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Superparamagnetic iron oxide nanoparticles provide a platform to deliver therapeutic 

agents to any desired group of cells in a safe fashion. These particles can be 

manipulated by externally applied magnetic fields, targeted to specific tissues and 
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heated in focused fields for cancer treatment. Hyperthermia performance of SPIONs 

depends on the magnetic field strength as well as the field frequency. A part of this 

dissertation displays the therapeutic effect of Poly(acrylic acid)-coated, anti-HER2- 

tagged SPIONs on breast cancer cells using a low magnetic field strength of 0.8 kAm-1, 

which is significantly lower compared to the literature, with a frequency of 400 kHz. 

HER2-positive SKBR3 and MDA-MB-453 cell lines successfully internalized the 

nanoparticles. The particles, which were not toxic to these cell lines, led to a prominent 

decrease in cell proliferation and survival in MDA-MB-453 cells when subjected to 

hyperthermia.  

Gene therapy is another developing method for the treatment of various diseases. A 

strong alternative is magnetofection, which involves the use of SPIONs  and external 

magnetic field to enhance the localization of SPIONs at the target site. A new magnetic 

actuation system consisting of four rare earth magnets on a rotary table was designed 

and manufactured to have improved magnetofection. The actuation effect was revealed 

with green fluorescent protein DNA bearing-nanoparticle transfection to MCF7 cells. 

The applied magnetic field in this system increased the transfection efficiency and 

viability relative to traditional transfection methods. At the same time, it also reduced 

the transfection time (down to 1 hour) of the standard polyethylenimine transfection 

protocol.   



 

vi 

 

ÖZET 

 

 

 

DEMİR OKSİT NANOPARÇACIKLARIN İLAÇ/GEN TAŞINIMI VE TEDAVİ 

AMAÇLARI İÇİN ISISAL VE MEKANİK MANİPÜLASYONU 

 

 

MERVE ZUVİN 

 

 Doktora Tezi, Ocak 2019 

 

Tez Danışmanı: Prof. Dr. Ali Koşar 

 

 

Anahtar Kelimeler: Hipertermi, indüksiyon ısınma, meme kanseri, süperparamanyetik 

demir oksit nanoparçacık, manyetik eyleme, magnetofeksiyon 

 

 

Süperparamanyetik demir oksit nanoparçacıklar, tedavi amaçlı kullanılacak ajanları 

istenen herhangi bir hücre grubuna güvenli bir şekilde ulaştırmak için bir platform 

sağlar. Bu parçacıklar, uygulanan manyetik alanla manipüle edilebilir, spesifik dokulara 

gönderilebilir ve bu alanlarda ısıtılarak kanser tedavisi için kullanılabilir. SPION'ların 
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hipertermi performansı, manyetik alan frekansının yanı sıra manyetik alan kuvvetine de 

bağlıdır. Bu tezin bir kısmında, poli (akrilik asit) ile kaplanmış, anti-HER2-etiketli 

SPION'ların, 0.8 kAm-1'lik bir düşük manyetik alan kuvveti ve frekans olarak 400 kHz 

frekanslı kullanılarak, meme kanseri hücreleri üzerindeki tedavi amaçlı etkisi 

gösterilmiştir. Nanoparçacıklar başarıyla HER2-pozitif SKBR3 ve MDA-MB-453 hücre 

hatlarına gönderilmiş ve bu hücre hatları için toksik olmayan parçacıklar, hipertermiye 

tabi tutulduğunda MDA-MB-453 hücrelerinde hücre çoğalmasında ve hayatta kalmada 

belirgin bir azalmaya yol açmıştır. 

Gen terapisi, çeşitli hastalıkların tedavisi için bir başka gelişmekte olan yöntemdir. 

Güçlü bir alternatif, SPION'ların ve hedef alandaki lokalizasyonunu geliştirmek için 

harici manyetik alan kullanımını içeren manyetofeksiyondur. Döner tablada dört adet 

nadir toprak mıknatısından oluşan yeni bir manyetik harekete geçirme sistemi 

geliştirilmiş, manyetofeksiyona sahip olacak şekilde tasarlanmış ve üretilmiştir. Aktive 

edici etki, MCF7 hücrelerine yeşil flüoresan protein DNA taşıyan-nanoparçacık 

transfeksiyonu ile ortaya çıkarılmıştır. Bu sistemdeki uygulanan manyetik alan, 

transfeksiyon verimliliğini ve geleneksel transfeksiyon yöntemlerine göre canlılığı 

arttırmıştır. Aynı zamanda, standart polietilenimin transfeksiyon protokolünün 

transfeksiyon süresini (1 saate kadar) azaltmıştır. 
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1   INTRODUCTION 

 

 

 

 

Nanomedicine is a new approach for understanding nanotechnological systems for 

disease diagnosis and therapy. This branch of nanotechnology is classified into two 

main categories: nanodevices and nanomaterials. Nanodevices are miniature devices in 

nanoscale and including microarrays [1], [2], or some intelligent machines like 

respirocytes [3].  Nanomaterials contain nanoparticles, smaller than 100 nanometers 

(nm) in at least one dimension.  

      Recent exploration of biomedical science results in successful improvement of 

designing therapeutic agents in disease treatment. However, a major problem in 

treatment of many diseases is the delivery of therapeutic agents to the desirable site. 

Application of conventional agents has problems such as non-selectivity, undesirable 

side effects, low efficiency and poor biodistribution [4]. Therefore, the focus of current 

research activities is to design well-controlled and multifunctional delivery systems. 

Association of therapeutic agents with nanoparticles exhibiting unique physicochemical 

and biological properties and designing their pathways for suitable targeting is a 

promising approach in delivering a wide range of molecules to desired sites in the body 

[5]. This targeted strategy enhances the concentration of therapeutic agent in 

cells/tissues; thereby low doses of agent can be used, particularly if there is a 

contradiction between the therapeutic results or toxic effects of an agent. Moreover, 

increasing concentration of therapeutic agents only in-targeted area improves its 

therapeutic index by enhancing their efficacy and/or increasing their tolerability in 
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biological systems. Water-insoluble therapeutic agents can also combine with 

nanoparticles, which can protect them from physiological barriers and improve their 

bioavailability. Furthermore, association of therapeutic nanoparticles with contrast 

agents allows for the tracking of their pathways and imaging of their delivery site in in 

vivo systems. Figure 1.1 gives an overview of nanotechnology methods for biomedical 

applications 

       

 

Figure 1.1 Classification of nanotechnology based methods 

 

1.1. Literature Review 

 

   1.1.1 Types Of Therapeutic Nanoparticles 

      Nanomaterials can be classified into two categories: Nano-structured and nano-

crystalline. Nanostructured materials can be further categorized into polymeric, non-

polymeric and lipid-based categories. Polymeric nanoparticles include dendrimers, 

nanoparticles, micelles and drug conjugates. Non-polymeric nanoparticles include 

carbon nanotubes, metallic nanoparticles, quantum dots and silica-based nanoparticles. 

Lipid-based nanoparticles can be divided into liposomes and solid-lipid nanoparticles. 
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So far, most of the nanoparticles clinically approved for therapeutic use have polymeric 

or lipid-based components. Apart from polymeric/non-polymeric or lipid-based nano-

structured particles, nano-crystalline particles that are formed by the combination of 

therapeutic agent in crystalline form are also used in some clinical applications. In this 

section, we summarized the type of clinically used nanoparticles and their specificity for 

therapeutic applications, as well as their current delivery strategies in challenging 

pathophysiological conditions. Figure 1.2 illustrates the different types of nanoparticles. 

 

Figure 1.2 Different nanoparticles for therapeutic purposes 

 

1.1.1.1. Nano-Structured Particles 

1.1.1.1.1 Polymeric particles   

1.1.1.1.1.1. Dendrimers 

    Dendrimers are favorable polymers in clinical applications due to their 

hyperbranched, compartmental and low polydispersity index. Controlling the number of 

branching in these polymeric nanoparticles allows to fabricate them in very small sizes 

(1-5 nm). They can be fabricated by polymerization in spherical shape, which leads to 

the formation of cavities within the dendrimer molecule, and this entrapment efficiency 

can be used for delivery of therapeutic agents. In addition, there are free end groups in 
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the structure of dendrimers that can be easily modified for conjugation of biocompatible 

compounds with low cytotoxicity and high biopermeability. The structure of dendrimers 

can also be supplied with surface functionalization allowing to improve target-specific 

delivery of therapeutic agents. Assembling them by either encapsulation or 

complexation makes dendrimers attractive vehicles for concomitant delivery of 

biologically active molecules such as vaccines, drugs and genes to the desired sites. 

Currently, single or combination of different polymers, such as polyethyleneimine, 

polyamidoamine, poly-(propyleneimine), chitin etc. are used for therapeutic 

applications in the form of dendrimers [6], [7].  

 

1.1.1.1.1.2. Nanoparticles 

    Polymeric nanoparticles provide an alternative way for therapeutic applications, 

because they consist of either synthetic or natural polymers, which makes them 

biocompatible, non-immunogenic, non-toxic and biodegradable carriers [8]. Due to 

some immunogenic and toxic problems, synthetic polymers like polycaprolactone 

(PCL), polylactic acid (PLA) and monomers are usually used in the form of polyesters. 

On the other hand, natural polymer-based nanoparticles composed of chitosan, gelatin, 

albumin and alginate overcome toxicity problems and provide significant improvement 

in the efficiency of therapeutic agents compared to conventional methods. Polymeric 

nanoparticles are considered as a matrix system, in which the matrix is uniformly 

dispersed. They can be classified as nanocapsules or nanospheres depending on their 

composition. In nanocapsules, therapeutic agents are enclosed by a unique polymer 

membrane, while agents are directly dispersed throughout or within the polymer matrix 

in nanospheres [9]. Existence of the multitude preparation method of polymeric 

nanoparticles can control the release characteristics of incorporated therapeutic agents, 

which allows delivery of a higher concentration of agents to a desired location. 

Moreover, the surface of polymeric nanoparticles could be easily modified and 

functionalized with a specific recognition ligand, which increases the specificity of 

therapeutic agents in targeted area. 
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1.1.1.1.1.3. Micelles 

     Polymeric micelles are usually used for the systemic delivery of water-insoluble 

therapeutic agents. They are in ˂100nm size and formed in solution as aggregates. The 

component molecules of polymeric micelles are arranged in a spheroidal structure, in 

which a mantle of hydrophilic groups surrounds hydrophobic cores. The existence of 

hydrophilic surface contributes to their protection from nonspecific uptake by 

reticuloendothelial system so that their high stability within physiological systems is 

ensured. On the other hand, the hydrophobic core of polymeric micelles can physically 

trap the therapeutic agents. The component molecules can also be covalently linked to 

this hydrophobic core. Consequently, the dynamic structure of polymeric micelles 

provides a prominent delivery system for therapeutic agents, which allows versatile 

loading capacity, conjugation of targeted ligands and decrease in the rate of dissolution 

[10].  

  

1.1.1.1.1.6. Drug conjugates 

      Conjugation of polymers with drugs is generally used for low molecular weight 

agents, particularly in cancer treatment. This conjugation increases the overall 

molecular weight of drugs, which induces the pharmacokinetic disposition of drug in 

cells. Polymer-drug conjugates serve as carriers with high solubility and stability, 

promotes EPR effect in cancer cells leading to internalization of the particles in the 

desired site [11]. It is also reported that covalently conjugated polymer-drugs are more 

reliable in terms of drug release and enhanced drug capacity [12]. There are pH 

sensitive polymeric drug conjugates, which accumulate in the tumor site since the tumor 

is considered as an acidic environment. pH sensitivity of the nanoparticle is also used 

for controlled drug release [13], [14]. Combination of paclitaxel and doxorubicin is 

extensively studied in cancer treatment, and as a result, it is reported that polymeric 

drug conjugates increase the bioavailability of the drug [12], [15], [16]. 
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1.1.1.1.2. Non-polymeric particles 

1.1.1.1.2.1. Carbon nanotubes  

    Carbon nanotubes are carbon based tubular structures in 1nm diameter and 1 to 

100nm length [17]. These structures can be conceptualized by wrapping a layer of 

graphite called graphene into a seamless cylinder. The configuration of carbon 

nanotubes includes single-walled nanotubes (SWNTs), multiwalled nanotubes 

(MWNTs) and C60 fullerenes. The size and stable geometric shape of carbon nanotubes 

make them an attractive non-polymeric carrier for therapeutic agents. Particularly, 

SWNTs and C60 fullerenes have internal diameters of 1-2 nm, which is equivalent to 

about half of the average DNA helix diameter [18]. The SWNTs and MWNTs can enter 

the cells by endocytosis or by direct insertion through the cell membrane. Experiments 

with fullerenes have shown that they can be also used for delivery of therapeutics like 

antibiotics, antiviral and anticancer agents [19]–[22]. Fullerenes differ in the 

arrangement of their graphite cylinders and due to presence of high number of 

conjugated double bonds in their core structure. They can protect the injured 

mitochondria by providing free radicals [23]. This property allows for the tissue-

selective targeting of mitochondria that can be used for delivering therapeutic agents to 

the desired site, particularly in cancer treatment [24]. 

 

1.1.1.1.2.2. Metallic nanoparticles 

    Metallic nanoparticles are nano size metals of size 1-100 nm. These particles are 

composed of metals such as cobalt, nickel, iron and their respective oxides like 

magnetite, maghemite, cobalt ferrite and chromium dioxide. Metallic nanoparticles can 

be synthesized and modified with versatile functional chemical groups, which allows 

them to be conjugated with different molecules. Combination of these nanoparticles 

with therapeutic agents is emerging as good delivery carrier alternative due to their 

magnetic properties, stability and biocompatibility. Surface functionalization can also 

be done, and biological molecules like peptide, protein and DNA can be stably linked 

onto their surface. Magnetic properties of these nanoparticles provide extra advantage 

for their use in therapeutic purposes because of the possibility to target them at a 

specific site in the body via an externally applied magnetic field. Magnetic 



 

23 

 

susceptibility, defined as ratio of induced magnetization to the applied field, is an 

important parameter for their medical use. For example, superparamagnetic iron oxide 

nanoparticles (SPIONs) have a large magnetic susceptibility, and thus, they are widely 

used in clinics as contrast agents in magnetic resonance imaging [25]. Likewise, 

superparamagnetic properties facilitate stable delivery of therapeutic agents to the 

body/cell and proper accumulation of the treated tissue provide a reproducible and safe 

treatment approach in diseases [26] [26]. When metallic nanoparticles are subjected to 

an alternating magnetic field, they can produce, heat and this approach is called 

magnetic hyperthermia, which provides another advantage for their use in the ablation 

of tumors in cancer treatment [27], [28].  

 

1.1.1.1.2.3. Quantum dots  

     Quantum dots (QDs) are tiny particles or nanocrystals of a semiconducting material 

with diameters in the range of 2-10 nm. These particles consist of a semiconductor 

inorganic core (CdSe) and an aqueous organic coated shell (e.g., ZnS) [29]. QDs 

produce distinctive fluorescence colors that are partly the result of the unusually high 

surface-to-volume ratios for such particles. The core structure of QDs determines the 

color emitted, while outer aqueous shell can be used for conjugation of biomolecules 

such as peptides, protein or DNA [30]. QDs can also carry a cap, which improves their 

solubility in aqueous buffers. Due to their narrow emission, bright fluorescence and 

high photostability QDs can be used for tracking therapeutic agents within the cells for 

longer time [31]. This unique property of QDs gives an opportunity to their utilization 

as carriers for therapeutic vehicles such as DNA, protein, drugs or cells [32]. Although 

the medical use of QDs is still debated, their surfaces for versatile bioconjugation, their 

adaptable photophysical properties for multiplexed detection, and their superior stability 

for longer investigation times are the main advantages of QDs compared to other 

fluorescence agents, and thus, various drugs are recently developed for delivery via 

QDs.  

 



 

24 

 

1.1.1.1.2.4. Silica-based nanoparticles 

    Silica-based nanoparticles offer considerable advantages in nanotechnology because 

they are suitable for designing complex systems for various applications and can be 

easily produced with low cost. Their specific surface characteristics, porosity and 

capacity for functionalization make them attractive tools for therapeutic applications 

[33]. Silica has a large surface area covered with polar silanol groups, which is 

favorable for water adsorption and improves the stability of therapeutic agents. In 

addition, silica-based nanoparticles have ability to interact with nucleic acids, which 

allows their use as targeted delivery system. Their nanopores size and density can be 

controlled to achieve a constant delivery rate. Moreover, encapsulation of therapeutic 

agents with silica-based nanoparticles provides solid media for the delivery of agents. 

Combination of these nanoparticles with contrast agents such as gold, silver, iron oxide, 

organic dyes, and quantum dots facilitates their tracking in biological systems [34]. 

Furthermore, these nanoparticles are used as safety and biocompatible additives in 

pharmaceutical production, which improves the mechanical properties of powders. 

Eventually, silica-based nanoparticles provide advantages as biosensors [35], as well as 

in controlled drug release and delivery and cellular uptake [36].  

 

 

1.1.1.1.3. Lipid-based nanoparticles 

1.1.1.1.3.1. Liposomes 

     Liposomes are vesicles synthesized by hydration of dry phospholipids. They can be 

prepared with distinct structure, composition, size and flexibility with a variety of 

surface modification. One of the most important advantages of liposomes is their ability 

to fuse with lipid membrane of a cell and releasing its contents into the cytoplasm. Such 

availability of liposomes makes them suitable intelligent carrier systems for targeted 

delivery. They are composed of a lipid bilayer surrounded with a hollow core. The 

therapeutic molecules can be loaded into this hollow core for delivery to disease sites 

[37], [38]. Depending on the number of bilayers, they are classified into three basic 

types: Multilamellar, small unilamellar and large unilamellar. Multilamellar vesicles 

consist of several lipid bilayers separated from one another by aqueous spaces. In 
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contrast, unilamellar vesicles consist of a single bilayer surrounding the entrapped 

aqueous space having diameters smaller or larger than 100nm. These structural 

properties allow them to carry both hydrophobic and hydrophilic molecules. 

Hydrophilic molecules can be carried in the aqueous interior of the liposome, while 

hydrophobic molecules can be dissolved in the lipid membrane [39]. Moreover, surface 

modification can be obtained by either coating with a functionalized polymer or PEG 

chains that improve targeted delivery and increase their circulation time in biological 

systems [40].   

 

1.1.1.1.3.2. Solid lipid nanoparticles (SLN) 

     Solid lipid nanoparticles (SLN) are form of aqueous colloidal dispersions, 

which comprise of lipid matrix, which is solid at room and body temperatures. 

Surfactants improve stability of those particles. Size of SLNs varies from 10 – 1000 nm 

depending on the production mechanism [41]. Lipid carriers are a sub-category of 

SLNs, and they have solid nanoparticle, liquid lipid matrix and improved stability and 

drug carrier properties [42]. SLNs have advantageous properties such as protecting the 

encapsulated drug and drug release control. Also, they have large surface to volume 

ratio and improved drug carrying capacity [43]. It is reported that SLN anticancer drugs 

have better properties than conventional drug formulations because of the features 

mentioned above [44], [45]. Moreover, they are effective carriers for pulmonary and 

oral drug delivery purposes [46], [47]. 

1.1.1.2. Nanocrystalline particles   

    Nanocrystalline particles are polycrystalline materials with crystallite size of only a 

few nanometers. Their small crystallite sizes reduce limitations of several therapeutic 

agents that are suffering from bioavailability and absorption problems. Generally, the 

size reduction is a suitable way to enhance the bioavailability of agents, where the 

dissolution velocity is the rate-limiting step. The crystalline structure leads to increased 

surface area and thus increases dissolution velocity. This characteristic improves the 

solubility, which is important especially when the therapeutic index of agent is limited 

due to absorption problem. Relatively, nanocrystalline particles enable the quick 

absorption of therapeutic agents due to their fast dissolution, offering an advantage for 
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agents that need to work fast. By modifying the nanocrystal surface, it is possible to 

achieve a prolonged or a targeted release, allowing for the use of therapeutic agents in 

low doses and decreasing side effects, particularly for poorly soluble agents [48]. 

1.1.2. Targeted Delivery Applications of Therapeutic Nanoparticles 

Targeted delivery refers to the successful direction of therapeutic agent and its 

dominant accumulation within a desirable site. For the efficient targeted delivery, the 

agent-loaded system should retain in physiological system for preferable time, evade 

from the immunological system, target specific cell/tissue and release the loaded 

therapeutic agent [49]. Today, the targeted delivery of nanoparticles is mostly studied in 

cancer treatment. Over 20% of the therapeutic nanoparticles already in clinics or under 

clinical evaluation were developed for anti-cancer applications. In addition, related 

research has focused on nanoparticle-mediated therapy for some other diseases such as 

neurodegenerative, infectious, autoimmune etc. diseases. The subsequent section 

provides up-to-date application of therapeutic nanoparticles as targeted delivery systems 

in these diseases.  

1.1.2.1. Cancer 

      Cancer is one of the major causes of death. Chemotherapy is widely used as a 

treatment approach for various types of cancer. However, chemotherapeutic agents 

suffer from the lack of aqueous solubility, exhibits dose-dependent toxicity, and their 

tumor specificity is inadequate [50]. Multidrug resistance is another challenge in 

chemotherapy, which mainly occurs due to increased efflux pumps that are responsible 

for export of anti-cancer agents from cell membrane [51].  

      Recent applications of nano-delivery system overcome these limitations such that 

they can be targeted directly to the cancer cell, deliver the agent at a controlled rate, and 

optimize the therapeutic efficacy [52]. A variety of nanoparticles has been developed 

for delivery of anti-cancer agents, and two major mechanisms are used to deliver them 

at tumor site: Passive targeting and active targeting [53]. Passive targeting is based on 

the accumulation of therapeutic agent in the tumors due to their different features from 

normal tissues. Tumors have leaky vasculature or defective lymphatic drainage, which 

promotes the delivery and retention of therapeutic nanoparticles; commonly referred as 
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the EPR effect [54]. Yet, nanoparticles encounter several obstacles in this type of 

targeting. Mucosal barriers or non-specific uptake of particles on the way to their target 

limit the efficiency. In contrast, active targeting achieves selective recognition of the 

targeted cells by carrying ligands at the surface of nanoparticles that bind to receptors or 

stimuli-based carriers [55], [56]. Currently, the majority of FDA-approved therapeutic 

nanoparticles is produced by re-formulation of chemotherapeutic drugs with polymeric 

nanoparticles.  For example, PEGylated liposomal formulations of anti-cancer drug 

doxorubicin (Doxil®, Caelyx®) can extend the half-life of the drug dramatically and 

decrease the cardiotoxicity. Similarly, nanoparticle-based re-formulation of cisplatin 

exhibits enhanced efficiency and reduced side effects in the localized treatment of 

progressive breast cancer [57], [58]. The albumin-conjugated nanoparticle version of 

anti-cancer drug paclitaxel (Abraxane®) or re-formulation of rapamycin drug with 

micellar nanoparticles (Rapamune®) are another FDA-approved therapeutic 

nanoparticles with lower side effects and improved therapeutic indices over their drug 

counterparts [59]. Table 1.1 summarizes the therapeutic nanoparticles for delivery used 

in clinics and still under pre-clinical or clinical evaluation. 

 

Table 1.1 Therapeutic nanoparticles for delivery and their conjugated drugs 

Nanostructure Nanoparticle Conjugated 

drug 

Ref 

Dendrimer polyethylene glycol (PEG)-

platinum 

α-cyclodextrin [60] 

Micelle polypropylene sulfide-PEG- 

serine-folic acid zinc 

phtalocyanine 

doxorubicin [61] 

Carbon nanotube PEG diacylate-chitosan 

derivative single walled CNT 

doxorubicin [62] 

Metallic 

nanoparticles 

hollow mesoprous copper 

sulfide (HMCuSNPs) 

nanoparticle with iron oxides 

doxorubicin [63] 

hollw mesoprous copper 

sulfide (HMCuSNPs) 

nanoparticle with Hyaluronic 

acid 

doxorubicin [64] 
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PEGylated MoS nanosheets 
 

[65] 

Magnetite nanoparticles doxorubicin [66] 

Gold nanorods doxorubicin-

thiolated PEG-

biotin-DNA 

[67] 

Silica based 

nanoparticles 

Nanorod aptamer [68] 

 
mesoporous silica 

 
[69] 

 
transferrin mesoporous silica doxorubicin [70] 

 
mesoporous silica amino-β-

cyclodextrin 

[71] 

 
mesoporous silica cytochrome C 

conjugated 

lactobonic acid-

doxorubicin 

[72] 

 

1.1.2.2. Infectious Diseases 

      The major therapeutic approach for infectious disease is the use of anti-microbial 

drugs. However, pathogens can become resistant, where anti-microbial drugs become 

therapeutically insufficient. This requires high doses and frequent administration of 

drugs, which increase side effects and toxicity. Moreover, many pathogens are located 

intracellularly in an active or latent state, which prevents the access of anti-microbial 

drugs [73], [74]. The use of nano-delivery systems can overcome such problems, and 

currently, there is an increasing interest in their use against different pathogens such as 

bacteria, virus, fungi or parasites. Application of nano-delivery for the treatment of 

infectious disease includes both polymeric and non-polymeric nanoparticles, and 

liposomes that improve the anti-microbial activity of drugs [75]. Although many 

research articles have been published during past years, current drugs in clinical trials 

have sought approval for new systems (ciprofloxacin liposomes) or new applications, 

such as the use of Arikace™ in bronchiectasis, cystic fibrosis or chronic infection [76]. 

There are also clinical trials addressing the use of nanoparticles as vaccine carriers for 

Ebola virus (EBOV) or as antimicrobial agents in medical devices, such as AgNPs in 
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central venous catheters [77]. Consequently, several nano-delivery systems are today 

clinically available. For example, the anti-fungal liposomal carrier Ambisome® 

(Amphotericin B) and the SLN Nanobase® or the virosomal vaccines Inflexal® V and 

Epaxal® are already used in clinics for therapeutic purposes. Furthermore, there are 

some nanoparticles used in diagnosis or as medical devices like Verigene®, 

Silverline®, Acticoat™ or Endorem™ SPIONS [78]–[80]. Table 1.2 summarizes the 

therapeutic nanoparticles against resistant strains and some nano-delivery systems used 

for prevention and treatment against bacterial infection. 

 

Table 1.2 Therapeutic nanoparticles against resistant strains 

Pathogen Nanoparticle Conjugated 

Drug 

Ref 

C. Albicans Metallic nanoparticle (AgNP) Fluconazole [81] 

E. Coli Metallic nanoparticle (AuNP and 

AgNP) 

Ampicillin [82] 

E. Coli Metallic nanoparticle (ZnO-PEI) Tetracycline [83] 

Enterococci Metallic nanoparticle (AuNP)  Vancomycin [84] 

Liposome [85] 

HIV-

infected 

cells 

Polymeric nanoparticle (Micelle) Nelfinavir, 

saquinavir 

[86] 

P. 

Aeruginosa 

Liposome Polymyxin B [87] 

P. 

Aeruginosa 

Metallic nanoparticle (AuNP)  Ampicillin [82] 

Plasmodium 

sp. 

Liposome Chloroquine [88] 

S. Aureus Chitosan NP Vancomycin [89] 

Metallic nanoparticle (AuNP)  [90] 

Polymeric nanoparticle (PLA 

NP) 

Penicillin [91] 
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Silica nanoparticle [92] 

Chitosan NP Streptomycin [93] 

Liposome β-Lactam, 

penicillin 

[94] 

Metallic nanoparticle (AuNP and 

AgNP) 

Ampicillin [82], [90] 

 

1.1.2.3.Autoimmune Diseases  

      Treatment of autoimmune diseases by using nano-delivery systems includes 

therapeutic approaches for rheumatoid arthritis (RA) and Acquired Immunodeficiency 

Syndrome (AIDS).  

      RA is one of the common and severe autoimmune diseases affecting almost 1% of 

the world population. The cause of RA is still unknown, yet the complex interaction 

between immune mediators is responsible for the bone and cartilage destruction. New 

therapy approaches are able to improve the quality of patient’s life, however, restricted 

administration route and requirement of repetitive long-term treatment result in 

systemic adverse effects [95]. Nano-delivery systems are used as a new approach for 

delivering therapeutic agents particularly to target inflamed tissue (synovial membrane), 

thereby preventing systemic and undesired effects. Certolizumab pegol (CZP) is a TNF-

α inhibitor widely used in clinics [96] [93] Nano-formulation of CZP with PEG 

increases its half-life to ∼14 days, and its clinical trials have shown promising results 

for long-term treatment on RA patients [97]. Targeting inflamed tissues by using C60 

fullerenes [98] or polymeric micelles [99] was also achieved in the utilization of nano-

delivery systems to treat RA.  

      Acquired Immunodeficiency Syndrome (AIDS) is another autoimmune disease 

lacking treatment. Current clinical therapy is called Highly Active Anti-Retroviral 

Treatment (HAART), which consists of a combination of at least three anti-HIV drugs 

suppressing human immunodeficiency virus (HIV) replication. Although this 

therapeutic approach has contributed to lower mortality rate, it is not effective [100]. 

Recently, nano- delivery system was introduced in order to provide a target specific and 
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sustained release of anti-HIV drugs, thereby improving their efficiency and preventing 

side effects [101]. Examples of nanoparticle drugs used for AIDS therapy are 

summarized in the Table 1.3  

 

Table 1.3 Drugs for AIDS therapy 

Nanostructure Nanoparticle Conjugated Drug Ref 

Polymeric 

nanoparticle 

Polyhexylcyanoacrylate 

nanoparticles 

Zidovudine [102] 

Polyisohexyl cyanate 

nanoparticles 

Zidovudine [103] 

Polypropyleneimine 

dendrimers 

Efavirenz [104] 

PPI dendrimer Efavirenz [105] 

PLGA nanoparticles Ritonavir, Lopinavir, 

Efavirenz 

[106], [107] 

PBCA and MMA-SPM 

nanoparticles 

Stavudine, 

Zidovudine, 

Lamivudine 

[108] 

Polyepsilon-caprolactone Saquinavir [109] 

Liposome Mannosylated and 

galactosylated liposomes 

Stavudine [110] 

 

1.1.2.4. Cardiovascular Diseases  

     Cardiovascular disease (CVD) is a class of diseases, which affects the cardiovascular 

system, vascular systems of the brain and kidney, and peripheral arteries. Despite many 

novel therapeutic strategies such as gene delivery and cell transplantation, heart failure 

is still a leading reason of mortality in the world [111]. Utilization of nanoparticle-based 

delivery system to treat cardiovascular diseases includes approaches for treatment of 

vascular restenosis. Efficient targeted delivery of liposome-associated drug sirolimus 

has been shown in the attenuation of vascular restenosis [112]. Similarly, carrying 

carvedilol with liposome-based nanoparticles results in enhanced bioavailability of drug 
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and improves its therapeutic effect [113]. Angiogenic therapy of myocardial ischemia 

with vascular endothelial growth factor (VEGF) is a convenient approach to overcome 

hypoxia-dependent side effects. Polymeric particles loaded with VEGF have been 

proposed as a promising system to improve vasculogenesis and tissue remodeling in an 

acute myocardial ischemic model [114], [115]. Moreover, oral bioavailability of cardio-

protective resveratrol is enhanced by using nano-delivery systems based on lipid 

nanoparticles [116]. Furthermore, targeting nano-delivery system in atherosclerosis is 

achieved to visualize and treat atherosclerotic lesions by using magneto-fluorescent 

nanoparticles or ligand-binding polymeric micelles [117]. 

1.1.2.5. Neurodegenerative Diseases  

      Neurodegenerative diseases (NDs) are characterized via the progressive loss of the 

function of neurons, which subsequently causes the neuronal death. Patients with NDs, 

such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and multiple sclerosis 

(MS), have symptoms related to movement, memory, and dementia due to the gradual 

loss of neurons. Although significant progress is achieved in the treatment of NDs, the 

therapeutic strategies are limited because of the restrictive structure of blood-brain-

barrier (BBB). BBB is a highly selective semipermeable membrane barrier, which 

separates the circulating blood from the brain and prevents the passage of most 

circulating molecules so that central nervous system homeostasis is maintained [118]. 

Due to highly selective nature of BBB, most of the therapeutic drugs cannot reach to the 

brain, which requires high doses leading to adverse effects in the body. Nanoparticle-

based therapeutic approach in NDs mainly focuses on targeted delivery and sustained 

local release of therapeutic agents into the diseased area of brain by crossing the BBB 

[119], [120]. 

     The aggregation of the amyloid-β (Aβ) peptide into amyloid plaques is the main 

pathological feature of AD, and current treatments include cholinesterase inhibitors 

(donepezil, rivastigmine, galantamine), N-methyl-D-aspartate (NMDA) receptor 

antagonists (memantine) [121]. Re-formulation of clinically used drugs with polymeric 

nanoparticles, non-polymeric quantum dots or lipid-based nanoparticles enables them 

passing through BBB and reduces the side effects compared to free drug administration 

[122]–[127]. Concerning nano-delivery systems, there are also other attempts to cross 
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the BBB and to reduce Aβ aggregates by using several neuroprotective compounds like 

metal chelators, various NMDA antagonists of anti-amyloids [128], [129].   

      Parkinson's disease (PD) is another type of neurodegenerative disease characterized 

by the selective degeneration of dopaminergic neurons and by the existence of α-

synuclein as well as protein inclusions in neurons termed Lewy bodies [130]. Dopamine 

replacement therapies are presently the mostly used strategy for PD treatment, since this 

class of drugs can help to improve the symptoms in motor neurons and is able to slow 

down the progression of diseases. However, the effect of these drugs on behavior and 

cognition is still debated [131]. Recent research activities in nano-delivery focus on 

development of therapeutic nanoparticles based on different strategies. Targeted 

delivery of dopamine using polymeric nanoparticles or liposomes is one of the 

nanoparticle-based therapeutic approaches in PD treatment [132]. Several studies use 

various drugs (Ropinirole, Bromocriptine, Mitoapocynin, apomorphine) encapsulated 

with liposomes or polymeric nanoparticles in order to improve sustained release of 

drugs and to reduce undesired effects of conventional PD therapy [133]–[135]. Anti-

inflammatory strategies are also developed by using polymeric nanoparticles or 

PEGylated liposomes to prevent neuronal cell death in PD [136]–[138]. As a 

neurotrophic strategy, PEGylated nanoparticles loaded with h-GDNF (Glial cell-derived 

neurotrophic factor) improve locomotor activity and decrease the loss of dopaminergic 

neurons, which results in enhanced dopamine levels [139], [140]. Moreover, polymer-

based biodegradable nanoparticles have been engineered as cell therapeutics allowing 

stem cells to repair damaged nerves [141]. Furthermore, several groups proposed a 

therapeutic nano-system for delivery of genetic material, such as DNA, RNA, and 

oligonucleotides, which inhibits undesired gene expression or synthesizes therapeutic 

proteins in PD models [142]. Although significant improvement in clinical symptoms is 

observed in advanced PD patients taken gene therapy, this approach is still a 

contradictive issue because of the heterogenic pathology of PD [143].    

      Despite many research articles in the development of novel therapeutic 

nanoparticles published for AD and PD; only few approaches have been reported for 

other neurodegenerative diseases, like Amyotrophic lateral sclerosis (ALS), Multiple 

Sclerosis (MS). ALS is a progressive neurodegenerative disease affecting motor 

neurons responsible for controlling voluntary muscle movements (chewing, walking, 
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and talking) in the brain and spinal cord. Clinically, progressive muscle weakness 

results in death due to respiratory failure. To date, the only agent approved for treating 

ALS is Riluzole. Loading Riluzole on lipid-based nanoparticles promotes the efficiency 

of the drug, and targeted delivery into the brain is achieved with lower undesirable 

biodistribution [144], [145]. MS is characterized by the destruction of the protective 

coating (myelin sheath) on nerves of the central nervous system, which causes a faulty 

relay of instructions from the brain to the body. The conjugation of a glutamate receptor 

antagonist with a non-polymeric fullerene derivative nanoparticle is able to rescue the 

clinical progression of chronic MS in in vivo model [146].  

 

1.1.2.6. Ocular Diseases  

     Current therapy for ocular diseases includes mydriatics or cycloplegics miotics, anti-

infective, anti-inflammatory, diagnostics, and surgical adjuvants. However, blood-retina 

barrier has made the eye impermeable for the most therapeutic agents. Targeted nano-

delivery system offers advantages in ocular disease therapy by lowering eye irritation or 

enhancing ocular tissue compatibility [147]. The most widely used nano-delivery 

systems consist of polymeric nanoparticles and liposomes developed for targeting of 

drugs at the diseased area, which enhances corneal permeability, increases the residence 

period and bioavailability [148], [149]. Nano-formulation of the drug pranoprofen with 

polymeric PLGA (poly (lactic-co-glycolic acid) and its ophthalmic delivery 

significantly promote the local anti-inflammatory and analgesic results of the drug 

[150]. Moreover, chitosan-based polymeric nanoparticles encapsulated with 

cefuroxime, diclofenac or dexamethasone improve ocular bioavailability of the drugs 

[151]. These nanoparticles are able to interact with both ocular surface and drug and 

thus protect the drug from metabolic degradation leading to extended pre-corneal 

residence [152]. Similarly, lipid-based nanoparticles loaded with brimonidine was used 

to treat an ophthalmic disease, glaucoma [153], [154]. Immunologic graft rejection is a 

challenge in the corneal transplantation. PLGA- or PEG- based polymeric nanoparticles 

of dexamethasone and curcumin prevent the rejection of corneal graft by the sustained 

release of the corticosteroids [155], [156].  
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1.1.2.7. Pulmonary Diseases  

       Pulmonary lung diseases include asthma, chronic obstructive pulmonary disease 

(COPD), cystic fibrosis, pulmonary tuberculosis and idiopathic pulmonary fibrosis 

(IPF) [157]. These diseases are often fatal, and there is no effective treatment for 

completely restoring lung functions. Nano-delivery of therapeutic agents at the diseased 

area is the main strategy for effective treatment of lung diseases. For this purpose, 

natural polymeric nanoparticles such as gelatin, chitosan, and alginate, as well as 

synthetic polymers like poloxamer, PLGA, and PEG are widely used [158], [159]. 

Moreover, polyamidoamine (PAMAM) dendrimers assembled with anti-asthma 

beclometasone dipropionate (BDP) were effectively used for pulmonary inhalation 

[160]. Furthermore, lipid-, polysaccharide- or polymer- based nanoparticles and 

metallic or carbon-based nanoparticles were utilized for carrying vaccine or for 

pulmonary immune hemostasis [161]. 

 

1.1.2.8. Regenerative Therapy 

Regenerative therapy focuses on the design and application of biocompatible materials, 

which can enhance the repair and regeneration of tissues by making use of their natural 

cellular mechanisms. Stem cell-based therapy is one strategy for promoting tissue’s 

natural repair or regeneration mechanism.  

Over the years, there has been increased interest in the development and direct 

administration of therapeutic nanoparticles to promote bone regeneration [162]. The 

most commonly used nano-delivery systems for bone regeneration are synthetic 

polymers (PLA or PLGA) or natural polymers (collagen, gelatin, albumin and chitosan). 

Besides the polymeric ones, various formulations of non-polymeric nanoparticles 

(silica-based, metallic) have also been used as nano-delivery systems for bone 

regeneration. For example, calcium phosphate-based non-polymeric nanoparticles are 

mostly used due to their similarities to human bone [163]–[165]. Delivering several 

growth factors is one of the nanoparticle-based therapeutic strategies based on the 

stimulation of osteoblasts for bone formation [166]–[169]. Moreover, nano-delivery of 

synthetic molecules is used as other therapeutic strategy in bone tissue, which could 

suppress the bone-resorbing cells, the osteoclasts. The bisphosphonate drugs promote 
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osteoclasts apoptosis and are thus widely used for osteoporosis treatment. Several types 

of polymeric or non-polymeric metallic nanoparticles have been used to deliver 

bisphosphonate drugs [170], [171]. Another strategy for the use of therapeutic 

nanoparticles in bone tissue is reducing inflammation, particularly in the case of large 

wounds. Synthetic or natural polymeric nanoparticles loaded with anti-inflammatory 

agents are delivered into the infected area, which could inhibit both the inflammation 

and osteoblast resorption [172], [173] 

1.1.3. Magnetic Nanoparticles 

Advances in nanotechnology led to a significant progress in applications in 

diagnostics, drug delivery, and sensor technology, research topics of which are of 

cardinal importance [174]–[180]. As a branch of nanotechnology, the use of 

nanoparticles has increasingly attracted the attention of researchers from various 

scientific fields because of their dimensions, biocompatibility, electronic, optical, and 

magnetic properties [181]–[183]. For example, nanoparticle properties are exploited in 

nanomedicine for use in early diagnosis and therapy of serious diseases such as cancer 

[184]–[189].  In addition, this approach has the potential to reduce side effects typical of 

conventional drugs, while also acting as a contrast agent for early diagnosis [190]–

[195]. Thus, for the above-mentioned purposes, magnetic field-assisted methods 

involving magnetic nanoparticles (MNPs) are widely tested [196]. Magnetic 

nanoparticles have properties such as superparamagnetism and high saturation field 

since each particle has a narrow and final size distribution and area that affects magnetic 

properties. When the particle of a ferromagnetic material is under a critical dimension 

(< 15 nm), it contains single magnetic domains and has a uniform magnetic field within 

any field [197], [198]. The magnetic behavior of these particles over a certain 

temperature (i.e. blocking temperature) is similar to atomic paramagnets apart from 

their higher susceptibility values, which is superparamagnetism and therefore very high 

moments are concerned [akb 46]. Magnetic Resonance Imaging (MRI), and drug 

delivery are considered as major application areas [199]–[202]. To improve the efficacy 

of chemotherapy and reduce side effects, the use of nanoparticles in drug delivery 

systems has been extensively investigated [203]. Conventional cancer treatments such 

as chemotherapy are non-specific, cytotoxic, and damage to healthy cells as well [204], 

[205]; thus, MNPs present a great potential to circumvent this. Drugs can be loaded 
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onto MNPs, which in turn can be used in tumor therapy [206]–[208]. Stable delivery of 

iron oxides to the body/cell and proper accumulation of the treated tissue will provide 

reproducible and safe treatment [209] and targeted drug delivery with MNPs might 

present a significant alternative for conventional chemotherapy in the future since the 

nanoparticles have the potential to mainly localize at cancerous sites and lead to a local 

increase in drug concentrations while leaving the other sites unaffected [210]. Gene 

delivery with nanoparticles has also been intensively studied [211], [212]. Specificity 

and transfer efficacy challenges exist but they can be overcome and gene delivery 

benefits might be further amplified [213].  Using magnetic nanoparticles may reduce 

surgical intervention in treatment. So that tumors of different and complex shapes can 

be effectively treated, helping to minimize the damage that may occur to nearby cells. 

Due to their unique properties, MNPs enable researchers to work at the cellular or 

molecular scales [214], [215]. These MNPs are made generally of a metal core that is 

covered by polymeric structures and/or organic/inorganic components. Suitable surface 

coatings allow maintenance of stability, biocompatibility and functionality [216]–[218]. 

MNPs can also be manipulated externally by magnetic fields and can be guided to any 

desired site of interest [219]. Commonly used ions include the magnetite Fe3O4 and the 

maghemite γ-Fe2O3.  

1.1.3.1.  Physicochemical Characteristics of Magnetic Nanoparticles 

1.1.3.1.1. Shape and Size 

The shape and size of nanoparticles influence their usage in biomedical 

applications; thus precision in their fabrication is of great importance [220], [221]. 

Furthermore, targeted delivery is facilitated by particle size [214]. Sufficiently small 

nanoparticles possess the ability to withstand an external magnetic field without 

becoming demagnetized. Measurement of this resistance is called coercivity, and in 

order to achieve superparamagnetic properties, the particle size must be at such a point 

that coercivity becomes zero [222]. Quantum mechanical effects become dominant 

when the particle size decreases and superparamagnetism is achieved due to the single 

domain of particles [223], [224]. The general approach involves attaching a therapeutic 

agent to a magnetic nanoparticle or capturing it inside a polymer and then exposing it to 

magnetic fields. In addition to iron oxides, nickel and cobalt may be used for 

nanoparticle formulation, but due to their biocompatibility properties, iron oxides have 
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found more applications for drug delivery [225]. Size and magnetic properties of 

nanoparticles are tabulated in Table 1.4. 

Table 1.4 Size differences of iron oxide nanoparticles 

Property Size 

Bulk materials cm size range 

Ferromagnetic materials Multi domain nps 

Superparamagnetic iron oxide 

nanoparticles (SPIONs) 

50 to 180 nm 

Ultra small SPIONs 10 to 50 nm 

Very small SPIONs < 10 nm 

 

1.1.3.1.2 Surface Properties and Coating 

Most iron oxide based-nanoparticles exhibit superparamagnetic behavior and they 

are biocompatible, but they might be easily oxidized, resulting in a reduction of their 

magnetic moment. However, bare iron oxide nanoparticles (IONPs) might be toxic 

since they might trigger reactive oxygen species (ROS) production by cells. Their use in 

biomedical applications requires surface modifications because of their dissolution and 

agglomeration tendency [226]. The surface coating is also important for improving 

nanoparticle stability and circulation time in the blood [227]. Commonly used materials 

are dextran, PEG (polyethylene glycol), and amino silanes [228], [229]. PEG is a 

suitable coating material because of its chemical properties, solubility, and 

biocompatibility [213], [230] since polymer-coated nanoparticles offer a better solution 

for stability and oxidation resistance [231], [232]. Aviles et al. studied capillary tissue 

magnetic nanoparticle capturing with dextran coatings. They used dextran-coated 

nanoparticles as seeds and poly divinylbenzene magnetite particles as magnetic drug 

carrier particles (MDCPs). Seed particles were then magnetized, resulting in a local 

magnetization enhancement that favors a more efficient MDCP magnetization and 

captures in the targeted area. They suggested that this system resulted in a more 

efficient magnetization compared to the use of magnet only [233]. Next, Xu et al. 
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demonstrated coating of Fe3O4 nanoparticles with PEG by the alkaline coprecipitation 

method. They modified the particles with 3-APTES (3-aminopropyltriethoxysilane) 

which gives an NH2 functional group, making them suitable for use as an agent to 

immobilize proteins, while also suggesting that these particles can be used for potential 

separation and transportation of specific proteins [234]. Likewise, Gupta et al. reported 

the engineering of particle surfaces with PEG to increase biocompatibility due to 

protein adsorption resistance and uptake enhancement. They modified the 

superparamagnetic iron oxide particles with PEG and investigated the effects of this 

modification in terms of adhesion, viability, uptake, and morphology in human dermal 

fibroblasts. Cells incubated with the PEG-coated nanoparticles were not significantly 

different from those of the uncoated control group. Morphological analysis by SEM 

confirmed low toxicity and normal morphology of coated particles, while uncoated 

particles resulted in abnormal cell morphology. The authors confirmed that PEG-coated 

particles did not affect the cytoskeletal arrangement of fibroblasts [235]. Moreover, Cao 

et al. suggested a superparamagnetic Fe3O4/aminosilane core shell for drug delivery and 

bioseparation [236]. In addition, Lin et al. synthesized water soluble micelles 

incorporating IONPs and modified them with several polymers to demonstrate their 

usage and efficiency as diagnosis and imaging agents [237]. Finally, Cheng et al. 

synthesized carboxy-terminated poly (D,L-lactide-co-glycolide)-block poly(ethylene 

glycol) (PLGA-b-PEG-COOH) nanoparticles and investigated their size-dependent 

biodistribution in prostate cancer cell lines. They suggested that controlling 

nanoparticles size, together with targeted delivery, may result in favorable 

biodistribution and might lead to the development of clinically-relevant targeted 

therapies [238]. Nadeem et al. (2016) coated iron oxide nanoparticles (ionps) with 

polyvinyl alcohol (PVA) and used doxorubicin (DOX) as a therapeutic agent. They 

concluded that 3 % wt is ideal for controlling ionps via external magnetic field and at a 

high concentration one might lose the control over their usage for drug delivery 

purposes [239]. Khalkhali et al. (2015) synthesized SPIONs and stabilized them with 

dextran, chitosan, and methoxy polyethylene glycol polycaprolactone (mPEG-PCL). 

They obtained high colloidal stability in the expense of losing the magnetic property. 

However, when they analyzed the data they observed that saturation magnetizations 

were reduced for coated particles compared to naked superparamagnetic iron oxide 

nanoparticles (SPIONs) but the saturation magnetization values were still in the range 
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that could be used for biomedical applications such as MRI contrast agents [240]. The 

use of glyceryl monooleate (GMO) as a coating material has also been reported in the 

literature. The three groups working with this particle looked at drug activity and 

analyzed the IC50 levels that we could define as the amount of drug needed to break 

down a biological process. Dilnawaz et al. have shown the ability to use paclitaxel and 

rapamycin as drugs and to kill GMO-coated, Her2-labeled magnetic nanoparticles in 

MCF7 cells, both individually and in combination. Another group using paclitaxel as a 

drug was Trickler et al. and they synthesized GMO/chitosan nanoparticles and 

investigated their uptake to MDA-MB-231 cells. Accordingly, they received 4 times 

more cellular uptake and a 1000-fold reduction in IC50 levels for paclitaxel [241].  

 

1.1.3.1.3. Functionalization  

Functionalization of nanoparticles with an amino group, silica, and polymers 

enhances their effect and provides improved physical and chemical properties for 

biomedical applications. Commonly used metals are iron-iron oxides and gold-silver. 

Iron oxides are typically used as the core material while gold is used as the shell 

material [242]. Yu et al. synthesized mPEG-poly(ι-Asparagine) magnetite nanoparticles 

and modified them with imidazole and doxorubicin (DOX). Resulting nanoparticles 

were applied to breast cancer cells. They showed that changes in pH and magnetic 

property had an effect on particle internalization and drug release, affecting its anti-

tumoral [243]. 

1.1.3.1.4 Magnetization Characteristics of Superparamagnetic Nanoparticles 

Adequately small ferromagnetic materials are good candidates for 

superparamagnetics [244]. Due to their superior magnetic properties, superparamagnetic 

IONPs are preferred in biomedical applications [245] and are generally used in core 

shell structures [246]. Usage of a particle as a drug carrier require low toxicity, high 

carrier capacity, and synergistic effects when in combination therapeutic agents [247], 

[248], as well as high oxidation stability of the core shell structure and high dispersion 

capacity of drug-loaded particles, and all these properties can be constructed with 

superparamagnetic IONPs [246], [249]. Also, they have no remnant magnetization after 

the external magnetic field is removed. Thus, with the usage of SPIONs consequential 
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toxicity of particle agglomeration after the procedure is prevented [250]. Additionally, 

increasing magnetization positively affects manipulation [248], and to achieve 

superparamagnetism, a small particle size is necessary.Magnetite Fe3O4 and hematite 

Fe2O3 are commonly used IONPs due to their small size of 3 – 20 nm [251], [252]. 

1.1.3.2. Biomedical Applications 

1.1.3.2.1 Magnetic Resonance Imaging (MRI)  

MRI is a useful tool for the diagnosis of various diseases. Its working principle 

relies on the forced alignment of water molecules in the body with the direction of the 

applied magnetic field. Then, with a radio frequency pulse, the molecules can be excited 

to change their net magnetization. After the field is removed, the molecules turn back to 

their original state and emit photons. A scanner detects these photons and generates an 

image of the body. To distinguish normal cells from abnormal ones, contrast agents are 

used. There are two relaxation times: T1 and T2. In most applications involving T1 

relaxation, gadolinium-based contrast agents are used. However, this relaxation time 

can be shortened by using paramagnetic agents. For T2 relaxation, dextran-coated 

IONPs are commonly used. These T2-weighted images result in darker pixels for solid 

tissues (e.g. muscle, fat etc.) and brighter pixels for water. T2 contrast agents are 

typically used as a negative contrast for darker images of a region of interest [242]. 

When a magnetic field is applied, MNPs induce faster relaxation times, resulting in a 

non-homogeneous magnetic field. This phenomenon allows MNPs to be suitably used 

as MRI contrast agents [253], [254].  

     Jain et al. investigated oleic acid-coated iron oxide and pluronic-stabilized 

MNPs in drug delivery and MRI. Their results showed a 74 and 95% efficiency with 

doxorubicin and paclitaxel loading, separately and in combination, respectively. The 

cells were analyzed in a magnetic nanoparticle-containing medium. The drug 

combination indicated an anti-proliferative effect on breast cancer cells [255]. 

Furthermore, Xie et al. used lactoferrin-conjugated SPIONs (Lf-SPIONs) in vivo to 

detect gliomas in a rat model. They administered the nanoparticles at a dose of 12 mg 

Fe/kg and then made observations for 2 to 48 h. As a contrast agent, Lf-SPIONs 

enhanced the T2-weighted images of gliomas; thus these results suggested that Lf-

SPIONs can be used as contrast agents for glioma diagnosis due to their sensitivity and 
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specificity [256]. Additionally, Rumenapp et al. reviewed the usage of SPIONs in MRI 

imaging for diagnostic purposes and analyzed the effect of these particles on T1 and T2 

relaxation times and R1 and R2 relaxation rates.  Relaxation rates expressed as 1/T1 and 

1/T2 formulas. Molecular structures affect relaxation rates because they are influenced 

by proton diffusion velocity. For example, oil has a wider molecular structure than 

water, which means a slower diffusion rate. This leads to more relaxation rate and 

shorter relaxation time [257]. Yazdani et al. used mebrofenin fuctionalized silica coated 

magnetite nanoparticles for liver targeting. MRI results showed that these nanoparticles 

increased the R2 value to provide enough contrast for imaging [258]. Huang et al. 

investigated T2 weighted images of mice using doxorubicin loaded FA (folic acid) 

SPIONs and concluded that T2 relaxation time is shortened thus liver appeared darker in 

T2 weighted images. This result can also be interpreted as an increase in R2 [259]. 

Moreover, Weinstein et al. reviewed the MRI imaging of central nervous system 

tumors, trauma, inflammation, stroke, carotid atherosclerosis, autoimmune system 

disorders, and epilepsy, using ultra-small superparamagnetic iron oxide (USPIOs having 

10 to 50nm size) nanoparticles. Gadolinium based contrast agents (GBCAs) are 

generally used as an MRI contrast agent in brain imaging. Although neovascularization 

is not possible, however, micrometastases may not be detected with these particles 

because blood brain barrier (BBB) is preserved. Because the permeability of blood 

tumor brain (BTB) may vary from tumor to tumor, and this permeability may cause 

nanoparticles to leak out of the blood vessel. This means that you cannot get contrast in 

image. USPIOs gave more intense MRI images than GBCAs in imaging using 

ferumoxytol and ferumoxtran10 in relation to their larger size than GBCAs. They 

concluded that although there is no perfect contrast agent, USPIOs can compensate for 

the limitations of GBCAs [225]. Finally, Rosen et al. reviewed targeting capabilities of 

SPIONs with different types of functionalization, such as targeting with monoclonal 

antibodies, arginyl glycyl aspartic acid peptides, folic acid, and transferrin, and 

concluded that those methods have potential for future therapy applications [260].  

1.1.3.2.2. Magnetic Hyperthermia 

Hyperthermia therapy is a medical technique generally used for cancer treatment. 

For this technique, the tumor tissue is exposed to slightly higher temperatures in order 

to damage or kill cancer cells. This treatment is also used to sensitize cancer cells to the 



 

43 

 

effects of radiation or to certain anti-cancer drugs. Magnetic hyperthermia is based on 

the production of heat from MNPs when subjected to an alternating magnetic field. In 

this method, targeted MNPs (e.g. antibody labeled ferrofluid form of SPIONs) penetrate 

and attach inside the tumor tissue. Since the heating mechanisms are different for 

particles, size is very important especially for hyperthermia applications. There are three 

heating mechanisms: eddy currents (bulk materials), hysteresis losses (ferromagnets 

>100 nm) and Neel and Brownian relaxations (superparamagnets <100 nm) (Figure 

1.3). Since most of the superparamagnetic nanoparticles have a single domain and are 

very small only Neel and Brownian relaxation mechanisms will be valid for 

hyperthermia [261], [262].  

 

Figure 1.3 Different heating mechanisms for magnetic nanoparticles [263]   

SPIONs may induce hyperthermia in the presence of an alternating magnetic field, 

which rapidly changes direction. Hysteresis losses are valid for particles larger than 100 

nm, which is out of scope for superparamagnetic nanoparticles. Heating due to eddy 

currents is for centimeter size and bigger materials. Besides, eddy currents depend on 

the electrical resistivity of the materials. Since most iron based nanoparticles have high 

electrical resistivity, eddy current loss will be very low [264]. This property of SPIONs 

is often used for dimensions below 100 nm. Thus, the relaxation theory is more 

appropriate to explain the heating mechanism of nanoparticles in alternating magnetic 

field. For SPIONs, magnetic moments of the particles in the suspension are in their 
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equilibrium positions. If a magnetic field is strong enough, the magnetic moments of the 

particles move away from their equilibrium positions. When the magnetic field is 

removed or changed, the magnetic moments revert to their original positions, and local 

heating occurs, which is associated with the Neel relaxation mechanism. Accordingly, 

Neel relaxation time is given as: 
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where V is the volume of the nanoparticle, T is temperature, K is the anisotropy 

constant, k is Boltzmann constant, and τ0 is the relaxation time constant (order of 10-9 

s). If the particle is activated in the liquid due to the applied magnetic field, the 

magnetic anisotropy of the particle is strong enough to overcome the viscous and 

inertial effects. Then, the thermal energy is transferred to the liquid by shear stress, 

which is linked with the Brownian relaxation mechanism. Brownian relaxation time is 

given as: 
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where VH is the hydrodynamic volume of the particle, and η is the viscosity of the 

liquid. Depending on the relaxation theory, the frequencies around 100-500 kHz are 

sufficient enough to induce hyperthermia [261], [265]. The temperatures between 39-

45˚C are generally referred as hyperthermia.  It is reported that these temperatures only 

affects cancerous cells not the healthy ones [266]. For this purpose, magnetic 

nanoparticles are used to induce hyperthermia for cancer cells. The temperatures above 

46˚C correspond to thermal ablation applications [266]–[268], which is out of scope for 

this article. The heating performance of nanoparticles depends on the structure and 

magnetic properties of the particle as well as on the frequency and magnitude of the 

applied magnetic field. However, there are some limitations in biomedical aspects 

regarding the increase in frequency and magnitude. Because the alternative magnetic 

field application might create eddy currents in tissues, it is possible that not only the 

cancerous tissue but also the healthy tissue near the cancerous region might be affected. 

Therefore, to avoid such undesirable cases, there exists a CfH .  criterion called as 

the ‘Brezovich criterion’ [209], [266]. For biomedical applications, C is taken as 
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11910.5 −− sAm , and Hergt et al. suggested that the frequency of  400 kHz and amplitude 

of 10 kAm-1 constitute the best combination for a high hyperthermia performance [269]. 

Another important limitation is the size and aggregation of SPIONs. In the in vivo 

studies, the overall hydrodynamic size (aggregated particle size) influences the 

biodistribution, and large particles, which would respond to external magnetic field 

faster, are quickly cleared from the blood circulation. Hence, if molecular targeting is 

desired, SPIONs need to be small (less than 150 nm), and if possible ultrasmall (less 

than 50 nm). 

In this thesis highly functional, colloidally stable, ultrasmall SPIONs coated with 

poly(acrylic acid) are used and it is investigated whether the Neel relaxation mechanism 

could be triggered by these ultrasmall SPIONs via applying a magnetic field with a 

frequency of 400 kHz and a low magnitude of 0.8 kAm-1 , which is small enough to 

avoid any eddy current in tissues. Further, we have investigated the efficiency of this 

treatment in HER2-positive breast cancer cells by using antiHER2 tagged SPIONs in 

vitro using MDA-MB-453 and SKBR3 cells.  These cells were found to be high 

expressors of the HER2 receptor on their cell surface. Both cell lines were used for the 

demonstration of receptor-mediated targeting of the SPIONs, while MDA-MB-453 cells 

were used for hyperthermia experiments. anti-HER2 antibody conjugated SPIONs 

targeted and killed HER2 overexpressing cancer cells by hyperthermia generated by 

induction under magnetic field strengths at low magnitudes. As a result, the utilized 

nanoparticles served as safe, biocompatible, targeted therapy agents in low magnetic 

field. We showed that cell death as well as reduced cell proliferation could be 

successfully achieved by heating the nanoparticles in the designed and developed 

system without using any additional therapeutic agent.  

 Application of an alternating magnetic field of well-chosen amplitude and 

frequency increases the temperature in the targeted region. When the direction of the 

magnetic field is changed, heat can be regulated by adjusting the magnetic field 

exposure time and duration [270]. Balivada et al. showed that hyperthermia reduces the 

size of tumors in mouse melanoma tumor grafts via intratumoral injection [271]. 

Furthermore, Hernandez et al. designed mesoporous silica-coated maghemite 

nanoparticles conjugated with DNA. They used hyperthermia as an on-off mechanism 
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for drug release. SPION loaded exosomes have also great potential for nanoparticles to 

induce hyperthermia. Exosomes are nano structures ranging in size from 30 to 200 nm. 

The presence of exososomes in the nanometric size allows them to enter and interact 

with any distant tissue. According to which exosomes can be used to transport carcasses 

to tumors and conjugation of them with SPIONs can be used for MRI contrast agent and 

therapeutic purposes by preventing agglomeration and using the nanoparticle benefits 

many applications can be performed including hyperthermia. [272]–[274]. Almaki et al. 

investigated targeting using PEG and Trastuzumab conjugated magnetic nanoparticle 

for hyperthermia treatment of breast cancer and increased the therapeutic effect both in 

vitro and in vivo treatments [275] .   

1.1.3.2.3. Drug delivery 

The working principle of drug-loaded MNPs relies on the basis of applying an 

external magnetic field [230], [276]. As shown in Figure 1.4, superparamagnetic 

particles can be manipulated to localize to diseased sites such as tumors. Then their 

local concentrations may increase when a magnetic field is applied. Following delivery, 

they are reverted to their original state when the magnetic field is removed. Vainauska 

et al. used a dynamic gradient magnetic field and obtained a 21% higher transfection 

efficiency with liposomal magnetofection [277]. Oral et al. studied the effect of varying 

magnetic fields on transfection using PEI coated superparamagnetic iron oxide 

nanoparticles (PEI-SPION). They used green fluorescent protein (GFP) tagged 

nanoparticles and rotor system as an external magnetic force generator. They obtained 

high transfection efficiencies with high viability. With usage of PEI coated 

nanoparticles toxicity of using only PEI was eliminated [212].  

Targeted drug delivery systems allow tissue-specific delivery of drugs or drug-

like molecules permitting achievement of local high therapeutic concentrations in 

diseased sites. Other important goals include timed-release, prolongation of drug 

release, protection of neighboring normal tissues and self-elimination of particles 

without having side effects. Targeted systems can be classified into two groups. First, if 

the delivery is performed via binding of a therapeutic agent to a tissue or cell-specific 

ligand with a specific recognition mechanism, it is called “active targeting” [278]–

[282]. Second, if the delivery is accomplished by encapsulating drugs into especially 

high molecular weight polymers and guided through the tissue by enhanced 
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permeability and retention (EPR), it is called as “passive targeting”; here the properties 

of the carrier remain unchanged [283]–[288]. Active targeting involves antibodies as 

recognition tools. Passive targeting via EPR-dependent targeting relies on the abnormal 

neovascularization of tumor tissues. These new vessels are fenestrated and more 

permeable to macromolecules that normal and healthy blood vessels. The EPR also 

allows SPIONs to accumulate inside tumor tissues rather than being extravasated in 

normal tissue sites. Since tumors have a poor lymphatic drainage system, once SPIONs 

enter the tumor, they are difficult to eliminate, and can diffuse to the tumor core and 

remain there for long periods [260], [289], [290].   

 

 

Figure 1.4 a) Drug loaded nanoparticles agglomerate in the tumor site only with 

the help of an external magnetic field, b) After drug release, the external force is 

removed, allowing the nanoparticles to disperse and ready to be cleared from the body. 

 

Lee et al. reported that since the mechanisms that the nanoparticles encountered in 

the body after the injection are the same, i.e. blood circulation and extravastion around 

the tumor, the conjugating the particle with a ligand or an antibody will not create a 

difference in the number of particles reaching the targeted area and suggested that 

separating the targeting mechanisms as  active and passive should not be used [251]. 

Arias et al. demonstrated the use of poly cyanoacrylate nanospheres magnetic core shell 

as antitumor drugs, and the EPR effect was suggested as the cause of nanoparticle 

concentration inside tumor tissues rather than in normal tissues [291]. Gravel et al. 

synthesized polymerized micelles from amphiphile unimers via photopolymerization 

and then loaded them with imaging agents for MRI or positron emission tomography for 
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diagnostic and therapy purposes. Polydiacetylene micelles were investigated for a drug 

delivery system, and the results demonstrated an EPR-mediated tumor accumulation for 

all micelles. Since PEG2000-coated micelles gave the best uptake in tumors, they were 

chosen for drug delivery and loaded with paclitaxel. In vitro studies with PEG2000-

coated micelles indicated they had low cytotoxicity, while in vivo studies revealed 

significant inhibition of tumor growth, suggesting that these micelles can be used as a 

tool for real-time monitoring and diagnostics[292]. 

 

Figure 1.5 Schematic representation of a) EPR effect b) active targeting c) 

magnetic targeting [293]  

Cole et al. synthesized long circulating PEG-modified cross-linked starch MNPs 

(PEG-MNPs) for brain tumor therapy. They investigated the biodistribution patterns of 

these nanoparticles in the rat brain, as well as in organs such as the kidney, spleen, lung, 

and liver. They showed a 15-fold improvement in drug delivery performance in brain 
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tumors [294]. Park et al. chose SKOV3 human adenocarcinoma cells which do not have 

extravasating nature like most of the cancer cells. They utilized polymer iron oxide 

nanocomposites for drug delivery via a magnet and concluded that their particles are 

suitable for drug delivery purposes despite the poor EPR effect [295]. Figure 1.5 shows 

the schematic of both active and passive targeting mechanisms.   

Since the polymer coating of magnetic nanoparticles facilitates the addition of 

functional materials, drug and fluorescent dye can be added as well, which can help 

monitor where the particle’s route. They are also very suitable for theranostic 

applications since simultaneous treatment can be performed when the magnetic property 

is also activated. 

Lübbe et al. demonstrated targeting pancreatic cancer with epirubicin-loaded 

MNPs. The authors also reported the first clinical liver cancer therapy trial involving 

manipulation of magnetic microspheres to introduce epirubicin to patients via magnetic 

fields. It was observed that magnetically imposed epirubicin was well tolerated and up 

to 50 mg of epirubicin did not result in any toxicity [296]. Chertok et al used IONPs to 

deliver cancer drugs to glioma cells and monitoring it by MRI [297]. They 

intravenously injected nanoparticles into rats and applied 0 to 0.4 T magnetic fields at 1 

h intervals for 4 h. They obtained a 3.6 times enhancement of nanoparticle accumulation 

in glioma cells compared to normal cells [297]. Furthermore, Ito et al. showed both in in 

vitro and in vivo experiments that MNPs could be taken orally and then targeted with 

magnetic fields for esophageal cancer treatment [298]. With these findings, the authors 

conducted a phase I clinical trial in patients with advanced and unsuccessfully 

pretreated cancers or sarcomas. They reported a successful usage of MNPs as drug 

delivery agents [299]. Huang et al. synthesized nanoparticles coated with PEG and PEI; 

functionalized with folic acid and attached with doxorubicin. They performed 

experiments on nude mice MCF7 and concluded that for MCF7 cells and xenograft their 

treatment resulted in improved efficiencies for tumor growth inhibition [259] Results of 

selected research articles using MNPs as drug carriers are summarized in Table 1. 

Examples of clinical trials using MNPs are tabulated in Table 2. The use of 

nanoparticles in drug delivery is not limited to cancer alone. In addition to cancer, 

Alzheimer's and Parkinson's diseases have also been reported. Busquet et al reviewed 

the use of SPIONs in Alzheimer's disease and reported that magnetic nanoparticles 
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could be used as proper agents to diagnose amyloid beta plaques. In addition, it can be 

said that SPIONs may also be used as theranostic agents because they have been shown 

to delay the fibrillation process [300], [301]. When it comes to Parkinson's disease, one 

of the causes of this disease is alpha synuclein accumulation. Niu et al. have concluded 

that SPIONs can be a therapeutic agent for Parkinson’s disease by showing the 

reduction of alpha synuclein expression using oleic acid-coated magnetite nanoparticles 

[125], [302]. 

 

1.1.3.3. Limitations for the utility of MNPs in biomedical applications 

SPIONs are promising tools for diagnostics (imaging, contrast agents) and therapy 

(targeted drug delivery systems) due to their inherent properties such as low 

cytotoxicity, functionalization, modifiable structure, and morphology according to the 

application. However, there are limitations for excessive use of SPIONs in a clinical 

setting.  

Jurgons et al. used phosphated starch polymer-covered iron oxide particles to 

investigate their distribution after intra-arterial infusion. They investigated the stability 

of IONPs in deionized water containing NaCl and reported an increased instability of 

the artery model as well as the decomposition of nanoparticle suspension under a 

magnetic field. They concluded that this instability and agglomeration may raise the 

safety concerns about the usage of these particles. Thus, the stability of nanoparticles 

under physiological conditions should be maintained in order to be widely used of them 

in the clinics for cancer therapy purposes [303].  

      The blood brain barrier is a result of a semi-permeable and tight lining of 

endothelial cells in the brain capillary vessels, making them selectively permeable for 

many substances circulating in the rest of the body [304]. Blood brain barrier block 

passage to the central nervous system of nanoparticles as well. Therefore, SPIONs 

should be functionalized with a surface coating to gain access through the blood-brain 

barrier. Brain tumors might also be detected and treated by MNPs following 

functionalization [305]–[307].  

       The use of superparamagnetic IONPs offers advantages over conventional 

methods. However, since they are inorganic and chemically produced, they may cause 
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problems for the body in in vivo as well as in vitro applications. Therefore, cytotoxic 

properties of these nanoparticles should be investigated and assessed carefully. Wang et 

al. designed cell penetrating FITC-MNPs and FITC-Tat peptides conjugated to an MNP 

system and compared the uptake efficiencies of these two peptides in Caco-2 cell lines. 

They observed that FITC-Tat MNPs accumulated in the cytoplasm and nucleus while 

FITC-MNPs accumulated in the cell membrane. Cytotoxicity tests showed that FITC-

Tat MNPs resulted in insignificant cell death, suggesting that these particles can be 

further used for therapeutic drug and gene delivery purposes [308]. Masoudi et al. 

synthesized Fe/Fe-oxide core shell nanoparticles and characterized CuKα radiation X-

Ray diffraction (XRD) and transmission electron microscopy (TEM) for imaging the 

spherical shape. They performed a cell death-survival assays on mouse fibroblast cells 

and demonstrated that when iron concentration increases, cytotoxicity also increases 

[254]. Gupta et al. synthesized magnetic polymeric nanoparticles having a magnetic 

core and polymeric shell via microemulsion polymerization. They prepared PEG-

modified superparamagnetic particles in aqueous sodium bis(2-ethylhexyl 

sulfosuccinate) (AOT)/hexane solutions and characterized them with TEM, Atomic 

Force Microscopy, and UV visible spectrometry. After PEGylation of nanoparticles via 

an inverse microemulsion polymerization process, the resulting nanoparticles will have 

a hydrophilic shell. TEM results showed that the core shell nanoparticle structure is 

spherical, and has a size of 40–50 nm. Cytotoxicity studies showed that such 

nanoparticles are nontoxic and suitable for use in in vivo and in vitro studies [309]. 

Furthermore, Fonseca et al. prepared poly(lactic-co-glycolic acid) (PLGA) 

nanoparticles loaded with paclitaxel via interfacial deposition. They investigated the 

incorporation of paclitaxel onto the nanoparticles while also using spherically shaped 

nanostructures as a drug delivery agent for human small-cell lung cancer cell lines. 

When the authors combined these particles with various drugs, a decrease in cell 

viability and an increase in cytotoxicity is observed. Additionally, the paclitaxel-loaded 

PLGA nanoparticles also yielded high anti-tumoral efficacy [310]. Chan et al. 

demonstrated the synthesis of a biodegradable core shell nanoparticle system via 

nanoprecipitation with self-assembly. They characterized these particles in terms of 

stability in drug release and cytotoxicity. These structures had a hydrophobic core, 

PLGA and soybean lecithin monolayer, and PEG shell. Finally, the authors also 

encapsulated the chemotherapy drug docetaxel and tested its cytotoxicity in cancer cell 
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lines in vitro [311]. Couto et al. investigated the effects of polyacrylic acid (PAA) 

coated iron oxide nanoparticles on biological systems as well. They also confirmed 

accumulation of these particles in liver, spleen, and lungs. They analyzed liver, spleen, 

and lungs separately and reported no severe damage to organs. However, when they 

analyzed liver they observed hepatic lipid peroxidation and concluded that although 

these particles have no catastrophic effect they might cause oxidative stress and 

suggested further investigation in this area [312]. 

Recent advances in magnetic drug delivery systems have led to improvements in 

selective and specific targeting as well as biocompatibility. These developments have 

resulted in novel systems involving the nanoformulation of metallic/polymeric 

nanoparticles. The improvements have significantly increased the efficacy of treatments 

compared to conventional therapies. Moreover, a combination of these novel 

approaches with conventional treatment strategies might reduce drug doses and 

minimize side effects. Superparamagnetic IONPs are promising candidates as drug 

carriers as well as diagnostic agents. Drugs can be loaded onto them and be directed to 

the desired site using an external magnetic field. Thus, extensive research is currently 

underway to improve its efficiency for clinical use. 

 

1.2 Motivation 

Hyperthermia is a technique mostly used as an additional therapy with cancer 

drugs. In most of the studies, large magnetic field strengths are used. However, they 

might be harmful for tissues or organs because of the excessive current generation. In 

this dissertation we report a drugless direct method for cancer therapy at a small 

magnetic field strength and high frequency.   

For gene delivery, magnetofection is a strong non-viral alternative to viral 

methods. Among non-viral methods, it yields greater efficiencies compared to 

conventional ones. In this dissertation, polyethyleneimine (PEI) transfection and PEI 

coated nanoparticle mediated magnetofection is compared. A system which gives higher 

efficiencies than the standard PEI protocol could be achieved. 

The objectives of this dissertation are as follows: 
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• To achive hyperthermia with small strengths via high frequency induction 

heating, 

• To propose a targeted therapeutic method for breast cancer, 

• To design, and build an experimental system for gene delivery, 

• To overcome the limitations of conventional transfection methods, 

• To search for the transfection possibilities, 

• To propose a fast, safe, new method for gene delivery via magnetofection. 

The following research plan was implemented to achieve the objectives: 

• Cancer cell lines were selected and cultured for experiments, 

• A hyperthermia experimental system was designed and produced, 

• Magnetic field duration was optimized for cancer cell death via 

hyperthermia, 

• A rotary magnetic actuation system for gene delivery was designed and 

produced, 

• Velocities of rotary table and the distance between the sample and the table 

were optimized, 

• Transfection time was optimized to achieve increased efficiency and fast 

procedure time. 
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2   THERMAL MANIPULATION OF IRON OXIDE NANOPARTICLES 

FOR THERAPEUTIC PURPOSES 

 

 

 

 

With the advances in nanotechnology, alternatives to chemotherapy have been 

explored in cancer treatment. Chemotherapy does not only affect cancerous tissues or 

cells but also has systemic side-effects on all tissues and cell types in an organism. 

Hence, it is important to develop selective, local therapeutic strategies affecting only the 

desired locations and tissues in the body. Nanoparticles could be used as effective tools 

for the development of targeted therapies. Since the tumor tissues have rather leaky 

vasculatures compared to healthy counterparts, some nanoparticles may have a tendency 

to naturally accumulate more in the tumors (the Enhanced Permeability and Retention 

(EPR) effect)[284]. While the EPR effect might facilitate passive targeting, this feature 

cannot guarantee elimination of drugs from other sites. Alternatively, an active targeting 

approach, in which nanoparticles are decorated with a specific antibody or molecule 

selectively binding to cell surface receptor, seems more promising [279], [281]. 

Hyperthermia emerged as a valuable alternative to chemotherapy or mostly as an 

adjuvant therapy. Locality of the treatment is one of the most important features of the 

method. Among the nanostructures used for hyperthermia, the superparamagnetic iron 

oxide nanoparticles (SPIONs) have attracted much attention due to their ability to 

respond to external magnetic field coupled with the potential of molecular targeting or 

encapsulation of a therapeutic cargo as well as due to their biocompatibility[313]–[317]. 

In breast cancer studies, specificity could be achieved using differentially expressed cell 
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surface receptors such as ERBB2 (HER2)[318]. Studies showed that anti-HER2 

antibody conjugated to polymer-coated iron-oxide nanoparticles successfully targeted 

HER2 overexpressed breast cancer cells and resulted in effective hyperthermia under 

magnetic fields with different coatings (polyvinylpyrrolidone – polylactic co-glycolic 

acid (PVP-PLGA)), polyethylene glycol(PEG)), magnetic field exposure times and 

strengths  (30 min, 280 kHz) and particle sizes [275], [319], [320]. S  

2.1 Methodology 

2.1.1. Materials 

FeCl3.6H20 and FeCl2.4H2O were purchased from Merck (U.S.A). Ammonium 

hydroxide (26%), poly(acrylic acid sodium salt), Bradford reagent, bovine serum 

albumin (BSA) standard and Potassium Phosphate dibasicanhydrous were purchased 

from Aldrich (U.S.A.). Phosphate buffer saline (PBS) and 2-(N-

morpholino)ethanesulfonic acid (MES) monohdyrate buffers were purchased from 

Biomatik (Canada). Ethylenediaminetetraacetic acid (EDTA) disodium salt was 

purchased from Multicell (U.S.A.). Potassium Phosphate monobasic was purchased 

from Riedel-de Haën (U.S.A.) Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 

N-hydroxysulfosuccinimide (sulfo-NHS), DyLight 650 NHS ester, Traut’s Reagent and 

Slide-A-Lyzer 10k, 20k dialysis cassettes were purchased from Thermo Scientific 

(U.S.A.). antiHER2 (BMS 120) was purchased from Bio-Rad Antibodies. Malemide 

and amine heterobifunctionalized polyethylene glycol (Mal-PEG-NH2) (2K) was 

purchased from Nanocs (U.S.A.). Vivaspin 20 MWCO 30,000 polyethylenesulfonate 

(PES) filters were purchased from Sartorius (Germany). Float-A-Lyzer MWCO 300,000 

was purchased from Spectrumlabs (U.S.A). N-N dimethylformamide (DMF) was 

purchased from Merck-Milipore (U.S.A.) 

2.1.2 Synthesis of Nanoparticles 

Poly(acrylic acid) coated SPIONs (SP) were synthesized in water with the 

precursor molar ratio of [PAA]: [Fe2+ ]: [Fe3+] : [OH-]  3:2:1:6 under argon atmosphere 

and at 85oC for 1 h. After the reaction, mixture was cooled down to RT, placed on 0.3 

Tesla magnetic field overnight to remove any precipitate if there was any, and finally 

the black colloidal suspension was washed with ultracentrifugation using 10 kDa 

MWCO PES filter and DI water. The elemental iron content in nanoparticle suspension 
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was determined by ICP-MS method. ICP samples (100 μl of nanoparticle dispersion) 

was etched with 250 μL of H2SO4 and 250 μL H2NO3 . This sample was diluted to  10 

ml for the analysis with DI water. 

antiHER2 conjugation to SP was carried out by thiol-maleimide chemistry. Before 

the thiol-ene conjugation, antiHER2 was fluorescently labelled with commercially 

available NHS active dye (Dylight 650®). Dye was dissolved in DMF in0mg/mL 

concentration and mixed with antiHER2 antibody in sodium borate buffer at pH 8.55 in 

the molar ratio of [antiHER2] : [ Dye] = 1:10 at room temperature for 1h. Dye labelled 

antiHer2 antibody was purified with dialysis using 20 kDa MWCO dialysis cassette 

(Slide-A-Lyzer) against phosphate/EDTA buffer (pH:8.5) at +4oC. Dialysis was 

continued for 12 h with buffer refreshment in every 3 h. Next, Dye labelled antiHer2 

was mixed with Traut’s Reagent at pH 8 at the molar ratio of [1:100] at room 

temperature for  2h. Thioled antibody was purified with dialysis in 10k MWCO dialysis 

casette at +4oC for 4h with 6 buffer refreshments in PBS/EDTA.  

Parallel to this procedure, SPION/PAA was mixed with 3 mg of NH2-PEG-Mal 

(2000 da) for 48h at +4oC and quenched with excess hydroxylamine. Product was 

purified using ultracentrifugation with 10kDa MWCO Amicon filter at +4oC. Freshly 

prepared antiHER2-dye-SH was mixed with maleimide functionalized SP in 

PBS/EDTA at pH 7.2 for 1h at room temperature and overnight at +4oC. The overall 

product was purified with the dialysis (300 kDa MWCO dialysis device membrane) at 

+4oC with 4 times buffer refreshment every 3 h in PBS.  

2.1.3. Nanoparticle Characterization 

Dynamic light scattering (DLS) experiments were conducted with Zetasizer Nano 

Series ZS at room temperature with 173° backscattered angle. Functional groups were 

investigated using the dried samples and Thermo Scientific Nicolet iS10 ATR-IR.  

Transmission electron microscopy (TEM) images were taken by Techani G2 F30 at 

brightfield high resolution (HR) TEM (acceleration voltage 200 kV) using samples 

deposited on carbon coated Cu-grid from dilute solutions. Vibrating Sample 

Magnetometry (VSM) measurements were conducted with Cryogenic limited PPMS 

under ambient conditions. ICP MS measurement was carried out with Agilent 7700x.  
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2.1.4. Experimental setup and procedure 

A horizontal induction coil having 10 windings, which have a diameter of 5.4 cm, 

with a magnetic field frequency of 400 kHz was used. The system was operated at 5A 

maximum current, and the magnetic field had an amplitude of 0.8 kAm-1. The device 

consists of a DC power supply to generate power for magnetic field generation, an 

inverter, an amperemeter to measure the current passing through the coil, a coil to 

generate magnetic field, and a thermometer for the maintainance of the system at the 

ambient temperature as shown in Figure 2.1a.  

 

Figure 2.1 a) Induction coil setup, b) Schematic of the procedure 

 

The direction of magnetic field generated by the coil is from the center to outside. 

Current-driven heating of the coil is prevented by a chiller during the experiments, 

which is capable of cooling the coil to avoid any interference of heat (generated by the 

coil) with the samples.  

In order to be able to apply magnetic field to breast cancer cells, the cell culture 

plate was placed on a plexiglass sheet, which keeps the plate at the center of the coil. 
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Hyperthermia treatments were performed with a current of 5 A, which is the maximum 

current in the system, for 5 and 10 minutes. Figure 2.1b is the schematic representation 

of the experiment. Trypan blue staining for the death cell analysis was used after 5 and 

10 min exposure and 48 h incubation time [216], [321]. Since the coil in this study was 

rather small, the 96 well plate was cut with the laser cutting system, and the cells were 

seeded into these wells. 

 

2.1.5. Cell Culture 

SK-BR-3 (isolated by Trempe and Old; ATCC number HTB-30) human breast 

cancer/mammary gland cells, derived from metastatic site: pleural effusion MDA MB 

453 (isolated by R. Cailleau; ATCC number HTB-131) human breast cancer/mammary 

gland cells, derived from metastatic site: pericardial effusion. MDA-MB-453 and 

SKBR3 cells were incubated with Dulbecco’s modified Eagle’s medium (DMEM, 

Biological Industries, #BI01-050-1A) supplemented with 10 % (v/v) fetal bovine serum 

(FBS, PAN, #P30-3302), antibiotics (Penicillin/streptomycin, Biological Industries, 

#BI03-031-1B) and L-Glutamine (Biological Industries, #BI03-020-1B) in a 5 % CO2 

humidified incubator at 37°C. Cell lines were incubated with 150 µgmL-1 SPION/PAA 

(SP) or SPION/PAA/antiHER2 (SP-H) for 12 hours, and then exposed to the magnetic 

field for 5 or 10 minutes. After the procedure, cells were incubated for an additional 36 

hours. Cell viability was analyzed using trypan blue exclusion or MTT assays. 

2.1.6. Flow cytometry analysis 

Alexa-fluor-647 conjugated nanoparticles were used to demonstrate targeting of 

the HER2 expressing cells. MDA-MB-453 and SKRB3 cells were seeded in 12-well 

plates and treated with nanoparticles at defined time intervals. After washing twice with 

1 x PBS, cells were trypsinized and fixed with ice-cold 70% ethanol. Alexa-fluor-647 

positive cells were detected using a BD FACSCanto™ device and analyzed with the 

Flow Jo software. 10.000 event populations were collected for each sample, and cellular 

debris was excluded from the counts. Nanoparticles, which do not have anti-HER2 on 

their surface, were also combined with Alexa-fluor-647 and used as controls. 
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2.1.7. Cytotoxicity assay 

The toxic effects of nanoparticles on cells were investigated using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. MDA-MB-453 

cells were seeded in 96-well plates, and after 12 hours incubation, cells were treated 

with nanoparticles for an additional 48 hours period. Then, 10 µl MTT reagent was 

added onto 100 µl of medium and cells were incubated at 37°C for 4 hours. Following 

removal of the medium, formazan crystals were solublized in DMSO for 10 min at RT. 

The absorbance of the solution was determined at 570 nm using a Microplate 

absorbance reader (Biorad, iMark) and a 650 nm reference filter. Cell viability for each 

group was expressed as percentage of viable cells over untreated control cells. 

2.1.8. Immunofluorescence Analysis 

The cells were cultured on coverslides in the presence of 150 µg nanoparticle 

suspension and subsequently fixed in 4% ice-cold parafolmadehyde (PFA). After 

staining with the Hoechst 33342 dye (Invitrogen, 31716W), coverslides were analyzed 

under a Carl Zeiss LSM 710 confocal microscope under 63 x magnificaiton (Zeiss, 

Germany). 

2.1.9. Statistical Analyses 

Statistical analyses were carried out by One-Way Anova, and p values smaller 

than 0.05 were considered as significant. 

 

2.3 Results  

Colloidally stable ultra-small SPIONs with about 4 nm crystal, 17 nm 

hydrodynamic size (number based average measured by DLS) (Figure 2.2a) and -

19meV zeta potential were successfully obtained in a single step, aqueous synthetic 

route. Iron content of the PAA coated SPIONs was determined as 20% by ICP-MS 

analysis. VSM analysis indicated that particles did not reach saturation even at 1T 

possibly due to ultra-small size of the SPION cores. However, a magnetization of 21.6 

emu per gram is obtained at 1 T for total amount of nanoparticle (Figure 2.2b) while 

magnetization was 43.7 emu per gram for iron content. 
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Figure 2.2 a) Sample TEM image of SP nanoparticles, b) VSM measurement 

result 

We first performed inductive heating of concentrated Lauric acid (LA) coated 

nanoparticle solution. The temperature increase in LA coated nanoparticles was 

measured by a FLIR thermal camera for less than 2 min inductive heating. For this 

experiment, 1 ml of the SPION solution was placed into the plates, which were put into 

the induction heating device. A temperature of 41.5˚C was reached within less than 2 

minutes along with a current drop from 5 to 1.5A. Based on the thermal camera image, 

it was confirmed that the system could successfully heat SPIONs (Figure 2.3). 

However, these nanoparticles are not suitable for targeted drug delivery applications. 

Therefore, the experiments continued with biocompatible PAA coated iron oxide 

nanoparticles tagged with HER2 (SP-H) antibody. Since, a low amount of SP-H 

nanoparticles targeted the cells, the thermal camera could not capture the heating of 

individual nanoparticles for local heating. Therefore, cell death analysis was utilized as 

the local heating indicator for cell culture experiments.  
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Figure 2.3 Thermal camera and experimental images of SPIONs, SP01 and SP02 

indicate the surfaces of measurement a) Initial temperature, no heating observed b) 

Final temperature, yellow color shows the heated SPIONs 

Magnetic hyperthermia was tested with the SP-H in the cell culture. Initially, 

MDA-MB-453 cells were treated with 150 µgmL-1 SP and SP-H for 12h, un-

internalized nanoparticles were washed, and the plate was placed in the coil (5A, 10 

min, Figure 2.4a).  Since the amount of internalized nanoparticles is small, the thermal 

camera could not capture the heating of the fixed cells but an alignment was observed 

for the cells, which were incubated with SP-H (labeled as Np in Figure 2.4b). This 

alignment could be attributed to the relaxation mechanism, and cells containing 

nanoparticles were aligned at locations with larger magnetic field after they 

died/sensitized because of the exposure and detachment from the plate surface.  

In vitro cell viability analysis was performed as an alternative indicator of 

hyperthermia. Initially, SP and SP-H were incubated with SKBR3 and MDA-MB-453 

cells with different nanoparticle doses between 5 µg to 500 µg. MTT assay was carried 

out to assess the toxicity of nanoparticles on cells after 48 h of treatment. As shown in 

Figure 2.5a, these particles were not toxic to these cell lines. 

In order to demonstrate the targeting ability of the SP-H particles, a fluorophore, 

Alexa-fluor-647, was attached to the SP-H and on SP nanoparticles (Figure 2.5b). 

Microscopy analyses of SKBR3 and MDA-MB-453 cells showed that SP-H 

nanoparticles, but not the SP particles, accumulated on the surface of cells, indicating an 
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anti-HER2-dependent targeting ability of SP-H. This was also confirmed by flow 

cytometry analysis. The signal of the SKBR3 and MDA-MB-453 cells incubated with 

SP-H shifted to the right, while the signals of the SKBR3 and MDA cells that were 

incubated with SP or control stayed the same. This signal shift confirmed SP-H 

attachment/uptake in HER2-positive cells (Figure 2.5c). This is quite critical to 

accumulate effective SPION dose at the target. 

 

Figure 2.4 Experiments with 96 well plate and image of the cells after exposure. 

a) Cells are seeded on one part of 96 well plate and put in induction coil for 10 min, b) 

Cell alignment after 10 min of magnetic field exposure, arrows show nanoparticle 

alignments.  

Lastly, MDA-MB-453 cells that were treated with SP or SP-H and control 

samples were exposed for 5 or 10 min to the magnetic field. Cell death was measured 

with trypan blue exclusion test, cell viability was measured by MTT assays. According 

to trypan blue exclusion tests, cells that were incubated with nanoparticles cause 

significantly more cell death than the control (Figure 2.6a). Less than 10% mortality in 

control cells (not treated with nanoparticles) implies that the magnetic field alone did 

not kill the cells. On the other hand, SP-H caused a higher mortality than the SP-treated 

cells following 5 min magnetic field exposure (Figure 2.6a). Celsl viability assay results 

show that 10 min exposure is more suitable for reducing cell proliferation compared to 

the 5 min exposure (Figure 2.6b & c). Also, SP particles cause decreased viability, 
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which suggests that even though particles are not internalized by these cells in 

significant amount (based on Figure 2.5b & c), nanoparticle and magnetic field 

combination affects the proliferation. SPIONS were tagged with red fluorophore to 

track them optically in the in vitro studies. 

 

Figure 2.5 Toxicity and targeting analysis of nanoparticles, in SKBR3 and MDA-

MB-453 cells. (a) Viability of cells treated with different concentrations of 5 to 500 µg 

(n=3, p<0.05) (b) Confocal microscopy analysis of Alexa-fluor-647 conjugated SP-H 

and SP treated MDA-MB-453 and SKBR3 cells, (c) Flow cytometry analysis of the 

particles after 12 h treatment (150 µgmL-1).    

Consequently, SPION internalized cells present red fluorescence either in cell 

membrane or in the cell. Both Figure 2.5b (confocal microscopy analysis) and Figure 

2.5c (FACS analysis) represent the percentage of the cells, which were targeted either 

way and confirm the internalization of SPIONs by these cells. Hence, this information 

coupled with the toxicity results presented in Figure 2.6 confirms cell heating in the 

realization of SPION-based magnetic hyperthermia.  
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Figure 2.6 Death and viability analysis of MDA-MB-453. Cell death (%) 

determined by the Trypan blue exclusion assay (a), and cell viability (%) determined by 

MTT assay of control cells (CNT, which are not treated with nanoparticle), cells treated 

with 150 µgmL-1 SP or SP-H and subjected to inductive heating for 5 min (a, b) and 10 

min (c). n=3, p value <0.05 for statistical significance 

 

2.4. Discussion 

To determine, whether these small SP-H (antiHer2 targeting) and SP (no targeting 

feature)  nanoparticles are able to suppress the growth of breast cancer cells or kill them 

via magnetic hyperthermia at low field and high frequency within short operational 

times, two different HER2-positive breast cancer cell lines (SKBR3, MDA-MB-453) 

were treated by these nanoparticles in a dose dependent manner. No significant 

cytotoxic effect was observed even at higher levels of nanoparticle concentration, which 

proves that SP and SP-H nanoparticles could be used as biocompatible cancer therapy 

agents. Via fluorescent microscopy and FACs analysis, selective and higher uptake of 

SP-H particles compared to SP by these HER2 expressing cancer cell lines was 

demonstrated in vitro. Indeed, although SPIONs are considered as good MRI contrast 

agents, fluorescent tagging allows for optical tracking, especially valuable in the in vitro 

studies. Such effective targeting of cancer cells is invaluable for the diagnosis of cancer 

and also for the local and/or target specific treatment via hyperthermia.  

This hypothesis was tested using the SP and the SP-H nanoparticles decorated 

with tumor specific antiHER2 antibody in vitro using the MDA-MB-453 cells, which 

have a higher HER2 receptor expression than SKBR3 cells (unpublished data). The 

control cells (no nanoparticle treatment) and the cells treated with either nanoparticle 

were exposed to magnetic field at 5A for 5 and 10 min after 12 h incubation. The 
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current read from the plates of SP-H treated cells fell from 5A to values below 2.5 A 

during the experiment, while no change was detected in the control group or SP treated 

cells, which is attributed to the targeting ability of SP-H, resulting in higher uptake of 

nanoparticles and hence greater  hyperthermia effect. This trend may be also linked to 

generation of eddy current, even though our particles are not within the effective size 

range suggested for eddy current generation. If we generated eddy currents, even though 

the small magnetic flux (1.01mT) and strength (0.8 kAm-1) were smaller than in the 

literature[322], we would have been still below the toxicity limit for eddy current 

generation : 

 
3 3 8 1 1 9 1 1. 0.8. 10 400 10 3.2 10 5 10H f x x x x Am s x Am s− − − −= =   (3) 

Indeed, in vitro tests also confirm that our system, and inductive heating 

procedure does not kill the cells if they lack SPIONs. The cancer cells treated with 

SPIONs and subjected to inductive heating showed cell death, and dead cells are 

detached from the plate surface and are aligned towards to magnetic field because they 

contain SPIONs in their cytoplasm (Figure 2.4b). This behavior also serves for an 

experimental proof for superparamagnetic property of nanoparticles, where 

magnetization does not exist without any external magnetic field[270]. It is important to 

note here that the death and reduced proliferation of cancer cells treated with 

nanoparticles could be observed despite of the small magnetic field strengths used in the 

experiments, which can be explained with frequency dependency of the relaxation 

times. Our homemade system has a higher frequency compared to the most of the 

systems used in the literature [262].  

Attaching an antibody to the nanoparticle provides site specific targeting and is 

shown to be effective for hyperthermia as well. Almaki et al.[275] used PEG coated 

HER2 tagged magnetic nanoparticles in hyperthermia for 20 min at 230 kHz, while Pala 

et al.[320] synthesized dextran coated aptamer tagged nanoparticles for 30 min+30 min 

intervals at 280 kHz. They both have lower frequencies than our system.  Also, Pala et 

al. used a higher magnetic field magnitude. Vivek et al.[319] utilized PVP-PLGA 

coated nanoparticles conjugated with an anticancer drug Tam and showed cytotoxic 

effects of both hyperthermia and drug. In our system, PAA coated SPIONs were used at 

a frequency of 400 kHz. Drug-less cytotoxicity and proliferation reduction via 

hyperthermia at a low magnetic field magnitude were achieved. Our in vitro studies 
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showed both significant reduction in cell viability and dramatic cell death in SPION 

treated cells subjected to inductive heating with some differences between the two 

assays.  Briefly, SP-H increased cell death (determined by trypan blue assay) much 

more dramatically than SP after inductive heating, which confirms that antiHER2 

antibody enhanced cellular uptake of SP-H due to receptor-targeting, hence provided 

higher hyperthermia and more cell death. On the other hand, MTT assay indicates a 

decrease in viability of cells with no significant difference between SP or SP-H treated 

cells subjected to inductive heating. This may suggest that the amount of SP 

nanoparticles, which are internalized through diffusion, is lower than the SP-H, but still 

enough for hyperthermia-induced prevention of proliferation, however does not provide 

enough temperature increase to cause dramatic cell death. Higher concentration of 

nanoparticles per cell would cause higher temperature increase under magnetic field. 

Besides, in 5 min inductive heating, the cell viability drops to about 50%, which drops 

below this value in 10 min treatment.  
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3    MECHANICAL MANIPULATION OF IRON OXIDE 

NANOPARTICLES FOR GENE DELIVERY 

 

 

With the development of nanotechnology, gene therapy applications for diagnosis 

and treatment have gained both variety and importance.  Gene therapy involves 

replacing a gene, which is losing its function, or introducing an exogeneous gene to re-

functionalize the damaged gene [323]–[326]. The exogeneous gene needs to be 

transported to the cell in vectors, which are classified as viral and non-viral vectors. 

Commonly used viral vectors are adenovirus, lentivirus, and adeno-associated viruses 

[327]–[329]. While viral vectors are efficient carriers, they might cause damage to the 

targeted cell and the surrounding tissue because of their toxicity. On the other hand, 

non-viral vectors emerged as an alternative thanks to their reduced toxicity. Cationic 

lipids and polymers are commonly used non-viral vectors [330]. They are regarded as 

suitable carriers for genes since they can be conjugated with different particles and be 

functionalized with coatings [9]-[10]. Magnetic nanoparticles are good candidates for 

this task [171], [333], [334]. Iron oxide nanoparticles are considered as advantageous 

among magnetic nanoparticles for drug/gene delivery in therapeutics and diagnostics of 

various diseases because of their biocompatibility, functionality and physical properties 

[335]–[338]. Since they are in the superparamagnetic regime, they are effective, when 

an external magnetic field is applied, and upon the removal of magnetic field, they can 

be removed from the environment/body because they will have no remnant 

magnetization [339].  

Transfering genes via nanoparticles using magnetic fields is called 

magnetofection [213], [340], [341]. Such nanoparticles are generally coated with 

cationic polymers for DNA binding and are sent to the cell. Then, they interact with the 
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cell membrane and are dispersed into cytoplasm through endosomal escape. In this case, 

the particles remain in cellular vesicles and are taken up by endocytosis. The expression 

takes place after internalization [340], [342]. Polyethyleneimine is the conventional and 

well established transfection agent. However, it is is known to be harmful to the 

cell[338], [341]. Coating nanoparticles with polyethyleneimine and using them with 

magnetic fields increase the transfection efficiency while reducing the toxicity 

effects[336], [343].  

Oral et al. showed that polyethyleneimine coated superparamagnetic nanoparticles 

(PEI-SPIONs) can efficiently transfer green fluorescent protein tagged DNA (GFP-

DNA) under varying magnetic fields. In that study, the transfection agents remained on 

the cells with an 8 hour incubation, while the device was in operation. The viability was 

improved, but the transfection yield was still lower than the PEI. In this chapter, 

interventions, which could be introduced to the transfection protocol, were investigated 

using MCF7 cells, which we reported as resistant to transfection [212]. Accordingly, the 

transfection time of 8 hours was reduced to 1 hour, and the necessity of an incubator 

during the experiment was eliminated. The viability also significantly increased when 

the transfection agents were washed out from the cells at the end of 1 hour of actuation. 

When the transfection efficiencies were examined, it was proven that efficient 

transfection could be performed even within a short time (1 hour) with the developed 

new generation actuation system. Accordingly, GFP-DNA transfer to MCF7 cell line 

with high efficiency was achieved with magnetofection.  

 

3.1. Methodology 

3.1.1. Cells and Reagents 

The pmax-GFP mammalian expression vector was supplied by Amaxa (Amaxa, 

Lonza, Switzerland). Branched PEI (MW 25,000) was purchased from Sigma- Aldrich 

(408727-USA). Dulbecco’s modified Eagle’s medium (DMEM) was purchased from 

Sigma-Aldrich (D5671-Germany). L-glutamine (BIO3-020-1B), 

Penicillin/Streptomycin (BIO3-031-1B) and Trypsin–EDTA (BIO3-050-1A) were 

purchased from Biological Industries (Israel). Fetal Bovine Serum (FBS) was purchased 

from BioWest (S1810-USA). Phosphate Buffered Saline (PBS-17-516F) without 



 

69 

 

calcium or magnesium was purchased from Lonza (USA). Breast cancer (MCF-7, HTB-

22) cell line was obtained from American Type Culture Collection (ATCC, USA). 

 

3.1.2. Magnetic Actuation System 

The system consists of a rotary table, which has four rare earth magnets, a 12 V 

DC motor, power cables, and adjustable plexiglass stages for placing 10 cm petri dishes 

(Figure 3.1). The magnets were placed in such a way that their poles pull each other. 

Rotation of the table was provided with the 12V DC motor. The parts of the system 

were fabricated with the laser cutting and 3D printing techniques. Magnetic field fluxes 

of the magnets and the variation of magnetic field depending on the distance between 

table and sample were measured by a gaussmeter (Hirst Magnetic Instruments Ltd.). Air 

surrounding, magnets and plexiglass table are also modeled AC/DC module of the 

COMSOL Multiphysics 5.2a software for simulating the magnetic fluxes exerted to the 

sample at different distances. 

3.1.3. PEI-SPION Synthesis and Characterization 

PEI coated SPIONs were prepared by using a ligand exchange method as 

explained in our previous work [212]. This sample was directly used for DLS (Dynamic 

Light Scattering) and zeta potential measurements. AFM (Atomic Force Microscopy) 

analysis was performed on a Bruker Dimension Icon in ScanAsyst mode in air with 

ScanAsyst-Air cantilever (Bruker, USA, k = 0.4 N/m, frequency 70 kHz). The samples 

were diluted with ethanol, sonicated and drop cast on silicon wafer for analysis. 80% of 

total product mass (PEI-SPION) was determined as PEI by thermo-gravimetric analysis 

performed on dried samples. 

 

3.1.4. Plasmid DNA Isolation 

Plasmid DNA isolation was performed with plasmid DNA purification kit 

according to manufacturer’s instructions (Nucleobond Xtra Midi/Maxi, Macherey- 

Nagel, Germany). pmax-GFP plasmid was used for transfection experiments. 
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3.1.5. Cell Culture 

MCF-7 human breast cancer cells were cultured in DMEM supplemented with 

10% fetal bovine serum (FBS) and antibiotics (Penicillin–Streptomycin). 1.2x106 cells 

were seeded on 10 cm culture plates in 8 ml cell culture medium. Cells were incubated 

at 37 ˚C in a humidified incubator with a 5% CO2 atmosphere. 

 

3.1.6. Magnetofection 

60 µg of branched PEI or PEI-SPION solutions, which carried 60 µg PEI, were 

added into Eppendorf tubes containing 200 µL DMEM (without serum and antibiotics). 

In another Eppendorf tube, 10 µg of pmax-GFP was mixed with 200 µL DMEM 

(without serum and antibiotics). Contents of the tubes were mixed and vortexed for 15 

s. Following 10 min incubation at room temperature, the mixture was dropwise added 

onto culture plates. Cells were concomitantly exposed to magnetic field for 1h, and they 

were put into the incubator for additional 11 – 5 – 2h, while the transfections agents 

were still interacting with the cells. Thereby, cells were exposed to transfection agents 

for 12 – 6 – 3 hours before removing the agents. Then, they were washed with PBS, and 

then, the culture was maintained in DMEM for an additional 48 h. For 1h experiment, 

cells carrying the PEI-SPION solution were put onto the device. Then, they were 

immediately washed with PBS to remove the agents, and fresh medium was addded and 

put into incubator for 48h. 

 

3.1.7. Microscopy Analysis and Transfection Efficiency 

At 48 h post-transfection, transfection efficiency was observed using an inverted 

fluorescent microscope (Olympus IX70) with 10x magnification. Transfection 

efficiencies were determined from the microscopy images.  Accordingly, 900 cells were 

counted for each sample. 

 

3.1.8. Cell Viability Assays 

Cancer cells transfected with PEI or PEI-SPION in the presence or absence of 

rotating magnetic field conditions were evaluated for cell viability. Non-transfected 
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cells were used as control and were treated in the same way as their transfected 

counterparts. Cells were harvested at 48 h post-transfection, and viability was assessed 

using the trypan blue exclusion technique. Here, loss in membrane integrity was 

determined by the uptake of the trypan blue dye, to which cells were normally 

impermeable. 

 

3.2. Results 

3.2.1. Actuation System 

A varying magnetic field was generated by rotating the system consisting of 4 

magnets on a table as shown in Figure 3.1a while Figure 3.1b illustrates the cell 

experiment steps. Each individual magnet had a magnetic field flux of 230 mT. The 

magnetic flux values of the system were utilized in the numerical model with air as the 

surrounding, 4 magnets, and a plexiglass table ( 

 Figure 3.2a). The system was modeled to prove the non-uniform magnetic field 

distribution throughout the rotary table. 
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Figure 3.1 Actuation system and experimental procedure. a) Magnetic actuation 

sytem b) Schematic representation of experimental steps, introducing the agents - 

magnetic field exposure - during exposure - removing agents after exposure - gfp 

expressed cells after 48 hours incubation. 

 

Simulations were performed using a workstation of Intel(R)Core(TM) i7-3630QM 

CPU with 2.40 GHz processor. The diameter and height of the magnets were 2.5 cm 

and 0.5 cm, respectively ( 

 Figure 3.2b). The plexiglass table was 9 cm wide and 0.5 cm thick. An extremely 

fine free tetrahedral mesh configuration (1151002 domain, 33178 boundary and 1072 

edge elements) were used ( 

 Figure 3.2c & d). The governing equations are as follows: 

                                                             ×H = J                                                     (4) 

 ×A = B  (5) 

 J =   (6) 

Here, H is the magnetic field strength, B is the magnetic field, A is magnetic 

vector potential [344],  J is current (in our case is 0), E is electric field (in our case is 0),  

σ  is electrical conductivity. The magnetic flux value was utilized in the multiphysics 

software COMSOL5.2a using a configuration of 4 magnets and plexiglass surrounding.  
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 Figure 3.2 Model of the study. a) Modeling setup b) Sizes of magnets c) General 

view of mesh configuration d) Close up view of mesh configuration 

According to the simulation results maximum magnetic force values are obtained 

at  a distance of 2 cm for a diameter of 2.5 cm in parallel lines of the experiments 

(Figure 3.3a). Furthermore, as the distance between the sample and the magnet system 

increases, the magnetic force decreases. However, the fluxes exerted from magnets are 

distributed in such a way that their magnetic forces move in a circular pattern around 

the center of these 4 magnets. Thus, the circulating effect initiates at the height of 2.5cm 

(Figure 3.3b), and it neither leads to small forces at larger distances nor the forces are 

concentrated at smaller distances. As a result, the distance of 2.5cm is chosen as the best 

option for both magnetic force and uniformity for iron dust particle experiments. At the 

distances of 3 and 3.5 cm, less concentrated magnetic patterns are observed, and smaller 

forces are generated (Figure 3.3c-e). All the magnetic flux density patterns regarding 

Figure 3.3a-e are combined to a single 3D illustration (Figure 3.3f).  

This system generated a non-uniform magnetic field with fluxes varying from 

2mT to 60 mT through the rotary table, which were experimentally measured. To 

visualize the effect of distance between the sample and rotary table, iron dust particles 

were used. It can be observed that iron dust particles are influenced by the magnets’ 

own field and aggregate on individual magnets as expected, when the petri dish 
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containing iron dusts is placed on the magnets and clustered near the edges (Figure 

3.4a). When the petri dish is slowly removed upwards (from the table), the magnets 

work together, and the dusts are evenly distributed to the plate (Figure 3.4b). Then, the 

effect of the rotation of the system on dusts is investigated. Accordingly, when the 

behaviour of dust particles at different distances are examined, and it can be seen for a 

2.5 cm distance dust particles arrange succesively, the particles are continuously lifted 

from a one side and roll around the center.  (Figure 3.4c-f). In a permanent magnetic 

actuation system, the particles experience a lifting force given as  
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0
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 (7) 

where F is the lifting force of a permanent magnet, µ0 is magnetic permeability 

, M magnetization, (µ0M) is the saturation magnetization A is the area of 

magnetization (area of rotary table) [345]. In our system saturation magnetization of a 

single magnet is 223 mT. Threrfor the generated lifting force is 971.26 kN. 

( )7104 −
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Figure 3.3 Simulation results and 3D magnetic flux density norm patterns of the 

magnetic system. a) Maximum magnetic force occurs at 2 cm, b) at 2.5 cm circulation 

starts, c,d) non concentrated magnetic force is observed at the heights of  3 and 3.5cm, 

e) at the height of 6 cm magnetic fluxes are combined to an circular pattern, and the 

magnetic force significantly decreases. f) Red line represents densities at the distances 

of 2, 2.5 and 3cm, orange and yellow  ones correspond to the heights of 5 and 6 cm 

respectively, light and dark blue represents the lowest magnetic flux density at every 

level.  
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Figure 3.4 Iron dust particle experiments. a) under uniform magnetic field, dusts 

particles cluster near the magnets and the edges, b) under non-uniform magnetic field 

dusts begin to distribute throughout the plate, when the system is operational c) dusts 

align succesively, d) lift e) roll and change direction in their own axis, f) lift again. 
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Because of strong magnetic field (in the light of simulations) is at this distance, 2 

– 2.5 – 3 – 3.5 cm distances are examined for the cell experiments. The objective of the 

rotating system is to allow as many nanoparticles as possible to enter into the cells, 

which are attached to the plate.  

 

3.2.2. Cell experiments 

The cell experiments were carried out with 3 different samples, namely 

polyethyleneimine (PEI), polyethyleneimine coated superparamagnetic iron oxide 

nanoparticle without magnetic field (PS wo) and polyethyleneimine coated 

superparamagnetic iron oxide nanoparticle under rotary magnetic fields (PS rot). First, 

the effect of transfection time is investigated. In viability experiments, the control cell 

line is added among PEI, PS wo and PS rot. To increase the viability, 6 – 3 – 1h 

transfection times and 120 and 60 rpm velocities for the rotation are investigated. 3h of 

transfection and 6V are enough to obtain decreased cell death and efficient transfection. 

Also, the effect of distance between table and the petri dish is investigated to obtain a 

uniform distribution. For this purpose, 2 – 2.5 – 3 – 3.5 cm distances are explored 

(Figure 3.5a-f). After the experiments, 300 cells are counted from each plate, and the 

transfection efficiencies are examined (Figure 3.5g). Then, 1h of transfection time is 

investigated and further enhancement of cell viability and efficient transfection can be 

achieved (Figure 3.6a-f). According to results, 1h of transfection efficiency of PEI is 

remained low (around 2%), while that of PS rot at 3.5 cm is 45 % (Figure 3.6e).  
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Figure 3.5 Transfection efficiency with respect to distance. PEI and PEI SPION 

wo mag samples are used as control (a,b). After 48 hours incubation, fluorescence 

images of the samples for each distance are shown (c,d,e,f), Transfection performance 

of the device is tested at different distances between the rotary table and sample (g).  
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without magnetization, and rotating magnetic field exposed samples were used to 

determine the transfection efficiencies, 60 µg PEI conjugated with 10 µg green 

fluorescent protein (GFP) tagged DNA was used, after 48 hours transfected cells were 

visualized using a fluorescent microscope (a-e) (10x magnification), Viability is tested 

after 48 hours (f). p-values smaller than 0.05 were accepted as significant. 

3.3. Discussion 

Many different magnetic systems are being used for gene transfer. Popular ones 

are oscillating magnet arrays, placing magnets under the culture plates and magnet 

arrays [343], [346], [347]. McBain et al.[346] used a oscillating magnet array and 

reported that human lung epithelial cells were effectively transfected. They reported 

positive effects of the system on viability. In our study, magnetic field application 

significantly raised the viability. In addition, the transfection time was reduced to 1 

hour, since all the transfection agents were removed from the cells at the end of 1 hour. 

Lu et al. [347] used a staggered magnet array and placed two magnets underneath 

the culture plates. Two adjacent magnets interfered with each other and had a negative 

effect on transfection. Because the two magnets were affected by each other, they 

claimed that the efficiency was more in between. Accordingly, the cells, which were 

located above the magnets, experienced a uniform magnetic field, while the cells in the 

other wells of the plate were exposed to non-uniform magnetic fields. The group 

concluded that the non-uniform magnetic field was more suitable for in vivo studies. 

However, in our system, we benefit from the condition of the interaction of two 

magnets with each other. In order to investigate the uniformity of the generated 

magnetic field are shown that a uniform transfection can be obtained under non-uniform 

magnetic field by finding the appropriate distance between the magnets and culture 

plate. Cell experiments at various distances were performed for this task. At the smallest 

distance of 2 cm, a more concentrated cell population was seen around the magnet, and 

a cell population was found distributed throughout the entire 10 cm plate at 3.5 cm 

distance. Furthermore, Kozlov et al. [348] explained how a similar system distributed 

nanoparticles to the plate depending on the speed of rotation. Accordingly, while 

stagnant particles accumulate around the magnet, they computationally showed that the 

particles were uniformly distributed when the velocity is increased. In our study, 

experiments were conducted at high speeds, and there was also a decrease in viability 
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Figure 3.6 Transfection Efficiency and Viability Assay. MCF7 cell lines 

transfected with nanoparticles were exposed to rotating magnetic field for 1h, PEI,  
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when the distance between magnets and culture plate was kept small. This is 

attributed to the fact that nanoparticles lifted the cells by twisting and might have 

damaged them by tearing the cell membrane at 12 V, since the particles are attracted 

closer to the surface and prefer to gather at the place, where the magnets are located. 

Accordingly, the speed is decreased, while the distance is increased in the performed 

experiments. The distance is increased to 3.5 cm, and the transfection times are kept as 

3h and 1h.  As a result, an efficient transfection is achieved. 

PEI is an effective agent for transfection. Some studies with PEI reported that free 

PEI is needed for high transfection efficiencies, and its effects on transfection were 

investigated [342]. The results showed that nanoparticles could not enter into the cell 

nucleus but  free PEI in the medium helped sending the plasmids to the nucleus. In other 

words, since a sufficient number of nanoparticles could not be directed to the core, 

excess PEI was concentrated in the cell. Although PEI is an effective agent, the toxicity 

of the material is a known fact. Therefore, it is important that the cells should be in 

contact with carriers containing PEI for short periods and in sufficient quantities. In our 

study, the particles were sent to the cells in a total amount of 60 µg PEI bearing 

nanoparticle solution, and the transfection times were changed proving the sufficiency 

of the amount used in the experiments. In addition, when the duration of transfection is 

short, the efficiency of the transfection is significant because of the capability of the 

actuation system. 

Huth et al. examined the nanoparticle uptake of HeLa cells [349].  They found 

that the PEI coated nanoparticles were close to the cell membrane at the 5th minute, on 

the cell surface at the10th minute and in the cell at the 15th minute.  Motivated by this 

finding, the purpose in our study is benefitting from a rotating, i.e non-uniform 

magnetic field, to allow more particles to enter the cell, thereby increasing the number 

of particles the cell can encounter. In this regard, we show that efficient transfection can 

be obtained even within a short transfection time of 1h. 

Although PS is known to be effective for magnetic transfection [212], [343], it is 

not very clear whether the success of the transfection is due to the magnetic field effect 

or whether the known method is to be used because of the presence of PEI in the 

medium. In the related studies, where a cell plate containing PS solution was placed in 

the incubator for 8 hours, it could be transfected because of PEI [212]. Transfection 
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time experiments are also conducted in our study to investigate this phenomenon. 

Accordingly, efficient transfection can be achieved using nanoparticles with our new 

generation actuation system even within 1 hour period when PEI transfection was not 

successful. Thus, the viability could be increased, and efficient gene transfer could be 

ensured with our actuation system. 
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4    CONCLUSIONS 

 

 

In this dissertation thermal and mechanical manipulation mechanisms of iron 

oxide nanoparticles are studied. For thermal manipulation, a heating coil, which 

operates at low amplitude of 0.8 kAm-1 and a frequency of 400 kHz magnetic field is 

developed. The system did not cause any cell death in the absence of a sensitizer, 

namely superparamagnetic iron oxide nanoparticle (SPION). Moreover, we prepared 

ultra-small, colloidally stable and highly cytocompatible,  poly(acrylic acid) coated 

SPIONs decorated with dye-labbeled antiHER2 antibody to target HER2 

overexpressing tumor cells and achieved local, tumor specific, highly efficient 

hyperthermia. Overall, we showed that both non-targeting SP (SPION/PAA) and 

targeting SP-H (SPION/PAA/antiHER2) nanoparticles can significantly inhibit the 

proliferation of cancer cells, and SP-H nanoparticles effectively kill cancer cells when 

exposed to inductive heating even at low magnitudes.  Motivated by the promising 

results of this study, these nanoparticles and the inductive heating coil and protocol will 

be used for in vivo applications.  

Due to their adverse effects, viral and non-viral chemical vectors should not be 

favored in gene therapy. In addition to their biosafety problems, such vectors have 

limited amount of access for transporting exogenous DNA. Accordingly, research 

outputs in nanotechnology recommend new techniques such as using magnetic 

nanoparticles in gene therapy, especially in transfection process. Due to many 

advantages such as manipulation capability and less toxicity, their utilization in 

biotechnology has an increasing trend. In this thesis, we developed a safe transfection 
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method with a short operation time.  Using this method, we investigated magnetofection 

under non-uniform magnetic fields with the aim of high cell viability and high 

transfection rate. Based on the results on MCF-7 cell line and PEI-SPIONs, we achieved 

short transfection time and high transfection rates without having cell death. 

In the light of the known success of PEI in causing exogenous DNA to enter the 

cells resulting transfection, we determined the PEI group as control. Accordingly, 

different with or without magnetic field experiments were conducted on PEI-SPIONs 

with cells, and their efficiency was assessed. GFP-DNA transfer to MCF7 cells was 

obtained. Longer transfection time such as 8 h resulted in higher rate of cell death due to 

longer exposure to agents. Fast disc rotating speed resulted in decreased cell viability. 

The application of variable magnetic field to PEI-SPIONs showed resemblance to the 

cells, to which we have applied PEI agent solely without magnetic field. After 48 hours 

of incubation (for expression to occur), the viability and transfection tests were 

performed at the end of the incubation period. The results showed that the magnetic 

field exposure increased cell viability as well as increased transfection efficiency with 

nanoparticles. At an optimum distance, which leads to uniform magnetic field in cell 

culture plate with a diameter of 10 cm, a uniform distribution was obtained and in vitro 

gene transfer was shown. 

The employment of PEI coated SPIONs under magnetic fields in nucleic acid 

delivery was investigated to overcome the disadvantages of conventional methods of 

transfection by gene therapy. In this regard, with our developed system, better tissue 

localization and higher transfection efficiency could be achieved, and our system could 

be easily tested in both vitro and in vivo studies.  
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5   FUTURE WORK 

 

 

In this thesis, in vitro hyperthermia and gene delivery methods were proposed. 

The results of hyperthermia experiments revealed that with the system we produced, 

cancer cells could be killed after iron nanoparticle internalization. This system can be 

well adapted to in vivo tests. Since, the nanoparticles have antibodies on their surfaces, 

targeted delivery is achieved in in vivo tests. Since, the strength of this system is safe for 

animal testing in vivo hyperthermia will be conducted in the future. To be able to 

perform such experiments there are few approaches such as changing the size of the coil 

specific to the animal we will use. If the coil size is decreased the magnetic field 

strength will be increased and frequency will be adjusted to a lower value accordingly. 

Moreover, effect of higher frequencies can be explored in terms of triggering death 

mechanism of cells. 

For gene delivery, efficient DNA magnetofection to breast cancer cells was 

proven. Efficiency of the actuation system on different cell types will be also tested. In 

the future the magnet arrangement of the system will be altered and the magnetic field 

characteristics will be studied. Also, miRNA or siRNA based therapeutic nucleic acids 

will be conjugated with nanoparticles, and their magnetofection efficiency and 

therapeutic features can be explored. 

A joint therapy hyperthermia can be also performed following the actuation 

process. 
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