpose HepaRG® 

medium (GPS, ADD670) on either FluoroDish™ Cell Culture Dishes (35 mm, Fisher 

Scientific) or Corning 96-well tissue culture plates.  On day 3, the medium was changed 
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to HepaRGTM Maintenance and Metabolism Medium (MMM; ADD620) and cultured to 

confluence.  The medium was renewed every 2–3 days with fresh MMM.  On day 7, the 

cells were washed twice with Hank’s Balanced Salt Solution (HBSS Ca2+/Mg2+) to 

prepare them for nanoparticle exposure.   

A 3D culture was established by seeding and culturing HepaRG cells in a custom-

designed gel phantom using a HyStem®-HP Hydrogel Kit (ESI BIO).  The kit comprised 

of thiol-modified sodium hyaluronate with thiol-modified heparin (Heprasil®), thiol-

modified gelatin (Gelin-S®), polyethylene glycol diacrylate (PEGDA, Extralink®), and 

degassed deionized water.  The Heprasil and Gelin-S solutions form a transparent 

hydrogel when mixed with the Extralink solution.  A liver-like gel phantom was formed 

by altering the ratios of Heprasil®:Gelin-S®:Extralink® according to protocols in 

previous but unpublished experiments by Leonard J. Nelson at Institute for 

Bioengineering, University of Edinburgh.  The final gel phantom mimics a liver tissue 

sample not only through the added cell culture but also in its density and porosity.  In 

brief, 1 mL of degassed and deionized water was added to each sample vial of Heprasil® 

and Gelin-S® and placed horizontally on a roller for 40 minutes to dissolve the reactants.  

In the meantime, the HepaRG cells were removed from the liquid nitrogen tank, placed 

immediately on dry ice, and then held into a warm water bath (37ºC) for a maximum of 

two minutes to defrost.  The cell solution was then transferred into a 15 mL tube and 

mixed with 9 mL GPS media.  After dispersing the cells, the cell solution was centrifuged 

at 320 g relative centrifugal force (RCF) for three minutes at room temperature.  The 

dissolved Gelin-S® solution was then added to the Heprasil® solution and placed back 

on the roller.  At this point, 0.25 mL of degassed deionized water was added to the 

Extralink® vial and the content dissolved through several inversions.  Once all solutions 

were dissolved, the resulting supernatant from the cell solution was aspirated and the 

pellet dispersed in 10 mL of fresh GPS media.  The final concentration now contained 1 

million cells/ mL of which 1.3 mL were added to the Gelin-S® and Heprasil® mix.  The 

chemical linker (Extralink®) was then injected, and the whole solution was left to gelate 

for 20 minutes.  To nurture the cells overnight 1 mL GPS was added, which was then 

replaced by 1 mL MMM media on the following day.  The cells were cultured at 37ºC, 

5% CO2 for 7 days when the cells were terminally differentiated and hepatic, and the 

cholangiocyte co-culture was fully developed.   On the same day, the cells were washed 

twice with Hank’s Balanced Salt Solution (HBSS Ca2+/Mg2+) and prepared for 

nanoparticle exposure. 
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On the day of exposure, both cell culture setups (2D and 3D) were treated with various 

dosages of unfunctionalized (Fe3O4) and polyethylene glycol coated iron oxide 

nanoparticles (Fe3O4-PEG).  2D cultures were exposed to 125, 250, 500, and 1000 µg/mL 

nanoparticles with exposure times of 1 – 7 days.  3D cultures were exposed to 50 µg/mL 

of unfunctionalized Fe3O4 and Fe3O4-PEG for 24 hours.   

 

3.4.6.  Colorimetric cell assays 

All biochemical assays, including preparation, performing and evaluation of the assay, 

were carried out according to protocol and normalized to unexposed negative and lysed 

positive controls.  Each experiment was performed in triplicate and three PBS washes 

were carried out before each assay.  The order of performance was of importance, as 

some assays do not harm the cell culture and allow for further experiments and analysis, 

while others are so-called endpoint assays, where full cell lysis is required.  For this 

analysis, we used two assays, PrestoBlue® and CellTiter-Glo®.  PrestoBlue® solely 

reacts with dead cells or has a damaged cell wall.  CellTiter-Glo® is a chemical endpoint 

assay and required full lyses of the cell culture for ATP quantification.  The results of 

those assays determine the number of viable cells in culture, based on their metabolic 

activity.   

 

PrestoBlue® 

PrestoBlue® was prepared as a 10 % solution in a 3M culture medium.  For a 96-well 

plate with a total volume of 100 µL/plate, the reagent consisted of 90 µL cell and 3M 

media (9.0 × 103 cells/well) with 10 µL PrestoBlue® Reagent.  After incubation at 37ºC 

and under 5 % CO2 atmosphere for 30 minutes the mixed solution was transferred to a 

white wall, clear bottom Corning 96-well tissue culture plate.  The fluorescence was then 

measured at 570 nm with a reference wavelength for normalization at 600 nm.  To 

evaluate the results, the fluorescence values of no-cell control wells were subtracted from 

the fluorescence values of each experimental well.  To reduce any fluorescence caused 

by the nanoparticles, nanoparticles in 3M media only were measured and any occurring 

value was subtracted from each experimental well. 
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CellTiter-Glo® 3D Cell Viability Assay 

The CellTiter-Glo® 3D Reagent was thawed at 4ºC overnight and equilibrated to room 

temperature by placing the reagent for approximately 30 minutes in a 22ºC water bath 

before use.  The cells were washed again three times with PBS, and a volume of CellTiter-

Glo® 3D Cell Reagent equal to the volume of cell culture medium was added to each 

well.  For instance, a 96-well plate containing 100 µL CellTiter-Glo® Reagent was mixed 

with a 100 µL cell culture medium containing cells.  Once the reagent was added, the 

culture plate was incubated at room temperature for 25 minutes to stabilize the 

luminescent signal and was then read on a microplate reader. 

 

3.2.7.  Techniques to evaluate cell viabilities after nanoparticle exposure 

Meiji Techno TC-5600 

2D cultures were established by seeding HepaRG cells onto FluoroDish™ Cell Culture 

Dishes (35mm, Fisher Scientific) at a density of 2.4 x 104 cells per dish and cultured for 

7 days.  3D samples comprised of culturing HepaRG cells in a vial containing the 

HyStem®-HP Hydrogel and changing the 3M media every 2 days.  On day 7, the 2D and 

3D samples were exposed to 10 µg Fe3O4 nanoparticles.  These nanoparticles were 

functionalized with the fluorescent dye rhodamine B isothiocyanate (RITC, Sigma 

Aldrich) and coated with polyethylene glycol (Fe3O4- PEG- RITC).  The exposures were 

performed in serum-free media, where the media was changed back to the original 3M 

culture and maintenance media after 24 hours.  Phase-contrast images were captured, 

using an inverted halogen/mercury epifluorescence microscope (Meiji Techno, TC-

5600). Images were captured using an Andor ZYLA 5.5 MP camera combined with the 

Andor SOLIS software (Oxford Instruments) to highlight the fluorescent tag on the 

magnetic nanoparticles.  The optical evaluation software ImageJ was used to highlight 

fluorescent nanoparticles using false color imaging. 
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CARS 

CARS images were acquired using a custom-built multi‐modal multiphoton microscope 

[3.43.].  The system used consisted of a mode‐locked ND:YVO4 pump laser (PicoTrain, 

HighQ/ Spectra Physics) emitting 7ps pulses at 1064 nm.  Part of the output beam was 

frequency-doubled to 532nm which was used to synchronously pump an optical 

parametric oscillator (OPO) (Levante Emerald, APE) generating a tunable output 

between 700-1000 nm.  To match the CH2 vibration of lipids at 2485cm-1, the OPO was 

tuned to 817 nm to provide the pump beam, and the 1064 nm output was used as a stokes 

beam.  The two beams were coupled into an inverted microscope (Eclipse TE2000U, 

Nikon) with a modified Nikon ‘C1’ scan head.  Both beams were overlapped spatially 

and temporally onto the sample using a 25×/1.05 NA water‐immersion objective lens 

(Olympus).  All images were acquired with 125 mW (817 nm) and 85 mW (1064 nm) of 

excitation power at the sample plane.  The forward directed CARS signal was collected 

using a 0.7 N.A condenser lens (Nikon) and fiber-coupled to a photomultiplier tube unit.  

The CARS signal was separated from the excitation beams using 700 nm and 785 nm 

short pass filters and a 660/13 nm band pass filter.  Images were acquired with an 

exposure time of 64µs and averaged 3 times over 5 regions per sample.  A schematic 

diagram of the multi-modal multiphoton microscope is presented in Figure 3.  5. 

 

 

Figure 3.  5: Schematic diagram of the multi-modal multiphoton microscope setup.  M, 

Mirror; DM, dichroic mirror; GM, Galvano mirrors; O, objective; S, sample; C, 

condenser; SPF, short pass filters set; L, focusing lens; MF, multimodal optical fibre 

[3.43.]. 
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The number and size distribution of accumulated lipids were analyzed using the Spot 

Detector plugin for ICY, an open-access image analysis platform [3.46.].  The image 

analysis protocol operates by first thresholding the images to detect cell colonies in the 

image field of view.  The area of the detected region of interest was then measured using 

the ROI statistics tool.  The number of droplets within these defined ROIs was calculated 

by detecting bright spots over a dark background, using the undecimated wavelet 

transform detector.   The results were manually checked for false positives and negatives 

and corrected accordingly.  The number of lipid droplets per area of cell clusters was 

finally identified to compare between samples. 

 

Transmission electron microscopy (TEM) 

24 hours after exposing HepaRG cells to Fe3O4 nanoparticles the samples were fixed in 

3 % glutaraldehyde in 0.1M sodium cacodylate buffer, pH 7.3, for 2 hours then washed 

in three 10- minute changes of 0.1M sodium cacodylate.  Specimens were then post-fixed 

in 1 % osmium tetroxide in 0.1M sodium cacodylate for 45 minutes, then washed in three 

10-minute changes of 0.1M sodium cacodylate buffer.  These samples were then 

dehydrated in 50 %, 70 %, 90 %, and 100 % ethanol (X3) for 15 minutes each, then in 

two 10-minute changes in propylene oxide.  Samples were then embedded in TAAB 812 

resin.  Sections, 1μm thick were cut on a Leica Ultracut ultramicrotome, stained with 

toluidine blue, and viewed in a light microscope to select suitable areas for investigation.  

Ultrathin sections, 60nm thick were cut from selected areas, stained in uranyl acetate and 

lead citrate then viewed in a JEOL JEM-1400 Plus TEM operated at 80kV to analyze 

particle distribution and cell adsorption.   Representative images were collected on a 

GATAN OneView camera. 

 

Impedance measurement (xCELLigence) 

 The cell viability was measured in real-time using the impedance-based xCELLigence 

system.  HepaRG cells were seeded onto three 16 well plates at a density of 9.0 × 103 

cells per well.  The plates contained golden electrodes through which the electric current 

was measured continuously for 2 weeks.  Once the cells were seeded the plates were 

connected to the xCELLigence system which was always kept in an incubator (37ºC and 

under 5 % CO2 atmosphere).  After culturing the cells for seven days, with a general-

purpose culture medium (GPS) the cells were fully differentiated and ready for 
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nanoparticle exposure.  On day 7, the cells were exposed to 125, 250, 500, and 1000 

µg/mL of unfunctionalized and PEG-coated iron oxide nanoparticles in serum-free 

media.  The impedance was measured for another 7 days while keeping the plates in an 

incubator and frequent media changes every two days. 

 

3.5.  Results and discussion 

3.5.1.  Characterization of PEG-coated Fe3O4 MNPs 

PEG-coated Fe3O4 MNPs were fully characterized using Fourier-Transform Infrared 

Spectroscopy (FTIR), Thermogravimetric Analysis (TGA), and Transmission Electron 

Microscopy (TEM).   

 

A successful polyethylene glycol functionalization (PEGylation) on the MNP surface was 

shown by comparing uncoated Fe3O4 nanoparticles with functionalized MNPs.  The FTIR 

spectra of PEG-coated samples showed that the PEG coating on the nanoparticle surface 

had identical peaks of pure PEG-400 and PEG-4000 (Figure 3.  7).  The characteristic 

peaks of the PEG repeating units (Figure 3.  6) occur at 1070, 1340, 1450, and 2860 cm-

1.  The -C-O-C- band shows at 1070 cm-1, whereas the three other peaks at 1350, 1470 

and 2869 cm-1 can be related to the carbon-hydrogen (-CH) bending (1350 and 1470 cm-

1) and stretching (2869 cm-1) modes of the polymer (Figure 3.  8).  These peaks were 

matched with spectra of the PEG-coated MNP samples, whereas the -CH peaks occurred 

at 1470, 1350, and 2869 cm-1.  However, the strong Si-O band from the organosilane (2- 

[methoxy (poly-ethyleneoxy)9-12 propyl] trimethoxysilane) overlaps the -C-O-C- band at 

1107 cm-1.  Figure 3.  8 shows a comparison of unfunctionalized Fe3O4 nanoparticles 

with PEG-coated MNP samples and their characteristic bonds. 

 

 

Figure 3.  6: Repeating unit of polyethylene glycol, showing the -O-C-C- group which will 

form -C-O-C- and -CH- chains within the polymer. 
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Figure 3.  7: FTIR spectra of polyethylene glycol Mw: 400 Da and Mw: 4000 Da, showing 

characteristic peaks for the repeating units of PEG (-C-O-C- at 1090 cm-1  and -CH at 

1340, 1460, and 2860 cm-1). 

 

Figure 3.  8: Comparison of FTIR spectra of unfunctionalized and PEG-coated Fe3O4 

nanoparticles.  The PEG functionalization by silanization can be seen in the peaks of the 

Si-O group (1106 cm-1) and -CH chains (1350, 1470, and 2869 cm-1). 

To quantify the amount of polyethylene glycol that has been bound onto the nanoparticle 

surface the PEG-coated samples were analyzed by thermogravimetric analysis (TGA).  

The resulting weight loss profiles allow a comparison of organic content that is burned 

over time and a temperature range up to 800ºC.   

A typical thermogravimetric profile for a PEG-coated sample consisted of 3 major steps.  

The loss of residual solvents causes the first weight loss from around 50 to 200ºC.  The 
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second step between 200-800ºC represents the loss of organic matter (PEG) on the MNP 

surface, which is then followed by the further combustion of the residuals in step three.  

The data range that has been considered in the weight loss evaluation is indicated by the 

dotted lines and any weight loss is related to the maximal temperature at 800ºC.  The 

TGA weight loss profile of PEG-coated Fe3O4 nanoparticles in Figure 3.  9 shows a 

significant weight loss between 140 and 350ºC.  This weight loss represents the amount 

of bound polyethylene glycol on the MNP surface that is being burnt off.  The remaining 

weight percentage resembles the inorganic and therefore oxidized iron oxide residue (γ-

Fe2O3).  In comparison to the reference weight loss of unfunctionalized Fe3O4, the weight 

loss of the PEG-coated sample equals a total bound organic content of 3 %.  This 

quantification indicates a successful PEG-coating on the Fe3O4 nanoparticle surface. 

 

Figure 3.  9: TGA - weight loss profiles of unfunctionalized and PEG-coated iron oxide 

(Fe3O4).  Due to the polymer coating being burnt the comparison shows a significant 

weight loss between 140 and 350ºC in the PEG-coated samples. All tested samples showed 

a significant weight loss in comparison to the unfunctionalized nanoparticles. This is in 

direct proportion to the amount of polyethylene glycol on the surface and how long the 

functionalization was allowed to run. 

TEM images of PEG-silane9-12 functionalized Fe3O4 MNPs were taken to determine the 

average particle size and their possible affection by the surface functionalization.  

Additionally, the TEM images allowed to determine the size distribution and shape of 

MNPs.  The optical evaluation software ImageJ was used to manually measure the mean 

particle size (Figure 3.  10, a). 
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The results showed an average size of 30 ± 1 nm in diameter, calculated from a total of 

423 labeled nanoparticles (Figure 3.  10, b).  Originating from a mean nanoparticle's size 

of the commercially available Fe3O4 nanoparticles of 25-30 ± 1 nm, it can be said that the 

silanization with PEG-silane9-12 did not cause any significant changes in the particle size 

or affected their homogeneity. 

 

 

3.5.2.  Colorimetric cell assays  

Two cell assays were performed to determine the cell viability of Huh-7 and HepaRG 

cells after being exposed to unfunctionalized and PEG-coated Fe3O4 nanoparticles. The 

experiments were repeated in triplicates and a 95% confidence interval for data analysis 

(p-value < 0.05) was used to establish statistically significant results. 

Starting with the PrestoBlue® cell viability assay, Huh-7 liver cancer cells were exposed 

to 4 different concentrations of unfunctionalized and PEG-coated Fe3O4 nanoparticles 

(125, 250, 500, and 1000 µg/mL).  On days 1, 3, and 7 the cells were assayed using a 

PrestoBlue® cell viability assay.  The results are shown in Figure 3.  11, where the cell 

graph suggests overall decreasing cell viability across the four concentrations of 

unfunctionalized iron oxide samples.  Comparing that trend with the cell viability after 

being exposed to PEG-coated nanoparticles, the graph remained almost constant for 7 

days.  This confirms that the PEG coating made the iron oxide nanoparticle more 

biocompatible, decreased the cell stress during internalization, and therefore no 

significant cytotoxic effects on the cell culture. 

a) b) 

Figure 3.  10: (a) HRTEM microgram showing PEGylated iron oxide nanoparticles 

(PEG9-12-MNPs) with an average nanoparticles size of 30±1 nm and (b) their particle size 

distribution calculated from 423 cells using ImageJ. 

d = 30±1 nm 
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Figure 3.  11: Cell viability of Huh-7 breast cancer cells after exposure to 125, 250, 500, 

and 1000 µg/mL of unfunctionalized and PEG-coated Fe3O4 nanoparticles (p<0.05).  

Determined by PrestoBlue® Cell Viability Assay on day 1, 3, and 7 after exposure on day 

0. 

 

HepaRG cells were exposed to 4 different concentrations (125, 250, 500, and 1000 

µg/mL) of unfunctionalized and PEG-coated Fe3O4 nanoparticles for 24 hours.  The 

results depicted in Figure 3.  12, show that an increasing particle dose decreases cell 

viability.  

The growing difference in cell viability between the unfunctionalized and coated samples 

suggests, that the higher the concentration of each sample, the higher is the difference in 

cell viability.  With a difference of 8 % at a nanoparticle dose of 125 µg/mL and a 

difference of 60 % at 1000 µg/mL, it can be said that functionalization with polyethylene 

glycol reduces the negative effect on cells and decreases cell death.   
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Figure 3.  12: Cell viability of HepaRG cells assayed by the PrestoBlue® cell viability 

assay.  The cells were exposed to four doses (125, 250, 500, and 1000 µg/mL) of 

unfunctionalized and polyethylene glycol coated Fe3O4 nanoparticles for 24 hours 

(p<0.05). 

 

The CellTiter-Glo® 3D Cell Viability Assay was used to further test the cell viability of 

Huh-7 cells after nanoparticle exposure.  Similar to the results of the PrestoBlue® cell 

viability assay, the results depicted in Figure 3.  13, Figure 3.  13 suggest similar 

decreasing viability for the unfunctionalized samples across all concentrations and over 

the whole exposure time of 1-7 days.  The cell viability after being exposed to PEGylated 

samples remained almost constant and suggested no significant effect on cell health. 
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Figure 3.  13: Cell viability of Huh-7 breast cancer cells after being exposed to four 

concentrations (125, 250, 500, and 1000 µg/mL) of unfunctionalized and PEG-coated 

Fe3O4 nanoparticles (p<0.05).  The cell viability was determined by performing a 

CellTiter-Glo® 3D Cell Viability Assay on days 1, 3, and 7 after exposure on day 0. 

 

Additional to the other cell lines HepaRG liver cells were exposed to the same 

concentrations of unfunctionalized and PEG-coated nanoparticles and analyzed by the 

cell viability test CellTiter-Glo.  The results are shown in Figure 3.  14 and showed that 

similar to the previous cell lines the PEG-coated samples had less effect on the cell 

viability of the MCF-7 cell culture than the unfunctionalized Fe3O4 nanoparticle samples.   
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Figure 3.  14: Results of HepaRG cells after 24h exposure to 125, 250, 500 and 1000 

µg/mL of unfunctionalized and polyethylene glycol coated Fe3O4 nanoparticles, using the 

CellTiter-Glo® cell viability assay (p<0.05). 

 

A dropping cell viability after 250 µg of unfunctionalized Fe3O4 nanoparticles, however, 

was unexpected.  It was found that a general dose-response experiment involving Fe3O4 

iron oxide nanoparticles generally tends to show irregular behavior, especially at high 

dosages (>250 µg).  Such behavior is often found in relation to when the emitted light 

signal (fluorescence, luminescence, etc.) is obstructed by the material.  Data presented by 

Hoskins et al. strongly suggested that the interpretation of cell viabilities, using common 

commercial assays, can be affected by the nanoparticles.  Depending on dosage and 

particle sizes, the light signal is changed to a signal that does not reflect the actual result 

(cell proliferation, cell viability, etc.).  This makes any results gathered by colorimetric 

assays inaccurate and unreliable and therefore unusable.  It is highly recommended to use 

different analytical approaches to determine cell reactions of any kind to the exposure of 

nanoparticles, such as impedance measurements or CARS [3.6.]. 
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3.5.3.  Alternative techniques to monitor cell viability after nanoparticle exposure 

Two major issues of colorimetric assays are 1.  the generation of false results when used 

in combination with light-absorbing materials such as iron oxide and 2.  the requirement 

of partial or full cell lysis (cell death) for accurate results [3.6.].  To circumvent this, three 

alternative imaging methods were tested to determine the cell reaction to nanoparticle 

exposure; epifluorescence imaging (Meiji Techno TC-5600) for general cell penetration 

studies, Coherent Anti-Stokes Raman Scattering (CARS) to image the cell reaction in 

expressed lipid droplets and impedance measurement (xCELLigence) to determine the 

cell viability.  All results suggest increased cell viability and cell acceptance towards 

PEG-coated iron oxide nanoparticles.   

 

Fluorescence imaging 

The fluorescence of RITC functionalized Fe3O4 was measured using a Meiji Techno TC-

5600 microscope.  The results were compared to a control dish without any nanoparticles 

(Figure 3.  15) and are displayed in Figure 3.  16 and Figure 3.  17.  The difference can 

be seen in the debris of nanoparticles that have spread over the whole HepaRG culture 

dish (2D).  Particle agglomerations in and around the cells prove that the nanoparticles 

not only penetrate the cell surface but are also ingested by the cells through endocytosis, 

thus suggesting good biocompatibility and cell viability. Allowing nanoparticles to 

penetrate through the cell membrane and disperse within the cell is essential for an 

effective particle delivery and therefore the potential drug that might be carried on the 

surface of the nanoparticles. 

HepaRG cell cultures seeded into a HyStem®-HP Hydrogel showed similar results to the 

2D culture.  However, the 3D culture showed a limited amount of PEG-RITC 

functionalized nanoparticles, as no mechanism helps them to fully diffuse through the 

liver-gel model (Figure 3.  17).  Therefore, most of the particle dose remained on the gel 

surface.  Images of the 3D model showed nanoparticle internalization identified by the 

fluorescent tags on the nanoparticle surface (Figure 3.  18).  However, one of the main 

issues using a 3D model is that there is no cell or enzymatic activity present, which could 

support the diffusion of liquids and nanoparticles through the gel phantom.  This in return 

only allows performing experiments and assays on the surface of the gel.  For this reason, 

any following biochemical assays and imaging techniques were performed in 2D culture. 

 



84 | P a g e  
 

 

Figure 3.  15: Control image of HepaRG cells on a 2D cell culture dish (large structures), 

cultured at 37ºC in 5 % CO2 atmosphere for 7 days before nanoparticle exposure. 

 

 

Figure 3.  16: False-color images of HepaRG cells exposed to Fe3O4 functionalized with 

PEG and the fluorescent dye RITC (bright red spots) after 24 hours in 2D cell culture. The 

images show a higher occurrence of nanoparticles in and around the cells, suggesting a 

successful internalization by the cells. 
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Figure 3.  17: Control image of HepaRG cells in 3D cell culture (spherical spots) 

highlighting the cell culture droplets within the gel matrix (arrows). 

 

 

Figure 3.  18: False-color images of 3D HepaRG cell cultures (arrows) exposed to 10 µg 

Fe3O4 functionalized with PEG and RITC (bright red) for 24 hours., displaying the 

internalization of nanoparticles into the 3D cell culture.  Bright red spots are detected in 

the 3D cultures, suggesting a successful penetration of the MNPs (arrows). 
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Coherent Anti-Stokes (CARS) 

Following the analysis of lipid droplet accumulation in live HepaRG cells, PEG-coated 

MNPs showed the least amount of lipid droplets in comparison to unfunctionalized Fe3O4 

nanoparticles. The CARS system was tuned to a wavelength of 2985 cm-1 to only 

highlight lipid droplets and their aggregates in the cell cultures. Both samples were 

compared to the control samples after an incubation period of 24 hours (Figure 3.  19, a).  

While it is normal for the control cells to form small lipid droplets (300-800 nm diameter) 

for metabolic energy and other bodily functions, it was noticeable that the size 

distribution of lipid droplets changed after the exposure to unfunctionalized and PEG-

coated MNPs (Figure 3.  20).  Within the focus area of 100 µm, PEG-coated MNPs 

induced larger lipid droplets with diameters larger than 2 µm, than unfunctionalized 

Fe3O4 nanoparticles with averages below 1 µm.  This could be due to several factors that 

stimulate the intracellular metabolism into an overexpression of lipids by affecting the 

lipogenesis, the esterification, and down-regulation of free fatty acids or the expression 

of proteins involved in the retention of lipids [3.47.].  It can also be seen that the lipids 

induced by PEG-coated Fe3O4 nanoparticles spread wider across the cells than the 

unfunctionalized samples.  This again, not only confirms the stimulated cell metabolism 

but also that the nanoparticles can penetrate deeper into the cell culture than the 

unfunctionalized samples.  Even though the lipid droplet sizes increased, a reduced 

amount of lipid droplets generally suggest that the nanoparticle exposure with PEG-

coated iron oxide did not induce as much cellular stress as the unfunctionalized Fe3O4 

samples.   
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Figure 3.  19: The CARS system was tuned to a wavelength of 2985 cm-1 to highlight the 

lipid droplets in control cells (a), showing enhanced lipid expression after exposure to 

unfunctionalized iron oxide (b), but no visible increase of lipid droplet numbers for the 

PEG-coated samples (c).  The arrows point out the occurring lipid droplets. 

50 µm 

50 µm 

50 µm 
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Figure 3.  20: Analysis of lipid distribution in 2D HepaRG cultures after 24h exposure 

with 50 µg of magnetic iron oxide (Fe3O4) nanoparticles.  The number of lipid droplets 

were detected per 100µm2 over 5 regions of interest on each sample (left) and the size 

distribution of droplets displayed with (n=1) on the right. 

 

TEM imaging 

The cell samples of iron oxide exposed HepaRG cells were also analyzed by 

Transmission Emission Microscopy (TEM) to determine the particle diffusion and 

distribution within the cell samples (Figure 3.  21).  The TEM images show the cell 

culture (grey) with the internalized iron oxide nanoparticles (black).  The nanoparticles 

are internalized by phagocytosis, where the particles undergo the natural process of solid 

intake (attachment, engulfment, and fission) and are then stored in vacuoles (light circles 

within the cell), a space within the cell that is filled with enzymes and other fluids, 

performing functions such as storage, ingestion, digestion, excretion and expulsion of 

excess water [3.48.]. 

The results show clear differences between unfunctionalized (Figure 3.  21, a) and PEG-

coated (Figure 3.  21, b) nanoparticles, compared to the control (Figure 3.  21, c).  The 

unfunctionalized nanoparticles tend to agglomerate in a much shorter time than PEG-

coated samples.  Even though both nanoparticles showed deep cell penetration and 

distribution within the cell, unfunctionalized Fe3O4 nanoparticles appear to agglomerate 

much denser than their polyethylene glycol functionalized counterpart.  This can be seen 

when comparing the magnifications (red boxes) of Figure 3.  21, a with that of Figure 3.  

21, b.  The PEGylation prevented the nanoparticles from agglomerating as dense as 

unfunctionalized MNPs, confirming that the coating supports the nanoparticles to 

maintain their sizes.  Therefore, and extended particle distribution within the cell sample 
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is ensured, as smaller nanoparticles penetrate deeper into the cell and spread further 

without getting retained by membranes or intracellular activities.  A wider spread of 

nanoparticles means that the nanoparticles diffuse further than unfunctionalized 

nanoparticles, increases the imaging area, and show more detail through extended particle 

distribution within the cell and their high contrast. This allows for highly detailed pictures 

and clearer differentiation from their surrounding tissue.   
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Figure 3.  21: TEM images of HepaRG cells (grey) and their uptake of unfunctionalized 

(a) and polyethylene glycol coated Fe3O4 nanoparticles (b).  Highlighted are the areas of 

interest, where the nanoparticles (black dots) have successfully been engulfed by the 

HepaRG cells and are stored in vacuoles (light grey circles).  Unexposed control cells are 

depicted in picture (c), where the nucleus (large circle) takes up most of the space and is 

surrounded by various vacuoles (dark spots). 
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Impedance measurements using the xCELLigence system 

Impedance measurements using the xCELLigence equipment over 14 days were recorded 

to analyze the cell response to three concentrations (250, 500, and 1000 µg/mL) of 

unfunctionalized Fe3O4  nanoparticles (Figure 3.  22), PEG-coated Fe3O4  nanoparticles 

(Figure 3.  23) and Co3O4  nanoparticles as negative sample (Figure 3.  24).  Each 

experiment underwent the same setup, where seeding the HepaRG cells caused the initial 

high impedance measurement (high cell viability) as none of the cells have now attached 

and a high current flowed through the cell plates.  The results shown are the averaged 

values generated automatically by the system, based on three simultaneous measurements 

of the triplicates.  Over the next 7 days, the cells are attaching to the cell plate and start 

growing, causing the impedance to drop and then rise again.  The impedance peaks (▼) 

occur due to media changes every two days, where the plates are disconnected from the 

system and reattached, as the system requires a few moments to adjust to the actual cell 

viability again.  After 7 days the HepaRG cells are fully differentiated (fully grown) and 

exposed to the three concentrations of nanoparticles (★).  The exposure was done in 

serum-free media (culture medium without fetal bovine serum (FBS), as protein can react 

with the nanoparticle surfaces and therefore alter the results [3.49.].  A constant decrease 

in cell viability can be seen 24 hours after the exposure, as the media did not contain FBS 

in the following two media changes.  The steady decline of cell viability after the 

following media change (▼) is caused by the lack of FBS in the culture medium, which 

functions as the food source for the cultured cells.  Each media change causes a peak, as 

the system needs to be paused and reactivated between the changes.  The system 

immediately starts measuring after reactivation and needs a minute to adjust the actual 

cell viability.  This is visible through the sharp jump after reactivation and the amount of 

measuring points thereafter (Error! Reference source not found., c). 
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Figure 3.  22: xCELLigence reading over 14 days (350 h), where HepaRG cells were 

exposed to three concentrations of unfunctionalized Fe3O4 nanoparticles (★) on day 7.  

All other peaks resemble media changes (▼).   
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Figure 3.  23: xCELLigence reading over 14 days (350 h), where HepaRG cells were 

exposed to three concentrations of PEG-coated Fe3O4 nanoparticles (★) on day 7.  All 

other peaks resemble media changes (▼). 
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Figure 3.  24: xCELLigence reading over 14 days (350 h), where HepaRG cells were 

exposed to three concentrations of Co3O4 nanoparticles (★) on day 7.  All other peaks 

resemble media changes (▼). 
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Comparing the effects of unfunctionalized and PEG-coated Fe3O4 nanoparticles on 

HepaRG cells showed a clear difference in cell viability (Error! Reference source not 

found.).  The unfunctionalized Fe3O4 samples showed to affect the cell viability more 

than the PEG-coated nanoparticles (Error! Reference source not found., a), which 

generally presented more consistent cell viability throughout the experiment (Error! 

Reference source not found., b).  Around 5 hours after nanoparticle exposure (★) in 

serum-free media (culture medium without fetal bovine serum (FBS) unfunctionalized 

iron oxide the cell viability of the HepaRG culture started to show a continuous decline 

(Error! Reference source not found., a).  Almost the opposite happened with the PEG-

coated samples of iron oxide (Error! Reference source not found., b), where the cell 

viability is stimulated within the first 5 hours and then plateaued without any further 

effects.  This is due to the polyethylene coating which is known to reduce cell stress 

through reactive oxygen species (ROS) as the cell does not recognize the nanoparticles 

as foreign bodies [3.50.].   

 

 

Figure 3.  25: Extract of xCELLigence a) unfunctionalized and b) PEGylated 

nanoparticle exposure to HepaRG cells, highlighting the time complete nanoparticle 

exposure time of 24 hours. Shown are the viabilities of the control (purple)and after 

exposure to 50 (red), 100 (green), 200 µg/mL (blue) of each sample. Shown in figure c) 

is the initial adjustment to the actual cell viability after reconnecting the cell culture plate 

to the impedance measurement system. 

Comparing the three samples (unfunctionalized Fe3O4, PEG-coated Fe3O4, and 

unfunctionalized Co3O4) by the three concentrations of 250 µg (Figure 3.  26), 500 µg 

(Figure 3.  27) and 1000 µg/mL (Figure 3.  28), the PEGylates samples showed the highest 

cell viability across all concentrations.  Constant cell viability after the exposure with 

a) b) c) 
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PEGylated nanoparticles, suggests that the polyethylene coating did indeed reduce cell 

stress and ultimately cell death.  The unfunctionalized Fe3O4 samples showed lower cell 

viability than the Co3O4 samples in the beginning, but the cell viability remained constant 

thereafter at any concentration.  While the Co3O4 nanoparticles did not cause the cell 

viability to drop immediately, a constant decrease was observed over the exposure time 

of 24 hours.  It is notable that the initial cell viability, after exposure to 1000 µg/mL of 

unfunctionalized Fe3O4, showed a substantial drop within the first 2 hours and then 

remained constant throughout the rest of the exposure time. This could be the cell's 

response to iron-mediated toxicity, induced by the high concentration of free radicals. 

Free radicals are generated by interconverting between ferrous (Fe2+) and ferric (Fe3+) 

forms [1.51]. However, this needs further investigation and can be covered in the future 

work of this project. 

 

 

Figure 3.  26: Extract of xCELLigence reading of HepaRG cells after exposure to 50 µg 

of unfunctionalized Fe3O4, unfunctionalized Co3O4, and PEG-coated Fe3O4 nanoparticles.  

Both peaks show media changes, where only the first one included a dose of nanoparticles 

and therefore represents the nanoparticle exposure. The cell viability after exposure to 

PEGylated and unfunctionalized nanoparticles remained stable, while toxic Co3O4 

nanoparticles induced a constant decrease within 24 hours. 
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Figure 3.  27: Extract of xCELLigence reading of HepaRG cells after exposure to 100 µg 

of unfunctionalized Fe3O4, unfunctionalized Co3O4, and PEG-coated Fe3O4 nanoparticles.  

Both peaks show media changes, where only the first one included a dose of nanoparticles 

and therefore represents the nanoparticle exposure.  The cell viability after exposure to 

PEGylated and unfunctionalized nanoparticles remained stable, while toxic Co3O4 

nanoparticles induced a constant decrease within 24 hours. 

 

Figure 3.  28: Extract of xCELLigence reading of HepaRG cells after exposure to 1000 

µg/mL of unfunctionalized Fe3O4, unfunctionalized Co3O4, and PEG-coated Fe3O4 

nanoparticles.  Both peaks show media changes, where only the first one included 

nanoparticles and therefore represents the nanoparticle exposure.  The cell viability after 

exposure to PEGylated and unfunctionalized nanoparticles remained stable, while toxic 

Co3O4 nanoparticles induced a constant decrease within 24 hours.  
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3.6.  Conclusion and future work 

Since the liver is one the most important organs for blood purification, detoxification of 

chemicals, and metabolization of drugs, studying the effects of nanoparticles on liver cells 

is crucial to understand how the liver and especially liver cells behave after exposure to 

Fe3O4 iron oxide nanoparticles.  Even though colorimetric assays such as CellTiter-Glo 

and PrestoBlue have been established as valuable cell assays all over the world, some 

restrictions, such as the absorption of light, can alter the data and produce inaccurate results 

and estimates.  By analyzing the liver functions and the cell response in 2D and 3D cultures 

an accurate estimation of the toxicity of nanoparticles can be made.  The results suggest 

that impedance-based measurements (xCELLigence system) and Coherent Anti-Stokes 

Raman Scattering (CARS) are powerful tools to analyze the cell viability of liver cells.  

Measuring the effects of nanoparticles on the cell cultures through an electrical current 

does not only provide valuable data on the immediate effects in real-time but also allows 

for long-term exposures.   

Liver cells in 2D cultures in vitro do not necessarily represent an accurate behavior of liver 

cells, future work will focus on the further development of the 3D liver tissue model to 

mimic the liver's behavior more accurately. While cells are easily analyzed in a 2D culture, 

where the cells have enough space to spread, a realistic liver model presents a much more 

complex environment, where cells are forming lumps and therefore pose a much more 

difficult matrix to penetrate by nanoparticles. 

Additionally, further investigations into the cell response to free iron radicals are required 

to develop an understanding of the acute toxicity of ferrous nanoparticles at high 

concentrations.  
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CHAPTER 4 

Monitoring the cell internalization of iron oxide nanoparticles using a holographic 

imaging system 

4.1. Introduction  

The internalization process of PEG-coated iron oxide nanoparticles was monitored 

continuously using a new holography technique. It was found that the internalization of 

MNPs completed in 35 minutes, presenting an online study on internalization that has not 

been found in the literature. The system is based on taking a series of pictures of a selection 

of cells under a microscope over time and thus generating a time-lapse video. The 

frequency of captures can be optimized to ensure the desired process is precisely measured 

and in focus. A long long-term exposure would require a lower frame capture rate 

(frequency) than for example a short exposure, such as the internalization process 

presented in this chapter.  

In contrast to a single cell observation, a time-lapse video allows interpreting the cell 

dynamics, cell morphologies, and cell reactions to nanoparticles (e.g., toxicity and 

apoptosis). Information about the cell surface and its properties is highly essential to 

analyze the cell-substrate interactions and possible cellular effects that result from the 

exposure to the substrates. For example, loading a cell with nanoparticles and monitor the 

cell proliferation over time helps to identify the cellular uptake of MNPs and their toxicity. 

In the literature, cell monitoring usually focuses on the effects on a single cell [4.1.-4.3.]. 

The HoloMonitor M4 (Phase Holographic Imaging), however, is one of the first 

microscopes that allows to monitor and average of multiple cells for evaluation. A possible 

toxic effect and other properties can therefore be identified with higher precision. 

One of the most significant cellular processes for drug delivery and contrasting is cellular 

uptake (internalization). This can occur through cellular activities such as endocytosis, 

where the particle or substrate is internalized in form of a vesicle. Figure 4. 1 illustrates the 

three major steps of a nanoparticle internalization through endocytosis. The first step is the 

MNP adhesion to the cell surface (membrane). From here, the membrane bends until the 

particle is fully encapsulated (engulfment). The final step is the detachment of the newly 

built vesicle from the cell membrane (fission) and its uptake into the cell [4.4.]. 

Understanding the mechanism and kinetics of the internalization is highly important for 

the design and optimization of nanoparticles for drug delivery and contrast enhancement.  

Monitoring MCF-7 breast cancer cells with the HoloMonitor M4 microscope did not only 

present valuable data about the cell proliferation but also allowed study on the roughness 
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of the cell surface, which presented the key factors for this chapter. Focusing on the shape 

parameters skewness and kurtosis a surface profile of the monitored cell can be created. 

The surface roughness expressed in skewness shows if the surface is generally porous or 

peaked, whereas the kurtosis indicates how “peaked” the measured surface is. This means 

that negative values would refer to a rather porous surface with a lot of valleys, whilst 

positive values indicate a surface with peaks and asperities.  

 

Figure 4. 1: The three steps of nanoparticle internalization by endocytosis:-  

adhesion (1), engulfment (2), and fission (3) [52] 

For this experiment, MCF-7 breast cancer cells were loaded with PEG9-12-silane 

nanoparticles (Chapter 3) and continuously monitored under a HoloMonitor M4 

microscope for 72 hours to test the toxicity and cell response. The results not only 

suggested that the nanoparticles did not cause cell death and improved the cell distribution, 

but also allowed for a novel way of monitoring each step of the internalization process of 

nanoparticles into the cell (adhesion, engulfment, and fission). 

 

4.2. Experimental 

4.2.1. Culturing MCF-7 breast cancer cells 

For this experiment, MCF-7 breast cancer cells were seeded and cultured in a T25 cell 

culture flask (25 mL). The cell culture medium (Medium I) contained 88% Dulbecco’s 

Modified Eagles Medium (DMEM), 10% fetal bovine serum (FBS), 1% antibiotics 

(penicillin-streptomycin), and 1% L-glutamine. The medium was changed every two days 

until a sufficient number of cells was obtained (80k cells/ dish or around 20% confluency). 

The cell cultures were incubated at 37ºC with a 5% CO2 atmosphere. To acquire enough 

cells for the planned experiments the MCF-7 cell cultures were split several times when 

they reached confluency between 80% -90%. At first, the exhausted medium (5 mL) had 
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to be removed from the flask. The cells were then washed with 1 mL phosphate-buffered 

saline (PBS), followed by trypsinization using 1 mL trypsin solution to dissociate the 

adherent cells from the flask. After the trypsin was removed, the cells were incubated for 

7 minutes at 37 ºC in a 5% CO2 atmosphere. After that, the cells were mixed with 5 mL of 

fresh media (medium I), split in the desired ratio, and topped up with the necessary amount 

of media to reach a total volume of 5 mL. 

 

4.2.2. Loading the cell line with nanoparticles and monitoring the cell internalization 

process using the HoloMonitor M4 microscope 

First MCF-7 cancer cells were seeded on a petri dish (Ø 25 mm) at a density of 1 x 105 

cells per dish with 2 mL medium I. Two different media were used during this exposure 

experiment; medium (I) was prepared as the standard culture medium (4.2.1. Cell 

culturing); medium (II) is of the same composition as medium (I) except for any fetal 

bovine serum (FBS). The missing amount of FBS in medium (II) was compensated by 

adding an equivalent amount of DMEM. The serum-free medium (II) was used during 

particle loading to avoid any possible interactions between proteins and nanoparticles. 

After 48 h of incubation (37ºC, 5% CO2 atm.), the medium was changed to medium (II), 

which included 150 µL of a sterile filtrated 5 µg/mL PEG9-12-silane nanoparticle solution. 

The serum-free medium II, used during monitoring of the MNP-loaded cells, was changed 

to medium I (containing proteins) after 48h to provide fresh nourishment for the cells. 

The viability of cells was then digitally monitored using a HoloMonitor M4 time lap 

microscope (Phase Holographic Imaging, Sweden). Cells loaded with PEG9-12-silane 

MNPs were incubated at 37 ºC and 5% CO2 atmosphere. The frame capture rate was set 

to take an image every minute, with a total imaged area of 1.558 mm2. The captured frames 

generated a time lap video showing the cell proliferation and recorded the surface 

roughness in skewness and kurtosis.  
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4.3. Results and discussion 

In this study, MCF-7 breast cancer cells were loaded with polyethylene glycol coated 

MNPs (Chapter 3, Fe3O4-PEG-silane9-12) and monitored for 72 hours. This is depicted in 

Figure 4. 2, a and Figure 4. 2, b which are images taken during the recorded time. One frame 

was taken on Day 1 of the internalization (cell loading) and the other 72 hours later (Day 

4).  The pictures presented here are only two frames out of a very large collection of 

timepoints, where a time-lapse analysis was generated by capturing an image every minute 

for 72 hours. Collating those images produces a time-laps video and dataset, which allows 

monitoring the cell behavior, movement, and response to the particle loading and viability 

of each cell. The images demonstrate the detail at which the system produces the 

holographic images.  Each peak in the system (green) represents a living cell. When the 

highlighted cells (circled in white) between the two images are compared, it can be seen 

that more peaks have developed in the exposure time of 72 hours. This shows that cell 

splitting and proliferation took place, and thus no extraordinary damages or cell death was 

caused by the internalization of the particles. 

This experiment was repeated three times and compared to control images to ensure 

accuracy.  Agglomerations of nanoparticles only are displayed as white noise between the 

cells (arrows).  No distinguishable differences were determined in the images of the 

individual exposure samples (control, PEG-silane-9-12, and uncoated Fe3O4). However, 

clear differences became apparent when the kurtosis and skewness of the samples were 

compared. 

 

Figure 4. 2: MCF-7 breast cancer cells (green) on the first day of MNP internalization (a) 

and 72 hours after internalization (b). The highlights (peaks circled in white) point out 

that cell proliferation took place and was not significantly affected by nanoparticle 

exposure (arrows). 
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Kurtosis and skewness 

Figure 4. 3 and Figure 4. 4 show the kurtosis and skewness of two MCF-7 breast cancer cells 

that were monitored for 60 minutes at a frame capture rate of 1 image/ minute.  Since the 

cells are alive and constantly in motion, the graphs display up and down peaks, rather than 

smooth and straight lines.  The roughness profiles display a clear difference between the 

control cells, which were grown in absence of any iron oxide nanoparticles, and cells that 

were loaded with MNPs.  

It is visible that both shape parameters (kurtosis and skewness) change between 10 and 30 

minutes after the exposure. This is presumed to represent the extracellular stages of the 

MNP internalization as shown in Figure 4. 1: 

Step 1, the attachment of MNPs to the cell surface, causing the values to peak 

Step 2, the cell reaction and recognition of adherent nanoparticles 

Step 3, the internalization of the particles, causing the values to normalize again 

 

To illustrate that this process did not only apply to single cells the average roughness 

values for kurtosis and skewness of 156 MCF-7 control cells (no MNPs) and 88 MCF-7 

cells loaded with PEG-silane9-12 nanoparticles were averaged and shown in Figure 4. 5 and 

Figure 4. 6. The average roughness values for kurtosis did not show a significant change in 

the “peakedness” of the cell surface. Averaging the surface skewness revealed a much 

rougher cell surface than the single control cell in Figure 4.6. It is presumed that cell activity 

such as cell proliferation and cell movement cause surface changes. However, these 

changes can still be distinguished from external events as the internalization process.  

This project revealed that the endocytosis process can be monitored by measuring the cell 

roughness in kurtosis and skewness.  However, additional studies of potential cell function 

inhibitors during the exposures are required to develop a further understanding of the 

individual steps during the internalization process of iron oxide nanoparticles. 
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Figure 4. 3: Roughness (kurtosis), compared by MNP loaded (PEG-silane9-12) and 

unloaded (control) MCF-7 breast cancer cells. The highlighted section displays the 

physical internalization of MNPs through the cell membrane. 

 

 

Figure 4. 4: Roughness (skewness), compared by MNP loaded (PEG-silane9-12) and 

unloaded (control) MCF-7 breast cancer cells. The highlighted section displays the 

physical internalization of MNPs through the cell membrane. 
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Figure 4. 5: Average Roughness (kurtosis) of MCF-7 breast cancer cells. The highlighted 

section displays the physical internalization of MNPs through the cell membrane. 

 

 

Figure 4. 6: Average Roughness (skewness) of MCF-7 breast cancer cells. The highlighted 

section displays the physical internalization of MNPs through the cell membrane. 
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4.4. Future work 

The next stage focuses on further toxicity tests of PEG-coated magnetic iron oxide 

nanoparticles studying the internalization kinetics of particles based on the roughness on 

cell surfaces. To use nanoparticles for biomedical applications, for instance as contrast 

agents, several aspects must be considered and addressed up front. MTT color assays and 

impedance measurements will provide further information about the impact and effects of 

PEG-coated MNPs on MCF-7 breast cancer cells. Moreover, the use of toxic nanoparticles 

presents negative controls for comparison. These will be prepared by replacing the Fe3O4 

core particle with toxic Co3O4 nanoparticles and changing the biocompatible polyethylene 

glycol coating with different surface functionalization that are known to be toxic to living 

cells. The toxicity of these MNPs will be monitored over MCF-7 cancer cells using a 

HoloMonitor M4 microscope. This digital imaging method will generate further 

information about the cell internalization process of nanoparticles and therefore help to 

optimize the cell uptake of functionalized nanoparticles into cell and tissue cultures and 

improve their intended purposes such as drug delivery and contrast enhancement. 
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CHAPTER 5 

Magnetic molecularly imprinted polymer networks and spheres (MMIPs) for the 

selective binding of antibiotics 

5.1.  Introduction 

Molecular imprinting is a technique where monomers polymerize around a template 

molecule that is later recognized as the substrate.  This process forms a polymer mold of 

the template molecule, adapting the characteristic shape and binding sites complementary 

to the template into the polymer matrix (molecularly imprinted polymer, MIP) [5.1.].  The 

addition of cross-linking agents creates additional bonds between the monomer units and 

so strengthen the polymer structure furthermore.  After removing the template molecule, 

the chemical binding sites, and cavities of the template molecule, imprinted into the 

structure of the polymer, are retained and now active for recognition and selective binding 

of the target molecule.  Figure 5.  1 shows the general formation of molecularly imprinted 

polymers (MIPs).   

 

 

Figure 5.  1: A basic illustration of the formation of molecularly imprinted polymers.  

Selected monomers and template molecules undergo polymerization, creating an imprint 

of the template molecule.  The imprint contains binding sites of the template molecule that 

become active after removing the template and makes the polymer highly selective. 

Intermolecular forces form the basis of molecular imprinting and are achieved by.  

covalent and non-covalent bonding.  Wulff et al. first reported the covalent approach by 

developing a covalent bond between the template molecule (acrylic acid) and the polymer 

mold.  He found that, once he removed the template, its specific functionalities imprinted 

on the polymer became active [5.2.]. The binding sites did show not only high through 

molecular recognition towards the template molecule but also developed a selectivity for 

other similar molecules.  However, the lack of suitable template molecules available for 

covalent binding and the general strength of covalent bonds make it difficult to remove the 

template and reuse the molecularly imprinted polymers. This led to the conclusion that the 
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covalent approach was not optimal for the intention when recovery and recyclability are 

required.  

Instead of using rather strong covalent bonds, Wulff et al. then reported a non-covalent 

approach by focusing on temporary and reversible reactions between monomers and the 

template molecule [5.3.].  Binding and removing the template molecule is of importance 

for the functionality of the molecularly imprinted polymer as no active binding sites and 

cavities for molecular recognition would otherwise be created.  The main reversible 

reactions between the monomers and the template molecule are based on their electrostatic 

charge, followed by smaller but relevant Van der Waal’s Forces and hydrophobic 

interactions. Van der Waal’s forces are the result of movements in electrons which induce 

temporary dipoles by forming electrostatic attractions between the atoms and molecules 

[5.4.]. Hydrophobic interactions hold molecules together by intermolecular forces reaction 

(e.g., the agglomeration of micelles to reduce the contact of hydrophobic lipids with water) 

[5.5.].   

When a swift recovery and recyclability of the polymer are required, a quick binding and 

release mechanism becomes essential.  In addition to the reversible interactions between 

the polymer network and the template molecule, the non-covalent approach allows the 

synthesis of homogenous MIP structures [5.6.]. A homogenous shape of the polymeric 

structure is highly desirable to maintain a consistent result in drug binding and release, 

e.g., where swelling of the polymer network is induced to release the drug from the 

polymer structure, an irregular shaped network could result in uncontrolled expansion and 

therefore inconsistent drug release [5.6.]. 

The most common mechanism to release the target molecule from MIP systems is based 

on the swelling and collapsing of the polymer network. This mechanism can be triggered 

by changes in pH, temperature, ionic strength, electric fields, and irradiation by ultraviolet 

or visible light [5.7.].  Changes in pH can cause swelling of the polymer as ionizable groups 

within the MIP system can accept or donate hydrogen ions at specific pH levels, inducing 

the polymer to collapse or expanded (swollen).  This could be achieved by adding acidic 

or alkaline solutions to the mixture for quick changes in the pH environment or by applying 

an electric field.  Temperature changes can be used to collapse the polymer when 

hydrophobic groups form at the lower critical solution temperature, breaking the weaker 

hydrogen bonds that have built when the polymer reached its upper critical solution 

temperate and started swelling.  Ultraviolet (UV) and visible light is another possibility to 

stimulate the polymer into swelling but, the procedure would be time-consuming, 



115 | P a g e  
 

laborious, and would not provide the required amount of energy to trigger the polymer 

[5.8.].  Whichever release method is applied, a quick release of the target molecule from 

the MIP system is essential for a quick recovery and recyclability of the polymer. 

 

Since molecularly imprinted polymers are produced by molding them around the targeted 

template molecule, they become highly selective. This selectivity has gained much 

attention for separation techniques and purification systems, especially in water 

purification [5.9.].  In the past decades, water security became a global issue, especially in 

developing countries where the lack of clean water supplies affects their health and lives.  

Polluted water sources take their toll on humanity, wildlife, and the environment while 

presenting new global challenges like Pharmaceuticals Emerging Contaminants (PECs).  

PECs can origin in agricultural activities like poultry and cattle farming [5.10.-5.13], 

where the excessive usage of antibiotics and other drugs find their way into freshwater 

sources, such as rivers, lakes, and underground water sources [5.14, 5.15.].  Even though 

those pollutants usually occur in concentrations below ppm levels, the available amounts 

are high enough to develop catastrophic problems, including Antimicrobial Resistance 

(AMR).  As per the definition of the World Health Organization  (WHO), “Antimicrobial 

resistance (AMR) is the ability of a microorganism (like bacteria, viruses, and some 

parasites) to stop an antimicrobial (such as antibiotics, antivirals, and antimalarials) from 

working against it.  As a result, standard treatments become ineffective, infections persist 

and may spread to others.” [5.16.]. The WHO made it one of their top priorities to tackle 

the global problem of developing AMRs [5.16.-5.20], as such low concentrations are 

difficult to detect with conventional analytical methods such as spectrophotometry.  

[5.17.], mass spectrometry [5.18.], liquid chromatography [5.19.], solid-phase 

extraction[5.20.], capillary electrophoresis [5.21.], and electrochemical techniques [5.22.].  

All those methods have the disadvantages of being time-consuming, expensive, laborious, 

and requiring experienced/skillful analysts.  Moreover, few methods are currently 

available for the selective removal of PECs from water and food produce [5.23.-5.25].  It 

is essential to develop methods for the detection of antibiotic pollution below the ppb level 

that are selective, reproducible, cost-effective, and have a quick recovery time.  Wei et al. 

developed a magnetic mesoporous polymer that was imprinted with two different template 

molecules (florfenicol and chloramphenicol) and showed binding capacities of 190.1 mg/g 

and 146.5 mg/g, respectively.   
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A recently developed molecular imprinting technique for the detection and removal of 

PECs, including antibiotic pollutants, was developed by Sari et al., where the synthesized 

MIPs showed quick and highly selective binding of the imprinted target molecules, have 

a long shelf life, and are economical to prepare when compared with antibodies and natural 

receptors [5.26.-5.29].  Most MIPs reported in the literature are based on the synthesis of 

bulk polymers and usually show a low surface area for active sites and, therefore, a low 

binding capacity [5.30., 5.31.].  The synthesis of nano and micro-sized MIPs presents a 

solution to this problem by enhancing the surface area, fast binding kinetics, binding 

capacity, and stability [5.32, 5.33.].   

 

However, one of the biggest disadvantages of micron-sized MIPs is the inefficient 

recovery rate.  The recovery of MIPs by centrifugation or filtration usually results either 

in a significant loss of materials or is time-consuming and laborious. The addition of 

magnetic nanoparticles (e.g., iron oxide, Fe3O4) into the polymeric structure can help to 

overcome the issue of MIP recovery from media, as the application of a magnetic field 

will induce immediate magnetic separation.   

Magnetic iron oxide nanoparticles (MNPs) have been functionalized for separation, 

isolation, and purification of proteins, and showed various promising features, such as a 

rapid recovery rate and recyclability.  The combination of MNPs and MIPs allows to 

utilize the high selectivity of the polymer with the fast recovery rate of the nanoparticles 

during magnetic separation.  Despite such advantages, few published pieces of research 

on the development of MMIPs for antibiotic detection were found [5.34-5.36].  Solid-

phase extraction of fluoroquinolone antibiotics (ciprofloxacin, lomefloxacin, enoxacin, 

and norfloxacin), presented by Tong et al., who used magnetic imprinted polymers made 

of the functional monomer acrylic acid, N, N′-methylene bis(acrylamide) as a crosslinker, 

and a Fe3O4/SiO2 core.  In combination with an HPLC, the detection limits measured from 

4.1 to 21.3 µg/L (ppb) [5.34].  Chen et al. prepared a monomer matrix of styrene and 

divinylbenzene with MAA as the functional monomer and used the MIPs for the separation 

of the antibiotic tetracycline contamination from egg and tissue samples [5. 35].  After a 

combination with an LC-MS system, the detection limit was found to be < 0.2 ng/g (ppb) 

[5. 36].  Table 5.  1 shows a comparison of MIPs that have been combined with other 

materials to utilize the high selectivity and sensitivity for the extraction of analytes from 

real-world samples, such as milk, blood, tap water, fish, and eggs. 
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Table 5.  1: Comparison of reported methods with our proposed method [5.36.]. 

Analyte 
Forms of 

matrices 

Binding 

capacity 

(mg/g) 

Imprinting 

factor 

(MIP/MNIP) 

Magnetic 

(Yes/No) 

Real 

sample 
Ref. 

Ampicillin 

MIP 

microspheres on 

silica 

13.5  3.2 N 
Milk, 

Blood 
[5.37.] 

Cephalexin 

MIP with 

magnetic yeast 

composite 

36.9 2.5 Y 
Tap water, 

Milk  
[5.38.] 

Cephalexin Not reported 3.6  3.0 N Milk [5.39.] 

Cephalexin 

polymer shell 

with iron 

particle core 

11.0  2.0 Y 

Marine 

sediments, 

Sea water 

[5.40.] 

Chloramphenicol 

Magnetic 

mesoporous 

dual template 

MIP 

146.5 2.9 Y 
Blood, 

Egg  
[5.41.] 

Enrofloxacin 

Hollow MIP 

with K2Ti4O9 

component 

2.4 2.3 Y Fish  [5.42.] 

Erythromycin 

Magnetic 

molecularly 

imprinted 

microspheres 

 38.4  1.6 Y 
Not 

reported 
[5.43.] 

Florfenicol 

Magnetic 

mesoporous 

dual template 

MIP 

190.1 4.3 Y 
Blood, 

Egg  
[5.39.] 

Ofloxacin Spherical MIPs 80.7  1.9 N 
Not 

reported 
[5.44.] 

Tulathromycin 
MIP 

microspheres 
54.1  2.4 N Pork [5.44.] 

Erythromycin 

Porous MIP 

network with 

magnetic Fe3O4 

component 

70.0 5.5 Y Milk  

Present 

work 

[5.36.] 

Ciprofloxacin 

Porous MIP 

network with 

magnetic Fe3O4 

component 

32.0 4.3 T Milk  

Present 

work 

[5.36.] 
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This chapter focuses on the selective binding of antibiotics using magnetic molecular 

imprinted polymer networks and spheres (MMIPs) prepared from vinyl-functionalized 

magnetic nanoparticles.  MMIPs are prepared using a microemulsion technique to 

selectively bind the model antibiotics erythromycin (ERY) and ciprofloxacin (CPX).  The 

magnetic MIPs structures showed high selectivity for the chosen template molecules, 

which was further proven by additional cross-binding experiments. 

 

5.2.  Experimental 

5.2.1.  Materials 

Ethylene glycol dimethacrylate (EGDMA, 98 %), 2-hydroxyethyl methacrylate (HEMA, 

98 %), methacrylic acid (MAA, 99 %), erythromycin (ERY, BioReagent), polyvinyl 

alcohol (PVA, Mw = 13,000-23,000, 87-89 % hydrolyzed), sodium dodecyl sulfate (SDS, 

99 %), ammonium persulfate ((NH4)2S2O8, 98 %), and sodium hydrogen sulfite (NaHSO3, 

ACS reagent), ciprofloxacin (CPX), tetracycline, kanamycin sulfate, and neomycin sulfate 

were all purchased from Sigma-Aldrich, UK.  3-Butenyltriethoxysilane (vinyl silane, 95 

%) was supplied by Fluorochem UK, while Alfa Aesar supplied magnetite Fe3O4 

nanoparticles (20-30 nm).  The solvents methylated spirit (industrial 74 O.P.), toluene 

(reagent grade), and methanol (lab reagent grade) were purchased from Fisher Scientific 

UK Ltd.  Toluene was dried by mixing the solvent with activated molecular sieves (type 

4A, general-purpose grade, Fisher Scientific UK Ltd.) in a closed container for 24 h.  All 

other chemicals were used as received without further purification.  All water used was 

deionized water.  All binding and cross-binding measurements were performed in 

triplicate, and the standard deviations were calculated and plotted in graphs as error bars.   

 

5.2.2.  Synthesis of a magnetic molecular imprinted polymer network (MMIP) 

Surface functionalization of Fe3O4 magnetic nanoparticles with vinyl silane 

Vinyl silane (3-butenyltriethoxysilane) coated magnetic nanoparticles (vinyl-MNPs) were 

prepared using a polymerization method published by Yiu et al.  [5.45.].  In a typical 

experiment, Fe3O4 nanoparticles (1 g) were suspended in dry toluene (125 mL) using an 

ultrasonic bath.  3-Butenyltriethoxysilane (1.0 mL) was then added to the Fe3O4 

nanoparticle suspension; this reaction mixture was heated to reflux (110°C) under 

mechanical stirring at 300 rpm (IKA overhead stirrer).  After 24 h, the solid was recovered 
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using a rare earth NdFeB magnet and washed with acetone at least ten times to remove 

residual toluene and unreacted vinyl silane.  The vinyl-MNPs were then dried under 

vacuum at 80ºC.  A general scheme of the synthetic method is described in Figure 5.  2. 

 

Figure 5.  2: Silanization of iron oxide (Fe3O4) using 3-Butenyltriethoxysilane (vinyl 

silane; -VS). 

 

Synthesis of magnetic erythromycin (ERY) imprinted polymers (ERY-MMIPs) 

MMIP samples with an ERY template and embedded magnetic Fe3O4-VS nanoparticles 

were synthesized using a two-phase microemulsion polymerization method [5.45., 5.46].  

The polymer network enclosed the vinyl-MNPs by co-polymerizing the two monomers 

MAA and HEMA (Figure 5.  3).  EGDMA was added as an additional crosslinker for a 

more rigid polymer structure.   

 

Figure 5.  3.: Illustration to highlight the binding sites of the antibiotic template (ERY) 

and the polymer network (left).  Magnetic molecular imprinted polymer network (MMIP) 

showing vinylsilane coated magnetic Fe3O4 nanoparticles embedded into the polymer 

network (black dots) (right). 
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Three solutions were prepared to synthesize ERY-MMIP, two aqueous solutions, and one 

organic phase.  The first aqueous solution was prepared by dissolving polyvinyl alcohol 

(PVA, 94 mg), sodium dodecyl sulfate (SDS, 14 mg), and sodium bicarbonate (12 mg) in 

5 mL of deionized water.  The second aqueous phase consisted of PVA (50 mg) and SDS 

(100 mg) in 100 mL deionized water.  The organic phase was prepared by mixing the co-

monomers methacrylic acid (MAA, 2.17 mmol) and (hydroxyethyl) methacrylate (HEMA, 

1.85 mmol) with the crosslinker ethylene glycol dimethacrylate (EGDMA, 5.56 mmol) 

and 50 mg of vinyl-MNPs.  The template molecule erythromycin (136 µmol) was added 

to the organic phase to establish a ratio between the monomers MAA and HEMA and the 

template in a 16:13.6:1 (MAA:HEMA:ERY) mole ratio.  The organic phase was then 

mixed with the first aqueous phase and homogenized using an ISOLAB homogenizer at 

30,000 rpm (Laborgeräte GmbH).  The resultant microemulsion was then added to the 

second aqueous phase while stirring at 600 rpm using a mechanical stirrer (IKA Eurostar 

20 digital).  The final mixture was slowly heated to the polymerization temperature of 

40°C.  When the polymerization temperature was reached, sodium bisulfite (125 mg) and 

ammonium persulfate (125 mg) was added to initiate the polymerization process.  After 

24 h, the polymerized sample was recovered using a magnet, and the magnetic solid was 

denoted as ERY-MMIP.  The collected ERY-MMIP emulsion was washed five times with 

a 50 % v/v ethanol in water solution and then three times with deionized water.  The ERY-

MMIP sample was then dispersed in deionized water and stored at 4°C.  The synthetic 

pathway of (a) ERY imprinted MMIPs and (b) CPX imprinted MMIPs can be seen in 

Figure 5.  4. 
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Figure 5.  4: An illustration for the formation of (a) ERY-MMIPs and (b) CPX-MMIPs. Displayed are 

the steps of mixing the template molecule with the co-monomers, cross-linkers, and 

nanoparticles (step 1), emulsion polymerization (step 2), and the template removal (step 3).  
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Synthesis of magnetic ciprofloxacin (CPX) imprinted (CPX-MMIP) and non-imprinted 

polymers (MNIP) 

Magnetic CPX imprinted polymer networks (CPX-MMIPs) were synthesized using the 

ERY-MMIP method above.  However, the erythromycin template was replaced by a 

mixture of ciprofloxacin (33.13 mg, 100 µmol) and the functional monomer MAA (260 

mg, 255 μL, 3 mmol), allowing a molar ratio of 1:30 (CPX:MAA). 

Non-imprinted magnetic polymers (MNIP) were prepared following the same procedure 

except for voiding the antibiotic template.   

 

5.2.3.  Synthesis of spherical magnetic molecular imprinted polymers (MMIP spheres)  

MMIP spheres were synthesized following the same ERY-MMIP protocol as described 

above, with the only difference of using a TissueRuptor II homogenizer from Qiagen at a 

reduced homogenization speed of 25,000 rpm.  Changing the homogenizer speed resulted 

in the formation of spherical polymer particles rather than a polymer network.   

 

Characterization of magnetic molecularly imprinted polymers (MMIPs) 

A Bruker Fourier transform infrared spectrometer (Vertex 70v) in the range of 500–4000 

cm−1 with a 2 cm−1 resolution was used to identify a successful silanization of vinyl-MNPs 

and define the polymer components of MMIPs, MNIPs, and MMIP spheres.  TEM images 

of the spheres and the polymer network were taken on a Tecnai T20 (FEI) operating at 120 

kV (Kelvin Nanocharacterization Centre, University of Glasgow, UK) to examine the 

structure of MMIPs and MNIPs.  Thermogravimetric analysis (TGA) was performed using 

a Thermobalance Q500 system (TA Instruments), where the resulting weight loss profile 

was used to determine the organic content in the magnetic polymer network and spheres.  

In a typical experiment, a heating rate of 10°C/min was used to heat a sample to a final 

temperature of 800°C.  The temperature was held isothermal for 60 minutes at 800°C and 

finally cooled down to room temperature.  The mean particle size and size distribution 

were measured by Dynamic Light Scattering (DLS) using a Mastersizer 2000 system 

(Malvern Panalytical Ltd.).  The polymers were dispersed in water at a concentration of 

10 mg/300 mL and measured under a beam length of 2.35 mm.   
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5.3.  Antibiotic binding tests  

5.3.1.  Determination of binding capacity 

The binding capacity of MMIP and MNIP on ERY and CPX was studied by analyzing a 

range of concentrations, ranging from 8 to 100 mg/mL of the template/target molecules 

(ERY and CPX) in a 4:1 methanol to water solution.  The absorbance values (Ai) for ERY 

and CPX at 280 nm and 275 nm respectively were first measured using a Cary 100 Bio 

UV-Vis Spectrophotometer (Agilent) before incubating the solution (3 mL) with 28.8 mg 

of the corresponding MMIP sample for two hours.  The MMIP and MNIP samples were 

then removed using a magnet, and the absorbance values of the supernatants (Af) were 

measured again at 280 nm and 275 nm.  Concentration values (Ci and Cf) were derived 

from the calibration curve.  The binding capacity (Q) values were then calculated from the 

equation [5. 36].   

𝑄 = (𝐶𝑖 − 𝐶𝑓)
𝑉

𝑚
 

where Q is the Binding Capacity (in mg/g of MMIP), Ci and Cf are the initial and final 

concentration of the template molecule (in mg/mL), V is the volume of the incubated 

solution (in mL), and m is the mass of the MMIP used (in g).   

5.3.2.  Time studies (binding kinetics) and recycling 

A time study was set out to determine the minimum time for a maximum adsorption 

capacity of ERY and CPX by the MMIP samples.  The lowest concentrations with the 

highest binding capacities for ERY-MMIP and CPX-MMIPs were measured at 40 mg/mL 

and 10 mg/mL.  For each MMIP sample, the minimum concentration value for maximum 

binding capacity was chosen, i.e., 40 mg/mL for ERY-MMIP and 10 mg/mL for CPX-

MMIP.  A similar measurement procedure to binding capacity measurement was carried 

out by recording the initial absorbance (Ai), before adding the corresponding MMIP 

samples.  The absorbance values of the supernatant were then measured again after 

removing the MMIPs, using a magnet at time intervals of 10, 20, 40, 60, 90, 120, 150, 180 

min (Af).  Concentrations (Ci and Cf) and Q values were calculated, as mentioned 

previously.  A recycling experiment was performed to test the reusability of the imprinted 

magnetic nanoparticles in an ERY solution with a concentration of 40 mg/mL.  A NdFeB 

magnet was used to recover the MMIP networks after each cycle.  Four cycles in total were 

performed for both ERY-MMIP and CPX-MMIP samples.   
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5.3.3.  Selectivity tests in methanol/water media and milk matrices 

The selective binding capacity of MMIP was tested in the presence of three other 

competing antibiotics (tetracycline, kanamycin sulfate, and neomycin sulfate).  Each 

antibiotic was used at a concentration of 40 mg/mL, using the derived concentration from 

the antibiotic template that established an optimal binding capacity and incubation time in 

the previous time studies.  The selectivity studies were performed with the optimized 

concentration of ERY (40 mg/mL) and CPX (10 mg/mL).  A selectivity test using ERY-

MMIPs comprised of two different solutions, methanol/water (4:1 v/v mixture) and 

skimmed milk.  Each test solution contained 40 mg/mL of the antibiotics and was stirred 

for 40 min after the addition of ERY-MMIPs.  Before the incubation period, the 

absorbance values (Ai) of each emulsion for the specific wavelengths of neomycin sulfate 

(304 nm), tetracycline (365 nm), kanamycin sulfate (527 nm), and ERY (280 nm) were 

determined from a full UV analysis.  After incubation and extraction of the MMIPs from 

the binding samples, the absorbance values (Af) of the supernatants were measured again 

to detect any differences.  The binding capacities (Q) were established by using the same 

method, as stated previously.  All experiments were repeated in triplicate.  Selectivity tests 

using CPX-MMIP were performed in the same manner as the ERY-MMIP studies, but 

with a concentration of 10 mg/mL for each antibiotic (ciprofloxacin, tetracycline, 

kanamycin sulfate, and neomycin sulfate) and an incubation time of 60 minutes.  The 

absorbance value of ciprofloxacin (Ai) was analyzed at 275 nm. 

Due to the similar wavelength of absorbance between ERY and CPX (280 nm vs.  275 

nm), a separate set of cross-binding experiments was set out to assess the selectivity 

towards the other template.  In this experiment, only the other antibiotic template was 

dissolved in solution at the concentration achieving the binding capacity for the MMIP 

sample.  For instance, in an experiment using ERY-MMIP to bind CPX, 28.8 mg of ERY-

MMIP sample was suspended in methanol/water or milk matrix at a concentration of 40 

mg/mL of CPX.  The absorbance of CPX was measured at 275 nm before and after the 40-

minute incubation.  The data were treated, as mentioned previously.  The binding of ERY 

by CPX-MMIPs was carried out with the same protocol, but at a wavelength of 280 nm.   
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5.4.  Results and Discussion 

5.4.1.  Characterization of vinyl-MNPs 

Iron oxide nanoparticles (Fe3O4) were functionalized with 3-butenyltriethoxysilane to 

attach a vinyl group to the surface of the particles (vinyl-MNPs) using silanization.  The 

vinyl group shall create a chemical bond between the polymer network and the particle.  

A successful silanization was identified by analyzing vinyl-MNPs by Fourier Transform 

Infrared Spectroscopy (FTIR).  The FTIR spectrum of vinyl-functionalized Fe3O4 (Figure 

5.  3), shows peaks at 550 cm-1, 1400 cm-1, 2950 cm-1 and 3020 cm-1.  The peak at 550 cm-

1 represents a Si-O bond, while the peaks at 2950 cm-1 and 3020 cm-1 are allocated to -CH 

groups, and the bond at 1400 cm-1 is due to a vinyl (C=C) bond.  All four peaks confirm 

the presence of 3-butenyltriethoxysilane and, therefore a successful silanization.   

 

Figure 5.  3: FTIR spectra of magnified unfunctionalized  Fe3O4 and vinylsilane 

functionalized Fe3O4, showing peaks at 550 cm-1, 1400 cm-1, 2950 cm-1, and 3020 cm-1, 

which can be allocated to the vinyl (C=C)group and the Si-O bond of 3-

butenyltriethoxilane that has been bound to the surface of the particles. There is no 

transmittance recorded below 800 nm for the unfunctionalized iron oxide samples due to 

the lack of organic groups on the inorganic surface. 
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Both samples were analyzed by thermogravimetric analysis (TGA) to quantify the iron 

content and amount of organic matter (3-butenyltriethoxysilane) on the surface of the 

particles.  A typical thermogravimetric profile of molecularly imprinted polymers 

consisted of two significant steps: the loss of residual solvents between 50 to 200ºC and 

the loss of organic matter on the MNP surface between 250-450ºC.  The TGA weight loss 

profile of unfunctionalized Fe3O4 nanoparticles in Figure 5.  4 shows a notable increase in 

weight percentage between 140 and 350ºC; this is the result of Fe3O4 being oxidized to γ-

Fe2O3.  The weight-loss profile of vinyl-MNPs shows an additional difference of 1.7 % in 

weight between 250-450ºC compared to the unfunctionalized Fe3O4 sample.  The weight 

loss profile of vinyl-MNPs confirms the presence of added organic matter (3-

butenyltrietoxysilane) and, therefore a successful silanization. 

 

 

Figure 5.  4: TGA- weight loss profile of unfunctionalized and vinylsilane functionalized 

Fe3O4 nanoparticles.  The additional weight loss of 1.7 % in weight between 250ºC and 

450ºC of vinyl-MNPs compared to the unfunctionalized sample suggested a successful 

silanization. 
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5.4.2.  Characterization of MMIP networks 

The chemical structures of imprinted (MMIP) and non-imprinted (MNIP) network 

samples were analyzed using FTIR spectroscopy.  The spectra of the MMIP and MNIP 

networks, shown in Figure 5.  5, are almost identical as they are both PMAA-based 

materials.  The characteristic bands in the spectra were found at 2950 cm-1, 1720 cm-1, 

1250 cm-1 and 1150 cm-1.  Broad bands at 3100 - 3500 cm-1 are typically due to –OH 

groups from both MAA and HEMA units.  The peaks at around 3020 cm-1 and 2950 cm-1 

were attributed to –CH groups.  Carbonyl (–C=O) bands were shown at 1720 cm-1, while 

bands at 1450 and 1380 cm-1 were due to –CH3 and –CH2– groups.  The -C-O- single bond 

around 1250 cm-1 was assigned to the carboxyl group (-COO–) of MAA and HEMA, while 

the -C-O- bands around 1130 cm-1 refer to the ester group of EGDMA.  Bands at 1635 cm-

1 were attributed to the C=C bonds from residual monomers.  Adsorption peaks at around 

550 cm-1 were due to Fe3O4 particles.  The results suggested that all four samples have a 

PMAA-HEMA backbone with EDGMA crosslinking units. 

 

Figure 5.  5: FTIR spectra of (a) vinyl-MNPs, (b) erythromycin imprinted MMIPs (ERY-

MMIPs), (c) ciprofloxacin imprinted MMIPs (CPX-MMIPs), and (d) non-imprinted 

MMIPs (MNIPs). 
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The morphology of the ERY-MIP and CPX-MIP network samples were examined using 

transmission electron microscopy (TEM).  In both cases, the TEM images show the 

structure of a porous network and the embedded magnetic nanoparticles (Figure 5.  6, a and 

Figure 5.  6, b).  The nanoparticles show a constant average diameter of 20-30 nm, whereas 

the polymer networks show pore sizes between 10 and 100 nm.  The high porosity and 

network structure are regulated by the speed at which the emulsion is homogenized.  The 

higher the porosity of a network or sphere is, the higher is the surface area that can 

potentially bind antibiotics and other template molecules.  It also allows for a higher drug 

diffusion throughout the network towards more recognition sites.  The non-imprinted 

sample (MNIP, Figure 5.  6, c) showed a similar structure, suggesting that the addition of a 

template molecule did not alter the porous morphology of the polymer. 

 

 

Figure 5.  6: TEM images of a) ERY-MMIP, b) CPX-MMIP, and c) MNIP, showing the 

morphology of the porous polymer network (white arrows) with fully engulfed Fe3O4 

nanoparticles (black arrows). 

a) b) 

c) 
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The thermographic profiles of ERY-MMIP, CPX-MMIP, and MNIP samples can be seen 

in Figure 5.  7 and show a very similar TGA weight loss profile.  Most of the weight loss 

was recorded between 250 and 450°C and is caused by the combustion of the PMAA 

polymer.  The remaining weight percentages are due to Fe2O3 residuals from oxidized 

Fe3O4.  The ERY-MMIP and CPX-MMIP samples showed a total remaining Fe3O4  

content of 16 % and 21 %.  The non-imprinted MNIP sample showed a similar weight loss 

profile, with a final residual weight of 14 %.  Applying a magnetic field to these amounts 

of magnetic nanoparticles can be used to separate the polymer from matrices at a high 

recovery rate and recycle them for further use. 

 

 

 

Figure 5.  7: TGA weight loss profiles of a) ERY-MMIP, b) CPX-MMIP, and c) MNIP 

showing residual weights of 16 %, 21 %, and 14 %, respectively.  The residual weight is 

caused by residual Fe2O3 from the oxidized magnetic Fe3O4 component. 

 

  

a) b) 

c) 
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The average hydrodynamic size and size distribution of ERY-MMIP, CPX-MMIP, and 

MNIP samples were analyzed using dynamic light scattering (DLS).  The results are shown 

in Figure 5.  8 and highlight the differences between the imprinted and non-imprinted 

polymer samples.  Both imprinted samples (ERY and CPX) showed an average 

hydrodynamic size of around 33 µm, whereas the non-imprinted polymer network showed 

a broader size distribution and an average particle size of 105 µm.  This could be due to 

the polymer network polymerizing without a template molecule and the altered steric 

hindrance of the missing template allowing a broader size distribution.  This can also be 

seen when comparing the peak sharpness of the imprinted and non-imprinted networks.  

The imprinted polymers show sharper peaks and have a definite maximum, whereas the 

non-imprinted polymer sample has a broader size distribution and a less defined 

hydrodynamic particle size.  Additionally, non-imprinted networks tend to have larger 

hydrodynamic particle sizes.  However, it is also noticeable that the size distribution of 

ERY-MMIP peaks again at around 330 µm, indicating the additional synthesis of bulk 

material within the polymerization process. 

 

Figure 5.  8: DLS spectra of ERY-MMIP, CPX-MMIP, and MNIP network samples, 

indicating mean hydrodynamic particle sizes of 33 µm, 33.1 µm, and 105 µm, respectively.  

Both imprinted samples showed a similar hydrodynamic particle size, whereas the non-

imprinted polymer had a significantly larger hydrodynamic particle size with a broader 

particle distribution.  The second peak at 330 µm of the ERY-MMIP sample indicates the 

additional synthesis of bulk material within the polymerization process. 
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5.4.3.  Binding capacity and recycling of MMIP samples 

The binding capacities of ERY and CPX imprinted MMIP samples for their respective 

target molecule was determined by binding experiments with concentrations ranging from 

8 mg/mL to 100 mg/mL.  The experiments were repeated in triplicates and a 95% 

confidence interval for data analysis (p-value < 0.05) was used to establish statistically 

significant results.  The maximum binding capacities were found to be 70 mg/g for ERY-

MMIPs (Figure 5.  9, a) and 32 mg/g for CPX-MMIPs (Figure 5.  9, b).  While CPX-MMIPs 

reached their maximum adsorption at the lowest concentration of 10 mg/mL, the binding 

capacity of ERY-MMIPs peaked at 40 mg/mL.  Performing the same binding experiment 

with the non-imprinted polymer samples showed a maximum binding capacity of 20 

mg/mL for ERY-MNIPs and 10 mg/mL for CPX-MNIPs.  Despite the same synthetic 

method and a similar structure and porosity, MNIPs show only 25 % of the maximum 

capacities compared to imprinted MIPs.  This suggests that the imprinting method is 

successful, and the functional binding sites have been established on the MMIP network.   

How fast the maximum binding capacity was achieved was analyzed by performing time 

studies with the previously determined optimal template concentrations of 40 mg/mL for 

ERY-MMIPs and 10 mg/mL for CPX-MMIPs.  The established time curves are shown in 

Figure 5.  9 (c and d) and suggest that both MMIP networks establish their maximum 

binding capacity saturation after 40 – 60 minutes. 
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Figure 5.  9: Determination of the maximum binding capacity of (a) ERY-MMIPs and (b) 

CPX-MMIPs and time studies on how fast the maximum binding capacity was established 

for (c) ERY-MMIPs and (d) CPX-MMIPs (p<0.05). 

Combining magnetic nanoparticles with the imprinted polymer helps to overcome specific 

disadvantages in joint separation and recycling techniques, such as filtration and 

centrifugation.  Filtration systems generally retain everything of a certain width and could 

potentially bind the polymer to the filtration mesh itself.  This mostly results in either 

unwanted contaminants or reduced yield, especially when using nano-scaled materials.  An 

additional issue is the application of the right mesh size as bulk polymers can have a broad 

size distribution.  Once a filter is applied, everything below the mesh size cannot be 

retrieved and therefore counts directly as loss of recyclable material.  Centrifugation has 

the benefit of separating light solids from solids with a higher density.  However, since 

only small batches can be spun down and recovered at a time, this method is time-

consuming and laborious. Additionally, the resulting pellet will contain all contaminants 

from the solution as well, as there is no differentiation between the MIP and other 

substances and the whole batch will be centrifuged at the same time. The polymer would 

have to be separated from the contaminants again, adding extra steps to the recycling 

process.  Besides that, general centrifugation can be laborious, extremely time-consuming, 
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and can only be done in small batches.  The magnetic polymer network can quickly be 

recovered and recycled by applying a simple magnetic field.  The reusability of MMIP 

samples was analyzed by running a series of recycling experiments.  Both MMIP networks 

(ERY and CPX) showed their recycling potential and retained 75 % and 68 % of their 

binding capacity for their respective template molecules after four cycles (Figure 5.  10).  

The fact that not 100 % of the polymer could be recovered is related to the strength of the 

applied magnet and its efficiency when used for magnetic separation, and the regeneration 

of binding sites within the polymer network after the template (or target) molecule has 

been removed. 

 

 

Figure 5.  10: Recycling experiment of (a) ERY-MMIP and (b) CPX-MMIP showing their 

binding capacity after repeated exposure and extraction of their respective target 

molecules after four cycles.  After each cycle, all MMIP samples were recovered using a 

NdFeB magnet.  This experiment was repeated three times (p<0.05). 

 

5.4.4.  Selective binding and cross-binding in methanol-water and milk matrices 

Imprinting MIPs with a template molecule can create specific cavities in the polymer 

structure that precisely identify a molecule by its shape and surface functionalities.  This 

selective recognition is demonstrated in Figure 5.  11, where ERY-MMIPs and CPX-

MMIPs were exposed to their imprinted target molecule in the presence of three other 

competing antibiotics (neomycin sulfate, tetracycline, and kanamycin sulfate) in a 

methanol/water medium.  The ERY- (Figure 5.  11, a) and CPX-imprinted (Figure 5.  11, b) 

polymer networks show a clear preference towards their imprinted target/template 

molecules, 4 - 7 times higher than binding capacity towards the competing antibiotics.  The 

non-imprinted polymer samples (MNIPs) did not show any molecular recognition or 

selectivity towards any of the used antibiotics.   
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The same experiment was performed three times in milk matrix to test the MMIP 

selectivity for their template molecules in a more challenging environment.  Here, other 

factors such as proteins and fats could interfere with the selectivity and potentially block 

those template molecule-specific binding sites.  However, results in Figure 5.  11 c and d 

show that both MMIP networks remained highly selective towards their template (or 

target) molecule.   

 

 

Figure 5.  11: Selectivity of ERY-MMIP and CPX-MMIP for their template molecules in a 

methanol/water (a, b) and milk matrix (c, d).  Both matrices contained the respective 

template antibiotic molecule (erythromycin and ciprofloxacin) and three other competing 

antibiotics (neomycin sulfate, tetracycline, and kanamycin sulfate).  All graphs show the 

selectivity of the MMIP () and non-imprinted MNIP () samples (p<0.05). 

 

These results suggested that both ERY-MMIP and CPX-MMIP networks were indeed 

imprinted with template-specific binding sites and can be used for highly selective binding 

and removal of antibiotics from different media.  Using milk to test the selectivity in a 

challenging environment was of significance as one primary source of antibiotic pollution 

originates in agricultural activities, such as cattle and poultry farming.  The exposure of 

livestock to excessive amounts of antibiotics (e.g., in their feed) leaves traces of residues 

in their produce, for example, eggs on a poultry farm and meat and milk products on a 
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cattle farm.  Detecting and monitoring traces of antibiotics below the ppb level require 

sensitive and selective recognition.  The selectivity tests of MMIPs showed that pre-

concentration of antibiotic residues in various media is possible and could be used in other 

animal products.  This work confirms that using MMIPs for selective detection of 

antibiotic pollutants helps to enhance their monitoring in farmed animals, safeguarding 

food security, and, most importantly, tackle the global problem of developing 

“antimicrobial resistance” (AMR).  

A separate experiment was carried out three times to test the cross-binding of ERY-MMIP 

and CPX-MMIP networks in methanol/water media and milk matrices.  The experiment 

could not be performed simultaneously as the absorbance maximum of ERY (280 nm) 

would interfere in the UV-vis spectrum with the absorbance maximum of CPX ( 275 nm).  

Results of the cross-binding experiment in methanol:water media (Figure 5.  12, a) show 

that CPX-MMIPs bind ciprofloxacin over 5-fold higher than the competitor template 

erythromycin.  ERY-MMIPs displayer an even higher selectivity with the nearly 8-fold 

higher binding of erythromycin than ciprofloxacin.  Performing the same cross-binding 

experiment in milk matrices (Figure 5.  12, b) showed similar results, where CPX-MMIPs 

had a 3-fold selectivity of CPX over ERY and ERY-MMIPs a 9-fold higher binding 

preference of ERY over CPX.  These results further affirmed the selectivity of both ERY-

MMIP and CPX-MMIP samples. 

 

 

Figure 5.  12: Cross-binding experiments of ERY and CPX imprinted MIP samples to 

determine their selectivity for their opponents' target molecule (ERY vs.  CPX) within (a) 

methanol/water media and (b) milk matrices.  CPX and ERY were measured separately 

due to overlapping adsorption maxima of ERY () (280 nm) and CPX () (275 nm) in 

the UV-vis spectra (p<0.05). 
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The studies on selectivity and cross-binding showed that both MMIP networks are capable 

of detecting and binding their imprinted target molecule.  Even after repeated removal of 

the target molecule, they retained their binding capacity.  This potential is essential for the 

effective detection of trace amounts of antibiotics, specifically in challenging 

environments where other molecules could interfere with the selectivity.  Furthermore, 

those networks allow pre-concentration of antibiotic contaminants from samples and 

therefore, further enhance downstream detection.   

 

5.4.5.  Characterization of MMIP spheres 

Except for the different homogenization speed of 25,000 rpm, the synthesis of MMIP 

spheres used the same co-polymerization technique as for the synthesis of the MMIP 

network.  Hence, a similar PMMA based composition was expected.  FTIR spectroscopy 

was used to identify the polymer structure based on MAA, HEMA, and the crosslinker 

EGDMA.  The FTIR spectra of vinyl-MNPs, MIP networks, and MMIP spheres are shown 

in Figure 5.  13.  The spectra of the ERY imprinted polymers show identical bonds for 

MAA, HEMA, and EGDMA to those of the MMIP networks.  The results confirmed that 

the composition of all spherical MMIP samples is based on the same PMMA-HEMA 

backbone as the MMIP networks with EGDMA crosslinking units. 
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Figure 5.  13: FTIR spectra of vinyl-MNPs and erythromycin imprinted MMIP spheres 

and networks, showing the individual bonds for the same polymer backbone based on 

MAA, HEMA, and EGDMA crosslinking units. 

 

The morphology of ERY and CPX imprinted MMIP spheres were examined using 

transmission electron microscopy (TEM) and showed that the homogenization at 25,000 

rpm resulted in spherical MMIPs (Figure 5.  14) rather than the previously described 

MMIP network which was homogenized at 30.000 rpm.  The TEM images show vinyl-

MNPs with an average particle size of around 20 – 30 nm embedded into the polymer 

sphere.  The spheres showed an average particle size of around 1 ± 0.3µm.   
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Figure 5.  14: Display of MMIP spheres, showing the successful embedding of vinylsilane 

coated magnetic Fe3O4 particles (vinyl-MNPs) into the polymeric sphere.  The spheres are 

a direct result of a reduced homogenization speed at 25,000 rpm and have an average 

particle size of 1 ± 0.3µm  

ERY imprinted MMIP spheres and networks were analyzed using dynamic light scattering 

(DLS) to determine their average hydrodynamic particle size.  The results in Figure 5.  15, 

show the MMIP samples in the water matrix and present them with hydrodynamic average 

particle sizes ranging from 35 µm for the MMIP network to 33 µm for the MMIP sphere.  

This significant difference in particle size compared to dried MMIP samples in the TEM 

analysis could be due to the limitations of dynamic light scattering when measuring dark 

materials, such as iron oxides.  Dark materials tend to absorb most of the laser beam, which 

can lead to inconsistent measurements and distorted results.  Despite their increased 

particle size, their size distributions are very similar but have one distinct difference, the 

distribution of the ERY-MMIP networks peaks again at around 330 µm.  This could be 

due to the network nature of the polymer that is slightly spread than the spherical and 

compact polymer structure of the ERY-MMIP spheres. 
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Figure 5.  15: DLS result of ERY MMIP network and spheres with an average particle size 

of 33 µm and 35 µm, respectively.  It is noticeable that the size distribution of the MMIP 

network samples peaks again at 330 µm, this could be due to the shape and structure of 

the network being spread, rather than the less porous polymeric sphere.   

 

5.4.6.  Antibiotic binding tests  

Binding capacity and selectivity of MMIP spheres 

The binding capacities of erythromycin imprinted polymeric spheres were determined by 

performing binding experiments.  In these experiments, the same concentrations of 8 – 100 

mg/mL were used as previously described in the method for the analysis of the MMIP 

network. The experiments were repeated in triplicates and a 95% confidence interval for 

data analysis (p-value < 0.05) was used to establish statistically significant results.  The 

results showed that erythromycin-imprinted and non-imprinted MIP spheres have a 

maximum binding capacity of 70 mg/g and 40 mg/g, respectively (Figure 5.  16, a).  This 

equals a difference of 55 % and proved that the co-polymerization technique indeed 

established functional binding sites for the desired target molecules in the polymer 

structure.   

Time studies were performed at the optimal template concentrations of 40 mg/mL to 

determine the binding kinetics towards the target molecule erythromycin.  Both polymers 

achieved their maximum binding capacity within 40 to 60 minutes after exposure (Figure 

5.  16, b).   
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Figure 5.  16: a) Binding capacities and b) time studies of ERY imprinted and non-

imprinted polymeric spheres for the template molecule erythromycin.  Imprinted samples 

are displayed with solid lines and non-imprinted samples with dotted lines (p<0.05). 

The selectivity of MMIP spheres was determined in the presence of three other antibiotics 

neomycin sulfate, tetracycline, and kanamycin sulfate (Figure 5.  17).  The ERY- imprinted 

polymer spheres showed a clear preference towards their imprinted target/template 

molecules, up to 5-6 times higher than the binding capacity towards the competing 

antibiotics.  Non-imprinted MNIP samples showed only a slight selectivity towards ERY 

but not significantly towards any of the other used antibiotics.  This result suggested that 

ERY-MMIP was imprinted with template-specific binding sites and can be used for highly 

selective binding.   

 

Figure 5.  17: Selectivity of ERY-MMIP for their template molecules in milk matrix 

containing the target molecule (erythromycin) and three competing antibiotics (neomycin 

sulfate, tetracycline, and kanamycin sulfate).  All graphs show the selectivity of the MMIP 

() and non-imprinted MNIP () samples (p<0.05). 
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5.5. Comparison of the MMIP network to MMIP spheres 

A comparison of the binding capacity and selectivity of MMIP networks against the 

corresponding spheres is depicted in Figure 5.  18.  The result shows that the MMIP network 

has a 15 % higher binding capacity at lower concentrations than the MMIP spheres.  At a 

template concentration of 40 mg/g, the MMIP structures show a maximum binding 

capacity of 70 mg/g for MMIP networks and 75 mg/g for MMIP spheres.  The time curves 

suggested that a maximum binding capacity can be achieved from both MMIP samples 

within 40 minutes after exposure.  When analyzing the concentration to binding capacity 

trend, the MMIP network binds more erythromycin at lower concentrations (<40 mg/ mL) 

and less when reaching above 40 mg/ mL (Figure 5.  18, a).  However, these results remain 

within the error values of MMIP spheres. It is presumed that the MMIP spheres are not as 

porous as the corresponding MMIP network and cannot allow a drug diffusion rate as high 

as the polymer structure of MMIP networks.  A high drug diffusion rate allows the network 

to establish more functional binding sites and therefore present an increased maximum 

binding capacity towards the template molecule.  Comparing the time studies (Figure 5.  18, 

b) illustrates that both MMIP structures (network and spheres) have a similar binding 

capacity and reach their highest binding capacity between 40 -60 minutes.   

 

Figure 5.  18: Comparison of ERY imprinted MMIP networks and MMIP spheres based 

on their a) binding capacity vs. concentration and b) binding kinetics of the template 

molecule (ERY).  The dotted lines depict the binding capacity of MMIP spheres. 
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A comparison of the selectivity from MMIP networks and MMIP spheres towards the 

target molecule erythromycin shows high similarity in their preferences (Figure 5.  19).  

Both MMIP structures have a clear binding preference of up to 5-6 times higher for ERY 

rather than for any of the other competing antibiotics (neomycin sulfate, tetracycline, and 

kanamycin sulfate).  It is noticeable that the general selectivity of MMIP spheres tends to 

be marginally smaller than the MMIP network.  As previously mentioned, this could be 

due to the reduced amount of functional binding sites in the MMIP spheres and a lower 

drug diffusion rate through the structure.  The results present that despite their different 

structures, both magnetic molecular imprinted polymers can be used for highly selective 

binding. 

 

Figure 5.  19: Comparison of erythromycin imprinted MMIP networks and MMIP spheres 

based on their selectivity for the template molecule (ERY).  In addition to the template 

molecule (ERY), all solutions contained the three competing antibiotics neomycin sulfate, 

tetracycline, and kanamycin sulfate.  The graphs show the selectivity of MMIP networks 

() and MMIP spheres (). 
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5.6.  Conclusion 

This chapter presented the successful synthesis of magnetic molecular imprinted (MMIPs), 

with the antibiotics erythromycin (ERY) and ciprofloxacin (CPX) as template molecules, 

and non-imprinted polymers (MNIPs) without template molecules.  Both imprinted 

samples showed high binding capacities of 70 mg/g and 32 mg/g and established their 

maximum binding capacity within 40-60 minutes after exposure.  The imprinted samples 

were tested on their recovery rates using magnetic separation and retained 68 – 75 % of 

their binding capacity after 4 cycles.  The high selectivity of all MMIPs towards their 

respective template molecule (ERY or CPX) was demonstrated in methanol:water and 

milk matrices.  A reduced homogenization speed at 25,000 rpm resulted in the synthesis 

of spherical polymers rather than a porous network.  The ERY-MMIP spheres showed a 

similar binding capacity of 70 mg/g for imprinted and 40 mg/g for non-imprinted samples, 

which was established after 40-60 minutes.  The selectivity of ERY-MMIP spheres was 

determined in the milk matrix and showed a clear binding preference for the target 

molecule erythromycin.  The comparison of the two different MMIP samples (network 

and sphere) shows that despite their different structures, both polymers have similar 

binding capacities and selectivity.  The combination of a highly selective polymer structure 

towards antibiotic pollutants and the magnetic property of iron oxide (Fe3O4) can be a 

useful tool to monitor and remove antibiotic pollutants from freshwater sources and food 

products.  While the polymer binds the target molecules, the whole system can be 

recovered by simply applying a magnetic field rather than time-consuming and laborious 

centrifugation and filtration processes.  Further modifications and interchangeable 

template molecules allow the use of a magnetic MIP system for a broad range of 

applications and can help to tackle the global problem of pharmaceutical and chemical 

pollution in aquatic environments.   
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CHAPTER 6  

Zebrafish larvae as in vivo model system for the characterization of iron oxide 

supported gold nanoparticles with polyethylene glycol coating 

6.1.  Introduction 

In the previous chapters, the cell viability and response of various cell lines were tested in 

vitro by exposing MCF-7, Huh-7, and HepaRG cells to a range of concentrations of various 

iron oxide nanoparticles.  The cell proliferation rates and cell viability were analyzed using 

the colorimetric cell assays Celltiter-Glo® and PrestoBlue®.  The results showed no 

adverse effects on the cells after nanoparticle exposure.  Colorimetric assays for 

nanoparticles in vitro are fast, easy, and cheap in comparison to in vivo setups.  However, 

their results are highly dependent on the particles being tested and the testing method, such 

as fluorescence or luminescence.  The fluorescent or luminescent signal is produced by the 

metabolization of resazurin to resorufin or other chemicals ( See “Chapter 3) The emitted 

signal can then be converted to a proportional number of metabolically active cells, 

allowing to calculate the toxicity of the tested nanomaterial [6.1.].  However, due to the 

darkness of materials such as iron oxide (Fe3O4), the fluorescence and luminescence 

signals can be absorbed. This could lead to altered signals that cause considerable error 

within the results [6.2.]. To circumvent this problem and obtain more precise and reliable 

results, the cells were analyzed using impedance measurement (xCELLigence) and 

Coherent Anti-Stokes Raman Scattering (CARS) microscopy in Chapter 3.  Similar to the 

colorimetric results, the microscopy analyses showed no adverse effects on the cell 

viability at any of the tested concentrations and exposure periods.   

Testing the effect of nanoparticles in vitro is a general method to gather toxicologic data 

quickly and easily, but the translational values are limited, and the link between in vitro 

and in vivo is sometimes questionable due to the complexity of the organism [6.3.].  

However, running large-scale in vivo experiments requires extensive amounts of 

preparation, maintenance, and can be too large for the actual intent.  Gene expression 

analyses like the amplification of a targeted DNA, or the analysis of a potential dermal 

uptake of nanoparticles by direct exposure generally require a large amount of tissue, 

making mice and other rodents rather laborious and expensive.  Therefore, after thorough 

characterization and in vitro testing, zebrafish embryos (Danio rerio) are assessed for their 

response to various nanoparticle doses. 
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Zebrafish embryos and larvae have been used as an “intermediate” method for in vivo 

experiments throughout the literature [6.4.-6.6]. Different from large-scale in vivo test 

setups, such as rabbits, rats, and mice, zebrafish reach adulthood and become sexually 

mature within 2-3 months after fertilization.  A single female zebrafish can spawn about 

200-300 eggs per week, which can generate an extensive data set from a small-scale 

experimental setup [6.6.].  Zebrafish have a unique developmental process, as the embryo 

fully develops most of its organs within 48 hours post-fertilization (hpf) and remains 

almost transparent during embryogenesis.  This allows to monitor the development of the 

organs, their physiology, and detect the development of any potential diseases until 

adulthood [6.6.].  This transparency and fast embryogenesis made them highly attractive 

for toxicology assessments of nanoparticles as each step can be viewed, captured, and 

analyzed by microscopy. 

Matos et al. exposed zebrafish embryos to amino-functionalized silica nanoparticles, with 

an average diameter of 165 nm and a green fluorescence protein tag for 96 hours and at 

concentrations reaching from 0.04 mg/mL - 0.7 mg/mL.  The fluorescent nanoparticles 

were successfully tracked in vivo, using a fluorescence microscope, and data on 

biodistribution showed no cytotoxic effect.  In addition to this, mortality and 

developmental endpoints of the zebrafish embryos were studied and showed no toxic 

effects on the exposed zebrafish eggs [6.7.].  Jurewicz et al. exposed zebrafish larvae to 

iron oxide nanoparticles with an average particle size of 40 nm and a fluorescent tag of 

Congo red for 96 hours post-fertilization (hpf).  Monitoring the mortality and hatching rate 

showed that the exposed nanoparticles did not build up any toxicity during the embryonic 

and larval stages of the zebrafish [6.8.]. 

In both studies the zebrafish embryos were exposed to nanoparticles by dispersing them 

in culture water, this is the only non-invasive method for nanoparticle exposure at the 

larval stage.  During embryogenesis and the larval stage, the zebrafish has not developed 

a mouth for ingestion [6.9.].  However, once the larvae reach 5 – 6 days post fertilization 

(dpf), a mouth has developed, and the fish can eat small algae particles.  The larvae in the 

next stage should be fed with brown shrimp at 9 dpf and finally should receive crushed 

adult food one month after fertilization [6.9.].  At this final stage, the adult food can be 

spiked with nanoparticles to test the effects on zebrafish after ingestion [6.7., 6.10.].  The 

fish will then naturally ingest the nanoparticles or absorb them through their skin and 

gradually release them into the body during digestion.  Subsequently, the organs can then 

be dissected and analyzed by in-situ hybridization, immunohistochemistry, histology, 

RNA extraction, or other common molecular techniques to assess the effects of 
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nanoparticles on zebrafish.  This chapter focuses on the effects of polyethylene glycol 

coated Fe3O4 (PEG-coated, Fe3O4-PEG) and iron oxide supported gold nanoparticles in a 

10% weight to weight ratio and polyethylene glycol coating (10% Au:Fe3O4-PEG) on 

zebrafish larvae.  Both types of nanoparticles were magnetic and had an average diameter 

of 30 ± 5 nm.  Possible adverse effects on zebrafish health after exposure were analyzed 

by monitoring the survival rate over 96 hours past fertilization.   

 

6.2.  Experimental 

6.2.1.  Materials 

ZM small granular fish food, TetraMin Baby food for baby fish, and artemia cysts were 

purchased from Zebrafish Management Ltd.  All adult zebrafish were bred from larvae of 

previous generations.  Artemia were hatched in seawater for 36 hours under constant 

aeration.  The seawater was sourced from the North Berwick Harbour Trust Association, 

UK.   

Ethyl 3-aminobenzoate methanesulfonate (MS222) was purchased from Sigma Aldrich 

and potassium chloride (KCl) was sourced from MP Biomedicals Inc.  Calcium chloride 

dihydrate (CaCl2·2H2O), sodium chloride (NaCl), and magnesium chloride heptahydrate 

(MgCl2·6H2O) were purchased from VWR International.  Magnesium sulfate 

heptahydrate (MgSO4·6H2O) and sodium hydrogen carbonate (NaHCO3) were supplied 

by Fisher Scientific.  Two functionalized iron oxide (Fe3O4) nanoparticles, introduced in 

Chapter 2, were used for this experiment: 1) polyethylene glycol coated Fe3O4 (PEG-

coated, Fe3O4-PEG) and 2) iron oxide supported gold nanoparticles in a 10% weight to 

weight ratio and polyethylene glycol coating (10% Au:Fe3O4-PEG).  Both types of 

nanoparticles had an average diameter of 30 ± 5 nm. 

  



153 | P a g e  
 

6.2.2.  Husbandry of zebrafish 

Any experiments in this project were performed within the framework of the OECD 

guidelines and under the personal license of Prof.  Theodore Henry (License no.  

1E09E49E).   

The general maintenance media for zebrafish husbandry (OECD water) was prepared by 

dissolving 29.4 g calcium chloride dihydrate (CaCl2·2H2O), 12.32 g magnesium sulfate 

heptahydrate (MgSO4·7H2O), 6.47 g sodium hydrogen carbonate (NaHCO3), and 0.57 g 

of potassium chloride (KCl) in 100 liters of reverse osmosis water.  A breeding solution 

including methylene blue (E3 media) was used to add additional protections for freshly 

spawned zebrafish embryos.  Methylene blue is an antifungal agent that induces 

mitochondrial dysfunction and membrane homeostasis [6.11.]. A concentrated 60x stock 

solution of E3 media consisted of 34.8 g NaCl, 1.6 g KCl, 5.8 g CaCl2·2 H2O, and 9.78 g 

MgCl2·6 H2O dissolved in a final volume of 2 liters of reverse osmosis water.  The solution 

was adjusted to pH 7.2 using NaOH and then autoclaved.  Experiments were performed 

using a 1x solution, which was prepared by diluting 16.5 mL of the 60x stock solution to 

1 liter.  Then, 100 µL of 1% methylene blue was added as an antifungal agent [6.12.].   

Adult zebrafish were fed twice a day, once in the morning at around 9 am and once in the 

afternoon at around 3 pm, with a minimum of 6 hours between the feeding times.  Before 

every feeding time, the tanks were cleaned by sucking accumulated dirt, feces, and old 

food out of the tank and refilling the tank with fresh OECD water.  While letting the fish 

tanks rest for 10 minutes, the fish were checked for injuries or signs of discomfort.  Any 

fish with serious damages or signs of severe and permanent discomfort were euthanized 

in ethyl 3-aminobenzoate methanesulfonate (MS222) for 15 minutes and decapitated to 

ensure quick and painless relief.   

After this cleaning and general check-up procedure, the fish were fed twice with three 

grams of ZF small granular fish food (Zebrafish Management Ltd.) for every 10 adult 

zebrafish, with approximately 20 minutes between the feedings.  After the morning feed, 

artemia (brine shrimp) were set up for the afternoon feed on the next day.  This was done 

by mixing approximately 0.5 g of artemia cysts with 1.5 liters of seawater and aerating the 

solution with an air pump for 36 hours.  Twice a year, a food-grade tanker from TP Niven 

Ltd (Palnackie, UK) supplied fresh seawater sourced by the North Berwick Harbour Trust 

Association, UK.  Once the seawater was delivered on campus, the water was filtered 

through an ASME VIII, Div.  1 boiler and pressure vessel (Swinney Engineering Ltd.) 

with a 100-micron particle filter and was cooled to 9ºC using an M6-MFM heat exchanger 

(Alfa Laval Ltd.) until further use.   
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The afternoon feeding session followed the same cleaning procedure, but instead of dry 

adult food, the fish were fed with hatched artemia, which were set up 36 hours before.  

Artemia were collected sieved into a fine mesh container and rinsed with OECD water to 

remove any residual seawater.  Then, the artemia were dispersed in 250 mL OECD water 

and set aside to rest for 10 minutes.  Finally, the adult zebrafish were fed with a 5 ml 

artemia solution for every 10 fish in the tank.  Attention was paid to not stirring up the 

beaker while extracting the required amount of artemia and that only artemia from the 

middle of the beaker were used.  This was done to avoid feeding unhatched artemia cysts 

from the water surface or bottom of the beaker since those could potentially cause 

indigestion and discomfort to the fish. 

Adolescent zebrafish (<2 months post-fertilization) were fed with approximately 3g of 

crushed adult food (crushed using mortar and pestle) for every 20 fish in the morning and 

5 mL artemia for every 10 fish in the afternoon. 

Freshly hatched zebrafish larvae (72hpf) were fed at the same time points as the adult fish 

stock.  However, an algae-based baby food (TetraMin Baby food) was used instead of the 

standard ZF small granular fish food.  After using a 5 ml pipette to remove leftover food 

and accumulated dirt from the fish tanks, a mixture of 0.2 g algae-based baby food (1 

measuring spoon) was mixed with OECD water and added dropwise to the tanks.   

6.2.3.  General spawning of zebrafish 

An adult female zebrafish can spawn about 200 – 300 eggs each week, but to reach the 

highest fertility, male and female zebrafish need to be separated for at least 3-4 weeks 

before the eggs are of consistent quality and ready to be used for experiments.  Once the 

fish are separated by sex, the fish need to be mated once a week until a consistent number 

of eggs is produced, and the survival rate of 80-90% is accomplished. 

In general, zebrafish eggs are spawned for experiments on 5 consecutive days.  On the first 

day of fertilization (day 1), the required number of spawning tanks were filled with OECD 

water.  Then 2 female and 2 male zebrafish were transferred into tanks, which were then 

covered with a lid and left in the dark overnight.  The fish started spawning the next day 

as soon as the lights were switched on by the automated light/dark cycle of 16:8 hours and 

at constant room temperature between 27 - 30ºC. 
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On the next day (day 2, 24hpf = 24 hours past fertilization), the fish were separated and 

returned to their original tanks.  The eggs were then collected and washed with a sieve and 

OECD water.  Once all eggs were collected, unfertilized eggs were separated from 

fertilized eggs.  This is a crucial step since unfertilized eggs start to rot and develop egg 

fungi (oomycetes) which then spread and infect otherwise healthy eggs.  Figure 6.  1 shows 

two zebrafish eggs 24 hours (a) and 48 hours (b) after spawning.  The egg with a dark core 

is unfertilized and already started to rot and grew toxic fungi on its surface (arrow).  The 

light egg shows a fertilized egg with an early-stage zebrafish embryo in its core.  After 48 

hours, the fungi on the rotting egg have grown so much that it now starts to affect the 

healthy neighboring egg.   

All other fertilized eggs were counted and placed into petri dishes at 50 healthy eggs per 

dish and covered with OECD water.  In the afternoon, the eggs were sorted again 

(unfertilized eggs from fertilized) and washed with OECD water, where about 60% of the 

petri dish water was replaced.  For better fertility and to simulate a natural environment, 

the petri dishes were covered with aluminum foil to create a semi-dark environment 

overnight.   

 

 

Figure 6.  1: Two zebrafish eggs 24 hours (a) and 48 hours (b) after spawning.  The 

unfertilized and rotting egg (dark) is growing fungi on its surface (arrow), which then 

starts to affect the fertilized and healthy neighboring egg (light strings).   
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The sorting and washing process was repeated on days three and four.  However, larvae 

that hatched during that time are either discarded or used for other experiments.  This is 

necessary as most eggs will hatch on the fifth day, allowing for a broader exposure 

experiment and comparison. 

Every day the number of fertilized, dead, and unhealthy eggs were noted down to assess 

the viability of the spawn and evaluate the egg quality of the fish culture.  Monitoring the 

egg quality is essential, so the test results remain reliable and comparable with other 

experiments.   

 

6.2.4. Spawning zebrafish larvae for nanoparticle exposure 

New zebrafish larvae were spawned by setting up 10 breeding tanks, each containing 3 

female and 3 male zebrafish from the tank systems 3 and 4.  Before spawning, both systems 

were maintained under the same conditions.  The light was turned off overnight and 

switched on, on the following morning, triggering the fish to begin spawning and 

fertilization of the eggs.  After 1 hour, the fish were separated again and returned to their 

respective systems.  The eggs were then collected and siphoned from the spawning aquaria 

into petri dishes containing 50 mL OECD water.  Each dish was filled at a density of 50 

eggs/dish and dead eggs were removed.   

On the following three days, the petri dishes were kept between 27 - 30°C and photoperiod 

at 14 hours of light per day and covered with aluminum foil to only allow for partial 

darkness.  Additionally, 50% of the culture water was replaced and the embryos were 

examined for the presence of dead eggs/embryos using a Meiji compound microscope (ML 

2000 Microscope, Meiji Techno Co.  Ltd).  Any dead eggs or embryos were counted and 

discarded.  Larvae that had hatched before 72 hpf were separated and euthanized by 

placing them on crushed ice for a minimum of 1 hour or until no heartbeat was detected 

under a microscope. 

Approximately 72 hours post-fertilization (72 hpf), most embryos had hatched and were 

placed out individually into a 96-well plate.  The culture water was then replaced by 300 

µL of media (Milli-Q water).  After preparing and sonicating the media containing 

nanoparticles (Milli-Q + nanoparticles) for at least 30 minutes, the respective volume of 

water was then replaced within each well.   
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6.2.5. Zebrafish larvae exposure to iron (II, III) oxide-based magnetic nanoparticles 

Two experiments were set out to test the effects of Fe3O4-PEG and 10% Au:Fe3O4-PEG 

nanoparticles on the viability of zebrafish larvae that hatched 72 hours past fertilization 

(72 hpf).  The first experiment determined the most suitable zebrafish culture media to be 

used for assessing Fe3O4-PEG and 10% Au:Fe3O4-PEG nanoparticles.  Five different 

culture media were compared by their effects on the mortality of zebrafish larvae in 

combination with 1mM concentration of both nanoparticles after 24 hours.  The larvae 

were bred in Milli-Q water, OECD water, seawater, and E3 medium (12 larvae/medium) 

and exposing them to a 1mM solution of 10% Au:Fe3O4-PEG nanoparticles.  Finally, the 

zebrafish larvae were assessed under a compound microscope (ML 2000 Microscope, 

Meiji Techno Co.  Ltd), and their viability was recorded after 24 and 48 hours.  Control 

larvae were bred in E3 media and in the absence of any nanoparticles.  E3 media is a 

culture media commonly used especially for zebrafish larvae as it contains the antifungal 

additive methylene blue for extra protection [6.11.]. The experiment was run in triplicates. 

Once the most suitable medium for the exposure of 10% Au:Fe3O4-PEG and Fe3O4-PEG 

nanoparticles were determined.  In triplicate, 12 zebrafish larvae (72 hpf) per concentration 

were exposed to a range of six concentrations of 10% Au:Fe3O4-PEG nanoparticles (0.1, 

1, 1.25, 1.5, 1.75, 2mM or 23.1, 231.5, 289.4, 347.4, 405.2, 463.1 mg/L), one concentration 

of Fe3O4-PEG (1 mM, 231.5 mg/L), and one concentration of uncoated Fe3O4 (1mM, 231.5 

mg/L).  The endpoint of this experiment was the mortality of the larvae, where the potential 

absence of a heartbeat was checked under a brightfield microscope every 24 hours for three 

days (24, 48, 72 hours). The statistical significance was set at a P-value of <0.05. Images 

of the exposed zebrafish were taken by a MicrOkular Full HD telescope digital camera 

(Bresser GmbH). 
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6.3 Results  

6.3.1.  Spawning of zebrafish 

The fertility of zebrafish can be measured by the survival rate of their spawn.  A healthy 

female zebrafish can spawn about 200-300 eggs each week, of which approximately 80 - 

90% survive until adulthood.  The survival rate divided by the total amount of eggs 

resembles the fertility of the spawn [Equation 6.  1].   

Equation 6.  1: Calculation of the fertility rate of a zebrafish spawn. 

𝐴𝑙𝑖𝑣𝑒 𝑧𝑒𝑏𝑟𝑎𝑓𝑖𝑠ℎ 𝑙𝑎𝑟𝑣𝑎𝑒 𝑎𝑡 72 ℎ𝑝𝑓 (𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑟𝑎𝑡𝑒)

𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑒𝑔𝑔𝑠
= 𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑡𝑦 𝑟𝑎𝑡𝑒  

Figure 6.  2 shows the fertility of the spawn that was used for the experiments depicted in 

this chapter.  The fertility of 30% was calculated from the data shown in Table 6.1., 

suggesting that the fish cultures needed to be replaced by a younger generation of 

zebrafish.  This is acceptable for testing the survival rate of zebrafish larvae solely, as the 

fish are still at 100% health at the point of exposure.  This means the mortality is not be 

affected by the low fertility of the parent zebrafish.  However, when in-depth analysis is 

required, i.e., when performing experiments that analyze the gene expression in zebrafish 

after exposure to nanoparticles, the fertility rate becomes relevant.  More zebrafish would 

be required to gather enough tissue samples for the amplification of a targeted DNA 

molecule using quantitative polymerase chain reaction (qPCR) [6.13.]. 
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Table 6.  1: Four-day spawning information of zebrafish larvae, where the amount of 

healthy, fertilized, dead, and discarded eggs were regularly monitored. 

Date System 3 System 4 

Day 1 healthy 
Unfertilized and 

discarded 
healthy 

Unfertilized and 

discarded 

 616 6 238 18 

     

Day 2 healthy dead healthy dead 

 218 398 153 85 

     

Day 3 healthy hatched healthy hatched 

 181 37 68 85 

     

Day 4 healthy unhatched/dead healthy unhatched/dead 

 179 2 66 2 

 

 

Figure 6.  2: The fertility rate of zebrafish larvae over four consecutive days from fish tank 

systems 3 and system 4.  A final survival rate of 30% is recorded on day 4 post-fertilization.   
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6.3.2.  Exposure of zebrafish larvae to iron oxide nanoparticles 

The first part of this experiment focused on finding the most suitable culture media for the 

exposure of 10% Au:Fe3O4-PEG and Fe3O4-PEG nanoparticles with an average diameter 

of 30 ± 5 nm to zebrafish larvae.  A survival rate of 100% for all test samples was 

confirmed by the presence of a heartbeat in all tested zebrafish larvae at both time points 

(24 and 48 hours) past exposure to 10% Au:Fe3O4-PEG, Fe3O4-PEG, and uncoated Fe3O4 

nanoparticles.  All zebrafish were active and responsive to touch, showing that a 1 mM 

concentration of 10% Au:Fe3O4-PEG, Fe3O4-PEG, and Fe3O4 did not kill any zebrafish 

larvae after 48 hours of exposure. Figure 6.  3 shows a zebrafish larva resting next to an 

agglomeration of nanoparticles, not showing any signs of physical damage or respiratory 

issues.  The presence of a heartbeat confirmed that the fish was alive and well after 48 

hours of exposure. 

Since none of the culture media showed distinctive reactions with the two types of 

functionalized iron oxide nanoparticles, the most generic culture media (OECD water) was 

used for all further experiments.   

 

 

Figure 6.  3: Zebrafish larva resting next to an agglomeration of 10% Au:Fe3O4-PEG 

nanoparticles, showing no sign of distress or visible deformations to the body structure. 

The second half of this experiment consisted of exposing zebrafish larvae to six 

concentrations (0.1 - 2mM / 23.1 - 463.1 mg/L) of 10% Au:Fe3O4-PEG, one concentration 

of Fe3O4-PEG, and one concentration of Fe3O4 in OECD water for 72 hours at 12 zebrafish 

larvae for each concentration.  At time points (24/48/72h) the presence of a heartbeat, and 

visual activity when the larvae were touched with a pipette tip, confirmed the viability of 

all zebrafish larvae.  Therefore, a 100% survival rate throughout the experiment was 

determined.   
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The results showed that none of the 10% Au:Fe3O4-PEG, Fe3O4-PEG, or Fe3O4 

nanoparticle concentrations (0.1 - 2mM / 23.1 - 463.1 mg/L) induced any apparent signs 

of physical damage to any of the exposed zebrafish larvae.  Figure 6.  4 shows three pictures 

of control larvae, highlighting the fins (a), eyes (b), spine (c), and gills (d) of the zebrafish 

larvae at 96 hpf.  These four body parts of the zebrafish can be analyzed to determine 

physical and health damages when exposed to any concentrations of iron oxide 

nanoparticles.  This could be expressed through deformations in the bone structure, 

unhealed wounds and cracks in the skin, mucus membrane or eyes, and other abnormal 

growth of tissue or bones.   

 

Figure 6.  4: Unexposed (control) zebrafish larvae after 72 hours in OECD media, 

highlighting the fins (a), eyes (b), spine (c), and gills (d).  All zebrafish were healthy, had 

a visual heartbeat, and showed no signs of deformation or damage. 
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Comparing the pictures of the control zebrafish larvae, with larvae that were exposed to 

10% Au:Fe3O4-PEG, Fe3O4-PEG, and Fe3O4 (0.1 - 2mM / 23.1 - 463.1 mg/L) for 72 hours 

showed healthy physical development and no signs of deformation or damage.  Figure 6.  5 

shows the upper body (a) and the tail (b) of a zebrafish larva that was exposed to 100 mg/L 

of 10% Au:Fe3O4-PEG nanoparticles for 72 hours.  It is noticeable that in both images, the 

nanoparticles are agglomerated and attached to the skin and gills of the larvae (see white 

rings).  This was evident in all tested zebrafish larvae of that concentration and is most 

likely due to the mucus membrane that covers the whole larvae [6.14.].  The mucus 

membrane is a primary barrier to defend the fish from pathogenic microbes and contains 

antimicrobial peptides, lysozymes, lectins, proteases, and other substances that provide 

further protection from environmental exposures [6.15.]. It is likely that the nanoparticles 

are attaching to the mucus membrane and its components to later be stripped off the skin, 

along with other contaminants.  However, further investigation must be done to identify 

the exact interactions of iron oxide nanoparticles with the mucus membrane. 

 

Figure 6.  5: Zebrafish larva exposed to 10% Au:Fe3O4-PEG nanoparticles at a 

concentration of 100 mg/L for 72 hours.  The white circles show nanoparticles 

agglomerating at the gills (a) and the tail (b) of the fish.   

After 72 hours, after exposure, the zebrafish were euthanized on an ice bath for at least 

three hours or until no heartbeat was detected under a brightfield microscope.  The 

euthanized zebrafish larvae were then collected in a 15 mL falcon tube to further test the 

attachment of the uncoated Fe3O4, Fe3O4-PEG, and 10% Au:Fe3O4-PEG nanoparticles to 

the fish.  This was done by applying an external magnetic field to the falcon tube, using a 

rare earth NdFeB magnet.  It was observed that all zebrafish larvae, which were exposed 
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to the magnetic Fe3O4, Fe3O4-PEG, and 10% Au:Fe3O4-PEG nanoparticles, were collected 

on the magnet within three seconds (Figure 6.  6).  It was observed that some larvae were 

faster attracted to the magnet than others, while other larvae showed no attraction at all. 

This allowed for the hypothesis that the dose-response was also visible by the 

agglomeration time, where a fast agglomeration represents a higher number of 

nanoparticles.  This response to a magnetic field confirms the hypothesis that the magnetic 

Fe3O4, Fe3O4-PEG, and 10% Au:Fe3O4-PEG nanoparticles are attached to the fish.  

Whether this attachment occurs solely on the surface membrane (mucosal attachment) or 

through internalization of the nanoparticles into the fish, requires further experiments.  

Figure 6.  6 shows images of the euthanized zebrafish larvae being attracted to the applied 

magnet over a time of three seconds. 

 

Figure 6.  6: Euthanized zebrafish larvae (white arrow) collecting on a NdFeB magnet 

(black arrow) within 3 seconds, after they were exposed to magnetic 10% Au:Fe3O4-PEG 

and Fe3O4-PEG and uncoated Fe3O4 nanoparticles for 72 hours in OECD water. 
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6.4.  Conclusion and prospects 

From the gathered results, it can be said that all zebrafish larvae survived the exposure to 

10% Au:Fe3O4-PEG, Fe3O4-PEG nanoparticles, and Fe3O4 (0.1 - 2mM / 23.1 - 463.1 

mg/L) and showed a 100% survival rate even at high concentrations of up to 2mM.  At the 

same time, it is evident that the magnetic iron oxide nanoparticles agglomerated on the 

body of the fish and made it responsive to an external magnetic field.   

Future work includes testing the hypothesis of monitoring the dose-response of magnetic 

Fe3O4 iron oxide nanoparticles by agglomeration time and identifying the physical barriers 

that avoid the internalization of the nanoparticles into the zebrafish.   
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CHAPTER 7  

Key findings and developments, future work, possible applications 

7.1.  Introduction 

This thesis displayed the broad spectrum of applications for iron oxide.  Each chapter 

showed its unique way to functionalize, optimize and utilize iron oxide for their respective 

project aims. The key findings and developments are summarized in the following 

paragraphs. 

 

7.1.1.  Iron oxide-gold nanoparticles for multimodal contrast enhancement in 

magnetic resonance, computed tomography, and intravascular ultrasound imaging 

In this chapter, the development of Au*MNPs which were synthesized using an 

impregnation method, leading to nanoparticles with pristine surfaces for either component.  

Pristine NP surfaces can be particularly important when functionalization needs to be 

engineered in molecularly targeted theragnostic applications.  Moreover, the cytotoxicity 

of these Au*MNP was evaluated in vitro and showed that these were non-toxic to cells 

when a maximum concentration of 100 μg/mL was examined for 7 days.  The contrasting 

capability of these Au*MNP was also shown to be concentration-dependent across all 

three (MR, CT, IVUS) imaging techniques.  Most importantly, for the first time, it has 

been shown that larger diameter (20-30 nm) Au*MNPs can modify the MR signal in a T1-

weighted sequence which is routinely used for high spatial resolution anatomical imaging.  

This assessment supports the use of larger diameter Au*MNPs, beyond their well-

established contrasting ability in T2-weighted sequences.  For the first time, it was finally 

shown that the Au content of the Au*MNP can lead to evident increases of the IVUS signal 

and suggest that Au*MNP can potentially support a novel IVUS imaging methodology to 

simultaneously assess atherosclerotic plaque development and inflammation.  In 

conclusion, these materials can be developed further into a powerful tool to enhance 

theragnostic applications and tri-modal imaging accuracy in the clinical setting.   
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7.1.2.  Impedance based measurements and CARS imaging as advanced techniques 

to assess the cytotoxicity of nanomaterials on liver cells in vitro 

Since the liver is one the most important organs for blood purification, detoxification of 

chemicals, and metabolization of drugs, studying the effects of nanoparticles on liver cells 

is crucial to understand how the liver and especially liver cells behave after exposure to 

Fe3O4 iron oxide nanoparticles.  Even though colorimetric assays such as CellTiter-Glo 

and PrestoBlue have been established as valuable cell assays all over the world, some 

restrictions, such as the absorption of light, can alter the data and produce inaccurate results 

and estimates.  By analyzing the liver functions and the cell response in 2D and 3D cultures 

an accurate estimation of the toxicity of nanoparticles can be made.  The results suggest 

that impedance-based measurements (xCELLigence system) and Coherent Anti-Stokes 

Raman Scattering (CARS) are powerful tools to analyze the cell viability of liver cells.  

Measuring the effects of nanoparticles on the cell cultures through an electrical current 

does not only provide valuable data on the immediate effects in real-time but also allows 

for long-term exposures.  Liver cells in 2D cultures in vitro do not necessarily represent 

an accurate behavior of liver cells, future work will focus on the further development of 

the 3D liver tissue model to mimic the liver's behavior more accurately.   

 

7.1.3.  Monitoring the cell internalization of iron oxide nanoparticles using a 

holographic imaging system 

The next stage focuses on further toxicity tests of PEG-coated magnetic iron oxide 

nanoparticles studying the internalization kinetics of particles based on the roughness on 

cell surfaces. To use nanoparticles for biomedical applications, for instance as contrast 

agents, several aspects must be considered and addressed upfront. MTT color assays and 

impedance measurements will provide further information about the impact and effects of 

PEG-coated MNPs on MCF-7 breast cancer cells. Moreover, the use of toxic nanoparticles 

presents negative controls for comparison. These will be prepared by replacing the Fe3O4 

core particle with toxic Co3O4 nanoparticles and changing the biocompatible polyethylene 

glycol coating with different surface functionalization that are known to be toxic to living 

cells. The toxicity of these MNPs will be monitored over MCF-7 cancer cells using a 

HoloMonitor M4 microscope. This digital imaging method will generate further 

information about the cell internalization process of nanoparticles and therefore help to 

optimize the cell uptake of functionalized nanoparticles into cell and tissue cultures and 

improve their intended purposes such as drug delivery and contrast enhancement. 
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7.1.4.  Magnetic molecularly imprinted polymer networks and spheres (MMIPs) for 

the selective binding of antibiotics 

This chapter presented the successful synthesis of magnetic molecular imprinted (MMIPs), 

with the antibiotics erythromycin (ERY) and ciprofloxacin (CPX) as template molecules, 

and non-imprinted polymers (MNIPs) without template molecules.  Both imprinted 

samples showed high binding capacities of 70 mg/g and 32 mg/g and established their 

maximum binding capacity within 40-60 minutes after exposure.  The imprinted samples 

were tested on their recovery rates using magnetic separation and retained 68 – 75 % of 

their binding capacity after 4 cycles.  The high selectivity of all MMIPs towards their 

respective template molecule (ERY or CPX) was demonstrated in methanol:water and 

milk matrices.  A reduced homogenization speed at 25,000 rpm resulted in the synthesis 

of spherical polymers rather than a porous network.  The ERY-MMIP spheres showed a 

similar binding capacity of 70 mg/g for imprinted and 40 mg/g for non-imprinted samples, 

which was established after 40-60 minutes.  The selectivity of ERY-MMIP spheres was 

determined in the milk matrix and showed a clear binding preference for the target 

molecule erythromycin.  The comparison of the two different MMIP samples (network 

and sphere) shows that despite their different structures, both polymers have similar 

binding capacities and selectivity.  The combination of a highly selective polymer structure 

towards antibiotic pollutants and the magnetic property of iron oxide (Fe3O4) can be a 

useful tool to monitor and remove antibiotic pollutants from freshwater sources and food 

products.  While the polymer binds the target molecules, the whole system can be 

recovered by simply applying a magnetic field rather than time-consuming and laborious 

centrifugation and filtration processes.  Further modifications and interchangeable 

template molecules allow the use of a magnetic MIP system for a broad range of 

applications and can help to tackle the global problem of pharmaceutical and chemical 

pollution in aquatic environments. Future work includes the determination of the lower 

binding and detection limits of the MMIP networks and spheres 
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7.1.5.  Zebrafish larvae as in vivo model system for the characterization of iron oxide 

supported gold nanoparticles with polyethylene glycol coating 

This chapter summarizes that all zebrafish larvae survived the exposure to 10% Au:Fe3O4-

PEG, Fe3O4-PEG, and uncoated Fe3O4 nanoparticles with concentrations ranging from 0.1 

- 2mM or 23.1 - 463.1 mg/L.  The results showed a 100% survival rate, even at high 

concentrations of up to 2mM.  At the same time, it was evident that the magnetic iron 

oxide nanoparticles agglomerated on the body of the fish and made it responsive to an 

external magnetic field.   

Future work includes testing the hypothesis of monitoring the dose-response of magnetic 

Fe3O4 iron oxide nanoparticles by agglomeration time and identifying the physical barriers 

that avoid the internalization of the nanoparticles into the zebrafish.   

 

7.2. Concluding remarks 

In this thesis, various applications of functionalized iron oxide nanoparticles are 

demonstrated and display their great potential for future use in biomedical sciences. Their 

unique properties in size, shape, and magnetism can be selectively modified and utilized 

for a broad range of applications. Constant research and development of these 

nanoparticles show that their prospective use empowers researchers to valuable analytical 

and investigative insight, leading to never seen innovation and development in the 

biomedical sector.  
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