
 

 

 

DEVELOPMENT OF MICROFLUIDIC DEVICES 

FOR INVESTIGATING SMALL MOLECULE 

INDUCED CHEMOTAXIS OF DENDRITIC CELLS 

 

 

 

 

 

 

 
A Thesis Submitted to  

the Graduate School of Engineering and Sciences of  

Izmir Institute of Technology  

in Partial Fulfillment of the Requirements for the Degree of 

 

MASTER OF SCIENCE 

 

in Biotechnology and Bioengineering 
 

 

 

 
by  

Muhammad Maaz KHURRAM 

 

 

 

 

 

 

 
December 2023 

IZMIR 
  



 

We approve the thesis of Muhammad Maaz KHURRAM 

 

Examining Committee Members:  

 

 

 

 

____________________________________ 

Prof. Dr. Erdal BEDIR  

Department of Bioengineering, Izmir Institute of Technology  

 

 

 

 

____________________________________  

Prof. Dr. Özlem YEŞIL ÇELIKTAŞ 

Department of Bioengineering, Ege University  

 

 

 

 

______________________________________ 

Asst. Prof. Dr. Serkan DIKICI 

Department of Bioengineering, Izmir Institute of Technology  

 

 

 

 

05 December 2023 

 

 

 

_____________________________  

Prof. Dr. Erdal BEDIR  

Supervisor, Department of 

Bioengineering 

Izmir Institute of Technology 

 

_____________________________  

Doç. Dr. Hüseyin Cumhur TEKIN 

Co-advisor, Department of 

Bioengineering 

Izmir Institute of Technology 

 
 

 

_____________________________  

Doç. Dr. Ali Oğuz BÜYÜKKILECI 

Head of the Department of 

Biotechnology 

Izmir Institute of Technology 

 

_____________________________  

Prof. Dr. Mehtap EANES 

Dean of the Graduate School of 

Education 

Izmir Institute of Technology



 

ACKNOWLEDGMENTS 

 

 

I want to extend my deepest gratitude to all the people who have made me strive 

ahead in this scientific career I wish to pursue. Firstly, I would like to express my gratitude 

to my family, who have always supported me to become what I am today. 

I would like to thank my supervisor, Dr. Erdal Bedir, for allowing me to work on 

an interdisciplinary research project for my MS thesis. I would also like to thank my thesis 

jury members, Dr. Bedir, Dr. Yeşil Çeliktaş, and Dr. Dikici, for their guidance on this 

accomplished work. I would also like to thank my co-advisor, Dr. Tekin, for allowing me 

to use their lab equipment for the studies of this thesis. 

Exclusively, I would like to deeply appreciate the presence of two individuals, 

Fatih Özefe and Nilgün Yakuboğulları. I want to acknowledge them for their perpetual 

teaching, guidance, and fun times throughout this journey. They always believed I could 

circumvent my falls and get back up even stronger in this path I wish to pursue. Thank 

you! A special thank you to Nilgün Yakuboğulları for invaluable Flow Cytometry 

experiences with her knowledge. Thank you to Fatih Özefe for the constant guidance in 

the Microfluidics Arena and Fabrication and for making me a Laser Master! 

I want to thank Göktürk Cinel, the core support system for the last 1.5 years of 

this time. Your friendship and support has been irreplaceable. I want to thank the 

members of the Bedir Lab for their help during this time. 

Also, I would like to recognize Dr. Çizmecioğlu from the Department of 

Molecular Biology and Genetics at Bilkent University for guiding me and embedding the 

persistence characteristic into my personality, striving ahead towards success. 

I want to thank my friends for their unconditional support and friendship 

throughout my time in Turkey and for making this period of my life unforgettable.



iv 
 

ABSTRACT 

 

DEVELOPMENT OF MICROFLUIDIC DEVICES FOR 

INVESTIGATING SMALL MOLECULE INDUCED CHEMOTAXIS OF 

DENDRITIC CELLS 

 

Microfluidics is the core branch of science and technology in which 

interdisciplinary research is conducted with a low amount of samples in microchannels 

ranging from 10-100 μm. The main objective of this thesis is to design and fabricate a 

chemotaxis microfluidic device (CMD) from the poly-methyl methacrylate (PMMA) 

substrate to analyze the immune cell behavior against cancer cells. The patterns of the 

three-layered CMD were generated using laser ablation. During the fabrication, Power 

(P) and Speed (S) values were varied to determine the optimal P-S combination. Then, 

the structural properties of microfluidic channels in the CMD were examined via 

microscope. The mechanical properties and liquid handling abilities of CMDs were also 

investigated through tensile and leakage tests, respectively. Moreover, cell viability of 

DC2.4 dendritic cells (DCs) and B16-F10 murine melanoma (B16-F10) cells in CMDs 

sterilized through either autoclaving or UV treatment were determined to test the 

suitability of CMDs via Live/Dead Assay. The highest cell viability for DCs and B16-

F10 was obtained in autoclaved CMDs. For the maturation of DCs before seeding into 

CMD, DCs were stimulated with lipopolysaccharide (LPS) and Astragaloside VII (AST-

VII) at various concentrations. While the cytotoxicity of LPS and AST-VII were 

determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide 

(MTT) assay, the expression levels of specific chemokine receptors were also analyzed 

through flow cytometry. Lastly, stimulated DCs and B16-F10 were simultaneously 

cultured in the CMD, and the migratory behavior of DCs against B16-F10 was time-

dependently studied. Consequently, CMD that provided cost-effective and rapid analysis 

of intercellular interactions was successfully developed.  
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ÖZET 

 

DENDRİTİK HÜCRELERİN KÜÇÜK MOLEKÜL KAYNAKLI 

KEMOTAKSİSİNİ İNCELEMEK İÇİN MİKROAKIŞKAN 

CİHAZLARIN GELİŞTİRİLMESİ  

 

Mikroakışkanlar, 10-100 μm aralığında genişliğe sahip mikrokanallarda, düşük 

miktarda örneklerle yürütülen, disiplinlerarası araştırmanın yapıldığı temel bir bilim 

dalıdır. Bu tezin temel amacı, kanser hücrelerine karşı hücresel bağışıklık davranışlarının 

analiz edilebileceği bir kemotaksis mikroakışkan cihazının (KMC) tasarımı ve poli-metil 

metakrilat (PMMA) malzemesi kullanılarak üretimidir. Üç katmanlı KMC'nin içerdiği 

mikroakışkan kanalların desenleri, lazer ablasyon yöntemiyle oluşturulmuştur. Üretim 

sırasında, en uygun Güç (G) ve Hız (H) değerlerinin belirlenebilmesi için kanal desenleri 

farklı G ve H değerleri kullanılarak elde edilmiştir. Ardından, KMC'deki mikroakışkan 

kanalların yapısal özellikleri mikroskop aracılığıyla incelenmiştir. KMC'lerin mekanik 

özellikleri ve sıvı tutma kapasitesi de sırasıyla çekme ve sızdırma testleri ile 

belirlenmiştir. Ayrıca, KMC'lerin hücre çalışmalarına uygunluğu, KMC içerisinde 

kültürlenen DC2.4 dendritik (DC) ve B16F10 murin melanom (B16-F10) hücrelerinin 

canlılıkları incelenerek belirlenmiştir. En yüksek hücre canlılığı oranları DC ve B16F10 

hücreleri için otoklavlanmış KMC'lerde elde edilmiştir. DC'lerin KMC'ye ekilmeden 

önce olgunlaşması için çeşitli konsantrasyonlarda lipopolisakkarit (LPS) ve Astragalosit 

VII (AST-VII) kullanılmıştır. LPS ve AST-VII'nin hücreler üzerindeki sitotoksisite 

değerleri 3-(4,5-dimetiltiazol-2-il)-2,5-difenil-2H-tetrazolyum bromür (MTT) testi ile 

belirlenirken, dendritik hücrelerin ürettiği spesifik kemokin reseptör seviyeleri de akış 

sitometrisi ile analiz edilmiştir. Son olarak, uyarılmış DC ve B16-F10 hücreleriyle eş 

zamanlı olarak KMC içerisinde kültüre edilmiş ve DC'lerin B16F10'a karşı zamana bağlı 

kemotaksisi gözlemlenmiştir. Sonuç olarak, geliştirilen KMC ile hücreler arası 

etkileşimlerin hızlı ve uygun maliyetle analiz edilmesi sağlanmıştır. 
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CHAPTER 1  
 

 

INTRODUCTION 
 

 

1.1. Microfluidics 

 

 

1.1.1. History and Development  

 

 

Microfluidics is the core branch of science and technology that allows 

manipulating low amounts of fluids (10-9 to 10-18) in microchannels ranging from 10-100 

μm1,2. It is an interdisciplinary field where various research, such as molecular analysis, 

biodefence, molecular biology, and microelectronics, is performed2. Over the past two 

decades, microfluidics has rapidly developed into a state-of-the-art technology due to its 

small-scale size, consumption of low reagent volumes, high sensitivity, and cost-

effectiveness3.  

The origins of microfluidics can be traced back to the early 1950s when the first 

ink-jet printing technology was established4. Since then, microfluidics has undergone 

significant developments and has been used in various applications. In the 1970s, Terry 

et al. made pioneering contributions by utilizing silicon and photolithography techniques 

to downscale a gas chromatograph from a laboratory-scale instrument to a miniature 

device. Sample vapors ranging from nitrogen, pentane, and hexane were successfully 

achieved using microfluidic devices produced through photolithography and chemical 

etching methods5. This micro-machined device marked a significant milestone and 

became one of the first lab-on-a-chip devices utilizing microfluidic technologies. 

Between the 1980s and 1990s, valves and pumps were introduced into microfluidic 

devices, thanks to the continuous advancements in microfabrication technologies6. For 

instance, Ohnstein et al. (1990) fabricated a one-piece silicon valve to control gas flows7. 

Researchers aimed to simultaneously integrate valves and pumps into single microfluidic 

devices during this period, leading to further developments. In 1988, Van Lintel and 



2 
 

colleagues introduced a fail-safe peristaltic pump model that prevented backflows during 

operations8. Moreover, the significant progress in these functional components had led to 

the birth of total analysis systems (TAS)9. The renaissance of microfluidics began in the 

1990s with Manz et al., who pioneered the development of miniaturized total chemical 

analysis systems (μTAS) by fabricating silicon-based devices for chemical sensing 

studies10. On the other hand, microfluidic technology was also adopted for biodefence by 

the Defense Advanced Projects Research Agency (DARPA) to detect chemical and 

biological weapons6. Subsequently, researchers made efforts to advance microfluidic 

technologies, focusing on microfabrication techniques, separation models, and devices 

for biological applications over the following years11.  

Towards the end of the 20th century, microfluidic technology experienced a 

significant breakthrough as it became increasingly involved in cell biology and 

biochemistry applications12. In 1998, Whitesides and his team used 

poly(dimethylsiloxane) (PDMS), an elastomeric material, to design and fabricate 

microfluidic systems for studying capillary electrophoresis mechanisms. Their 

groundbreaking work successfully demonstrated the separation of amino acids, protein-

charged ladders, and DNA fragments13. Employing the use of a silicon-based polymer 

(PDMS) marked a significant milestone in microfluidics due to its excellent properties, 

such as biocompatibility, mechanical properties, and simplicity in fabrication techniques. 

In 2004, Viravaidya et al. employed microfluidic devices in cell-based biotechnological 

studies where the effects of new drugs were investigated. They fabricated a microchip 

containing four compartments and then cultured liver and lung cells to study the effects 

of drugs on cells in terms of absorption, distribution, metabolism, elimination, and 

toxicity14. Moreover, Martinez et al. introduced the concept of paper-based microfluidics 

as paper-based analytical devices in 2007. They developed a cost-effective and portable 

microfluidic device by patterning hydrophilic chromatography paper onto a hydrophobic 

polymer to study detections of glucose and proteins in urine samples. This assay, which 

Whitesides and his colleagues developed, paved the way for inexpensive materials to 

fabricate groundbreaking microfluidic devices15.  

Furthermore, microfluidic technology has undergone significant advancements, 

offering a wide range of functionalities in various applications, particularly in the field of 

biology, including point of care diagnostics (POC), nucleic acid analysis, drug discovery 

and development, biosensors, cell-based assays, environmental analysis, omics studies 

and separation studies16. In 2009, Liu et al. fabricated a polymer-based microchip to 
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conduct high-performance liquid chromatography of peptides and proteins using external 

pumps and valves17. Moreover, Cao et al. have also employed microfluidics to achieve 

highly sensitive detections of influenza virus RNA. They utilized a single-use 

microfluidic device that enabled robust high-throughput analysis18.  

On the other hand, microfluidics has also been integrated into cell-based analysis 

studies19, offering various methods for cell culture, cell sorting, cell lysis, and cell 

separation. In 2010, Huh et al. performed revolutionary works where the lung organ was 

mimicked within a microfluidic device. This lung-on-a-chip model has opened new 

avenues for microfluidics in cell culture studies20. Furthermore, microfluidic technologies 

have been explored as tumor-on-a-chip in cancer/tumor models. For instance, Jeong et al. 

developed a 3D co-culture model of human colorectal tumor, where tumor spheroids were 

grown with fibroblasts in a microchannel to emulate an in vivo tumor 

microenvironment21.  

Consequently, the field of microfluidic technology has indeed undergone 

remarkable progress from its early days to its current stage. With its numerous 

advantages, microfluidics continues to evolve and provide a powerful platform for 

biotechnological and biomedical research.  

 

 

1.1.2. Substrates in Microfluidics 

 

 

One of the immense factors in microfluidics is selecting an optimal material for 

its fabrication and applications. The choice of materials can directly affect many factors, 

including fabrication costs, biocompatibility, and absorptivity of microfluidic devices22. 

Therefore, it is crucial to choose a suitable material for either the fabrication of 

microfluidic devices or its application23.  

Microfluidic devices have been fabricated using various substrate materials, 

including silicon, glass, paper, hydrogels, elastomers, thermoplastics, and 3D printing 

materials24. Silicon and glass were the pioneering substrates used to fabricate microfluidic 

devices. Silicon having semiconducting properties and has been a dominant material in 

microfluidic device fabrication for several decades22. The silanol group (-Si-OH) on its 

surface allows for surface modification, making it a preferred material over the 

developmental history of microfluidic systems. However, the high elastic modulus of 
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silicon limits its usage in microfluidic devices that require valves25 and pumps26. 

Additionally, the opaque nature and low gas permeability of silicon limits their usage in 

long-term cell-based biological applications25. Glass is also a preferred material in the 

fabrication of microfluidic devices as it offers many advantages, such as optical 

transparency, low fluorescence background, surface stability, and chemical resistance27. 

It has been used in various applications involving microchannels, flow reactors, and 

capillaries for chromatography studies25. However, there are some limitations in the 

utilization of glass, such as the high cost of the fabrication process and the low gas 

permeability of glass28,29.  

 As mentioned previously, using polymeric materials significantly contributes to 

developing microfluidic devices. Especially one of the elastomeric polymers, PDMS, has 

played an essential role in the fabrication of polymeric microfluidic devices. PDMS was 

first introduced by Duffy et al.13  due to its numerous advantages, such as optical 

transparency30, easy-to-operate, and biocompatibility31. However, it is important to note 

that PDMS is a hydrophobic polymer composed of repeating units of -OSi(CH3)2, where 

the presence of CH3 units on its surface makes it inherently hydrophobic32. To overcome 

this limitation, surface treatments such as oxygen plasma treatment can be employed to 

convert the hydrophobic methyl groups to hydrophilic silanol groups (Si-OH)32. In 

addition to elastomeric polymers, thermoplastics are also used in the fabrication of 

microfluidic devices, such as polycarbonate (PC), polystyrene (PS), cyclic olefin 

copolymer (COC), poly (methyl methacrylate) (PMMA). As these polymers are 

sustainable and renewable, they also provide cost-effective fabrication of microfluidic 

devices33,34. Moreover, thermoplastics are optically transparent35, biocompatible, and gas 

permeable materials36. Compared to PDMS, thermoplastic-based microfluidic devices 

offer advantages and overcome some limitations, such as solvent swelling, molecule 

absorption, and low rigidity36. Recently, PMMA has become the primary polymer 

material used for several microfluidic applications. In one of the studies, Persson et al. 

fabricated the microfluidic device from PMMA material to culture human endothelial 

cells in the long term. Fabrication of 36 devices was performed in five hours using the 

laser ablation technique. In the fabricated device, migration of THP-1 monocytes towards 

endothelium cells was examined37. Moreover, quite recently, a PMMA-based 3D fluidic 

channel platform was developed by Mortelmans et al. to detect SARS-CoV-2 antibodies, 

such as IgG and IgM, serologically38. 
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Paper and hydrogels have also been adopted as substrates in some microfluidic 

studies. As the paper is biocompatible, it also provides cost-effective, easy, and rapid 

fabrication of microfluidic devices15,39. Pupinyo et al. used paper materials to fabricate a 

paper-based microfluidic device where B16F10 melanoma cells were cultured in a three-

dimensional (3D) environment40. In a recent study, Ozefe et al. fabricated a µPISA device 

via the laser ablation technique to rapidly diagnose Hepatitis C Virus (HCV) from blood 

samples41. Moreover, hydrogels are also used to fabricate microfluidic devices due to 

their biocompatible properties24 and low cost29. 
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Table 1.1. Common substrates used for the fabrication of microfluidic devices. 

 

Substrate Advantages Limitations Application References 

Silicon 

 

Good mechanical 

properties 

Ease of sterility 

Biocompatible 

Low absorption 

High fabrication costs 

Difficult fabrication 

High Young’s 

modulus 

Low oxygen 

permeability 

Low optical clarity  

Separation of gas vapors 

Valve development 

modulating gas flows 

Chemical sensing  

5,7,10,17,25–

27 

Glass 

 

Good mechanical 

properties 

Ease of sterility 

Optically transparent 

Low absorption 

High fabrication costs 

Difficult fabrication 

High Young’s 

modulus 

Low oxygen 

permeability 

Capillary electrophoresis 

On-chip high 

temperature reactions 

Solvent extraction 

22,24,29
 

Paper Ease of fabrication 

Low fabrication costs 

Ease of sterility 

Chemical and biological 

modifications 

Biocompatible 

Ease of fluid flow 

(capillary action) 

Poor mechanical 

strength 

Hydrodynamic 

resistance  

Challenging 

sterilization 

Low optical clarity 

Rapid diagnostic testing 

Paper-based scaffold cell 

culture 

Environmental 

monitoring 

 

15,25,40–42 

Hydrogels 

 

Low fabrication costs 

Ease of fabrication 

Low Young’s modulus 

High oxygen 

permeability 

Biocompatibility 

Chemically modifiable 

Optically transparent 

Demanding 

sterilization 

Sensors 

Tissue engineering 

2D and 3D scaffold-

based culture 

22,23,29,43
 

Elastomers 

(PDMS) 

 

Low cost of fabrication  

Ease of fabrication 

Optically transparent 

High oxygen 

permeability 

Highly elastic 

Biocompatibility 

Chemical resistance 

Absorption of 

biomolecules 

Water evaporation 

from channels 

Capillary electrophoresis 

Analytical chemistry 

Lab-on-a-chip devices 

30,31,34,44–

48
 

Thermoplastics 

(PC, PS, COC, 

PMMA) 

 

Low fabrication costs 

Good mechanical 

properties 

Ease of sterilization 

Biocompatible 

Chemical modifications 

Optically transparent 

Low absorption 

Rapid prototyping 

Variable oxygen 

permeability 

Tissue culture 

Immunoassays 

Protein and DNA 

analysis 

 

 

33–

36,46,47,49,50 
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1.1.3. Fabrication Techniques  

 

 

Microfluidic devices are produced through various fabrication techniques, 

including chemical and mechanical processing, laser ablation, and 3D printing51. The 

choice of fabrication technique mainly depends on the material used, which means that 

different substrates require different fabrication methods. Two main techniques are used 

in the fabrication of microfluidic devices, such as photolithography and soft lithography 

techniques.  

Photolithography, also known as optical lithography, involves transferring 

geometric shapes from an optical mask onto the surface of a silicon wafer using ultraviolet 

(UV) light52. The process of photolithography includes substrate cleaning, application 

and implementation of the photoresist, exposure to UV light, baking, etching, and the 

removal of photoresists53. This technique is renowned for fabricating devices with high-

resolution features, typically around 5 µm53. Although photolithography offers high 

resolution, it requires sophisticated equipment and clean room facilities, which increases 

the cost of operation54.  

As an alternative method, Duffy et al. introduced soft lithography techniques to 

fabricate microfluidic devices13. Soft lithography, also commonly known as the stamping 

technique, is a non-photolithographic technique implying self-assembly and replica 

molding based strategies for the fabrication of microfluidic devices55. In soft lithography, 

elastomeric stamps, molds, or masks are used instead of rigid photomasks to create micro-

patterns and structures for microfluidic devices. Compared to conventional 

photolithography, soft lithography provides several advantages, such as cost-effective 

and easy fabrication costs56.  Soft lithography can be classified into several fabrication 

methods, such as micro-contact printing (µCP), replica molding, cast molding, solvent-

assisted molding, hot embossing and injection molding, 3D printing, and laser ablation56. 

Hot embossing is a technique that involves heating polymer plates above the glass 

transition temperature, applying pressure to press a master mold into a polymer substrate, 

followed by cooling and detachment of formed microstructures57. As an advantage, hot 

embossing offers less residual stress on thermoplastic surfaces and provides high 

replication accuracy, which supports the mass production of microfluidic devices58. 
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However, it requires an expensive master mold and has difficulties in forming channels 

or microstructures with a high aspect ratio59.  

Injection molding is another technique used in the fabrication of thermoplastic 

microfluidic devices60. In this process, thermoplastic polymer substrate is melted and then 

injected into cavities of molds already prepared. The molten polymer is next cooled below 

the glass transition temperature, resulting in the formation of micro-sized patterns. The 

molding process is conducted under constant pressure to compensate for the shrinking of 

polymer substrate during solidification while the temperature is gradually decreased. The 

entire process typically takes a few minutes61. Compared to other techniques, injection 

molding offers a superior surface finish; however, the cost of operation is high. Moreover, 

it is hard to operate fabrication with injection molding for polymers having high 

polarity62. On the other hand, assembling individual layers is also difficult63. 

Another technique that facilitates the fabrication of microfluidic devices or 

biosensors is 3D printing. This technology, also known as smart additive manufacturing64, 

has been developed over the last decade to produce microfluidic devices65. 3D printing 

enables layer-by-layer and rapid fabrication of microfluidic devices. For this technique, 

bio-inks are commonly used66. The fabrication process begins with the design of a 3D 

computer-aided design (CAD) model, and then a 3D printer is used to fabricate this 

designed model. Even if 3D printing offers a cost-effective and rapid fabrication, it has 

certain limitations, such as lower resolution and poor surface quality67.  

Lastly, laser micro-machining is another rapid fabrication technique where a laser 

beam is focused onto the surface of the substrate to remove material. Commonly used 

substrates for the laser micro-machining includes polytetrafluoroethylene (PTFE), 

polyimide (PI), poly(ethylene terephthalate) (PET), and poly(methyl methacrylate) 

(PMMA)68. In this technique, ablation occurs on the surface of substrate when the 

material absorbs enough energy from the laser beam to be either melted or vaporized68. 

As a laser source, UV excimer laser69 and CO2 laser70 have been used. Klank et al. used 

CO2 lasers for the first-time to fabricate microfluidic device from PMMA substrate in 

200270. This technique offers rapid production of microfluidic devices71,72. In literature, 

various CO2 lasers are available to be used in the fabrication process. These lasers offer 

three different strategies that are focused processing, defocused processing and raster 

scanning method71. In raster mode, Gaussian-shaped microchannels are produced by laser 

treatment leaving an engraved region onto the substrate73,74. 
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Table 1.2. Fabrication techniques employed in microfluidic devices. 

 

Fabrication 

Technique 

Advantages Drawbacks References 

Photolithography 

 

High resolution 

Suitable for many substrates 

Complex fabrication 

High cost 

Requires clean-room facilities 

Longer fabrication times 

5,7,51,54,56
 

Soft Lithography 

 

Low fabrication costs  

Ease-to-operate 

Suitable for many substrates 

Low resolution 

Easy to deform 

13,14,56,57
 

Hot Embossing 

 

High replication accuracy 

Moderate fabrication cost  

Mass production 

Expensive master molds 

Low resolution 

Possible breakage  

57,58,75–77
 

Injection Molding 

 

Superior finish 

High reproducibility 

High cost 

 

50,60–

62,78,79
 

3D Printing 

 

Low cost  

Rapid fabrication 

Poor surface quality  

Low resolution 

Compatibility issues 

72, 74, 75 

 

Laser Ablation 

 

Low cost 

Ease-to-operate 

Rapid fabrication 

Surface roughness 

 

69,71,72,80,81
 

 

 

1.2. Immune System and Dendritic Cells  

 

 

The immune system is crucial in defending the body against foreign pathogens 

and infections82. It consists of a variety of cells, molecules and many defined organs that 

work together and provides the protection of the body against foreign pathogens and 

infections through immune responses82,83. There are three major levels of defense 

including the skin (the primary physical barrier)84, innate immune responses and adaptive 

(acquired) immune responses85. 

Innate and adaptive immune responses are activated when the physical barrier, the 

skin, is breached. The innate immune response, also known as the first line response, 

provides an immediate host defense against foreign invaders. In innate response, the 

phagocytic cells, including macrophages, monocytes, and neutrophils, recognize foreign 

threats and release inflammatory mediators for body protection86. Whereas, adaptive 

immune responses, also known as second line response, provide antigen-dependent and 

antigen-specific responses by T and B lymphocytes. In this response, antigen-presenting 

cells, such as dendritic cells (DCs), present specific antigens to lymphocytes, enabling T 

cell homing87.  
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DCs are antigen-presenting immune cells that are derived from the hematopoietic 

bone marrow progenitor cells. DCs link innate and adaptive immunity by initiating and 

modulating adaptive immune responses through presenting processed peptides derived 

from the lymphoid and peripheral tissues88–92. Therefore, DCs play a crucial role in the 

adaptive arm of the immune system in addition to their role in innate immune responses. 

These cells are normally found in an immature state where they express low levels of co-

stimulatory molecules (CD80, CD86, CD83 and MHC II) and secrete low amounts of 

cytokines (IL-12, IL-10 and TNF)93,94. However, DCs undergo a systematic process of 

maturation and activation by various stimuli, including pathogens, double-stranded (ds) 

viral DNA95(Soto), lipopolysaccharide (LPS)96, pathogen-associated molecular patterns 

(PAMPs)97, and CpG oligodeoxynucleotides (CpG-ODNs)98. Conversely, mature 

dendritic cells (mDCs) express high levels of co-stimulatory molecules and secrete 

cytokines for the functional polarization of T cells99. Maturation of DCs allows for the 

subsequent activation of naïve T and B cells into antigen-specific T cells and antibody-

releasing plasma cells, respectively100,101. Also, mDCs have upregulated expressions of 

chemokine receptors on their surface, for example the upregulation of CCR7 promotes 

chemotaxis of DCs through the CCL21/CCR7 axis102,103. 

Chemotaxis refers to the directional movement of cells guided by an extracellular 

gradient104. These migratory abilities of DCs are crucial for their coordinated functions in 

inflammation and immune responses, thereby linking adaptive and innate immunity. The 

migration of DCs is achieved under various immunological conditions such as the 

presence of chemokines105.  

Chemokines are small proteins secreted by various cell types that play a crucial 

role directing immune cell trafficking and mediating lymphoid tissue developments106. 

They are classified into four families based on the position of a conserved cysteine motif, 

which includes CC, CXC, XC and CX3C107. The migration of mDCs is regulated by these 

small chemokines. For example, chemokine (C-C motif) ligand 19 (CCL19) and 21 

(CCL21) direct migration of DCs into the lymph nodes by the expression of affiliated C-

C chemokine receptor type 7 (CCR7) receptor expressed on mDCs108. Consequently, 

chemotaxis of mDCs occurs due to higher expression of CCR receptors on the cell surface 

corresponding to cognate chemokines through an increasing chemokine gradient to 

initiate specific immune responses109.  
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Table 1.3. Murine chemokine receptors and their conjugate chemokine ligands 

associated with dendritic cell migration. 

 

Chemokine Receptor Chemokine Ligands References 

CCR1 CCL3, CCL9, CCL5, CCL15 110–112 
CCR2 CCL2 110,113–115 

CCR5 CCL2, CCL3, CCL4, CCL5 110,116–118 
CCR6 CCL20 110,119 
CCR7 CCL19, CCL21 110,120,121 
CCR9 CCL25  110,122 

 

 

1.3. Immune System Applications through Microfluidics 

 

 

Immunological approaches have been historically carried out using 2D in vitro 

cell cultures123 and in vivo animal models124. 2D in vitro models could not successfully 

emulate in vivo physiological microenvironments, and rodent animal models have shown 

significant differences in immune system characteristics compared to humans125,126. To 

overcome these limitations in each model, sophisticated micro-engineered technologies 

have been developed to study the diverse behavior of immune cells and their interactions 

with other cells127. Until today, microfluidic devices have been used in single-cell and 

tissue level studies for the characterization of immune cells and understanding cell-cell 

interactions, respectively. These developments have mainly focused on the 

characterization of individual immune cells through the investigation of their signaling 

pathways, action dynamics, secretion, and cellular communication in the presence of 

external and/or internal stimuli. Also, 3D microfluidic devices have been developed to 

investigate cell-cell interactions, such as immune-tumor cell interaction in tumor-on-chip 

platforms. 

Over the last decade, microfluidic technology has been integrated into the 

applications of single-cell immune analysis due to its numerous advantages such as high 

throughput and real-time analysis processing with small amounts of reagent volumes127. 

Single-cell analysis using microfluidics has established for the understanding of immune 

cell isolation and quantification, quantification of signaling molecules, signaling 

pathways associated with immune responses and understanding immune cell motility in 
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response to foreign pathogens or tumors. In a pioneer study by Cheng et al.128, a 

microfluidic device was developed to count label-free CD4+ T cells from HIV positive 

blood samples of patients, whole blood samples were quantified to obtain cell capture 

specificity using cell affinity chromatography to distinguish blood samples from HIV 

positive or negative patients. Also, immune cells separations have been conducted 

utilizing microfluidics, a single microfluidic channel device was developed by Li et al.129 

to separate B and T lymphocytes from a cell mixture using specialized antibodies specific 

for B and T cells. Moreover, Qiu et al.130 developed a cell membrane-anchored 

fluorescent aptamer sensor in combination with a droplet microfluidic platform to detect 

IFN-γ cytokine secretion at a single-cell level from T cells. The regulation of immune 

cells controls with several key players of the innate pathways including the cGAS-STING 

pathway131, Toll-like receptor pathway (TLR)132, and NF-κB signaling pathway133. 

Microfluidic technologies have been employed by Campisi et al.134 to evaluate tumor-

vasculature interactions where tumors sense dsDNA through the cGAS-STING pathway 

for innate immune signaling. Also, Tay et al.135 fabricated a high-resolution microfluidic 

device to analyze the activation of TLR-4 pathway measuring the NF-κB activity in 

macrophages in terms of its translocation kinetics at an individual cell level. 

The motility of immune cells is one of the key aspects of their function, enabling 

them to detect and respond to foreign invaders. While these highly motile cells 

continuously circulate through the blood and lymphatic systems, they quickly exit 

circulation and migrate to the site of infection, where the foreign invader is found to 

initiate immune responses136,137. Microfluidics has been integrated to study the motility 

of immune cells, where Businaro et al.138 established a co-culture platform to observe the 

motility of spleen cells towards B16-F10 cells. 

Neutrophils and DCs are the premier immune cells to arrive at the inflammation 

site, helping maintain homeostasis139. Chemokines are essential in regulating immune cell 

migration by coordinating immune cells at the inflammation sites140. Microfluidics has 

offered unique opportunities to study immune cell migration in real-time, under varying 

chemokine gradients and various tumor-induced factors 141,142. In pioneering works, Jeon 

et al.143developed a microfluidic gradient generator platform to establish stable and 

soluble IL-8 gradients to observe neutrophil migration. Lin et al.144 used a similar gradient 

generator microfluidic device to study neutrophil chemotaxis with increasing IL-8 

gradients, showing that neutrophil migration was influenced by an IL-8 concentration. 

More recently, Ren et al.145 developed a skin-on-a-chip (SoC) model to study the 
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transmigration of human-derived T cells in an increasing CCL20 chemokine gradient and 

in response to TNF-α induced skin inflammation.  

Microfluidics has also been integrated into studying the chemotaxis of mDCs 

towards an increasing chemokine gradient and by tumor-induced factors. Real-time 

analysis of DC migration using microfluidics has allowed extended observation periods 

with the aid of image processing techniques146. One of the earliest works for DC 

chemotaxis was performed by Haessler et al.120 and Ricart et al.121, who used a three-

channel device and a chemokine gradient generator, respectively, to demonstrate the 

chemotaxis of mDCs stimulated with LPS and TNF-α in response to a gradient of the 

CCL19. Moreover, co-culture studies using microfluidics have also been established by 

Businaro et al.138, where motility of collective spleen cells towards B16 melanoma cells 

was observed. In this study, immune cell migration was monitored using fluorescence 

microscopy and time-lapse recordings, providing valuable insights into immune-cancer 

cell interaction and immune cell behavior in tumor microenvironment. Furthermore, 

Hwang et al.147 investigated mDC chemotaxis in response to tumor-induced factors, using 

a 3D PDMS-based microfluidic device. In this study, the migration of mDCs towards a 

CCL19 chemokine gradient and breast cancer cells in the collagen matrix was 

individually examined under static conditions. On the other hand, Aizel et al.148 

developed a microfluidic device to visualize the single DCs going through chemotaxis 

over a longer period148. Another interesting microfluidic platform to study the chemotaxis 

of human mDCs towards colorectal cancer (CRC) cells was developed by Parlato et al.149. 

DCs were matured by IFN-α, and CRC cells were treated with Romidepsin (RI) to 

produce the CXCL12 chemokine under static conditions. Lastly, Atalis et al.,150 

modulated DC chemotaxis by soluble and biomaterial-loaded toll-like receptor agonists 

within a microfluidic device. The authors reported that the chemotaxis of DCs was 

observed in an increasing CCL19 and CCL21 gradient. This study also showed the effects 

of adjuvant type and its delivery method on the DCs migration. 
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Figure 1.1. Microfluidic devices for studying immune cell migration. (A) The chemotaxis 

of neutrophils in a linear gradient of IL-8 from 0 to 50 ng/mL143, (B) A 3D 

microfluidic chemotaxis device containing an agarose-filled central channel 

for studying mDC chemotaxis in an increasing chemokine gradient120, (C) A 

co-culture microfluidic device for spleen cell migration, Green: B16 cells and 

Red: Spleen cells138, (D) A chemotaxis microfluidic device consisting of 

hydrophobic and hydrophilic regions for a longer period of chemotaxis 

analysis of mDCs in an increasing CCL19 gradient148, (E) A 3D microfluidic 

device examining mDC chemotaxis through centrally located microchannels 

towards RI treated CRC cells149. 
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1.4. Aims of Thesis 
 

 

Developing novel microfluidic devices for cell culture applications has 

demonstrated the importance of mimicking 3D in vivo microenvironments fabricated in 

small, portable, and cost-effective microdevices. Studies have shown that the interactions 

of immune cells with cancer cells provide insight into immunotherapy options against 

cancer cells. 

The main objective of this thesis is to develop a three-layered, cost-effective 

chemotaxis microfluidic device (CMD) using only Poly(methyl methacrylate) (PMMA) 

as the fabrication substrate using 1-mm thick PMMA layers for the top, middle, and 

bottom layers. For this purpose, the laser ablation methodology is utilized to develop an 

adequate platform for the culture of DCs and B16-F10 cells. 

The second aim of this thesis is to observe the chemotaxis of mDCs towards B16-

F10 in the developed CMD along the CCR5/CCL2-CCL5 axis. For this purpose, we aim 

to analyze the CCR5 expression levels on imDCs and mDCs and the CCL2 and CCL5 

chemokine expression levels in B16-F10 by flow cytometry to observe the directional 

migration of LPS-AST-VII stimulated mDCs towards CCL2/CCL5 chemokines 

expressed by B16-F10 cells.  
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CHAPTER 2 
 

 

 MATERIALS AND METHODS 
 

 

2.1. Materials 

 

 

2.1.1. Consumable Materials 

 

 

Poly (methyl methacrylate) (PMMA) sheets (Depodanmalzeme), double-sided 

adhesive tape (3M, GPT-020), ethanol (Honeywell, 24194), and 2-propanol (IPA) 

(Isolab, 961.023) were purchased for the fabrication and optimization of CMDs. Blue ink 

was used for CMD leakage testing.  

DC2.4 dendritic cells (Sigma-Aldrich, SCC142), B16-F10 melanoma cells 

(ATCC, CRL-6475), RPMI 1640 medium (Gibco, 52400025), Fetal Bovine Serum (FBS) 

(Gibco, 10270106), Penicillin/Streptomycin (Gibco, 15140122), 2-Mercaptoethanol 

(Merck, M6250), MEM Nonessential Amino Acids (NEAA-B) (Capricorn Scientific, 

NEAA-B), Trypsin-EDTA (Gibco, 25200056), Dulbecco’s Phosphate Buffer Saline 

(dPBS) (Gibco, 14190144), MTT assay kit (Sigma Aldrich, CT01), Live/Dead Cell 

Viability Kit (AAT Bioquest, 22789), Bovine serum albumin (BSA) (AFG Bioscience, 

221137), Sodium Azide (Sigma Aldrich, 71290), Anti-mouse CD16/32 Antibody 

(Biolegend, 101302), Anti-mouse CCR5 (CD195) (Biolegend, 107017), Intracellular 

Staining Permeabilization Wash Buffer (10X) (Biolegend, 421002), APC anti-

mouse/rat/human MCP-1 antibody (Biolegend, 505909), PE anti-mouse CCL5 

(RANTES) antibody (Biolegend, 149103) and Fixation Buffer (Biolegend, 420801) were 

purchased for flow cytometry studies.  

Lipopolysaccharide (LPS) (Sigma Aldrich, L2630) was purchased to stimulate 

dendritic cells. Astragaloside VII (AST-VII) was donated by Bionorm Natural Products, 

Izmir, Turkey. CytoTrack™ Green (AB138891, Abcam) and CytoTrack™ Red 

(AB138893, Abcam) were purchased for chemotaxis assays.  
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2.1.2. Computer Programs and Instruments 

 

 

AutoCAD 2023 (Autodesk), ZEN Lite (Zeiss), GraphPad Prism (San Diego, CA) 

Laserbox 40W (Makeblock), Axio Observer Microscope (ZEISS), Axio Vert.A1 

(ZEISS), Mechanical Testing Machine (Shimadzu AG-I 250kN), Laminar air flow 

cabinet (Nuve, LN 090), Multiskan™ GO Microplate Spectrophotometer, (Thermofisher, 

N10588), FACSCanto (BD), were utilized for the fabrication, characterization of CMDs 

and visualization of DC2.4 chemotaxis towards B16-F10 cells. 

 

 

2.2. Methods 

 

 

The design and fabrication of the Chemotaxis Microfluidic Device (CMD) were 

conducted in several stages. Firstly, the CMD was designed with computer-aided 

AutoCAD 2023, and then the laser ablation technique was operated to pattern desired 

shapes onto the PMMA sheets. For precise patterning, laser operating modes (vector and 

raster) were validated for various Power (P) and Speed (S) values, and the optimal 

fabrication parameters were determined. Subsequently, each layer manufactured for the 

CMD was assembled through a solvent-assisted bonding technique. Moreover, the 

structural features of the CMD were characterized in terms of its border/channel 

dimensions, liquid handling capacity, and bonding strength. Then, the fabricated CMD 

was optimized for cell culture studies. The suitability of the CMD for DC2.4 dendritic 

cells (DCs) and B16-F10 melanoma cell (B16-F10) culturing was tested using live/dead 

assay.  

On the other hand, DC2.4 cells were stimulated with LPS and AST-VII at different 

concentrations for their maturation. Also, the viability of treated DC2.4 cells was 

analyzed by MTT Assay. Molecular analysis of chemokine receptor expression on 

stimulated DC2.4 cells was conducted through flow cytometry analysis. Finally, CMD 

was utilized to observe the chemotaxis of DC2.4 cells towards B16-F10 to investigate 

intercellular communication between immune and cancer cells.  
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2.2.1. Design of Chemotaxis Microfluidic Device (CMD) 

 

 

The CMDs were designed using AutoCAD 2023. It mainly consists of two main 

lateral channels (individually for DC2.4 and B16-F10) and centrally located 

microchannels to visualize immune cells' chemotaxis toward cancer cells (Figure 2.1). In 

the CMD, a top lateral channel was designed for DC2.4 cells with the shape of an inverted 

U. The vertical and horizontal components of the DC channel were 7 and 28 mm, 

respectively. On the other hand, a straight B16 channel was generated with a length of 33 

mm at the bottom part of CMD for B16F10. The widths of each lateral channel were 1 

mm. The CMD also contains inlet and outlet regions with 1 mm radii for both DC and 

B16 channels (Figure 2.1A).   

Additionally, eleven centrally located microchannels, having a width, length, and 

depth of 300, 650, and 150 μm, were designed, respectively. In principle, each 

microchannel was designed 1000 μm away from each other (Figure 2.1B). 

 

 

 

Figure 2.1. Design of the Chemotaxis Microfluidic Device (CMD). (A) Technical 

drawing for CMD, containing top and bottom lateral channels for DCs and 

B16F10, respectively, and centrally located chemotaxis microchannels. The 

radius of the inlets and outlets is denoted as “r” and equals 1 mm. (B) 

Gaussian-shaped centrally located chemotaxis microchannels.  
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2.2.2. Validation and Optimization of the Laser Operation Modes 

 

 

CO2 laser cutter (Makeblock, Laserbox) with a maximum power of 40W was used 

to conduct the laser ablation technique leading towards CMD fabrication. The laser cutter 

was utilized with two ablation modes, vector and raster, to ablate DC and B16-F10 lateral 

channels and engrave microchannels from a PMMA substrate, respectively. Numerous 

Power (P) and Speed (S) values were offered by the CO2 laser, where the maximum P 

and S were 40 watts (corresponding to 100%) and 80 mm/s, respectively. For the 

optimization of vector and raster modes, eighty different combinations of P-S values were 

studied in this thesis (Table 2.1). 

 

 

Table 2.1. Eighty different Power (P) and Speed (S) combinations employed in the 

fabrication process for the vector (cutting) and raster (engraving) modes. 

 

Power (%) Speed (mm/s) 

10 10 20 30 40 50 60 70 80 

20 10 20 30 40 50 60 70 80 

30 10 20 30 40 50 60 70 80 

40 10 20 30 40 50 60 70 80 

50 10 20 30 40 50 60 70 80 

60 10 20 30 40 50 60 70 80 

70 10 20 30 40 50 60 70 80 

80 10 20 30 40 50 60 70 80 

90 10 20 30 40 50 60 70 80 

100 10 20 30 40 50 60 70 80 

 

 

The methodologies employed to validate and optimize the vector mode for DC 

and B16 lateral channels are described here. Firstly, CMD drawings were exported to the 

Laserbox software; and then each of these eighty P-S combinations were tested to check 

whether they ablate the 1 mm thick PMMA or not. Subsequently, the combinations 

(P40S10; P50S10; P60S10; P70S10; P80S10; P80S20; P90S10; P90S20; P100S10; 

P100S20) that successfully cut the PMMA were subjected to determine their error rates 

during the vector mode operation. To define error rates for each P-S combination, 
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rectangles with various widths (500-1000 μm) were cut using vector mode; then the 

obtained with values were determined by analyzing images captured via bright-field 

microscope (Axio Observer, Zeiss). Sequentially, the obtained width values were 

compared with their theoretical values to calculate the error rates of each P-S combination 

through Formula 1.  

 

Formula 1. 𝐸𝑟𝑟𝑜𝑟 𝑅𝑎𝑡𝑒 =
𝑂𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝐿𝑒𝑛𝑔𝑡ℎ−𝐷𝑟𝑎𝑤𝑛 𝐿𝑒𝑛𝑔𝑡ℎ

𝐷𝑟𝑎𝑤𝑛 𝐿𝑒𝑛𝑔𝑡ℎ
× 100     

(2.1) 

 

After determining the P-S value that gave the lowest error rate, a graph showing 

theoretical and obtained widths was plotted to define an equation to obtain 1000 μm 

(Formula 2). 

 

Formula 2. y = 1.0618x + 79.569 (y= Obtained width; x= Theoretical width)  

(2.2) 

 

Additionally, the raster mode was validated to define the effects of P and S on the 

Gaussian-shaped centrally located microchannels. Again, the pool of eighty P-S 

combinations (Table 2.1) was utilized to engrave microchannels to select optimal P and 

S values according to the required dimensions of the CMD design. After engraving, 

microchannels were visualized and analyzed via a microscope.   

 

 

2.2.3. Fabrication of the Chemotaxis Microfluidic Device 

 

 

The fabrication of the CMD was executed by laser ablation through optimized P 

and S parameters for each operation mode. Validated vector and raster operation modes 

were used to generate lateral channels and microchannels of the CMD, respectively. After 

patterning the microfluidic channels on CMD's PMMA layers, each layer was assembled 

via two techniques (Table 2.2). 

AT 1 utilized the CMD as a three-layered device, ablating the middle layer with 

the aid of vector and raster modes, obtaining top and bottom lateral channels and the 
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centrally located microchannels, respectively. A double-sided adhesive was placed on 

both sides of the PMMA substrate before ablating the middle layer (Figure 2.2). 

 

Table 2.2. Assembly techniques for appropriate bonding of layers in CMDs. 

 

Assembly Technique Definition 

Assembly Technique 1 (AT 1) A three-layered CMD with double-sided adhesive on both sides of the 

middle layer, having a top layer (inlet and outlets) and a bottom support 

layer. 

Assembly Technique 2 (AT 2) A three-layered CMD having a top, middle, and bottom layer assembled 

using thermally assisted solvent bonding. 

 

 

AT 2 is a thermally assisted solvent bonding technique with ethanol (EtOH) and 

isopropyl alcohol (IPA). For this technique, the individual layers in CMD were first 

ablated using the vector and raster mode, respectively. Later, solvents were implemented, 

spraying solvent onto the bottom layer. The middle layer was slid onto the bottom layer 

to remove excess solvent, and then the top layer was slid onto the middle layer to which 

solvent was sprayed (Figure 2.3). At that point, any remaining excess solvent was 

removed from the inlets and outlets. Finally, the assembled CMD devices were carefully 

placed into the vacuum oven. Table 2.3 shows each condition employed for assembling 

CMD layers. 

  

 

 

Figure 2.2. Assembly Technique 1. The double-sided adhesive was utilized on both sides 

of the middle layer for assembly of CMD. (A) Individual layers of CMD. (B) 

Three-layered CMD.  
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Figure 2.3. Assembly Technique 2: Thermally-assisted solvent bonding technique. (A) 

Individual layers of CMD. (B) Three-layered CMD. 

 

Table 2.3. Solvent bonding conditions employed in AT 2. 

 

Solvent Concentration Oven Temperature Time (min) 

50 % 

60°C 

5 

10 

20 

70°C 

5 

10 

20 

60 % 

60°C 

5 

10 

20 

70°C 

5 

10 

20 

70 % 

60°C 

5 

10 

20 

70°C 

5 

10 

20 

80 % 

60°C 

5 

10 

20 

70°C 

5 

10 

20 
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2.2.4. Characterization of Chemotaxis Microfluidic Device 

 

 

CMDs were characterized in terms of their liquid handling capacity and 

mechanical strength via leakage and tensile strength tests, respectively. First, assembled 

CMDs using thermally assisted bonding techniques were subjected to leakage tests. For 

that purpose, blue ink was injected into the microchannels in CMDs assembled via either 

ethanol or isopropyl alcohol to test the permanent bonding of layers. Secondly, the CMDs 

that showed no signs of bleeding were carefully placed onto the clamps of the tensile 

machine. Then, they were pulled at a speed of 0.5 mm/min to determine the tensile 

strength of CMDs. The obtained data (Force-kN vs. stroke-mm) were used to calculate 

stress and strain values for determining the maximum tensile strength of CMDs through 

Formula 3.  

 

Formula 3. 𝑆𝑡𝑟𝑒𝑠𝑠 =  
𝐹𝑜𝑟𝑐𝑒

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑆𝑢𝑟𝑓𝑎𝑐𝑒
    (2.3) 

 

Lastly, the required sample amounts for microchannels in CMDs were 

determined. For that purpose, varying amounts of blue ink dyes were separately injected 

into the top and bottom channels. 

 

 

2.2.5. Cell Culture 

 

 

2D in vitro cell culture studies were performed for thawing and culturing DCs 

dendritic and B16-F10 cells by following the manufacturer’s instructions. DCs cells were 

maintained in RPMI-1640 medium with 10 % Fetal Bovine Serum, 1 % 

Penicillin/Streptomycin, 50 μM 2-mercaptoethanol, and 1 % non-essential amino acids. 

B16-F10 cells were maintained in RPMI-1640 medium with 10 % Fetal Bovine Serum, 

1 % Penicillin/Streptomycin and 50 μM 2-mercaptoethanol. When the confluence was 

around 80%, they were trypsinized and placed into several tissue flasks to expand their 

number. Lastly, stock cultures for each cell line were created and kept in liquid nitrogen 

for further experiments.  
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2.2.6. Validation of CMDs for Cell Culture Studies 

 

 

The suitability of three-layered CMDs for cell-based studies were examined 

before their use in cell culturing. To test the cell viabilities inside the CMDs, CMDs were 

sterilized by available sterilization techniques, including autoclaving and UV treatment. 

While CMDs were autoclaved with exposure to saturated steam at 121°C for 20 minutes, 

UV light was also exposed to each side of other CMDs for 45 minutes. After the 

sterilization of CMDs by autoclaving and UV treatment, the cellular viabilities of B16-

F10 and DCs were determined by live/dead assay. For this purpose, B16-F10 and DCs 

(cell number: 104 cells) were individually suspended in 60 µL of cell culture media and 

then injected into the CMD channels. At specific time points for 48 hours, 20 µL of dye 

solution that contains CytoCalcein and Propidium Iodide (PI) were pipetted into the 

inlets. After adding dye solution into the channels, CMDs were incubated for 30 minutes 

at 37°C in a humidified CO2 incubator. Lastly, the fluorescence images for each specific 

time point using a fluorescence microscope (Zeiss Axio Observer). 

 

 

2.2.7. Flow Cytometry Analysis  

 

 

DC2.4 cells were subjected to surface marker staining to assess the expression of 

chemokine receptor 5 (CCR5). After DC2.4 cells stimulation, the cells were detached and 

suspended in FACS (Fluorescence Activated Cell Sorting) buffer, which was prepared by 

dissolving 5 g of BSA (Bovine Serum Albumin) and 125 mg sodium azide in 500 mL 1X 

PBS. Mouse CD16/32 antibody was added into each well and incubated for 10 minutes 

on ice. Then, anti-mouse CCR5 (CD195) – PE/Cy7 was added and incubated on ice in 

the dark for 40 minutes. Next, the cells were washed with a FACS buffer and centrifuged 

350 x g for 5 minutes. The fixation buffer (4% paraformaldehyde) was added to fix the 

cells on ice for 15 minutes. Finally, the cells were washed and resuspended in FACS 

buffer to analyze CCR5 levels in the flow cytometer (BD FACSCanto). 

B16-F10 cells were analyzed for chemokine (C-C motif) ligand 2 (CCL2) and 

chemokine (C-C motif) ligand 5 (CCL5) expression levels up to 72 hours. Brefeldin-A 
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was added into B16-F10 cells 5 hours before performing intracellular staining. B16-F10 

cells were detached and suspended in the FACS buffer. The cells were fixed with a 

fixation buffer for 20 minutes in the dark on ice. After washing with FACS buffer, the 

fixed cells were washed with an Intracellular Staining Permeabilization Wash Buffer 

(Biolegend) and centrifuged at 350 x g for 5 minutes (twice). Anti-mouse CCL2 - APC 

and anti-mouse CCL5 – PE dye cocktail were added into the cells and incubated for 20 

minutes in the dark on ice. The cells were washed with the Intracellular Staining 

Permeabilization Wash Buffer and centrifuged at 350 x g for 5 minutes. Finally, the cells 

were resuspended in FACS buffer, and cell fluorescence was assessed using flow 

cytometry (BD FACSCanto). The data were analyzed with FlowJo software version 10. 

 

 

2.2.8. Cytotoxicity Assessment of Small Molecules on of DC2.4 cells with 

LPS and AST-VII 

 

 

DCs were stimulated by treatment with various amounts of small molecules (LPS 

and AST-VII) for their maturation. In this regard, the cytotoxicity of LPS and AST-VII 

on DCs were first analyzed by MTT assay. Moreover, the effects of LPS and AST-VII on 

the expression of chemokine receptors in DCs were determined by flow cytometry. 

For cytotoxicity assessment, DCs (5-10 x 103 cells) were suspended in 200 µL of 

RPMI-1640 medium and then seeded in a 96-well plate. Later, the cells were incubated 

overnight. On the following day, the cells were treated with (i) 100 ng/mL concentration 

of LPS and (ii) 2 µM, (iii) 5 µM concentration of AST-VII; and (iv-v) also co-treated 

with LPS (100 ng/mL) and AST-VII (2-5 µM) for 24 hours. After treatment period, 20 

µL of MTT solution at a concentration of 0.5 mg/mL was added to each well in 96-well 

plates; and the cells were incubated for 3 hours. Then, 200 µL of DMSO was added to 

each well to dissolve the formazan crystals. Finally, the absorbance values were measured 

using a spectrophotometer at 565 nm and 650 nm. The acquired data was statistically 

analyzed with GraphPad Prism to determine relative cell viabilities. 
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2.2.9. Chemotaxis Assay within Chemotaxis Microfluidic Device (CMD) 

 

 

CMDs were used to co-culture DCs and B16-F10 cells for the investigation of 

small molecule induced chemotaxis of DCs towards B16-F10 cells. To confirm the 

stimulation dependant migration of DCs, we designed an experimental plan (Figure 2.4), 

including (i) treated-DCs vs None (absence of B16-F10 cells), (ii) non-treated-DCs vs 

B16-F10 cells, and (iii) treated-DCs vs B16-F10 cells. 

For this purpose, DCs and B16-F10 cells were first stained with a green 

fluorescence tracker CytoTrack™ Green and a red fluorescence tracker CytoTrack™ Red 

(by following the manufacturer’s protocol)151,152. Then, fluorescence-stained DCs and 

B16-F10 cells were seeded into CMD; and the migration of DCs towards to B16-F10 cells 

were monitored through fluorescence microscope.  

For fluorescence staining of DCs, DCs (2 x 105 cells/well) were seeded into 24-

well plate, and incubated for overnight. Next day, DCs were co-treated with LPS (100 

ng/mL) and AST-VII (5 μM) for their maturation for 24 hours. Then, 100 µL of green 

tracking dye solution was added into wells; and the cells were incubated for 30 minutes. 

For fluorescence staining of B16-F10 cells, B16-F10 cells (105) were seeded into a 24-

well plate and incubated overnight. The next day, 20 µL of red tracking dye solution was 

added into wells; and the cells were incubated for 1 hour. Lastly, the cells were gently 

washed with dPBS and detached using trypsinization. 

After staining, 60 µL of B16-F10 cells (104 cells) were seeded into the bottom 

lateral channel in CMDs and incubated for 6 hours, allowing their attachment to the 

PMMA substrate. After 6 hours, 66 µL of LPS and AST-VII-treated DCs (2 x 104 cells) 

were seeded into the top lateral channel in CMDs (Figure 2.4C). The chemotaxis of 

mDC2.4 towards B16-F10 murine melanoma cells was observed under a fluorescent 

microscope (ZEISS Axio Vert.A1) for 24 hours. 
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Figure 2.4. Chemotaxis assay in CMD. (A) Chemotaxis of treated-DCs in the absence of 

B16-F10 cells, (B) Chemotaxis of non-treated-DCs towards B16-F10 cells, 

and (C) Chemotaxis of treated-DCs towards B16-F10 cells. 
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CHAPTER 3 
 

 

 RESULTS AND DISCUSSIONS 
 

 

3.1. Design of Chemotaxis Microfluidic Device  

 

 

The Chemotaxis Microfluidic Device (CMD) was designed using AutoCAD and 

fabricated through laser ablation. As CMDs were designed for co-culturing DCs and B16-

F10 cells, it contained top and bottom lateral channels for each cell line and also the 

centrally located microchannels to investigate immune-cancer cell interactions. The CMD 

was designed as a three-layered microfluidic device consisting of the top, middle, and 

bottom layers. While the top layer consisted of inlets and outlets, the middle layer was 

patterned with lateral channels and chemotaxis microchannels (Figure. 2.1). As this CMD 

design provides the possibility for real-time and single-cell tracking, it offers durability 

for the characterization of immune cell chemotaxis. Also, such a design was preferred 

instead of a Y-shaped microfluidic device because Y-shaped microfluidic devices require 

complex setups to deliver stable gradients. On the other hand, Y-shaped microfluidic 

devices are commonly utilized for adherent cells; however, loosely adherent DCs were 

studied in this thesis study153.  

In CMD, the widths of the top and bottom lateral channels were designed as 1000 

µm to provide a low resistance path for fluid flow similar to Davidson et al.154, allowing 

rapid equilibrium in a case of uneven filling in the inlets154. Moreover, the length of the 

centrally located microchannels was set to be a minimum of 650 µm as the laser hindered 

the fabrication of lower lengths deforming the carved structures. Therefore, obtaining as 

low as 200 µm length microchannels from Parlato et al.146 was inadvisable. Microchannel 

depth was designed as 150 µm to have an adequate cross-section for DCs to migrate 

through to the B16-F10 bottom channel, preventing any backflow of melanoma cells and 

media to the DC top channel. 
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3.2. Fabrication and Characterization of Chemotaxis Microfluidic 

Device 

 

 

The CMD was fabricated through laser ablation via Makeblock CO2 laser cutter 

that provides two operation modes, vector and raster. For each mode, Power (P) and 

Speed (S) values were validated. Then, CMD layers were assembled before the 

characterization of CMDs. In addition to the structural characterization (width and depth 

values) of microfluidic channels in the CMD by microscope, liquid handling capacity and 

mechanical properties of CMDs were also determined by leakage and tensile tests, 

respectively. This characterization was crucial to guarantee (i) no leakage in CMD and 

(ii) permanent bonding between CMD layers. Firstly, the vector operation mode was 

validated for a pool of eighty combinations of P and S values, and the P-S combination 

that successfully cut 1-mm PMMA was determined. As shown in Figure. 3.1, ten 

combinations of P-S combinations, P40S10, P50S10, P60S10, P70S10, P80S10, P80S20, 

P90S10, P90S20, P100S10, and P100S20, could successfully cut the 1 mm thick PMMA.  

 

 
 

Figure 3.1. Fabrication P and S combinations that cut the 1 mm thick PMMA sheet using 

the vector mode depicted under red rectangles.  

 

 

Furthermore, the errors for ten P-S combinations in vector mode were determined. 

For this purpose, five different rectangles with varied width values (500, 700, 800, 900, 

and 1000 μm) were cut through vector mode. Then, images were taken by microscope 

(Figure. 3.2). After that, the width values were measured from each image using Zen Blue 
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software (Table 3.1). At the end, the obtained width values were compared with 

theoretical width values. Then the error percentages for each P-S combination were 

determined (Figure. 3.3). It was shown that (i) the obtained values were higher than 

theoretical values, (ii) the error percentages increased by an increment of P values at a 

constant speed; and (iii) the error percentages decreased by an increment of S values at a 

constant power. For the 500 μm of theoretical width, the lowest and highest error rates 

were recorded as 29.36% and 46.47% by P40S10 and P100S10, respectively. For the 700 

μm of theoretical width, the lowest and highest error was 17.85% and 37.67% by P80S20 

and P100S10, respectively. For the 800 μm of theoretical width, the lowest and highest 

error rate was 14.30% and 35.95% by P80S20 and P100S10, respectively. For the 900 

μm of theoretical width, the lowest and highest error rates were 14.65% and 35.08% by 

P80S20 and P100S10, respectively, yielding an average width of 1031.89 and 1215.69 

μm, respectively. For the 1000 μm of theoretical width, the lowest and highest error rates 

were 17.32% and 26.42% by P40S10 and P90S10, respectively (Figure. 3.3).  
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Figure 3.2. Microscopic images of obtained microfluidic channels by ten parameters used 

in vector mode operation. 
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Table 3.1. Average width values obtained by vector mode operation. 

 

P - S 

Combinations 

Average Width  (μm) 

500 μm 700 μm 800 μm 900 μm 1000 μm 

P40S10 646.8 ± 9.8 861.2 ± 9.4 963.4 ± 11.1 1075.5 ±17.7 1173.2 ± 39.7 

P50S10 664.2 ± 14.4 901.6 ± 12.6 1026.3 ± 8.3 1106.1 ± 6.5 1200.9 ± 10.5 

P60S10 689.5 ± 8.6 912.2 ± 14.0 1020.4 ± 12.7 1144.5 ± 25.6 1202.7 ± 38.6 

P70S10 711.9 ± 19.8 925.5 ± 21.7 1052.2 ± 19.3 1147.8 ± 8.6 1217.9 ± 15.2 

P80S10 713.4 ± 16.0 945.7 ± 5.6 1074.6 ± 17.9 1179.0 ± 21.4 1251.3 ± 28.6 

P80S20 615.7 ± 9.7 824.9 ± 8.9 914.5 ± 6.8 1031.9 ± 17.9 1151.9 ± 21.6 

P90S10 720.5 ± 8.3 946.9 ± 16.7 1079.7 ± 12.9 1164.6 ± 4.9 1264.2 ± 32.3 

P90S20 616.5 ± 8.7 853.3 ± 26.5 989.0 ± 7.0 1079.0 ± 13.1 1166.1 ± 48.6 

P100S10 732.3 ± 7.7 963.7 ± 6.6 1087.6 ± 13.5 1215.7 ± 28.7 1255.4 ± 32.7 

P100S20 670.9 ± 11.3 871.1 ± 15.4 1056.8 ± 5.7 1180.1 ± 20.2 1179.3 ± 12.7 

 

 

 

 
 

Figure 3.3. Error rates for ten different P-S combinations in vector operation mode. Each 

data point represents the percentage difference between obtained width and 

the theoretical width. 

 

As a result, P80S20 ensured the lowest error rate in vector mode. Using the data 

obtained from P80S20, an equation showing how much should be drawn to obtain an 

exact width value (1000 μm) for the CMD lateral channels was designed. Figure 3.4 

shows the graph obtained by plotting theoretical vs obtained width values. Also, it shows 

an equation that was used to calculate how much width should be drawn to obtain 1000 

μm of width using vector mode with P80S20. Accordingly, it was noted that due to an 

increase in length after vector mode ablation, the two lateral channels should be drawn 

866.86 µm apart obtaining a final distance of 1000 µm as a width for the fabrication of 

CMD lateral channels. 

 



33 
 

 
 

Figure 3.4. Theoretical vs. obtained width values during the vector mode operation with 

P80S20.  

 

In addition to vector mode, the raster mode operation was validated by various P-

S combinations. For this purpose, a 1-mm thick PMMA plate was ablated using the raster 

mode with eighty different P-S combinations. Then, widths and depths (μm) values of 

centrally located microchannels were measured. After engraving, microchannels were 

observed under a microscope (Figure. 3.5). Microchannels' average width and depth (μm) 

values were then measured using the images taken from a microscope.  

According to data obtained, the widths of engraved microchannels decreased with 

an increasing S value at a constant P value (Figure. 3.6). While the maximum width was 

obtained as 446.8 ± 12.3 μm by P90S10, P10S80 provided the minimum width as 136.2 

± 11.8 μm. Also, with an increasing P value at constant S, the width dimension tends to 

increase; for example, when speed is kept constant at the value of 10 mm/s, the width for 

P10S10 is 246.2 ± 32.3 μm, and the width for P100S10 is 402.6 ± 8.5 μm. Moreover, with 

an increasing S at constant P, the width value of microchannels decreased (Figure. 3.6). 

For example, the width obtained by P50S10 was 392.3 ± 5.3 μm; however, it significantly 

reduced to 268.7 ± 6.8 μm (P50S80) by increasing the S value in raster mode. According 

to the obtained data, it can be concluded that (i) P increase at constant S causes the 

increase in the width values, and (ii) S increase at constant P provides microchannels with 

smaller width values (Table 3.2).  
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Figure 3.5. Microscopic images of centrally located microchannels obtained by raster 

mode operation through eighty different P-S combinations. 
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Table 3.2. Average widths (μm) of microchannels obtained by raster mode. 

 

Speed 

(mm/s) 

Power (%) 

10 20 30 40 50 60 70 80 90 100 

10 246.2 ± 

32.3 

368.6 ± 

10.6 

379.4 ± 

6.1 

391.8 ± 

14.1 

392.3 ± 

5.3 

441.3 ± 

25.8 

430.4 ± 

24.4 

419.0 ± 

11.2 

446.8 ± 

12.3 

402.6 

± 

8.5 

20 203.7 ± 

21.4 

302.4 ± 

6.2 

341.2 ± 

6.4 

347.3 ± 

10.7 

352.5 ± 

3.3 

399.6 ± 

24.4 

391.1 ± 

5.6 

374.5 ± 

4.6 

362.7 ± 

4.2 

364.4 

± 

23.2 

30 180.0 ± 

16.4 

271.3 ± 

22.4 

304.5 ± 

9.8 

306.4 ± 

14.1 

327.2 ± 

4.9 

366.8 ± 

19.9 

350.9 ± 

8.7 

342.8 ± 

16.0 

330.1 ± 

7.7 

339.7 

± 

17.6 

40 156.0 ± 

14.4 

249.1 ± 

23.1 

278.9 ± 

12.1 

293.0 ± 

11.7 

307.2 ± 

8.7 

349.3 ± 

15.1 

318.8 ± 

12.2 

318.9 ± 

10.8 

324.9 ± 

20.1 

334.4 

± 

20.4 

50 164.6 ± 

27.9 

231.1 ± 

21.0 

267.2 ± 

5.0 

279.1 ± 

11.5 

289.0 ± 

20.8 

320.5 ± 

18.2 

324.4 ± 

25.3 

311.2 ± 

13.0 

303.9 ± 

11.4 

314.6 

± 

17.1 

60 147.1 ± 

29.0 

225.7 ± 

22.3 

259.1 ± 

7.1 

267.5 ± 

13.0 

283.6 ± 

7.7 

315.6 ± 

21.8 

316.3 ± 

19.5 

302.7 ± 

19.2 

315.5 ± 

10.1 

298.1 

± 

11.8 

70 153.0 ± 

21.3 

209.5 ± 

16.2 

247.6 ± 

9.6 

256.4 ± 

7.4 

283.3 ± 

11.9 

314.9 ± 

21.9 

311.8 ± 

16.7 

305.3 ± 

10.3 

297.0 ± 

15.1 

295.8 

± 

10.3 

80 136.2 ± 

11.8 

191.6 ± 

15.3 

247.2 ± 

6.9 

253.1 ± 

5.8 

268.7 ± 

6.8 

313.0 ± 

19.0 

298.5 ± 

11.4 

293.8 ± 

14.1 

296.8 ± 

18.4 

296.5 

± 

10.5 

 

 

In addition to the analysis of width values, the effects of P-S on the depth of 

microchannels were investigated. For this purpose, the PMMA plate was engraved using 

raster mode with eighty different P-S combinations again. Then, it was placed vertically 

on the microscope stage to obtain depth images (Figure. 3.7). Moreover, the depth values 

of each microchannel were determined as previously done for width analysis.  

As shown in Figure. 3.8, the depth of microchannels decreased by increasing S at 

a constant P value. For instance, the depth value was recorded as 446.0 ± 24.3 μm for 

P30S10; however, it was obtained as 91.8 ± 24.1 μm for P30S80. We also realized that 

the depth value increased when P was increased at a constant S value. For example, the 

depths of the microchannel were 22.9 ± 6.0 and 644.6 ± 30.8 μm for P20S50 and P90S50, 

respectively. Moreover, several P-S combinations in raster mode operation completely 

cut 1-mm PMMA, such as P40S10, P50S10, P60S10, P70S10-20, P80S10-20, P90S10-

20, and P100S10-30. Interestingly, some P-S combinations could not create 

microchannels, including P10S40-80 and P20S60-80 (Table 3.3).  
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Figure 3.7. Microscopic images of rasterized PMMA plate for analysis of depth values.  
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Table 3.3. Average depths (μm) of microchannels obtained by raster mode operation in 

eighty different P-S combinations. While some of the P-S combinations cut 

completely 1-mm PMMA plate (>1 mm), some of them could not ablate (Not 

A), resulting in no depth. 

 

Speed 

(mm/s) 

Power (%) 

10 20 30 40 50 60 70 80 90 100 

10 88.8 

± 4.2 

364.0 ± 

17.8 

446.0 ± 

24.3 

>1 mm >1 mm >1 mm >1 mm >1 mm >1 mm >1 mm 

20 23.2 

± 0.1 

147.6 ± 

1.9 

351.7 ± 

23.9 

601.6 ± 

3.4 

765.5 ± 

35.9 

736.1 ± 

36.5 

>1 mm >1 mm >1 mm >1 mm 

30 16.1 

± 1.8 

84.7 ± 

12.5 

243.6 ± 

24.1 

423.0 ± 

13.2 

605.5 ± 

27.3 

518.1 ± 

14.9 

762.9 ± 

36.0 

785.7 ± 

38.1 

808.8 ± 

61.1 

>1 mm 

40 Not A 44.4 ± 

8.6 

168.1 ± 

42.3 

358.8 ± 

23.3 

541.2 ± 

32.9 

548.0 ± 

19.3 

591.0 ± 

57.0 

649.7 ± 

7.0 

833.8 ± 

44.8 

875.8 ± 

36.1 

50 Not A 22.9 ± 

6.0 

125.2 ± 

21.2 

255.2 ± 

26.8 

386.2 ± 

9.3 

431.2 ± 

15.0 

520.6 ± 

43.5 

545.8 ± 

24.3 

644.6 ± 

30.8 

761.2 ± 

33.4 

60 Not A Not A 123.9 ± 

29.7 

248.8 ± 

38.9 

368.3 ± 

48.6 

461.5 ± 

13.2 

456.8 ± 

19.3 

421.9 ± 

29.2 

487.1 ± 

13.0 

618.6 ± 

9.2 

70 Not A Not A 99.7 ± 

29.9 

189.3 ± 

11.7 

307.2 ± 

1.9 

408.0 ± 

45.0 

369.5 ± 

25.1 

428.4 ± 

48.6 

484.6 ± 

47.4 

479.5 ± 

11.5 

80 Not A Not A 91.8 ± 

24.1 

1179.2 

± 5.6 

350.2 ± 

8.7 

398.9 ± 

27.3 

301.1 ± 

15.5 

342.5 ± 

20.6 

383.9 ± 

61.8 

554.1 ± 

45.8 

 

 

According to the CMD design (Figure 2.1), the required widths and depths of 

centrally located chemotaxis microchannels should be 300 and 150 μm, respectively. As 

shown in Table 3.3, P20S20 offered a microfluidic channel with 302.4 ± 40.3 μm of width 

and 140.3 ± 13.2 of depth. Therefore, P20S20 was chosen for raster mode to fabricate 

centrally located microchannels in CMDs.  

In conclusion, P-S combinations were validated for the vector and raster mode 

operation modes in laser ablation. For the vector mode, P80S20 was termed the optimal 

P-S combination due to its lowest error rate. However, P20S20 was determined as an 

optimal P-S combination since it offered the required width and depth values for centrally 

located microfluidic channels.  

After accomplishing the P-S optimization of both operation modes, each layer was 

fabricated (Figure 3.9) and assembled to fabricate CMD using two independent assembly 

techniques. 
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Figure 3.9. Individual layers of the CMD fabricated using determined P-S combination. 

(A) Top layer containing the inlets and outlets, (B) Middle layer with lateral 

channels and microchannels, (C) Bottom layer as support. 

 

Assembly technique one (AT 1) employed adhesive bonding to assemble the 

CMD layers. A double-sided adhesive tape was placed on both sides of the middle layer 

for adhesive bonding. However, the P80S20 combination could not ablate the 1-mm 

PMMA by vector mode. This limitation led to the utilization of Assembly Technique two 

(AT 2), which was thermally-assisted solvent bonding to assemble each layer of CMDs.  

For thermally-assisted solvent bonding, ethanol (EtOH) and isopropyl alcohol 

(IPA) were utilized to provide permanent bonding between the CMD layers. The bonding 

conditions for each solvent were varied in terms of solvent concentration, bonding 

temperature, and incubation time (Table 3.4). We noticed that CMD layers could not bind 

each other permanently at lower concentrations of solvents (50%). However, the 

permanent bonding of CMD layers was observed when solvents were used at 80% 

concentration regardless of incubation temperature and time. These results recapitulated 

previous findings by Bamshad et al. where PMMA substrate bonding is reversible 

(partially bonded) and irreversible (fully bonded) at 50 % and 80 % EtOH and IPA 

concentrations, respectively155. The assembled CMDs with any deformation or cracking 

are shown in Figure. 3.10 and Figure 3.11 for CMDs assembled with EtOH and IPA, 

respectively. 
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Table 3.4. CMD layers were assembled via ethanol (EtOH) and isopropyl alcohol (IPA). 

 

Solvent 

Concentration 

Temperature Time 

(minutes) 

Bonding Result 

   EtOH IPA 

50% 60°C 5 Fail Fail 

10 Fail Fail 

20 Fail Fail 

70°C 5 Fail Fail 

10 Fail Fail 

20 Fail Fail 

60% 60°C 5 Fail Fail 

10 Fail Fail 

20 Fail Success 

70°C 5 Fail Fail 

10 Fail Success 

20 Success Success 

70% 60°C 5 Fail Fail 

10 Fail Fail 

20 Success Success 

70°C 5 Fail Fail 

10 Success Success 

20 Success Success 

80% 60°C 5 Success Success 

10 Success Success 

20 Success Success 

70°C 5 Success Success 

10 Success Success 

20 Success Success 
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Figure 3.10. Three-layered CMDs were assembled using ethanol at various incubation 

temperatures and times. 
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Figure 3.11. Three-layered CMDs were assembled using isopropyl alcohol at various 

incubation temperatures and times. 
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Moreover, leakage tests characterized the CMDs in terms of their liquid handling 

capacity. Principally, leakage tests were conducted by pipetting a blue ink dye into the 

lateral channels to observe potential bleeding to confirm which bonding condition was 

efficient in terms of permanent bonding. Figure. 3.12 and Figure. 3.13 shows the efficacy 

of the thermally-assisted solvent bonding technique on the assembly of CMD layers using 

ethanol and isopropyl alcohol, respectively. We observed the leakage in CMDs assembled 

using 60% EtOH and IPA. Also, samples leaked from the microchannels in CMDs 

assembled using 70% concentration of solvents at 60°C and 70°C. Moreover, CMDs 

assembled using an 80% concentration of both solvents at 60°C caused the leakage of 

liquid samples in microchannels. However, no sign of liquid leakage in CMDs assembled 

using an 80% concentration of both solvents at 70°C (Figure. 3.12-13). As a result, eight 

and nine of the assembly conditions from the ethanol and isopropyl alcohol groups show 

leaks, respectively. A total of five bonding conditions showed no visual leaks.  

Later, CMDs that were permanently assembled (non-leaked CMDs - five 

conditions) were subjected to mechanical tensile testing to determine their maximum 

tensile strengths. For that purpose, Force (kN) and stroke (mm) were obtained for each 

CMD, and then the stress and strain values were calculated. Using stress and strain values, 

the maximum tensile strength for each CMD was determined (Table 3.5). We could not 

see significant differences in the bonding strengths of CMDs assembled using EtOH for 

10 and 20 minutes. The values of bonding strengths were determined as 22.2 to 22.4 MPa. 

However, the bonding strengths of CMDs assembled using isopropyl alcohol differed 

depending on the incubation time. As shown in Table 3.5, the bonding strengths were 

determined as 19.2 and 22.3 MPa for 5 and 20 minutes, respectively. Overall, both 

solvents at 80% concentration offered comparable tensile strengths, especially for long 

incubation times.  

Due to leakage and tensile testing, the optimal assembly condition for CMD layers 

was established by using 80% ethanol at 70°C for 20 minutes, resulting in high bonding 

strength without any leakage. 
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Figure 3.12. Leakage tests for CMDs assembled using ethanol. 
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Figure 3.13. Leakage tests for CMDs assembled using isopropyl alcohol. 
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Table 3.5. Maximum tensile strength of CMDs assembled using ethanol and isopropyl 

alcohol at various incubation temperatures and times. 

 

Solvent  Solvent 

Concentration 

Incubation 

Temperature 

Incubation 

Time  

Bonding 

Strength 

(MPa) 

Ethanol 80% 70°C 10 min 22.2 

20 min 22.4 

Isopropyl 

Alcohol 

80% 70°C 5 min 19.2 

10 min 19.5 

20 min 22.3 

 

 

3.3. Validation of CMDs for Cell Culture Studies 

 

 

The CMD was evaluated in terms of their use in cell culture studies after 

fabrication. Before culturing cells into the CMD, fabricated CMDs were sterilized using 

autoclaving or UV treatment. To validate the efficacy of the sterilization techniques, the 

viabilities of DC2.4 dendritic (DCs) and B16-F10 melanoma cells cultured within lateral 

channels were determined for 48 hours using Live/Dead Assay.  

In Figure 3.14, DCs showed high cell viability in either autoclaved or UV-treated 

CMDs for the first 24 hours. However, we observed higher cell viability in autoclaved 

CMDs than in UV-treated CMDs at 48 hours. In detail, the red fluorescent intensity 

increased in UV-treated CMDs over time, while the cells in autoclaved CMDs were kept 

their viabilities for 48 hours. Additionally, the higher viabilities of B16-F10 cells were 

observed in autoclaved CMDs compared to UV-treated CMDs for 48 hours (Figure. 

3.15). Concludingly, it was noticed that sterilization through autoclaving provided the 

highest DCs and B16-F10 cell viability for 48 hours.  
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3.4. Investigation of Small Molecule Induced CCR5/CCL2-CCL5 

Expression on Dendritic and Melanoma Cells 

 

 

Understanding the chemotactic environment of tumors and identifying 

chemokines that regulate immune cell migration into tumors is essential to develop 

immunotherapeutics156. In anti-tumor immunity, dendritic cells migrate into the tumor 

through XCR1, CCL3, CCL4, CCL5, and CCL20 present in the tumor microenvironment 

(TME), capturing tumor antigens and reaching a maturated state to activate T cells in 

lymph nodes. The secretion of chemokines, such as CCL5 for CCR5, CXCL9/10/11 for 

CXCR3 in the TME, is necessary for initiating a tumor-specific immune response157. 

Additionally, in melanoma, 12-chemokine signatures (CCL2, CCL3, CCL4, CCL5, 

CCL8, CCL18, CCL19, CCL21, CXCL9, CXCL10, CXCL11, and CXCL13) were 

associated with better survival of melanoma patients158; therefore, CCL2 and CCL5 

chemokines, which are both agonist for CCR5118 were chosen. To show the directional 

migration of DCs to B16-F10, whether it is guided by chemotaxis or not, the expression 

of the CCR5 receptor on DCs and its corresponding ligands, CCL2 and CCL5, in B16-

F10, were investigated by using flow cytometry.  

Previous studies on DC chemotaxis have shown differences between immature 

DCs and mature DCs regarding chemokine receptor expression levels. Parlato et al.149 

demonstrated that interferon-treated DCs (IFN-DCs) showed an elevated expression of 

chemokine receptor CXCR4 compared to immature DCs. Subsequently, they showed the 

role of the CXCR4/CXCL12 axis in the guided migration of IFN-DCs towards colorectal 

cancer cells149. According to this reference study, we aim to maturate DCs by a small 

molecule, Astragaloside VII (AST-VII), to investigate the expression level of CCR5 and 

the effect on directional migration along the CCR5/CCL2-5 axis. 

As shown in previous work, Yakubogullari et al.159 demonstrated that AST-VII 

cooperating with LPS induced the maturation and activation of mouse bone marrow-

derived dendritic cells (BMDCs). As AST VII alone did not enhance dendritic cell 

maturation, co-treatment of AST VII with LPS increased the expression of MHCII, 

CD86, and CD80 on DCs and the production of pro-inflammatory cytokines such as IL-

1 and IL-12159. 
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In light of this information, we investigated the expression levels of CCR5 on 

immature and mature DCs stimulated with AST-VII and LPS. DCs were treated with 

AST-VII (5 M), LPS (100 ng/mL) alone, or AST-VII (5 M) + LPS (100 ng/mL) for 24 

h. Immature dendritic cells express CCR5 receptors on their surfaces as clearly stated in 

literature116,117. As AST-VII alone did not enhance the maturation of dendritic cells159, 

similar CCR5 levels were observed in AST-VII-treated dendritic cells compared to RPMI 

treated DCs. CCR5 expression levels on DCs significantly increased following the 

stimulation with LPS alone and LPS+AST-VII compared to RPMI-treated DCs, 

indicating dendritic cell maturation influences CCR5 expression. However, AST-VII did 

not alter the CCR5 expression in LPS+AST-VII treated dendritic cells over LPS alone 

(Figure 3.16).  

These data showed that DCs in the mature state expressed higher CCR5 receptors 

than the immature state, demonstrating that LPS+AST VII stimulated cells could be used 

to guide the chemotaxis of DCs toward B16-F10 cells. 

 

 

 

 

Figure 3.16. CCR5 expression levels on DC2.4 cells treated with AST VII (5 μM), LPS 

(100 ng/mL), and LPS + AST VII co-treatment. Statistically significant 

differences in the groups were analyzed using the ordinary one-way 

ANOVA test. *** p < 0.001, ns: non-significant. 

 

 

Chemotaxis of mDCs is driven by a fine-tuned regulation of chemokine ligands 

and chemokine receptors where mDCs migrate towards the presence of a chemokine 

gradient . Therefore, to investigate the CCL5 and CCL2 expression levels in B16-F10 
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cells, B16-F10 cells were cultured, incubated in RPMI-1640 complete medium, and 

detached at several time points (12-72 h) to analyze chemokine levels by flow cytometry. 

As shown in Figure 3.17A, CCL2 expression in B16-F10 cells decreased over 72 

hours. More specifically, the CCL2 expression at 12 hours was 77.2 % and decreased to 

59.8 % at the 72-hour time point. Moreover, CCL5 expression levels slightly increased 

from 64.1 % (12 h) to 71.8 % (72 h) (Figure 3.17B). These data indicated that B16-F10 

cells expressed CCR5's corresponding ligands, CCL2 and CCL5.  

 

 

 

 

Figure 3.17. Chemokine ligand expression levels in B16-F10 melanoma cells. (A) 

Chemokine ligand 2 (CCL2) expression levels over a period of 72 hours. 

(B) Chemokine ligand 5 (CCL5) expression levels over a period of 72 

hours. 

 

 

In light of these data, we expect mDC2.4 cells to undergo chemotaxis towards 

B16-F10 cells through chemokine gradient, driven dominantly by CCL2 and CCL5 in 

early and late culture-times, respectively. 
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3.5. Cytotoxicity Assessment of Small Molecules on Dendritic Cells 

 

 

The cytotoxicity of LPS and AST-VII on DCs were investigated as relative cell 

viability. For this purpose, DCs were seeded into the well plate with a starting number of 

5-10x 103 cells/well and incubated overnight. Then, DCs were treated with (i) only LPS 

at the concentration of 100 ng/mL, (ii-iii) only AST-VII at 2 and 5 μM concentrations, 

(iv) LPS (100 ng/mL) and AST-VII (2 μM), and (v) LPS (100 ng/mL) and AST-VII (5 

μM) for 24 hours. At the end of treatment, an MTT assay was performed to determine the 

relative cell viability of DCs.  

The DCs (5x103 cell/well) showed higher cell viabilities compared to the control 

group (non-treated) for each treatment group at 24 hours (Figure 3.18A). We observed 

that DCs treated with AST-VII (2-5 μM) had a higher proliferation rate, increasing cell 

viability. However, lower relative cell viabilities were achieved when the seeding density 

of DCs was increased to 104 cells/well. As shown in Figure 3.18B, the lowest relative cell 

viability, around 75%, was observed in the group of LPS-only. However, both co-

treatment groups (LPS+AST-VII) showed a higher relative cell viability around 84.1% 

and 90.5 %, respectively. Especially for higher seeding numbers, the co-treatment of DCs 

with LPS and AST-VII may positively regulate the growth of DCs.  

In conclusion, MTT assay results showed no cytotoxic effects of LPS and AST-

VII on DCs. As co-treatment of DCs with LPS and AST-VII significantly increased 

CCR5 expression (Figure 3.16), it also showed higher cell viability.  
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Figure 3.18. Relative cell viability of DCs treated with (i) only LPS (100 ng/mL); (ii-iii) 

only AST-VII (2-5 μM); (iv) LPS and AST-VII (2 μM); and (v) LPS and 

AST-VII (5 μM) for seeding cell number of (A) 5x103 cell/well and (B) 104 

cell/well. The bars represent the average of three experiments, and the error 

bars indicate the standard deviation. 

 

 

3.6. Chemotaxis of DCs towards B16-F10 Melanoma Cells in CMDs 

 

 

The CMDs were previously fabricated and validated for investigating the 

chemotaxis of DCs towards B16-F10 cells. For this purpose, fluorescence labelled-DCs 

and B16-F10 cells were co-cultured within CMDs. To confirm chemokine dependent 

migration of DCs, we performed three different experiments, including (i) treated-DCs 

(mDCs) vs. None (absence of B16-F10 cells; absence of chemokine), (ii) non-treated-

DCs (imDCs) vs B16-F10 cells, and (iii) mDCs vs B16-F10 cells (Figure 3.19). 

In the first experimental conditions, mDCs were cultured within the top channel 

while the bottom channel was empty. As expected, mDCs did not migrate to the bottom 

channel in the absence of B16-F10 cells and any CCL2/CCL5 chemokine gradient (Figure 

3.19A). These findings showed that the developed CMD did not allow mDCs to migrate 

randomly between top and bottom channels. Additionally, we investigated the migration 

of imDCs within the CMDs where B16-F10 cells were cultured in the bottom channel as 

the negative control experimental condition. As shown in Figure 3.19B, imDCs could not 

cross microchannels to interact with B16-F10 cells over 12 hours. However, a low amount 
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of fluorescently labelled green mDCs were visualized at the 24-hour time point, in 

agreement of the lower CCR5 receptor expression in imDCs.  

Lastly, we co-cultured mDCs with B16-F10 cells within the top and bottom 

channels in the CMDs, respectively (Figure 3.19C). While mDCs stayed in their channel 

at the end of 12 hours, we observed the mDCs by visualizing the green fluorescence in 

the channel where B16-F10 cells were cultured at 24 hours. However, the red 

fluorescence showing B16-F10 cells significantly decreased at 24 hours. This observation 

could be due to possible leaks, contaminations within the CMDs in this experimental 

condition. 

Therefore, as shown in Figure 3.19C, we possibly observed the migratory 

behavior of LPS+AST-VII co-treated DCs towards B16-F10 cells for 24 hours. In order 

to overcome these limitations, these experiments will be repeated in triplicates to 

understand the true chemotaxis ability of mDCs towards B16-F10 cells. 

While comparing these three independent experimental conditions, we could 

possibly indicate that the chemotaxis of DCs was observed through the CCR5/CCL2-

CCL5 axis however, to be sure about these results these experiments will be reproduced 

as future perspectives of this study. According to the obtained results, it can be visualized 

that chemokine presence is crucial for the directional migration of mDCs towards tumors; 

this relates with previous reports149 that have emphasized the importance of chemokine 

presence for the migration of mDCs towards tumors. Also, higher migrating cells can be 

observed with maturated DCs compared to imDCs. 

At this point, we can possibly conclude that (i) the presence of chemokine ligands 

and (ii) the maturation of DCs are required and necessary for chemotaxis. These findings 

also support the literature information about the migratory behavior of mDCs against 

tumor cells147,149 or chemokine gradients120,121,147,149. 
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Figure 3.19. Chemotaxis assay. (A) Migration of treated-DCs towards to bottom channel, 

containing no B16-F10 cells, (B) Migration of untreated-DCs towards B16-

F10 cells, (C) Chemotaxis of treated DCs towards B16-F10 cells for 24 

hours. Green: DCs, Red: B16-F10 cells. 
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CHAPTER 4 
 

 

 CONCLUSION 
 

 

Microfluidic devices have gained significant attention in the last decade due to its 

numerous advantages, such as high throughput and real-time analysis processing with 

small amounts of reagent volumes. Recently, microfluidics has been integrated into 

studying the immune system due to its ability to recapitulate the immune-cancer 

microenvironment. In this thesis, a chemotaxis microfluidic device (CMD) was designed, 

developed, and utilized to investigate the chemotaxis of dendritic cells toward melanoma 

tumors. 

In the first section of this thesis, CMD was designed and fabricated through the 

laser ablation methodology. The fabricated CMDs were then characterized in terms of 

their structural and mechanical properties, such as microchannel dimensions, properties, 

liquid handling capacity, and tensile strength. The CMD was designed using AutoCAD 

and fabricated as a three-layered device having a (i) top layer for inlets and outlets, (ii) 

middle layer for the top and bottom lateral channels to culture DCs and B16-F10 cells, 

respectively, and centrally located microchannels, and (iii) bottom layer for support. A 

laser cutter was used in vector and raster operation modes to fabricate each layer of 

CMDs. For each operation mode, power (P) (%) and speed (S) (mm s-1) parameters were 

optimized to pattern desired microchannel patterns onto PMMA. While P80S20 provided 

the lowest error rate for vector mode, P20S20 offered the required structural properties 

of microchannels in CMDs. Also, the effects of P and S values on microchannels' width 

and depth properties were determined for raster mode. Notably, the width and depth 

values of microchannels increased when the power was increased at a constant speed. 

After each layer of CMD was obtained, the thermally-assisted solvent bonding technique 

was utilized using either ethanol or isopropyl alcohol to bond each layer together 

permanently. The bonding efficacy of CMD layers was evaluated through leakage and 

tensile tests. The CMD permanently bonded using 80% ethanol at 70°C for 20 minutes 

and exhibited no leakage and the highest bonding strength. The required amount of liquid 

sample for the top and bottom channels in CMD was also determined as 60 and 66 μL, 

respectively.  
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In the second section of this thesis, the suitability of CMD for cell culture studies 

was evaluated. The fabricated CMDs were sterilized using either autoclaving or UV light. 

Then, the viabilities of DC2.4 dendritic (DCs) and B16-F10 melanoma (B16-F10) cells 

individually cultured in sterilized CMDs were determined using Live/Dead assay. The 

CMDs sterilized using autoclaving offered higher cell viability of DCs and B16-F10 cells 

for 48 hours. 

In the third section of this thesis, DCs were maturated by stimulating them with 

small molecules. As we previously reported the maturation of DCs using LPS and AST-

VII159, DCs were stimulated by LPS (100 ng/mL) and AST-VII (2-5 μM). The effects of 

LPS and AST-VII on the viability of DCs were then investigated. While DCs treatment 

with LPS-only showed around 75% cell viability, especially for higher cell density, the 

co-treatment of DCs with LPS and AST-VII provided higher cell viability for low and 

high cell density. On the other hand, the induction of CCR5 expression in mDCs was 

determined. It was realized that DCs were synergistically treated with LPS (100 ng/mL), 

and AST-VII (5 μM) showed higher CCR5 expression. To confirm the chemotaxis of 

maturated DCs (mDCs) in CMDs depending on the CCR5/CCL2-CCL5 axis, CCL2 and 

CCL5 expressions in B16-F10 cells were also determined.  

In the last section of this thesis, we respectively co-cultured mDCs and B16-F10 

cells within the top and bottom channels of CMDs to visualize the time-dependent 

chemotaxis of mDCs towards B16-F10 cells through the CCR5/CCL2-CCL5 axis. Three 

experimental conditions were evaluated for the chemotaxis of mDCs. We partially 

showed the migration of mDCs in the presence of B16-F10 cells towards the 

CCR5/CCL2-CCL5 axis, while they did not migrate for the condition of the absence of 

B16-F10 cells and partial migration at 24 hours with treated DCs. We possibly visualized 

the chemotaxis of DCs co-stimulated with LPS (100 ng/mL) and AST-VII (5 μM) towards 

B16-F10 cells. However, a significant loss of B16-F10 cells was observed at the 24-hour 

visualization. This could be due to possible leaks in the bottom lateral channel that could 

not be visualized by the naked eye, or due to possible contaminations in that specific 

experimental condition at the 24-hour time point. In order to obtain an accurate 

understanding of the chemotaxis of DCs treated with LPS-AST-VII, this final experiment 

is to be performed again to conclude the chemotaxis ability of mDCs towards B16-F10. 

In these experiments, the study will be performed in triplicates and images will be 

captured from different locations of the CMDs. 
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In summary, a PMMA-based three-layered chemotaxis microfluidic device 

(CMD) was designed via AutoCAD, fabricated through laser ablation, and then used to 

co-culture DCs and B16-F10 cells. Moreover, the chemotaxis of mDCs towards B16-F10 

cells was partially observed in CMDs. The developed microfluidic platform provides a 

cost-effective, easy-to-fabricate, and time-efficient platform to perform real-time 

investigations of intercellular interactions.  

Future projections with this current work can include the real-time migration of 

dendritic cells, where migration analysis can be done in terms of their migratory paths 

and migration velocity. This developed microfluidic platform can be utilized to observe 

the chemotaxis of mDCs in a dynamic environment cultured with perfusion. Moreover, 

this PMMA microfluidic platform showed great potential for cell culture applications in 

terms of cell viability; therefore, PMMA microfluidic devices can be designed and 

developed for other cell culture applications. 
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