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INTERACTION OF POLY(VINYL ALCOHOL) AND CHITOSAN COATED 
IRON OXIDE NANOPARTICLES WITH CELL MEMBRANE MODELS 

SUMMARY 

Nanotechnology is being used at different fields from energy to food industry but its 
application to medical field, such as tissue engineering, bioimaging, drug design, 
diagnosis, is more recent. According to the World Health Organization (WHO), 8.8 
million people were reported dead because of the cancer in 2015. Cancer can be 
treated with chemotherapy, radiotherapy and surgery but these treatment methods 
have serious side effects since cancer drugs are not selective so they affect both 
healthy and cancerous cells. One of the approaches to reduce the toxic side effects 
and improve patient life quality is the implementation of nanotechnology to the 
development of new drugs and therapies.  
Magnetic nanoparticles are usually made up of nickel, cobalt and iron. Because of 
their magnetic properties, they can be transferred to desired location with the help of 
external magnetic field. Generally, magnetite, hematite, maghemite and goethite are 
known as iron oxides types. Iron oxide nanoparticles (IOPs) are commonly preferred 
as MRI agent, and targeted drug design. They are, however, toxic and cause problem 
in physiological environment because of their negative surface charge, easy 
agglomeration, low stability, and free radical formation. Therefore, they should be 
modified to reduce their toxicity and coating their surface with polymers is an 
effective method proposed by different groups.  

In this study, iron oxide nanoparticles were coated with two different polymers and 
the interaction of these particles with cells were studied using artificial cell 
membrane models. For this purpose, chitosan and poly(vinyl alcohol) (PVA) were 
selected because of their biodegradable and biocompatible characteristics. Polymers 
were coated on IOPs surfaces by adsorption method because of its high efficiency 
and simplicity. In this method, polymer solutions at different concentrations were 
mixed with IOPs. Optimal polymer concentration was determined according to 
colloidal stability. Characterizations of the IOPs were done using different 
techniques. Zeta potential was measured to determine the surface charges, and 
stability, rheology to observe flow behavior, Dynamic Light Scattering (DLS) to 
measure particle size, and Fourier Transform Infrared Spectroscopy (FTIR) to 
investigate binding between IOPs and polymers. After the characterization, 
interaction between cell and coated and uncoated IOPs were investigated with 
liposome, a simple biomimetic cell membrane model. Quartz Crystal Microbalance 
with Dissipation (QCM-D) is used to investigate these interactions in real time and 
label-free. QCM-D uses piezoelectric effect of quartz crystal. When voltage is 
applied, quartz crystal oscillates with a defined frequency and this frequency is 
sensitive to the amount of material attached to the surface. Adsorption/desorption or 
solid/liquid interaction can be observed according to the frequency shift (Δf). QCM-
D also measures viscoelastic properties of adsorbed particles on surface with changes 
of dissipation (ΔD) at the same time. In this thesis, the interaction of PVA and 



 xxii

chitosan fully coated, partially coated, and uncoated IOPs were investigated with 
neutral, positive and negatively charged liposome layers. By using QCM-D, 
interactions of particles with cell were estimated in a shorter time and cheaper than 
cell culture experiments. Results show that, coating properties, structure and charge 
of lipids affect the interactions between them and electrostatic interactions are 
significant parameter. 
In the future studies, chemotherapeutic drug loaded particles can be studied both in 
QCM-D and cell culture to see their effect to the cells. 
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POLİ(VİNİL ALKOL) VE KİTOSAN KAPLI DEMİR OKSİT NANO 
PARÇACIKLARININ HÜCRE ZARI MODELLERİ İLE ETKİLEŞİMLERİ 

 
ÖZET 

Nanoteknoloji hayatın birçok alanında kullanılmaktadır ama doku mühendisliği, ilaç 
tasarımı, biyo görüntüleme ve tedavi gibi tıbbi alanlarda kullanımı daha yenidir. 
Araştırmacılar tedavisi zor olan ya da hiç olmayan hastalıklara çözüm bulabilmek ve 
var olan tedavileri daha etkin hale getirmek için nanoteknolojiyi bu alanlara 
uygulamaya başlamışlardır.  

Dünya sağlık örgütünün yaptığı bir araştırmaya göre dünya genelinde 2015 yılında 
8,8 milyon kişi kanser nedeniyle hayatını kaybetmiştir. Kanser kemoterapi, 
radyoterapi veya ameliyat ile tedavisi yapılmaya çalışılan bir sağlık problemidir. Bu 
tedavi yöntemlerinin hastayı iyileştirmesinin yanında birçok yan etkisi de 
bulunmaktadır. Kemoterapi sırasında hastaya verilen ilaçlar seçici özellikleri 
olmaması sebebiyle sadece kanserli hücreleri değil, sağlıklı hücreleri de öldürmekte 
ve tedavi sırasında ya da tedavi sonrasında bağışıklık sistemlerinde ortaya çıkan 
zayıflıklar ikincil büyük sorunlara yol açmaktadır. Bilim insanları kemoterapi 
ilaçlarının yan etkilerini azaltabilmek ve tedavi sonrasında hastaların hayat 
kalitelerini artırmak için nanoteknoloji ile geliştirilmiş ilaçlar ve tedavi yöntemlerini 
araştırmaya başlamışlardır. 
Manyetik nano parçacıklar demir, nikel, kobalt gibi maddelerden oluşan nano 
boyutlardaki malzemelerdir. Dışarıdan uygulanacak olan manyetik alan ile bu 
manyetik nano parçacıklar istenilen bölgeye çekilip orada toplanmaları sağlanabilir. 
Manyetik nano parçacıklar boyutlarının çok küçük olmasından dolayı biyolojik 
bariyerleri daha kolay aşabilirler ancak toksik özellikleri ve kolay agregasyona 
uğramaları nedeni ile insan vücudunda modifiye edilmeden kullanılmaları mümkün 
değildir. Bu etkinin azaltılması için parçacıkların polimerlerle kaplanması en çok 
kullanılan yöntemlerdendir. 
Demir oksit nano parçacıkları su ile dispers edilerek koloidal bir sistem haline 
getirilirler. Koloidal kararlılığı sağlayabilmek için elektriksel ve sterik stabilizasyon 
yöntemleri kullanılarak parçacıklar uygun hale getirilmelidir. Elektriksel 
stabilizasyonu sağlamak için negatif yüklü parçacıklar zıt yüklü polimerle 
kaplanabilir. Parçacıkların üzerine tutunan polimerler parçacık yüzeylerini tamamen 
kaplamaları durumunda polimerlerin sahip oldukları elektriksel yükler nedeni ile 
parçacıklar arası itmelere neden olacaktır. Bu itmeler parçacıkların ortamda asılı 
kalmasına yani çökmemesine ve parçacıkların birbirlerine yapışmamasına neden 
olacaktır. Bu tür etkiler elektriksel stabilizasyon olarak isimlendirilir. Sterik 
stabilizasyon ise koloidal kararlılığı etkileyen bir diğer faktördür. Yüksüz polimer 
ortamdaki difüzyon kuvvetlerinin etkisi ile parçacık yüzeylerine tutunurlar ve yine 
aynı sebepten yüzeylerini kapladıkları parçacıklar arası itme kuvvetleri oluştururlar.  
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İtme kuvvetleri elektriksel stabilizasyon da olduğu gibi kümeleşmeleri ve çökmeleri 
engellemektedir. Bu yüzden koloidal kararlılık için tez boyunca elektriksel ve sterik 
etkenler üzerine çalışılıp gerekli testler yapılmıştır. 

Bu çalışmada demir oksit nano parçacıkların toksisitesini azaltmak için iki farklı 
polimer ile kaplama yapıldı. Bunlardan biri bir biyopolimer olan kitosan, diğeri 
sentetik bir polimer olan poli(vinil alkol) (PVA) dür. Kaplama yapılırken 
adsorpsiyon yönteminden yararlanılarak hazırlanan demir oksit ve polimer çözeltileri 
belirli konsantrasyonlar da karıştırılıp kimyasal analiz, parçacık boyutu ve yükü, 
reolojik davranış gibi karakterizasyon işlemleri yapıldı. Adsorpsiyon yöntemi kolay, 
ucuz, yüksek verimlilikte gerçekleşen bir yöntem olduğu için tercih edildi. 
Parçacıkların yüzeylerinin kaplanması durumları zeta potansiyel ile mobil yükler 
ölçülerek anlaşılmaya çalışıldı, reoloji verileri ile koloidal yapıda olan bu 
parçacıkların akış durumları ve agregasyonu hakkında bilgi almak amaçlandı. 
Parçacık boyutu ölçülerek agregasyona yatkın olan demir oksit nano parçacıkların 
polimer ile kaplandığında agregasyonu azaltıp azaltmadığı takip edildi. Kullanılan 
polimerlerin pH değişikliklerinden faydalanılarak, kaplama sürecinin pH 
değişimlerinden nasıl etkilendiği de araştırıldı. Geleneksel karakterizasyon 
yöntemleri ile kaplama işleminin başarılı bir şekilde yapıldığının teyit edilmesinden 
sonra bu parçacıkların hücrelerle etkileşimi hücre zarını taklit eden yapay hücre zarı 
modeli lipozomlar ile incelendi.  
Etkileşimlerin incelenmesinde kullanılan disipasyon ekli kuvars kristal mikroterazi 
(QCM-D) cihazı piezoelektrik sisteme dayalı, etiketlemeye ihtiyaç olmadan tayin 
yapan bir yöntem sunmaktadır. Sensor yüzeyine bağlanan nanogram miktarlarda 
parçacıkları dahi algılayabilen adsorpsiyon/desorpsiyon ya da katı/sıvı etkileşimlerin 
incelenmesinde kullanılabilen bir cihazdır. İnceleme sırasında adsorpsiyon ya da 
desorpsiyon değişimleri altın yüzeyinin üzerinde bulunan sabit rezonans frekans 
değerlerine sahip farklı harmoni değerlerindeki değişimleri ölçüp frekans değişimi 
(Δf) ve yüzeyde bulunan katmanın viskoelastik ya da rijit bir özellikte olduğunun 
bilgisini veren disipasyon değişimi (ΔD) değerlerini vermektedir. Bu bilgilerden yola 
çıkarak parçacıkların nasıl bir yüzeye ne tür bir etki yaptıkları incelenebilir.  
In vitro hücre analizleri, yeterli teknik tecrübesi olan kişilerin yapmasını gerektiren 
ve sonuçları hücre kaynağı, yaşı gibi pek çok faktöre bağlı yöntemlerdir. Ayrıca 
malzemelerinin pahalı olması, kontaminasyon riski, sonuç alınmasının uzun sürmesi 
ve etkileşimlerin izlenmesi için etiketlemeye ihtiyaç duyulması araştırmacıları 
alternatif yöntemler aramaya sürüklemiştir. QCM-D cihazı kullanılarak daha kısa ve 
ekonomik bir şekilde parçacıkların canlı ile olan etkileşiminin tahmin edilmesi ve 
hücre deneyleri gibi pahalı ve uzun deneylerin azaltılabilmesi için bir yöntem 
geliştirilmesi bu sebeple önemlidir.  
Bu tez çalışmasında PVA ve kitosan kaplı demir oksit nano parçacıklarının nötr, 
pozitif ve negatif lipozomlar ile etkileşimleri QCM-D ile incelendi. Yapılan 
çalışmalar hem kaplama özelliklerinin, hem de lipit membranın yapısının etkileşimi 
etkilediği ve elektrostatik etkileşimlerin önemli bir parametre olduğunu gösterdi. 
Parçacıkların birbirleri üzerinde olan etkileşimleri ise önemli konulardan biridir. 
Parçacıkların birbirlerini itmesi sonucunda agregasyon önlenmiş böylece koloidal 
stabilize sağlanmıştır. Stabilizasyonun tersi, agregasyon olması durumunda 
parçacıkların yüzey yükleri değişir ve boyutları büyür. QCM-D ile yapılan çalışmalar 
parçacık boyutlarının da en az yükleri kadar etkileşimi değiştirdiğini gösterdi. 
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Sonuç olarak tez çalışmasında demir oksit nano parçacıklarının polimerler ile 
kaplanarak toksisitesi ve agregasyonu gibi özellikleri azaltılmaya çalışıldı, farklı pH 
durumlarındaki sonuçları incelendi ve koloidal karakterizasyonları yapıldı. Hücre 
deneyleri yapılmadan hücre-nano parçacık etkileşimlerinin incelenmesini sağlamak 
için QCM-D kullanılarak yapay hücre zarını taklit eden lipozom tabakası üzerinde 
deneyler yapıldı. Bu sistemin çeşitli boy ve yükte nano parçacıkların farklı özellikte 
membranlarla etkileşimlerindeki farkların gözlenmesinde kullanılabileceği görüldü. 

İleride yapılması düşünülen çalışmalar ise kemoterapi ilaçlarının yüklenmesi ile ilaç 
varlığındaki davranışlarının QCM-D ile incelenmesi ve in vitro hücre deneyleri ile 
desteklenmesidir. 
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1. INTRODUCTION 

Nanotechnology is being used in different fields from energy to food industry but its 

application to the medical field, such as tissue engineering, bio imaging, drug design, 

diagnosis, is recent. Cancer is a dangerous disease and despite the improvements in 

its treatment, the fatality rate is still high. Chemotherapy is a treatment for cancer, 

and chemotherapeutic drugs have many disadvantages such as non-specificity, which 

causes toxicity to healthy cells yielding many side effects. To overcome these 

disadvantages of chemotherapeutic drugs, many research groups try to find new 

generation, side specific, and controllable drug delivery systems. Side specific 

delivery can be provided with different systems and multifunctional magnetic 

nanoparticles (MNPs) are one of them. Many medically important agents can be 

attached to MNPs surface and MNPs can be located on the tumor side with applied 

external magnetic field, which allow the release of the drug only to the tumor 

surface. Magnetic nanoparticles are made up of iron, nickel, and cobalt. Most 

commonly used iron oxides are magnetite (Fe3O4), maghemite (γ-Fe203), hematite (α-

Fe2O3), and goethite. 

Iron oxide nanoparticles (IOPs) have many properties, which make them useful in 

biomedical applications such as magnetic properties, easy surface modifications, 

biocompatibility in low doses, easy fabrication in several sizes and shapes, etc. These 

properties of IOPs are also used to design the targeted drug delivery systems. In 

addition, IOPs are used for imaging and magnetic hyperthermia (Sonvico et al, 

2005). 

IOPs have also some disadvantages. There are various shapes and sizes of IOPs, 

however, small sizes can accumulate in cell causing toxicity. Moreover, IOPs can 

produce free radicals; they affect many systems, especially neural system, negatively. 

IOPs are very important particles but these properties must be modified to reduce the 

negative effects. One of the most effective methods to reduce toxicity is the surface 

coating of the nanoparticles (Mahmoudi et al, 2010). 
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IOPs possess negatively surface charged. This situation causes to cytotoxicity above 

a certain threshold amount. Uncoated IOPs are low solubility and less stable 

precipitation in aqueous media. To reduce the toxicity of IOPs can be coated with 

biopolymers or polymers (Mahmoudi et al, 2011). 

1.1 Purpose of Thesis 

In this study, the purpose was to have stable and fully covered surfaces of IOPs by 

controlling the colloidal properties with poly(vinyl alcohol) (PVA) and chitosan and 

investigate the interaction of constructed IOPs on liposome layer by Quartz Crystal 

Microbalance with Dissipation (QCM-D) technique by comparing with uncoated 

IOPs. The interaction between polymers and IOPs can define the flow properties of 

the system, zeta potential, particle size and chemical interactions. Characterized 

colloidal stable IOPs (both coated and uncoated) were investigated on negative, 

neutral and positive charged liposome layer by monitoring changes of frequencies 

and dissipations with QCM-D. 
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2. BACKGROUND INFORMATIONS 

Specific magnetic, electronic and reduced size properties provide many 

advantageous of nanoparticles. Size, structure, shape, crystallinity, synthesis methods 

and chemistry are affected by magnetic nanoparticles. The most popular magnetic 

materials are nickel, iron and cobalt compounds (Leslie-Pelecky & Rieke, 1996). 

2.1 Magnetic Properties 

Magnetic dipole moments of unmagnetized material are randomly orientated. When 

the magnetic field is applied to these materials, the dipole moment can be aligned 

parallel or antiparallel etc. These various alignments are used to categorize these 

materials such as diamagnetic, paramagnetic, ferromagnetic and superparamagnetic 

(Ayyappan et al, 2018). 

When magnetic field is applied on the diamagnetic materials, they align opposite to 

the magnetic field. Paramagnetic materials, on the other hand, are aligned with 

parallel to the magnetic fields. In ferromagnetism, certain electrically uncharged 

materials strongly attract others. There are two materials in nature: magnetite or iron 

oxide (Fe3O4) and iron. These materials can be magnetized by an external magnetic 

field and remain magnetized even after the external field is removed, so called as 

natural magnets (Jakubovics et al, 1994). Table 2.1 explains the types of particles 

magnetic behaviors. 

Table 2.1: Types of particles magnetic behaviors (Jiles, 1998). 

Type Spin alignment 

Diamagnetism Spins tend to align antiparallel to external magnetic field 

Paramagnetism Spins tend to align parallel to external magnetic field 

Ferromagnetism All spins parallel to one another 
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2.1.1 Iron oxides (IOs) 
The most popular iron oxides are magnetite (Fe3O4) and maghemite (γ-Fe2O3). 

Magnetite (International Union of Pure and Applied Chemistry (IUPAC) name: Iron 

(II, III) oxide) is black or grayish material. It includes divalent and trivalent Fe ions. 

The chemical formulas are Fe3O4 or FeO.Fe2O3. Magnetite can be oxidized and 

transformed into maghemite. Maghemite contains only trivalent Fe ions and its 

IUPAC name is iron (III) oxide. The chemical formula is γ-Fe2O3 and has a brownish 

color (Laurent et al, 2010). 

Fe3O4 particles shows superparamagnetic properties which is crucial for drug 

delivery applications. Superparamagnetic materials become magnetized upon 

exposure to a magnetic field but have no permanent magnetization when the field is 

turned off. Hence superparamagnetic particles have zero coercivity and no hysteresis. 

Size of the nanoparticles is important for determining properties of the systems. 

Magnetic moments of magnetic nanoparticles affected the size of the particles. 

Superparamagnetic radius (RSPM) and single domain radius (RSD) is used as a 

magnetic scale length. RSPM is the maximum radius up to and RSD is the minimum or 

below (Laurent et al, 2010). Table 2.2 shows the magnetic length of magnetic 

nanoparticles. 

Table 2.2: Characteristic magnetic length scales for iron, maghemite and magnetite 
(Coey, 2009). 

RSD (nm) RSPM (nm) 

Maghemite (γ-Fe2O3) 42.5 17.5 

Magnetite (Fe3O4) 52.7 12.2 

Iron 8.3 8.0 

2.1.1.1 Therapy with iron oxide nanoparticles (IOPs) 

IOPs are generally used in targeted drug delivery as an alternative or together with 

conventional targeted delivery systems such as liposomes, dendrimers, micelles etc. 

IOPs can be used to carry bioactive materials both in vitro and in vivo (Krishnan, 

2010). 
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In addition, IOPs are used in thermotherapy for a solid tumor. Therapy starts with an 

applied external magnetic field to locate particles to tumor surface and then the 

temperature is increased up to 41- 46°C. The high temperature causes apoptosis or 

cellular hyperthermia. Figure 2.1 (a) shows that magnetic nanoparticles including 

bioactive materials can be injected to the patients and applied external magnetic field 

can be used to accumulate particles on the tumor region. In Figure 2.1 (b), after the 

accumulation, temperature is increased, bioactive materials are released to tumor 

surface and tumor cells were eradicated by high local temperature (Thanh, 2011). 

 

Figure 2.1: Thermotherapy with magnetic nanoparticles (a) first stages of therapy 
and (b) last stages of therapy (Lee et al, 2011). 
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2.2 Colloids 

The term "colloid" was coined by the Scottish chemist Thomas Graham in 1861 to 

define the suspensions of liquid or solid phases in another liquid. At present, the 

colloid is used for dispersed insoluble particles throughout another liquid substance 

(Jordan et al, 1999). 

Sizes of colloidal particles are in range of 10-3 to 1 µm (Brandenburg & Lagaly, 

1988). Although the colloidal systems look homogenous, they are actually 

heterogeneous. 

Colloidal systems include dispersed phase and a dispersing medium. Colloidal 

systems are classified according to differences of dispersed phases and dispersing 

mediums. Classifications of colloids are shown in Table 2.3 (Everett, 1988). 

- Dispersing medium (external phase) which is found the major group in the 

colloid. 

- Dispersed phase (internal phase) which is found the minor group in the 

colloid. 

Table 2.3: Types of colloidal systems (Everett, 1988). 

Dispersing 

Medium 

Dispersed 

phase Name 

Solid Solid Solid sol 

Solid Liquid Gel 

Solid Gas Solid foam 

Liquid Solid Sol 

Liquid Liquid Emulsion 

Liquid Gas Foam 

Gas Solid Solid, aerosol 

Gas Liquid Aerosol 

 
A suspension is a special type of dispersion in which solid is dispersed in a liquid 

phase. Cement and paste are examples can be for colloidal suspensions (Schramm, 

1996). The characteristic properties of colloidal suspensions can be understood by 
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investigating the interactions between particles. Water is a typical suspending liquid. 

When colloidal particles are suspended in water, two types of interaction, repulsion 

or attraction, may occur. In the first case, colloidal particles repel each other and 

prevent the formation of larger and faster agglomerates, therefore, they form stable 

suspensions. They are shown in Figure 2.2 (Zeta-Meter, Inc., Staunton, VA). 

 
Figure 2.2: Charged particles repelling each other to form stable suspension. 

On the other hand, colloidal particles attract each other and stick together as follows: 

first, dimers and trimers will form. Then, the particles interacts more and they form 

larger flocs (or cluster, aggregates). Consequently, the flocs continue to grow and 

sedimentation occurs. They are shown in Figure 2.3 (Zeta-Meter, Inc., Staunton, 

VA). Under these conditions, the suspension is unstable (McBride et al, 1997). 

 

Figure 2.3: Uncharged particles are free to collide and aggregate.  
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Colloidal behavior in stable (a) and unstable suspensions (b-d) are depicted in Figure 

2.4. 

 

Figure 2.4: Stable and unstable suspensions behaviors (Trefalt & Borkovic, 2014). 

Size, charge, shape and interface properties are the main characters that affect 

stability. In addition to these, Brownian motion, diffusion, osmotic pressure, 

sedimentation, viscosity, surface tension, interfacial charge and electrical properties 

play a critical role for the formation of stable suspension in colloidal systems. 

Performance of the suspensions can be improved by understanding the effect of 

colloidal behaviors on such properties as viscosity, settling and effective size (Trefalt 

& Borkovic, 2014). Derjarguin, Landau, Verwey, and Overbeek (DLVO) improved a 

theory of colloidal stability, which gives information about interactions between 

colloidal particles and their aggregation behaviors (Matthews & Rhodes, 1970). 

Surface forces at the interface of the particle and the liquid are very important for the 

colloids. One of the major surface effects is the electrokinetic effect. Each colloid 

possesses ''like'' an electrical charge that produces repulsive and van der Waals 

(attractive) forces. According to the DLVO theory, agglomeration and stability of 

particles are determined by attractive and repulsive forces between individual 

particles (Hiemenz & Rajagopalan, 1997). The particles attract each other due to van 

der Waals force and the colloids steadily agglomerate. This agglomeration causes to 

change of characteristic properties of suspensions (Kulkarni et al, 2003). The 

interaction of the electrical double layer surrounding each particle is called 

electrostatic repulsive force (Ohshima, 2014). Electrostatic stability is provided with 

the balance between the attractive and repulsive forces acting on the charge of 

particles. They are depicted in Figure 2.5.  
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Figure 2.5: Electrostatic stabilization in a suspension (Hunter, 1981). 

Steric stability is maintained by changing liquid’s pH and/or the ionic species in 

solution and completely covering the particle by a polymer. The effective steric 

stability method is applied by covering the particle surface by a polymer. It is shown 

in Figure 2.6. The amount of polymer should be enough to cover each particle 

surfaces but not more that. If the amount of polymer is too much, residual polymers 

cause the flocculation either by van der Waals attractions between the residual 

polymer or by bridging. The polymer is adsorbed on two or more particles, 

simultaneously (Tadros, 2014). 

 

Figure 2.6: Steric stabilization in suspension (Hunter, 1981). 
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2.3 Rheology and Electrokinetical Properties 

2.3.1 Rheology 

2.3.1.1 Flow models  

Flow behavior is described according to the relationship between shear stress and 

shear rate (Luckham & Rossi, 1999). Newton's Law states that when a force ''F'' is 

applied to first layer of two boundary layers with a surface area of ''A'' (apart with a 

distance of ''dy'') while the second layer is kept stationary, the velocity of the first 

layer will increase an amount of ''dv'' (Russel et al, 1989). They are depicted in 

Figure 2.7. According to this information, the ratio of force to the area is identified as 

shear stress and its unit is Pascal (Pa). Consequently, the shear rate is described as 

the ratio of ''dv/dy'' and its unit is s-1 (Israelachvili, 2011). 

 

Figure 2.7: Newton’s Law of flow behavior (Israelachvili, 2011). 

Viscosity is described as the resistance of a fluid to flow of and also as the ratio. The 

plot of shear stress versus shear rate is called a consistency curve. Figure 2.8 shows 

that shear stress directly comparative to the shear rate. This type of flow is called 

Newtonian flow and for such flow viscosity is constant. The mathematical 

expressions for Newtonian fluids are given below: 

                                                 Shear stress: τ = F/A,                                           (2.1) 

                                                 Shear rate: γ = dv/dy,                                           (2.2) 

                                                      F/A = η . dv/dy,                                               (2.3) 

                                                            τ = η . γ                                                      (2.4) 
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Figure 2.8: Flow behavior (a) and viscosity (b) according to Newton’s Law (Tadros, 
2010). 

On the other hand, Non-Newtonian fluids do not obey the Newton's Law. Non-

interacting or weakly interacting particles show Newtonian flow and constant 

viscosity. In Non-Newtonian fluids, particles interact or deform each other and their 

viscosities resist to changing shear rate (Bekaroglu et al, 2017). Viscosity 

measurement is sufficient to determine the Newtonian or Non-Newtonian fluids. In 

the literature, the common Non-Newtonian flow types are Pseudoplastic, Bingham 

plastic, dilatant, and Bingham ideal plastic. They are shown in Figure 2.9. Their 

viscosity varies with the shear rate as illustrated in Figure 2.10 (Luckham & Rossi, 

1999). 

 

Figure 2.9: Non-Newtonian flow behaviors (Israelachvili, 2011). 
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Figure 2.10: Viscosity-shear rate graphs of Non-Newtonian fluids (Israelachvili, 
2011). 

2.3.2 Electrokinetical properties 

2.3.2.1 The electrical double layer 

The electrical double layer model is used to understand how electrical repulsive force 

occurs in between charged colloids and their ionic environment.  

Firstly, counter ions, which are positive ions, are attracted to the negative colloid 

surfaces and formed a layer. This layer's name is the Stern layer. Additional counter 

ions are attracted to the negative colloid and they fully cover the negative colloid 

surface. Continuous addition of counter ions cause repulsion. The second layer, 

which is form by counterions, is called the diffuse layer. When the number of 

counter ions increases on the surface, the distance of the surface on the negative 

colloid decrease. This process continues until reach equilibrium with the counterion 

concentration in the solution (McBride, 1997). 

The diffuse layer can be stated as a charged atmosphere on the colloid surface. The 

charge density at any distance from the surface is equal to the difference in 

concentration of positive and negative ions at that point. Charge density near to 

colloids reduces gently until zero with distance because positive ions and the 

negative surface of colloids balance each other. They are depicted in Figure 2.11 

(Zeta-Meter, Inc., Staunton, VA). 
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Figure 2.11: (a) Variations positive and negative ion concentration on the negative 
colloid surface and (b) the difference in negative and positive charge density - net 

effect.  

2.3.2.2 Zeta potential 

When an electric field is applied across the dispersion, charged particles in the 

dispersion will move toward the electrode of opposite polarity. This is called 

electrophoresis. Undergoing electrophoresis, if a laser beam is passed through the 

sample, moving particles scatter lights and change frequency. The electrophoresis 

mobility (U; m2V-1s-1) can be determined by measuring the frequency shift and 

considering the laser wavelength and scattering angle (Jiang et al, 2008). Zeta 

potential can be calculated from electrophoresis mobility by using Smoluchowski 

equation: 

                                                        ζ = µU/ɛ                                                        (2.5) 

where ɛ is the electric permittivity of the medium (C2N-1m-2). 

The double layer is formed to neutralize the charged colloid. Negative colloid and 

their surrounding liquid possess the electrokinetic potentials. Differences in these 

potentials form surface potential. The magnitude of surface potential depends on the 

surface charge and thickness of the electrical double layer (Hunter, 1981).    

The particle's mobility is related to the dielectric constant and viscosity of the 

suspending liquid and to the electrical potential at the boundary between the moving 

particle and the liquid. This boundary is called the slip plane and that point where 

Stern layer and diffuse layer meet (Israelacvili, 2011).  
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As a result, surface potential is not zeta potential. Figure 2.12 shows that zeta 

potential is an electrical potential related to particle's mobility (Zeta-Meter, Inc., 

Staunton, VA). 

 

Figure 2.12: The relationship surface potential and zeta potential. 

 

2.4 Biological Membranes and Liposomes 

2.4.1 Biological membrane structure 

In all cell types, there is a membrane to separate inside and outside. Membrane 

protects the cell against external influences such as harmful organisms or 

components. In addition, membranes of advanced organisms are divided to 

compartments according to their functions. The major components of cell membrane 

are phospholipids and proteins. They are also attached to carbohyrates to form 

glycophospholipids and glycoproteins (Weerd et al, 2015). 

Phospholipids molecules are composed from head and tails groups. Head group have 

three components which are choline, phosphate and glycerol. These groups are 

attached to each other with chemical bonds. Tail groups include acyl hydrocarbon 

chains. Head group and tail groups are linked with ester bond. Head group attracts 

water and named as hydrophilic. Tail groups, on the other hand, repel water and 

named as hydrophobic. Phospholipid structure is illustrated in Figure 2.13. 
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Figure 2.13 : Structure of phospholipid (Watson, 2015). 

When phospholipids are introduced to aqueous solution, they form the most stable 

form via molecular interactions. This is affected by pH, salinity, and chemical nature 

in solution. Therefore, they can be bilayer or liposome structure (Nicolson, 2014). 

There are many types of glycophopholipds and they are classified as anionic, 

cationic, pH sensitive or synthetic and natural. Phosphatidylcholine (PC) is a major 

components of cell membranes, and constitutes more than 50% in cell membrane. 

Phosphatidylethanolamine, phosphatidylserine (PS), phosphatidylinositol and 

phosphatidic acid are the other types of glycerophospholipids. They are shown in  

Figure 2.14. 

 

Figure 2.14: The chemical structure of various lipids (Henry et al, 2012). 
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2.4.2 Liposomes 

Phospholipids possess both hydrophobic and hydrophilic groups. When 

phospholipids contact with aqueous solution, tail groups are attracted to each other 

with van der Waals forces and hydrophobic interactions and close the structure. Head 

groups, being hydrophilic, stay outside of the structure interacting with water, while 

tail groups not. The forming structure is a vesicular system called as liposome and 

shown in Figure 2.15. Water or aqueous solution is found both inside and around the 

liposomes.  

Liposomes are classified according to their size and number of layers such as multi-, 

oligo-, or uni-lamellar. They are used in many areas because of their properties. 

Since they have both hydropilic and hydrophobic areas, they can be used to transport 

hydrophobic and hydrophilic drugs. Hydrophilic drugs can be entrapped inside of 

liposomes whereas hydrophobic ones are incorporated into the membrane and 

transported. Moreover, liposomes can be modified with ligands or polymers for 

different usage areas including targetting (Torchilin, 2005; Peetla et al, 2009). 

 

Figure 2.15: The structure of liposome (Url-1). 

 

2.5 Quartz Crystal Microbalance with Dissipation (QCM-D) 

QCM-D is a very sensitive, surface sensitive technique which allows in situ real-

time, label-free evaluations of molecular interactions and gives information about 

viscoelastic or rigidity of adlayer materials (Yousefi et al, 2016). It can be used in 

many fields of biomedical, pharmaceutical, food, environment industry. Especially, it 
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is used to observe membrane-protein, protein-lipid, cell-cell, antigen-antibody 

interactions etc. (Kazanawa & Nam-Joon, 2009). 

2.5.1 Basic principles of QCM-D  

QCM is a system established on piezoelectric effect discovered by Curie brothers in 

1880. It is used many fields of industry such as electric, biomedical, communication 

etc. (Qiao et al, 2016).  Piezoelectricity means that electric produces with pressure or 

vice versa (Bradshaw, 2000). Application of AC field to the quartz, a piezoelectric 

material, cause expansion and contraction of the crystal. 

QCM is a sensor to measure the changes of mass on the surface in the ranges of 

nanogram because of the piezoelectric effect. By this way, the amount of adsorbed or 

desorbed mass on the quartz crystal surface can be quantified. 

Surface was designed as a circular piece of quartz between two metal electrodes like 

a sandwich model. This establishment was generally called AT-cut (Dixon, 2008). It 

provides stability against low-temperature coefficients and shear mode of oscillation 

It is shown in Figure 2.16. 

 

Figure 2.16: The schematic illustrations of AT-cut quartz crystal surface (Qiao et al, 
2015). 

The electrodes are connected to an oscillator and when AC voltage is applied to the 

electrodes, the crystal starts to oscillate with a defined resonance frequency. Addition 
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of mass to the surface, for example, causes to a decrease in the frequency. This 

alteration is founded by Sauerbrey (Rodahl et al, 1995). The mathematical expression 

of harmonic resonance by Sauerbrey; 

                                                    Δm = -C(Δfn/n)                                                   (2.6) 

where Δm is the adsorbed mass on the surface, C is the mass sensitivity constant 

(17.7 ng·cm-2·Hz-1 at f = 5 MHz), and Δfn is the change in the resonance frequency 

at the nth harmonic (Rodahl et al, 1995). n is the harmonic order which has 1, 3, 5, 7, 

9 and 11 values. C is a constant independent of the harmonic order n. According to 

Sauerbrey results frequency should be normalized with harmonic order and a 

constant value should be obtained for every harmony. There are three assumptions 

according to Sauerbrey (Cho et al, 2007). 

1. The adsorbed mass must be small from the mass of quartz crystal. 

2. The mass adsorbed leads to a rigid layer. 

3. The mass adsorbed is distributed over the active area of the surface crystal. 

There are deviations from Sauerbrey assumptions. First of all, mass adlayer may not 

be rigid but be viscoelastic. Frequency changes is very sensitive to mechanical 

properties such as shear modulus and viscosity. Secondly, dry mass can not be 

measured properly by QCM. Adsorbed materials are formed soft film on the surface, 

therefore they include water and vesicle adsorption also contain important amount of 

water (Cho et al, 2007). 

2.5.2 The dissipation 

The damping or dissipation is a property added to QCM later. It gives information 

about viscoelastic properties of adlayer film. D describes the energy lost during one 

oscillation cycle to whole energy stored in oscillator (Rodahl et al, 1995), the 

mathematical expression is, 

                                                    D = EDissipated/ 2π x Estored                                     (2.7) 

Dissipation is affected by the size and flexibility of adsorbed molecules. If they 

increases, dissipation also increases.f is affected from adsorbed mass and when mass 

increases, f decreases. Changes of frequency and dissipation are measured 
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simultaneously by QCM-D. The illustrated QCM-D result by its software is 

presented in Figure 2.17 showing changes of  frequency and dissipation with time. 

Properties of materials such as rigidity/viscoelastic or adsorption/desorption on the 

surface are determined with this type of plot. Figure 2.17 a shows that there are 

adsorbed mass on the surface but since it is rigid dissipation does not change much 

Figure 2.17 c to d shows the frequency and dissipation changes when more flexible 

layer is introduced to the surface. 

 

Figure 2.17: Example of raw data in QCM-D. Frequency changes are shown blue 
lines and dissipation changes are shown red lines (Dixon, 2008). 

2.6 Polymers 

Polymers are made of repeated units which are called monomer. They can be 

synthetic or natural. They are divided by thermoplastics, thermosets, elastomers and 

synthetic fibers, e.g. Nylons, poly(vinyl chloride) (PVC), polyethylene (PE) etc., 

however biopolymer or biological polymer is obtained from living organisms such as 

carbohydrates and proteins etc.  

2.6.1 Poly(vinyl alcohol) (PVA) 

PVA is a water soluble synthetic polymer with a simple chemical structure. The 

structure of PVA is shown in Figure 2.18. It has low environmental impact and high 

biodegradability and approved by FDA (The U.S. Food and Drug Administration) to 
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be used in close contact with food products. Consequently, PVA is used in many 

industrial areas such as textile industries, paper manufacturing, food packaging 

industries and fabrication of medical devices. Moreover, PVA is used a biomaterial 

due to its biocompatible, nontoxic, no carcinogenic, and bioadhesive characteristics 

(Tadavarthy et al, 1975).  

 

Figure 2.18: The chemical structure of PVA. 

PVA is synthesized from vinyl alcohol monomer which is not stable in this form, 

however it rearranges to its tautomer, acetaldehyde (Kulkarni, 1966). Consequently, 

PVA is produced by the emulsion polymerization of vinyl acetate to poly(vinyl 

Acetate) (PVAc). This polymerization reaction is depicted in Figure 2.19. 

 

Figure 2.19: The polymerization process vinyl acetate to PVAc (Url-2). 

Then, PVA is obtained from hydrolysis of poly(vinyl Acetate) (PVAc) with NaOH. 

The hydrolysis reaction is depicted in Figure 2.20. 

 

Figure 2.20: The hydrolysis process of PVAc to PVA (Url-3). 
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Supplied PVA grades have high degree of hydrolysis (above 98.5%). The degree of 

hydrolysis expresses the amount of acetate group of the polymer and it gives 

information about PVA such as solubility, chemical properties and crystallizability of 

PVA (Kurkamin, 1966). 

The degree of hydrolysis and polymerization affect the solubility of PVA in water 

(Finch, 1973). High degree of hydrolysis causes low solubility in water. As shown in 

Figure 2.21. 

 

Figure 2.21: The percent solubility versus percent of  degree of hydrolysis graph 
(Baker et al, 2012). 

The molecular weight distribution affects characteristic properties of PVA including 

crystallization, adhesion, mechanical strength, and diffusivity. Commercial PVA has 

average molecular weight of Mn= 77.000 at dissolution temperatures of 20 and 40°C 

(Baker et al, 2012). Its 5% solution shows a pH in the range of 5.0 to 6.5. Melting 

point of PVA is between 180°C to 190°C (Eliassaf, 1972). 

PVA is degradable polymer and is not toxic during degradation. De Merlis and 

Schoneker determined that PVA is safe to use in injected products in 2003. Its LD50 

is recorded between 15 and 20 g/kg demonstrating low acute oral toxicity. 

2.6.2 Chitosan 

Chitosan is a natural polysaccharide obtained from chitin derived from shells of 

crustaceans such as crab, shrimp, lobster etc. (Elieh & Hamblin, 2016). Chitosan is 

obtained from chitin by deacetylation by enzymatic reactions or chemical processes. 
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Chemical process with acids or alkalis is preferred by producer due to its low cost 

and controllable mass production (No & Meyers, 1995). However, glycosidic bonds 

of chitin are very sensitive to acids; generally, alkali deacetylation is used to obtained 

chitosan from chitin (Younes & Rinaudo, 2015). 

Chitin is reacted with NaOH solution to remove the protein parts, then fixed with 

HCI solution to demineralize and finally decolorized. Obtained chitin is treated 40-

50 % alkali solution at 100-150°C and chitosan is obtained. Figure 2.22 shows 

manufacturing of chitosan from chitin with all details.  

 

Figure 2.22: Manufacturing of chitosan from chitin (Singla & Chawla, 2001). 

Chitosan has functional groups which are primary and secondary hydroxyl groups 

and amine group as repeated units on the structure. As shown in Figure 2.23. These 

functional groups are more chemically active than chitin. These reactive groups also 

provide the chemical modifications on chitosan structure. Therefore, mechanical and 

physical properties of chitosan are modifiable (Tan, 2009).  

 

Figure 2.23: The deacetylation reaction  from chitin to chitosan (Nilsen-Nygaard et 
al, 2015). 
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The degree of deacetylation (DA), molecular weight, water retention, viscosity, pKa, 

energy of hydration and crystallinity are also very important properties of chitosan 

(Atala et al, 2010). Molecular weight of chitosan can range between 300-1000 kDa 

and the degree of deacetylation can change from 30% and 95% depending on chitin 

source and preparation techniques.  

Chitosan is affected by differences of pH conditions. For example, decreasing 

temperature and increasing the degree of deacetylation lead increased viscosity in 

acidic environment (Skaugrud, 1991). Also, chitosan is insoluble in alkaline and 

neutral solution (Singla & Chawla, 2001; Errington, 1993). 

Chitosan is used in wide range of areas such as pharmaceutical and medical 

applications, paper production, textile, biotechnology, cosmetic, food processing etc. 

due to its biological, chemical and physical properties (Bashar, 2013 and Islam, 

2017). Also, because of its biocompatibility, biodegradability, non-toxicity, and 

antimicrobial properties, it is preferred by biomedical engineering (Chou et al, 2015).
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3. EXPERIMENTAL PART 

3.1 Materials and Chemicals 

Iron oxide (Fe3O4) nanoparticles (544884), chitosan from shrimp shells (Low 

viscosity, 50494), poly(vinyl Alcohol) (PVA) (363138), acetic acid (27225), 

potassium phosphate monobasic (P5379), sodium phosphate dibasic dihydrate 

(O4272), sodium chloride (134239), potassium chloride (P9541) were purchased 

from Sigma–Aldrich Co. and used without further any purification. 

Phosphatidylcholine (PC) (840051), L-α-phosphatidylserine (PS) (870336P), 1,2-

dioleoyl-3-trimethylammonium-propane (DOTAP) (890895P) and liposome 

extrusion equipment (610000) were purchased from Avanti Polar Lipids. Chloroform 

was purchased from Merck. Distilled water was used every steps of  experiments. 

Filters (SLGV033RS) with 0.2 µm pores were used to filter phosphate buffer saline 

(PBS, 0.01M pH 7.4), and all solutions were degassed before using at Quartz Crystal 

Microbalance with Dissipation (QCM-D). 

3.2 Methods 

3.2.1 Preparation of iron oxide nanoparticles (IOPs) 

IOPs were purchased as powder and dispersed in distilled water. Concentrations of 

IOPs were prepared as 2% (w/v) according to literature (Bekaroglu et al, 2015). 

Dispersions were shaken overnight at room temperature and before measurements 

and coating with polymers; they were ultrasonicated for 5 min. The dispersion 

solutions can be stored at +4 °C for 4 months. 

3.2.2 Synthesis of polymer coated IOPs 

3.2.2.1 Preparation of PVA-coated IOPs (PVA-IOPs) 

PVA was prepared with distilled water as 4 g/L stock concentration. Adsorption 

method was used to coat IOPs with biopolymers to have stable and fully covered 
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surfaces to obtain non-toxic, biocompatible, multifunctional magnetic particles. IOPs 

(2%) were treated with PVA in variable ranges of polymer concentration (between 

0.1-1 g/L). The dispersions were shaken overnight at room temperature. Coating 

concentrations were determined according to colloidal stability by using zeta 

potential. PVA has ionizable groups so its charge changes from acidic to basic 

conditions. Therefore, PVA-coated IOPs were prepared at different pH values to 

observe changes in zeta potential, particle size, rheology and viscosity of obtained 

sample. NaOH (2M) and HCI (2M) were used to adjust the pH of the medium (4 and 

10). Adjustment of pH was done after PVA was coated to IOPs surfaces. 

Physiological pH condition was provided with phosphate buffer saline (PBS, pH 

7.4). PVA-coated IOPs were precipitated with external magnetic field and 

supernatant was changed with PBS. 

3.2.2.2 Preparation of chitosan-coated IOPs (C-IOPs) 

Chitosan was solved with acetic acid (1 M) at the concentration of 1.25 g/L. IOPs 

were coated with chitosan between the ranges of 10-5 to 1 g/L concentration. Zeta 

potential values were determined to select the colloidal stable concentrations of 

chitosan-coated IOPs. Then, determined concentrations were treated with acid, base 

and PBS at different pH values. 

3.2.3 Preparation of liposomes 

3.2.3.1 Preparation of stock solutions 

Stock solutions of phosphatidylcholine (PC) (20 mg/mL), phosphatidylserine (PS) 

(10 mg/mL) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) (5 mg/mL) 

lipids were prepared separately by dissolving in chloroform solution at +4°C. 

Solutions were stored in -20°C as aliquots. 

3.2.3.2 Preparation of liposomes 

PC, PS, and DOTAP at different concentrations (20 mg/mL, 2.5 mg/mL and 5 

mg/mL, respectively) were dissolved in chloroform at +4°C and stored -20°C. To 

prepare liposomes, firstly, a thin lipid layer was formed. For this, PC solution was 

poured into a round bottom flask (200 µL) and the flask was rotated manually for 

evaporation of chlorofom. After the evaporation, dry nitrogen stream was used to 
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remove chloroform residues. Then 1 mL PBS (0.01 mM, pH 7.4) was added into 

flask and vortexed until homogenous solution was obtained. For the formation of 

small unilamellar vesicles from the obtained multilamellar vesicles, an extruder was 

used. For this, 1 mL of solution was passed through an extruder system that contain a 

polycarbonate membrane (100 nm pore size) with two syringe in both sides at least 

21 times. Finally, the obtained solution was put into a falcon tube and diluted with 

PBS until last concentration of liposomes is 1 mg/mL. It can be stored +4°C during 

one week. By this method, 25% PS:PC and 25% DOTAP:PC liposomes were 

prepared. 

3.2.4 Quartz crystal microbalance with dissipation monitoring (QCM-D) 

QCM-D measurements were performed with QCM-Z500 (KSV Instrument) in a 

flow-through cell. It is shown in Figure 3.1. A peristaltic pump and tubing (Tygon, 

R3607, ID:1.09 mm, wall thickness: 0.86 mm) were used to transport analyte 

solutions to the quartz crystal surface. All measurements were performed at 25°C. 

The measurement were performed at several harmonics (n= 3, 5, 7, 9 and 11) but all 

presented QCM-D data were recorded  at the 3th harmonic and frequency shifts were 

normalized by division with 3. Prior to analysis, gold coated QCM-D sensors were 

treated in UV ozone for 15 min. 

 

Figure 3.1: The QCM-D and electric unit. 
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3.2.5 Construction of lipid layer on QCM-D 

In the QCM-D experiments, liposomes were added to clean gold surface. After the 

lipid layer formation as shown in Figure 3.2, PBS was passed through the flow 

chamber to remove unbound liposomes on gold surface. The Q-Tools data evaluation 

software (Biolin Scientific, Sweden) was used to estimate the mass adsorbed in 

different experiments. Presented calculated changes of frequency and dissipation 

were based on three experiments. 

 

Figure 3.2: The formation of liposome on the gold surface. 
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4. RESULTS and DISCUSSIONS 

4.1 Properties of Iron Oxide Nanoparticles (IOPs) 

4.1.1 Electrokinetical properties of IOPs 

Surface charges are effective on the stability of the nanoparticles dispersion. The 

surface charges also affect the cell membrane depending on the charge distribution of 

the particles and the membrane surface. Besides, if the particles make clusters, they 

can reduce the blood flow in the vessels. The plasma and blood cells constantly had a 

negative charge; IOPs with negative surface charge can minimize nonspecific contact 

with these components because of the electrostatic repulsions (Nosrati et al, 2018). 

The zeta potential measurements were carried out using a Zetasizer 2000, Malvern 

Inst. All the dispersions were diluted with solvents such as water or PBS and 

ultrasonicated for 5 min. before the measurements. 

IOPs were dispersed in distilled water as 2% concentration. pH of this dispersion was 

measured with pH paper and observed as 5. Zeta potential of IOPs was determined as  

-12.3 mV. 

Addition any compounds onto the dispersion can change their colloidal properties. 

Therefore, the effect of the pH conditions on the colloidal particals were investigated 

at different pH values. 

The pH value of the IOPs in water was measured as pH 5. HCI was added into the 

dispersion to prepared acidic condition (pH 3.5 and 4) and NaOH was added into the 

dispersion to prepared basic condition (pH 10). The neutral dispersion (pH 7.4) were 

prepared with magnetic decantation using PBS (0.01 mM). 

Table 4.1 shows the zeta potential values of 2% IOPs dispersions different pH 

conditions. Zeta potential values of all samples indicates that all the dispersions, 

except pH 10, were unstable and showed aggregation. 
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Table 4.1: Zeta potential (mV) values of 2% IOPs in different pH conditions. 

 
pH 3.5 pH 4 pH 5 pH 7.4 pH 10 

2%  IOPs 32±1.7 39±2.2 -12.3±1.7 -17±0.2 -32±3.2 

4.1.2 Rheological properties of IOPs 

The flow properties of the IOPs dispersions were determined at different pH values 

by DVIII + type low-shear viscometer. Shear Stress(τ) and viscosity values were 

measured at changing shear rate from 0 s-1 to 330 s-1. 

Flow curves can be used to determine the interactions between the particles. The 

non-interacting or very weakly interacting particles mostly show Newtonian flows, 

which has a constant viscosity and a linear change between shear stress and shear 

rate. If the deforming of the material changes the arrangement of its microstructure 

and causes to increase the resistance to flow with any increase in shear rate, this kind 

of flow is called as shear thickening (Dilatant) flow behavior.  

IOPs dispersion showed shear thickening flow behavior and  plastic behavior at high 

shear rate values in Figure 4.1. The plastic flow can be found from the slope of the 

linear part of the curve at high shear rate area. The formed floccules were broken by 

the high shear. Dilatant and plastic flow are common between high suspension and 

tendency to flocculation solutions (Shaw et al, 1970). 
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Figure 4.1: (a) Shear rate-shear stress graph and (b) plastic flow curve and linear fit 
of IOPs. 
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The flow type of the IOPs are determined as shear thickening flow. It is shown in 
Figure 4.2. 
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Figure 4.2: Viscosity-shear rate graphs of  IOPs dispersion.  

The flow behavior of the dispersion did not show any change under the different pH 

conditions. This situation is shown in Figure 4.3. 
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Figure 4.3: Flow curves of IOPs in different pH conditions. 

The high shear rates can broke the interactions of the flocs of the particles, and can 

be resulted in a linear section on the flow curve. This area is called plastic flow. The 

IOPs showed plastic flow at high shear rates. The slope of the lineer part gives an 

average viscosity of that part which is called as plastic viscosity. In Table 4.2, the 

plastic viscosity values of the dispersions were given at different pH conditions. 
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Table 4.2: List of slope of plastic flow of different pH values. 

pH  IOPs Plastic Flow slope 

3.5 2.78 ± 0.114 

4 2.34 ± 0.151 

5  2.25 ± 0.114 

7.4 1.75 ± 0.092 

10 2.57 ± 0.132 

 

Apparent viscosity is defined as the viscosity values at a specific shear rate. The 

apparent viscosity of the dispersions were given at Table 4.3 to compare the 

resistivity of the dispersions according to the different pH conditions. 

Table 4.3: Initial and final shear rate (s-1)-viscosity (Pa.s) values of IOPs in different 
pH conditions. 

IOPs 6.6 s-1 323.4 s-1 

pH 3.5 0 1.39 

pH 4 0.59 1.44 

pH 5 0 1.26 

pH 7.4 0 1.26 

pH 10 2.39 1.50 
 

4.1.3. Particle size (DLS) properties of IOPs 

Particle size of the dispersion was determined by Malvern Inst. The dispersions were 

diluted with 1000 times dilution then all samples were ultrasonicated. 

Acidic and basic conditions can change the state of the IOPs dispersions. Table 4.4  

indicates that IOPs in pH 3.5 and pH 10 did not change their particle sizes. As a 

results, excessive acidic and basic medium did not affect the interaction of particles. 

In pH 7.4 and pH 4 conditions were caused by reduced interaction between particles. 

Consequently, particle sizes of these pH levels are smaller than others. 

Table 4.4: Average particle sizes (d.nm) of IOPs in different pH conditions 

pH 3.5 pH 4 pH 5 pH 7.4 pH 10 
IOPs 700 120 700 200 700 
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4.1.4 Fourier transform infrared spectroscopy (FTIR) properties of IOPs 

FTIR spectrum analysis were examined in absorbance modes using Perkin Elmer 

Spectrum One Spectrophotometer. Its wavelenght range is 400-4000 cm-1 IOPs 

solution was dried in owen. KBr pellets with a concentration of 1% film were 

prepared for the measurements. The pellets were compressed under almost 10 tons 

for about 2 min. 

The characteristic Fe-O stretching was observed at 583 cm-1. It is shown in Figure 

4.4. 

 

Figure 4.4: FTIR spectrum of IOPs. 

4.2 Interactions with Poly(vinyl Alcohol) (PVA) and IOPs 

In this part, IOPs were treated with PVA polymer to have stable and fully covered 

surfaces of IOPs by controlling the colloidal properties for the drug delivery 

applications. The interactions of the PVA and IOPs were determined by following 

the flow properties of the system, the zeta potential values, binding informations and 

particle size with different polymer concentrations and pH conditions. 
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4.2.1 Electrokinetical properties of PVA-coated IOPs (PVA-IOPs) 

Zeta potential measurements brings details about the stability, or flocculation of the 

dispersions. It is a fundamental parameter which is a measure of the magnitude of the 

charge repulsion or attraction between particles (Tadros, 2007). The dispersion with 

zeta potential values in between -25 and 25 mV mostly show aggregation or 

flocculation (Isci et al, 2017). The zeta potential value of the IOPs dispersion in the 

absence of PVA was measured to be -12.3 mV which indicates that the dispersion is 

unstable and in aggregating regime. Adding PVA to the IOPs dispersion decreased 

the absolute value of the zeta potential values. Uncharged PVA polymer attached to 

the negatively charged surfaces of IOPs by the steric interactions and decreased the 

zeta potential values due to the bridging flocculation. Increasing concentrations of 

PVA caused to steric repulsions between PVA polymers and resulted a slight 

dispersive effect as a result of the osmotic effect of polymers. Further concentrations 

of PVA resulted in the whole coverage surfaces of the IOPs with PVA polymer and 

isoelectric point of the charge obtained from the dispersions. Isoelectric point of the 

charge also can cause to the flocculation but the steric interaction between the 

polymer enveloped surfaces of the IOPs prevented the flocculation.The surfaces of 

the IOPs fully covered sterically, and stable dispersions of particles obtained with 0.5 

and 1.0 g/L PVA. As seen in Figure 4.5. 

 

Figure 4.5: Zeta potential values of different PVA concentration coated IOPs. 

According to the zeta results, other measurements such as particle size and 

rheological measurements were done for both 0.5 g/L PVA-IOPs and 1.0 g/L PVA-

IOPs. These two samples were also examined in different pH conditions.  
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Table 4.5 shows that PVA-coated IOPs form flocculation in acidic and basic 

conditions. Particles are not stable in these conditions according to the zeta potential 

values. 

Table 4.5: Zeta potential (mV) values of different pH conditions of PVA-coated 
IOPs. 

pH 4 pH 5 pH 7.4 pH 10 

0.5 g/L PVA-IOPs 16.6± 0.8 0.9±1 0.6±1.1 -10.7±0.9 

1.0 g/L PVA-IOPs 23.7±5.1 -0.8±0.1 2.4±0.6 -9.9±2.1 
 

4.2.2 Rheological properties of PVA-IOPs 

IOPs dispersion showed shear thickening flow behavior but the addition of PVA 

reduced the interactions because of a rearrangement of IOPs. The flow regime of 

IOPs changed into the Newtonian flow with PVA addition. The flow curves were 

given in Figure 4.6. Flow curve of 0.5 g/L PVA coated iron oxide nanoparticles were 

determined as nearly Newtonian flow compared to 1.0 g/L PVA-IOPs and IOPs. 
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Figure 4.6: Flow curves of PVA-coated and uncoated IOPs. 

According to the flow results, 0.5 g/L PVA reduced the interaction between particles 

and showed Newtonian flow in Figure 4.6. However, different pH conditions showed 

dilatant flows consequently they caused to increased interaction of particles and form 

flocculation as seen in Figure 4.7 a. 1.0 g/L PVA-IOPs show dilatant flow in Figure 

4.7 b and changing of the pH condition did not change the flow type of the 

dispersion. 
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Figure 4.7: Flow curve of different pH levels (a) 0.5 g/L PVA-IOPs and (b) 1.0 g/L 
PVA-IOPs. 

Plastic viscosity values were obtained from the slopes of 0.5 g/L PVA-coated IOPs 

flow curves. The plastic viscosity values were observed similar values in different 

mediums and these values were given in Table 4.6. 

Table 4.6: Slopes of plastic flow of 0.5 g/L and 1.0 g/L PVA-IOPs in different 
conditions. 

 

 

 

 

 

 

pH 0.5 g/L PVA-IOPs Plastic Flow slopes 

4 2.47 ± 0.076 

5  2.51 ± 0.05 

7.4 2.45 ± 0.06 

10 2.31 ± 0.04 
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Table 4.6 (continued): Slopes of plastic flow of 0.5 g/L and 1.0 g/L PVA-IOPs in 
different conditions. 

pH 1.0 g/L PVA-IOP Plastic Flow slopes 
4 2.42 ± 0.05 
5 2.48 ± 0.02 

7.4 2.1 ± 0.05 
10 2.42 ± 0.05 

 

All pH conditions except pH 7.4 were increased viscosity values. Consequently, they 

increased the interactions of particles, and they formed flocculations when IOPs were 

covered with 0.5 g/L PVA. In pH 7.4, final viscosity value was decreased compared 

initial value. As a result, 0.5 g/L PVA reduced to the interaction of particles and 

prevented agglomeration in pH 7.4. 1.0 g/L PVA was covered whole IOPs surfaces 

compared to 0.5 g/L PVA. Therefore, different pH conditions did not remarkably 

change viscosity final values as seen in Table 4.7. 

Table 4.7: Initial and final shear rate (s-1)-viscosity (Pa.s) values of PVA-coated 
IOPs in different pH conditions. 

0.5 g/L PVA-IOPs 1.32 s-1 328.6 s-1 
pH 4 0 1.25 
pH 5 0 1.61 

pH 7.4 8.99 1.28 
pH 10 0 1.22 

1.0 g/L PVA-IOPs 1.32 s-1  328.6 s-1 
pH 4 0 1.24 
pH 5 0 1.25 

pH 7.4 0 1.32 
pH 10 0 1.25 

4.2.3 Particle size (DLS) properties of PVA-IOPs 

IOPs tend to agglomeration and formed flocculation in different particle sizes at 

changing pH conditions. 0.5 g/L PVA covered to the flocs surfaces and increased the 

particle sizes. However, 1.0 g/L PVA caused two different situations. 1.0 g/L PVA 

covered whole flocs surfaces and increased the particle sizes. Also, 1.0 g/L PVA 

reduced the interactions of IOPs and decreased the particle sizes. pH 7.4 caused to 

agglomeration of PVA-coated IOPs compared of IOPs sizes. Basic conditions 

decreased the interaction of PVA-coated particles and reduced to particle sizes. 

Acidic conditions showed different results to 0.5 g/L and 1.0 g/L PVA-IOPs. 0.5 g/L 
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PVA decreased the interaction of IOPs, therefore reduced the particle sizes in 

contrast to 1.0 g/L PVA as seen in Table 4.8. 

Table 4.8: Average particle sizes (d.nm) PVA-coated and uncoated IOPs in changing 
pH levels. 

pH 4 pH 5 pH 7.4 pH 10 

IOPs 120 700 200 700 

0.5 g/L PVA-IOPs 130 800 500 150 

1.0 g/L PVA-IOPs 500 140, 900 400 300 

4.2.4 FTIR properties of PVA-IOPs 

Characteristic Fe-O stretching vibration peak was determined at 583 cm-1 for Fe3O4. 

The results showed that addition of the polymer PVA did not change the spectrum of 

Fe3O4 as seen in Figure 4.8. The polymer addition was too low, so the characteristic 

peaks of the PVA did not appear on the spectrum.  

 

Figure 4.8: FTIR spectrum of PVA-coated and uncoated IOPs. 
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4.3 Interactions with Chitosan-Coated Iron Oxide Nanoparticles (C-IOPs) 

4.3.1 Electrokinetical properties of C-IOPs  

The effects of different concentrations of chitosan on IOPs was determined by 

electrokinetical properties. Samples were diluted and ultrasonicated before 

measurements. 

Concentration of chitosan solution was prepared between 0.1 and 1.0 g/L chitosan-

coated IOPs. 

The zeta potential values of dipersion can give an idea about the colloidal stability of 

the dispersions. Positively chitosan polymer attached to the negatively charged 

surfaces of IOPs by electrostatic interactions and changed the zeta potential values to 

the positively charged surfaces as seen in Figure 4.9. 
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Figure 4.9: Different chitosan concentration response zeta potential values. 

The concentrations above 0.1 g/L were resulted in positively charged surfaces. The 

changes of the surfaces from negative to the positive values were obtained for lower 

concentrations of 10-2 g/L additions. Hence, chitosan concentration was reordered 

between 10-5 and 10-2 g/L. 

Figure 4.10 shows that low concentration chitosan coated IOPs caused to 

electrostatic repulsions between chitosan polymers. Increasing concentration of 

chitosan coated IOPs break the flocs and reduce the interaction of particles. The 
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surfaces of the IOPs fully covered stable dispersions of the particles obtained with 

10-2 g/L C-IOPs and 10-3 g/L C-IOPs. They will be examined in different pH 

conditions. 
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Figure 4.10: Different concentrations of C- IOPs and their zeta potential values. 

Table 4.9 shows zeta potential values of chitosan coated IOPs in acidic and basic 

conditions. The dispersions whose have absolute value of zeta potential values bigger 

than 25 mV are called stable dispersions.  

Table 4.9: Zeta potential (mV) values of different pH levels on chitosan-coated IOPs 
surfaces. 

pH 3.5 pH 4 pH 7.4 pH 10 

10-3 g/L C-IOPs 34.5±4.3 1.7±2.4 2.25±0.13 -28±4.4 

10-2 g/L C-IOPs 41.3±5.9 22.9±0.4 -0.6±4 -23±1.2 

4.3.2 Rheological properties of C-IOPs 

Chitosan-coated and uncoated IOPs exhibit the same shear thickening flow behavior 

in Figure 4.11. Shear thickening means that the deforming of the material changes 

the arrangement of its microstructure and causes to increase the resistance to flow 

with any increase in shear rate. 
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Figure 4.11: Flow curves of chitosan-coated and uncoated IOPs. 

Chitosan-coated IOPs covered the whole surfaces and formed flocculations. 

However, they reduced the interaction of particles with the applied shear rate in some 

ranges which was seen on the flow curves. 

Chitosan-coated IOPs were also investigated in different pH mediums. 

Flow curves of 10-3 g/L C-IOPs are seen in Figure 4.12 a. All pH conditions except 

pH 7.4 indicate shear thickening flow type. Addition acid or base did not affect the 

interaction between particles. However, in pH 7.4, 10-3 g/L C-IOPs reduced the 

interactions of particles and showed nearly Newtonian flow. Flow curves of 10-2 g/L 

C-IOPs show the same shear thickening flow type in all pH conditions in Figure 4.12 

b. 
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Figure 4.12: Flow curves of (a) 10-3 g/L and (b) 10-2g/L C-IOPs in different pH 
conditions. 

Plastic flow slopes shows that, pH 7.4 conditions were caused flocculations of 

chitosan coated IOPs in Table 4.10. 

Table 4.10: Lists of plastic flow slopes of 10-3 g/L and 10-2 g/L C-IOPs in different 
pH levels. 

pH 10-3 g/L C-IOPs Plastic Flow slopes 

3.5 2.36 ± 0.09 

4  2.34 ± 0.12 

7.4 2.13 ± 0.164 

10 2.32 ± 0.08 

pH 10-2 g/L C-IOPs Plastic Flow slopes 

3.5 2.02 ± 0.05 

4  2.17 ± 0.08 

7.4 2.07 ± 0.05 

10 2.20 ± 0.114 

Apparent viscosities at 1.32-328.6 (s-1) shear rates show that 10-3 g/L C-IOPs in all 

pH conditions except pH 3.5 reduce the interaction of particles with the applied shear 

rate. They have broken the flocs and reduced final viscosity values. The acidic 

condition caused to increase the interaction of particles and forms flocculations. 10-2 

g/L C-IOPs reduced the interaction of particles and break the flocculation in all pH 

conditions as seen in Table 4.11. 
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Table 4.11: Initial and final shear rate (s-1)-Viscosity (Pa.s) values of chitosan-coated 
IOPs in different pH levels. 

10-3 g/L C-IOPs 1.32 s-1 328.6 s-1 
pH 3.5 0 1.30 
pH 4 2.99 1.26 

pH 7.4 8.99 1.39 
pH 10 2.99 1.26 

10-2 g/L C-IOPs 1.32 s-1 328.6 s-1 
pH 3.5 2.99 1.27 
pH 4 2.99 1.28 

pH 7.4 2.99 1.32 
pH 10 5.99 1.27 

4.3.3 Particle size (DLS) properties of C-IOPs  

Chitosan covers the IOPs surfaces and breaks the flocs, so chitosan-coated IOPs 

reduce the particle sizes compared to IOPs. pH 7.4 caused to agglomeration of 

chitosan-coated IOPs and increase the particle sizes. Acidic and basic pH conditions 

affect to particle size. Particle sizes of 10-3 g/L C-IOPs increase compared to IOPs, 

but 10-2 g/L C-IOPs decrease in pH 3.5. Basic conditions caused to two different 

particle size for 10-3 g/L C-IOPs. Firstly, they break the flocs and reduce the particle 

sizes. Besides, they covered flocs surfaces and increased particle sizes. 10-2 g/L C-

IOPs reduce the particle sizes under basic conditions. They show in Table 4.12. 

Table 4.12: Average of particle sizes (d.nm) of chitosan-coated and uncoated IOPs 
in different pH conditions. 

pH 3.5 pH 4 & 5 pH 7.4 pH 10 
IOPs 700 700 (pH 5) 200 700 

10-3 g/L C-IOPs 900 300 700 300, 1100 
10-2 g/L C-IOPs 500 500 900 350 

4.3.4 FTIR properties of C-IOPs 

Figure 4.13 show that addition of the chitosan did not change the spectrum of Fe3O4. 

The polymer addition was too low, so the characteristic peaks of the chitosan did not 

appear on the spectrum. 
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Figure 4.13: FTIR spectrum of chitosan-coated and uncoated IOPs. 

4.4 Quartz Crystal Microbalance with Dissipation Results 

In the QCM-D experiments, liposomes were added to clean gold surface. After the 

lipid layerformation, PBS was passed throughflow chamber to removeunbound 

liposomes on gold surface. The Q-Tools data evaluation software was used to 

estimate the mass adsorbed in different experiments. Presented calculated changes of 

frequency (Δf) and dissipation (ΔD) were based on three experiments. All 

experiments were done in accordance with the physiological pH. First experiments 

were done to optimize the measurement conditions such as suitable dilutions for 

coated and uncoated IOPs and constant flow rate.  

Three different charged liposomes were prepared and observed in QCM-D by 

frequency and disipation shift. Zeta potential of  PC, PS and DOTAP liposomes was 

measured as -4.52, -19.6 and 25 mV, respectively. They have around 100-130 nm 

particle size. Differences of Δf and ΔD were probably arised from different zeta 
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potential values They show in Figure 4.14. ΔD/Δf states the acoustic ratio 

representing the energy loss per unit of attached mass and provides both qualitative 

and quantitative information on the instrinsic properties and morphology of the 

sensed interface. Especially, ΔD/Δf ratio would depend on the deposited mass, its 

viscoelastic properties and the shape and structure of the liposomes. In QCM-D, 

gold-coated quartz sensor surface is hydrophilic. This surface helps to attach 

hydrophilic head group of liposomes. Therefore, differences of acoustic ratio of 

liposomes as seen in Figure 4.14 arised from van der Waals and repulsive forces 

between liposomes and gold coated quartz surface. Gold surface and 25% 

DOTAP:PC interacted strongly with van der Waals forces, while surface and 25% 

PS:PC liposome interact loosly, so acoustic ratio is lower than others. 
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Figure 4.14: Changes of frequency and dissipation on different types of liposomes. 

After liposome layer was introduced to the surface, this cell membrane model was 

treated with chitosan coated and uncoated IOPs at different dilutions. According to 

Figure 4.15, two fold dilution affected both frequency and dissipation higher than 

other dilutions for both uncoated and chitosan coated IOPs. This value is much 

higher than expected individual particle binding to the surface so it is probably the 

result of accumulation of high number of particles or aggregates on the surface. 

Optimum dilution was chosen as three fold because it seems to reduce the excessive 

aggregate formation. 
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Figure 4.15: Effects of dilutions to evaluate interaction of C-IOPs and uncoated 
IOPs with PC liposome layer at constant flow rate (d.: dilution). 

After the optimization, interaction of uncoated, PVA and chitosan coated IOPs on 

three different liposome layers, formed by the addition of different lipids, was 

investigated by QCM-D technique. In these experiments, liposomes were added to 

clean gold surface. After the liposome layer formation, PBS was passed through flow 

chamber to remove unbound liposomes on gold surface. After that, coated and 

uncoated IOPs were introduced to reaction chamber. When IOPs and liposome 

interactions were stabilized, unbound/loosely bound IOPs was washed with PBS. 

The Q-Tools data evaluation software (Biolin Scientific, Sweden) was used to 

estimate the mass adsorbed in different experiments. Presented calculated changes of 

frequency and dissipation were based on three experiments. 

4.4.1 Results on phosphatidylcholine (PC) liposome layer 

Phosphatidylcholine (PC) is a zwitterionic or neutral lipid as seen in Figure 4.16. In 

this experiment, prepared PC liposomes had -4.52 zeta potential values at 

physiological pH 7.4.  

 

Figure 4.16: The chemical structure of phosphatidylcholine (PC) (Url-4). 
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According to changes of frequencies, C-IOP introduction affected PC liposome layer 

higher than PVA-coated and uncoated IOPs as seen in Figure 4.17. Sizes of chitosan-

coated IOPs are higher than uncoated, PVA-coated IOPs, and this could be the 

reason behind this. Acoustic ratio of PVA-coated samples is significantly high. High 

dissipation values for these particles showed that some particles 

interacted/incorporated to the liposome layer as C-IOPs but led to more viscoelastic 

layer may be because there smaller. 
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Figure 4.17:Changes of Δf and ΔD of coated and uncoated IOPs on PC liposome 
layer.  

(1- IOPs, 2-10-3 g/L-C-IOPs, 3- 10-2 g/L- C-IOPs, 4-0.5 g/L PVA-IOPs, and  
5- 1.0 g/L PVA-IOPs) 

Figure 4.18 and Figure 4.19 show the time dependent frequency and dissipation 

changes recorded continuously until steady state condition for coated and uncoated 

IOPs. Chitosan-coated and uncoated IOPs remove the liposome layer on the gold 

surface (increase in frequency), however, PVA-coated IOPs were attached to the 

layer. Changes of dissipation give information about elastiscity or rigidity. Figure 

4.19 shows that uncoated IOPs and 10-2 g/L C-IOPs do not change dissipation 

Consequently, according to frequency and dissipation data of these samples, it seems 

that they form a rigid layer on surface. The amount of PVA coating also affected 

dissipation. When the amount of PVA increased, dissipation was also increased.  
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Figure 4.18: Changes of frequency with time of polymer-coated and uncoated IOPs. 
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Figure 4.19: Changes of dissipation with time of polymer-coated and uncoated IOPs. 

4.4.2 Results on 25% phosphatidylserine (PS): phosphatidylcholine (PC) 

liposome layer 

Phosphatidylserine (PS) is an anionic and acidic phophalipid with neutral head group 

and negatively charged phosphate group as seen in Figure 4.20. Therefore, it carries 

one negative charge at pH 7 (Meer et al, 2008; Leventis & Grinstein, 2010). In this 

experiment, prepared PC liposome layer contain 25% PS and its zeta potential value 

was -19.6. 
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Figure 4.20: The chemical structure of phosphatidylserine (PS) (Url-5). 

According to changes of frequencies of samples, PVA-coated IOPs affected 25% 

PS:PC liposome layer higher than uncoated and chitosan-coated  IOPs. They show in 

Figure 4.21. Zeta potential value of  IOPs is -17 mV in pH 7.4. IOPs and 25% PS:PC 

liposome probably could not interact strongly, consequently, this caused low 

frequency and dissipation change than coated IOPs. Dissipation changes of polymer 

coated samples may arise from particle sizes. 
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Figure 4.21: Changes of Δf and ΔD of coated and uncoated IOPs on 25% PS:PC 
liposome layer. 

(1- IOPs, 2- 10-3 g/L C-IOPs, 3- 10-2 g/L C-IOPs, 4- 0.5 g/L PVA-IOPs and  
5- 1.0 g/L PVA-IOPs) 

Figure 4.22 and Figure 4.23 show changes of frequency and dissipation in versus 

time for coated and uncoated IOPs. High PVA coating (1.0 g/L) and low chitosan- 

coated (10-3 g/L) IOPs removes 25% PS:PC layer but the effect of PVA ones are 

higher. C-IOP one also had no significant change in dissipation so it seems that not 

much interaction occurs. Uncoated IOPs and other samples were attached to the 

liposome layer. Significant dissipation changes can only be seen in 0.5 g/L PVA-

IOPs and 1.0 g/L PVA-IOPs samples but the later one reduced it.  
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Figure 4.22: Changes of frequency with time of polymer coated and uncoated IOPs 
on 25% PS:PC liposome layer. 
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Figure 4.23: Changes of dissipation with time of polymer coated and uncoated IOPs 
on 25% PS:PC liposome layer. 

4.4.3 Results on 25% 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP): 

phosphatidylcholine (PC) liposome layer 

1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) is a synthetic and cationic 

phospholipid. It have one positive charge on ammonium group. Figure 4.24 showed 

chemical structure it. In this experiment, zeta potential of prepared 25% DOTAP:PC 

liposomes was measured as 25 mV.  
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Figure 4.24: The chemical structure of 1,2-dioleoyl-3-trimethylammonium-propane 
(DOTAP) (Url-6). 

Figure 4.25 shows that, uncoated IOPs’ interaction with liposome layer is the highest 

probably due to electrostatic interactions. Chitosan coated IOPs gave higher 

frequency than PVA coated IOPs for 25% DOTAP:PC liposome layer which could 

be resulted from their size. Acoustic ratio values did not show any conclusive trend 

so it should be studied further to comment on the nature of these interactions. 
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Figure 4.25: Changes of Δf and ΔD of coated and uncoated IOPs on 25% 
DOTAP:PC liposome layer. 

(1- IOPs, 2-10-3 g/L C-IOPs, 3- 10-2 g/L C-IOPs, 4-0.5 g/L PVA-IOPs, and  
5- 1.0 g/L PVA-IOPs) 

Figure 4.26 shows time dependent frequencies changes of polymer coated and 

uncoated IOPs. All of the samples seemed type interact and remove the liposome 

layer. According to changes in frequency, uncoated IOPs affect to liposome layer 

higher than polymer coated IOPs with electrostatically. When the amount of chitosan 
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in coating was increased, the attachment of particles on liposome layer increased 

further. 

Figure 4.27 showed that uncoated IOPs were not only attached 25% DOTAP:PC to 

liposome layer but also caused an increase in the viscoelastic behavior of the 

liposome layer.  
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Figure 4.16: Changes of frequency with time of polymer coated and uncoated IOPs 
on 25% DOTAP:PC liposome layer. 
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Figure 4.27: Changes of dissipation with time of polymer coated and uncoated IOPs 
on 25% DOTAP:PC liposome layer.
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CONCLUSIONS AND RECOMMENDATIONS 

In this study, the goal was to synthesize polymer coated IOPs to reduce their toxicity 

and to investigate their interaction with cell membranes using liposomes, a model 

membrane system. Prepared polymer-coated IOPs were characterized at different pH 

conditions. In addition, the interaction of coated and uncoated IOPs were 

investigated with positive, neutral and negatively charged liposome layers by QCM-

D technique.  

PVA and chitosan were chosen to coat the IOPs’ surfaces because of their 

biodegradable and biocompatible properties. PVA and chitosan are ionizable 

polymers and therefore they are positively charged in acidic media and negatively 

charged in basic media. Their physical and chemical properties consequently change 

in different pH conditions. Polymer-coated and uncoated IOPs were also examined in 

physiological pH conditions to observe their interaction with cell membrane by using 

QCM-D. PVA and chitosan are neutral in PBS (pH 7.4).  

Size, charge, shape and interface properties play critical role for the formation of 

stable suspension in colloidal systems. Particle-particle interactions affect flow 

behavior, size and viscosity. IOPs tend to agglomeration or flocculation. In all pH 

conditions, IOPs dispersion is unstable and in the aggregating regime. 0.5 g/L and 

1.0 g/L PVA-IOPs examined in different pH conditions. Obtained measurements 

results show that 1.0 g/L PVA cover the whole surfaces of the IOPs compared to 0.5 

g/L PVA. Besides, the IOPs were covered with chitosan polymer at different 

concentrations. The results show that 10-2 g/L C-IOPs cover the whole surfaces of 

IOPs and optimum pH is 4. PVA caused to increase the interactions of particles and 

form flocculation, however, chitosan prevent the forming of flocculation and reduce 

particle interactions. These results also seemed to affect the interaction of IOPs with 

liposome layer in QCM-D. Differently charged liposomes were prepared to see the 

effect of electrostatic interactions on nanoparticle toxicity. Electrostatic interactions 

largely affects attachment or disruption of a cell membrane. Polymer coated IOPs in 

PBS have neutral zeta potential, but IOPs have negative charge. It could be seen that 
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interaction of all particles with PC liposomes is the lowest with -Δf values in 

between 1-7 Hz. When PS, a negatively charged lipid was added, interactions 

become more significant (-Δf = 4-22 Hz) and PVA coated IOPs seemed to have 

higher interaction with this layer. This could also be the effect of particle size on the 

surface. When PS was replaced by DOTAP, the situation was reversed and lowest 

interaction was recorded for PVA coated IOPs. It should be noted that highest 

frequency shifts (15-70 Hz) were observed on 25% DOTAP:PC layer. Although, 

electrical interactions seem to be important, particle size also affect the extent of 

interaction and therefore more thorough studies should be done to have a better 

understanding on this complex phenomena. 

In the future studies, magnetorheometers can be used for studying the changes in 

flow properties under magnetic field for targeted drug delivery and 

thermogravimetric analysis can be done to measure of the effectiveness of particles 

for hyperthermia treatment. Moreover, chemotherapeutic drugs can be loaded into 

these particles and cell culture studies can be done to compare the results with QCM-

D data. 
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APPENDICES 

APPENDIX A: 0.01 M, pH 7.4 Phosphate buffer saline preparing 
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APPENDIX A 

Phosphate Buffer Saline 0.01 M pH 7.4 (PBS) 

8 g NaCI 

0.2 g KCI 

1.44 g Na2HPO4 

0.24 g KH2PO4 

are dissolved 1000mL water. pH is adjusted 7.4 with NaOH or HCI. 
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