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ABSTRACT 

 

Superparamagnetic iron oxide nanoparticles (SPIO) have been widely studied for a 

variety of biomedical applications such as magnetic resonance imaging (MRI), drug and 

gene delivery, hyperthermia and magnetic separation. Each application requires a specific 

size and surface chemistry in addition to stability. Therefore, controlling particle size and 

size distribution, providing functional surfaces and preventing particle aggregation are the 

key issues in this field.  

Coating magnetic cores with polymeric materials to control particle size is one of the 

commonly used methods in recent years. In this project, poly (acrylic acid) sodium salt is 

used as a polymeric stabilizer. Poly (acrylic acid)-stabilized superparamagnetic iron oxide 

nanoparticles were synthesized by treating iron salts with ammonium hydroxide in water in 

the presence of PAA. Major goal of this research is to control particle size and stability 

through the control of reaction variables.  Primarily, the influence of reaction variables, 

namely, iron concentration, reactive (COOH)/iron mole ratio, base (NH4OH) amount and 

polymer molecular weight, on hydrodynamic size, stability and magnetic nature of the 

particles was investigated.  In order to design best set of experiments and correlate the 

results to variables, statistical programs Design Expert 7.0 and Minitab14 were used. 

Through the use of deducted mathematical equation relating effective factors to the size, 

we achieved stable aqueous SPIOs with controlled size both in the small and ultrasmall size 

regime.  In addition, the choice of PAA as the coating material provided functional groups 

on the surface for attachment of desired molecules and pH responsive nature to the SPIOs. 

Stability and small sizes of the SPIOs provide a potential for the achievement of 

molecular targeting and contrast enhancement for MRI. Another goal of this project is to 

test the suitability of these particles for in vivo applications such as targeted and non-
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targeted imaging and therapy.  For this purpose, in vitro cell-studies and MRI imaging were 

carried out with the prepared PAA-coated iron oxide nanoparticles with different 

hydrodynamic sizes (30, 70, 110nm).  HeLa and MCF-7 cancer cells were incubated with 

our samples and cell viabilities were measured by MTT assay. Preliminary results indicate 

non-toxic behavior of the particles to the cells.  MRI investigation indicated potential for 

contrast enhancement. 
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ÖZET 

 
 

Süperparamanyetik demir oksit nanoparçacıkları manyetik rezonans görüntüleme, 

manyetik ayrıştırma, vücuda ilaç ve gen göndermeye kadar pek çok biyomedikal sahada 

kullanılmaktadır. Her biyomedikal uygulama için  belli parçacık büyüklüğü, yüzey kimyası 

gerekmekte ve hemen her uygulama için parçacıkların kararlılığı önemli olmaktadır. Bu 

yüzden, parçacık boyu ve dağılımının kontrol edilmesi, uygun özelliklerde parçacık yüzeyi 

elde edilmesi ve parçacıkların topaklaşması sonucu parçacık boyunun büyümesinin 

engellenmesi bu sahada en çok çalışılan konulardır.  

Son yıllarda parçacık boyunu kontrol edebilmek için uygulanan yöntemlerden birisi, 

manyetik çekirdekleri polimerik malzemelerle kaplayarak kararlılığının sağlanmasıdır. Bu 

araştırmada poli(akrilik asit) sodyum tuzu polimeri bu amaç için kullanılmıştır. Demir 

tuzlarının su ve pol(iakrilik asit) sodyum tuzu bulunan ortamda  amonyum hidroksit ile 

muamele edilerek oksitlenmesi sağlanmış  ve pol(iakrilik asit) ile stabilize edilmiş demir 

oksit nanoparçacıkları sentezlenmiştir. Bu araştırmanın asıl amacı, parçacık boyu ve 

kararlılığını reaksiyonda kullanılan kimyasallarin konsantrasyonlarını değiştirerek kontrol 

etmektir. Toplam demir konsantrasyonu, reaktif (COOH)/demir mol oranı, baz miktarı 

(NH4OH) ve polimerin moleküler ağırlığı olmak üzere dört faktör kontrol edilmiş ve bu 

faktörlerin parçacık boyuna (hidrodinamik), kararlılığına ve manyetizasyonuna olan etkisi 

incelenmiştir. İstatistiksel olarak bu faktörlerin etkilerini gözlemleyebilmek için Design 

Expert 7.0 ve Minitab 14 Release programları kullanılmıştır. Bu veriler kullanılarak 

parçacık boyu ve parçacık boyuna etki eden önemli faktörler arasında  matematiksel bir 

ifade elde edilmiştir. Daha sonra yapılan denemelerde bu matematiksel ifadenin parçacık 

boyunu tahmin edebilmekte yeterli olduğu ve kararlı, suda çözünen süperparamanyetik 

demir oksit nanoparçacıklarının boyutunun kontrol edilebildiği görülmüştür. Ayrıca, 

poliakrilik asit sodyum tuzu seçilerek parçacıklarda pH’a duyarlı bir yüzey yaratılmış ve 
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yüzeydeki karboksilik asit gruplari aracılığıyla başka moleküllerin de kimyasal olarak 

bağlanabilmesi sağlanmıştır.  

Sentezlenen küçük ve kararlı süperparamanyetik demir oksit nanoparçacıkları belli 

organlara ilaç gönderme ve manyetik rezonans görüntülemede kontrast yaratma 

potansiyeline sahiptir. Bunun için 30,70 ve 110 nanometrede elde edilen poli(akrilik asit) 

kaplı parçacıklarıyla in vitro hücre çalışmaları ve manyetik rezonans görüntüleme 

yapılmıştır. Parçacıklar, HeLa ve MCF-7 kanser hücreleri ile inkübe edilerek, MTT analizi 

ile hücre canlılıklarına bakılmıştır. İlk çalışmalar, sentezlenen parçacıkların toksik 

olmadığını göstermektedir. Ayrıca, parçacıkların manyetik rezonans görüntüleme için de 

uygun oldukları görülmüştür. 
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Chapter 1 

 

INTRODUCTION 

 

 

Nanoparticles having smaller size and larger surface area exhibit different physical and 

chemical properties from those of relatively larger nanoparticles. In the last decade, 

magnetic nanoparticles attracted tremendous attention due to unique size dependent 

properties and created new avenues for numerous applications from loud speakers to 

medicine.  Superparamagnetic iron oxide nanoparticles (SPIONs) with combined properties 

of high magnetic saturation and biocompatibility generated a great excitement in the 

medicine and biotechnology area [1,2].  Magnetic nature of SPIOs means two important 

modes of application: Detection and separation in these fields.  They are currently being 

used for magnetic resonance imaging (MRI) and magnetic separation, and showing very 

promising results for magnetic drug delivery, magnetic transfection and hyperthermia 

(thermal cancer therapy) [3,4].  

Each application requires a different set of properties in terms of particle size and 

surface chemistry. In addition, size distribution and particle aggregation is an important 

issue to be dealt with.  Yet, controlling these properties is not trivial and many times what 

the existing systems offer is the limitation in front of the new applications or their success 

[5,6,7].  
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1.1 Magnetism 

 

 “Magnetism” is basically about the response of a material in an external magnetic 

field. Net magnetization of the material occurs when the electron spins in the material align 

in the direction of the applied field, and is formulized as follows  

 

B= H+ 4π M 

 

where H is the applied magnetic field intensity and B is the response from the material 

called magnetic flux density. Magnetization (M) is the magnetic moment per unit volume 

that depends on the magnetic moments of the constituent atoms, as well as their interaction 

with each other. M can be related to H through  

 

M = χּ H 

where χ is magnetic susceptibility and indicate how well the material response to the 

applied field. 

The differences in electron configuration of elements determine the nature and 

magnitude of the atomic magnetic moments, and the differing magnetic properties of 

various materials. Several forms of magnetic behavior have been observed in different 

materials such as paramagnetism, ferromagnetism, antiferromagnetism and ferrimagnetism. 

Paramagnetic materials are attracted when subjected to an applied magnetic field. 

Paramagnetism requires individual atoms to have permanent dipole moments, which 

typically implies an unpaired electron in the atomic or molecular orbitals. In pure 

paramagnetism, these atomic dipoles do not interact with one another and are randomly 

oriented in the absence of an external field, resulting in zero net moment (Figure 1.1a).  



 
 
Chapter 1: Introduction     3 

 
 
 
 
 

Yet, in an applied magnetic field these dipoles align in the direction of the field causing a 

net magnetization of the material (Figure 1.1b). 

 

 

 

 

 

 

 

 

Figure 1.1:  Orientation of atomic dipoles a) in the absence and b) in the presence of 

external magnetic field.  

 

 Paramagnetic behavior can also be observed in ferromagnetic materials that are above 

their Curie temperature. This critical temperature refers to a characteristic property of a 

ferromagnetic material above which material loses its ability to possess net magnetization 

in the absence of an external magnetic field.  As the temperature increase from below the 

Curie point, increasing thermal fluctuations destroy the alignment of dipoles, until the net 

magnetization becomes zero at and above the Curie point. Above the Curie point, the 

material is purely paramagnetic. 

Ferromagnetic materials typically show a hysteresis loop in magnetization curve. After 

the removal of external magnetic field, material retains some magnetization creating a 

hysteresis loop. This is called remanent magnetization (Mrs). The strength of the field in the 

opposite direction is called coercivity, Hc, which is applied until there is no magnetization 

(a) (b) 
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remaining. The relationship between magnetic field strength (H) and magnetic flux density 

(B) is not linear in such materials. If the relationship between the two is plotted for 

increasing levels of field strength, it will follow a curve up to a point where further 

increases in magnetic field strength will result in no further change in flux density. This 

condition is called saturation magnetization (Ms). A full hysteresis loop is formed by 

applying and removing the field to saturation in the negative direction, then applying it 

again in the positive direction (Figure 1.2). 

 

 

 

                       

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: A schematic diagram of a hysteresis loop. 

 

Superparamagnetism is a phenomenon by which magnetic materials may exhibit a 

behavior similar to paramagnetism even below Curie temperature. Generally, these are 
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single domain, single crystal nanoparticles of 10nm or less (Figure 1.3). In paramagnetic 

materials where spin alignment happens in domains, in superparamagnetic materials, the 

magnetic moment of the entire crystallite tends to align with the magnetic field creating a 

higher saturation value. Iron oxide nanoparticles, magnetite (Fe3O4) and maghemite 

(γ−Fe2O3), show superparamagnetic behavior at room temperature, and are biocompatible 

and biodegradable so are widely studied in biomedical field (Table 1.1).  

 

                   

                                     

 

 

 

 

 

 

 

 

 

Figure 1.3: Magnetic properties of nanostructured materials: Ferromagnetism (blue), 

paramagnetism (green), Superparamagnetism (red). 
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Table 1.1.  Properties of iron oxides [8]. 

 

 1.2 Applications 

 

SPIOs (usually γ-Fe2O3 and Fe3O4) possess high magnetic saturation with no  

remanence and coercivity. They are addressable by magnetic field meaning can be 

dragged by a magnet causing magnetic separation or localization, and/or can be 

magnetically detected.   

SPIOs are core-shell structures where magnetic iron oxide cores are coated with a shell.  

Simply, magnetic core is responsible from the magnetic properties and the shell responsible 

from the stabilization of these magnetic cores and suspension of the particles in a carrier 

liquid. Depending on the application the carrier liquid changes so as the shell chemistry.  

For many in vivo applications aqueous suspensions are required.  Therefore, dextran, starch 

and poly (vinyl alcohol) (PVA) like biocompatible and water soluble coatings are utilized 

as the coating [9,10,11].  For other applications, poly (styrene) (PS) or silica like coatings 

are also utilized [12,13]. 

 Another important property for application is the particle size which is generally the 

hydrodynamic size.  Nanoparticles are generally not in the form of single core-shell 

60-80820-986dark brown
Maghemite

(γ-Fe2O3)

92-100850black
Magnetite 

(Fe3O4) 

Msat at 300 K 
(J/T.kg)

Tc (K)ColorOxide

60-80820-986dark brown
Maghemite

(γ-Fe2O3)

92-100850black
Magnetite 

(Fe3O4) 

Msat at 300 K 
(J/T.kg)

Tc (K)ColorOxide



 
 
Chapter 1: Introduction     7 

 
 
 
 
 

structures but in aggregated forms.  Size of these aggregates in the hydrated form is the 

generally mentioned size for these SPIOs (Figure 1.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Core-shell structure. 

 

 

 The concept of exploitation of biocompatible magnetic nanoparticles (in the form of 

ferrofluids) with diagnosis and therapeutic purposes is being considered by a growing 

number of researchers in biomedical areas.  In vivo, particles larger than 100 nanometers 

are taken up by the reticuloendothelial system (RES), a network of cells lining blood 

vessels whose function is to remove foreign substances from the bloodstream. These 

particles are directly taken to liver and spleen that constitute the RES system preventing the 

accumulation in other targeting organs [14]. Thus, ability to control particle size is a key 

Particle Stabilization Particle AggregationParticle Stabilization Particle Aggregation



 
 
Chapter 1: Introduction     8 

 
 
 
 
 

issue that would enable the use of nanoparticles for target specific applications as well as 

broader in vivo use.  

SPIOs are routinely applied as negative contrast agents in magnetic resonance 

imaging (MRI). These particles shorten the proton relaxation times (T1 and T2) of the 

tissues that they occupy.  If they shorten the T2 more than T1 they produce a dark image at 

the local site (Figure 1.5) and the agent is called negative contrast agent. If they produce a 

bright image, they are called as positive contrast agent (Figure 1.6).  In the body, 

nanoparticles are internalized by macrophages of the reticuloendothelial system (RES), the 

part of the immune system, and taken to the liver.  Therefore SPIOs are good contrast 

agents for the liver.  Intake of the SPIOs from blood by phagocytic macrophages depends 

on many factors one of which is particle size.  As the size of the particles reduce, they 

escape from macrophages, their blood circulation time increase and the probability of 

uptake by other organs increase.  SPIOs with different sizes and coating materials are 

developed for the imaging of different tissues.  Some of these are commercially available 

and some are in still clinical trial phase (Table 1.2) [15,16]. 

 

 

 

 

 

 

 

 

 

Figure 1.5: Contrast enhancement:  

(Left) Before SPIO injection, (Right) After SPIO injection [17]. 
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Figure 1.6: MRA of the thoracic region following administration of USPIO  [18]. 

 

 

 

 

 

 

 

 

 

 

 

Table 1.2: SPIO contrast agents.  

 

Marketed
Nycomed/AmershamGI bowel imagingNegative3000

Sulfonated PS-

crosslinked
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Phase IIIAmersham
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Size

(nm)
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(nm)
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 SPIOs when in large sizes (few hundred nm to microns) can be easily dragged by an 

external magnet therefore found applications for magnetic separation of cells, DNA/RNA, 

proteins, pathogens etc. (Dynal, Chemicell, MACS). These commercial particles are 

generally coated with PS, silica, fatty acid, starch, dextran; etc where also terminal 

functional groups are utilized for covalent immobilization of ligands that could bind a 

specific biomolecule that would be separated [19]. Similar approach is also being 

investigated in therapy, where drugs were loaded on SPIOs through electrostatic or 

covalent binding and are guided to a specific site in the body with an external magnet 

(Figure 1.7). Magnetic delivery of anticancer drugs is especially an interest since it is a 

promising method that could prevent the harmful effects of chemotherapy on normal cells.  

SPIOs are also being investigated for hyperthermia which is a thermal method for 

cancer treatment. In this approach, magnetic particles are localized in the tumor with an 

external magnet and are heated by applying an AC magnetic field of sufficient strength and 

frequency. Heat generated within the tumor destroys it. Clinical trials of Andreas et al are 

showing very promising results [20]. These particles are generally around 200 nm-1micron 

range.  Smaller particles, less than 200nm are being investigated for drug delivery utilizing 

the phagocytic pathway without an external magnet.  Delivery of oligonucleotides and 

chemotherapy are experimental extensions in this field. 
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Figure 1.7: Magnetic drug delivery: Ferrofluid (1) is injected via a syringe (2) where 

particles are localized on tumor (dotted area) by an external magnet (3) [11]. 

 

  

 Ferrofluids that contain cobalt and platinum compounds are also used in different 

applications such as in audio devices, inertia dampers, stepper motors, sensors and high-

density digital storage [21].   

 

1.3 Magnetic particle synthesis 

 

Advancement in the use of magnetic nanoparticles for biomedical applications does 

require the synthesis of nanoparticles with better control of the size in narrow size 

distribution, high saturation magnetization, functional surfaces and resistance to 

agglomeration. Typical is the synthesis of bare iron oxide particles and then coating the 

selected size fraction with a suitable organic material for the selected applications, which is 

again followed by size selection steps. A major problem is the tendency of nanoparticles to 
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agglomerate due to their high surface to volume ratio. Addition of materials that can pacify 

the surface allows a certain control in agglomeration problem of the bare magnetic 

nanoparticles.  

There are several synthetic methods for iron oxide nanoparticles such as micro-

emulsion, sol-gel, bulk solution and gas deposition [22]. These methods offer the advantage 

of narrow size distribution, high magnetization values and high production rate besides 

many disadvantages such as uncontrolled oxidation of magnetite to maghemite and 

difficulty in removal of surfactants. Hyeon and co-workers reported the most successful 

synthesis of highly crystalline and monodisperse γ-Fe2O3 nanoparticles via thermal 

decomposition of iron pentacarbonyl in the presence of oleic acid at 100 oC and high 

temperature aging (300 oC) [23].  Problems with this approach are maghemite has lower 

saturation magnetization than magnetite; nanoparticles need to be removed from high 

boiling solvents and transferred into water which requires the exchange of hydrocarbon 

ligands from the iron oxide surface with water soluble ones.   

For the preparation of aqueous suspensions, one of the commonly used synthetic 

methods is the co-precipitation of Fe2+ and Fe3+ salts by addition of a base in aqueous 

media but size distribution of the magnetic cores are not as narrow as the organic 

preparations [22]. The control of size and composition of nanoparticles depends on the type 

of salts used and some reaction conditions like Fe2+ and Fe3+ ratio, temperature, pH and 

ionic strength of the media. Yet, there is no detailed systematic study of the reaction 

variables for the control of particle size and properties. Iron oxide nanoparticles are usually 

coated with organic or inorganic molecules in inert atmosphere to prevent the oxidation and 

agglomeration. Bubbling nitrogen gas through the solution protects critical oxidation of the 

magnetite while reducing the particle size when compared with methods under air [24,25]. 

Adsorption of stabilizing agents on the surface of particles after synthesis or preparing 

magnetic fluids using anionic or cationic surfactants as dispersing agents are the commonly 
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used methods for particle stabilization. The change in nature of counterions and pH of the 

suspensions provided electrostatic stabilization to the charged magnetic nanoparticles. In 

addition, coating the particle surfaces with organic surfactants provides steric repulsion.  

Polymeric stabilizers are effective in preventing particle aggregation. Polymeric 

coatings offer various functional groups on the surface of magnetic nanoparticles that can 

be useful for applications. Poly (vinyl alcohol) (PVA), poly (N-vinylpyrollidone) (PVP), 

poly (N-isopropylacrylamide) (PNIPAA) and poly (ethylene glycol) (PEG) are the 

commonly used coating materials for in vivo applications Poly (acrylic acid) was also 

reported as a polymeric stabilizer for iron oxide nanoparticles providing both electrostatic 

and steric repulsion against particle aggregation [26,27,28]. 

 

1.4 Purpose of the research 

 

The overall objective of this project is to prepare functional SPIOs that are resistant to 

agglomeration in controlled size with a simple process that is preferably cost-effective as 

well. Such particles in small sizes (150-50nm) and in ultrasmall sizes (≤50nm) are desired 

for imaging and molecular targeting of agents and drugs in the diagnostic and therapy. 

Since particle size is crucial for each application, a statistical approach to predict particle 

size by controlling reaction parameters was also reported by Rondinone and his co-workers 

[29].  

In order to achieve this, here, we primarily focused on the in situ coating of the iron 

oxide nanoparticles with polyacrylic acid to prevent aggregation during synthesis and 

control crystal size and size distribution.  This was achieved by treating iron salts with 

ammonium hydroxide in water in the presence of PAA. There are number of variables that 

may control the particle size (core and hydrodynamic), size distribution, magnetic 

characteristics and stability (resistance to agglomeration). PAA molecular weight, iron and 
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base concentrations and (COOH)/iron mole ratio are the four factors chosen to control 

these responses. The aim of this research is to determine the most effective factors 

determining primarily the hydrodynamic particle size and find a general mathematical 

equation that predicts size using these effective factors.  Also, we are interested in 

identifying the factors effective on particle stabilization and magnetization.  Design Expert 

7.0 and Minitab14 Release statistical programs, two-level full factorial design was used to 

determine best set of experiments and find the possible correlations between these four 

factors and responses. Such systematic study would draft some basic rules in the size 

control of nanoparticles in aqueous synthesis that may be transferable to other coating 

systems. 

In our study, PAA sodium salt (Figure 1.8) was chosen as the coating material for the 

following reasons: 

• provide multiple functional groups (carboxylic acid) for adsorption to the crystal 

surface  

• provide electrostatic and steric stabilization 

• provide functional surface (carboxylic acids) to the coated particles 

• provide pH responsiveness 

 

 

 

 

 

 

Figure 1.8: Chemical structure of poly (acrylic acid) sodium salt. 
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The second part of this project was to prepare stable (resistant to agglomeration) small 

and ultrasmall SPIOs with surface functionalities for applications in therapy and imaging.  

Size dependent uptake of the particles by the cells, investigation of site specific delivery of 

the particles and contrast enhancement capacity are within the ultimate scope of this 

project. First time, PAA coated nanoparticles of same type differing in only size will be 

systematically studied for cell uptake, targeted delivery and contrast behavior.  Intracellular 

uptake of nanoparticles will be tested in cancer cell lines (HeLa and MCF7) and mouse 

macrophage (RAW 264.7). PAA-stabilized iron oxide nanoparticles with different particle 

sizes (30, 70 and 110nm) were conjugated with folic acid for the recognition by folate 

receptors as a model. Folate receptors are glycosylphosphatidylinositol-anchored, folate-

binding proteins that are overexpressed in malignant tissues rather than the healthy ones. In 

this process, folate functionalized SPIOs would be recognized by the folate receptors on 

tumor cells and internalized via receptor-mediated endocytosis. (Due to the difficulty in 

finding and reproducing cell lines, this part is not completed by the time of the thesis 

defense. Cytotoxicity of the particles were tested by MTT assay. In order to evaluate the 

contrast enhancement behavior of our SPIOs, signal intensities of the aqueous suspensions 

of selected particle sizes were measured in clinical MRI and compared with commercial 

contrast agent Endorem.   
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Chapter 2 

 

EXPERIMENTAL PART 

 

 

2.1 Materials 

 

FeCl3.6H2O and FeCl2.4H2O were used as purchased from Fluka. Ammonium 

hydroxide (26% NH3 in water, w/w) was purchased from Riedel-de Haen and used as 

supplied. Two different molecular weights (Mw ~ 5,100 and Mw~15,000 g/mol) of 

polyacrylic acid sodium salt were purchased from Aldrich. Milli-Q water was used for all 

preparations and work-up.  

 

2.2 Synthesis of poly (acrylic acid) coated iron oxide nanoparticles  

 

The following procedure was performed for all experiments: 

PAA sodium salt was dissolved in required amount of water, transferred into a 100ml 

three necked round bottomed flask fitted with a mechanical stirrer, condenser and nitrogen 

inlet.  After the polymer solution was deoxygenated for 30 minutes, iron salts (Fe3+ / Fe2+ 

mole ratio of 2) were added to the flask and stirred at 400rpm under nitrogen for about 15 

min.  Reaction flask placed into an oil bath at 85 oC. After 10min of mixing, ammonium 

hydroxide was injected to the flask with vigorous stirring at 800rpm and reaction allowed 

to continue for 30 minutes (*). 
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Fe2+ + 2Fe3+ + 8OH− � Fe(OH)2 + 2Fe(OH)3 

                             �  Fe3O4 + H2O    (*) 

 

After the colloidal suspension cooled to room temperature, it was transferred to a glass 

bottle and sit atop a handheld magnet (0.3 Tesla) overnight. pH of all experiments was 

measured the next day. Any precipitate that might occur was removed.  50% of the 

colloidal solution was washed with water using ultrafiltration device (MwCo 5,000 g/mol, 

15,000 g/mol) till pH 7-8. All solutions were filtered from 450 nm and 100 nm filters after 

synthesis and ultrafiltration, respectively. 

PAA molecular weight, iron and base concentrations and (COOH)/iron mole ratio are 

the reaction factors and the ranges for each are given in Table 2.1.  These ranges were 

chosen based on our previous trials and literature values. 

 

 

 

 

 

 

 

 

Table 2.1: Reaction variables 

a Total iron concentration (M): (mole Fe (II) + mole Fe (III))/Volume 

b Reactive/Fe: mole COONa/ mole Fe 

c Base ratio: mole base/ [COONa mole + (2.5 mole Fe)] 

d Molecular weight of PAA: g/mol 

150005100Mw of PAAd

31Base ratioc

40.3Reactive/Feb

0.30.03Fe conc.a

HighLow Factors

150005100Mw of PAAd

31Base ratioc

40.3Reactive/Feb

0.30.03Fe conc.a

HighLow Factors

150005100Mw of PAAd

31Base ratioc

40.3Reactive/Feb

0.30.03Fe conc.a

HighLow Factors

150005100Mw of PAAd

31Base ratioc

40.3Reactive/Feb

0.30.03Fe conc.a

HighLow Factors
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Twenty experiments were created by the statistical programs (Design Expert 7.0 and 

Minitab 14 Release) based on four factor two-level full factorial design with two center 

points per block within the given range of each variable (Table 2.2). PAA molecular weight 

is a categorical factor and we had two blocks for two molecular weights. 

 

2.3 Characterization methods 

 

Hydrodynamic size (Dh) of PAA-coated iron oxide nanoparticles were measured by 

Malvern Zetasizer Dynamic Light Scattering (DLS). Hydrodynamic sizes of particles were 

measured both before and after washing off excess polymer via ultrafiltration. Reported 

sizes are 1/100 dilution of original reaction concentrations (stock solution) in order to 

eliminate the viscosity effect on particle size measurements.  Unless indicated all sizes are 

measured without any size separation process such as filtration.  Zeta potentials were 

measured by Brookhaven ZetaPals Zeta Potential Analyzer and viscosity of solutions were 

measured by Anton Paar Microviscometer. X-ray diffraction measurements with 

monochromatic CuKα radiation were taken to investigate the crystal structure of the 

particles on a X-Ray Powder Diffractometer (Huber, Guinier System 642). Aqueous 

solutions were dried on C-coated Cu grid and used for Transmission Electron Microscopy 

(TEM) images and Scanning Electron Microscopy (SEM LEO Supra 35 VP) analysis. The 

magnetization of the dried particles was measured by Vibrating Sample Magnetometer 

(VSM) and iron concentration determination was performed by Inductively Coupled 

Plasma analysis on a SPECTRO GENESIS EOP ICP. Thermogravimetric Analysis 

(Shimadzu TGA 50H) was performed for iron oxide nanoparticles. IR measurements 

(Nicolet FTIR)  were performed by preparing KBr pellets of dried powders.  
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Table 2.2: Design space obtained from Design Expert 7.0, two-level full factorial design. 
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Sample ID
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(g/mol)
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ratio

Reactive/Fe 

(mol/mol)

Fe conc. 

(M)
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Chapter 3 

 

EXPERIMENTAL RESULTS & CHARACTERIZATION 

 

 

3.1 Particle size and size distribution 

 

Controlling particle size and preventing aggregation between particles have received 

considerable attention with the increasing need of applications for well-dispersed magnetic 

nanoparticles with uniform size, uniform physical and chemical properties. There are two 

different particle sizes that determine properties: Crystal size of the magnetic core and the 

hydrodynamic size. 

Hydrodynamic size of particles was measured with Dynamic Light Scattering (DLS).  

This technique is used for measuring particle size over the size range of few nanometers to 

a few microns. The concept uses the idea of “Brownian Motion” that is based on the 

movement of particles in a resting fluid. In DLS measurements the speed of movement is 

used to calculate the particle size.  Larger particles move slower than the smaller ones if the 

temperature and viscosity is the same. Hydrodynamic size is also a good measure for the 

detection of aggregation. 
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Initially, hydrodynamic size of stock solutions were measured after simple magnetic 

decantation procedure a three day rest atop a 0.3T magnet, meaning no size fractionation is 

attempted (Table 3.1).  

In case of iron concentration, smaller particle sizes were observed with dilute solutions 

while concentrated solutions resulted in larger hydrodynamic size (Figure 3.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.1: Hydrodynamic size of particles : *Particles precipitated 

Dh (I) unwsh: Intensity size distribution after synthesis. 
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Dh (I) wsh: Intensity size distribution after the removal of excess coating material. 

Dh (N) unwsh: Number intensity distribution after synthesis. 

Dh (N) wsh: Number intensity distribution after the removal of excess coating material. 

 

 

 

 

 

 

 

  

  

 

Figure 3.1: Effect of  [Fe] under same conditions: 0.03 M (green) and 0.3 M (red).  

 

Reactive/Fe ratio seems to be effective on hydrodynamic size, however no net 

correlation was found without statistical evaluations. Based on DLS data, hydrodynamic 

size mostly decreases with increasing reactive/Fe ratio suggesting a possibility of two or 

three way interaction between variables (Figure 3.2).  
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Figure 3.2: Two different measurements based on Reactive/Fe under same conditions. 

a) 0.3 (red) and 4 (green),  

b) 0.3 (green) and 4 (red).  

 

Base ratio did not show a dramatic effect on particle size but in practice size 

distribution tends to broaden with decreasing base amount (Figure 3.3). 

  

 

 

 

 

 

 

 

 

Figure 3.3: Effect of base ratio under same conditions: 1 (red) and 3 (green).  
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Molecular weight of polymer was the last factor affecting particle size. Although no 

significant difference was observed from DLS data (Figure 3.4) directly, larger 

hydrodynamic size was obtained with high Mw of PAA which confirms the statistical 

evaluations in Chapter 4. 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Effect of PAA molecular weight under same conditions:  

5100g/mol (green) and 15000 g/mol (red).  

 

 

 

 

3.2 Resistance to agglomeration 

 

Stabilization of magnetic nanoparticles can be achieved by coating the surfaces with 

polymeric materials. Poly (acrylic acid) sodium salt was used as a polymeric stabilizer in 

all experiments providing both electrostatic and steric repulsion against particle 

aggregation.  Carboxylic acid groups offer multiple adsorption sites on the iron oxide core 
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while other free groups provide water solubility and surface functionality to the particle. 

These free carboxylic acid groups on the surface also maintain electrostatic repulsion that 

prevents aggregation (Figure 3.5). The stability of the polymer coating on the surface of 

iron oxide core is very important for particles to resist agglomeration.  In our study, 

stability upon dilution and stability after removal of excess coating material were tested for 

all reactions. Long-term stability was another important quality to follow in all 

experiments. Particles which precipitated in 3 days (based on practical observation) were 

evaluated as unstable (Table 3.2).  

 

 

 

 

 

 

 

 

 

Figure 3.5: Electrostatic stabilization of particles. 
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Table 3.2: Stability and magnetization of particles:  

0: unstable/non-magnetic, 1: stable/magnetic.  

 

Particles within the same size range after dilutions up to 1/10,000 were evaluated as 

stable (Figure 3.6a). If particles do not precipitate but size increases then it is evaluated as 

unstable as well (Figure 3.6b). 
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Figure 3.6: Stability upon dilution of unwashed particles: a) stable, b) unstable.  

Stock solution (red), 1/100 dilution (green), 1/1000 dilution (blue) and 1/10000 dilution 

(black). 

 

Excess unbound polymer in stock solutions is removed via ultrafiltration with distilled 
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excess coating material indicating the stability of polymer adhesion to the crystal surface. 

No dramatic size increase after ultrafiltration was evaluated as stable (Figure 3.7). If the 

coating is not stable, desorption will occur from particle surface and the particles will 

aggregate resulting in larger hydrodynamic size (Figure 3.8). 

 

 

 

 

 

 

 

 

 

Figure 3.7: Effect of washing on particle size and stability: 

Stock solution after synthesis (red) and after ultrafiltration (green). 

 

 

 

 

 

 

 

 

 

Figure 3.8: Effect of washing on particle size and instability:  

Stock solution after synthesis (red) and after ultrafiltration (green). 
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Stability of the washed particles was also tested by dilution up to 1/10000. Stable and 

unstable particles were selected based on the same idea after synthesis (Figure 3.9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Stability upon dilution of washed particles: a) stable, b) unstable.  

Stock solution (red), 1/100 dilution (green),  

1/1000 dilution (blue) and 1/10000 dilution (black).  
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Furthermore, all stock solutions were filtered from 450 nm and 100 nm filters after 

synthesis and after ultrafiltration with distilled water, respectively. This process was 

important for cell study where particle size is crucial for cellular uptake as explained in 

Chapter 1. Figure 3.10 displays the difference in hydrodynamic sizes after filtration.  

 

 

 

 

 

 

 

 

 

Figure 3.10: Hydrodynamic size of washed particles before (green) and after (black) 

being passed through 100 nm filter. 

 

 

3.3 Viscosity effect 
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hydrodynamic size of the stock was larger than the size of the dilutions (Figure 3.11). 

DLS calculates the hydrodynamic size based on the dynamic viscosity of distilled water 

which is 0.8862 mPa.s. Viscosity of stock solutions were measured around 1.1, while 

viscosity of the 1/100 dilution was about 0.88 mPa.s that is very close to distilled water 
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(Figure 3.12). Therefore, we used the size of 1/100 dilutions of all reactions in the 

statistical analysis. In addition, DLS data confirmed that the size of 1/100 dilutions would 

be more well-matched than the size of stock solutions (Figure 3.13). 

 

 

 

 

 

 

 

 

Figure 3.11: Hydrodynamic size of stock solution (red), 1/100 dilution (green), 1/1000 

dilution (blue) and 1/10000 dilution (black). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: Average dynamic viscosity a) stock solution, b) 1/100 dilution of stock 

solution. 
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Figure 3.13: Stock solution before (red) and after viscosity correction (blue),  

1/100 dilution of stock solution before (green) and after viscosity correction (black). 

 

 

3.4 pH sensitivity 

 

Polyacrylic acid is pH sensitive with isoelectric point at 2.4 [26]. As the ionization of 

the carboxylic acid groups increases stabilization due to electrostatic repulsion increases. 

At acidic pH where the carboxylic acid groups are protonated, electrostatic repulsion is 

replaced with attraction due to H-bonding and the particles begin to aggregate (Figure 3.14 

and 3.15). Therefore below pH 4 particles precipitated out of solution.  However, they can 

be redispersed by increasing pH.  Also, isoelectric point of polyacrylic acid coated particles 

was determined. pH vs. Zeta potential graph showed that there is no net charge on particle 

surface at pH 2.4 which is in agreement with literature data (Figure 3.16) [26]. 

pH responsive nature of the particles can be exploited in drug unloading and diagnostic 

imaging since tumor cells tend to have lower pH than healthy ones . 
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Figure 3.14: pH response of nanoparticles: From left to right: 2, 4, 7.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: Particle size-pH relationship for MD24 after being washed and filtered 

from 100nm filter: pH 8.5 (red), pH 7 (black), pH 4 (blue), pH 2 (green).   
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Figure 3.16: Isoelectric point of PAA. 

 

3.5 XRD analysis 

 

X-Ray Diffraction (XRD) technique was used to determine the size and composition of 

crystalline magnetic cores of the PAA-coated iron oxide nanoparticles. Every sample 

synthesized was analyzed with this technique to see the effect of reaction parameters on 

crystal growth and particle composition (Appendix A). To observe the PAA effect during 

iron oxide synthesis, poly (acrylic acid) sodium salt, bare iron oxide nanoparticles (in the 

absence of PAA) and PAA-stabilized iron oxide nanoparticles (after the removal of excess 

PAA) were analyzed (Figure 3.17).  
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Figure 3.17: X-Ray diffraction diagram a) poly (acrylic acid) sodium salt, b) bare iron 

oxide nanoparticles, c) PAA-coated iron oxide nanoparticles (MD17R). 

 
 
 

Iron oxide nanoparticles prepared in the absence of PAA show six diffraction peaks at 

2θ = 30.2◦, 35.7◦, 43.4◦, 57.4◦, and 62.9◦, which are the characteristic peaks of standard 

Fe3O4 crystal. However, the additional diffraction peak at 2θ = 32.8◦ show that PAA-coated 

iron oxide nanoparticles also consist of γ−Fe2O3 crystals. Actually this has been seen in 

other systems [26].  This can be due to the acidic pH of PAA solution (pH 2.3) which 

would oxidize Fe2+ to Fe3+ forming Fe2O3, although Fe3+/Fe2+ mole ratio was chosen 2 at 

the beginning of the reaction.  

The major difference between the XRD diagrams of all experiments was found as 

Reactive/Fe ratio. When the Reactive/Fe ratio is larger, XRD diffraction peaks were not 
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intense. For non-magnetic materials, this result can be reasonable due to insufficient crystal 

growth. However, less intense peaks were also seen for magnetic materials which can be 

due to the formation of very small crystals in the presence of many polymer chains. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18: XRD diagrams of nanoparticles:  

a) magnetic (MD24), b) non-magnetic (MD33). 
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In addition, the particle size of magnetite was calculated according to the Debye–

Scherrer equation, 

 

 

     D = 0.9λ / β cos θ 

 

 

where D is the average crystallite size (Å), λ is the wavelength of X-rays (CuKα: λ = 

1.5418 Å), θ is the Bragg diffraction angle, and β is the full width at half maximum 

(FWHM) (in radians). By using the equation above and the FWHM of the diffraction peak 

at 2θ = 35.65◦, the crystallite size of the Fe3O4 in the presence of PAA was calculated as 5.2 

nm, which was smaller than the crystallite size of bare Fe3O4 (6.5 nm) synthesized in the 

absence of PAA. This result also shows that the presence of PAA reduced the core size of 

Fe3O4 due to the fact that the carboxylic acid groups of PAA not only promoted nucleation 

but also inhibited growth of the Fe3O4 particles through surface passifization.  Core sizes 

were calculated for all experiments using both 2θ = 35.7◦ (Fe3O4) and 2θ = 32.8◦ (γ−Fe2O3) 

diffraction peaks (Table 3.3). 

 

 

 

 

 

 

 

 



 
 
Chapter 3: Experimental Results&Discussion 39 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.3. Reaction variables and particle size: 

Dc (core size) was calculated for both compositions. 
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- less intense peaks 

 

 

3.6 IR analysis 

 

 Fig. 3.19 shows a comparison between the IR spectra of the bare (Fe3O4) nanoparticles, 

pure PAA sodium salt, and the iron oxide nanoparticles synthesized in the presence of 

PAA. The atoms of Fe on the surface of Fe3O4 particles were expected to adsorb −OH and 

COO− groups of PAA, and the atoms of O on the particle surface would adsorb H+. Also, 

the HO-rich surface of Fe3O4 nanoparticles could react with the carboxylic acid groups of 

PAA that remain in solution. Previously, it was reported that the characteristic absorption 

bands of the Fe–O bond of bulk Fe3O4 were at 570 and 375 cm−1 [30]. Although, 

transmission bands are not clearly seen at 500 cm-1, IR spectrum of Fe3O4 nanoparticles 

exhibit a blue shift due to nanoscale dimensions and the characteristic transmission bands 

of the Fe–O bond were shifted to high wavenumbers of about 580 in Fig. 3.14. The IR 

spectrum of the PAA sodium salt shows peaks at 1570 and 1410 cm−1 that correspond to 

the COO- antisymmetric vibration and the COO- symmetric vibration. Same peaks were 

also observed for PAA-coated iron oxide nanoparticles which indicate the binding between 

carboxylate groups and Fe atoms with both oxygen atoms interacting with the metal on the 

surface [31,32]. 
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Figure 3.19: IR spectra of bare Fe3O4 nanoparticles, pure PAA sodium salt and iron 

oxide nanoparticles in the presence of PAA (MD32). 

 

 

3.7 TGA analysis 

 

Fig. 3.20 shows the TGA analysis of the bare Fe3O4 nanoparticles, the PAA sodium salt 

(Mw 5100 g/mol), and iron oxide nanoparticles synthesized in the presence of PAA after 

the removal of excess polymer. Bare Fe3O4 nanoparticles showed insignificant weight loss 

from 100 to 800 ◦C. The initial degradation stage (100-220 ◦C) of pure PAA sodium salt 

corresponds to the dehydration and decarboxylation of the carboxylic acid groups of the 

PAA, while the main degradation temperature of the PAA was near 430 ◦C [28].  
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Figure 3.20: TGA curves for bare Fe3O4 nanoparticles, pure PAA sodium salt and iron 

oxide nanoparticles in the presence of PAA (MD20). 

 

 

3.8 Electron microscopy analysis 

 

Transmission electron microscope (TEM) was another characterization technique to 

observe the particle size, especially the core size, and morphology.  The following figure 

display the TEM micrograph obtained for washed PAA-stabilized iron oxide nanoparticles 

(MD17R) (Figure 3.21). Although there were some large aggregates, core size was 

calculated around 8 nm (averaged over 7 particles) which is in between the sizes measured 

by XRD (5.2-10.35nm).  
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Figure 3.21: TEM micrograph of iron oxide nanoparticles synthesized in the presence of 

PAA (MD17R). 

 

 

We analyzed MD17R also with SEM. We see some small particles that are made up of 

smaller ones around 50nm (Figure 3.22a) and also some larger crystalline structures of few 

hundred nanometers (Figure 3.22b) 
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                                 (a)                                                                    (b) 

Figure 3.22:  SEM images of MD17R. 

 

 

3.9 AFM analysis 

 

Atomic force microscope (AFM) was used to observe particle size and size distribution.   

Hydrodynamic size of PAA-coated iron oxide nanoparticles (MD26 after excess polymer 

was removed) was around 100 nm with a size distribution of 10-400 nm according to 

intensity averaged results of DLS measurement (Figure 3.23). AFM images showed similar 

aggregate sizes confirming that the intensity based size measurement by DLS is a correct 

representation of these particles (Figure 3.24). 
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Figure 3.23: Hydrodynamic size of stock solution after ultrafiltration (MD26).  

 

 

 

 

 

 

 

 

 

Figure 3.24: Height image (left) and phase image (right) of washed particles. 

 

 

3.10 VSM data analysis 

 

Vibrating Sample Magnetometer (VSM) systems are used to measure the magnetic 

properties of materials as a function of magnetic field, temperature, and time. In our study, 

this technique was used to create a hysteresis curve for PAA-coated iron oxide 

nanoparticles. The hysteresis curve was used to determine saturation magnetization (Msat), 
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remanent magnetization (Mrem) and coercivity (Hc). According to this data, saturation 

magnetization (Msat) was found as 10 emu/g for MD20 with no remanence and coercivity 

proving superparamagnetic behavior for nanoparticles (Figure 3.25).  

 

 

 

 

 

 

 

 

 

 

Figure 3.25: Hysteresis loop for PAA-coated iron oxide nanoparticles (MD20). 

 
 
 

Similar curves with different Msat values were obtained for the other samples.  This data 

is quite noisy but it clearly shows the sign of superparamagnetism.   
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3.11 Other properties 
 

Bimodality, intensity size distribution peak width and polydispersity index (for washed 

particles) were also evaluated to observe the effect of reaction parameters on these 

properties.  

We have observed bimodal size distribution in the DLS data (only in the intensity 

distribution) with the high reactive/Fe ratio combined with low iron concentration (Table 

3.4). This observation may be the result of micelle formation due to the presence of many 

polymeric chains at the high polymer concentration experiments, which is more dramatic in 

low Fe concentrations. In order to test this hypothesis, a sample solution was prepared only 

with poly (acrylic acid) sodium salt, ammonium hydroxide and distilled water in same 

concentrations with the reaction solution of which bimodal size distribution was observed. 

DLS measurements of both solutions confirmed that the second peak at larger size 

corresponds to the polymer micelle (Figure 3.26). In addition, it was observed that 

ultrafiltration with distilled water removed excess unbound polymer that has the ability to 

form micelles (Figure 3.27).  It is important to note here that, because of this observation 

the first peak (smaller) that correspond to the core-shell nanoparticle was recorded as the 

hydrodynamic size of the resulting particles in the tables. 
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Table 3.4: Reaction variables and bimodality: Bimodal:-1, shoulder: 0, monomodal: 1 

 

 

 

 

 

 

-15100340.03MD24

-115000340.03MD28

-115000140.03MD22

-15100140.03MD33

015000340.3MD19

01500010.30.3MD18RR

01500030.30.3MD27

0510010.30.3MD31

01500022.150.165MD25

01500030.30.03MD17R

0510010.30.03MD20

0510030.30.03MD26

01500010.30.03MD32

15100140.3MD23R

15100340.3MD29

115000140.3MD30

1510030.30.3MD21R

1510022.150.165MD15

11500022.150.165MD25R

1510022.150.165MD15R

bimodalityMw of PAA 

(g/mol)

Base ratio

(mol/mol)

Reactive/Fe 

(mol/mol)

Fe conc. 

(M)

Sample ID

-15100340.03MD24

-115000340.03MD28

-115000140.03MD22

-15100140.03MD33
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01500010.30.3MD18RR

01500030.30.3MD27

0510010.30.3MD31

01500022.150.165MD25

01500030.30.03MD17R

0510010.30.03MD20

0510030.30.03MD26

01500010.30.03MD32

15100140.3MD23R

15100340.3MD29

115000140.3MD30

1510030.30.3MD21R

1510022.150.165MD15

11500022.150.165MD25R

1510022.150.165MD15R

bimodalityMw of PAA 

(g/mol)

Base ratio

(mol/mol)

Reactive/Fe 

(mol/mol)

Fe conc. 

(M)

Sample ID
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Figure 3.26: Micelle formation: Hydrodynamic size of stock solution MD24 (red) and 

polymer micelle (green). 

 
 
 
 
  
 
 
 
 
 
 
 
 
 

Figure 3.27: Removal of polymer micelle via ultrafiltration:  

Stock solution of MD24 before (red) and after ultrafiltration (green). 
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Intensity size distribution peak width became narrower with low iron concentration and 

high reactive/Fe ratio (Table 3.5). This result may indicate effective surface coating per 

particle with the available excess polymer preventing aggregation. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Table 3.5: Analysis of the size distribution of particles as a function of reaction 

variables.  Narrow peak widths are highlighted with bold-face. 

 

 

*510010.30.3MD31

155.615000140.3MD30

111.81500030.30.3MD27

96.6315000340.3MD19

84.861500010.30.03MD32

81.851500022.150.16MD25

76510030.30.03MD26

72.42510030.30.3MD21R

70.141500010.30.3MD18RR

67.93510010.30.03MD20

64.511500030.30.03MD17R

40.235100140.3MD23R

35.381500022.150.16MD25R

31.855100340.3MD29

23.01510022.150.16MD15R

17.385100340.03MD24

15.89510022.150.16MD15

12.1915000340.03MD28

10.415100140.03MD33

6.5115000140.03MD22

Peak width

(nm)

Mw of PAA 
(g/mol)

Base ratio

(mol/mol)

Reactive/Fe 
(mol/mol)

Fe conc. 
(M)

Sample ID

*510010.30.3MD31

155.615000140.3MD30

111.81500030.30.3MD27

96.6315000340.3MD19

84.861500010.30.03MD32

81.851500022.150.16MD25

76510030.30.03MD26

72.42510030.30.3MD21R

70.141500010.30.3MD18RR

67.93510010.30.03MD20

64.511500030.30.03MD17R

40.235100140.3MD23R

35.381500022.150.16MD25R

31.855100340.3MD29

23.01510022.150.16MD15R

17.385100340.03MD24

15.89510022.150.16MD15

12.1915000340.03MD28

10.415100140.03MD33

6.5115000140.03MD22

Peak width

(nm)

Mw of PAA 
(g/mol)

Base ratio

(mol/mol)

Reactive/Fe 
(mol/mol)

Fe conc. 
(M)

Sample ID



 
 
Chapter 3: Experimental Results&Discussion 51 

 
 
 
 
 

Polydispersity index of washed particles (PDI-wsh) were also evaluated to see the 

effect of reaction parameters. It was hard to see the responsible effects for PDI-wsh without 

statistical evaluations, so this will be detailed in Chapter 4.  

Number intensity size distribution was also determined for all experiments in DLS 

measurements. There is a considerable difference between number intensity and intensity 

size distributions (Figure 3.28). Statistical evaluations were also done for hydrodynamic 

size based on number intensity size distribution), but particle sizes were so close to each 

other that it was not possible to deduct a correlation between the sizes and the variables. In 

this case, Design Expert 7.0 and Minitab 14 Release would be useless because no 

significant difference between reaction parameters can be found evaluating closer values.  

Also, standard deviations between center points and the difference between maximum and 

minimum value of hydrodynamic sizes were calculated for both intensity and number 

intensity size distributions of unwashed solutions. Table 3.6 shows that standard deviation 

and difference between maximum and minimum size for intensity size distribution is larger 

than number intensity size distribution. This wider range between sizes would provide 

more reasonable results in terms of statistics due to larger variety in values. Therefore, all 

hydrodynamic sizes used in statistical evaluations were based on the intensity size 

distribution peaks. 

AFM studies showed us that the size that we observe generally correlate with the 

intensity based size distribution obtained by DLS.  Therefore, we feel comfortable working 

with the intensity based numbers as a realistic approach. 
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Table 3.6: Standard deviation and difference between max. and min. values. 

 

56213Difference between max. and min. value

19.4552.58Standard deviation between center points
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Figure 3.28: Difference between a) Number intensity size distribution (16 nm),  

b) Intensity size distribution (100 nm).  
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Chapter 4 

 

STATISTICAL EVALUATIONS & DISCUSSION 

 

 

4.1 Effective reaction parameters on particle size 

 

Design Expert 7.0 and Minitab 14 Release statistical programs help to correlate the 

reaction factors with particle size. Best set of experiments were designed by the statistical 

programs for this purpose. Twenty systematic experiments with two center points per block 

were generated by the two-level full factorial design to evaluate also the interacting 

variables (Table 4.1). 

In many general contexts, the “size” phenomenon is explained as a multiplicative 

(rather than additive) effect of its underlying factors. Taking the log will turn multiplicative 

effects into additive ones; therefore size data was analyzed after using log normal 

transformation.  

Significant factors for particle size were found as iron concentration, reactive/iron mole 

ratio, molecular weight of PAA and interaction between iron concentration and 

reactive/iron mole ratio. Design Expert 7.0 provided “ANOVA Design” which showed the 

model as significant and displayed the significant factors based on p-values smaller than 

0.05 (Table 4.2). Additionally, “Pareto Chart” showed the significant factors where four 

responsible reaction parameters passed beyond the p-value limit (Figure 4.1).  
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Table 4.1: Design space. 

 

 

 

 

 

 

 

 

 

Table 4.2: ANOVA analysis for hydrodynamic size. 

Response 1 Dh unw

Transform: Natural log Constant: 0

ANOVA for selected factorial model

Analysis of variance table [Partial sum of squares - Type III]

Sum of Mean F p-value

Source Squaresdf Square Value Prob > F

Block 8.148E-003 1 8.148E-003

Model 15.56 4 3.89 23.26 < 0.0001 significant

A-Fe 4.59 1 4.59 27.46 0.0002

B-Acid/Fe 5.57 1 5.57 33.34 < 0.0001

D-Mwt 0.94 1 0.94 5.61 0.0355

AB 3.60 1 3.60 21.51 0.0006

Curvature 0.27 2 0.13 0.79 0.4747 not significant

Residual 2.01 12 0.17
Cor Total 17.84 19

5100340.03MD24

15000340.03MD28

15000140.03MD22

5100140.03MD33

15000340.3MD19

1500010.30.3MD18RR

1500030.30.3MD27

510010.30.3MD31

1500022.150.165MD25

1500030.30.03MD17R

510010.30.03MD20

510030.30.03MD26

1500010.30.03MD32

5100140.3MD23R

5100340.3MD29

15000140.3MD30

510030.30.3MD21R

510022.150.165MD15

1500022.150.165MD25R

510022.150.165MD15R

Mw of PAA 
(g/mol)

Base ratio

(mol/mol)

Reactive/Fe 
(mol/mol)

Fe conc. 
(M)

Sample ID
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510010.30.3MD31

1500022.150.165MD25

1500030.30.03MD17R

510010.30.03MD20

510030.30.03MD26

1500010.30.03MD32

5100140.3MD23R

5100340.3MD29
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510030.30.3MD21R

510022.150.165MD15
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510022.150.165MD15R

Mw of PAA 
(g/mol)

Base ratio

(mol/mol)

Reactive/Fe 
(mol/mol)
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(M)
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Figure 4.1: Pareto chart for hydrodynamic size after synthesis. 

 

Minitab14 Release program was used to evaluate the four factors by using ‘Main 

Effects Chart’. This data imply that nanoparticle size increases with increasing iron 

concentration and molecular weight of PAA and decreasing reactive/Fe mole ratio. This 

chart also indicates a negligible effect of base ratio (no dramatic change in slope) on 

particle size (Figure 4.2).  

DLS data presented in previous chapter indicated that COOH/Fe ratio is influential on 

hydrodynamic size through some sort of interaction with other parameters, statistical 

evaluations here resolved these interactions. Two-way interaction plot analyses each factor 

in pairs.  Crossing lines in Figure 4.3 indicates interacting factors. This data show that low 

iron concentration with high reactive/Fe ratio decreases particle size. Also it indicates that 

coating amount may change the particle size more dramatically in low Fe concentrations 

compared to high Fe concentrations. On a lesser extent, lower base ratio with higher 

molecular weight of polymer results an increase in particle size.  
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Figure 4.2: Main effects chart for hydrodynamic size after synthesis. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Interaction plot for hydrodynamic size after synthesis. 
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Hydrodynamic size was also evaluated after removal of excess coating material. 

Significant factors were found as Fe concentration and interaction of Fe concentration with 

reactive/Fe (Figure 4.4). The effect of each factor on particle size is shown in “Main 

Effects Chart” (Figure 4.5).  This data imply that particle size increases with increasing Fe 

concentration and decreasing reactive/Fe ratio for washed particles. In addition, interaction 

plot showed that higher reactive/Fe ratio in concentrated solutions increases particle size 

while dilute solutions result in smaller size (Figure 4.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Pareto chart for hydrodynamic size after synthesis. 
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Figure 4.5: Main effects chart for hydrodynamic size after removal of excess polymer. 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Interactions plot for hydrodynamic size after removal of excess polymer. 

 



 
 
Chapter 4: Statistical Evaluations&Discussion 60 

 
 
 
 
 

 

These observations may be explained by the following thinking: In reactions with high 

Fe concentrations, larger number of nucleation occurs and crystals grow faster than 

experiments with low iron concentration.  Arresting particle growth through adsorption of 

polymer on the surface could possibly be more effective in dilute solutions where smaller 

number of crystals would form initially. This would provide each chain to adsorb on the 

particle through multiple points, more chains per particle and thicker coating which may 

also be the result of bridging between many polymer chains.  Also, indication of size 

reduction with PAA of 5,100 g/mol would support this suggestion.  As the size of the 

polymer chain increases bridging possibility increases (Figure 4.7). 

 

 

 

 

 

 

 

 

 

Figure 4.7: Bridging between polymer chains. 

 

Furthermore, lower base ratio with higher molecular weight was found as an increasing 

factor for particle size in an interaction but from the slope of the lines it is a less dramatic 

influence (Figure 4.6). Although the lowest base amount was enough for both 

deprotanation of carboxylic acid groups and oxidation of iron salts, it was obvious that 

lower base ratio causes size distribution broadening as mentioned in previous chapter. The 
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possible explanation could be the adsorption of longer polymeric chains on multiple 

magnetic cores resulting an increase in particle size (Figure 4.8).  

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Adsorption of longer polymer chains on multiple cores. 

 

Design Expert 7.0 fit a quantitative relation between these significant factors and the 

hydrodynamic size after synthesis (S). Equation (1) was created for PAA molecular weight 

5,100 and (2) for molecular weight 15,000 g/mol where F was denoted for iron 

concentration and R was for reactive/Fe ratio.  

 
 
  Ln(S) = 4.73927 - 0.11358×F - 0.63233×R + 1.8986×F×R      (1) 

  Ln(S) = 5.2235 - 0.11358×F - 0.63233×R + 1.89860×F×R      (2) 

 
 
Test experiments were also preformed to control the efficiency of equations (1) and (2). 

Equation (1) was used for all test experiments because only the constant value of equation 

(2) is different which makes 1.82 nm difference for the calculated particle size. 

Additionally, poly (methacrylic acid) sodium salt (PMAA) (Mw 6,500 g/mol) and 
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poly(acrylic acid) sodium salt (Mw 2,100 g/mol) were used in some of the experiments to 

check the applicability of  the equation for different polymers with different molecular 

weights. Hydrodynamic sizes that are predicted by the equations and experimentally 

obtained are shown in Table 4.3.  Experimental results were found within 10 nm deviation 

compared to predicted sizes which is quite good for hydrodynamic size measurements. 

 

 

 

 
 
 
 
 
 
 
  

 

 

Table 4.3: Test experiments.  

*Poly (methacrylic acid) sodium salt 

 

Design Expert 7.0 also provided an equation for hydrodynamic size of particles after 

ultrafiltration with distilled water. However; missing values (*) in Table 3.1 lead to an 

incapable equation which could not predict particle size.  

Furthermore, we tried to obtain a sufficient equation based on number intensity size 

distribution. This was also not satisfying due to the case of standard deviation between 

center points which was detailed in Chapter 3. 
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4.2 Statistical evaluations for stability 

 

Stability of nanoparticles or in another word resistance to aggregation was checked by 

diluting samples up to 10,000 times with water. Statistical evaluation indicates that 

reactive/iron ratio is important for stability. Stable particles were denoted as 1 while 

unstable particle as 0, so to speak they were dead or alive.  Therefore, the best way to 

analyze such data is simply the cube plots obtained from Minitab. 

For lower molecular weight PAA, concentrated solutions with high reactive/iron ratio 

are stable and in case of higher molecular weigh PAA reactions higher iron concentrations 

with lower reactive/Fe ratio is desired for stability (Figure 4.9).  This may indicate that 

longer chains might adsorb on different crystals at the same time, with much less contact of 

each chain on each crystal surface resulting in inferior stability. In this case, high iron 

concentration is favorable which may be due to fine crystal growth offering multiple 

adsorption sites. Here, it is important to note that hydrodynamic sizes reported for the size 

analysis were recorded from the 1/100 dilution as indicated before and they are all stable at 

this dilution.  
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Figure 4.9: Cube plot for stability upon dilution of stock solution. 

 
 

4.3 Statistical evaluations for magnetization 

 

Particles must be magnetic otherwise useless for the suggested applications.  Type of 

the magnetic core (magnetite or maghemite), interaction of the coating with the core, 

effective passifization of the surface and prevention of oxidation as well as size and size 

distribution of the magnetic cores are important.  Reactions were carried out at 85 oC to 

ensure magnetite formation [33].  Our preliminary studies showed that magnetization is 

highly correlated with base/reactive ratio and base ratio. The constraints for these 

parameters are as follows: Base/reactive ≥ 3 and base ratio ≥ 1.  In these experiments, dried 

particles responding 0.3 T handheld magnet were recorded as magnetic and entered to the 

statistical programs as 1 for magnetic and 0 for non-magnetic. Statistical data showed that 

high reactive/Fe ratio along with low Fe concentration produces non-magnetic materials 

(Figure 4.10).  In previous chapter, these reaction parameters were found responsible from 
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less intense peaks in X-Ray diffraction peaks. The same reason is valid for non-magnetic 

particles, which is too much coating material prevents crystal growth and may be also 

nucleation so that magnetization could not be observed in those particles. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.10: Cube plot for magnetization of stock solution. 

 
4.4 Miscallenous  
 

In previous chapter, bimodality and intensity size distribution peak width were 

correlated with reaction parameters. Polydispersity index of washed particles (PDI-wsh) 

was not observed clearly so that statistical evaluations were performed. Interaction between 

molecular weight of poly(acrylic acid) sodium salt and reactive/Fe ratio was found 

effective. PDI-wsh increases with increasing reactive/Fe ratio for high PAA molecular 

weight.  However, with the low PAA molecular weight, PDI-wsh decreases as the 

reactive/Fe ratio increases (Figure 4.11). This can be also viewed as many small chains are 

better than few long chains in terms of PDI, and actually true for the size as we have seen 

before.  This interesting result indicates that longer chains cause broader size distribution 
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through bridging between particles and higher degree of chain entanglement. Yet, if we 

have too low concentration of the COOH units, effective coating of particles would not be 

achieved causing particle aggregation, uncontrolled growth and inferior stability against 

aggregation.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.11: Interaction plot of polymer Mwt and Acid/Fe ratio for PDI of washed 

nanoparticles. 

 
 
 
 

Design-Expert® Sof tware

PDI-wsh

Design Points

D1 5100
D2 15000

X1 = B: Acid/Fe
X2 = D: Mwt of  poly mer

Actual Factors
A: Fe conc = 0.03
C: Base ratio = 1.00

D: Mwt of polymer

0.30 1.23 2.15 3.08 4.00

Interaction

B: Acid/Fe

P
D

I-
w

s
h

0.16

0.2725

0.385

0.4975

0.61



 
 
Chapter 5: In vitro Studies  67 

 
 
 
 
 

 
 

 

Chapter 5 

 

IN VITRO STUDIES 

 

 
 

Five different doses of washed and filtered MD24 (30 nm), MD17R (80nm) and MD32 

(110 nm) were used for contrast enhancement studies. Endorem® (140nm), commercial 

contrast agent, was used as a reference for comparison with our samples. Signal intensities 

are shown in Table 5.1 and plotted versus five doses (Figure 5.1). 

 

 

 

  Signal Intensity 
Fe (mM)  Endorem® MD17 MD24 MD32 
0.4 399.5 575.3 343 220.7 
0.2 347.1 487 235.5 156.1 
0.1 206 360.9 160.5 142.9 
0.05 217.6 131.7 137.3 136.4 
0.025 189.1 144.3 110.5 128.3 
0 135.6 82 70.1 111 
% increase 195 602 389 99 

 

Table 5.1: Signal intensity of samples. 
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Figure 5.1: Signal intensity distribution of particles for five different doses of iron. 

 

 

Signal intensity evaluations and MRI image (Figure 5.2) showed that MD24 and 

MD17R seem to be a better T1 agent compared to Endorem®. 

 
In addition, preliminary cytotoxicity tests of these samples were preformed. HeLa and 

MCF-7 cancer cells were incubated with our samples and cell viabilities were measured by 

MTT assay. Preliminary results indicate non-toxic behavior of the particles to the cells.  
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Figure 5.2: MRI image of samples compared to Endorem® 

[Fe]: a) 0.4mM, b) 0.2 mM, c) 0.1 mM, d) 0.05 mM, e) 0.025 mM. 
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Chapter 6 

 

CONCLUSIONS 

 

 

In this research, poly (acrylic acid) coated iron oxide nanoparticles were synthesized in 

aqueous solutions with varying experimental parameters. These parameters were selected 

as iron concentration, reactive/Fe ratio, base ratio and molecular weight of polymer. Design 

Expert 7.0 and Minitab 14 Release statistical programs were used to evaluate the effective 

reaction parameters on hydrodynamic size, stability and magnetization.  

Iron concentration, reactive/Fe molar ratio, molecular weight of PAA and Fe 

concentration*Reactive/Fe interaction were found significant in affecting the 

hydrodynamic size of the particles. Hydrodynamic size increases with increasing Fe 

concentration and molecular weight of PAA, and decreasing reactive/Fe ratio. In addition, 

second order interactions between reaction parameters also have a considerable effect on 

hydrodynamic size. It was found that low iron concentration with high Reactive/Fe ratio 

decreases particle size. This can be due to availability of more coating material per crystal 

resulting in more efficient surface passifisation and better electrostatic/ steric stabilization.  

Also, lower base ratio with higher molecular weight of polymer seems to increase particle 

size. This can be evaluated as the adsorption of longer polymer chains on multiple cores 

resulting an increase in particle size. 

Design Expert 7.0 provided a quantitative relation between particle size and significant 

factors. Test runs showed quite a good agreement between experimental and predicted 
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values. Target hydrodynamic sizes were achieved within 10 nm deviation. Predictions can 

be extended to other experiments which were performed with poly (methacrylic acid) and 

PAA (Mw 2000 g/mol) with same accuracy. 

Effective factor for dilution stability was found as Reactive/Fe mole ratio. According to 

the statistical evaluations, dilution stability requires high concentration of iron with many 

small chains (low molecular weight with high reactive/Fe ratio) rather than few long chains 

of PAA (high Mw PAA with low reactive/Fe ratio). Long polymer chains can adsorb on a 

number of crystals simultaneously resulting in larger Dh but also this would lead into less 

interaction between the coating and crystal surface resulting easier detachment of coating 

material. On the other hand, high reactive/Fe ratio and Fe concentration increase solution 

viscosity and cause precipitation within few days. In order to overcome this problem, stock 

solution can be diluted after synthesis but this method will not work for obtaining target 

hydrodynamic sizes.   

Factors increasing the hydrodynamic size also increased the size distribution which is 

again following the basic idea of bridging polymers with high polymer molecular weight 

and effective coating of each particle with increasing coating amount. 

In case of magnetization, high reactive/Fe ratio along with low Fe concentration 

produces non-magnetic materials. This may indicate the insufficient crystal growth in the 

presence of too much coating material.  

In summary, the influence of responsible factors on hydrodynamic size (1/100 dilution 

of stock solution), stability (after synthesis and removal of excess polymer) and 

magnetization is shown in Table 6.1.  

 

 

 

 



 
 
Chapter 6: Conclusions  72 

 
 
 
 
 

 

 

 

 

 

 

 

Table 6.1: The way that factors influence responses. 

 

Poly (acrylic acid) sodium salt was used as a polymeric coating around iron oxide core. 

Carboxylic acid groups provided surface functionality to the particles such as pH 

sensitivity. The pH and ionic strength of the solution play an important role in stabilizing 

magnetic particles with electrostatic repulsion. Under acidic conditions, carboxylic acid 

groups have less ionic strength, so interaction between particles changes to attraction rather 

than repulsion resulting particle aggregation. In addition, PAA sodium salt provided steric 

stabilization due to the difficulty of interpenetration between polymer chains. 

X-Ray diffraction peaks showed that PAA-coated iron oxide nanoparticles have the 

composition of both Fe3O4 and gamma-Fe2O3. In some of the experiments, diffraction 

peaks were not intense due to the insufficient crystal growth in the presence of excess 

coating material. In addition, core size was calculated with Scherer’s equation and size 

sizes were found between 5 to 40 nanometers for different preparations.  

Transmission electron microscopy has shown the morphology of the composite 

particles. TEM micrographs showed a grainy morphology rather than spherical which 

indicates the polymeric shell around iron oxide cores.  

↓↔↓↑Mw of PAA ↑

↔↔↔↔Base ratio ↑

↓↓↓↓Reactive/Fe ↑

↑↑↑↑Fe conc. ↑

Magn.
Stability

wsh

Stability

unwsh
DhFactors

↓↔↓↑Mw of PAA ↑

↔↔↔↔Base ratio ↑

↓↓↓↓Reactive/Fe ↑

↑↑↑↑Fe conc. ↑

Magn.
Stability

wsh

Stability

unwsh
DhFactors
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Atomic force microscope (AFM) images helped to observe particle size and size 

distribution. Hydrodynamic sizes measured by DLS (based on intensity) were also 

confirmed with AFM images. 

The hysteresis curves of some samples were also studied by Vibrating Sample 

Magnetometer (VSM). PAA-coated iron oxide nanoparticles demonstrate a lower magnetic 

saturation (10 emu/g sample) as compared to pure Fe3O4 nanoparticles due to the formation 

of Fe2O3 crystals during synthesis. Furthermore, the remanence and coercivity were zero, 

and there was no hysteresis loop. These results indicate that iron oxide nanoparticles 

synthesized in the presence of poly (acrylic acid) sodium salt were superparamagnetic.  

In vitro studies were done with three different sizes (30, 80 and 110 nm) of iron oxide 

nanoparticles. Preliminary MRI studies showed that our sample (particle size 80 nm) could 

be a better T1 contrast agent than the commercial product, Endorem®. Also, these three 

samples did not show non-toxic behavior with HeLa and MCF-7 cancer cells. 

All in all, this research provided the opportunity to obtain surface functional, stable and 

aqueous superparamagnetic iron oxide nanoparticles. In situ coating method provided us to 

obtain water-based stable ferrofluids of small and ultrasmall sizes without size separation 

process. Results obtained in this project provide a new and simple method to control 

particle size and stability at the synthesis step and an understanding of the limitation in 

adjusting reaction factors to have all the desired properties. 
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Appendix A 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure A-1: XRD diagram of MD15R. 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A-2: XRD diagram of MD18RR. 
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Figure A-3: XRD diagram of MD20. 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A-4: XRD diagram of MD21R. 
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Figure A-5: XRD diagram of MD22. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A-6: XRD diagram of MD23R. 
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Figure A-7: XRD diagram of MD24. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A-8: XRD diagram of MD27. 
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Figure A-9: XRD diagram of MD28. 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A-10: XRD diagram of MD29. 
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Figure A-11: XRD diagram of MD31. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A-12: XRD diagram of MD32. 
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Figure A-13: XRD diagram of bare nanoparticles (black), pure poly(acrylic acid) 

sodium salt (red), PAA-coated iron oxide nanoparticles (MD20). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 Figure A-13: XRD diagram of bare nanoparticles (black), pure poly(acrylic acid) 

sodium salt (red), PAA-coated iron oxide nanoparticles (MD29). 
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