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ABSTRACT 

 

ANTIBACTERIAL PROPERTIES AND OSTEOBLAST INTERACTIONS 

OF MICROFLUIDICALLY SYNHTESIZED CHITOSAN – SPION 

COMPOSITE NANOPARTICLES UNDER EXTERNAL STATIC 

MAGNETIC FIELD 

 

 

Kafalı, Melisa 

Master of Science, Metallurgical and Materials Engineering 

Supervisor: Assoc. Prof. Batur Ercan 

Co-Supervisor: Assist. Prof. E. Yegan Erdem 

 

 

August 2022, 70 pages 

 

In this research, a multistep microfluidic reactor was used to fabricate chitosan-

superparamagnetic iron oxide composite nanoparticles (Ch - SPIONs) to develop 

antibacterial agents that can be targeted to infection foci and visualized with 

magnetic resonance imaging. Monodispersed Ch – SPIONs had an average particle 

size of 8.8 ± 1.2 nm with a magnetization value of 32.0 emu/g. These nanoparticles 

were used to fight against Staphylococcus aureus (S. aureus) and Pseudomonas 

aeruginosa (P. aeruginosa), which are dangerous pathogens that cause tissue and 

biomedical device-related infection. While Ch – SPIONs showed up to 2 – fold 

reduction in colonies for both bacteria strains at 0.1 g/L concentration, up to 5 – fold 

reduction in colonies was observed upon the application of 0.4 T magnetic field for 

the same concentration of nanoparticles. In addition, osteoblasts were viable and 

proliferated up to 7 days upon their interaction with Ch – SPIONs in vitro both in 

the absence and presence of magnetic field. Lastly, Ch – SPIONs reduced T1 and T2 

signal intensity in magnetic resonance imaging (MRI). Results cumulatively showed 



 

 

vi 

 

that Ch – SPIONs is a potential candidate as a cytocompatible and antibacterial agent 

that can be targeted to biofilm bacteria and imaged using MRI.  

 

Keywords: Microfluidics, Antibacterial, Magnetic Field, Osteoblast, Magnetic-

Resonance Imaging 
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ÖZ 

 

MİKROAKIŞKAN YÖNTEMİ İLE SENTEZLENMİŞ KİTOSAN 

SUPERPARAMANYETİK DEMİR OKSİT KOMPOZİT 

NANOPARÇACIKLARININ DIŞ STATİK MANYETİK ALAN ALTINDA 

ANTİBAKTERİYEL ÖZELLİKLERİ VE KEMİK HÜCRESİ 

ETKİLEŞİMLERİ 

 

 

 

Kafalı, Melisa 

Yüksek Lisans, Metalurji ve Malzeme Mühendisliği 

Tez Yöneticisi: Doç. Dr. Batur Ercan 

Ortak Tez Yöneticisi: Dr. E. Yegan Erdem 

 

 

Ağustos 2022, 70 sayfa 

 

Bu araştırmada, enfeksiyon odaklarına hedeflenebilen ve manyetik rezonans 

görüntüleme (MRI) ile görselleştirilebilen antibakteriyel ajanlar geliştirmek 

amacıyla kitosan – süperparamanyetik demir oksit kompozit nanoparçacıklarını (Ch 

– SPIONs) üretmek için çok aşamalı bir mikroakışkan reaktör kullanıldı. Her biri 

yaklaşık olarak eşit büyüklükte olan Ch – SPIONs, 8.8 ± 1.2 nm ortalama parçacık 

boyutuna ve 32.0 emu/g manyetizasyon değerine sahiptir. Bu nanoparçacıklar, doku 

ve biyomedikal cihaza bağlı olarak gerçekleşen enfeksiyonlara sebebiyet veren 

Staphylococcus aureus (S. aureus) ve Pseudomonas aeruginosa (P. aeruginosa) ile 

savaşmak için kullanılmıştır. Ch – SPIONs nanoparçacıkları, 0.1 g/L 

konsantrasyonda, her iki bakteri suşu için kolonilerde 2 kata kadar azalmaya sebep 

olurken, aynı nanoparçacık konsantrasyonunda 0.4 T manyetik alan uygulanmasıyla 

kolonilerde 5 kata kadar azalma gözlemlenmiştir. Ek olarak, Ch – SPIONs etkileşimi 

sonrası kemik hücreleri canlığını korumuş ve 7 güne kadar çoğalmışlardır. Son 

olarak, Ch – SPIONs, MR görüntüleme cihazında T1 ve T2 sinyal yoğunluğunu 
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azalttı. Elde edilen sonuçlar analiz edildiğinde, Ch – SPIONs nanoparçacıkları, 

bakterilerin oluşturduğu biyofilm tabakasını hedefleyebilen ve MRI kullanılarak 

görüntülenebilen, kemik hücreleri ile uyumlu ve antibakteriyel etki gösteren 

potansiyel bir ajan olduğu gösterilmektedir. 

 

Anahtar Kelimeler: Mikroakışkan, Antibakteriyel, Manyetik Alan, Kemik Hücresi, 

Manyetik Rezonans Görüntüleme 
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CHAPTER 1  

1 INTRODUCTION  

Magnetic nanoparticles have drawn tremendous attention since 1950s in 

hyperthermia, imaging, drug delivery, and enzyme immobilization applications due 

to their unique surface chemistry, and magnetic properties [1]. Although there are 

various types of magnetic nanoparticles, iron oxide nanoparticles have been widely 

used for specific applications because of their high surface area, 

superparamagnetism, biocompatibility, magnetic moment, and size uniformity. 

Superparamagnetic iron oxide nanoparticles (SPIONs) have several features that 

make them promising for biomedical applications. The first feature is related to their 

size, which is smaller than 200 nm to provide easy penetration into cells [2]. The 

second feature is related with the surface properties of SPIONs, which allow easy 

functionalization with polymers and other materials. The third feature is 

superparamagnetism. SPIONs do not have any remnant magnetization when external 

magnetic field is removed [1]. The last feature is that their synthesis method, which 

should be reproducible, scalable and low cost [3]. Having these properties, SPIONs 

are used by scientists for various tissue engineering applications. 

 

SPIONs have been synthesized using conventional methods including chemical 

vapor condensation, co-precipitation, thermal decomposition, microemulsion, and 

etc [4]. Although there are many different techniques to synthesize SPIONs, these 

methods have some limitations which are:  

- complex synthesis methods,  

- expensive and large equipment space requirments,  

- fluctuation in synthesis conditions,  
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- insufficient control over synthesis process and  

- long processing times [5].  

Due to the limitations of conventional techniques, as stated in Table 1.1, an easy to 

manipulate technique is required for the efficient synthesis of high quality iron oxide 

nanoparticles. Owing to various advances in microfluidic synthesis of nanoparticles, 

most of the limitations in the conventional techniques has been overcome. With 

efficient control over particle size, microfluidic synthesis provides many benefits, 

including:  

- small capillary dimensions which results in higher surface area to volume 

ratio [6],  

- miniaturization of devices,  

- decreased analysis time,  

- reduced consumption of reagents,  

- increased portability [7],  

- formation of uniform and monodispersed particles with a high encapsulation 

efficiency [8].  

The parameters for reaction kinetic for each stage in the nanoparticle synthesis are 

important to obtain monodispersed nanoparticles.  

 

Table 1.1 Advantages and disadvantages of conventional synthesis techniques for 

SPIONs [4]  
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The stability and cytotoxicity of microfluidically synthesized SPIONs are important 

for drug delivery and imaging applications. Some studies show that SPIONs 

decreased the cell viability in a concentration-dependent manner in vitro [9]. For 

instance, Khalid et al. showed that SPIONs damaged the primary hippocampal 

neural cells at 500 µg/mL concentration [10]. Another study demonstrated that 

SPIONs had a cytotoxic effect on PC-12 cells when concentration of nanoparticles 

was greater than 100 µg/mL [11]. In addition to the toxicity of SPIONs, their stability 

is a crucial factor for their medical use. Although many different types of SPIONs 
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have been used for medical diagnosis and theraphy, SPIONs have several 

disadvantages regarding medical usage. For instance, SPIONs can agglomarate 

which may lead to, in the worst case, reduction or blockage the blood flow in our 

veins [10], [12]. To overcome these disadvantages, the stability of SPIONs should 

be improved with several types of coating materials.  

 

One approach to increase stability and decrease toxicity of SPIONs is to encapsulate 

them with natural or synthetic polymeric materials. In literature, there are various 

coating materials, including amorphous silica, polyethylene glycol, polyvinyl 

alcohol, gelatin, starch, dextran, liposomes, etc. [13]. Since coating materials should 

be biodegradable and biocompatible, chitosan is a promising choice to coat SPIONs. 

Furthermore, the chitosan backbone has many reactive functional groups, which 

allow the binding of various agents, and it can act as an anchor for conjugation of 

imaging agents. During synthesis, the chitosan coating layer was found to limit the 

growth of iron oxide core, stabilized these nanoparticles in aqueous medium through 

steric repulsion, and minimized the immune response against SPIONs in the body 

[14]. Another approach to decrase cytotoxicity of SPIONs is altering their physical 

properties. When their size and morphology are changed, their interaction with 

biological tissues differed. For example, nanoparticles having smaller size than 10 

nm can be easily removed by renal clearance, while particles larger than 200 nm can 

be concentrated in the spleen [15]. Furthermore, nanoparticles smaller than 2 nm are 

not appropriate for medical use because these nanoparticles might damage the cell 

membrane and intracellular organells [15]. The physical properties of SPIONs not 

only affect their cytotoxicity but also influence their antibacterial activity against 

pathogens.  

 

SPIONs can show antibacterial property against both gram positive and gram 

negative bacteria strains. Because of possessing very small size, they have high 

surface to volume ratio and high free energy content. To reduce their free energy, 

they might be interacted with cellular membranes to become stable entities. These 
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nanoparticles can interact with bacterial cells through hydrophobic and electrostatic 

interactions and they can pass through the bacterial cell walls [16]. Once they pass 

through the cell walls, they might generate reactive oxygen species even at low 

nanoparticle concentrations.  

 

In this study, Ch – SPIONs  were synthesized inside microfluidic channels to use 

them against biomedical device related infection. To understand the activity of these 

nanoparticles against infection, antibacterial activity and cytocompatibility of 

microfluidically synthesized Ch – SPIONs  were investigated in the absence and in 

the presence of a magnetic field and potential of these nanoparticles as a MRI 

contrast agent was explored. The antibacterial activity of nanoparticles was tested 

against Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. 

aeruginosa), both of which were the leading cause of tissue and device-related 

infections. Ch – SPIONs  were also interacted with bone cells (osteoblasts) to 

understand their cytotoxicity. The results identified these nanoparticles to be a 

potential candidate for the targeting and elimination of biofilm, and the magnetic 

resonance results of Ch – SPIONs were promising and they can potentially be used 

as a contrast agent.  

 

1.1 Research Objectives  

Although there are a few publications in literature on the microfluidic synthesis of 

Ch – SPIONs, there is no information on the biological properties of these 

nanoparticles for biomedical applications. Thus, the objective of this thesis is: 

• To synthesize monodisperse Ch – SPIONs nanoparticles via multistep 

microfluidic technique, 

• To characterize physical and chemical properties of the synthesized 

nanoparticles, 

• To assess if Ch – SPIONs can be visualized in MRI, 
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• To investigate their antibacterial activity with Staphylococcus aureus and 

Pseudomonas aeruginosa strains, and cytocompatibility with osteoblast cell 

line.
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CHAPTER 2  

2 LITERATURE REVIEW 

2.1 Biomedical Device-Related Infection 

Infection is major a problem that causes prolonged treatment durations, increased 

hospitalization costs, and risk lives of patients [17]. Researchers showed that overall 

rate of intensive care unit (ICU) infection was 27.6 % - 29 % per 1000 ICU days 

during a 10-year study in Poland [18]. Based on the published data, half of 

hospitalized patients were infected in ICUs. The most common microorganisms 

isolated at ICU are listed in Table 2.1. 

Table 2.1  Microorganisms which caused ICU infection [17], [18] 

Type of Microorganisms Percentage of rate of infection (%) 

Acinetobacter baumannii 25 

Staphylococci 15 

Escherichia coli 9 

Pseudomonas aeruginosa 8 

Klebsiella pneumaniae 7 

Candida albicans 6 

 

Aside from ICU, medical devices can also get infected. In the United States, the use 

of medical devices was associated with cause various diseases, such as pneumonia, 

bloodstream, and urinary tract infections [18], [19]. Another example for medical 

device infections is joint protheses. Although the infection rate of them is lower than 

that of other medical devices, i.e., catheters, their infection management is much 
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more difficult and expensive. Infections of devices used to treat heart diseases show 

the highest rate of mortality. All medical devices that are placed in the United States 

and their rate of infection is shown in Table 2.2. 

Table 2.2   The magnitude of the problems for the device related infections [19] 

    

Although the data listed in Table 2.2 belong to first insertion of the medical devices, 

the real number of patients is estimated to be higher than it is stated. These reasons 

are as follows: 

1) Reimplantation increases the rate of infection from 1 % to 3 % [21], 

2) Explanting part of the infected implant rather than all of it increases the 

infection rate [22], 

3) The use of low-quality implants during medical operations [21], 
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4) The formation of biofilm on medical devices enhances the infection rate due 

to the wrong implantation techniques, 

5) The use of antibiotics prior to appropriate diagnostic cultures causes possibly 

false negative results. 

Bacteria that colonize medical devices multiply and form biofilms that can be 

defined as aggregates of bacterial cells enclosed in a self-produced 

exopolysaccharide matrix to adhere to a surface [23]. Biofilm is a type of bacterial 

shield against biological attack [24]. Two of main biofilm forming bacteria are S. 

aureus and P. aeruginosa, and both strains induce severe diseases, as shown in Table 

2.3. 

Table 2.3 Pathogens that cause skeletal infectious [25] 

Species Upper  

Extremity 

Vertebral Trauma or fracture 

related 

Staphylococcus aureus 10-40 15-60 20-40 

Pseudomonas spp. ˂5 5-10 5-10 

Gram-negative 5-10 10-40 20 

Fungal ˂5 ˂5 ˂5 

 

Use of nanomaterials is growing in the fight against planktonic bacteria and biofilms 

[26]. For example, carbon-based nanoparticles, including graphene, carbon 

nanotubes [27], [28], and fullerenes, and metal-based nanoparticles, such as silver 

(Ag), iron oxide (Fe3O4), magnesium oxide (MgO), have shown antibacterial 

properties [26]. Furthermore, magnetic nanoparticles, specifically, SPIONs have 

bactericidal activity against both planktonic bacteria and biofilm – mass [29].  

2.2 Contrast Agents for Magnetic Resonance Imaging  

Magnetic resonance imaging (MRI) is a non-invasive imaging technique which is 

used to diagnose or stage human diseases [30], [31]. To obtain the clarity in MRI 
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images, contrast agents have been used since 1985. Contrast agents provide an 

improvement in image contrast between normal and disease tissue by changing the 

relaxation for protons of water molecules in tissues. MRI contrast agents are 

sensitive to three tissue parameters, namely proton density (𝜌), longitudinal 

relaxation (T1), and transverse relaxation (T2). When image sequences are sensitive 

𝜌, they are called proton density-weighed image. Similarly, when image sequences 

are sensitive to mainly T1 or T2 relaxation, they are called T1 or T2 relaxation 

weighted images [32]. They are categorized based on their effect on image, their 

magnetic behavior and biodistribution in the body [33].  Contrast agents can be 

divided into mainly two categories which are superparamagnetic and paramagnetic 

contrast agents [33].  

Superparamagnetic contrast agents constitute of mainly iron oxide nanoparticle core 

and various kinds of polymer coatings, such as dextran, starch, carboxydextran, 

chitosan, heparin, albumin, and polystyrene [33]. They can be relaxated T1 or T2 

relaxation times, if contrast agents have high r2 / r1 ratio, they are affected T2 and 

they are called T2 – agents or negative contrast agents. Contrast agents that have 

reverse condition (high r1 / r2) are called T1 – agents or positive contrast agents. 

While T1 – agents increase signal intensity, T2 – agents decrease signal intensity, 

providing darkened MR images [34] . Their relaxation behavior depends on the size 

of synthesized SPIONs, and SPIONs having smaller than 10 nm are negative contrast 

agents. Examples of T2 – agent SPIONs are shown in Table 2.4 [35]. 

Table 2.4 Industrial T2 – agent SPIONs [35]  
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Superparamagnetic contrast agents contain mainly superparamagnetic iron oxide 

nanoparticles (SPIONs), and they are divided into three categories based on their 

particle size (d).  

1) If d is smaller than 50 nm, they are called ultra-small SPIONs   

2) If d is bigger than 50 nm, they are called SPIONs  

3) If d is larger than 200 nm, they are called large particles [34]. 

Although the first and second categories can be used for intravenous administration, 

the last category is used for the gastrointestinal tract [35].  

As a contrast agent, when size and coating of SPIONs are altered, they can be 

designed as a tissue-specific contrast agent. For example, ferumoxide and 

ferucarbotran are liver-specific contrast agents due to their absorption by Kuppfer 

cells in the liver. Another example of its tissue-specific property is Ferumoxtran – 

10, which can be used in the blood pooling due to having a high circulation time 

[36]–[38]. Exemplary images are shown in Figure 2.1, where ferumoxytol was 
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injected as an intravenous contrast agent to central nervous system lymphoma area 

and it showed local and strong signal loss in that area after 24 h [38], [39].  

 

Figure 2.1 T2 – weighted images were obtained before and after 24 h ferumoxytol 

administration through lesion area [38], [39]. 

2.3 Synthesis of Superparamagnetic Iron Oxide Nanoparticles 

Among various fabrication techniques, microfluidic synthesis has gained popularity 

due to providing more control over size, size distribution, and morphology [40]. 

Briefly, a microfluidic platform utilizes micro or nanoscale production techniques to 

develop highly controllable fluidic synthesis environment [41]. Microfluidic 

synthesis comprises of droplet formation, followed by merging them in the channel. 

Via the surface tension and viscous forces in the channel, droplets of dispersed phase 

form. Continuous phase, which wets the channel and carries the dispersed phase 

droplets, surrounds the formed droplets, and eliminates their contact with the 

channel, which reduces clogging related issues. Mixing time, velocity of fluids and 

geometries of the microfluidic platform affect the size and size distribution of 

synthesized nanoparticles in this technique [41].  

In the synthesis of Ch – SPIONs in the microreactor, silicon oil was supplied to the 

channel to obtain hydrophobic channel surfaces prior to initiating the reaction. After 
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all channel surfaces were wetted with silicon oil, chitosan and iron chloride solutions 

were supplied and their droplets merged in the channel. While merging these 

nanoparticles, amine groups of chitosan capture Fe2+ and Fe3+ ions to form iron – 

chitosan complex before nucleation step. This complex acts as a barrier to the 

diffusion of iron ions during the growth phase, providing a smaller iron core and 

overall particle size [42]. Furthermore, when iron – chitosan complex reacts with 

ammonia solution, which adjust the pH, reaction takes place and color change was 

observed. The ammonia solution also improves homogeneity and prevents the 

formation of agglomeration during crystal growth [43]–[46]. 

There are many studies in the literature for production of various types of 

nanoparticles using microfluidic synthesis. For instance, Xu et al. produce PLGA 

droplets in PDMS channels by changing the flow rate of the continuous phase and 

the dispersed phase. These particles were monodispersed with sizes ranging from 10 

µm to 50 µm [47], [48]. Lee et al. [48], [49] and Carroll et al. [48], [50] synthesized 

ordered mesoporous silica nanoparticles in a microfluidic device. Geometry of the 

microfluidic channel, flow rate of the continuous and dispersed phase solutions, and 

the type of the continuous phase were controlled. Furthermore, Xu et al. reported 

that non – spherical particles, such as rod, ellipse, and disk-shaped particles, could 

be produced by increasing the volume of the droplets (in Figure 2.2). If volume of 

droplets exceeded that of the largest sphere, the droplet was deforming into a disk or 

an ellipsoid or a rod [48], [51].  
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Figure 2.2 SEM images of non-spherical particles which were synthesized 

with transparent mask. The scale bars are 10 µm [52].  

 

In this thesis,  ch – SPIONs composite nanoparticles will be synhtesized. Their 

properties will be characterized  using various analytical techniques. Their 

antibacterial performance and cytotoxicity will be assessed. In addition, their 

potential use as MRI  contrast agent will be evaluated.
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CHAPTER 3  

3 EXPERIMENTAL METHODS 

3.1 Materials 

All chemicals used in this work were analytical grade. Chitosan, ferric chloride 

hexahydrate (FeCl3.6H2O), ferrous chloride tetrahydrate (FeCl2.4H2O), acetic acid 

and ammonia (28%) were purchased from Sigma Aldrich. Polydimethylsiloxane was 

purchased from Sylgard 184 and SU – 8 2005 negative photoresist was purchased 

from Microresist. Syringe with needle (10 mL) and tubing were purchased from 

ISOLAB. Single and multichannel syringe pumps (New Era NE-1000) were used for 

the synthesis. Dulbecco’s Modified Eagle Medium (DMEM), penicillin-

streptomycin, fetal bovine serum (FBS) and trypsin-EDTA were purchased from 

Biological Industries (BI). 3- (4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT) was purchased from Abcam. Dimethyl sulfoxide 

(DMSO) and hexamethyldisilizane were purchased Sigma Aldrich. Tryptic Soy 

Broth (TSB) and agar were purchased from Merck.   

3.2 Device Fabrication 

Device fabrication and experiments were performed at the National Nanotechnology 

Research Center (UNAM) and microfluidic laboratory located in the Mechanical 

Engineering Department of Bilkent University.  

Microfluidic channels were fabricated in polydimethylsiloxane (PDMS) using the 

soft lithography technique. PDMS is the most useful elastomer for microfluidic 

reactors in soft litography. One of the main reasons for using PDMS is the ease of 

fabrication process, it is also less expensive than silicon or glass, and a more flexible 

and micrometer scale device can be reproduced with high fidelity in PDMS [7]. 
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Photolithography fabrication steps for the PDMS microreactor are as follows and 

shown in Figure 3.1, detailed information is stated in Appendix A and B. 

1-) The silicon wafer was cleaned using acetone, isopropyl alcohol, and water and 

dried with nitrogen; 

2-) Photoresist was coated by spin coating, 

3-) After the prebake step, the photoresist was exposed to UV light, 

4-) Channels were formed on the silicon wafer, 

5-) The silicon elastomer base and a curing agent in the ratio of 10:1 were mixed and 

poured into silicon wafer, and they were placed in the vacuum pump for 30 minutes, 

6-) They were placed in the oven at 80 °C, then the PDMS layer was peeled off, the 

inlet and outlet holes were opened and the glass slide to close the channel using 

plasma treatment [53].  

  

Figure 3.1  Fabrication steps of photolitography and bonding of PDMS glass slide    
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3.3 Particle Synthesis 

The synthesis route of Ch – SPIONs was optimized in previous study where a 

microreactor was utilized [53]. Before the experiment, iron, ammonia, and chitosan 

solutions were prepared which were used in the experiment. Firstly, 1.09 g Fe (III) 

Chloride and 0.4 g Fe (II) Chloride salts were weighted, and they were mixed with 

100 mL distilled water. Then, 0.75 g chitosan was dissolved in 100 mL of 0.3 % 

(v/v) acetic acid, and ammonia solution was diluted by distilled water. For SPIONs 

synthesis, iron and ammonia solutions were used. Additionally, for Ch – SPIONs, a 

chitosan solution was used while the iron and ammonia solutions were kept constant. 

Capillary tubing was used to transport from syringe pump to the inlet of PDMS 

device. In addition, an inverted microscope was used to monitor the process in the 

microchannel. The dimensions of microreactor channel were 150 µm x 100 µm, and 

the width of pillar structure was 335 µm. The angle of double tapered T – junction 

was 25 °.   Experimental set-up was shown in Figure 3.2. 
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Figure 3.2 Experimental Set-up: Syringe pumps were used to transfer solutions 

through capillary tubing.  

Since the surface of the device became hydrophilic, silicon oil was introduced to 

inlet of microchannel to obtain a hydrophobic surface. Oil was pumped to 

microreactor until whole reactor was filled, which facilitates the formation of 

droplets. After filling the whole device with oil, prepared solutions were supplied to 

channels and the formation of droplets were observed using an inverted microscopy. 

During nanoparticle synthesis, the alternating droplet formation of iron and chitosan 

solutions is crucial to form the iron – chitosan complex in the structure (Figure 3.3). 

During the production of droplets, the lower stream entered the channel and droplet 

from that stream formed. Then, the upper stream enters the main channel, and the 

droplet was generated from the upper stream. After producing these droplets, they 

were merged in the pillar which slows down the droplets and provides the droplet 

merging in the channel (Figure 3.4). After the iron and chitosan solutions, ammonia 

droplets interacted with merged droplets in the channel and SPIONs and Ch – 

SPIONs were collected at the outlet.  

PDMS device and microreactor channels were shown in Figure 3.3 and droplets 

merging in the pillar structure was shown in Figure 3.4. 
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Figure 3.3 Microfluidic PDMS device and microreactor channels. 

 

Figure 3.4 a) Droplet of iron chloride solution and chitosan solution in the pillar 
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structure before merging, b) and c) Merging of iron chloride droplet and chitosan 

droplet, d) After merging of these droplets in the pillar structure, iron-chitosan 

complex formed.    

3.4 Characterization of SPIONs and Ch – SPIONs  

3.4.1 Scanning Electron Microscopy (SEM) 

Particle morphology of SPIONs and Ch – SPIONs were investigated using FEI Nova 

Nano SEM 430 microscope (Brno, Czech Republic). 20 kV accelerating voltage was 

employed during image procurement. Prior to SEM imaging, a thin layer of gold 

coating was applied onto samples using Quorum SC7640 high-resolution sputter 

coater to create an electrically conductive pathway. 

3.4.2 Transmission Electron Microscopy (TEM) 

Internal structures of SPIONs and Ch – SPIONs were observed using cryo – 

transmission electron microscopy (CTEM) in bright field and selected area 

diffraction (SAED) modes (FEI TECNAI F30). Before analysis, both particles were 

dispersed in 2-propanol, 1µl of each solution was dropped on holey carbon coated 

copper grid and allowed to dry for 5 minutes.  

3.4.3 X-ray Diffraction (XRD) 

Crystallographic information of the SPIONs and Ch – SPIONs were obtained by 

Rigaku D/Max-2200 X-ray diffractometer (Tokyo, Japan) using monochromatic Cu 

Kα radiation (λ = 1.54 Å) at 40 kV and diffraction angles (2θ) from 10 ° to 90 ° were 

scanned with 2 °/min scanning rate.  
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3.4.4 Fourier Transform Infrared Spectrometer (FTIR) 

Chemical bonds present for the SPIONs and Ch – SPIONs nanoparticles were 

analyzed using Perkin Elmer 400 Fourier transform infrared spectrometer (Waltham, 

Massachusetts) preparing KBr pellets. The scanning range was 4000-400 cm-1 with 

4 cm-1 scanning rate.  

3.4.5 Vibrating Sample Magnetometer (VSM) 

300 mg of SPIONs and Ch – SPIONs were analyzed using Cryogenic Limited PPMS 

vibrating sample magnetometer. Both powders were packed in capsule container and 

their magnetization values were measured in the applied field range of -1 T to 1 T at 

298 K.  

3.4.6 Thermogravimetric Analysis (TGA) 

10 mg of dried specimens were heated at a rate of 10 °C/min under nitrogen 

atmosphere and analysis was carried out using TA Instruments SDT 650. Mass loss 

of SPIONs and Ch – SPIONs were plotted as percentage against temperature (100-

600 °C).  

3.4.7 Osteoblast Cell Interaction with SPIONs and Ch – SPIONs  

To evaluate the bone cell interactions of the particles, osteoblasts (hFOB, ATCC-

CRL 11372, passage number 11) were cultured using growth medium (DMEM 

supplemented with 10% fetal bovine serum (FBS), 1 % penicillin-streptomycin and 

1 % L-glutamine under standard cell culture conditions (5 % CO2 at 37 °C). Before 

the experiment, SPIONs and Ch – SPIONs were sterilized with 70 % (v / v) of 

ethanol and UV light. Osteoblasts were seeded at a density of 20.000 cells/cm2 and 

cultured for 24 h. Afterwards, media containing different concentrations of SPIONs, 
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and Ch – SPIONs were added onto cells and incubated up to 7 days in vitro. To 

assess the cytotoxicity of the particles, colorimetric analysis was performed using 

MTT assay. At 1st, 3rd, 5th and 7th days of culture, media was aspirated, and samples 

were washed with 1xPBS. 125 µL of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT) solution was added into each well and incubated for 4 h 

to form formazan crystals. To dissolve the formazan crystals, 125 µL of 2-propanol-

HCl solution was added to the wells. The optical density at 570 nm was measured 

using a Thermo Scientific Multiskan GO spectrophotometer. For magnetically 

stimulated samples, experiment was conducted at the same density of cells and same 

incubating conditions. The only difference was that cells were cultured and incubated 

under magnetic field up to 7 days in vitro. The experiment was conducted three times 

and three replicates were run each time. 

3.4.8 Antibacterial Properties of SPIONs and Ch – SPIONs  

Before the experiments samples were sterilized with 70 % (v/v) ethanol and UV 

light. Staphylococcus aureus (S. aureus) (ATCC 25923) and Pseudomonas 

aeruginosa (P. aeruginosa) (ATCC 27853) were used to assess antibacterial 

properties. Tryptic soy broth (TSB) was used as a culture media. The bacteria were 

streaked onto tryptic soy agar (TSA) plates to form colonies for 24 h. After 24 h, a 

single colony was taken from the agar plate and inoculated in 3 % (w/v) TSB and 

cultured for 18 h at 200 rpm. The density of the bacteria solution was adjusted with 

1xPBS to reach 0.5 in McFarland scale [42]. 100 µL of nanoparticle solution and 

100 µl of diluted bacteria solution were seeded into 96-well plates to give 10 g/L, 5 

g/L, 1 g/L, 0.5 g/L, 0.1 g/L, 0.05 g/L, and 0.01 g/L concentrations. The particles 

interacted with bacteria for 12, 24, and 48 h. During incubation, both magnetic plates 

and non-magnetic plates were used to investigate the influence of magnetization on 

bacteria. At these time points, the cultured sample solutions were diluted with 1xPBS 

up to 5 logs and seeded on sterile TSA plates. Seeded plates were incubated at 35 °C 

for 24 h and the colonies were counted. For the biofilm experiments, a similar 
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procedure was followed. Bacteria solution adjusted to be at 0.5 in McFarland scale 

was added into 96-well plates and incubated for 24 h to form a biofilm. After this 

step, the medium was discarded and 200 µL of TSB containing nanoparticles was 

added to the biofilms. To understand the interaction of bacteria and magnetic 

nanoparticles under a magnetic field, magnetic plates were used after nanoparticles 

onto biofilms. After 24 h incubation period, TSB was gently discarded. 200 µl of 0.1 

% (w/v) crystal violet (CV) dye was added to each well and incubated for 15 min. 

Subsequently, each well was washed with 1xPBS and air dried in the dark room. To 

dissolve CV, 99 % (v/v) ethanol was put into each well and incubated for 15 min. 

The optical density at 600 nm was recorded using Thermo Scientific Multiskan GO 

spectrophotometer. The experiment was done three times with each at least four 

samples. 

3.4.9 Magnetic Field Simulation 

For cell culture and antibacterial assay, a magnetic plate was printed and the 

magnetic field strength within the individual well was computed using a stationary 

solver in COMSOL Multiphysics version 5.5. As shown in Figure 3.5 and Figure 

3.6, a 3D model of the plate was used with 24 permanent magnets placed under the 

wells as a 4x6 grid with 18mm center-to-center distances, leaving an empty well 

along both directions. The permanent magnets were N35 grade, with 5.06 mm 

diameter and 1.02 mm thickness. The magnetic field strength in the sample 

containers placed within the wells were computed. 
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Figure 3.5 a) 3-D printed magnetic plate and b) magnetic plate system which was 

used for biological tests. 

 

Figure 3.6 Schematic representation of a) magnetic cell culture plate that used for 

cell viability assay and antibacterial test, b) osteoblast cells with SPIONs (black 

particles) and with Ch – SPIONs (orange particles) under magnetic field, c) Magnetic 

field strength of neodymium magnets, which were used to produce magnetic field 

for cell culture and antibacterial assay in x, y, and z directions. 

3.4.10 MRI Contrast Agent Performance  

SPIONs reduce both the relaxation times of T1 and T2 of the surrounding medium, 

with increasing SPIONs concentrations causing a greater reduction. Magnetic 

resonance contrast performance is measured through relaxivities r1 and r2, which 

quantify the reduction in relaxation times for the unit concentration of the contrast 

agent. Accordingly, larger r1 and r2 indicate better performance as MRI contrast 

agent. Typically for SPIONs, the reduction in T2 has a more significant effect than 

the reduction in T1. As a result, SPIONs typically reduce the MRI signal around 

them, demonstrating a negative contrast effect.   

To evaluate their contrast agent performance, the relaxivities r1 and r2 of Ch – 

SPIONs were measured on a 3 T magnetic resonance imaging scanner (Siemens 

Magnetom Trio) using a 32-channel head coil.  For these experiments, a series of Ch 

– SPIONs were prepared in 1.5 mL vials at 7 different iron concentrations: C = [0.68 
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1.37 2.05 2.74 4.10 5.47 6.84] mM, as shown in Figure 3.7. For measuring r1, a turbo 

spin echo inversion recovery sequence was utilized, and T1-weighted imaging was 

performed at 12 different inversion times (TI) ranging between 24-1900 ms, with 

TR/TE = 2000/12 ms. For measuring r2, a single echo spin echo sequence was 

utilized, and T2-weighted imaging was performed at 12 different echo times (TE) 

ranging between 10-800 ms, with TR = 3000 ms. Other imaging parameters that 

were kept common for these two sequences were 12x12 cm2 FOV, and 4 mm slice 

thickness. The acquisition matrix was 256x256 for T1-weighted imaging and 

128x102 for T2-weighted imaging. 

 

Figure 3.7 Seven different iron concentration of Ch – SPIONs which were used in 

MR imaging.   

The images were analyzed using an in-house MATLAB (Mathworks, Natick, MA) 

script. A fixed size region of interest (ROI) was drawn and placed over the relevant 

image region of each vial. First, the T1 value for each sample at each TI was 

determined using the following inversion recovery equation:  

S=S0(1-2
e-TI T1⁄

+e-TI T1⁄ ) 

Likewise, the T2 value for each sample at each TE was determined using the 

following mono exponential decay equation:  
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S=S0e-TE T2⁄  

To determine r1 and r2, the inverses of T1 and T2 as functions of concentration were 

fitted to linear curves, respectively: 

1

T1

= 
1

T1,0

+r1C 

1

T2

= 
1

T2,0

+r2C 

Here, r1 and r2 are the slopes of the linear fits corresponding to the relaxavities, and 

T1,0 and T2,0 are the y-intercepts of the fits corresponding to the relaxation times of 

the medium in the absence of Ch – SPIONs. 

3.4.11 Statistical Analysis 

The results were calculated as mean ± standard deviation. statistical analysis was 

carried out with ANOVA using Tukey’s post-hoc test with significance based on 

*p ≤ 0.05 in SPSS software. 
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CHAPTER 4  

4 RESULTS AND DISCUSSION 

SPIONs and Ch – SPIONs were synthesized using a multistep microfluidic 

procedure shown in the Figure 4.1 in microfluidic system. During synthesis of these 

nanoparticles, silicon oil was used as a continous phase to break down the dispersed 

phase, namely iron salt solution and chitosan solution, droplets formed in the 

channel. Each droplet of iron solution and chitosan solution were merged at the pillar 

structure as shown in previous section in Figure 3.4. A droplet of ammonia solution 

was then merged into this mixture of iron chloride and chitosan solution to undergo 

a reaction. Formed nanoparticles collected outlet of the device. The device properties 

which affect particle size, particle formation, their biological interaction with 

osteoblast cells, S. aureus, P. aeruginosa, and MRI contrast performance were 

individually examined under the following headings. 

 

Figure 4.1  Microfluidic synthesis procedure of both SPIONs and Ch – SPIONs . 
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4.1 Synthesis of SPIONs and Ch – SPIONs    

To synthesize SPIONs and Ch – SPIONs, PDMS microreactor was fabricated using 

soft lithography. The flow rate of continuous phase (silicon oil) affects the size of 

droplets of dispersed phase. Droplets of iron chloride and chitosan solutions merged 

in the pillar. Pillar in the microfluidic channel provided the expansion of the width 

of channel from 150 µm to 350 µm, formed dispersed phase droplets slowed down 

and merged. When these droplets merged in the pillar, Fe2+ and Fe3+ ions captured 

by amino groups of chitosan and chitosan – iron complex formed [42]. Due to this 

chelating effect, the chitosan layer acted as a controller of the crystallite size of iron 

core [42]. Since the Fe – chitosan complex formed before nucleation, this complex 

controlled iron ion diffusion during the growth phase of the particles, providing a 

narrow size distribution and small diameter [43]. After forming Fe – chitosan 

complex, ammonia provides the crystallization reaction of SPIONs and Ch – SPIONs  

to occur, improves the homogeneity and prevents the formation of agglomerates 

during crystal growth. As particles formed, color change was observed in the 

droplets. This multi-step procedure in a microreactor gave more opportunity to 

control the physicochemical properties of nanoparticles and reaction kinetics during 

synthesis [44]–[46]. The size and shape of the synthesized nanoparticles were 

analyzed using SEM and TEM as shown in Figure 4.3. In SEM images, the shapes 

of both particles were spherical and their surface chemistry was analyzed using 

energy dispersive X-ray spectroscopy (EDAX). Ch – SPIONs  had higher amount of 

carbon element (34.56 % wt.) than SPIONs (2.46 % wt.) ones, where the source of 

carbon was from the tape material on which the sample was placed. At the same 

time, the amount of iron element decreased from 77.38 % by weight to 39.94 % by 

weight as shown in Figure 4.3. Because the synthesized particles had very small size 

and outstanding magnetization, the clear shape and size distribution of them were 

investigated using CTEM. Based on the images obtained, the average diameters of 

the SPIONs were 6.8 ± 0.6 nm, while the average diameters of the Ch – SPIONs 

were 8.8 ± 1.2 nm, as shown in Table 4.1. When obtained particle sizes were 
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analyzed, SPIONs and Ch – SPIONs  had uniform size distribution with average size 

range 8.8 ± 1.2  nm. The suspension of SPIONs in water or in ethanol was unstable 

and these nanoparticles agglomerated approximately 60 minutes due to the highly 

attractive forces, which were Van Der Waals and the magnetic dipole forces between 

the nanoparticles, stabilization of SPIONs and Ch – SPIONs nanoparticles was 

shown in Figure 4.2 [13]. Since SPIONs did not have charge on their surfaces at pH 

= 6 – 8, they had a tendency to agglomerate in aqueous medium at neutral pH [54], 

[55]. However, coating SPIONs with chitosan provided additional surface charge to 

SPIONs, and thus induced both electrostatic and steric repulsion between 

nanoparticles in medium [56], [57] . So, chitosan layer provides stabilization of 

SPIONs for long time and Ch – SPIONs ones showed better stability in medium for 

MRI application. The thermal stability of SPIONs and Ch – SPIONs was 

investigated up to 600 °C with thermogravimetric analysis, as shown in Figure 4.4c. 

When SPIONs heated from 25 °C to 600 °C, first, physically, and chemically bond 

water occurred between 25 °C – 200 °C. Then, the conversion of magnetite to 

maghemite occurred between 200 °C – 300 °C, further phase transformation of the 

SPIONs occurred between 300 °C – 600 ° C. Obtained results are in line with the 

findings of literature [58]. Based on the TGA curves, Ch – SPIONs also had three 

decomposition stages; the first occurred between 25 ° C and 156 °C, the second 

occurred between 156 ° C and 400 ° C, and the third occurred between 400 °C – 600 

°C [59]. In the first stage, the mass loss of chitosan was approximately 7.2 % by 

weight due to the removal of adsorbed water. In the second stage, decomposition of 

chitosan took place with a total mass loss of 26.1 % wt. due to the deacetylation of 

chitosan and cleavage of glycoside bonds via dehydration and deamination [59]–

[61]. Weight loss after 400 ° C could be explained by the thermal devastation of the 

pyranose ring, which resulted in the production of formic acid and butyric acid [61]. 

While total weight loss of Ch – SPIONs  was nearly 30.4 %, while the weight loss 

of SPIONs was nearly 11.9 %. Since Ch – SPIONs  had a higher amount of weight 

loss than SPIONs, TGA results further confirmed the presence of a considerable 

amount of chitosan on the surfaces of SPIONs. 
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Figure 4.2 Aggregation behavior of SPIONs and Ch – SPIONs at different points, 

t=0, 10, 20, 30, 60, 90, 120 minutes. 
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Figure 4.3 SEM and TEM images of a,c) SPIONs, b,d) Ch – SPIONs . Diffraction 

pattern of e) SPIONs and f) Ch – SPIONs . EDX of g) SPIONs and h) Ch – SPIONs. 

Table 4.1 The size and zeta potentail of both SPIONs and Ch – SPIONs   

 Size (nm) Zeta Potential (mV) 

SPIONs 6.80±0.55 -19.77±1.06 

Ch - SPIONs 8.78±1.23 23.7±0.55 

 

To investigate the crystal structure of both nanoparticles, XRD diffractogram was 

analyzed and it was shown in Figure 4.4a. The observed peaks of SPIONs were at 

2θ = 30.25°, 35.58°, 43.17°, 53.46°, 57.13°, 62.72°, 70.96°, 74.08°, 79.32° and 

87.11°(JCPDS – 19-0629) [62]. These peaks were in agreement with the standard 

pattern of spinel-shaped crystalline magnetite [56], [62]. For Ch – SPIONs , the 

relative intensities of characteristic peaks changed but chitosan coating did not affect 

the crystalline structure of magnetite.  

SPIONs and Ch – SPIONs were characterized using FTIR spectra to understand their 

absorption bands of them in 4000 – 500 cm-1 as shown in Figure 4.4b. Both SPIONs 
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and Ch – SPIONs had a peak at around 572 cm-1, which was the Fe-O stretching 

vibration of the the tetrahedral sites of spinel structure [63]. This peak confirmed the 

presence of Fe3O4 in Ch - SPIONs. The peak at 872 cm-1 was Fe – O stretching 

vibration, which was only found in SPIONs. The peaks 1383 cm-1 and 1058 cm-1 

were stretching vibrations of the -CO-CN- and ether group of C-O in chitosan, 

respectively [63]–[65] . The peaks at 3429 and 1627 cm-1 were stretching and 

bending of the OH group of water that was adsorbed by the nanoparticles [66]. 

The superparamagnetic behaviour of SPIONs and Ch – SPIONs  were analyzed using 

VSM. When synthesized nanoparticles are small enough, they demonstrate 

superparamagnetic behaviour [67]. For biomedical application, this behaviour is 

preferred because their remnant magnetization is zero when external magnetization 

is removed [68], [69]. This implies that these nanoparticles do not agglomerate or 

cause clogging in the blood stream due to the absence of coercive force or remnance 

[70]. The magnetization behavior of synthesized both nanoparticles is shown in 

Figure 4.4d, the magnetization saturation of SPIONs and Ch – SPIONs  were 54.82 

emu/g and 31.98 emu/g, respectively. Both had a superparamagnetic nature, yet Ch 

– SPIONs particles had lower magnetization value due to the coating layer.   
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Figure 4.4  a) XRD graph b) FTIR spectra c) TGA gravimetric diagram d) VSM 

graph of SPIONs and Ch – SPIONs . 

4.2 Osteoblast Interaction of SPIONs and Ch – SPIONs  

MTT assay was used to measure cell viability of osteoblast cells with SPIONs and 

Ch – SPIONs  nanoparticles (particle concentration: 10 g/L, 5 g/L, 1 g/L, 0.5 g/L, 

0.1 g/L). Both SPIONs and Ch – SPIONs nanoparticles interacted with osteoblast 

cells for up to 7 days. As a control sample, cells were seeded in 96-well plates and 

were well grown up to 7 days without nanoparticles. Five different concentrations of 

SPIONs and Ch – SPIONs  cultured into the 96-well plates. For both types of DMEM 

with nanoparticles, the highest concentration of them had the lowest optical density. 

While decreasing the concentration of DMEM with nanoparticles, cell proliferation 

increased (Figure 4.5 – Figure 4.6). Ch – SPIONs samples had less viable cells than 

SPIONs samples. MTT test was carried out in the absence and in the presence of an 

external static magnetic field. Up to 0.5 g/L concentration, cell proliferation 
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promoted at 1st, 3rd ,5th and 7th days. However, at high concentration of nanoparticles, 

cell proliferation decreased due to the high surface area to volume ratio, composition, 

surface coating and overall charge [71].  

The interaction between nanoparticles and cells also depends on the size, 

concentration, and synthesis method [72]. Each effect on various cells specifically 

osteoblast cells was examined in this section. Nanoparticles with small size provide 

the internalization through the cells easily and size designates the level of toxicity on 

cells. Elbakry et al. explained that smaller size (20 nm) can easily penetrate CHO-

K1 and HeLa cells compare to larger particle sizes (30, 50, 80 nm) [73]. Additionally, 

nanoparticles of smaller size leads to more interaction areas that might induce 

cytotoxicity. For example, gold nanoparticles having 1.4 nm size showed greater 

toxicity on cells at 30 µM – 56 µM while particles of 15 nm size were nontoxic at 

60 – fold higher concentration [74]. Therefore, SPIONs had a higher mass toxicity 

in osteoblast cells [75]. In addition, toxicity of SPIONs depends on concentration of 

particles. A study stated that low concentration of nanoparticles (20 µg/mL) 

promoted osteoblast cells while high concentration (> 200 µg/mL) decreased the cell 

proliferation [72]. Thus, our study showed that osteoblast cell proliferation increased 

when particle concentration decreased from 1 g/L to 0.1 g/L concentration. Other 

factors which effect the internalization of SPIONs through cells are coating, surface 

charge of synthesized particles. Chitosan coating ensured the stability of produced 

particles, while at the same time the cell membrane of osteoblast cells showed higher 

permeability to Ch – SPIONs  because of the positive charge on the chitosan layer 

[76]. Chitosan which was used in this study had low molecular weight (50-190 kDa) 

and high acetylation degree (75-85 %), thus Ch – SPIONs  caused lower osteoblast 

cells proliferation compared to SPIONs. In Figure 4.5, Ch – SPIONs nanoparticles 

had half of osteoblast proliferation compared to SPIONs. 

For the experiments conducted in the absence of external magnetic field (Figure 4.5a 

and 4.5c), results showed that hFOBs successfully proliferated up to 7 days in vitro 

upon the interaction with nanoparticles independent of the presence of chitosan  and 

particle concentration. For both SPIONs and Ch – SPIONs , the highest nanoparticle 
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concentration exhibited the lowest viability of hFOBs. Decreasing the concentration 

of the nanoparticles increased cellular viability in a dose-dependent manner. 

Interestingly, SPIONs promoted higher viability of hFOB than Ch – SPIONs . 

Similar trends were also observed when hFOB – nanoparticle interactions occurred 

in the presence of an external static magnetic field (Figures 4.5b and 4.5d). Both 

SPIONs and Ch – SPIONs  showed dose-dependent hFOB viability [72] . Although 

hFOB proliferation was promoted for SPIONs in the presence of magnetic field for 

all nanoparticle concentrations up to 7 days, high Ch – SPIONs concentrations (10 

g/L) compromised hFOB viability. At 3rd day, hFOB cell viability increased 5 times 

at 10g/L of SPIONs concentration in the presence of magnetic field compared to 

hFOB which were cultured in the absence of magnetic field. At the lowest 

concentration of Ch – SPIONs  (0.1 g/L), cell viability of hFOB 1.2 times increased 

in the presence of magnetic field when compared to absence of magnetic field. 

Furthermore, on day 7th, hFOB cell viability increased 1.5 times at a concentration 

of Ch – SPIONs of 0.1 g/L in the presence of magnetic field when compared to hFOB 

which were cultured in the absence of a magnetic field (Figure 4.5). Thus, the 

presence of a magnetic field increased the viability of the hFOB up to 7 days for both 

nanoparticles. Figures 4.7 (a-d) showed the hFOB morphologies in the presence and 

absence of an external static magnetic field. We observed that hFOBs which were 

interacted with SPIONs and Ch – SPIONs  are well spread and appeared healthy. 
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Figure 4.5 Osteoblast (hFOB) cells proliferation without magnetic field for a) 

SPIONs and c) Ch – SPIONs , with magnetic field for b) SPIONs and d) Ch – 

SPIONs  up to 7 days. Values are mean ± SD (n=3), *p< 0.05, **p< 0.01, ***p< 

0.005. 
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Figure 4.6 Comparison of hFOB proliferation in the absence and in the presence of 

magnetic field at 10, 5, 1, 0.5, 0.1 g/L of concentration for a) day 1, b) day 3, c) day 

5, and d) day 7. Values are mean ± SD (n=3), *p< 0.05, **p< 0.01. 
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Figure 4.7 SEM images of hFOB cells on nanoparticles a) SPIONs, b) Ch – SPIONs  

in the absence of magnetic field, c) SPIONs and d) Ch – coated SPIONs in the 

presence of magnetic field. Scale bars are 20 μm.  

4.3 Antibacterial Properties of SPIONs and Ch – SPIONs  

The antibacterial test was performed with S. aureus and P. aeruginosa bacteria. The 

diluted bacteria solution at a density of 0.5 McFarland [77] and 0.3 % (v/v) 

concentration of TSB with nanoparticles were seeded in a 96-well plate at the same 

time for the colony count assay which was performed at three different time points 

which were 12, 24 and 48 h (Figure 4.8 and Figure 4.9). Both SPIONs and Ch-

SPIONs nanoparticles had an antibacterial activity compared to control samples that 

had no particles. Ch – SPIONs and SPIONs interacted with magnetic and no 

magnetic plates during incubation for all time points. Results showed that both 

SPIONs and Ch – SPIONs, independent of the presence of a chitosan, had an 

antibacterial activity compared to control samples which had no nanoparticles. All 

concentrations of SPIONs and Ch – SPIONs led to a significant reduction in the 

number of colonies against both P. aeruginosa and S. aureus after 12, 24, and 48h. 

Similar to the cytotoxicity experiments, concentration-dependent decrease in 

bacteria growth was observed in both strains for both SPIONs and Ch – SPIONs. 

The colony growth of S. aureus decreased by 52 %, and of P. aeruginosa, colony 

growth was decreased by 47% compared to TCPS control which had no 

nanoparticles for 48 h in the absence of magnetic field. The antibacterial effect of 

nanoparticles these bacteria strains could be explained with surface charge – based 

attraction between the nanoparticles and the bacteria. The positively charged Ch – 

SPIONs was observed to destroy the negatively charged bacterial strains due to 

electrostatic attraction [78]. Electrostatic interaction might cause the production of 

reactive oxygen species (ROS) for both SPIONs and Ch – SPIONs [3], [29], [79]. 

To produce a high amount of ROS, a higher nanoparticle concentration and stronger 

nanoparticle-bacteria interaction can be used in the antibacterial assay. When Ch – 
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SPIONs interacted with both bacteria strains, they were shown to generate higher 

amounts of radical formation than the SPIONs due to formation of oxidative stress 

[80]. In the absence of magnetic field, Ch – SPIONs showed better antibacterial 

property for all concentrations for all time points. For example, Ch – SPIONs 

decreased the number of S. aureus colonies by 57 % while SPIONs decreased the 

number of colonies by 22 % at 0.01 g/L of concentration for 12 h. Furthermore, Ch 

– SPIONs decreased the number of colonies of S. aureus by 93 % while SPIONs 

decreased the number of colonies by 80 % at 10 g/L concentration for 24 h. In the 

case of P. aeruginosa, in the absence of a magnetic field, Ch – SPIONs decreased 

the number of colonies by 35 % while SPIONs decreased the number of P. 

aeruginosa colonies by 23 % at 0.01 g/L of concentration for 12 h. For 48 h, Ch – 

SPIONs decreased the number of P. aeruginosa colonies 47 % when compared to 

TCPS control, which had no nanoparticles. Thus, Ch – SPIONs showed better 

antibacterial activity against S. aureus for 12 h, 24 h in the absence of magnetic field. 

In the presence of magnetic field (Figure 4.9), all experimental concentrations of Ch 

– SPIONs led to approximately 1-log reduction in the number of colonies against 

both P. aeruginosa and S. aureus after 12, 24, and 48 h. For S. aureus and P. 

aeruginosa bacteria colonies were shown in Figure 4.10. Similar to bacteria growth 

results in the absence of magnetic field, concentration dependent decrease in bacteria 

growth was observed for both strains upon their interaction with SPIONs and Ch – 

SPIONs in the presence of magnetic field. S. aureus decreased by 53 % for 48 h, and 

the colony growth of P. aeruginosa decreased by 41 % for 24 h compared to absence 

of magnetic field. It is important to note that the decrease in bacteria colonies was 

much more significant in the presence of a magnetic field. For instance, when S. 

aureus interacted with Ch – SPIONs in the absence of magnetic field, the number of 

colonies was decreased by 57 % when compared to TCPS control samples at 0.1 g/L 

of concentration for 12 h. However, in the presence of magnetic field, the number of 

colonies of S. aureus decreased by 82 % when compared to TCPS control at 0.1 g/L 

of concentration for 12 h. In the case of P. aeruginosa, Ch – SPIONs caused a 9-fold 

reduction in the presence of magnetic field compared to in the absence of magnetic 
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field at 0.01 g/L of concentration for 48 h. Additionally, Ch – SPIONs decreased the 

P. aeruginosa colony growth by 95 % at 10 g/L of concentration for 12 h when 

compared to TCPS control. Thus, the influence of external static magnetic field was 

more pronounced for S. aureus than P. aeruginosa. For instance, Ch – SPIONs 

decreased the S. aureus growth rate by 53 %, while it decreased the P. aeruginosa 

growth rate by 25 % at 0.01 g/L of concentration for 48 h. Although there are a few 

studies on the use of static magnetic fields in antibacterial tests, Kamel et al. stated 

that the presence of a magnetic field interfered with the surface charge of the 

bacterial membrane [81]. Additionally, the effect of the presence of static magnetic 

field on bacterial strains can be explained three mechanisms which are ion 

interference mechanism, free radical theory, and membrane theory [82]. Based on 

these three theories, the static magnetic field can change the binding state of the ion 

– protein complex or produce free radicals that are deadly for bacteria 

macromolecules or cause molecular rotation in the bacterial membrane due to the 

presence of diamagnetic anisotropy molecules [82]. This molecular rotation 

influences the ion channels and ion mobility in bacteria [82]. The enhanced decrease 

in bacteria colonies was likely caused by bacterial membrane disruption due to 

combination of magnetic field with nanoparticles. Since magnetic field created more 

openings on the bacterial cell wall, higher number of nanoparticles could enter 

bacteria and the antibacterial activity enhanced [83]. 

The growth of P. aeruginosa and S. aureus after their interaction with all 

concentrations (10, 5, 1, 0.5, 0.1, 0.05, 0.01 g/L) of SPIONs and Ch – SPIONs were 

tested with CV staining. Nanoparticles interacted with S. aureus and P. aeruginosa 

in the presence and in the absence of magnetic field as shown in Figure 4.11(a-d). 

When both nanoparticles were tested with S. aureus, Ch – SPIONs were observed to 

decrease existing biofilm more than the SPIONs. For instance, S. aureus biofilm 

mass was decreased by 46 % at concentration of 10 g/L when compared to control 

sample. Furthermore, although S. aureus was interacted with the lowest 

concentration of nanoparticles (0.01 g/L), Ch – SPIONs decreased by 30 % when 

compared to control which did not have nanoparticles. When both nanoparticles 
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interacted with P. aeruginosa, they both reduced biofilm growth compared to 

nanoparticle free bacteria controls. Importantly, when nanoparticles were compared 

to each other, Ch – SPIONs were observed to be more effective than the SPIONs. 

For instance, Ch – SPIONs decreased the existence of P. aeruginosa biofilm mass 

by 70 % in the absence of magnetic field at a concentration of 5 g/L while SPIONs 

decreased biofilm mass by 62 % compared to control. Although the lowest 

concentration (0.01 g/L) of Ch – SPIONs were used against P. aeruginosa, the 

biofilm mass was decreased by 19 % in the absence of magnetic field when compared 

to the control. The inhibitory effect of nanoparticles on the existing biofilms of P. 

aeruginosa and S. aureus could be correlated with size and shape of nanoparticles 

together with electrostatic interaction. In the presence of magnetic field, Ch – 

SPIONs showed 25 % loss of biofilm formation against P. aeruginosa for each tested 

concentration when compared to absence of magnetic field. Furthermore, Ch – 

SPIONs caused S. aureus biofilm by 46 % when compared to the control. At 0.001 

g/L of Ch – SPIONs concentration, the reduction in the mass of the S. aureus biofilm 

was decreased by 31 % when compared to the control. To decrease the existence 

biofilm mass, nanoparticles should penetrate bacteria [3]. Xu et al. studied the 

change in thickness of the S. aureus biofilm mass under a magnetic field [84]. The 

presence of a magnetic field provided a deeper penetration into the biofilm mass, 

since S. aureus caused an acidic environment, nanoparticles degraded, and ions 

caused bacteria to die [84]. 
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Figure 4.8 Schematic representation of seven different concentrations of TSB with 

a) SPIONs (black) and b) Ch – SPIONs (orange) without magnetic field. Number of 

colonies for SPIONs against c) S. aureus, d) P. aeruginosa and Ch – SPIONs against 

e) S. aureus, f) P. aeruginosa at seven different concentrations for 12, 24 and 48 h 

were shown. Values are mean ± SD (n=3), *p< 0.05, **p< 0.01, ***p< 0.005.    
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Figure 4.9 Schematic representation of seven different concentrations of TSB with 

a) SPIONs (black) and b) Ch – SPIONs (orange) with magnetic field. Number of 

colonies for SPIONs against c) S. aureus, d) P. aeruginosa and Ch – SPIONs against 

e) S. aureus, f) P. aeruginosa at seven different concentrations for 12, 24 and 48 h 

were shown. Values are mean ± SD (n=3), *p< 0.05, **p< 0.01, ***p< 0.005.  
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Figure 4.10 S. aureus colonies with a) SPIONs, b) Ch – SPIONs at and P. aeruginosa 

colonies with c) SPIONs, d) Ch – SPIONs and S. aureus colonies with e) SPIONs, 

f) Ch – SPIONs at and P. aeruginosa colonies with g) SPIONs, h) Ch – SPIONs at 

0.0001 mg/mL concentration growing on agar plate with magnetic field.  
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Figure 4.11 Biofilm assay performed for all concentrations of SPIONs and Ch – 

SPIONs up to 24 h without magnetic field against a) S. aureus and b) P. aeruginosa 

and with magnetic field against c) S. aureus and d) P. aeruginosa. Values are mean 

± SD (n=3), *p< 0.05. 

4.4 MRI Contrast Performance of Synthesized Nanoparticles 

MRI contrast performance evaluations for Ch – SPIONs  are displayed in Figure 

4.12, together with example T1- and T2-weighted MRI images. According to the 

linear fits in Figure 4.12, the relaxivities measured at 3 T for Ch – SPIONs  were r1 
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= 0.428 mM-1 s-1 and r2 = 7.764 mM-1 s-1. Similar experiments were also performed 

for SPIONs. However, due to their colloidal instability in water, SPIONs 

immediately agglomerated at the bottom of the vials, rendering MRI relaxivity 

measurements impractical. In contrast Ch – SPIONs  displayed good colloidal 

stability at various concentrations, as reflected by the small error bars and excellent 

linear fits in Figure 4.12 These results show that Ch – SPIONs  have relatively high 

r2 relaxivities comparable to those in the literature [85] , and a moderate-to-low r1 

relaxivity. Therefore, Ch – SPIONs is dominantly acting as negative contrast agents 

in MRI, providing improved visibility by reducing the MRI signal of the tissues 

around them.  

 

Figure 4.12 a) Example T1-weighted and T2-weighted MRI images at 3 T. Measured 

relaxivities were b) r1 = 0.428 mM-1 s-1 and c) r2 = 7.764 mM-1 s-1 for Ch – SPIONs 

at 3 T. Graphics display the change in the inverse of T1 and T2 relaxation times as a 

function of iron concentration, for C= [0.68, 1.37, 2.05, 2.74, 4.10, 5.47, 6.84] mM. 

The error bars designated mean and standard deviation relaxation rates over all pixels 

in ROIs, dashed line showed linear fit to all data points. 
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5 CONCLUSION AND FUTURE WORK 

The destruction of biofilm is crucial for the treatment of infection. Since bacteria 

gained resisstance to commnly-used antibacterial agents,  the usage of antibacterial 

nanoparticles against bacterial infection can be a new strategy. Novel properties of 

nanoparticles include their magnetization behaviour, physical and biological 

features. This thesis has explained the synthesis of SPIONs and Ch-SPION 

nanoparticles using microfluidic channels to assess their antibacterial properties and 

use them as a contrast agent in MRI. Since amino groups of chitosan captured the 

iron ions during syntehsis of Ch - SPIONs, small nanoparticles formed. Using a 

microreactor during both SPIONs and Ch – SPIONs synthesis provided control on 

the reaction kinetics and physicochemical properties of the nanoparticles. While the 

size of SPIONs was 6.8 ± 0.6 nm, the size of Ch – SPIONs particles were 8.8 ± 1.2 

nm. SPIONs did not stabilize in aqueous medium because they had highly attractive 

Van der Walls and magnetic dipole forces, so they agglomerated. However, Ch – 

SPIONs  were stabile in the medium. Thus, Ch – SPIONs can be used as a contrast 

agent in magnetic resonance imaging.  

The toxicity of synthesized SPIONs and Ch-SPIONs has been studied with 

osteoblast cells in the presence and absence of external static magnetic field. Though 

cells proliferated up to 7 days under both condition, SPIONs had higher number of 

viable cells than Ch – SPIONs, potentially due to the degree of acetylation and 

molecular weight of chitosan which affected cytocompatibility of the nanoparticles. 

In addition, minimal effect was observed in cell viability upon the application of 

magnetic field.  

The antibacterial activity of the nanoparticles was studied against S. aureus and P. 

aeruginosa strains in the presence and absence of a magnetic field. Ch – SPIONs 

showed better antibacterial activity against both gram positive and gram negative 
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strains due to the polycationic surface charge and the small size of the nanoparticles. 

When Ch – SPIONs  showed up to 5 – fold reduction at 0.001 concentration of 

nanoparticles at 48 h against both bacteria strains under magnetic field, they showed 

up to 2 – fold decreased in colonies at the sam condition in the absence of a magnetic 

field during incubation. Additionally, Ch – SPIONs decreased 25 %  of biomass 

against both bacteria for 24 h under magnetic field compared to no magnetic 

condition.  

The MRI contrast agent performance of the SPIONs was measured on a 3 T MRI 

scanner. Ch – SPIONs successfully acted as a negative contrast agent in MRI and 

displayed good colloidal stability.  

Thus, synthesized Ch – SPIONs nanoparticles in a microreactor were successful 

candidates as an antibacterial agent to destroy existing biofilm and contrast agent for 

MRI application.  

 

Apart from these findings, there are some points that should be improved with further 

research. 

▪ Although microfluidics provide better mass transfer and control over 

nanoparticles, some aspects device fabrication should be improved. For 

instance, during making of the PDMS device, delamination might occur if 

PDMS did not bond appropriately to the glass slide. Delamination during 

synthesis caused leakage of the dispersed phase solution which leads to 

non-effective particle synthesis [86]. 

▪ The small diameter of the microreactor channel also causes a clogging 

problem during particle synthesis [87]. Clogging might cause channel 

blockage [88], [89] and this effect is stronger on the wall side of the 

channel due to the laminar flow profile [90]. 

▪ During synthesis of nanoparticles, when flow rates of dispersed and 

continuous phases are not optimized, burst delamination is also occurred. 

This may result in experimental failure. Additionally, production rate of 
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polymeric solution is also limited due to the microfluidic system 

dimensions [86], [88].   

▪ Although many studies stated that chitosan is a biocompatible polymer, 

this depends on acetylation and molecular weight of chitosan. 

Biocompatibility of Ch – SPIONs might be improved using low degree of 

acetylation and high molecular weight chitosan during synthesis [91]. 

▪ In vivo experiments can be designed to assess the efficacy of Ch – SPIONs 

to target and fight with infection.  
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APPENDICES 

A. Fabrication of PDMS Device and SU-8 Mold   

To produce PDMS device before nanoparticle synthesis, SU-8 mold should be 

fabricated, which is known as master mold. SU-8 mold has prepared in cleanroom at 

UNAM, detailed procedure was explained below. 

A.1 Silicon Wafer Cleaning  

To remove all inorganic and organic dust form the 4 – inch silicon wafer, it is rinsed 

with acetone, isopropanol, and distilled water. The treated silicon wafer is dried with 

a nitrogen gun and put in an oven at 120 ° C to evaporate the moisture on the wafer.  

Two layers are used to prepare the SU-8 mold. They are called base layer, which acts 

as a primer layer and main layer which holds the pattern. SU – 8 2005, which is used 

for the base layer, is an adhesive component, and prevents delamination of SU-8 

mold. Thus, the mold can be reused while preparing the PDMS device.   

A.2 Preparing of Base Layer 

After cleaning the wafer out of oven, it is cooled to room temperature. After cooling, 

spinner is covered with aluminum foil and wafer is placed in chuck and vacuumed. 

The spin parameters are entered into the spinner, then 4 ml of SU-8 2005 is poured 

on the wafer, and spinning has started.  

Spin parameters for the base layer are stated in Table A.1. 

Table A.1 Spin Parameters for Base Layer 

Step Velocity (rpm) Acceleration (rpm/s) Time (s) 

1 500 100 25 

2 2500 200 40 
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After spinning is completed, wafer is placed on the aluminum foil and pre-baked 

process has started.  

Table A.2 Pre-baked Parameters for Base Layer 

Step Temperature (°C) Time (min) 

1 65 2 

2 95 4 

3 65 1 

 

After pre – baked process, to crosslink the photoresist, wafer is exposed to blank 

mask. The details of the process are 

• Manual top side 

• Contact mode = soft contact 

• Separation = 100 µm 

• Mask thickness = 2.3 mm 

• Sample thickness = 0.5 mm 

• Resist thickness = 2 µm 

• Exposure intensity = 120 mJ/cm2 

After pre-baked step, post baked step is done in order to solidify the photoresist. 

 Table A.3 Post Baked Parameters for Base Layer 

Step Temperature (°C) Time (min) 

1 65 1 

2 95 3 

3 65 1 

  

 

 



 

 

68 

A.3 Main Layer Preparation for Microchannel Mold 

After base layer completed, main layer will be processed to obtain microchannel 

mold. For main layer, the spin parameters are set as follows, 

Table A.4 Spin Parameters for Second Layer 

Step Velocity (rpm) Acceleration (rpm/s) Time (s) 

1 500 50 40 

2 2200 300 35 

 

Before starting the spin process, the spinner is covered with aluminum foil, a silicon 

wafer is mounted in chuck, and applied vacuum. 4 ml of SU-8 2005 is poured into 

the center of the wafer, and the spinning process is then initialized.  

After spinning is executed, SU-8 was removed smoothly by using glass slide from 

the edges of the circular wafer. It is placed on the aluminum foil to start pre – baked 

step for second layer. 

Table A.5 Pre – baked for second layer  

Step Temperature (°C) Time (min) 

1 65 3 

2 95 8 

3 65 2 

 

Exposure should be done after the wafer to cool to room temperature again as 

mentioned before in the spin coating section. Details of the process are, 

• Manual top side 

• Contact mode = soft contact 

• Separation = 200 µm 

• Mask thickness = 2.3 mm 
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• Sample thickness = 0.5 mm 

• Resist thickness = 100 µm 

• Exposure intensity = 230 mJ/cm2 

After exposure step, post – baked process is done. 

Table A.6 Post – baked parameters for main layer 

Step Temperature (°C) Time (min) 

1 65 3 

2 95 8 

3 65 2 

 

After solidification of the photoresist, the wafer is cooled to room temperature. SU 

– 8 developer is added to the beaker, wafer is immersed in it and mixed for 9 min. If 

agitation is rapid, wafer might be damaged or if agitation is low, uniform distribution 

of developer on the wafer is not provided. After 9 min, wafer is rinsed with water 

and isopropanol and then dried with nitrogen.   
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B. Preparing PDMS Microreactor Using SU – 8 Mold 

Using produced SU – 8 mold, PDMS device were fabricated. First of all, PDMS base 

and curing agent (10:1) were mixed for 3 min and pour onto silicon wafer for 

preparation. Then, the silicon wafer with the mixture was put in a vacuum pump to 

remove air bubbles for 20 min. After degassing, silicon wafer with mixture was put 

into oven to crosslinking of PDMS mixture at 80 °C for 30 min. Then, the cured 

PDMS layer was peeled off from the silicon wafer, the holes for the the tubing were 

opened for inlet and the outlet, and PDMS layer was bonded to the glass slide to 

close microchannels. 


