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INTRODUCTION 

The interaction between engineered materials and biological systems ï 

cells and tissues ï is a fundamental aspect of material engineering and tissue 

regeneration research. Biomaterials designed for biomedical applications must 

support cellular interactions and possess adequate mechanical strength to 

maintain structural stability under physiological conditions. In addition to 

mechanical and biocompatible properties, they should promote essential cellular 

functions, such as adhesion, proliferation, and differentiation. These 

characteristics are important not only in regenerative medicine but also in fields 

as tissue engineering and in vitro organ modelling. 

The functional requirements of biomaterials vary depending on their 

specific application. In tissue regeneration and implantology, biomaterials serve 

as scaffolds that facilitate cell adhesion, migration, and tissue integration. In 

contrast, implants used in the circulatory system, such as artificial heart valves or 

vascular prostheses, must actively prevent cell adhesion to avoid complications 

like thrombosis. Therefore, to ensure the effective application of biomaterials, it 

is crucial to select the appropriate material and modify its surface according to 

the biological system's requirements. Surface engineering techniques can 

influence the behaviour of cells through chemical and physical modification. 

These adjustments affect surface topography, porosity, and roughness, and may 

also alter surface chemistry through the incorporation of functional groups that 

modulate hydrophilicity. All of these features impact protein adhesion formation 

of focal adhesions, and, consequently, cell adhesion. 

In recent years, researchers have focused not only on improving surface 

modification strategies but also on integrating them into advanced in vitro 

systems that better mimic real physiological conditions. Microfluidic 

technologies offer a powerful way to study how cells behave in dynamic 

environments, where factors as fluid flow and shear stress are important. These 

systems combine material engineering with biological modeling and can include 

various types of stimulation, such as electrical signals, chemical gradients, or 

mechanical cues. This allows for precise, controlled experiments that reveal how 

cells respond to specific cues. 

This thesis focuses on optimizing biomaterial surfaces and improving 

their biocompatibility through targeted modification strategies. The research 

examined two biomaterials - bioceramic alumina and polycarbonate (PC) ï each 

belonging to a distinct biomaterial class. The integration of PC into microfluidic 

systems enabled the development of functional platforms for cell culture and 

stimulation. The proposed solution contributes to the advancement of biomaterial 

science and opens new possibilities in both implantology and tissue engineering. 
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Aim and objectives 

This dissertation aims to systematically evaluate the biocompatibility and 

cell adhesion properties of biomaterials ï anodized Al alloy 6082 and 

polycarbonate ï to assess and optimize their suitability for biomedical 

applications and integration into a microphysiological system.  

Objectives: 

1. To evaluate the biocompatibility, chemical stability, and surface 

characteristics of two distinct Al alloy 6082, anodized with sulfuric and 

phosphoric acids, to assess their suitability as biomaterials. 

2. To chemically modify the surface of a porous polycarbonate membrane 

to enhance its compatibility for cell adhesion and cultivation within a 

microfluidic system.  

3. To develop a microphysiological system incorporating a track-etched 

polycarbonate membrane for pulsed electric field treatment and real-time 

monitoring of microenvironmental parameters. 

Scientific novelty 

 This dissertation presents research that contributes to the advancement of 

biomaterials engineering and their application in microfluidic systems. The focus 

is placed on surface optimization, material biocompatibility, and integration of 

modified materials into microfluidic platforms for in vitro studies. The study 

assesses the impact of surface modification strategies on two distinct classes of 

biomaterials ï bioceramic alumina (Al2O3) coatings for orthopaedic implants and 

polycarbonate (PC) polymer for microfluidic cell culture systems. 

The first part of the study investigates ceramic coatings produced via 

anodization of industrial-grade aluminum (Al) alloy 6082, evaluating their 

potential as biomedical materials for implantology. Anodization is proposed as 

an alternative to conventional sintered Al2O3 bioceramics, which are brittle, form-

limited, and costly to produce. Unlike powder-based manufacturing methods, 

anodizing enables the formation of mechanically robust, lightweight, and 

customizable biomaterials.  

Although anodizing itself is not a novel technique, this study presents the 

first systematic evaluation of anodized Al alloy 6082, with emphasis on assessing 

its suitability as a biomaterial.  The evaluation encompasses surface 

characterisation, chemical stability, and in vitro biocompatibility, benchmarked 

against medical-grade titanium alloy. One of the anodized specimens 

demonstrated properties consistent with biomaterial classification and shows 

potential for biomedical applications. 
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The second part of the research introduces a surface modification strategy 

for inherently hydrophobic polycarbonate, using wet chemical oxidation with 

sodium metaperiodate, sulfuric acid, and piranha solution. Although similar 

surface treatments have been recently reported by other authors using alternative 

reagents, this pilot study investigates specifically the effectiveness of the above-

mentioned reagents in enhancing cell adhesion within microfluidic cell culture. 

The modified surfaces supported stable and reproducible cell adhesion under both 

static and dynamic culture conditions, when combined with adhesion-promoting 

factors such as poly-D-lysine (PDL), fibronectin, and collagen. This approach 

offers a practical and effective alternative for improving cell adhesion in 

microfluidic systems, with relevance in tissue engineering and organ-on-a-chip 

technologies. 

The third part of the dissertation introduces a custom-designed and 

fabricated microphysiological system (MPS) that integrates multiple advanced 

functionalities into a single unified platform. The MPS combines a track-etched 

polycarbonate membrane, embedded electrodes within a microchannel, and real-

time environmental sensors ï an integrated configuration not previously 

described in the literature. The polycarbonate membrane functions as a semi-

permeable barrier between two parallel microchannels, enabling the dual-

compartment cell culture to connect through membrane pores. Electrodes 

embedded directly within the microchannel allow for the localized application of 

pulsed electric fields (PEF). In parallel, embedded oxygen and pH sensors 

provide continuous monitoring of the cellular environment, even in devices 

fabricated from gas-impermeable materials such as off-stoichiometry thio-ene 

(OSTE) and cyclic olefin copolymer (COC).  

Addressing the limitation of conventional microfluidic systems, the pilot 

MPS presented here represents a novel convergence of electrical stimulation, 

compartmentalized culture, and real-time sensing within a single microfluidic 

device, marking a functional advancement in microfluidic and in vitro modelling 

technologies. 

Statements presented for the defence 

1st statement: 

The Al alloy 6082, anodized with sulfuric acid electrolyte, can be classified 

as a biomaterial due to its chemical stability and biocompatibility properties.  

2nd statement: 

Chemical oxidation of the polycarbonate membrane followed by coating 

with poly-D-lysine ensures robust cell adhesion under both static and dynamic 

culture conditions. 
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3rd statement: 

A microphysiological system has been developed, featuring a track-etched 

polycarbonate membrane, integrated electrodes, and oxygen and pH sensors, 

enabling pulsed electric field stimulation of mammalian cells and real-time 

monitoring of physiological parameters.  

Contribution of the author 

Bioceramic coating studies: The author conducted immersion experiments, 

contact angle measurements, all cell-based experiments, and data analysis. The 

experimental samples and their structural characteristics were provided by 

Dr. Tadas Matijoġius; ICP-OES measurements were conducted by Dr. Aleksey 

Ģarkov; SEM was conducted by Dr. Auġra Selskienǟ. Electrochemical 

measurements for corrosion assessments were conducted, analysed, and 

described by Dr. Asta Griguceviļienǟ. Both the author and Dr. Tadas Matijoġius 

contributed equally to the drafting and writing of the publication. 

PC membrane modification: The author modified the PC membrane, 

conducted surface characterization, cell-based assays, and data analysis. The 

chemical modification strategy was initially  developed by Dr. Antanas Strakġys. 

MPS fabrication and cellular studies: The author carried out the core work 

related to MPS fabrication and cellular experiments, including technological 

development, cell handling, data analysis, and publication drafting and writing. 

The overall project design, including the microchip and MPS layout, was 

executed by Dr. ArȊnas Stirkǟ. The MPS supporting jig was designed and 

fabricated using 3D printing technology by Dr. Eivydas Andriukonis, while the 

pH monitoring system was designed and built by Dr. Martynas Ġapurov. JorȊnas 

Dobilas conducted numerical modelling and simulations. 
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1. LITERATURE REVIEW 

The literature review encompasses three aspects of the dissertation: 

biomaterials, cell adhesion, and microfluidics. In the first section, I will provide 

an overview of biomaterials and introduce two specific biomaterialsðbioceramic 

alumina, obtained by anodizing Al alloy, and polycarbonate ð that are the focus 

of my thesis. The second section defines cell adhesion, identifies key cellular and 

extracellular matrix (ECM) components involved in this process, and explains the 

underlying mechanism. This section provides essential context for understanding 

cell adhesion to artificial surfaces, such as biomaterials. Finally, the third section 

presents an overview of microfluidic systems, reflecting the broader orientation 

of this dissertation and its experimental foundation in microfluidic device 

development.  

1.1. BIOMATERIALS 

1.1.1. Description of biomaterials 

A biomaterial is defined as a material specifically engineered to interact with 

biological systems for medical and biological purposes. Biomaterials are utilized 

in various fields, including therapeutic and diagnostic applications. Their 

applications span medical implantation devices, drug delivery systems, tissue 

engineering, and microfluidic systems for in vitro manipulation with cells and 

tissues. The latter includes organ-on-a-chip and MPS [1].  

In the realm of medical devices, biomaterials are used to create artificial 

heart valves, blood vessels, and other implants. For drug delivery, biomaterials 

can be engineered to deliver drugs to specific areas of the body in a controlled 

manner, ensuring effective medication targeting and minimizing side effects. In 

tissue engineering, biomaterials act as scaffolds that support cell adhesion, 

proliferation, and biosynthesis, providing a structural framework for tissue 

formation and regeneration. Organ-on-a-chip systems and MPS, which replicate 

organ function in vitro, rely on biomaterials to mimic the natural environment of 

an organ. Meanwhile, in wound healing, biomaterials are incorporated into 

dressings and sutures to enhance healing by creating a supportive environment 

for cell growth and tissue repair [1]. 

Biomaterial engineering bridges multiple disciplines, including biology, 

chemistry, material science, and engineering. The designed biomaterial should 

mimic the natural environment of cells, promoting tissue regeneration and repair. 

Establishing strong positive interactions between the biomaterial surface and 
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cells is entirely dependent on both the materials and the targeted biological 

system chemistry [2].  

 

Table 1. Types of biomaterials and their most relevant applications [1]. 

 Benefits and limitations Examples Applications 

Metals 

 

Benefits: 

- high mechanical properties 

- high fatigue resistance 

- ductility 

Limitations: 

- poor biocompatibility 

- stiffness 

- high specific weight 

corrosion 

Stainless steel, 

nickel,  

platinum, 

tantalum, 

titanium, 

Ti6Al4V, 

CoCrMo 

Orthopedic, 

orthodontic, 

cardiovascular 

Ceramics 

 

Benefits: 

- biocompatibility 

- chemical inertness 

- high compressive strength 

- corrosion resistance 

Limitation: 

- low impulsive 

-  tensile strength 

- high weight 

- brittleness 

- not easy to process 

Alumina, 

circonia, 

hydroxyapatite

, beta-

tricalcium 

phosphate, 

pyrolytic 

carbon 

Orthopedic, 

orthodontic, 

cardiovascular 

Polymers 

 

Benefits: 

- toughness 

- low weight 

- processability 

Limitation: 

- low mechanical strength 

- degradability over time 

- deformability over time 

 

Polyethylene,c

ellophane,cellu

loid, PU, 

nylon, PVA, 

PLGA, PEG, 

PMMA, PCL, 

UHMWPE, PC 

PLA, PGA, 

PTFE, PLA *  

Orthopaedic, 

orthodontic, 

cardiovascular, 

breast 

implants, 

scaffolds for 

soft tissues 

Biological 

material 

Benefits: 

- Biocompatibility 

Limitation: 

- Difficult handling and storage 

 

Porcine/bovine 

pericardium, 

skin grafts 

Bioprosthetic 

heart valves, 

artificial heart, 

wound 

healing, tissue 

regeneration 

[3] 
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* Polyurethane (PU), polyvinyl alcohol (PVA), poly-lactic-co-glycolic acid 

(PLGA), polyethylene glycol (PEG), polymethylmethacrylate (PMMA), 

polycaprolactone (PCL), ultra-high molecular weight polyethylene 

(UHMWPE), polylactic acid (PLA), polyglycolic acid (PGA), 

polytetrafluoroethylene (PTFE), polylactic acid (PLA). 

 

Biomaterials exhibit a wide range of chemical compositions and properties, 

allowing them to be utilized in various applications. It is therefore quite difficult 

to define them uniquely. The main groups are metals and alloys, ceramics, and 

polymers. Table 1 lists some of the most significant biomaterials from clinical 

applications. 

Each type of biomaterial requires specific biocompatibility considerations. 

Ensuring safe and effective interaction with biological tissues. Chapter 1.1.8 will 

discuss biocompatibility in greater detail, outlining its importance in biomaterial 

selection, testing methods, and impact on medical applications. 

1.1.2. Metals and their alloys 

Metals are the most widely used scaffold materials for load-bearing 

implants. Their application includes orthopaedic implants - including wires, 

screws, fixation plates, and joint prostheses for knees, hips, ankles, and shoulders 

- as well as in dental implantology and cardiovascular surgeries. Compared with 

other biomaterials, metallic materials possess superior mechanical properties, 

including fatigue strength, fracture toughness, yield strength, and ductility.  

Historically, metals like gold (Au), platinum (Pt), silver (Ag), tantalum (Ta), 

palladium (Pd), nickel (Ni), copper (Cu), Al , zinc (Zn), and magnesium (Mg) 

were used in implantology, starting from the 16th century. The most used 

materials are stainless steel, titanium (Ti), and Ti alloys, cobalt (Co) -based, and 

Ta-based alloys. However, it was later realised that these metals often lack 

essential features such as biocompatibility or mechanical properties. The major 

limitation of using metals in biological fluids is their tendency to corrode. This 

led to the development of modern materials such as stainless steel, cobalt-

chromium (Co-Cr) alloys, Ti alloys, and others. Among these, Ti and its alloys 

are considered the most favourable material for implantology due to their 

excellent combination of mechanical properties, corrosion resistance, and 

biocompatibility [1], [4]. 

Modern metallic biomaterials have been developed to address the limitations 

of earlier materials, offering a unique combination of high strength and corrosion 

resistance, particularly in Ti and Co-Cr alloys. However, several challenges 

remain, including ion release, the general susceptibility to corrosion in metals 
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other than Ti and Co-Cr alloys, and the high stiffness of these materials compared 

to natural bone. These factors continue to be areas of concern in biomaterial 

research and development [5]. Table 2 presents a comparison of the mechanical 

properties of metallic biomaterials and natural bone. The Youngôs modulus (or 

elastic modulus) of a material measures its stiffens and describes how much it 

deforms under an applied force. It determines how well the biomaterial interacts 

mechanically with the surrounding tissue.  It is important for the stress shielding 

ï this occurs because the implant bears most of the mechanical load; this can 

result in bone resorption and weakening. The closer match to natural bone 

minimizes mechanical mismatching. Moreover, the elastic modulus determines 

how a material withstands repetitive stresses without fracturing. 

The second data, presented in Table 2, is ultimate tensile strength, which 

presents the maximum amount of tensile strength that a biomaterial can withstand 

before it breaks. The third presented data is the fracture toughness, which 

measures a materialôs ability to resist crack propagation when subjected to stress. 

Low fracture toughness is more prone to sudden, brittle fracture, which could lead 

to implant failure [4]. 

  

Table 2. Mechanical properties of metallic alloy materials and cortical bone [4]. 

Materials Youngôs 

modulus (GPa) 

Ultimate tensile 

strength (MPa) 

Fracture 

toughness  

(MPa Ѝά) 

CoCrMo alloys 240 900-1540 ~100 

316L stainless 

steel 

200 540-1000 ~100 

Ti alloys 105-125 900 ~80 

Mg alloys 40-45 100-250 15-40 

NiTi alloys 30-50 1355 30-60 

Cortical bone 10-30 130-150 2-12 

 

Below is a summary of the main metallic biomaterials. 

Stainless steel refers to a class of iron (Fe)-based alloys specifically 

engineered for enhanced corrosion resistance. This resistance is attributed to the 

presence of Cr, which forms a thin protective oxide layer on the surface of steel. 

This layer prevents oxygen and moisture from penetrating and causing corrosion, 

thereby inhibiting corrosion. However, in a chloride-rich environment, such as 

bodily fluids and saliva, stainless steel is susceptible to pitting and crevice 

corrosion. To mitigate this, a modern 316L stainless steel alloy was designed to 

improve corrosion resistance. The òLò stands for low carbon content, which 

enhances the corrosion resistance. Additionally, 316L contains Cr, Ni, and 

molybdenum (Mo), which further improve its durability. However, the release of 
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Ni and Cr may cause adverse reactions such as allergies or toxicity. Moreover, 

the corrosion resistance of 316L remains insufficient for long-term implants. 

Thus, stainless steel can be used only as a biomaterial for short-term implants [4], 

[6]. 

Co-based alloys exhibit exceptionally high corrosion resistance, even in a 

chloride-rich environment. This is due to the spontaneous creation of a passive 

chromium oxide (Cr2O3)  layer on their surface [7]. Cobalt-based alloys also offer 

a balance between biocompatibility and mechanical properties. They demonstrate 

high wear resistance, fatigue strength, and hardness, making them suitable for 

long-term loading-bearing applications. However, the cost of Co-based alloy is 

higher than that of stainless steel. The most commonly used Co-based alloys are 

Co-Cr-Mo for orthopedic implants and Co-Ni-Cr-Mo for cardiovascular stents 

and dental materials [4]. 

Ti-based alloys are the most widely used metallic biomaterials due to their 

excellent biocompatibility  and superior mechanical properties. Ti promotes direct 

bone apposition and exhibits a lower elastic modulus than stainless steel or Co-

based alloys, reducing the risk of stress shielding. The mechanical properties of 

Ti are further enhanced in Ti-6Al-4V, which contains 6% Al and 4% vanadium 

(V). However, Al and V ions may be released over time, which are neurotoxic 

and cytotoxic and can interfere with cellular processes. To address this issue, 

surface engineering techniques, such as coating, have been developed. 

Additionally, other Ti-based materials, such as Ti-6Al-7Nb (where V is replaced 

with niobium (Nb)) and ɺ-Ti alloys, have been introduced to improve 

biocompatibility and mechanical performance [8], [9]. 

Ni-Ti alloy, commonly known as nitinol, is another advantageous Ti-based 

alloy for clinical applications. It typically consists of 54-60 wt% Ni and exhibits 

unique properties of superelasticity and shape memory. Nitinol has good 

corrosion resistance and biocompatibility, but there is a significant concern 

regarding the release of Ni ions. It can cause allergic reactions and is associated 

with carcinogenic effects. Despite these limitations, nitinol is widely used as 

guide wires, stents, peripheral vascular devices, and embolic protection filters [4], 

[10].  

Ta-based implants can form a compact passive oxide layer, Ta2O5, on their 

surface. This oxide layer promotes bone ingrowth by facilitating the formation of 

apatite, which enhances adhesion of hard and soft tissues. Ta has a low elastic 

modulus, closely matching that of natural bone. Ta has high fatigue strength and 

chemical stability. Additionally, Ta can be manufactured as porous structures, 

further improving bone ingrowth. Ta is considered an excellent biomaterial for 

biomedicine applications. However, its high cost, stemming from limited 
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availability and expensive processing, restricts its widespread use. To address 

this, thin Ta coatings have been developed to promote outstanding properties of 

Ta to other materials, such as stainless steel, Co-Cr alloys, and Ti-based materials 

[4], [11], [12]. 

Mg-based alloys, such as Mg-Zn, Mg-Ca, Mg-strontium (Sr), are resorbable 

materials, specifically designed for temporary implant applications. These alloys 

eliminate the need for a second surgery by gradually degrading in the body. Mg-

based alloys have a low elastic modulus, which helps reduce stress shielding. 

Additionally, they support bone growth. Several challenges restrict the use of the 

implant, including rapid resorption that compromises its structural integrity 

before healing is completed; hydrogen gas formation, elevated corrosion rate, and 

limited mechanical strength [4], [13]. 

1.1.3.  Bioceramics 

Ceramics can be defined as inorganic non-metallic materials and are 

commonly described by their chemical composition, which can be generally 

expressed in two ways; either as weight percentage (wt %) of elements or as the 

composition of elements, represented by the proportion of atoms of each 

elementôs percentage of the number of atoms of each element within the material 

(expressed as atomic percentage = at %).  

Bioceramics are a class of ceramic materials specifically designed for dental 

restoration and bone-contacting applications. It is characterized by its remarkable 

combination of excellent strength, high hardness, toughness, and outstanding 

resistance to both corrosion and mechanical degradation. There are two types 

bioceramics: oxides, such as silicon oxide (SiO2), aluminum oxide, also known 

as alumina (Al2O3), and zirconium oxide, also known as zirconia (ZrO2); and non-

oxide, such as silicon carbide (SiC), silicon nitrite (Si3N4), and aluminum nitrite 

(Al(NO2)3) [14]. In general, bioceramics are considered biocompatible materials. 

The substances released to the surrounding tissues depend on the ceramic 

material's composition, mainly Si, Al, Na, K, Mg, and Ca. Local toxicity is 

considered low, and systemic toxicity is unlikely to occur due to relatively low 

amounts of released materials, such as lithium and lead [1].  

Based on their interaction with adjacent tissues, bioceramics can be 

classified into three categories: 

1) Bioinert, such as alumina and zirconia, result in little or no physiological 

reaction in the human body and tend to exhibit inherently low levels of reactivity, 

which peak in the order of hundreds of years. 
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2) Bioactive, such as hydroxyapatite (Ca10(PO4)6(OH)2), react positively 

with local cells, i.e., they form direct chemical bonds and exhibit a substantially 

higher level of reactivity, reaching a peak around 100 days. 

3) Biodegradable, such as tricalcium phosphate (Ca3(PO4)2), which is 

slowly and gradually replaced by bone, have even higher levels of reactivity, 

peaking in the order of 10 days [14], [15].  

Oxides are highly stable inorganic materials; they do not undergo any 

additional oxidative processes, meaning no corrosion or ion release would occur. 

The limitations of the widespread use of bioceramic oxides are stiffness and 

brittleness, which represent severe drawbacks in many practical applications. 

Only alumina and zirconia are utilized to produce hip prostheses, while ceramic 

composite oxides, prevalently made of alumina-zirconia (Al2O3-ZrO2), were 

subsequently developed, seeking improved mechanical performance [16]. 

Alumina exhibits features of chemical stability, high hardness, and wear 

resistance, making it a preferred material for load-bearing implants [17], [18]. Its 

bioinertness to surrounding tissues can be either an advantage or a limitation, 

depending on the application.  To enhance its performance in biomedical devices 

that require improved cell adhesion, surface modification techniques such as 

anodization have been developed. These techniques enable alumina to overcome 

some of its inherent challenges and expand its functional capabilities [19].  

1.1.4.  Bioceramic alumina 

Bioceramic alumina, or aluminum oxide Al 2O3, is a type of ceramic material 

designed for biomedical applications. Al 2O3 is an inorganic compound of Al and 

O, with the most common and thermodynamically stable form of crystalline Ŭ-

Al 2O3 known as corundum. Ŭ-Al 2O3 phase can be formed by calcinating hydrated 

Al 2O3 through several different phase structures, or directly from powders using 

advanced methods [20]. Al2O3 is chemically stable and resistant to acids and 

bases, essentially based on dense Al2O3 ceramics with a hexagonal structure [21].  

Since the 1960s, bioinert alumina Al2O3 has been utilized as a promising 

candidate in orthopedic joint prostheses due to its exceptional compressive 

strength and chemically inert properties [16]. Al2O3 does not promote bonding 

with living tissues or body fluids but exhibits resistance to low pH environments 

for thousands of hours. Alumina demonstrates high chemical inertness, indicating 

that a significant amount of time is required to establish stable connections 

between implants and tissues, and it does not induce mutagenicity to cells  [22], 

[23], [24].  

Alumina ceramics for implants are typically fabricated from powder through 

a series of demanding steps, such as mechanical grinding, dry pressing, sintering, 
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and extrusion at high temperatures and pressures [25]. These processes are costly 

and time-intensive, and the brittleness of alumina, along with compositional 

impurities, limits the production of large or complex-shaped structures.  

To overcome these limitations and enhance surface properties, Al  alloys 

were introduced as alternative substrates. Al, when combined with alloying 

additives such as Si, Fe, Co, Mg, Mn, Zn, forms an Al alloy. Al alloy enhances 

mechanical and corrosion resistance compared to Al. Both pure Al and its alloys 

rapidly react with the oxygen from the atmosphere at ambient temperatures by 

creating a thin Al2O3 layer of 1ï10 nm thickness [26]. However, this native oxide 

layer is insufficient for robust mechanical protection and corrosion resistance, 

and may lead to the release of toxic Al3+ ions.   

To enhance the thickness, uniformity, and functionality of the oxide layer, 

anodization is employed. Anodization is an electrochemical process that creates 

a protective oxide layer on the surface of a metal. Anodized alloys demonstrate 

enhanced surface hardness, corrosion resistance, and other technical properties 

[19]. This process can be conducted using various electrolytes, including sulfuric, 

oxalic, phosphoric, and chromic acids, as well as their mixtures. Anodization is 

commonly employed in industrial applications. During the process, Al  reacts with 

anions (such as HSO4
ī, OHī, RCOOī, etc.), resulting in porous anodized coatings 

of varying thicknesses, which can exceed 100 ɛm or more. However, it is not 

possible to achieve coatings thicker than 200 ɛm due to the high resistivity of 

Al 2O3. Anodized Al2O3 coatings feature vertical nanopores of uniform size and 

distribution [27]. 

This artificial oxide film forms on Al  when a sufficient voltage current flows 

through an electrolyte, with Al as the anode and a suitable material (often lead 

(Pb) or stainless steel) as the cathode [28]. The mobile species involved in the 

anodizing of pure Al  in aqueous solutions are Al3+ cations, and O2ī or OHī anions. 

The oxidation of Al  at the Al /oxide interface generates Al3+ cations, while O2ī or 

OHī anions form at the oxide/solution interface by the removal of H+ from H2O 

molecules. Ionic migration through the oxide under a high electric field, in the 

range of 108 to 109 V/m, facilitates the growth of the anodic oxide film [29]. 

The anodization process begins with surface cleaning, followed by 

immersion in an acidic electrolyte bath. Upon applying electric current, the 

following reactions occur: 

¶ Cathode (reduction):  

  2H+ + 2e- Ÿ H2 

   

¶ Anode (oxidation): 

  Al Ÿ Al3+ + 3e- 
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¶ Formation of Al 2O3:  

  2Al3+ + 3O2- Ÿ Al2O3    

  2Al3+ + 3OH- Ÿ Al2O3 + 3H+ 

 

¶ The overall anodic oxidation reaction: 

  2Al + 3H2O Ÿ Al2O3+ 6H+ + 6e- 

 

Oxide growth occurs simultaneously at both the metal/oxide interface by 

Al 3+ transport and at the oxide/electrolyte interface by oxygen ion transport. The 

resulting anodized coating exhibits a well-ordered hexagonal structure, with each 

cell containing a central pore perpendicular to the surface (Figure 1). Beneath the 

porous layer lies a barrier layer, composed of nanocrystallites with sizes of 2ï10 

nm, hydrated Al2O3, anions, and water molecules [30]. The barrier layer protects 

the underlying Al  from corrosion and chemical attack, while also acting as an 

electrical insulator due to its high resistivity. Its thickness increases linearly with 

voltage by approximately 1.2-1.4 nm/V, but typically does not exceed  1ɛm [31], 

[32]. 

The pore size and the interpore distance primarily depend on electrolyte 

concentration, temperature, and anodization voltage [29]. Self-ordered porous 

Al 2O3 structures can be formed under specific conditions. Sulfuric acid 

electrolyte at 19ï25 V yields small nanopores with low interpore distance [33], 

[34], whereas phosphoric acid at 160ï195V produces wider pores with greater 

interpore distance [20].  

 
 

Figure 1. Schematic representation of an ideal porous anodic oxide [28]. 
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1.1.5.  Synthetic and natural polymeric biomaterials 

Polymers used as biomaterials include both naturally derived and synthetic 

polymers, which can be either biodegradable or non-biodegradable. Naturally 

occurring polymers, such as collagen, chitosan, alginate, and gelatin, are often 

preferred for biomaterials due to their biodegradability and ease of acquisition.  

In contrast, synthetic polymers are commonly used in various applications, 

including prosthetic materials, dental materials, disposable medical supplies, and 

implants. Synthetic and natural biopolymers are also employed in constructing 

microfluidic systems for in vitro cell and tissue studies [35], [36].  

Biodegradable natural polymers are materials that degrade into non-toxic 

byproducts through natural processes such as hydrolysis or enzymatic reactions. 

Biodegradable biomaterials do not elicit permanent chronic foreign-body 

reactions and are ideal for temporary implantations. Examples include (Figure 

2):  

1. Proteins and biopolymers:  

¶ gelatin - used in drug delivery formulation and tissue engineering;  

¶ collagen - used in wound dressing and drug delivery; 

¶ alginate, extracted from algae, used in wound healing, tissue engineering, 

injectable bone cement, and drug delivery applications;  

¶ chitosan (used for the synthesis of hydrogels, in tissue engineering 

scaffolds, injectable bone implant materials, and wound dressing); 

2. Synthetic polymers:   

¶ polylactic acid (PLA) (C3H4O2)n ï thermoplastic aliphatic polyester 

derived from lactic acid; used in bone fixation, tissue engineering, 3D printing, 

and packaging);  

¶ poly-lactic-co-glycolic acid (PLGA) (C6H8O4)n(C4H4O4)m - is obtained 

by copolymerization of lactic acid and glycolic acid and used in sutures and tissue 

engineering. 

¶ polycaprolactone (PCL) (C6H10O2)n - prepared by the ring-opening 

polymerization of Ů-caprolactone, used in bone filling, drug delivery devices, 

suture, and tissue engineering. PCL is cheaper compared to PLA and PLGA, has 

better processability, and has high thermal stability, which enables it to be shaped 

by the melting process [37], [38]. 

Non-degradable synthetic polymers, originally developed for non-medical 

purposes, are now widely utilized as biomaterials due to their physical and 

mechanical properties that closely resemble those of human soft tissues. Common 

examples include (Figure 2): 
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Figure 2. Chemical structures of biodegradable polymers: collagen, gelatin, 

alginate, chitosan, PLA (poly-L-lactic acid), PLGA (poly-lactic-co-glycolic 

acid), PCL (polycaprolactone), and non-degradable synthetic polymers: PE 

(polyethylene), PP (polypropylene), PS (polystyrene), PMMS 

(polymethylmethacrylate), PTFE (polytetrafluoroethylene). While PLLA is 

presented in the figure, the text refers to PLA in general [38], 

https://commonchemistry.cas.org;  https://merckindex.rsc.org/ 

 

¶ Polyethylene (PE) (C2H4)n  is used for pharmaceutical bottles, nonwoven 

fabric, catheters, pouches, flexible containers, and orthopedic implants;  
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¶ Polypropylene (PP) (C3H6)n is used for disposable syringes, blood 

oxygenator membranes, sutures, nonwoven fabric, and artificial vascular grafts;  

¶ Polystyrene (PS) (C8H8)n is used for tissue culture flasks, roller bottles, 

and filter wares;  

¶ PMMA (C5H8O2)n is used for a blood pump and reservoirs, membrane for 

blood dialyzer, implantable ocular lens, and bone cement;  

¶ PTFE (C2F4)n  is used for catheter and artificial vascular grafts; 

¶ PC (C16H14O3)n is used for hemodialyzers, arterial filters, endoscopic 

devices, intravenous connectors, etc.   

These polymers are preferred over metals and ceramics because they can be 

easily manufactured in various forms (fibers, films, sheets), are cost-effective, 

and offer customized physical and mechanical properties. However, polymeric 

biomaterials have some drawbacks, including water and protein adsorption, 

susceptibility to surface contamination, challenges in sterilization, 

biodegradation, and wear issues. The use of non-degradable polymers raises 

environmental concerns related to pollution and waste management. Despite 

these challenges, their versatility makes polymers a key choice for biomedical 

applications [39], [40]. 

Polymeric materials continue to evolve and offer diverse physical forms and 

properties: from solids to fibers, from thin sheets to thick plates, from hard to soft 

components, from inert to bioactive products. Advanced fabrication techniques 

such as electrospinning and 3D printing enable customization of polymeric 

materials. However, biocompatibility is often compromised by the chemical 

additives such as polymerization inhibitors/initiators, monomers, plasticizers, 

pigments, antioxidants, and radiopaque agents [41]. 

1.1.6.  Polycarbonate 

Polycarbonate (PC), chemically referred to as poly(bisphenol A carbonate), 

is a synthetic thermoplastic polymer capable of undergoing repeated cycles of 

melting upon heating and solidification upon cooling. Its chemical formula is 

(C16H14O3)n (Figure 3) [42]. It is synthesized through a condensation 

polymerization reaction between bisphenol A (BPA) and phosgene (COCl ) [43]. 

Structurally, PC features repeating carbonate groups (-O-(C=O)-O-) in its 

molecular backbone, which contribute to its exceptional properties. The unique 

combination of aromatic rings from BPA and carbonate linkages imparts high 

rigidity, strength, and optical clarity to the material [44]. 
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Figure 3. Chemical structure of polycarbonate [44]. 

 

PC is widely used in a range of applications, especially in the electronics, 

automotive, and construction sectors. Acknowledging the significance of 

biocompatibility, certain grades of PC are specifically engineered to comply with 

biocompatibility testing standards, such as ISO 10993-1. PC is among the most 

commonly utilized and rigorously tested engineering thermoplastic materials in 

the medical device industry today. Known for its strength, high heat distortion 

temperature, excellent optical clarity, and dimensional stability, it is an ideal 

material for demanding and critical healthcare applications. With a safety record 

spanning over 50 years, polycarbonate has become a proven material that offers 

significant benefits for medical applications. Moreover, it combines robustness 

with the ability to be sterilized using all common methods (ethylene oxide (EtO), 

irradiation (both gamma and electron-beam), and steam autoclaving, as well as 

disinfection with common clinical disinfectants, such as isopropyl alcohol, 

further solidifying its position as a reliable material [45], [46].  

Polycarbonate is commonly used in life-supporting devices, including 

hemodialysers, anesthetics containers, blood oxygenators, arterial filters, 

intravenous connectors, endoscopic devices, and others. These devices are 

lightweight, easy to handle, resistant to breakage, and, above all, transparent and 

translucent for quick and accurate visual inspection or monitoring of the level, 

flow rate, or condition of the liquids flowing through them. While offering the 

clarity of glass, polycarbonate surpasses it in durability and practicality, making 

it an essential material in modern healthcare. 

In cellular studies, PC membranes are widely used for cell adhesion, 

migration, and co-culture experiments. Commercially available track-etched PC 

membranes provide precise control over pore size and surface properties, 

including wettability. While untreated PC membranes are hydrophobic, those 

treated with polyvinylpyrrolidone (PVP) become hydrophilic.  However, despite 

its hydrophilic nature,  PVP-treated PC membranes may exhibit reduced cell 

adhesion on their surface [47], [48].  Therefore, alternative surface treatments are 

necessary to fully enhance adhesion and optimize membrane performance for 

specific applications [49]. 
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In the current research, a track-etched PC membrane was designed for use 

as a component in microchip fabrication, serving a dual function: as a structural 

wall separating two subchannels and as a substrate for cell adhesion. To optimize 

the PC surface for improved cell adhesion, physical and wet chemical oxidation 

methods were applied. Additionally, the adhesion-promoting factors (PDL, 

fibronectin, collagen) were added to the oxidised PC. Our results demonstrate 

how these surface modification techniques influence adhesion properties (see 

Chapter 3.2). 

1.1.7.  Biocompatibility 

Biocompatibility is a fundamental requirement for any material to be 

classified as a biomaterial. It defines the materialôs ability to interact with the 

biological environment without causing harm, ensuring functional and long-term 

safety. Since biomaterials are used in direct contact with human tissues, 

understanding biocompatibility is essential for selecting appropriate materials for 

medical and biological applications.  

A biomaterial must not elicit: 

¶ Toxicity - the potential to harm biological systems through chemical 

means. This includes systematic toxicity, where adverse reactions occur away 

from the application site; local toxicity, which affects the contact site; and 

cytotoxicity, which involves damage to individual cells, such as those in the cell 

cultures. 

¶ Allergenicity ï the potential to trigger an allergic reaction in the body. 

The dose levels that cause allergic reactions are generally lower than those 

required to induce toxic effects. 

¶ Immunogenicity ï the ability of a substance to provoke an immune 

response. 

¶ Genotoxicity - an alteration of the base pair sequence in the genomic 

DNA. Cells have numerous mechanisms to repair genotoxic damage.  

¶ Mutagenicity ï occurs when the genetic damage is not repaired, resulting 

in mutations that are passed to the next generation of cells. 

¶ Carcinogenicity ï when alterations in DNA cause cells to grow and 

proliferate in an unregulated manner [14]. 

 

While biocompatibility is universal across all biomaterials, specific 

materials exhibit distinct mechanical, physical, and chemical properties, making 

them suitable for different applications: 

1) For replacing musculoskeletal parts of the body, crucial features include 

tensile and fatigue strength, resistance to wear and corrosion, low modulus of 
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elasticity, and good hardness. Examples are dental and orthopedic implants, such 

as joint replacements and bone screws [50]. 

2) In wound dressing, tissue engineering, and drug delivery, soft 

biomaterials like hydrogels are required. Their primary purpose is to support cell 

growth and provide a moist environment. Thus, they do not need mechanical 

strength but rather flexibility and porosity [51]. 

3) Some materials are designed to react with tissues rather than be ignored 

by them. Here, chemical properties such as bioactivity are critical. Examples 

include hydroxyapatite, which promotes osseointegration, and bioactive glass 

used in dental and orthopaedic implants [14], [52].  

4) Materials designed to degrade over time possess chemical properties that 

allow for gradual resorption and replacement with natural tissue. Examples 

include PLA and polyglycolic acid PGA, used in sutures and temporary implants, 

as well as tricalcium phosphate, which serves as a bone graft substitute that 

degrades over time and is replaced by natural bone [38].  

To assess the biocompatibility of a material, a series of tests must be 

conducted, tailored to its intended use, location, and duration of contact with the 

tissues. Biocompatibility is evaluated through three categories of biologic tests: 

in vitro tests, animal studies, and clinical trials. The in vitro testing includes the 

following experiments:  

1) Surface characterization ï assesses the materials' topography and 

surface chemistry, which influence protein adsorption and subsequently, cell 

adhesion. 

2) Ion release analysis - measures the release of ions from the material into 

the surrounding environment. Excessive ion release may result in toxicity, 

adversely affecting cell function and integration. 

3) Corrosion testing - examines the materialôs resistance to chemical 

degradation when exposed to bodily fluid. Materials susceptible to corrosion may 

release harmful byproducts.  

4) Cell adhesion assays - determine the materialôs ability to promote 

attachment to its surface. Cell adhesion is critical for cell proliferation, tissue 

integration, and regeneration. 

5) Cytotoxicity tests - assess whether materialsô byproducts or surface 

interactions lead to decreased cell viability or cell death. 

These in vitro tests are based on internationally recognized standards for 

biological evaluation of medical devices, primarily the ISO 10993 series. They 

represent widely accepted methodologies for assessing biocompatibility in early-

stage material screening, before animal or clinical studies. In the present study, 

all listed in vitro biocompatibility assessments were conducted on Al alloy 6082 

modified by anodization, to determine its suitability as a biomaterial. 
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While biocompatibility ensures that biomaterials do not cause harm when 

interacting with biological systems, their effectiveness in cellular applications 

depends on their ability to support cell adhesion. The interaction between cells 

and biomaterial surfaces is dictated by surface chemistry, topography, wettability, 

and functional groups, all of which influence protein adsorption and cellular 

attachments. In the next chapter, I explore the mechanism of cell adhesion, 

highlighting the role of extracellular matrix proteins, integrins, and receptor 

interactions in guiding cell adhesion. These principles will be applied to 

biomaterial surfaces, where topographical and surface chemistry determine the 

success of artificial substrates in supporting cellular functions. 
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1.2.  CELL ADHESION 

1.2.1.  Introduction to adhesion 

Cell adhesion is a biological cellular process by which individual cells form 

molecular and chemical bonds with neighbouring cells or a substrate. This 

process is crucial for maintaining cell viability and other essential molecular 

mechanisms, such as cellular communication, signal transduction, proliferation, 

tissue, and organ formation [53]. Changes in cell adhesion can cause a wide range 

of diseases, including cancer [54], [55], arthritis [56], osteoporosis [4], and 

atherosclerosis [58], [59]. 

In vivo, a tissue is defined as a collection of similar cells that collaborate to 

execute a specific function. These cells typically exhibit a common structure and 

are organized in a manner that enables them to accomplish tasks that a single cell 

would be unable to perform independently. Cells in a tissue adhere to each other 

and the ECM. Adhesion is a critical aspect for maintaining tissue integrity and 

function, contributing to structural stability, barrier formation, and cellular 

polarization. It also plays a key role in signal transduction, regulating processes 

such as cell proliferation, differentiation, survival, and migration [60]. Cell 

adhesion is a crucial feature in cell biology, biomedicine, and tissue engineering, 

and has been extensively studied. Research on cell adhesion is important for 

fundamental scientific studies and various applications, including artificial 

tissues, organs, bones, teeth, implantable sensors, skin regeneration, and organ 

transplantation [61], [62]. Understanding how to control the behaviour of cells on 

artificial surfaces, as well as selecting and preparing these surfaces to promote 

cell adhesion, is essential. 

1.2.2. Adherent and suspension cells 

Based on adhesion to substrate, there are two types of cells: 

1) Adherent cells ï cells that require adhesion to a substrate for proper 

growth and proliferation. These are cells of various tissues ï skin, muscle, bone, 

and others. 

2) Suspension cells ï non-adherent cells that can proliferate directly in a 

growth medium without requiring a surface to attach, such as white blood cells 

or erythrocytes. 

When cells are taken from an organism for in vitro culture, they are initially 

considered primary cells. As they adapt and proliferate over time, they may 

develop into a cell line. Thus, there are two main groups of in vitro cells based 

on their origin and characteristics: 
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1) Primary cells - cells taken directly from living tissues and cultured for the 

first time. They retain most of the characteristics of their tissue of origin. This 

group also includes stem cells, which are undifferentiated cells that have the 

potential to differentiate into various cell types.  

2) Cell lines ï cells being adapted to grow continuously in culture, often 

through genetic modifications or mutations that enable prolonged proliferation. 

This category encompasses:  

¶ Cancer cell lines ï cells derived from cancer that can proliferate 

indefinitely. 

¶ Immortalised cell lines ï genetically altered to proliferate indefinitely. 

They can be from various origins, including cancer cells. 

 

Both primary and cell lines retain their characteristics as either adherent cells 

or suspension cells. For example, the cell line SK-MEL 28 (human cutaneous 

melanoma cells) can grow and divide only when adhered to a surface, while the 

suspension cell line Jurkat (human T lymphocyte cells) grows in the culture 

medium in the vial without adhesion. 

Adherent cells can, in some cases, be cultured as suspension cells. For 

example, the widely used HEK293 (human embryonic kidney) and BHK (baby 

hamster kidney) cell lines can grow either as originally adherent or suspension 

cells [63], [64], [65]. It has been shown that there is a clear difference in the 

expression of certain proteins between these lines, indicating that the biochemical 

processes in these cell lines differ depending on their growth. The mammalian 

suspension cells have lower expression of adhesion receptors and ECM adhesion 

molecules, and differences in cytoskeletal proteins have been observed compared 

to adherent mammalian cell conditions [66], [67]. Other cells that have altered 

morphology or intracellular molecular mechanisms, which may also alter normal 

adhesion processes, are the cancer cells [68]. Thus, it is important to have in mind 

the origin of the adherent cells while studying cell adhesion. 

1.2.3. The extracellular matrix 

The extracellular matrix (ECM) is a complex assembly of macromolecules - 

proteins, glycoproteins, proteoglycans, and polysaccharides - that serves as the 

architectural scaffold for all multicellular organisms. ECM is involved in cell 

polarisation and migration, organizing cells into tissues, and providing 

mechanical stability to tissues. Besides structural function, ECMs operate as 

communication liaisons between the cells in organs and tissues by coordinating 

multiple signalling inside-out or outside-in commands [69], [70]. It transmits 

biochemical signals through cell surface receptors, including integrins, 
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syndecans, and adhesion GPCRs (G protein-coupled receptor). This signalling 

indicates cellular fate and a wide range of cellular functions, including 

proliferation, survival, adhesion, migration, wound healing, tissue repair, 

differentiation, and senescence [71], [72], [73], [20]. Structurally, ECM behaves 

as a hydrogel. The structural fibers, formed by collagen molecules, create a cross-

linked network that captures and retains other ECM components, such as 

proteoglycan [74]. The negatively charged carboxyl and sulphate groups of 

proteoglycans attract water molecules and act as an osmotic sponge, allowing the 

polysaccharide molecules to retain a large amount of water in the ECM. This 

property is important for the ECM's elasticity to maintain the tissues' compressive 

strength [75]. 

 

 
Figure 4.  Schematic representation of the main components of the two ECM 

compartments: basement membrane (BM) and interstitial matrix (IM). The 

legend indicates ECM components. Adapted from [76]. 

 

ECM is composed of two main components: the interstitial matrix and the 

basement membrane (also known as the basal membrane) (Figure 4). Cells attach 

either directly to components of the interstitial matrix or to the basement 

membrane. The interstitial matrix is found between various cells, providing 

structural support and helping to withstand mechanical stress. The basement 

membrane is a specialized structure that supports epithelial cells and separates 

them from underlying connective tissue; it covers the basal surfaces of virtually 

all epithelia, surrounds the surfaces of muscle fibres, and ensheathes nerves. 

Other functions include sequestering growth factors and cytokines, establishing 

concentration gradients, and regulating their spatial and temporal distribution  

[77]. 

The compositions of the ECM vary from tissue to tissue, allowing it to meet 

the distinct structural and functional demands of each tissue. For instance, the 
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ECM of nervous tissue supports signal transduction, while the ECM of 

connective tissue provides structural support. Nevertheless, the formulation of 

ECMs can be constantly adapted according to biochemical or mechanical signals, 

resulting in a fine-tuned, dynamic ECM remodelling procedure [72]. 

1.2.4.  Building blocks of ECM 

ECM constitutes an arranged 3-dimensional network structure that offers 

cells both structural and biochemical assistance. The building blocks of ECM are 

the proteins (most abundant: collagens, elastin, laminin, fibronectin, and 

matricellular proteins), glycoproteins, proteoglycans (PG), and 

glycosaminoglycans (GAG) [78]. ECM comprises 1%ï1.5% of the mammalian 

proteome, which consists of almost 300 proteins, including 43 collagen subunits, 

more than three dozen proteoglycans, and around 200 glycoproteins [73], [78].  

Proteins of the ECM can be divided into two groups: structural and adhesion 

proteins: 

(1) Structural proteins ð The primary function of structural proteins is to 

form fibrils, which maintain the strength and elasticity of the ECM. However, 

these proteins also support and promote cell adhesion [25]. The main structural 

proteins are: collagen, which provides structural support and tensile strength; and 

elastin, which gives elasticity to tissues. The main PGs are aggrecan, versican, 

and syndecan.  

(2) Adhesion proteins interact with cell adhesion receptors on the outside of 

the cell membrane. From a ligand and receptor perspective, these ECM adhesion 

proteins can be referred to as adhesion ligands. The main proteins are fibronectin, 

involved in cell adhesion, growth, migration, and differentiation; laminin, the 

primary protein of the basement membrane, involved in cell adhesion; and 

vitronectin, which binds integrins to the ECM.  The main glycoproteins are 

osteopontin ï important in bone remodelling; tenascin ï involved in tissue repair 

and morphogenesis, and periostin ï which facilitates adhesion and migration of 

fibroblasts.  

For in vitro cell culturing, a few elements of ECM are commonly used to 

facilitate cell adhesion to a surface, which include collagen, fibronectin, elastin, 

and laminin. While numerous ECM components exist, this thesis emphasizes 

collagen and fibronectin due to their direct use in the experiments.  

1.2.5.  Collagen 

Collagens are the most abundant proteins of the ECM, comprising Ḑ30% of 

total ECM protein content [72].  They provide fundamental structural support 
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across all ECM compartments, including strong fibers of tendons, the organic 

matrices of bones and cartilages, the laminar sheets of basement membranes, the 

viscous matrix of the vitreous humor (which is the clear, gel-like substance filling 

the space between the lens and the retina in the posterior segment of the eye), and 

the interstitial ECMs of the dermis and of capsules around organs. In these roles, 

collagens serve as structural support for tissues and, simultaneously with other 

matrix components, provide both elasticity and stability.  

The most abundant collagen types in the human body are collagen I (found 

in bones, tendons, ligaments, and skin), II (found in cartilage, intervertebral disc), 

II (found in skin, lung, vascular system), and IV (found in basement membrane). 

Beyond these predominant types, collagens V through XIII exist in smaller 

quantities, each specialized in function and location within the body. 

Collagens can be categorized into subfamilies according to their 

supramolecular assemblies: fibrils, beaded filaments, anchoring fibrils, and 

networks (Figure 5). Most collagen fibrils are heterotypic, meaning they are 

composed of multiple collagen types. Collagen fibrils can also be considered 

macromolecular alloys, consisting of collagens and non-collagenous proteins or 

proteoglycans [79]. 

 

 
Figure 5. Supramolecular assemblies formed by collagens [79]. 
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1.2.6.  Fibronectin 

Fibronectin is a large dimeric multidomain protein that can bind 

simultaneously to cell surface receptors, collagen, proteoglycans, and other 

fibronectin molecules. Fibronectin outweighs other adhesion proteins (ligands) 

found in the ECM. It is synthesized by many adherent cells, which then assemble 

it into a fibrillar network. 

Fibronectin forms a fibrillar network by directly interacting with receptors 

on the cell surface. Newly secreted soluble fibronectin dimers bind to 

transmembrane integrin receptors on the outside of the cell. These interactions 

promote fibronectin-fibronectin association and fibril formation by inducing 

conformational changes in bound fibronectin [80], [81].  During assembly, 

fibronectin undergoes conformational changes that reveal fibronectin-binding 

sites, facilitating intermolecular interactions essential for fibril formation. The 

role of fibrils in ECM involves signal transduction, cell adhesion, and migration, 

including processes such as wound healing and embryonic development [82].  

Fibronectin has two forms: (1) cellular fibronectin ï a non-soluble form 

secreted by fibroblasts and many other cell types and incorporated into ECM; (2)  

plasma fibronectin ï a soluble form secreted by hepatocytes and enriched in blood 

plasma [82]. Plasma fibronectin plays a crucial role in initiating and regulating 

the body's response to tissue injury. When a blood vessel is injured, plasma 

fibronectin is quickly deposited at the injury site, forming a temporary matrix that 

facilitates platelet adhesion and aggregation. Additionally, the assembly ensures 

proper clot formation and supports the healing process.  The assembly of 

fibronectin into a complex three-dimensional matrix during physiological repair 

serves not only as a structural scaffold, but also as a regulator of cell function 

throughout the tissue [83]. 

It is important to notice that, despite being a glycoprotein, fibronectin is 

often referred to simply as a protein in the context of ECM, rather than being 

categorized as a glycoprotein. This is due to fibronectins' critical role in structural 

and functional support to the ECM. Its involvement in various biological 

processes surpasses that of other glycoproteins, which is why it receives special 

attention. fibronectin receives special mention. The same can be said for another 

group of glycoproteins ï laminins. 

1.2.7. Cell adhesion receptors  

Cell adhesion receptors are specialized transmembrane proteins that enable 

cells to detect and respond to external signals. These receptors mediate cell-ECM 

interactions, supporting tissue structure and signalling. Key types include 
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integrins, which connect the ECM to the cytoskeleton and facilitate bidirectional 

signalling, and PG receptors, which often act as co-receptors in cell-ECM 

communication. 

1.2.8. Focal adhesion 

Focal adhesions, also known as focal contacts, are specialized sites where 

adherent cells anchor to substrate surfaces. These multi-protein assemblies are 

initiated by the binding of integrin receptors to specific adhesion ligands. This 

binding triggers the clustering of various integrins and the recruitment of several 

intracellular proteins, including talin, vinculin, and paxillin [60](Figure 6). These 

complexes link the ECM to the actin cytoskeleton within the cell. The 

cytoskeletal structure supports the nucleus and maintains the shape of the cell. 

Actin filaments of the cytoskeleton attach to the focal adhesion complexes, 

providing structural support and facilitating signal transduction. This interaction 

enables cells to sense and respond to their external environment [60],[84]. 

 

 
Figure 6. Schematic representation of activated integrins and the formation 

of ECM-integrin-cytoskeleton linkages at the focal adhesion site upon the 

application of an external tensile load [60]. 

 

Structurally, focal contacts are closed junctions where the distance between 

the substrate surface and the cell membrane ranges from 10 to 15 nm. Some 

authors categorize the focal contacts based on their lateral extension of adhesion 

structures at the cell-surface interface:  

1) Less than 1 ɛm in length ï focal complexes; 

2) 1 to 5 ɛm in length - focal adhesions; 

3) Greater than 5 ɛm in length ï supermature adhesions [85]. 

When cells attach to surfaces, they first form nanometer-scale, dot-like focal 

complexes. These focal complexes are transient and unstable. Some will mature 
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into micrometer-scale elongated focal adhesions, which serve as anchoring points 

for cells; others disassemble without progressing further [86], [87]. 

 During cell motion, focal complexes continuously form under the 

protruding front of the cells, known as the lamellipodium. Lamellipodia are thin, 

wide sheets of cytoplasm (approximately 200 nm thick and several micrometres 

in width) composed of actin filaments. Some focal complexes mature into focal 

adhesions, which grow and extend toward the cell centre, forming thicker actin 

fibres [88]. 

1.2.9. Process of cell adhesion 

Cells explore the surfaces of materials using membrane-bound receptors, 

such as integrins, and use them to interact with ECM molecules adsorbed on 

substrate surfaces. Cell adhesion to a substrate is typically divided into three or 

four stages [60], [89]. The distinction lies in whether the third and fourth stages 

are merged or treated as separate stages. In the description below, I present the 

information according to the four phases for a broader and clearer understanding, 

while Figure 7 illustrates three phases. Therefore, the phases of the cell adhesion 

to the surface are: 

1. Van der Waals and ionic forces draw the seeded cells close to the 

substrate.  

2. After a few minutes, the adhesion receptors integrins form contacts with 

their adhesion ligands. This process triggers the expression of cytoskeletal and 

other ECM proteins. Focal adhesions begin to form at these contact points, 

linking the ECM to the cellôs cytoskeleton through multi-protein complexes. 

3. After a few hours, the cells start to flatten, enabling more receptors to 

bind to the surface. This leads to the formation of strong focal adhesions and the 

establishment of the cytoskeleton. The strength of adhesion increases with the 

duration of a cellôs contact with the substrate or another cell. Focal adhesion 

becomes more stable and mature, facilitating stronger connections between the 

cell and the ECM. These structures serve as anchor points for the cytoskeleton 

and are essential for its establishment and reorganization. 

4. Finally, the cells fully adhere, initiating the secretion of ECM molecules 

and other essential proteins into the environment, followed by cell proliferation. 

Focal adhesions play a crucial role in transmitting mechanical and regulatory 

signals between the ECM and the cell, influencing cell behaviour and fate.  
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Figure 7. Phases of cell adhesion [60]. 

 

To conclude, cells sense their surroundings by forming adhesions. A 

significant factor in cell-material interactions is protein adsorption. 

Conformation, concentration, distribution, and binding strength influence cell 

adhesion. Initially, fibronectin, vitronectin, and fibrinogen affect cell adhesion, 

while collagen and laminin dominate in long-term adhesion [90]. 
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1.3. CELL ADHESION ON ARTIFICIAL SURFACES  

Artificial substrates are utilized for in vitro cell culturing share functional 

similarities with biomaterials applied in implantation procedures. The surface of 

a substrate significantly impacts the cell behaviour and adhesion. Understanding 

how surface properties affect these interactions is crucial for designing 

biomaterials that better mimic physiological conditions. This chapter outlines the 

factors that influence cell adhesion. 

In both culturing and implantation scenarios, a materialôs surface is never 

simply bare; it is always covered with water and proteins. In in vitro cell 

culturing, cells are seeded in a growth medium. Initially, proteins from the growth 

medium coat the material's surface, and cells adhere only when they detect these 

adsorbed proteins (Figure 8). 

 

 
Figure 8. Schematic illustration of the different phases of the interaction of 

biological elements with the materialôs surface [89]. 

 

This also applies to the implantation process.  After implantation, 

biomaterials are immediately coated with proteins from blood and interstitial 

fluids. Cells sense the substrate surface through this adsorbed protein layer, 

meaning their initial reaction is to the adsorbed proteins rather than the surface 

itself  [91].  

In addition to sensing the protein composition of their environment, cells 

also detect the physical and chemical properties of the surrounding material. Cell 

adhesion is influenced by various characteristics, including surface topography, 



42 

porosity, mechanical properties, and hydrophilicity (Figure 9). These surface 

cues affect how proteins conform on the substrate, which in turn governs cell 

adhesion, morphology, movement, and biological function ï protein expression, 

proliferation, and differentiation. By tailoring the surface properties, biomaterials 

can be engineered to support improved biocompatibility and cell performance.  

Studying how these factors influence cellular responses provides valuable 

insights for designing biomaterials in medical and tissue engineering 

applications. 

 

 
Figure 9. Factors influencing cell behaviour at the implant-tissue interface, 

including surface properties, adsorbed proteins, and cellular interactions [92]. 

 

1.3.1. Surface topography 

Topographic features of the surface, including shape, size, and geometric 

structures, provide biophysical and biochemical signals to the cells. Those signals 

influence the cytoskeleton organization, protein orientation, and folding; thereby 

determining the fate of the cell, including its adhesion, polarisation, migration, 

and proliferation.  This phenomenon, known as contact guidance, occurs when 

cells interact with surface topography, leading to alignment and orientation along 

specific patterns or structures [93]. This is particularly important in tissue 
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engineering and regenerative medicine when designing biomaterial surfaces. By 

tailoring specific topographic cues, it is possible to direct cell responses toward 

desired functional outcomes. While flat surfaces provide a two-dimensional 

platform for cell spreading, curved or structured surfaces create a three-

dimensional architecture that enables cells to infiltrate and grow within the 

material [92]. 

Surface topographical parameters important for contact guidance are surface 

roughness, pattern size and geometry, regularity, stiffness, surface wettability, 

and surface energy. In addition to topography, the presence and type of functional 

groups of a surface have a huge impact in modulating cell adhesion and behavior. 

The most important features of a biomaterial for cell adhesion are discussed 

below. 

1.3.2.  Surface roughness 

Surface roughness describes the degree of irregularity or texture on a 

surface, typically characterized by deviation from an ideal smooth plane.  The 

roughness of a given surface is quantitatively described by the roughness average 

(Ra), which represents the mean deviation of the surface profile from a central 

line over a specified length. The value of Ra usually can be given in micrometers 

(µm): higher values of Ra refer to a surface with higher irregularities and a rough 

surface, while lower values correspond to smoother, flatter texture [94]. The 

surface roughness can be categorized based on the size of the irregularities 

present: 

1) Macroscopic roughness refers to the surface irregularities with features 

larger than 1 mm, Ra typically greater than 10 µm. These are visible to the naked 

eye. The cells have sufficient space to spread and grow between macroscopic 

irregularities, with minimal impact on cell adhesion. 

2) Surface roughness on micron and submicron scales (1 µm to 1 mm) is 

usually not visible with the naked eye but can be observed under a microscope. 

Ra values between 0.1 µm and 10 µm. This scale promotes cell adhesion as it 

provides enough irregularities for cells to attach.  

3) Submicron roughness includes features in the range of 100 nm to 1 µm. 

Ra values between 0.01 µm and 0.1 µm. This group provides an increased surface 

area that can further enhance cell attachment and spreading.  

4) Nano roughness features smaller than 100 nm. Ra values lower than 0.01 

µm. These extremely fine features can affect molecular interactions and cell 

behaviour. Nano roughness is considered to be the closest to natural tissue 

morphology, and it is an ideal factor that has a positive effect on cell adhesion, 

growth, and maturation [53]. 
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Surface roughness increases cell adhesion, and this effect depends on both 

the degree of roughness and the size of the cells. Generally, cells adhere better to 

surfaces with roughness that is equal to or slightly greater than the size of the cell, 

as demonstrated with human osteoblasts and osteosarcoma cells. Those cells 

exhibit varying adhesion levels on surfaces with different roughness, with 

optimal adhesion often occurring on surfaces whose roughness parameters align 

with the size of the cells [80], [81]. Large cells like human primary bone cells 

(Ḑ50 ɛm) will react differently to the same surface topography than smaller cells 

like monocytes (Ḑ10 ɛm) or platelets (Ḑ2 ɛm). However, excessively rough 

surfaces with high peaks and deep valleys may hinder cell adhesion and 

spreading. Additionally, cell type plays a crucial role as different cell phenotypes 

respond differently to the same surface relief. Overall, the interaction between 

surface roughness and cell adhesion is complex, and careful consideration of the 

specific cell type and the extent of surface properties is essential for achieving 

the desired result in biomaterials development [89]. 

1.3.3.  Surface porosity 

Surface porosity refers to the presence of tiny voids or pores on the surface 

of a material. It can significantly affect the physical and chemical properties of 

the material, increasing the available surface area for processes such as 

adsorption, catalysis, and diffusion. Additionally, it impacts cell adhesion, 

migration, proliferation, and differentiation. The primary factor affecting cell 

adhesion is pore size. The pore size classification is as follows:  

1) milipore ï pore size between 0.1 mm and 100 mm,  

2) micropore ï pore size between 0.1 µm and 100 µm,  

3) nanopore ï pore size between 0.1 nm and 100 nm [97]. 

The study involving mesenchymal stem cells (MSC) and collagen-

glucosaminoglycan scaffold with varying milipores, ranging from 80 µm to 

320 µm, demonstrated a consistent increase in adhesion corresponding to larger 

pore sizes [98]. In contrast, the same scaffold tested with osteoblasts 

demonstrated that cell adhesion occurred in a non-linear pattern. Specifically, 

increased adhesion was observed with larger pores up to 320 µm, the same as in 

the case of osteoblasts. However, a secondary peak was observed at the pore size 

120 µm. This phenomenon can be attributed to the fact that smaller pores provide 

a larger surface area, while large pores provide a higher ligand density. 

Nevertheless, the secondary peak disappeared following cell proliferation, 

indicating that while specific surface area may be important for initial cell 

adhesion, improved cell migration provided by scaffolds with pores above 300 

µm overcomes this effect [99].  



45 

When examining micropores, a study involving osteoblasts and porous 

polycarbonate membrane with pore sizes ranging from 0.2 ɛm to 8 ɛm was 

conducted. The cells were fully adhered and spread on the surface with 0.2ï1 ɛm 

pores, whereas cells became spherical with few filopodia and lamellipodia on 

membranes with larger micropores (3.0ï8.0 ɛm in diameter) [100].  

Another study involving fibroblasts and anodic aluminium oxides of 

different pore sizes, ranging from 0.075 µm to 0.3 µm, demonstrated the highest 

adhesion and proliferation with 0.075 µm pores compared to wider pores, owing 

to increased focal adhesion densities [25]. Thus, both studies revealed the highest 

cell adhesion with the smallest pore size. 

To sum up, cell adhesion is influenced by pore size, with smaller pores 

typically providing a larger surface area and promoting higher adhesion. 

Meanwhile, larger pores offer higher density and improved cell migration.  

1.3.4.  Material stiffness 

Material stiffness refers to a materialôs resistance to deformation under an 

applied force. In tissue engineering, stiffness and elasticity are often used 

interchangeably; however, in this context, I will use the term stiffness to discuss 

the mechanical properties of biomaterial surfaces.  Stiffness is quantified by 

Youngôs modulus, which measures material elasticity. A higher Youngôs 

modulus indicates increased material stiffness. 

In vivo, tissue stiffness is determined by the stiffness of the ECM, primarily 

influenced by the composition of collagen and elastin. This stiffness varies 

significantly, ranging from approximately 0.1 kPa in brain tissue to around 100 

GPa in bone tissue [101]. Cells perceive these mechanical properties of the ECM 

through a process called mechanotransduction, which involves the application of 

traction, compressive, and tensile forces, as well as the assessment of the resulting 

deformations. In response, cells form focal adhesions. The stiffness of the ECM 

affects various cell activities, including gene transcription, cytoskeletal 

remodelling, and intercellular interactions [53]. 

In tissue engineering, designing biomaterials with the appropriate stiffness 

can help mimic the natural environment of tissues, thereby promoting cell 

behaviour and tissue regeneration [2], [102]. Stiffer surfaces provide a more 

stable foundation for cells to anchor to and generally enhance the organization 

and dynamics of the cytoskeleton. On these stiffer surfaces, cells develop more 

pronounced stress fibres - specialized bundles of actin filaments within the 

cytoskeleton that generate contractile forces and are involved in cell adhesion, 

migration, and morphogenesis. These conditions also lead to stronger focal 

adhesions, resulting in more spread-out morphologies. In contrast, on softer 
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surfaces, cells display a more rounded shape, less organized cytoskeletal 

structures, reduced stability of  focal adhesions, and decreased cell movement [2], 

[103].  

Different cell types respond differently to material stiffness. The actin stress 

fibres of fibroblast cells form when the Youngôs modulus exceeds 2 kPa, while 

neutrophils remain insensitive to a wide range of stiffness variations. This 

suggests that cells may rely on their internal standards of mechanical sensing [53]. 

1.3.5.  Curvature 

Surface curvature influences cell behaviour both directly, by altering the 

cytoskeleton, and indirectly, by affecting protein concentration and folding. On 

flat surfaces, cells extend their cytoskeleton within a two-dimensional field. 

Conversely, on curved surfaces, cells adapt their cytoskeleton to conform to the 

geometry. Convex surfaces (e.g., spheres) compel cells to wrap around them, 

which results in stretching and distortion of the cytoskeleton. In contrast, concave 

surfaces (e.g., pits) enable cells to expand into the curvature  (Figure 10) [104], 

[105], [92]. 

Cell adhesion is inherently dependent on protein adsorption, which is also 

influenced by curvature.   The orientation, unfolding, or denaturation of these 

proteins thereby impacts cell adhesion. Fibrinogen and albumin display structural 

changes in response to varying levels of curvature. Additionally, the presence of 

sharp and smooth edges influences receptor ligand accessibility, while specific 

patterns, such as honeycomb pores, guide the formation of focal adhesions [92], 

[106], [107].  

 

 
Figure 10. The effect of surface curvature on cell shape [92]. 

 

1.3.6.  Surface chemical properties 

Surface chemistry encompasses functional groups, wettability, and surface 

energy, and surface charge. The first three characteristics are inherently 
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interconnected, as a change in one aspect influences the others. For instance, the 

presence of hydroxyl (-OH) functional groups on a surface determines its 

hydrophilicity; this heightened hydrophilicity corresponds to increased surface 

energy, which enhances the materialôs tendency to interact with water and other 

polar substances. This relationship can be summarized as follows:  

¶ Functional groups. These are chemical groups present on a 

surface, such as hydroxyl (-OH), carboxyl (-COOH), amine (-NH2) and methyl 

(CH3) groups.  

¶ Surface energy. It is influenced by the types of functional groups 

present. Hydrophilic groups (e.g., -OH, -COOH) increase surface energy, 

enhancing the ability of the surface to interact with polar substances, such as 

water molecules. In contrast, hydrophobic groups (e.g., -CH3) reduce surface 

energy, limiting such interactions. 

¶ Wettability. This refers to a surface's ability to attract or repel 

water, typically quantified by measuring the contact angle. Hydrophilic surfaces 

with high surface energy display low contact angles, indicating strong water 

interactions. In contrast, hydrophobic surfaces with low surface energy exhibit 

high contact angles - low wettability - reflecting weaker interactions with water. 

All those features determine the conformation of a protein, leading to the 

impact on cell adhesion.  One example is fibronectin, which exhibits two 

conformations: globular and linear. Material surface properties, such as 

hydrophobicity and hydrophilicity, influence their conformations: linear 

conformation is more prevalent on hydrophilic surfaces, whereas globular 

conformation is more dominant on hydrophobic surfaces.  This is due to the 

exposure of negatively charged groups on hydrophilic surfaces, which may 

interfere with the stabilizing ionic interactions within the protein. Importantly, 

the linear conformation of fibronectin enhances cell adhesion by exposing the 

integrin-binding sites RGD motif.  Other factors, including temperature, pH, and 

ionic strength, also influence the protein conformation of ECM [108], [109], 

[110]. 

Although distinguishing among these properties can be challenging, the 

primary features relevant to cell adhesion are outlined below. 

1.3.7.  Functional groups 

Surface chemistry refers to the chemical composition and functional groups 

present on a materialôs surface. These groups can interact with liquids, proteins, 

and cells, influencing various properties, including cell adhesion. Surfaces with 

functional groups such as carboxyl (-COOH), amine (-NH2), and hydroxyl (-OH) 

tend to enhance cell adhesion due to their ability to form hydrogen bonds and 
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electrostatic interactions with ECM proteins. Conversely, surfaces with 

hydrophobic groups, such as a methyl group (-CH3), discourage cell attachment 

[92].  

Chemical modification can also be used to either promote or inhibit cell 

attachment directly to the surface. By introducing functional groups with varying 

hydrophobicity and surface charges, these modifications influence the orientation 

and conformation of adsorbed proteins.  Such alterations in protein behaviour 

can, in turn, impact cellular differentiation processes [109]. 

1.3.8.  Surface wettability 

Surface wettability, characterized by hydrophobicity and hydrophilicity, 

influences cellular responses by altering protein adsorption and conformation. It 

reflects how a liquid interacts with a solid surface. It is commonly assessed by 

measuring the contact angle formed between a water droplet and the surface. 

Wettability primarily depends on factors such as chemical composition, 

morphology, and surface roughness, and it strongly correlates with biological 

interactions [111]. A water droplet contact angle exceeding 90° signifies a 

hydrophobic surface, characterized by low surface energy and poor wetting. In 

contrast, a contact angle below 90° indicates a hydrophilic surface with better 

wetting and higher surface energy. Surface wettability can be categorized as 

hydrophobic (contact angle >80°), moderately wettable (contact angle 48ï62°), 

and strongly hydrophilic (contact angle <35°) [112].  

Cells are more likely to adhere to hydrophilic surfaces. For instance, the 

adhesion of fibroblasts is the highest with the water drop contact angle from 60° 

to 80° [113]. The super-hydrophilic matrix surface, characterized by a contact 

angle of less than 5°, exhibits a strong attraction to water molecules. This strong 

hydrophilicity inhibits the proper binding of adhesion proteins, thereby impairing 

cell adhesion. Conversely, the super-hydrophobic surface, with a contact angle 

exceeding 150°, strongly repels water. On such surfaces, adhesion proteins are 

adsorbed in a denatured state, which compromises their ability to support cell 

adhesion (Figure 11) [1], [53]. 
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Figure 11. Effect of surface wettability on protein adsorption and cell 

adhesion [92]. 

1.3.9.  Surface energy 

Surface energy refers to the energy required to create a new surface by 

breaking bonds within a material. Mathematically, it is described as  

ɾ
7

ὃ
 ρ 

where 

ɔ ï surface energy, [J/m2]; 

W -work done to create the new surface, [J]; 

A ï area of the new surface, [m2]. 

 

Surface energy is determined by the interactions of molecules at the interface 

with the environment. It influences how a material interacts with liquids, gases, 

and biological tissues. The surface with high surface energy attracts water and 

other polar molecules, leading to better wettability and adhesion.  

The materialôs wettability is closely related to its surface energy:  

¶ High surface energy surfaces are typically hydrophilic, promoting better 

interactions with water 

¶ Low surface energy surfaces are hydrophobic materials, repelling water 

[114].  
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For cell adhesion, high surface energy is desirable. A hydrophilic surface 

encourages protein adsorption, creating a favourable cell attachment and 

spreading environment. This enhanced protein adhesion directly contributes to 

improved cell adhesion [115]. 

1.3.10. Surface charge 

Surface charge influences how proteins from the growth medium interact 

with surfaces. Positively or negatively charged surfaces attract oppositely 

charged regions of proteins, which affects their orientation, conformation, 

unfolding, and adsorption [116]. This, in turn, affects the cell adhesion.    

The cell membrane typically has a negative charge due to phospholipids and 

glycoproteins. Positively charged surfaces enhance adhesion through 

electrostatic attractions, leading cells to adhere better to positively charged 

surfaces than to negatively charged ones [53], [117]. 

1.3.11. Modification of surface chemistry 

As described above, the quality of cell adhesion to the substrate is influenced 

by the physical and chemical properties of the material. To control this adhesion, 

the surface of the biomaterial can be modified according to these parameters.  

Techniques for modifying the topography of biomaterials include 

electrospinning, etching, laser ablation, and 3D printing. The surface chemistry 

can also be altered to enhance or inhibit hydrophilicity, depending on the desired 

application. This can be achieved through physical methods, such as plasma 

treatment, UV-activation, CO2-pulsed laser treatments [118], [119], [120]. 

Chemical methods include grafting functional groups, covalent bonding, and 

silanization, while biological approaches involve immobilization of peptides, 

proteins, and growth factors [2], [92], [121]. 

One of the most effective strategies for modifying surface chemistry is 

oxidation, which plays a crucial role in controlling surface hydrophilicity and 

improving cell adhesion. 

1.3.12.  Oxidation of the surface 

Surface oxidation can be conducted through either chemical or physical 

modification to increase a polymer's hydrophilicity and surface energy, thereby 

enhancing its suitability for cell adhesion and biocompatibility [122].  

Chemical modification introduces oxygen-containing functional groups - 

such as hydroxyl, carbonyl, and carboxyl - to a biomaterial's surfaces, increasing 

hydrophilicity and surface energy. This is typically accomplished through wet 
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oxidation, using strong acids, alkalis, or other oxidizing agents [123], [124].  

Commonly used oxidizers include nitric acid, sulfuric acid, hydrogen peroxide, 

potassium permanganate, and sodium hydroxide. These chemicals react with the 

polymer surface, enabling further functionalization or biomolecule grafting. 

Chemical oxidation modifies only the surface while preserving the basic 

properties of the polymer, making it an effective method for enhancing cell 

adhesion.  

Physical oxidation of a surface can be achieved through plasma treatment, a 

widely used technique for modifying material surfaces.  Plasma, known as the 

fourth state of matter, is an ionized gas containing positive and negative ions, 

electrons, and charged radicals. Various types of plasma discharges are employed 

for surface modification, making this approach highly versatile [125]. Plasma 

states can be broadly categorized into hot (thermal) plasma and cold (non-

thermal) plasma. Hot plasma is characterized by high-temperature electrons and 

heavy particles, such as ions and neutral atoms, resulting in a high degree of 

ionization. In contrast, cold plasma features low-temperature heavy particles and 

high-energy electrons, leading to a lower degree of ionization [126]. 

Cold plasmas are routinely used for surface modification in laboratory 

conditions because they activate surfaces without causing thermal damage to the 

material. Plasma treatment of polymers has long been recognized as an effective 

method for modifying surfaces to enhance cell adhesion [127]. It has been 

demonstrated that when synthetic polymers are exposed to oxygen gas plasma, 

oxygen-containing polar groups such as C-O, O=C-O, and C=O form on the 

surface. These groups increase the hydrophilicity and roughness of the surface, 

facilitating the adhesion of ECM proteins [128]. 

Chemical oxidation maintains the stability of the surface structure. In 

contrast, plasma oxidation allows the surface to revert to its original state after a 

certain period, a process known as surface aging. This reversal results in a loss of 

some of the induced hydrophilicity effects, necessitating repeated plasma 

oxidation [129]. The duration for which the surface remains hydrophilic depends 

on the storage conditions. Plasma-mediated surface restructuring slows 

significantly when the polymer is incubated at lower temperatures in a less humid 

environment [130]. Therefore, when working with different surfaces, it is crucial 

to identify the appropriate conditions and oxidation method to maintain the 

surfaceôs suitability for cell adhesion for as long as possible. 

Nevertheless, plasma oxidation has several advantages over chemical 

oxidation. Firstly, it does not involve hazardous substances to health and the 

environment, which ultimately become chemical waste that must be disposed of 

safely. Secondly, surface plasma treatment is a time-saving method, requiring 

only a few seconds of plasma modification to achieve effective surface changes. 
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Third, plasma modification alters the surface uniformly, regardless of geometry, 

whether it involves micro or nanoparticles, thin films, or complex 3D structures 

[131], [132]. 

Other physical methods, including ozone treatment combined with UV 

treatment, photografting, and gamma irradiation, have also been noted and widely 

used to incorporate various chemical groups into material surfaces.  However, 

radiation can lead to material degradation, resulting in changes to the surface 

structure. These modifications are often discontinuous and non-specific, which 

may limit their stability and targeted functionalization in certain applications 

[133], [134]. Despite these challenges, these methods remain valuable tools in 

surface engineering due to their ability to enhance surface characteristics in terms 

of adhesion, wettability, and compatibility with the biological environment [122], 

[135]. 

Oxidation techniques significantly enhance adhesion properties, yet 

additional strategies, such as surface coatings, further optimize biomaterial 

interactions with cells. 

1.3.13.  Surface coatings for adhesion 

In vitro cell culture often requires specialized surfaces to optimize adhesion. 

While commercially pretreated cultureware is widely available, for specific 

applications researchers need to modify surfaces to enhance cell adhesion. 

Beyond adjusting surface topography and chemistry, adhesion proteins from the 

ECM, such as collagen, fibronectin, laminin, and the artificial RGD loop, 

facilitate cell adhesion. A drawback of using these proteins is their cost and short 

shelf life.  An alternative approach involves using synthetic polymers as 

adhesion-promoting coatings. Among these polylysins offer a convenient and 

cost-effective alternative. Poly-L-lysine (PLL) and PDL can be used alone or in 

combination with other adhesive molecules. Positively charged PLL interacts 

with negatively charged cell membrane proteins, supporting adhesion  [136]. 

Cells metabolize PLL, whereas its stereoisomer PDL provides a more stable 

substrate for mammalian cell attachment. PDL is commonly used in neuronal cell 

adhesion studies due to its durability. This polymer can coat glass, plastic, or 

other surfaces, offering a cost-effective alternative for initiating cell adhesion 

[137]. Surface coating complements oxidation methods by creating a chemically 

tailored environment for optimal cell interaction. 
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1.3.14. Future directions in biomaterial surface engineering 

To optimise the interaction of biomaterials with cells, modifications of the 

substrate surface are crucial. Cell adhesion is affected by surface topography, 

chemical composition, and wettability, it can be improved by modifying these 

properties. The main strategies include the regulation of surface roughness, the 

introduction of functional groups, and the use of adhesion-promoting coatings. 

Physical methods such as plasma treatment and microstructuring are used to 

modify material topography and surface energy. Plasma treatment also introduces 

oxygen-containing functional groups. Chemical modifications further enable 

controlled surface reactivity, improving hydrophilicity and compatibility with 

biological molecules. In addition, biochemical coatings, including extracellular 

matrix proteins and synthetic alternatives, create a tailored environment for cell 

attachment. 

Biomaterials engineering is a highly interdisciplinary field that brings 

together chemists, biologists, materials scientists, engineers, and medical 

researchers to develop biological alternatives capable of restoring or enhancing 

tissue and organ function. The primary goal of this interdisciplinary field is to 

leverage the potential of biomaterials engineering to create biological 

alternatives, ultimately advancing tissue engineering and regenerative medicine. 

As this field evolves, biomaterial surface engineering is applied to advanced 

platforms such as microfluidic systems. These systems require precise control of 

the cellular microenvironment is essential, including surface properties that 

support cell adhesion under dynamic culture conditions, enabling the study of cell 

behaviour under shear stress, nutrient gradient, and spatial confinement. To 

ensure optimal cell adhesion in such systems, substrate surfaces must be 

engineered with tailored chemical and physical characteristics that maintain 

adhesion during flow.  The ability to modify biomaterials plays an important role 

in the development of microfluidic technology, drug screening, and next-

generation tissue engineering strategies. 
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1.4.  MICROFLUIDIC TECHNOLOGY 

1.4.1.  Definition of microfluidics 

According to George M. Whiteside, microfluidics is defined as the science 

and technology of systems that process or manipulate small amounts of fluids 

(10-9 to 10-18 L), using channels that measure tens to hundreds of micrometers 

[138]. Since the inception of microfluidics in the early 1990s, research in this 

field has primarily focused on the chemistry and physics of the microscale. Only 

after a solid understanding of fundamental microscale principles was established, 

could these concepts be applied to the study of cells, which are objects of a micron 

scale [139]. Microfluidics has shifted towards cell research, and today it 

integrates seamlessly with cell biology and tissue engineering techniques [140]. 

Currently, microfluidics has found applications in various domains, ranging from 

microarrays to cellular biophysics (Figure 12).  

 

 

Figure 12. Application of the microfluidic technology [141]. 
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 Microfluidics is a rapidly developing technology. The annual number of 

new publications on the topic of microfluidics is increasing rapidly and 

continuously every year: more than 88 thousand publications published by the 

end of 2024, as presented in ScienceDirect, under the search of Ămicrofluidic ñ. 

The technology of microfluidics consists of two main subsections: 

1) Microfluidics with flow. This technology involves the movement of 

liquid through a microchannel, enabling functions such as mixing, separation, 

chemical reactions, and cell nourishment. It is crucial for applications that 

demand steady and controlled fluid movement, including lab-on-a-chip (LoC), 

organ-on-a-chip (OoC), and microphysiological systems (MPS). 

2) Droplet-based microfluidics. This subsection focuses on generating and 

manipulating discrete droplets within another immiscible fluid. These droplets 

function as individual microreactors, allowing for high-throughput screening, 

single-cell analysis, and precise encapsulation. This technique is particularly 

valuable for applications that benefit from the compartmentalization and isolation 

of reactions.  

In this work, I focus exclusively on flow-based microfluidics. Information 

regarding droplet-based microfluidics will not be presented further. 

Consequently, in the text that follows, flow-based microfluidics will simply be 

referred to as microfluidics. 

1.4.2.  Microfluidics with flow 

LoC, OoC and MPS are three categories of microfluidic platforms with 

distinct applications: laboratory, biomedical, and physiological, respectively. 

These closely related technologies complement each other in chemical, 

biochemical, and cellular research.  

LoC are primarily designed for laboratory applications ï they miniaturize 

and automate analytical processes such as diagnostics, chemical analysis, or 

sample preparation. Historically, the term LoC referred to microfluidic systems 

in general, but today it is associated with compact laboratory tools that integrate 

multiple functions on a single microchip [142], [143], [144].  

OoC platforms, in contrast, are engineered to replicate the function of a 

specific human organ or tissue in vitro. These systems simulate physiological 

conditions such as fluid flow, mechanical stress, and biochemical gradients. 

OoCs allow researchers to study organ-level responses. e.g., heart, liver, kidney, 

gut, or blood-brain-barrier-on-a-chip [145].  

MPS represents a broader category and a more advanced category. While 

often used interchangeably with OoC, MPS typically includes features that 

extend beyond the single-organ model: 
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1) Integrated sensors for real-time monitoring of the microphysiological 

environment. While this feature is frequently found in OoC, it is also considered 

a defining aspect of MPS [146], [147]. 

2) Multi -organ-on-chip systems, such as liver-kidney-chips and heart-lung-

chips, which integrate multiple organ models to simulate inter-organ interactions. 

These systems are also referred to as multi-OoCs [148], [149]. 

3) Applications involving spheroids and organoids, which represent three-

dimensional cellular structures but do not strictly fall within the definition of OoC 

[150]. 

1.4.3.  Microfluidic set-up 

Contrary to the expectation that microfluidics would achieve full 

miniaturization - hence the name lab-on-a-chip - these devices often resemble a 

"chip in the lab" setup due to extensive ancillary equipment required. This 

includes components such as pumps, reservoirs, incubators, sensors, valves, etc. 

(Figure 13). Furthermore, an incubator is essential for maintaining the optimal 

conditions for in vitro cell culture, ensuring proper environmental parameters are 

upheld throughout the process.  

 

 
Figure 13. The general equipment for microfluidics in flow [151]. 
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Unlike microfluidic systems designed for physical or chemical studies, those 

intended for cell and tissue research have specific features of particular 

importance:  

1. Material from which the microchip is made ï it should be biocompatible 

to ensure the proper conditions for cell culture, as well as transparent to allow 

optical imaging techniques. 

2. The design of the microchannel, along with the flow type, determines the 

flow dynamics and directly impacts cell behaviours, including adhesion, 

morphology, and viability. 

Both aspects are described below. 

1.4.4.  Materials for microchip fabrication 

The choice of material for microchip fabrication is critical in ensuring 

desired performance. Biocompatibility is a key requirement for the material used 

in the fabrication of microchips for cell research. The materials must be optically 

transparent to allow observation under an optical microscope. The materials must 

also be chemically inert and resistant to physical influences. Lastly, the materials 

should be capable of being fabricated into microscale channels and must support 

surface functionalization to ensure effective cell adhesion. 

Microchip manufacturing has historically moved through several materials: 

silicon in the 1960s, then glass in the 1970s, with the eventual introduction of 

polymers in the 1990s, and paper chips in the 2000s. Silicon chips are very 

precise; however, they lack optical transparency, which renders them unsuitable 

for optical microscopy observations and cellular research.  

Glass-based microchips are fabricated using various types of gass: 

borosilicates [152], quarts [153], soda lime glass [154], pyrex [155], ultra-thin 

glass [156]. Glass slides are quite commonly applied as the cell culturing plate in 

traditional static culturing conditions and this material was adopted for 

microfluidic cell culture as well.  Glass is biocompatible, resistance to most 

solvents and has exceptional optical transparency [11]. The microchip itself 

consists of two main wafers. One wafer contains the microchannel patterns 

created by etching, laser ablation, embossing, or mechanical erosion. The second 

wafer contains inlet and outlet ports and acts as a lid to enclose the microchip. 

The wafers are aligned and thermally bonded.  

  Glass-based microchips offer a simpler and more convenient method 

compared to silicon. However, when bonding multiple layers of glass, it is 

difficult to ensure precise alignment and adhesion of the layers. The bonding 
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process is quite complex, the productivity is low, and it needs experience in 

manual handling [157]. 

The fabrication of both glass and silicon microchips requires intricate and 

time-consuming processes.  These microchips are highly fragile, and their cost is 

extremely high. As a result, they are less appealing compared to next-generation 

polymer-based microchips, such as PMMA, COC, and polydimethylsiloxane 

(PDMS). These polymers offer significant ease of fabrication.  

PMMA is a transparent thermoplastic synthesized from the methyl 

methacrylate monomer. Multi-layer PMMA chips are fabricated using laser 

cutting and plasma-activated thermal bonding [158], [159]. This material 

provides excellent mechanical stability and rigidity and is transparent within the 

visible light spectrum, making it ideal for applications in optical detection, such 

as fluorescence microscopy and absorbance spectroscopy. However, PMMAôs 

interaction with certain solvents or reagents may alter its properties or lead to 

monomer leaching. Additionally, it is prone to scratching and can become brittle, 

particularly in thinner structures. 

COC is another replacement for glass in the microchips, composed of cyclic 

olefin monomers (norbornene) and linear olefins (ethylene). It offers several 

advantages, including good biocompatibility, low water absorption, high heat-

resistance, good chemical resistance, and high transparency in the deep UV range, 

which minimizes interference in fluorescence-based assays [160]. However, the 

price is higher than PMMA or PDMS. 

Two other polymers ï PDMS and OSTE - are of exceptional importance to 

this thesis and are discussed in detail in the following chapters. 

1.4.5.  PDMS 

PDMS ï polydimethylsiloxane, also known as dimethicone, is the most 

popular and widely used polymer for microchip fabrication. It is a mineral-

organic polymer composed of carbon and silicon, belonging to the siloxane 

family. It is achieved by combining an elastomer (base polymer) with a curing 

agent (a cross-linker) and fine-tuning its thermosetting properties, such as 

temperature, curing time, degree of cross-linking, and final hardness or strength.  

PDMS is remarkably soft and deformable, with elasticity that enables it to 

withstand significant deformations without sustaining damage. This feature 

makes it suitable [141]  [161]. PDMS has the flexibility to bend, stretch, and 

precisely adapt to various shapes. PDMS can be molded, cased, and patterned to 
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create intricate microchip structures. Multilayer microchips are fabricated using 

soft lithography, which transfers microscale patterns from a master mold, and the 

layers are permanently sealed using plasma bonding [189], [190], [191]. 

In addition to its ease of fabrication, PDMS offers several advantageous 

features. Its optical transparency allows for microscopic observations, while its 

gas permeability facilitates the exchange of gases, including oxygen and carbon 

dioxide, between the surrounding atmosphere and the medium within culture 

chambers, which is essential for cell culture. Furthermore, PDMS is non-toxic 

and biocompatible, making it ideal for long-term cell culture, cell screening, and 

biochemical studies [162], [163]. 

While PDMS is regarded as the gold standard for microchip fabrication, it 

has its limitations. Once cross-linked, PDMS becomes a hydrophobic elastomer. 

However, hydrophilic properties are essential for microfluidic applications 

because they facilitate fluid flow control, minimize bubble formation, and 

improve cell adhesion. The hydrophobic surface of PDMS can be altered through 

oxidation, such as radiofrequency or oxygen plasma treatment, leading to the 

formation of silanol groups (SiOH) on its surface. Additionally, the material can 

be functionalized with organic compounds, such as 2-hydroxyethyl methacrylate 

(HEMA), PEG, PVP, PU, and others, temporarily rendering it hydrophilic [164], 

[165].  

During the curing process, some residual polymer chains remain 

incompletely cross-linked, resulting in residual oligomers that can diffuse within 

the PDMS material and may leach out when exposed to a solution [35], [166]. 

Additionally, the porous nature of PDMS enables it to absorb small molecules, 

including components in cell culture media and test substances, which may 

impact experimental outcomes. Organic solvents could also be absorbed  [35], 

[166], [167], [168], [169]. Moreover, the expansion and deformation of PDMS 

microchannels can be caused by high flow rates [170]. 

The characteristics of PDMS suggest that this material may introduce 

artifacts in microfluidic cell culture results due to the interaction of PDMS with 

culture medium and cells. However, the underlying mechanisms remain unclear. 

It is uncertain whether these effects are caused by molecules leaching into or out 

of the PDMS or by some other process. One possibility is that uncrosslinked 

monomers, leaching from the PDMS into the medium, could potentially partition 

into the hydrophobic portions of the cells, such as the plasma membrane, 

endoplasmic reticulum, or nuclear envelope. This could disrupt cellular signalling 
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or metabolism via an unknown mechanism. Thus, it makes PDMS-based 

microchips less suitable for pharmaceutical testing. [35], [167], [171].  

To overcome these limitations, various strategies can be used, which include 

surface modification of microchannels using non-stick and inert materials such 

as sol-gel-based silica nanoparticles, Parylene, and perfluorinated polymers like 

Teflon AF and Cytop [35], [172], [173], [174]. An alternative to PDMS is off-

stoichiometry thiol-ene (OSTE), and it is described in the next chapter. 

1.4.6.  OSTE 

OSTE, off -stoichiometry thiol-ene, was introduced in 2011 as the first 

polymer designed for microchip fabrication. It is composed of two types of 

monomers: one featuring thiol functional groups, xR1ï(SH)m, and the other 

containing allyl functional groups, yR2ï(CH2ïCH=CH2)n. Here, x and y represent 

the number of each type of monomer, while m and n indicate the number of 

functional groups present on each. Off -stoichiometric tiol-ene formulations 

contain an excess of one type of functional group (xm Í yn), resulting in 

unreacted functional groups both within the bulk material and on the surface. The 

density of these unreacted functional groups remains stable over time and is 

evenly distributed, allowing for precise control by adjusting the degree of off-

stoichiometry. This characteristic makes the OSTE polymer particularly well-

suited for direct UV-initiated grafting of functional molecules through highly 

specific thiol-ene ñclickò reactions [175], [176]. 

OSTE polymers are unique due to their dual-curing mechanism. In the first 

curing stage, UV light initiates the thiol-ene reaction, solidifying the material and 

allowing for precise shaping of microstructures. This process preserves unreacted 

thiol and alkene groups on the surface, making it sticky and enabling the polymer 

to bond covalently with other surfaces or graft functional molecules. The second 

curing stage involves applying heat to eliminate the remaining reactive groups, 

resulting in a fully cross-linked, chemically stable material with robust 

mechanical properties. This dual-curing process allows OSTE to combine 

versatility during fabrication with long-term stability performance [177]. 

Microchip fabrication often involves assembling multiple layers, which 

presents challenges in bonding and sealing. Conventional bonding methods, such 

as thermal bonding, solvent bonding, plasma activation, and UV-curable 

adhesives, can deform microchannels, compromise surface modification, or 

obstruct tiny microstructures [168]. In contrast, OSTE polymer employs its 

reactive surface groups to form covalent bonding to other surfaces, allowing for 

gentle bonding without the drawbacks of traditional methods. Furthermore, 
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OSTE features low shrinkage during curing, high chemical resistance, and 

tunable mechanical properties, making OSTE an excellent material for 

microfluidic devices [175], [177], [178]. 

1.4.7.  Microchannel architecture 

Microchips are very versatile in design and are adapted to the field of 

application.  These designs can differ substantially, ranging from the simple 

linear channel, which may feature one, two, or several parallel channels, to more 

complex configurations as mixing channels. Advanced designs include 

multilayered chips for 3D fluid flow, porous devices for diffusion and filtration 

studies, and topographical chips whose surface features influence cell behaviour 

or fluid dynamics [179]. The versatility of microchip architecture limits the 

standardization and commercialization of microchips, which is why many 

laboratories design and manufacture their own microchips according to their 

specific research needs.  

To properly design a microfluidic system, the parameters ï geometry and 

dimension - of the microfluidic device must be accurately calculated. In single 

cell studies, the width and height of the microchannel are typically measured in 

the tens of micrometres. Additionally, when trapping or sorting the cells, the 

microchannel may incorporate specific traps or curved geometries [180], [181]. 

For cellular culture, microchannel sizes often range from 100 to 1000 µm. The 

microchannel should accommodate a sufficient number of cells within the 

microchannel, enabling population-based analysis [182].  

To achieve more complex microchannel geometries, PC and PET track-

etched membranes are used to create a three-dimensional network. These 

networks are formed by integrating the membranes into the device during 

fabrication. The membrane functions as a semi-permeable barrier that separates 

microchannels on different horizontal planes, while permitting interactions 

exclusively at the points where the channels intersect [183], [184].  

Fluid velocity within the microchannel exhibits distinctive behaviour based 

on geometry. In a circular channel, fluid moves fastest at the center and slows 

down symmetrically near the channel, resulting in a parabolic velocity profile. In 

rectangular channels, the velocity distribution varies according to the width-to-

height ratio, with fluid slowing near the walls and corners due to boundary effects. 

The velocity profile is critical as it dictates the shear stress experienced by cells. 

Shear stress influences cellular morphology, signalling, and 

mechanotransduction. Additionally, variation in the velocity profile can lead to 

differences in nutrient and oxygen distribution, ultimately affecting cellular 

behaviour, viability, and function [185]. 
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The architecture of microchannels, including their geometry and 

dimensions, directly influences critical parameters such as Reynolds number, 

flow type, which collectively govern fluid behaviour and cellular interactions in 

microfluidic systems. These aspects are described below. 

1.4.8. Fluid dynamics and transport mechanisms in microfluidic systems 

In fluid dynamics, the fluid flow behaviour within the microchannel is 

characterized by a Reynolds number (Re) ï a dimensionless quantity representing 

the ratio of inertial to viscous forces [138], [186]. It provides insight into the fluid 

flow regimes and is defined as: 
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where 

ɟ is the density of the fluid [kg/m3], 

u is the flow velocity [m/s], 

L is a height [m], 

ɛ is the dynamic viscosity of the [Pa·s or N·s/m2 or kg/(m·s)], 

ɜ is the kinematic viscosity of the fluid [m2/s]. 

 

In microfluidic systems, flow behaviour is strongly influenced by microscale 

dimensions. Unlike macroscale systems, microfluidics typically operates under 

low Reynolds numbers, where viscous forces dominate and flow remains highly 

predictable [45]. Microfluidic systems exhibit several distinct flow types, which 

include: laminar, turbulent, electroosmotic, capillary, and centrifugal flows. 

Among these, laminar and turbulent flows are particularly important in 

microfluidic applications involving cells. 

1) Laminar flow  is the predominant flow type in microfluidic systems. It 

is characterised by the orderly movement of fluid particles in parallel layers 

without disruption or mixing between layers. Dominated by viscous forces, 

laminar flow exhibits highly predictable behaviour, typically occurring at low 

Reynolds numbers (Re<2000). This orderly flow enables precise control over 

fluid positioning and reagent delivery, which is essential for cell-based 

microfluidic applications. 

2) Turbulent  flow is characterized by chaotic and unpredictable fluid 

movement, often accompanied by eddies and instabilities. In this regime, inertial 

forces dominate over viscous forces. Reynolds numbers typically exceed 4000. 

Although turbulent flow is uncommon in microfluidic systems, it can be 

intentionally induced to enhance mixing efficiency. Its potential impact on shear 

stress and flow uniformity must be carefully considered during microchip design 

https://en.wikipedia.org/wiki/Kinematic_viscosity
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to ensure optimal performance and prevent unintended flow disturbance  (Figure 

14) [187]. 

 

  
Figure 14. Laminar versus turbulent flow in the microfluidic channels [187]. 

 

In microfluidic cell systems, fluid is transported between different regions 

either by active or passive pumping mechanisms. Microchip inlet and outlet ports 

connect microchannels - where cultured cells reside - to the external environment. 

Tubing is used to link these ports to the fluid reservoir and the flow generator.  

As active pumping methods, syringe pumps and peristaltic pumps are 

commonly employed in OoC and MPS. Syringe pumps are designed for non-

recirculatory flow, employing a stepper motor to pull or push a syringe (Figure 

15). This mechanism produces a steady, pulse-free flow, required for applications 

with precise control of fluid rates.  

 

 
Figure 15. Schematic representation of a microfluidic system with flow 

driven by a syringe pump. Picture sourced from https://www.elveflow.com 

 

In contrast, peristaltic pumps generate recirculating, pulsatile flow by 

mechanically compressing flexible tubing using rotating rollers. This mimics 

physiological blood flow and is suitable for dynamic stimulations. The pump 

head contains multiple rollers mounted on a rotating wheel. As the wheel turns:  
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1. The first roller compresses the tubing at the inlet, sealing it and initiating 

forward movement. 

2. As the roller continues along the arc, it presses the tubing against the 

manifold, creating a pressure wave that propels the fluid forward. 

3. Before the fluid reaches the outlet, the second roller closes the tubing 

behind the first, preventing backflow. 

4. Once the first roller passes the outlet, the second roller continues the 

cycle, generating the next pressure wave. This sequential compression mimics 

the natural rhythm of physiological blood flow (Figure 16).  

 

 

 

Figure 16. Peristaltic pump flow scheme [188].  

 

 An alternative to active flow generators is passive pumping, which relies 

on surface tension differences between droplets at the inlet and outlet to drive 

fluid flow. The mechanism is based on the pressure difference created by droplets 

of different sizes, placed at the inlet and outlet (Figure 17) [182]. According to 

Laplace's law, the internal pressure of a droplet is inversely proportional to its 

radius: 

ɝ0
ςɾ

2
 σ 

where  

ȹP is the pressure difference across the liquid-air interface [Pa], 

ɔ is the surface tension of the liquid [N/m], 

R is the radius of the droplet [m]. 

 

Figure 17 illustrates this principle. In this context, a smaller droplet (radius 

Ri) at the outlet has a higher internal pressure (Pi) than a larger droplet (radius R0 

and pressure P0) at the inlet. Since Ri <R0, it follows that Pi>P0. This pressure 

gradient drives fluid from the inlet to the outlet through the microchannel. 

 Passive pumping eliminates the need for external tubing or 

interconnections, as the flow is initiated by pipetting drops directly to the inlets. 

This approach is advantageous for microchip applications for process automation 
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[189]. However, passive pumping is restricted to low flow rates and pressures, 

making it less suitable for systems requiring continuous and uninterrupted fluid 

movement. While drops can theoretically be replenished during a passive pump 

cycle, external flow generators are generally preferred for microfluidic 

applications for long-duration microfluidic experiments. 

 

Figure 17. Schematics of passive pumping. Fluid flow is driven by pressure 

differences between droplets of varying radii, based on Laplaceôs law [182]. 

 

1.4.9.  Shear stress 

Shear stress is defined as the stress created when a tangential force acts on a 

surface. In biology and microfluidics, it can be described as the frictional force 

of a biological fluid flow acting on cells or tissues.  

In vivo, mechanical forces act as physiological signals that elicit cellular 

responses. Cells detect and react to these forces through mechanosensors, which 

convert the mechanical signals into chemical signals. This process is called 

mechanotransduction. In microfluidics, mechanotransduction is initiated by shear 

stress and influences the cell adhesion, migration, and proliferation [190].  

Shear stress is closely related to channel geometries and dimensions. In vivo, 

it is present in blood vessels, where it regulates endothelial cell function and 

vascular homeostasis. The magnitude of shear forces that cells are subjected to 

varies depending on the location and environment. For instance, endothelial cells 

lining arteries experience higher shear stress than those in veins (Table 3). 

Besides the vascular endothelium, cells from other tissues also experience shear 

stress ï interstitial endothelium (0-0.003 Pa), respiratory endothelium, lymphatic 

endothelium, cartilage, bone, corneal cells (0.05-1.5 Pa), and renal glomerular 

cells, in all cases with different shear stress parameters (Table 3) [191]. 
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Understanding this variability is crucial for designing devices that accurately 

replicate physiological or pathological conditions. 

 

Table 3. Shear stress in various physiological contexts. 

 

1.4.10. Biology meets microfluidics 

The convergence of biology, chemistry, biochemistry, physics, and 

engineering is essential for cell research at the microscale. A thorough 

understanding of cell, tissue, and organ biology, alongside the dynamics of the 

microenvironment, is important to replicate them in vitro. Equally important is a 

strong foundation in microfluidic technologies, which enable the creation of 

controlled, miniaturized systems for biological experiments.  

Traditionally, cells have been cultured under static conditions, and a 

straightforward approach has massively contributed to our knowledge.  However, 

advances in microfluidics now enable more precise studies of cells within three-

dimensional environments and continuous flow systems. Controlled fluid flow is 

essential for nutrient delivery, waste removal, and gas exchange within 

microfluidic systems. These functions are essential for maintaining cell viability 

and mimicking in vivo conditions. Additionally, these systems can also 

incorporate sensors to monitor key physiological parameters, such as pH and 

oxygen levels, in real-time. 

Blood vessel Shear stress 

[192] 

Other tissue 

environments 

Shear stress  

Arteries 1-6 Pa Lymphatic 

vessel 

0.64 Pa 

with peaks of 

4 ï 12 Pa [193] 

Veins 0.1-1 Pa  Gut (intestinal 

endothelium) 

0 - 0.003 Pa 

[191] 

Ascending aorta 1.2 Pa  Bone 

(osteoblasts) 

0.8 - 1.0 Pa 

[194] 

Descending aorta 0.5-0.8 Pa  Bone 

(osteocytes) 

0.8 - 3.0 Pa [195] 

Pulmonary artery 0.5 Pa  Cornea 0.005 -1.5 Pa [191] 

Small veins 1.1 Pa  Kidney 

(glomerular 

endothelium) 

0.5 ï 2 Pa 

[196] Large veins 0.5 Pa  
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One of the primary advantages of microfluidic systems is their ability to 

overcome the limitations of conventional cell culture methods, allowing for more 

dynamic and precisely controlled experimental setups. These innovations not 

only increase the precision and relevance of in vitro research but also open the 

way to groundbreaking applications, including personalized medicine, OoC, 

MPS technologies, and high-throughput drug screening. As the field of 

microfluidics continues to evolve, it promises to revolutionize biological research 

and bridge the gap between experimental models and real biological systems. 

  



68 

2. METHODOLOGY 

2.1. MATERIALS AND EQUIPMENT 

2.1.1.  Material  

Biomaterials of the study: 

¶ Al alloy 6082 anodized with sulphuric acid, with a diameter of 15 or 

16 mm and a sheet thickness of 2 mm (provided by Dr. Tadas Matijoġius) 

¶ Al alloy 6082 anodized with phosphoric acid, with a diameter of 15 or 

16 mm and a sheet thickness of 2 mm (provided by Dr. Tadas Matijoġius) 

¶ Al alloy 6082 - with the purity of 96.52 wt % (2.28 wt % Mg; 0.53 wt % 

Si; 0.36 wt % Fe; 0.31 wt % Mn), with a diameter of 16 mm and a sheet thickness 

of 2 mm (FXB-Niemet UAB, Lithuania) 

¶ Ti alloy BT1 - with the purity of 96.32% (1.76 wt % Mn; 1.75 wt % Al; 

0.11 wt % Fe; 0.06 wt Si) with a diameter of 16 mm and a sheet thickness of 2 

mm (SP MET UAB, Lithuania) 

¶ PC - track-etched PC membrane, pore size of 3 µm or 0.4 µm 

(ipPORE, Belgium) 

 

Materials for microchip fabrication  

¶ Zortrax white resin - (Zortrax Ikspire, Poland).  

¶ PDMS - Sylgard 184 silicone elastomer kit (Dow Corning, USA) 

¶ OSTE - Ostemer322 resin (Mercene Labs, Sweden) 

¶ COC ï microscopy slide format (Microfluidic Microchip Shop, 

Germany) 

¶ Track-etched PC membrane - 3 µm pores with 21.2 % porosity and 

22 µm thickness (it4ip, Germany) 

¶ Silicon tubing ï 1 mm inner diameters (Darwin Microfluidics, France) 

¶ Mini Luer ports - (Microfluidic ChipShop, Germany)  

¶ Oxygen sensors - SP-PSt6-YAU point oxygen sensors (PreSens 

Precision Sensing GmbH, Germany)  

¶ MD® medical adhesive 1403-M - (Dymax, Wiesbaden, Germany)  

¶ Sil-PoxyÊ silicone adhesive (Smooth-on Inc., PA, USA).  

¶ PTFE tubing with 0.8 mm inner diameter and silicon tubing with 1 mm 

inner diameter (Darwin Microfluidics, Paris, France) 

 

Materials for cell handling: 

¶ RPMI 1640 growth media - (Corning, USA)  
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¶ F-12K growth media - (Corning, USA) 

¶ FBS ï Fetal Bovine Serum (Gibco, USA) 

¶ Penicillin - Streptomycin solution (Gibco, USA) 

¶ Glutamine - (Lonza, USA)  

¶ PBS ï Phosphate Buffered Saline (Sigma-Aldrich, USA) 

¶ Trypsin-EDTA - (Gibco, USA) 

¶ Trypan Blue Solution ï 0.4% (Gibco, USA) 

¶ PDL - (Gibco, USA) 

¶ Collagen I - (Sigma-Aldrich, USA) 

¶ Fibronectin - (Sigma-Aldrich, USA) 

¶ Resazurin ï (Applichem, Germany) 

¶ XTT kit - (Roche, Germany) 

¶ DAPI - (Thermofisher Scientific, USA) 

2.1.2. Cell lines  

¶ L929 - mouse fibroblast cell line (NCTC clone 929 [L cell, [L-929, 

derivative of Strain L], cultured in RPMI-1640 supplemented with 10% FBS, 2 

mM Glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin.  

¶ CHO-K1 ï chinese hamster ovary cell line, epithelial-like (ATCC, CCL-

Ê), cultured in RPMI-1640 supplemented with 10% FBS, 100 U/ml penicillin, 

and 100 µg/ml streptomycin.  

¶ SK-MEL-28 ï human melanoma cell line, polygonal, epithelial-like 

(ATCC, HTB-72Ê), cultured in RPMI-1640 supplemented with 10% FBS, 100 

U/ml penicillin, and 100 µg/ml streptomycin.  

¶ U2OS ï human bone osteosarcoma cell line, epithelial (ATCC, HTB-

96Ê), cultured in F-12K supplemented with 10% FBS, 100 U/ml penicillin, and 

100 µg/ml streptomycin. 

¶ C6 ï rat glioma cell line, fibroblast, (ATCC, CCL-107Ê), cultured in 

RPMI-1640 supplemented with 10% FBS, 100 U/ml penicillin, and 100 µg/ml 

streptomycin.  

2.1.3.  Equipment 

1. Ultrasonic bath VTUSC3 (Velleman, Belgium)  

2. Ultrasonic bath DT100H (Bandelin Electronics, Germany) 

3. Dualscope MPOR-FP (Helmut Fisher, USA) 

4. Profilometer Surftest SJ-210 (Mitutoyo, Aurora, USA) 

5. Nanoindenter Hysitron Ti Premier (Bruker, USA) 
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6. Microindenter PMT-3 (Kirova, Russia) 

7. Potentiostat system Solartron 1280C (Ametek, Inc.).  

8. Spectrometer Optima 7000 DV (PerkinElmer, USA) 

9. Scanning electron microscope Helios NanoLab 650 (FEI, The 

Netherlands).  

10. INCA spectrometer equipped with X-Max 20 mm2 silicon-drift 

detector (Oxford Instruments, UK). 

11. Contact angle measurement system EasyDrop (KRÜSS, Germany).  

12. 3D printer Anycubic Photon (Shenzhen Anycubic Technologies, China).  

13. UV lamp - 365 nm UV light, intensity approx. 2.04 mW/cm2 (custom-

made, FTMC, Lithuania). 

14. UV lamp - 405 nm UV light, intensity approx. 1.95 mW/cm2, custom-

made, FTMC, Lithuania). 

15. LCR-6000 meter (Gwinstek, USA). 

16. Plasma cleaner Zepto B (Diener electronics, Germany) 

17. neMESYS low-pressure syringe pump (Cetoni, Germany) 

18. Electroporator Elpora (FTMC, Lithuania) 

19. Oscilloscope TDS 1012B (Tektronix, USA) 

20. Fluorescent spectrophotometer LS50B ï (Perkin Elmer, USA) 

21. Confocal microscope ECLIPSE Ti (Nikon, USA) 

22. Hemocitometer  (BLAUBRAND, Germany) 

23. Osciloscope TDS 1012B (Tektronix, JAV) 

24. Oxygen measurement system Oxy-4 SMA (G3) meter (PreSens Precision 

Sensing, Germany) 

25. Photodiode optical glass filter FGL515 (Thorlabs, USA) 

26.  White LED LEDWE-15 (Thorlabs, USA)  

27. Laminar hood AURA VERTICAL S.D.4 - (BioAir, Italy) 

28. CO2 incubator ICO (Memmert, Germany) 

2.2. METHODS 

2.2.1.  Bioceramic coating preparation  

 

Al alloy 6082 underwent electrochemical oxidation (anodizing) in 

sulfuric acid (H2SO4) and phosphoric acid (H3PO4) electrolytes. Initially, the 

alloys were degreased with acetone and subsequently cleaned by immersion 

in an alkaline solution (30 g/L sodium hydroxide (NaOH) + 25 g/L 

trisodium phosphate (Na3PO4) + 75 g/L sodium carbonate (Na2CO3)) for 45 

seconds at 60°C, followed by a 10% nitric acid (HNO3) treatment for 60 

seconds at 21°C, with deionized water rinsing after each step.  



71 

The prepared specimens were mounted in a titanium holder and 

immersed in a continuously mixed 3 L aqueous electrolyte bath with a 

titanium cathode. The type III hard anodizing process was conducted in a 

solution containing 18 wt % H2SO4, 2 wt % oxalic acid, and approximately 

0.4 wt % Al 3+ concentration at 15°C, using an anodic current density of 

200 A/m² for 70 minutes, resulting in thick bioceramic Al 2O3 coatings 

(~60 µm thickness) with ~15 nm nanopores [20].  

The addition of oxalic acid was employed to minimize coating 

dissolution and promote the formation of denser, more stable Al2O3 during 

the anodization process. Incorporating the oxalic acid into the sulfuric acid 

electrolyte enhances the thickness and hardness of the alumina coating, thereby 

improving its corrosion resistance [29], [197], [198].  

Phospho-anodizing was conducted in a 4 wt % H3PO4 electrolyte at 

15°C and 150 V direct current for 150 minutes, producing thin (~10 µm 

thickness) coatings with  ~200 nm micropores [199].  

2.2.2. Water droplet contact angle 

Water droplet contact angle measurements were conducted using the 

EasyDrop instrument and analysed with Drop Shape Analysis v.1.70-02 

software. The dosing process utilized a syringe pump, delivering droplet 

volumes of 24.7±3.6 µL. Each liquid sample formed a free-hanging droplet that 

detached due to mechanical action. To determine the actual contact angle, a 

minimum of five water droplets were measured at various locations, and their 

average value was calculated. 

2.2.3.  SBF immersion experiments 

Specimens were in simulated body fluid (SBF) to evaluate their 

behaviour under physiologically relevant conditions. SBF was prepared 

according to the method, described by Kokubo and Takadama [200], with 

the following concentration of cations: 142 mM ὔὥ, 5 mM ὑ , 1.5 mM 

ὓὫ , 2.5 mM ὅὥ , and anions: 147.8 mMὅὰ, 4.2 mM Ὄὅὕ, 1 mM 

Ὄὖὕ, 0.5 mM  Ὓὕ , adjusted to pH=7.4 at 36.5°C.  Each component 

was accurately weighted, dissolved in a minimal volume of deionized 

water, and gradually added into the SBF solution dropwise, following the 

prescribed order. Prior the use, the anhydrous materials were heat-dried and 

sterilized with 70% ethanol, thoroughly washed with sterile deionized 

water, and UV-dried for 30 min. Specimens (16 mm diameter) were 

immersed in 50 mL SBF solution for periods ranging from 1 to 28 days at 
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37°C. pH measurements were conducted to monitor changes in the SBF 

solution. After immersion, samples were subjected for inductively coupled 

plasma optical emission spectroscopy (ICP-OES), and potentiometry to 

assess ion release and electrochemical behaviour. In addition, scanning 

electron microscopy (SEM) was employed to examine the surface 

characteristics of specimens.  

2.2.4.  ICP-OES 

Release of ions from specimens into SBF for 1 to 28 days was analysed 

by inductively coupled plasma optical emission spectroscopy (ICP-OES) using a 

PerkinElmer Optima 7000 DV spectrometer. Before analysis, SBF samples were 

diluted 10-fold with deionized water, and the concentrations of Al, Fe, Mg, Mn, 

Si, Ti, P, and S analytes were measured in mg/L. 

2.2.5.  Corrosion tests  

Corrosion is an electrochemical process involving at least two half-

reactions: metal oxidation (anodic) and oxidant (typically dissolved oxygen) 

reduction (cathodic). The rate of corrosion is directly linked to the intensity of 

these reactions and is quantified by the corrosion current density (jcorr). Near the 

corrosion potential (±5-20 mV from the open circuit potential, Eocp), the current 

potential (I-E) relationship is approximately linear, allowing the use of Tafel 

extrapolation to estimate jcorr. 

The corrosion rate can be calculated using the following equation:  

ὅὙ 
ὑ Ὦὧέὶὶ Ὁὡ

”
ȟ τ 

where 

CR ï corrosion rate [mm/year], 

K ï constant  [3.27 * 10-3] 

jcorr  ï corrosion current density [µA/cm2],  

EW ï equivalent weight [g/equiv] 

ɟ  - density of the material [g/cm3] 

 

The corrosion tests and calculations were conducted by 

Dr. Asta Griguceviļienǟ. Electrochemical voltammetric (j/E) and impedance (Z) 

measurements were conducted in SBF at 37°C using the potentiostat system. 

An Ag/AgCl electrode in saturated KCl solution served as the reference electrode, 

while a Pt plate was used as the counter electrode. The working electrode was 
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mounted in a holder and immersed in an electrochemical glass cell containing 

approximately 100 mL of SBF, ensuring an exposed electrode area of 0.5 cm2.  

Electrochemical measurements began 10-15 min after immersion to allow 

the open circuit potential (OCP) to reach a quasi-steady state. Tafel polarization 

curves were recorded in a potentiodynamic mode with a potential at a scan rate 

of 1 mV/s. Corrosion current densities (jcorr) were determined by extrapolating 

linear regions of the anodic and cathodic Tafel slopes to the open circuit potential 

value (Eocp or Ecorr) before and after immersion periods from 1 to 28 days in SBF. 

The electrochemical impedance spectroscopy (EIS) spectra was conducted at Eocp 

over a frequency range from 1000 kHz to 10 mHz to further characterize the 

corrosion behaviour and surface properties of the specimen. 

2.2.6.  SEM imaging 

Specimens without cells were washed with deionized water and air-

dried before SEM imaging. The samples were then analysed using a dual-

beam scanning electron microscope, enabling the detailed visualization of 

surface features.  Characteristics of surface pores were analysed using the 

open-source image processing program ImageJ 1.53t, based on using SEM 

images captured at 100,000. A thresholding process distinguished the black 

and white areas, representing the pores and the Al2O3 surface, respectively, 

enabling accurate outlining of surface pores. The average nanopore density 

was determined by counting nanopores within a 1 ɛm2 segment of the 

surface in three random spots. Characteristics of surface pores were 

determined by the open-source image analysis program ImageJ 1.53t using 

SEM images at 100,000× magnification. Thresholding was carried out in 

the black and white areas representing the pores and Al2O3 surface, 

respectively, which enabled the outlining of surface pores. Average 

nanopore density was determined by calculating the number of nanopores 

in a 1 ɛm2 segment area of the surface in three randomly selected areas. 

Surface porosity (%) was calculated as the ratio of nanopore openings to 

the total selected oxide surface area. 

To visualize cell adhesion onto biomaterials, cells were cultured on 

them for 24 hours. After incubation, specimens with adherent cells were 

rinsed twice with PBS and subsequently fixed with 2% glutaraldehyde in 

PBS for 1ï2 hours at +4°C. Following fixation, samples were then 

dehydrated through a series of ethanol concentrations (50%, 70%, 85%, 

96%, 96%) each for 15 min, and finally air-dried in a desiccator. Dry 

cellular constructs were sputter-coated with Cr (1ï2 nm thickness) to obtain 

the necessary electrical conductivity. The prepared samples were 
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subsequently analysed using SEM for high-resolution visualization of cell 

adhesion and surface interaction. 

2.2.7.  Cell line handling  

Cell lines were grown in their respective culture media (see Chapter 2.1.2) 

at 37°C, 5% CO2 atmosphere in a humidified chamber. The culture medium was 

replaced, or cells were passed twice a week and always a day before an 

experiment. To collect cells for experiments, cells were detached by 

trypsinization (trypsin 0.025% and EDTA 0.02% solution)  and resuspended 

either in the full medium or in a buffer required for the experiment: Cells 

subjected to PEF treatment were resuspended in electroporation buffer 

(7 mM NaCl, 1 mM KCl, 10 mM HEPES, 3 mM NaOH, 250 mM saccharose, 

pH 7.4) at a concentration of 5-10×106 cells/ml [201]. 

2.2.8. Viability assays 

To evaluate the impact of alloys and their bioceramic coating on cell 

viability, the cytotoxicity was assessed by evaluating the viability of L929 cells 

exposed to the specimensô extracts. These extracts were prepared using an elution 

test method, in which each specimen was incubated in cell culture medium for 4 

days at 37°C. Following incubation, the conditioned media, now containing 

potential leachables from the materials, were collected and used to culture the 

cells. As a control, the same culture medium was incubated under identical 

conditions without the specimen immersion.  

To assess cell growth, adhesion, and proliferation, L929 cells were detached 

using trypsin, resuspended in the specimen extracts, and seeded at a density of 

105 cells/well in a 6-well plate. The cells were subsequently incubated for 48 

hours to allow for cell attachment and proliferation. Following incubation, cells 

were washed with PBS and exposed to resazurin at a concentration of 20 µg/mL 

in a buffer containing 7 mM NaCl, 1 mM KCl, 10 mM HEPES, 3 mM NaOH, 

250 mM saccharose, pH 7.4. Cells were incubated with resazurin for 30-60 min, 

after which fluorescence measurements were recorded using a fluorescent 

spectrophotometer with an excitation wavelength of 571 nm and emission at 

584 nm. Each sample was prepared in duplicate, and the experiments were 

repeated three times for consistency. Relative cell viability was calculated as the 

ratio of the test specimen to the control specimen, expressed as a percentage. 

To evaluate the impact on cell proliferation, a pre-cultured cell monolayer 

was used. Cells were seeded at a density of 5x103 cells/well in a 96-well plate 

and precultured for 24 hours before exposure to the extracts. Finally, cells were 
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incubated with the extracts for 24 hours. Following incubation, cell viability 

measurements were taken using the XTT assay kit with an incubation time of 15-

45 min. Absorbance was recorded at 490 nm, with 620 nm used as the reference 

wavelength. Each sample was prepared in quadruplicate, and the experiments 

were repeated three times for reproducibility. Relative cell viability was 

calculated as the ratio of the test specimen to the control specimen, expressed as 

a percentage. 

2.2.9.  Cell adhesion on PC membranes 

To evaluate the cell adhesion capacity of PC membranes, their ability to 

support cell adhesion was assessed under standard culture conditions. Cells were 

plated onto a 35 mm diameter PC membrane placed in 6-well plates and incubated 

overnight. After incubation, the growth media were collected to estimate the 

number of non-adherent cells, and the cells were detached by trypsinization to 

estimate the number of adherent cells. Experiments were conducted in triplicate.  

PC membranes were subjected to different pre-treatment conditions to 

examine their influence on cell adhesion. These include PCôs incubation with 

PBS, FBS, PDL, fibronectin, and collagen, and PCôs oxidation with oxygen 

plasma and wet chemical oxidation. 

2.2.10. Biological functionalisation of PC membrane  

To prepare PC membranes for cell adhesion studies, various coatings and 

pre-treatment methods were applied. These included pre-incubation with PBS, 

FBS, as well as functionalisation with PDL, collagen I, and fibronectin.  

To assess whether the PC membrane inherently supports cell adhesion, it 

was pre-incubated with PBS for 1 h before cell seeding. Similarly, to determine 

whether the PC membrane facilitates adhesion through factors present in FBS, 

membranes were incubated with FBS for 1 h prior to cell seeding. 

PC membranes were coated with PDL following a modified protocol from 

B-27Ê Plus Neuronal Culture System (GibcoÊ, ThermoFisher Scientific, USA). 

PDL was diluted in PBS to 0.05 ɛg/mL, applied to the membranes in a 6-well 

plate, and incubated for 1 h at room temperature. The coating was designed to 

achieve a final surface concentration of 0.01ɛg/cm².  After incubation, the 

solution was removed, and membranes were washed three times with sterile 

distilled water before being dried in a laminar hood for 2 hours. When coating 

membranes within a microchannel, the microchannel was thoroughly washed 

with 10x volume of PBS.  
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The PC membranes were coated with collagen I at a concentration of 

30 ɛg/mL, dissolved in 20 mM acetic acid. The membranes with collagen I were 

incubated for 2 hours at room temperature, after which the solution was removed, 

and the membranes were dried overnight in a laminar flow hood. The coating was 

designed to achieve a final surface concentration of 10 ɛg/cm² 

The PC membranes were coated with fibronectin at 2 ɛg/mL in PBS. The 

membranes with fibronectin were incubated for 1 h at room temperature, washed 

twice with PBS, and dried thoroughly before seeding the cells. Fibronectin 

coating was applied to achieve a final surface concentration of 2 ɛg/cm². 

2.2.11. Oxidation of the PC membrane 

PC membranes were cut into circular specimens with a diameter of 

approximately 35 mm (surface area ~9,6 mm2) to ensure compatibility with 6-

well cell culture plates following oxidation. For oxidation of the PC membrane 

within the microchip, the chemical reagents were introduced directly into the 

microchannels of the fabricated device. 

Plasma oxidation. Both sides of the PC membrane were exposed to oxygen 

plasma in Plasma Cleaner Zepto, supplied with oxygen gas. The treatments were 

conducted for 30 seconds at 70% power and 0.35 mbar pressure to induce surface 

modification.  

Wet chemical oxidation of PC membranes was conducted using sodium 

metaperiodate (NaIO4), H2SO4, and Piranha solution as oxidizing agents. 

1. Oxidation with NaIO4: The PC membrane was immersed in a 25g/L 

NaIO4 solution and incubated at room temperature in the dark for 30 min to avoid 

photochemical interference.  

2. Oxidation with H2SO4. PC membrane was immersed in 10% H2SO4 and 

incubated for 30 min at room temperature. 

3. Oxidation with piranha solution. Piranha solution was prepared with 

12.5% H2SO4, which was mixed with H2O2 in a 4:1 ratio. PC membranes were 

immersed in this highly reactive solution and incubated for 2 h at room 

temperature.  

After incubation, all membranes were thoroughly rinsed with deionized 

water and dried at room temperature. Before the experimentation, membranes 

were sterilized using 70% ethanol and UV light to ensure aseptic conditions. 

2.2.12. Fabrication of a microfluidic chip 

The OSTE moulding technology using PDMS mold was adapted for 

microchip fabrication, with the integration of additional elements - electrodes, 
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sensors [202], [203]. The brief description of our microchip fabrication process 

is presented in Figure 18.   

 

 
 

Figure 18. Microchip fabrication process.  

 

The fabrication requires two molds. A master mold is 3D printed using 

Zortrax white resin. A Sylgard 184 silicone elastomer kit was mixed with the 

crosslinker and the substrate in a 1:10 (w/w) ratio, degassed in a vacuum chamber. 

Master mold was pre-coated with a thin layer of organic mold-releasing wax, and 

the PDMS mixture was cast into the 3D-printed master mold. To achieve the 

correct dimensional height, the PDMS was pressed against glass surfaces and 

cured at 60°C overnight. The cured PDMS mold was then removed from the 

master mold, and inlets were punched with a biopsy punch. 

A COC in microscopy slide format was employed as a substrate material for 

the microchip. Two COC slides were pre-washed with acetone and rinsed with 

isopropanol using an ultrasonic cleaning bath for 10 min, followed by an oxygen 

plasma treatment for 30 seconds at 70% power and 0.35 mbar pressure. A thin 

layer of gold with a chrome sublayer for adhesion was deposited onto COC slides 

via thermal evaporation through a mechanical mask.    

The bottom COC slide with electrodes was placed into a PDMS mold and 

secured in a custom 3D-printed holder. Two PTFE tubes were attached to the 

injection ports for the injection of OSTE. OSTE was prepared according to the 

manufacturerôs instructions (1.09:1 PartA:PartB, w/w), degassed, and injected 

into the cavities of the COC/PDMS construct. Initial curing of OSTE was 

conducted using 365 nm UV light at an intensity of approximately 2.04 mW/cm2 
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for 1 min. This results in the OSTE taking shape while still containing unreacted 

functional groups, which make the surface sticky. The device was then 

disassembled, and a porous PC, pre-treated with oxygen plasma, was pressed onto 

the cured but still sticky OSTE layer. A PC membrane, with 3 µm pores with 

21.2 % porosity and 22 µm thickness, is attached to the sticky OSTE surface of 

the bottom slide, forming a COC/OSTE/PC slide. 

The UV-cured upper slide of the chip was then prepared likewise. Two SP-

PSt6-YAU point oxygen sensors were glued to the designated channel locations 

using Sil-PoxyÊ silicone adhesive. The upper COC/OSTE/O2 sensor slide was 

then aligned with pressed onto the lower COC/OSTE/PC slide and cured at 60°C 

for 2 hours to complete assembly. Finally, mini-Luer ports are glued to the inlet 

and outlet holes of the microchip channels, allowing connections to all required 

tubing. 

The channel height of the fabricated microchip was measured using a 

Vernier calliper to ensure dimensional accuracy. Mini Luer ports were mounted 

with MD® medical adhesive 1403-M and cured under 405 nm UV light for 1 min 

(intensity approx. 1.95 mW/cm2). Finally, electrode performance was validated 

by measuring the impedance with a precision LCR-meter. 

2.2.13. Microfluidic setup 

The neMESYS low-pressure syringe pump was used to regulate laminar 

flow type and flow rate within the microfluidic channel, controlled via computer 

software Cetoni Elements. For fluid connections, PTFE tubing were utilized to 

link the syringe pump to the microchip. Before the experimentation, 

microchannels were sequentially washed with 70% ethanol, followed by sterile 

deionized water, and finally with either electroporation buffer or cell growth 

medium RPMI-1640, depending on the experimental conditions. The flow rate 

was set to 1 µl/s for cell injection and 5 µl/s for cell collection and channel 

washing. 

2.2.14. PEF treatment experiments 

Pulsed electric field treatment (PEF) was applied using a high-power square 

wave pulse electroporator Elpora [204]. The voltage of PEF treatment was 

determined using an oscilloscope.  

Stop flow PEF. Cells were injected into the electrode area at a flow rate of 

1 µl/s, allowed to settle for one minute, and then subjected to PEF ranging from 

0-10 kV/cm. A sequence of 8 or 16 rectangular pulses (100 µs duration, 1 Hz 

repetition frequency) was applied for pulsation, followed by a 1-minute 
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incubation period. The cells were then moved along the microchannel by a 

volume corresponding to the space between one electrode pair, and the PEF 

treatment was repeated.  

To ensure that all cells received PEF treatment, the entire process was 

repeated twice, based on the initial injected cell volume. The volume between 

one electrode pair (ὠ)  is calculated using the following formula: 

ὠ ὰ ύ Ὤ υ 

where 

 ὠ ï volume between parallel electrodes [µl],  

ὰ ï electrode length [µm], 

ύ ï electrode width [µm], 

Ὤ ï microchannel height [µm]. 

 

Continuous flow PEF. Cells were injected into the microchip and remained 

in continuous flow while receiving 8 to 128 rectangular pulses (100 µs duration, 

1 Hz repetition rate). To achieve a specific number of pulses in continuous flow 

mode, the flow rate (ὺ) was calculated using the following formula: 

 

ὺ 
τ ὠ Ὢ

ὲ 
ȟ φ 

where  

ὺ ï flow rate [µl/s] 

4 ï number of electrodes,  

  ὠ ï volume between parallel electrodes [µl], 

Ὢ ï repetition rate [Hz], 

ὲ ï pulse number. 

 

For the viability studies, cells were collected after PEF treatment, seeded 

into a 24-well plate, and incubated for 16 hours at 37°C, in a humidified chamber 

with 5 % CO2 atmosphere. The number of viable cells was determined with a 

trypan blue exclusion assay. 

For the permeability studies, cells were suspended with DAPI to a 1 ɛM 

concentration and incubated for 20 min before the PEF treatment. After 

incubation, cells were injected into the microchip, and PEF treatment was 

conducted. In continuous flow experiments, cells were incubated without flow 

for 5 min after PEF treatment. Fluorescence emission at 455 nm was measured 

for excitation of 395 nm using a fluorescent spectrophotometer. 
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2.2.15. Oxygen sensing setup 

The oxygen measurement system Oxy-4 SMA (G3) meter was connected to 

the support jig via polymer optical fiber, which transfers the excitation light to 

the sensor embedded within the microchip. The sensorôs response was recorded 

and analysed using the PreSens Measurement Studio 2 software.  

Oxygen microsensors were calibrated using a two-point conventional 

calibration method. The first calibration point (0) was established in oxygen-free 

water, prepared with 80 mM sodium sulphite and 0.25 mM cobalt nitrate. The 

second calibration point (21) corresponded to air-saturated water, ensuring 

accurate oxygen concentration measurements.  

The variation of oxygen content between the two built-in sensors was 

assessed during stop flow electroporation experiments. The oxygen levels were 

recorded before and immediately after PEF treatment, which involved different 

electric field strengths and 16 pulses. Measurements were conducted 

simultaneously with both sensors, and the results were expressed as the difference 

in oxygen concentration (ȹ%) between sensor 2 (post-PEF-treatment) and sensor 

1 (pre-PEF-treatment). 

2.2.16. pH measurement setup 

The developed pH sensor module incorporates a photodiode optical glass 

filter FGL515, 515 nm long-pass, and a white LED (LEDWE-15, forward current 

25 mA, power 13.0 mW [205]. The pH measurement system was developed by 

Martynas Ġapurov [206]. The sensor system records measurement data via 

RealTerm software, utilizing a 10-bit analog-to-digital converter for signal 

processing. To ensure high-quality measurement, a current-to-voltage converter 

with a floating reference, based on the operational amplifier (opamp), is 

employed. Additionally, a second-stage amplifier, designed as a non-inverting 

amplifier with variable gain, is incorporated to enhance the magnitude of the 

offset signal (Figure 19). The floating reference enables the extraction of precise 

measurement data by eliminating unnecessary DC components. 

The pH sensor consists of a white LED (D1) and a photodiode (S1) current 

produced by the photodiode depends on pH measurements. An opamp (OP1) 

based current-to-voltage converter is employed in order to produce a voltage 

signal of the desired amplitude range. The floating reference is connected to the 

circuit employing opamp OP3 buffer for impedance alignment. Reference is 

adjusted according to the environmental ambient exposure during. The second 

stage opamp OP2-based amplifier, is dedicated to extracting essential 

measurements, discarding ambient exposure. 
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Figure 19. Circuit diagram of pH measurement consists of sensor LED D1 

with current limiting resistor R1, and photodiode S1, current to voltage converter 

(opamp OP1 and feedback resistor R2), floating reference (potentiometer R7 and 

opamp OP3 as a buffer), variable gain amplifier (noninverting opamp OP2, 

feedback resistor R4, gain resistors R5, R6 and input resistor R3), treated reading 

is passed to an analog input Ain [206]. 

 

 

 

 
Figure 20. Visual representation of the colour variation in phenol red-

containing cell culture medium corresponding to different pH levels. 
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The optical pH-meter operates on the principle of the colour change of 

phenol red (Figure 20). The pH was calibrated using RPMI medium containing 

sodium bicarbonate and HEPES, spanning four pH values ranging from 6.0 to 8.0 

(Figure 21). The pH of the cell suspension was measured during stop flow 

electroporation experiments, conducted at electric field strengths of 0, 1.8, and 

2.4 kV/cm with 16 pulses. The pH values were calculated using the calibration 

curve. 

 

 

Figure 21. pH calibration curve. 

2.2.17. TEER measurement. 

The LCR-6000 meter was connected to two adjacent electrodes positioned 

in a single plane and utilized for transendotelial electrical resistance (TEER) 

measurement during stop flow electroporation experiments.  

2.2.18. Statistical analysis  

All data are presented as the mean ± standard deviation (SD). One-way 

analysis of variance (ANOVA) was used for multifactorial comparisons in this 

study. A P value < 0.05 was considered statistically significant.  All experiments 

were conducted with independent replicates of nÓ3 to ensure reproducibility and 

statistical reliability. 
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3. RESULTS 

This chapter consists of three sections, each contributing to the 

appropriate defensive statement. The first section focuses on biocompatibility 

studies of bioceramic alumina, evaluating its suitability for biomedical 

applications. The second section examines the properties of polycarbonate as a 

biomaterial, specifically its potential for enhancing cell adhesion. Finally, the 

third section explores the integration of PC into a microfluidic system, a core 

component of MPS, evaluating its performance and suitability for PEF treatment 

and real-time monitoring of the microenvironment. 

3.1.  BIOCOMPATIBILITY STUDIES OF BIOCERAMIC ALUMINA 

COATINGS ON AL ALLOY 6082 

This chapter presents the research on bioceramic biomaterial alumina Al 2O3, 

a promising candidate for orthopedic joint prostheses due to its exceptional 

compressive strength and chemically inert properties [16]. Traditionally, alumina 

implants are produced from powder through multistep processes, including 

mechanical grinding, pressing, sintering, and extrusion at high temperatures and 

pressures [25]. While this method yields high-performance bioceramics, it faces 

notable limitations: aluminaôs brittleness, susceptibility to impurities, and 

compositional variation can hinder the fabrication of complex shapes and large 

implants. Moreover, the manufacturing process is time-consuming, costly, and 

constrained by machining challenges due to aluminaôs high hardness. 

To address this challenge, this study explores an alternative approach for 

utilizing bioceramic alumina for implantology through anodization of Al alloy 

substrates. This approach enables the formation of porous Al2O3 layers directly 

on the Al alloy surface and simplifies implant preparation. Two distinct types of 

anodized Al alloy 6082 were evaluated to determine their potential as 

biomaterials for biomedical applications. The evaluation encompasses 

mechanical, chemical, and biocompatibility properties, with particular attention 

to parameters critical for biocompatibility and functional performance.  

It should be emphasized that the use of Al in biomedical research often raises 

concerns due to its reputation for cytotoxicity and poor biocompatibility, 

particularly in its pure form. These concerns stem from uncontrolled ion release 

and surface reactivity, which can adversely impact surrounding tissues. However, 

it is essential to recognize that metallic alloys differ significantly from their pure 

elemental counterparts, as the presence of alloying elements alters their structural 

and chemical behaviour. Likewise, Al alloy 6082 used to prepare the specimens 

with anodization technique, consists of 96.52 wt% Al, 2.28 wt% Mg, 0.53 wt% 
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Si, 0.36 wt% Fe, and 0.31 wt% Mn. These alloying elements in Al alloy 6082 

contribute to its enhanced mechanical properties and its corrosion resistance: Mg 

and Si improve the mechanical strength, Si improves corrosion resistance by 

reducing microcracks; Fe increases hardness by forming brittle intermediates, 

while Mn refines these phases and stabilizes the microstructure [207]. 

Although pure Al is considered unsuitable for biocompatibility, Al alloy 

6082 may not share this limitation. In this study, the untreated alloy was not 

treated as a negative control, but instead served as a reference point to assess 

whether anodization enhances its surface and functional properties. This 

distinction is crucial, as the original alloy exhibited favourable performance 

across several tests. 

To evaluate the qualification of the anodized specimens as biomaterials, 

medical-grade Ti alloy was used as a reference material. Ti alloys are widely 

regarded as the gold standard in implantology due to their excellent 

biocompatibility, corrosion resistance, and mechanical performance. The 

comparison with Ti alloy provides a meaningful context for interpreting the 

performance of specimens in biomedical applications. 

3.1.1.  Structural characterization of bioceramic coatings 

The original Al alloy 6082 was selected for this study owing to its relatively 

high strength and corrosion resistance [208]. To modify its surface properties, Al 

alloy 6082 was anodized using two different electrolytes to produce porous Al2O3 

coatings. Two distinct anodized coatings were obtained using sulfuric acid and 

phosphoric acid, designated Al 2O3
S and Al 2O3

P, respectively. The electrolyte 

composition and anodizing conditions are summarized in Table 4.  

 

Table 4.  Electrolyte composition and anodizing conditions of Al alloy 6082. 

 

Specimen 

Electrolyte 

composition 

 

Time 

 

Temperature 

Current 

density/ 

voltage 

 

Al 2O3
S 

18% H2SO4 

2% oxalic acid 

0.4% Al 3+ 

 

70 min 

 

15°C 

200 A/m²  

(~20 V) 

 

Al 2O3
P 

 

 

4% H3PO4 

 

150 min 

 

15°C 

 

150 V 
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Table 5. Characteristics of bioceramic alumina coatings and corresponding 

specimens produced by anodizing Al alloy in different electrolytes. 

 

Specimen 

Coating 

thickness, 

ɛm 

Pore 

diameter, 

nm 

Pore 

density, 

pores/µm2 

Interpore 

distance, 

nm 

Porosity, 

%  

Al 2O3
S 58.4±2.3 13.7±0.1 912.0±83.8 30.9±4.4 13.5±1.4 

Al 2O3
P 8.7±1.1 177.2±15.5 19.7±4.0 284.3±29 47.6±2.4 

 

 

 
Surface 

roughness, µm 

Mechanical hardness 

Indentation, GPa Vickers, HV 

Al 2O3
S  1.5±0.2 4.6±0.5 279±39 

Al 2O3
P 1.5±0.1 

1.0±0.5 115±12 

Al alloy  1.3±0.1 
1.5±0.2 139±10 

Ti alloy 1.2±0.1 
nd 245±20 

 

SEM analysis revealed notable differences in the surface morphology of 

anodized alloys. The Al 2O3
S coatings were relatively thick (~60 nm) and featured 

narrow nanopores (<20 nm), while Al 2O3
P coatings were thinner (~10 nm) with 

significantly larger micropores (~200 nm). Surface porosity was approximately 

3.5 times higher in Al 2O3
P (Table 5, Figure 22). Notably, the smaller pores may 

be more favourable for cell adhesion; therefore, it is likely that nanoporous Al2O3
S 

coatings would exhibit enhanced cell adhesion performance. 

Surface roughness is an important feature influencing osseointegration. 

Macro-roughness contributes to mechanical stability, while micro- and nanoscale 

roughness enhances biological response, such as cell adhesion, proliferation, and 

osteogenic gene expression [209].  In this study, the Ra values of the original Al 

alloy were 1.28±0.08 µm. The anodization led to a slight increase in surface 

roughness, with Al 2O3
S and Al 2O3

P coatings exhibiting Ra values of 

1.45±0.23 µm and 1.49±0.14 µm. This increased roughness may support 

enhanced cell adhesion and integration with surrounding tissues.  
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Figure 22. SEM topography (left) of the tested specimens under low and 

high magnifications and their water droplet contact angles (right). 

 

Mechanical hardness is a critical parameter for load-bearing implants, as 

higher hardness improves wear resistance and contributes to long-term stability 

and biocompatibility by minimizing surface degradation. The hardness values of 

anodized Al2O3 coatings provide insight into their potential for biomedical use, 

particularly when compared to established materials such as Ti alloys. The Al2O3
S 

specimen exhibited the highest mechanical hardness, with values of 4.6±0.5 GPa 

and 279±39 HV, indicating a robust surface comparable to that of Ti alloy 

(245±20 HV). In contrast, Al2O3
P coatings exhibited significantly lower hardness 

- 1.0±0.5 GPa and 115±12 HV, similar to the original Al alloy (1.5±0.2 GPa and 

139±10 HV). These data demonstrate that anodization in sulfuric acid not only 

enhances surface hardness but also yields mechanical properties approaching 

those of Ti alloy. This reinforces its potential for biomedical applications. 

Conversely, phosphoric acid anodization does not improve mechanical 

performance over the untreated Al alloy.  
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3.1.2. Surface wettability  

Surface wettability is a key parameter in evaluating the biological 

performance of biomaterials, particularly in relation to protein adsorption, cell 

adhesion, and tissue integration. The wettability reflects how a liquid interacts 

with a solid surface and is influenced by surface chemistry and surface 

topography, both of which correlate with biological interaction [111]. Moderate 

hydrophilicity (contact angle between 50ī80Á) is associated with enhanced cell 

growth and improved biocompatibility, as noted in previous studies [111], [112], 

[210].  

The wettability was assessed by measuring the contact angle between a 

liquid droplet and the surface.  All tested specimens exhibited moderately 

hydrophilic properties with a water droplet contact angle below 90° (Figure 22). 

The untreated Al alloy demonstrated the lowest hydrophilicity, with a contact 

angle of 68°±5°. The anodized samples exhibited variable wetting behaviour, 

initially recording higher values, which subsequently decreased and stabilized 

within approximately 60 seconds: from 75°±8° to 59°±3° for the porous Al2O3
P, 

and from 60°±9° to 52°±2° for the nanoporous Al2O3
S. The reduction in contact 

angles is likely attributed to the porous nature of the Al2O3 coating. Meanwhile, 

the Ti alloy exhibited a contact angle of 57°±4°, similar to anodized specimens. 

All tested surfaces demonstrated moderate hydrophilicity, which supports 

cell growth and adhesion.  

3.1.3.  Ion release and its toxicity 

Biomaterials implanted in the body are subject to a hostile corrosive 

environment comprising various body fluids, including blood, water, sodium, 

chlorine, plasma, amino acids, and proteins. These interactions can lead to ion 

release from the biomaterial, degradation, and corrosion of the biomaterial [211]. 

SBF is commonly used to replicate physiological conditions, providing a 

controlled assessment of implant behaviour in a real biological environment. This 

method provides insight into surface oxidation, the integrity of the passive film, 

and the possible biological effects of the released ions [200]. 

Highly porous and rough surfaces can influence the release of metal ions, 

particularly in materials that are not chemically pure. To evaluate the stability and 

biocompatibility of the specimens, they were immersed in SBF for 28 days to 

monitor ion release, corrosion resistance, and surface changes.  This duration 

aligns with established in vitro protocols for accelerated corrosion evaluation, and 

is recognized as sufficient for simulating long-term physiological exposure and 

assessing degradation behaviour of biomaterials under controlled laboratory 
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conditions. To ensure the experiment closely simulates in vivo degradation 

behaviour, the pH of SBF should remain within a physiological range of ±7.4, as 

fluctuations can significantly influence the degradation of these specimens [212]. 

For this reason, the pH of the SBF was continuously monitored throughout the 

entire immersion process.  

The starting pH of SBF was 7.4 at 36.5°C. After three days, a slight increase 

in pH was observed, although it remained below 7.50 (Figure 23) ï a level that 

does not interfere with physiological conditions [213]. Significant changes were 

observed only by day 28, when the pH of plain SBF and Al2O3
S decreased to 7.29. 

By the end of the immersion experiment (day 28), the SBF buffer was nearing 

expiration, which may account for the anticipated pH shift [200]. Additionally, 

the precipitation began on day 7 and progressively increased throughout the 

immersion period, potentially contributing to the observed pH changes. Taking 

these factors into account, the pH monitoring data confirmed the accuracy of the 

immersion test, with questionable results noted for Al2O3
S only on day 28. 

 

 
Figure 23. pH of SBF during the immersion of the specimens. 

 

When studying biomaterials, especially those implanted into the human 

body, it is important to analyse the release of specific ions - Al, Fe, Mg, Mn, Si, 

sulphur (S) and phosphorus (P) ï to assess the materialôs safety, stability and 

biological activity. The following section presents the impact of each ion on the 

human body, as well as the results of ion release from the tested samples into the 

surrounding environment. 
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Figure 24. Total ion release from tested specimens after 1 to 28 days of 

immersion in SBF, as determined by ICP-OES.  
 

Al ions are known to be toxic at high concentrations, potentially leading to 

local and systemic toxicity, inflammation, bone erosion, and implant rejection 

due to migration to surrounding tissues and organs [214], [215]. To prevent 

adverse health effects, the blood serum concentration of Al should not exceed 
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30 ɛg/L for Al alloy [215]. However, the estimated daily intake of Al is much 

higher, ranging between 0.10ï0.12 mg Al/kg/day for adults [216]. Immersion 

tests conducted over 28 days in SBF revealed no significant release of Al ions 

from tested alloys and coatings, suggesting the effectiveness of surface 

passivation in minimizing ion release (Figure 24). 

Iron is one of the essential elements that regulates oxygen and electron 

transport, DNA synthesis, enzymatic reactions, and other physiological 

processes. However, the excessive Fe ions can contribute to lipid peroxidation, 

cell damage, and diseases such as liver cancer, atherosclerosis, and 

haematological diseases [217]. The normal Fe concentration in blood serum 

ranges from 0.6ī1.8 mg/L, while concentrations above 5 mg/L are considered 

toxic  [215]. Experimental results showed no detectable release of Fe ions from 

any of the tested specimens immersed in SBF. 

Manganese poses potential neurotoxicity risks due to its accumulation in the 

brain and other tissues and organs upon excessive exposure [218]. The normal 

Mn concentration in human tissues is approximately 1 mg/kg, while in blood 

serum, it ranges from 4 to 15 ɛg/L [215]. Results showed a gradual release of Mn 

ions in SBF, though average experimental values did not exceed 0.1 mg/L. The 

highest Mn ion release was detected with the Al alloy, reaching up to 

0.08±0.02 mg/L on the 21st day. Porous Al2O3 coatings released lower quantities, 

up 0.06±0.001 mg/L for Al 2O3
S and 0.066±0.01 mg/L for Al 2O3

P. Mn release 

from Ti alloy was the lowest ï 0.03 mg/L.  

The release of non-toxic Mg ions remained relatively stable across all 

specimens, with the average concentration mostly below 4 mg/L. Since Mg plays 

a vital physiological role, its release does not pose a risk to the biological 

environment. 

Silicon is an essential trace element, playing a critical role in bone formation, 

osteogenesis, and osseointegration at the bone-to-implant interface [219], [220]. 

During the immersion period, Si ion release exhibited a decreasing trend in most 

of the tested samples. While Al2O3
S coating showed slightly higher Si ion 

dissolution, the peak remained below 1 mg/L, which is far lower than the optimal 

range (30 to 52 mg/L) required for enhancing cellular response [221]. 

 Phosphates are essential for skeletal biomineralization, membrane integrity, 

and homeostasis [222]. During the anodization process, significant amounts of 

phosphates and sulphates become incorporated into Al2O3 coatings, affecting 

their long-term stability. In this study, the average sulfur and phosphorus 

concentrations within the coating were 3.90 at% and 1.00 at%, respectively. 

Immersion tests revealed that S and P concentrations steadily decreased over time 

due to precipitate formation, particularly in Al alloys and Al2O3 coatings. By day 

7, visible precipitate formation indicated active chemical interactions between 
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phosphates and the Al alloy, leading to surface changes in SBF. Over the 28-day 

immersion period, the decline in P concentration was more pronounced due to 

AlPO4 formation, which has much lower solubility than Al2(SO4)3 salt. 

Additionally, sulfate anion release was most evident for Al2O3
S
 coatings, 

particularly in the early immersion stages, suggesting its potential role in 

modifying local acidity [223]. 

The data revealed limited or negligible release of potential toxic ions from 

the anodized Al alloys, indicating good chemical stability and effective surface 

passivation. 

3.1.4. Electrochemical evaluation of corrosion resistance in Al  alloy and Al2O3 

coatings 

The electrochemical corrosion behavior of Al alloy and both Al2O3 coatings 

was evaluated using electrochemical impedance spectroscopy (EIS) and 

potentiodynamic polarization tests. Immersion in SBF at 37°C was conducted 

over 28 days. Nyquist plots revealed distinct differences in electrochemical 

behavior. Figure 25 illustrates the evolution of Tafel polarization curves and 

Nyquist plots for each specimen over the 28-day immersion period.  

1) Al alloy  initially displays a wider semicircle, indicating strong 

impedance and the likely presence of a passive film. However, by day 28, the 

semicircle shrinks drastically, reflecting a significant drop in impedance. This 

change indicates deterioration of the surface film, increased exposure to 

electrolyte, and reduced corrosion resistance over time.  

2) Al 2O3
P coating begins with a moderately sized semicircle, 

indicating partial protection by the porous structure. As immersion progresses, 

the semicircle contracts considerably, implying that the barrier effect weakens.  

3) Al 2O3
S coating demonstrates a consistently large semicircle that 

expands further with time. This trend highlights the coatingôs exceptional barrier 

performance and supports excellent long-term corrosion resistance.  

Across all specimens, reduced Zre values at early time points (1 and 7 

days) reflected damage to surface oxides and increased ion diffusion. However, 

impedance values increased after 21 days, indicating the development of 

protective layers composed of insoluble corrosion products. 

Key electrochemical parameters, including corrosion potential (Ecorr), 

corrosion current density (jcorr), polarization resistance (Rp), and corrosion rates, 

are summarized in Table 6. Higher Ecorr and lower jcorr values correlate with 

greater corrosion resistance. The Rp value is defined from the slope of the 

voltametric curve at open-circuit potential. This value is directly correlated with 

the corrosion rate: a higher Rp value indicates better corrosion resistance.  
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Figure 25. Potentiodynamic polarisation (Tafel) curves and Nyquist plots 

(right) of EIS spectra for (a, b) Al alloy, (c, d) Al2O3
P, and (e, f) Al2O3

S before 

and after immersion in SBF for 1 to 28 days. 
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Table 6. Summary of electrochemical corrosion parameters of Al alloy and Al2O3 

coatings after immersion in SBF. 

 

The results demonstrated: 

1) Al alloy  initially exhibited high corrosion resistance due to its native 

protective oxide layer. However, exposure to Cl- ions in SBF disrupted this layer 

after 1 day, resulting in a sharp increase in corrosion rate by day 7. After 21-28 

days, surface re-passivation due to salt deposition restored its protective 

capabilities, reducing the corrosion rate to 6.8×10-6 mm/year. 

2) Al 2O3
P coating exhibited significantly higher corrosion rates throughout 

the immersion period (up to 6.7×10-3 mm/year at day 1), attributed to their high 

surface reactivity and porous morphology. Although these coatings promoted 

bioactivity through hydroxyapatite formation, their electrochemical performance 

indicated limited corrosion resistance. 

3) Al 2O3
S coating provided the most effective protection. Their nanoporous 

architecture, formed via anodization using H2SO4 electrolyte, yielded 

exceptionally high Rp values and corrosion rates up to 50 times lower than those 

of the Al alloy. Their performance also exceeded that of commercially pure 

titanium (CP-Ti), a widely used biomedical alloy. 

4) Comparative data show that the CP-Ti alloy had an initial corrosion rate 

of 3.54×10ī2 mm/year [224] compared to 1.46×10ī5 mm/year for the Al alloy and 

6.7×10ī3 mm/year for the Al 2O3
P under similar testing conditions. Other scientists 

Specimen Days   in 

SBF 

Ecorr, V jcorr,  

µA cm-2 

Rp,       

MW cm2 

Corrosion 

rate, 

mm/year 

Al alloy 0 -0.593 0.0027 10.50 14.6 × 10-6 

1 -0.769 0.2820 0.15 1.5 × 10-3 

7 -0.713 0.4260 0.05 2.3 × 10-3 

21 -0.648 0.0010 24.70 5.3 × 10-6 

28 -0.752 0.0012 17.30 6.8 × 10-6 

Al 2O3
P 0 -0.704 1.2200 0.05 6.7 × 10-3 

1 -0.711 2.2500 0.04 24.6 × 10-3 

7 -0.719 2.1700 0.04 11.8 × 10-3 

21 -0.718 1.3100 0.05 7.2 × 10-3 

28 -0.719 1.4000 0.04 7.6 × 10-3 

 0 -0.620 0.056 1.44 290 × 10-6 

Al 2O3
S 1 -0.605 0.0570 1.40 285 × 10-6 

7 -0.528 0.0010 6.80 76.5 × 10-6 

21 -0.577 0.0003 177.00 1.4 × 10-6 

28 -0.594 0.0009 55.50 5.4 × 10-6 
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reported a lower corrosion rate of 7×10ī4 mm/year for etched CP-Ti [225], these 

values still did not surpass the performance of Al 2O3
S coatings. 

The combined EIS and potentiodynamic data confirm that Al2O3
S coating 

offers exceptional long-term corrosion resistance in SBF, far surpassing both Al 

alloy and Al2O3
P. Al2O3

S performance not only exceeds that of CP-Ti [224], 

[226], but also positions Al2O3
S as a promising candidate for biomedical surface 

protection and implant applications. 

3.1.5. Characterization of bioceramic coatings after SBF immersion 

Bioactivity refers to the ability of a material to interact with the biological 

environment, facilitating mineralization and tissue integration. A key indicator of 

bioactivity in biomaterials is the formation of hydroxycarbonate apatite (HCAp) 

- a mineral, structurally similar to hydroxyapatite (Ca10(PO4)6(OH)2), which is 

naturally found in human bones and teeth. The presence of HCAp after SBF 

immersion suggests enhanced biocompatibility, improving the potential for 

osseointegration and implant success [227].  

Bone tissue is a complex composite material, composed of organic collagen 

and inorganic calcium phosphate, primarily in the form of hydroxyapatite. Since 

surface topography significantly influences mineral deposition, rough and porous 

surfaces enhance adhesion of deposited minerals, thus ultimately improving 

osseointegration and the success of implantation [228].    

Specimen surfaces were examined after 21 and 28 days of immersion in 

SBF, revealing notable differences in the morphology and distribution of 

deposited salts (Figure 26): 

1) Ti alloy developed large filament-like structures, while Al alloy exhibited 

smaller pellet-like formations that tended to coalesce over time. 

2) Al 2O3
P coatings formed large salt clusters (>50 µm) with visible cracks 

by day 21. However, these clusters exhibited poor adhesion, resulting in their 

complete removal by day 28. 

3) Al 2O3
S coatings, however, displayed no visible salt deposition, 

suggesting a significant difference in surface chemistry and wettability.  

In biomaterial integration, Ca/P ratio is important. A stoichiometric ratio of 

1.67 closely resembles natural bone composition, making it the most desirable 

for bioceramic coatings [228]. However, hydroxyapatites formed from SBF often 

exhibit a lower Ca/P ratio due to reduced crystallinity [227]. EDS analysis 

revealed the following  CA/P ratios in deposited salts: 

1) Ti alloy had the highest ratio (1.00±0.12), while the Al alloy exhibited 

the lowest ratio (0.33±0.09). 
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2) Al 2O3 coatings demonstrated higher Ca/P ratio values than untreated, 

measured at 0.39±0.10 for Al2O3
P and 0.62±0.06 for Al2O3

S.  

3) Negatively charged phosphate ions, accumulated within the pores of 

Al 2O3 coatings, to a greater extent than Ca2+ cations, suggesting that Al2O3 

coatings possess a positively charged surface and a negatively charged interior.  

This highlights the importance of surface chemistry in mineralization and implant 

integration 

Overall, the apatites with distinct morphology were formed across all tested 

specimens, with higher Ca/P amounts on Ti and Al2O3 coatings compared to the 

Al alloy. Despite these findings, the Ca/P ratios observed remained lower than 

those of natural bone, suggesting that additional surface modifications may be 

necessary to optimise biomaterial performance for enhanced osseointegration.  

 

 
Figure 26. SEM topography of tested specimens. 
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3.1.6.  Biocompatibility test 

Biocompatibility is an important parameter in evaluating the suitability of a 

biomaterial for medical applications. This chapter presents a comprehensive 

assessment of the biocompatibility of the tested specimens, while analysing two 

aspects: cell adhesion and morphology, and cytotoxicity. Together, these analyses 

provide insight into the biomaterial's biological properties and its potential for 

successful integration with host tissue. Fibroblasts, particularly the L929 mouse 

fibroblast cell line, are widely used as a standard model due to their essential role 

in cell adhesion, wound healing, and ECM production. This cell line ensures 

reproducibility and comparability, making it a reliable comparison of analysis of 

the biological response of a biomaterial. 

Adhesion and morphology of L929 fibroblast cells grown onto the 

specimenôs surfaces were analysed from SEM images (Figure 27). Analysis 

revealed a high abundance of cells on Ti and Al2O3
P specimens, suggesting 

favourable conditions for cell attachments. In contrast, Al alloy and Al2O3
S 

exhibited lower image contrast, which limited the reliability of quantitative cell 

evaluation. However, this reduced contrast does not necessarily imply diminished 

adhesion. 

Cell morphology is a reliable indicator of cellular physiology. Under normal 

conditions, cells display three features: an extended shape, a flattened shape, and 

prominent filopodial protrusions. The presence of all three characteristics 

simultaneously suggests intact cytoskeletal organization, robust adhesion and 

active cellular processes. In contrast, the absence or alteration of any of these 

morphological features signals physiological disruption [229]. 

Morphological assessment revealed that cells, cultured on Ti alloy, Al alloy, 

and Al2O3
S, maintained consistent and distinguished morphologies. Some cells 

appeared elongated while others displayed flattened morphologies, with visible 

filopodia extension and ECM expression. These features indicate normal 

physiological behaviour of those cells, supporting the suitability of Al2SO4
S 

coatings for normal cell adhesion. 

In contrast, cells on Al2O3
P surfaces displayed predominantly flattened 

morphologies. These effects are likely influenced by the surface topography and 

microporous pore size of the coating [20],[253]. Filopodia were either embedded 

within surface pores or spread across them, making visualization in SEM images 

challenging. The predominance of single cell shape suggests impaired 

physiological processes, which may adversely impact the biomaterialôs 

integration with surrounding tissues and compromise its long-term functionality.  
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Figure 27. SEM images of L929 cells cultured on Ti alloy, Al alloy, Al2O3

P, 

and Al2O3
S samples at various magnifications.  Arrows indicate cells with low 

contrast. 

 

To complement the morphological assessment and gain a more 

comprehensive understanding of the coatingsô biocompatibility, a cytotoxicity 

test was conducted to evaluate the biological impact of alloy-derived extracts on 

direct cell-surface interactions. Extract-based assays were used for identifying 

potential leachables that may affect cell viability in the surrounding environment. 

The viability of L929 cells was assessed after 24-hour incubation with 

extracts obtained from each specimen. To analyse attachment, adhesion, and 

proliferation, L929 cells were collected, suspended in specimen extracts, and 

seeded. After 24 hours of incubation, the mitochondrial activity of adhered cells 

was measured to assess cell viability. The relative viability (%) of cells treated 

with different extracts was: 

¶ Ti alloy - 108.2±11.0%, 

¶ Al alloy - 103.7±4.3%, 

¶ Al 2O3
P - 101.7±9.0%, 

¶ Al 2O3
S - 96.6±13.3% (Figure 28a). 
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Figure 28. Effect of alloy extracts on the relative viability of L929 cells: (a) 

overall cell growth, including adhesion and proliferation, and (b) proliferation 

only. One-way ANOVA analysis revealed no significant differences in overall 

cell growth (p=0.61) or proliferation (p=0.66). 

 

To evaluate the impact on cell proliferation (excluding adhesion), L929 cells 

were first allowed to adhere, after which the growth medium was replaced with 

specimen extracts. After 24 hours, mitochondrial activity was measured using the 

XTT assay (Figure 28 b). The relative viability (%) of cells treated with different 

extracts was: 

¶ Ti alloy ï 105.5±2.5%, 

¶ Al alloy - 101.4±2.2%, 

¶ Al 2O3
P - 99.4±2.7%, 

¶ Al 2O3
S - 101.5±1.5% (Figure 28b). 

No significant differences were detected in overall growth (p=0.61) or 

proliferation (p=0.66) across both experimental conditions. The greater 

variability in the error bars in adhesion tests may be attributed to experimental 

conditions and instrument sensitivity. These results confirm that all tested 

specimens are non-cytotoxic, with relative cell viability exceeding 95% after 

incubation with extracts. Adhesion results demonstrated effective adhesion, with 

filopodia and ECM expression observed. 

In summary, all tested materials supported cell viability and adhesion. While 

Al 2O3
P coatings exhibited morphological limitations likely due to microporous 

structure, Al 2O3
S coatings with their nanoporous architecture provided a more 

favorable environment for cell adhesion and physiological functions. 
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3.1.7.  Discussion on biocompatibility of bioceramic coatings  

Biocompatibility is strongly influenced by the surface structure of 

biomaterials and the release of metal ions, both of which play a crucial role in 

cell adhesion, viability, and integration. Studies have shown that TiO2/Al 2O3-

reinforced hydroxyapatite coatings deposited on stainless steel 316L significantly 

improved cell viability (99.5%), whereas hydroxyapatite coatings on stainless 

steel and bare stainless steel exhibited reduced viability rates (75% and 51%, 

respectively) after 72 hours of seeding [231]. This decline is primarily due to high 

surface cracking and porosity of hydroxyapatite coatings, which expose the 

underlying stainless steel to SBF, resulting in corrosion and toxic Fe ion release. 

Similarly, TiO2/hydroxyapatite nanocomposite with TiO2 and Ag nanoparticles 

applied on Ti6Al4V/TiO2 coatings reported cell viability of 98.8%, attributed to 

enhanced uniformity, crack-free structure, and suppressed migration of toxic Al 

and V ions [232]. Furthermore, research demonstrated that Ti6Al4V alloy 

combined with a 20% ZrO2 ceramic composite enhanced biocompatibility, 

increasing cell viability up to 98.25%, while ZrO2-hydroxyapatite hybrid 

composite achieved the highest viability (107.53%) [233]. These data underscore 

the importance of optimizing surface morphology, chemical composition, and 

structural integrity in biomaterial coatings to enhance cell viability and ensure 

long-term implant success. 

This study examined the biocompatibility of Al alloy 6082 and its porous 

bioceramic Al2O3 coatings, which were obtained through anodization of Al alloy 

6082 using two different electrolytes: phosphoric acid and sulfuric acid. The 

evaluation focused on ion leakage, corrosion resistance, cell growth, and 

cytotoxicity, with comparable results against medical-grade Ti alloy; the results 

are summarized in Table 7. 

The Al2O3
S bioceramic coating, anodized in sulfuric acid, exhibited multiple 

beneficial properties regarding biocompatibility. The Al2O3
S coating effectively 

suppressed Fe and Al ion release, preventing toxicity, inflammation, and implant 

rejection [215]. Mn ion release remained within safe limits (0.04 mg/L, below the 

0.1 mg/L threshold) [215].  Mg and Si ions, essential for biological functions, 

were released in non-toxic quantities. Moreover, a higher Si ion dissolution 

supports osteogenesis, cell adhesion, and proliferation, thereby improving 

osseointegration [219], [220]. The release or sulfates from the Al 2SO3
S specimen 

was a concern, as these ions contribute to local acidity within the body [223]. 

Therefore, additional long-term studies on sulfate migration are recommended to 

assess its potential impact on biocompatibility and systemic ion levels under 

prolonged physiological conditions. The corrosion resistance following a 28-day 

immersion of the specimen in SBF demonstrated that Al2O3
S exhibited superior  
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Table 7. Summary of biomedical-relevant properties of Al2SO3
S, Al2SO3

P, and Ti 

alloy. 

Property 

 

Al 2SO3
S 

(sulfuric acid) 

Al 2SO3
P 

(phosphoric acid) 

Ti alloy 

(medical 

grade) 

Surface  

structure 

Nanoporous 

(supports 

adhesion) 

Microporous Dense 

Hardness/ 

durability 

High 

 

Low 

 

High 

 

Ion release: 

Fe and Al 

Suppressed Suppressed Suppressed 

Ion release:  

Mn 

0.04 mg/L 

(safe) 

0.06 mg/L 

(highest; still safe) 

Lowest 

Ion release: 

Si and Mg 

Low levels 

(biologically 

favourable) 

 

Low levels 

 

None 

Hydroxyapatite 

formation 

 

Minimal 

 

 

Pronounced 

 

Absent 

Corrosion  

resistance 

 

Excellent 

 

 

Poor 

 

Excellent 

 

Cell 

morphology 

Flattened and 

elongated 

Flattened, 

Limited spreading 

Flattened and 

elongated 

Cell viability 

(short-term) 

 

High 

 

High 

 

High 

Mechanical  

integrity 

 

Robust 

 

 

Reduced 

 

Strong 

Biomedical  

suitability  

Promising 

candidate for 

implants 

Not recommended for 

implants 

Standard 

clinical 

material 

 

corrosion resistance, compared to the original Al alloy and Al2O3
P. Among the 

tested specimens, Al 2O3
S exhibited the highest corrosion resistance, 

demonstrating a continuous increase in protective oxide formation that 

effectively suppressed corrosion via stabilization of the passive film. The 

corrosion rate of Al2O3
S was either lower or comparable to that of CP-Ti [224], 
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[226]. This enhanced stability and longevity minimize the release of harmful ions, 

thereby reinforcing biomaterial integrity over prolonged exposure. 

The immersion tests confirmed that alumina coatings significantly influence 

ion release and corrosion behaviour. Al2O3
S
 coatings exhibited enhanced stability, 

lower ion dissolution, and superior corrosion resistance, making them suitable for 

biomedical applications requiring durable implant materials. Al 2O3
S retains the 

lightweight properties of Al alloy while demonstrating mechanical properties 

comparable to Ti alloy, making it an excellent candidate for implant applications. 

The nanoporous structure of Al2O3
S provides a favorable environment for cellular 

activity, as evidenced by viability assays and fibroblast morphology. Cells 

exhibited both extended and flattened shapes and expressed filopodia, 

characteristics of healthy adhesion and intact physiological function. The 

biocompatibility of Al2O3
S is underscored by its enhanced stability, hardness, and 

supportive cellular environment, rendering it highly suitable for implantation. 

The second bioceramic coating, Al2O3
P, produced by anodizing Al alloy with 

phosphoric acid, also demonstrated adequate ion release control, preventing Fe 

and Al ion release. However, the Mn ion released from Al2O3
P was the highest 

among all specimens, though still within the safe limits (0.06 mg/L) [215]. 

Immersion tests in SBF confirmed the formation of a hydroxyapatite layer on 

Al 2O3
P coatings. This is a desirable feature in implantology due to its role in 

promoting bone integration.  However, the high corrosion rate observed in this 

specimen is a significant drawback, as biomaterials require long-term stability to 

ensure implant durability and functionality. The presence of micropores in Al2O3
P 

contributes to both reduced hardness and compromised structural integrity, 

impacting its long-term stability as a biomaterial. Additionally, the surface 

features influence cell morphology, leading to a predominantly flattened shape, 

which may interfere with essential cellular processes, such as spreading and 

migration [234], [235]. The altered morphology indicates compromised cell 

physiology and could negatively impact its long-term performance. 

In summary, the Al2O3
S and Al 2O3

P bioceramic coatings demonstrated 

different properties. Al 2O3
P bioceramic coating, while capable of hydroxyapatite 

formation and maintaining a safe ion release level, exhibited a higher corrosion 

rate and reduced mechanical stability, and impaired cell morphology, limiting its 

suitability for biomedical applications. In contrast, Al 2O3
S exhibited superior 

corrosion resistance, mechanical integrity, and favourable cellular interactions, 

positioning it as a promising candidate for long-term implant use. Overall, these 

findings support the classification of Al alloy 6082, anodized in sulfuric acid 

electrolyte, as a chemically stable, biocompatible biomaterial. 
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3.2.  OPTIMIZATION OF POLYCARBONATE FOR CELL ADHESION  

PC is a second biomaterial analysed in this thesis due to its potential role in 

microfluidic systems designed for cell culture. Specifically, a track-etched porous 

PC membrane was considered for integration into a custom-fabricated microchip 

(see Chapter 3.3), where the membrane serves a dual function: as a substrate for 

cell adhesion and a porous barrier separating two parallel subchannels. The 

membrane as a barrier enables molecular exchange between compartments while 

maintaining spatial separation of cell populations, making the membrane an 

essential component of the device for an organ-on-a-chip function.  

Among various PC forms, track-etched PC membranes are especially 

suitable for microdevices. However, despite these advantages, PC presents a 

significant limitation for cell-based applications: its surface is inherently 

hydrophobic and chemically inert, lacking the functional groups necessary for 

effective cell adhesion [236], [237]. Thus, the inherent hydrophobicity poses a 

challenge for applications requiring direct cell-material interaction. Without 

surface modification, the PC membrane does not provide a biological supportive 

interface for cell adhesion and growth. 

This chapter introduces the strategy for optimizing the track-etched PC 

membrane to support cell adhesion. A combination of physical, chemical, and 

biological surface treatments was applied to improve the membranes' wettability 

and biocompatibility. The experimental work that follows evaluates how these 

modifications influence surface hydrophilicity and the ability of the membrane to 

affect surface hydrophilicity and the membrane's ability to support cell adhesion. 

By comparing untreated, plasma-treated, chemically oxidized, and biologically 

functionalized membranes, the study aims to identify a robust and reproducible 

strategy for PC modifications suitable for cell adhesion. For successful operation, 

the membrane must support stable cell attachment under both static and dynamic 

culture conditions, necessitating effective surface modification. 

3.2.1. Inherent adhesion properties of PC membrane  

To enhance the adhesion-supporting properties of track-etched PC 

membrane, three types of surface modifications were applied and evaluated: 

physical, chemical, and biological. Physical surface modification was conducted 

using plasma treatment with oxygen gas only. Therefore, in the following text, 

the term ñplasmaò refers specifically to oxygen-based plasma. Chemical 

modification was carried out using selected reagents, while biological 

functionalization involved adhesion-promoting molecules. The effectiveness of 
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each approach was assessed by measuring membrane wettability and endothelial 

cell adhesion under static culture conditions. 

Baseline adhesion was first evaluated using untreated PC membranes either 

with PBS or FBS. In both cases, minimal cell adhesion was observed, with fewer 

than 3% of CHO-K1 cells adhering to the membrane surface (Figure 29 and 

Figure 30a). This result confirms the membraneôs inability to support adhesion 

without active surface modification.  

To improve cell adhesion, the PC membrane was coated with PDL, a cost-

effective and widely used adhesion factor. It significantly increased the PC 

membraneôs ability to accommodate CHO-K1 cells, increasing adhesion to 

approximately 24% (Figure 29 and Figure 30b). To further improve the PC 

membraneôs adhesion properties, surface oxidation was applied using plasma, 

followed by incubation with PDL. This combined plasma and PDL treatment 

strategy resulted in a drastic improvement in PC membrane-mediated cell 

adhesions, reaching up to 94% of adherent cells (Figure 29 and Figure 30c). 

Notably, upon forming a monolayer with the highest adhesion rate (Figure 30c), 

the optical contrast under microscopy decreases, likely due to the loss of 

structural distinctiveness and changes in light refraction. 

 

  
Figure 29. Percentage of CHO-K1 cells adhered to PC membrane under 

three distinct surface treatment conditions: 1) incubation with PBS or FBS; 

2) coating with PDL; 3) plasma treatment (indicated as P) followed by PDL 

coating. 
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Figure 30. Cell adhesion pattern of CHO-K1 cells to PC membrane under 

three different surface treatment conditions: a) incubation with PBS or FBS; 

b) coating with PDL; b) plasma treatment followed by PDL coating.  

 

In parallel, surface wettability of PC membranes was characterized using 

water contact angle measurements. This parameter directly reflects the materialôs 

hydrophilic or hydrophobic character: lower contact angles indicate enhanced 

hydrophilicity, whereas higher angles correspond to increased hydrophobicity. 

The untreated membrane exhibited a contact angle of 84±2° (Figure 31, none), 

indicating a hydrophobic surface. Plasma treatment significantly reduced the 

contact angle to 62±6° (Figure 31, P0), confirming a substantial increase in 

hydrophilicity (*p<0.05, Tukey HSD post-hoc test following one-way ANOVA). 

Nevertheless, after 9 days post-treatment, the contact angle increased to 83±6°, 

showing no significant difference from the untreated samples (*p>0.05) (Figure 

31, P9). These results suggest surface aging and a reversion to the initial 

hydrophobic state. Such behaviour underscores the transient nature of plasma-

induced oxidation and indicates the necessity of employing alternative oxidation 

strategies capable of achieving long-term and stable surface modifications.  

Together, these data demonstrate that oxidation combined with PDL coating, 

substantially improves both wettability and cell adhesion on PC membranes. 

Moreover, the temporary nature of plasma-induced hydrophilicity underscores 

the importance of optimizing surface chemistry to obtain more stable and long-

lasting modifications. 
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Figure 31. Wettability of untreated and modified PC membranes after 

plasma and chemical treatments. P0 ï plasma-treated and measured immediately; 

P9 ï plasma-treated and measured 9 days post-treatment. 

3.2.2. Chemical treatment of PC membrane 

Given the reversible nature of plasma-induced oxidation and the wettability 

results obtained in this study, alternative chemical oxidation strategies were 

explored.  Sodium metaperiodate (NaIO4, 0.117 M), sulfuric acid (10%), and 

Piranha solution (10%) ï all well-established reagents for polymer surface 

oxidation ï were selected to treat the PC membranes. The choice of reagents and 

their concentrations was guided by the need to maintain compatibility with other 

microchip components, particularly OSTE and COC, which are sensitive to 

aggressive chemicals.  

NaIO4 is a crystalline inorganic salt and a strong oxidizing agent widely 

employed in organic and polymer chemistry for the functionalization of materials 

[277]. It is primarily used to oxidize materials which have vicinal diols 

#/( #/( , resulting in cleavage of the C-C bond and producing the 

aldehyde and ketone functional groups. Although the inherent PC lacks vicinal 

diols. However, environmental and chemical factors such as UV exposure, acid 

or base treatment, heat, and mechanical damage may introduce surface 

rearrangements [238], [239]. Moreover, in the case of track-etched PC 

membrane, produced through high-energy ion irradiation followed by alkaline 

etching, the pore structures are chemically altered [240]. After such an impact, 
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the PC surface could be modified with NaIO4 and may form oxygen-containing 

groups such as hydroxyl, aldehyde, and ketone groups.  

Sulfuric acid is a strong oxidizing and degrading agent that, at high 

concentration, can cause complete degradation of various materials, particularly 

PC [241]. In the present study, a 10% sulfuric acid solution was used, as this 

concentration does not lead to full or partial degradation of PC or other polymeric 

components within the microchip. Notably, OSTE, a polymer employed in 

microchip fabrication, exhibits chemical resistance only up to 10% of sulfuric 

acid. Therefore, it was assumed that a 10% solution may be sufficient to induce 

surface modifications on the PC membrane. According to the literature, oxidation 

of polymers with sulfuric acid results in the formation of sulfuric groups, which 

gives the hydrophilicity and wettability of the material. In addition, the hydrolysis 

process may introduce hydroxyl groups on the polymer surface [241]. 

Piranha solution is also a strong oxidizing agent, which is formed from the 

H2SO4 and H2O2, and is stronger than sulfuric acid alone. The volume ratio of 

sulfuric acid and hydrogen peroxide typically ranges between 3:1 to 5:1. In the 

present study, 10% Piranha solution was used for the same reason as with sulfuric 

acid: sulfuric acid concentration higher than 10% deteriorates other polymeric 

components of the microchip. When combined, sulfuric acid reacts with 

hydrogen peroxide to generate peroxymonosulfuric acid (H2SO5), also referred to 

as Caroôs acid. The formed Caro acid is unstable and decomposes rapidly, 

generating hydroxyl radicals and regenerating sulfuric acid. Under these highly 

oxidative conditions. H2SO5 and the resulting hydroxyl radical can modify the 

PC surface by introducing functional groups such as sulfonic (SO3H), hydroxyl, 

or peroxide groups [242], [243], [244]. Consequently, the Piranha solution may 

enhance the hydrophilicity and wettability of the PC membrane. 

PC membranes treated with chemical oxidants (NaIO4, H2SO4, and Piranha 

solution) exhibited moderate changes in water droplet contact angles, which were 

not significantly different compared to the untreated control.  The measured 

contact angles were 78±8° for NaIO4, 75±1° for H2SO4, and 75±7° for Piranha 

solution (Figure 32), none of which demonstrated a significant difference in 

hydrophilicity compared to unoxidized PC with 84±2° (*p>0.05, Tukey HSD 

post-hoc test following one-way ANOVA). These results prompt further 

consideration of whether the chemical oxidation methods can effectively alter 

surface characteristics relevant to biological applications, including cell adhesion. 
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Figure 32. Wettability of untreated and modified PC membranes after 

chemical treatments. 

3.2.3. Cell adhesion on the modified PC membranes 

To evaluate the effect of surface modification on cell adhesion, SK-MEL-28 

cells were cultured on PC membranes subjected to various oxidative treatments. 

All modified membranes were coated with PDL before cell seeding to ensure 

consistent presentation of adhesion-promoting molecules. Quantification of 

adherent cells following overnight incubation revealed significantly improved 

adhesion on oxidized membranes compared to untreated controls. Specifically, 

adhesion rates were 94±3% for oxygen plasma, 95±6% for NaIO4, 80±9% for 

H2SO4, and 83±13% for piranha solution, while the untreated PC membrane 

yielded only 24±2% (Figure 33). Statistical analysis confirmed that all oxidized 

conditions resulted in significantly greater adhesion to the control (p<0.005, 

determined using a one-way ANOVA followed by Tukeyôs HSD post-hoc test), 

although no significant differences were observed among the chemically treated 

groups. Overall, the combination of chemical surface modification of the PC 

membrane and an additional adhesion factor improved cell adhesion by 4.3-fold 

with NAIO4, 3.2-fold with H2SO4, and 4.3-fold with piranha solution. These 

results highlight the effectiveness of oxidation-based surface functionalization in 

enhancing the cell-adhesive properties of the PC membrane. Similar adhesin 

trends observed with additional cell lines (CHO-K1 and C6, data not shown) 

further support the reproducibility of this approach across different cell lines. 

In summary, these pilot experiments confirmed the effectiveness of NaIO4, 

H2SO4, and piranha solution in introducing stable surface modification without 

compromising the integrity of other microchip materials.  While oxygen plasma 

treatment also facilitated cell adhesion, its reversible nature and rapid surface 
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aging posed limitations for extended workflow. Chemical treatment offered 

consistent performance, longer shelf life, and compatibility with preassembled 

microchip. This strategy simplifies fabrication and enables timely surface 

activation. By piloting chemical oxidation, the study validated its use as a robust 

alternative to plasma, expanding the surface functionalisation toolkit for 

microfluidic systems requiring reliable cell support. 

 

 
Figure 33. Influence of surface treatment on SK-MEL-28 cell adhesion. PC 

membranes treated with plasma are denoted as P. 

3.2.4. Cell adhesion with different adhesion factors 

To investigate the effect of varying adhesion molecules on SK-MEL-28 cell 

adhesion, an experiment was conducted on a fresh oxygen plasma-oxidized PC 

membrane using three adhesion factors: PDL, collagen, and fibronectin in various 

combinations. 

The results revealed that all combinations of these adhesion factors, except 

for fibronectin alone, exhibited more than 90% of cell adhesion to the PC 

membrane in static culture (Figure 34). Fibronectin alone was the least 

favourable adhesion option, providing 87±8% of adherent cells, which was a 

statistically significant difference compared to all other adhesion factors (p<0.05, 

one-way ANOVA followed by Tukeyôs HSD post-hoc test).  To summarize, these 

results suggest that all three factors and their combinations enhance cell adhesion. 

Considering the cost and convenience, a simple cell culturing approach with 

chemically modified PC membranes can be selected in the following order: PDL, 

collagen, and fibronectin. 
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Figure 34. Effect of adhesion-promoting factors on SK-MEL-28 cell 

adhesion to oxygen plasma-treated PC membrane. Groups included PDL, 

fibronectin (F), and collagen (C ). Significant difference was observed only 

between F and all other groups (* p<0.05).  

3.2.5. Cell culturing in a microfluidic channel  

The previous section demonstrated successful mammalian cell adhesion to 

oxidized PC membranes under static culture conditions.  This initial step 

confirmed the positive impact of PC oxidation on cell adhesion. To extend this 

study and better simulate physiological conditions, the adhesion of U2OS cells to 

oxidized PC membrane under flow culture was analysed next. The microchip 

with an integrated PC membrane (see Chapter 3.3.1) was used for the experiment. 

Shear stress is a key mechanical force experienced by cells in fluid 

environments, influencing cell adhesion, morphology, and signalling. While the 

U2OS cell line originates from cancerous cells in bone tissue, its physiological 

shear stress is not defined.  As a reference, physiological shear stress for 

mesenchymal cells, such as that generated by interstitial flow, can be considered. 

Interstitial flow refers to the slow movement of fluid through the ECM, 

specifically through the fluid-filled spaces called interstitial spaces. This flow 

exerts a low shear stress, typically Ò0.1 dyn/cm2
 [245], [246]. 
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To analyse the impact of the PC membrane's oxidation on cell adhesion and 

culturing underflow, the piranha solution was used as an oxidizing agent, PDL 

was used as an adhesion molecule, and U2OS cells were used as an object. The 

cells were injected and allowed to adhere without the flow overnight. The 

following day, the flow was initiated at a shear stress of 0.08 dyn/cm² and was 

increased gradually by a factor of two every day up to 0.64 dyn/cm². Throughout 

the two-week experiment, U2OS cells remained intact, forming a progressively 

denser monolayer while maintaining their adhesion, with the cell monolayer 

becoming denser (Figure 35). With this experiment, it was confirmed that 

oxidised PC membrane and adhesion molecules, such as PDL, can ensure stable 

cell adhesion even with the flow supplied. 

 

 
Figure 35. U2OS cell adhesion on the oxidized PC membrane in the 

microchannel, pretreated with piranha solution and functionalized with PDL.  

Cell adhesion is shown (a) at the beginning of the experiment under static 

conditions, and (b) at the end of the experiment under flow conditions. 
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3.2.6. Discussion on PC surface treatment for improved cell adhesion 

The track-etched PC membranes offer mechanical strength, transparency, 

and compatibility with microfluidic system fabrication, making them suitable 

candidates for microfluidic applications. In the prototype microchip, fabricated 

in this thesis (see Chapter 3.3), a commercial PC membrane was integrated as a 

structural element forming two parallel microchannels and serving as a cell 

culture surface. Although cells are expected to adhere and proliferate on the 

membrane, the hydrophobic and chemically inert properties of PC make its native 

surface unfavourable for cell adhesion, as confirmed by control experiments, 

conducted without specific surface modification or adhesion-promoting factors. 

Therefore, surface functionalization of PC is necessary to enhance the 

membraneôs cell-adhesive properties. 

To address this limitation, oxidative surface treatments were investigated to 

enhance the cell's ability to accommodate cell adhesion in PC. Two 

complementary strategies were employed: physical modification via oxygen 

plasma and chemical modification using wet reagents. Oxygen plasma treatment 

is a reagent-free and time-efficient technique widely used for polymer 

functionalization. It introduces polar oxygen-containing groups onto the surface, 

such as hydroxyl, carbonyl, and carboxyl moieties. In this study, plasma 

oxidation combined with PDL coating demonstrated notable adhesion 

performance. However, the oxidized PC surface gradually reverted to its original 

state in terms of surface wettability, as confirmed by contact angle measurements 

after 9 days post-treatment. The obtained results come in line with literature data 

on surface aging, following the plasma exposure [129], [130]. Therefore, the 

instability of the plasma-treated PC surface ï especially considering the extended 

fabrication process and the treatment of UV and high temperature (see Chapter 

2.2.12) ï limits the applicability of plasma oxidation for long-term use. 

Reports in literature indicate that chemical oxidation reagents, such as NaIO  

and piranha solution, are effective in incorporating functional groups into the 

polymer surface without causing significant material degradation [242], [243], 

[247]. This approach is a more stable solution for microfluidic applications 

requiring longer production times. Consequently, alternative chemical oxidation 

methods, including NaIO4, H2SO4, and Piranha solution, were tested as potential 

substitutes. While water droplet contact angle measurements revealed no 

significant difference in the wettability of PC following chemical treatment, cell 

adhesion assays demonstrated a clear improvement in adhesion with modified 

membranes compared to untreated controls. 

To further augment the cell-adhesive properties of treated PC membranes, 

surface coatings with adhesion-promoting ECM molecules, fibronectin, collagen, 
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and PDL, were assessed individually or in combination. These proteins adsorb 

onto the modified PC surface and mediate cell adhesion through integrin-ligand 

interactions. Quantitative analysis revealed that all tested combinations, except 

fibronectin alone, yielded adhesion rates above 90%. In contrast, fibronectin-

coated membrane demonstrated lower cell adhesion (87±8%), suggesting the 

fibronectin's conformational changes upon adsorption potentially masking or 

limiting exposure to the integrin binding domains, critical for cell adhesion [248]. 

This phenomenon aligns with literature emphasizing the critical role of protein 

folding and surface orientation in modulating cell surface interactions [53]. 

Following confirmation of effective cell adhesion for the static culture 

conditions, the experimental setup was extended to assess retention of adhesion 

under shear flow, simulating physiological shear stress conditions. U2OS cells 

cultured on modified PC membrane exhibited sustained adhesion within the 

microfluidic channel, even under shear stress levels up to six times higher than 

physiological interstitial flow. These results demonstrate that the modified PC 

surfaces effectively support robust cell adhesion and retain adherent cells under 

elevated shear stress. 

Taken together, these pilot experiments demonstrate that combining surface 

oxidation with ECM protein coatings provides an effective strategy for 

functionalizing otherwise inert PC membranes, enabling their integration into 

microfluidic systems designed for cell culture. While oxygen plasma treatment 

enables rapid surface modification, its short-lived hydrophilicity limits its 

applicability. In contrast, chemical modification methods using NaIO4, H2SO4, 

and piranha solution proved to be stable, compatible with fabrication processes, 

and capable of achieving comparable biological performance. Importantly, this 

approach is cost-effective and does not require sophisticated and expensive 

equipment, making it practical for routine laboratory use.  

These findings confirm chemical surface modification as a practical and 

easily adaptable strategy for enhancing PC membrane functionality within an 

enclosed microfluidic system. The additional PDL to the piranha-treated PC 

surface enhanced its ability to support sustained cell adhesion under both static 

and dynamic culture conditions.  
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3.3. POLYCARBONATE-INTEGRATED MPS FOR PEF TREATMENT OF 

CELLS 

In the previous chapter, the PC membrane was modified using physical, 

chemical, and biological treatment. Building on these findings, this chapter 

introduces a MPS that incorporates the PC membrane as a functional component 

within a microfluidic chip. The integrated porous PC membrane mimics the 

complexity of biological tissues and organs. It serves two essential purposes:  

1) Providing a surface for cell growth on both sides of the membrane, 

thereby preventing direct mixing of cell populations in adjacent microchannels.  

2) Enabling interchannel communication through its pores, which allow the 

diffusion of gases, nutrients, and signalling molecules while maintaining physical 

separation between compartments. This configuration supports the formation of 

physiologically relevant tissue interfaces, closely resembling in vivo conditions.  

The MPS is specifically designed for PEF, or electroporation, studies. PEF 

treatment has emerged as a powerful tool in biomedical science due to its ability 

to induce transient membrane permeabilization, facilitate targeted drug delivery, 

gene transfer, and controlled modulation of cellular activity. PEF-based 

approaches are particularly valuable in cancer therapy, where they enhance 

chemotherapeutic uptake and enable non-thermal tumour ablation [249]. 

Additionally, PEF plays a growing role in tissue engineering and regenerative 

medicine by promoting cell stimulation, migration, and ECM remodelling [250].  

In this chapter, I present the MPS for PEF studies, which was designed, 

fabricated, and analysed in the lab from scratch. Due to its adaptable architecture 

and compatibility with standard cell culture protocols, the system can be applied 

to a wide range of cell types, enabling comparative studies across different 

biological models. The MPS is specifically designed for investigating cellular 

responses to PEF treatment. The microchip was fabricated using OSTE as the 

base material, rather than the widely used PDMS. The microchip incorporates 

electrodes for PEF treatment. Real-time monitoring can be performed with 

integrated sensors for oxygen and pH, and cell or tissue integrity can be analysed 

using TEER measurements. 

3.3.1. Design of the microchip 

The microfluidic chip is designed with dimensions of 75 x 25 mm. It 

contains one main channel that begins at the inlet, passes through the PEF 

treatment chamber, and then through the pH sensing area, exiting the microchip 

through the outlet (Figure 36). The channel width is 2 mm in the electroporation 

area and 1 mm in the pH sensing area. The channel, with the height ranging from 
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0.75 to 0.85 mm, is separated into two subchannels by a porous PC membrane 

(Figure 35b), serving as a surface for cell adhesion and growth.  

The PEF treatment chamber incorporates four independent pairs of parallel 

plate electrodes, each measuring 2 x 2 mm, with a spacing of 2 mm between 

them. For PEF treatment, any combination of the electrode pairs can be used 

together, based on their connection to the power source. In the upper subchannel, 

two oxygen sensor spots, each with a diameter of 3 mm, are integrated upstream 

and downstream of the PEF treatment chamber. 

 

 

 

Figure 36. Schematic representation of the microchip. a) Illustration of the 

upper COC/OSTE/O2 slide and b) cross-sectional view of the channel at the 

electrodes in the PEF treatment chamber. 

3.3.2.  Microchip fabrication 

A primary material for microchip production, PDMS, is considered the gold 

standard. Indeed, PDMS has favourable properties, such as biocompatibility, 

optical transparency, gas permeability, ease of fabrication, and 

straightforwardness of tubing directly into PDMS. However, significant issues 

such as the absorption of small molecules, leaching of uncrosslinked oligomers, 

and microchannel deformation due to high flow rates and organic solvents limit 

the full application of microchips, particularly in pharmaceutical applications 

[35], [166], [167], [171]. This encourages the search for new suitable polymers 



115 

for microchip production. A decade ago, the dual-curable polymer OSTE was 

introduced specifically for microchip production. This polymer avoids the 

negative properties associated with PDMS [175], [251]. 

For the microchip to perform the MPS function, it is placed in a custom-

made support jig. This jig has electrical contacts in both the top and bottom 

sections for PEF processing, while the top section also incorporates components 

for monitoring oxygen and pH (Figure 37). 

The presented technology has two key aspects:  

(1) Microchip fabrication is achieved through soft lithography, enabling easy 

modifications of channel geometry, number of electrodes, and positioning 

according to specific needs. 

(2) The use of COC, OSTE, and PC membranes to constrain the channel 

eliminates the adverse properties associated with PDMS, such as molecular 

absorption, gas permeation, and channel deformation. 

   

 
Figure 37. (a) MPS prototype, (b) Schematic cross-section and 

decomposition of the supporting jig. 

3.3.3.  Simulation of the electric field in the microchip 

The fabricated microchip is intended for PEF treatment of cells. The upper 

and lower walls of the microchip channel in the PEF treatment chamber have 

integrated electrodes that generate an electric field. A schematic depiction of the 

electric field distribution within the microchannel is presented in Figure 38a. The 

electric field is generated only in the area between parallel plate electrodes. 

Meanwhile, the electric field is absent in the gaps between the electrodes.  

In terms of channel height, the channel is divided approximately in half by 

a porous insulating PC membrane (Figure 38b, Figure 38c). To evaluate the 

impact of the membrane on the electric field, a simulation of it was conducted 

with two membranes with different pore sizes and porosity: (1) PC membrane - 
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0.4 µm pores with 18.8 % porosity and 25 µm thickness; (2) PC membrane - 

3 µm pores with 21.2 % porosity and 22 µm thickness; (3) no membrane. 

The electric field simulation across two parallel plane electrodes, measuring 

2  2 mm with a height of 0.8 mm, was conducted using the COMSOL 

Multiphysics software package. An 800 V potential difference was selected for 

the simulation to achieve up to 10 kV/cm electric field. 

The electric field simulations revealed a nearly uniform distribution of the 

electric field in the subchannels, measuring approximately 9 kV/cm (Figure 38b). 

This represents a slight decrease compared to the channel without a membrane, 

which measured 10 kV/cm. Notably, the electric field near the membrane was 

amplified by about a factor of 2. Additionally, the electric field strength oscillates 

spatially, reaching its maximum peak above the void space (Figure 38c). The 

distribution of the electric field above the membrane is influenced by the 

membraneôs characteristics. The membrane with a pore size of 3 Õm exhibits 

greater electric field distribution and higher oscillation amplitude near the 

membrane compared to the membrane with smaller pores (0.4 µm). Conversely, 

the smaller pore membrane shows a more uniform electric field distribution and 

lower oscillation amplitude.  

Concluding from the simulation data, the electric field throughout the 

subchannel is consistent with the set parameters.  However, at the membrane, the 

electric field is enhanced twofold, while inside the pores it is fourfold. This 

enhancement must be considered when culturing cells that adhere directly to the 

membrane.  

 

 
Figure 38. Electric field distribution in the microchip. (a) Schematic 

representation of electric field lines in the PEF treatment chamber, where ὺᴆ is the 

 

Ὁᴆ Ὁᴆ Ὁᴆ Ὁᴆ ὺᴆ ὺᴆ 

(b) (c) 

(a) 
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fluid flow rate and Ὁᴆ ï the electric field vector. (b) Visualisation of electric field 

distribution in the microchip simulated using COMSOL Multiphysics with the 

membrane with a pore size of 3 µm and porosity of 21.2 %. A voltage potential 

of 800 V is applied, producing a 10 kV/cm electric field in the channel without 

the membrane. The colour gradient illustrates the electric field strength in kV/cm, 

with the red triangles indicating the direction of the electric field. (c) Simulation 

results comparing the electric field strength distribution across the microchip 

without the membrane (black line) and 0.5 µm above the membrane. Blue and 

red lines correspond to oscillations in the microchip with pore sizes of 3 µm and 

0.4 µm, respectively. 

3.3.4. Cell viability and permeability after PEF treatment in the microchip 

In order to confirm the suitability of MPS for investigating the effect of IEL 

on cells, electroporation experiments were performed on mammalian cells in 

suspension. 

The PEF treatment chamber contains four identical pairs of independent 

electrodes and three equally sized gaps of the same dimensions between them 

(Figure 35a, 38a). This configuration means that when cells are injected into the 

chamber, only 4/7 of the total cell volume will be subjected to the electric field. 

To guarantee the electroporation of the remaining cells, the cell suspension must 

be directed across the volume of one electrode pair. This volume is calculated 

using formula (5) (Materials and Methods). The experimental procedure could be 

significantly improved by conducting the PEF treatment in continuous flow 

mode, where the flow and PEF treatment occur simultaneously. In this setup, cells 

move through the entire PEF treatment chamber, which contains the electrodes 

and gaps, resulting in varying exposure to the electric field. Therefore, it is 

essential to calculate the flow rate (using formula (6), as outlined in the Materials 

and Methods section) to determine the precise number of pulses to be applied to 

the cells as they pass through the entire chamber. This specific number of pulses 

is referred to as pulses per cell. 

Studies assessing the efficacy of the PEF treatment in microchips were 

carried out under two flow modes: stop and continuous. For electroporation 

experiments, we used the suspension of rat glioma cell line C6, applying the 

electric field in the range of 0 to 10 kV/cm, with a pulse duration of 100 µs, and 

a repetition rate of 1 Hz. Stop flow electroporation was performed using an 

electric field from 1.8 kV/cm to 10 kV/cm (Figure 39a). The results revealed no 

change in cell viability after PEF treatment with 8 pulses across all tested electric 

fields.  
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The permeability under stop flow post-PEF treatment with 8 and 16 pulses 

was examined using a non-permeable fluorescent dye DAPI. Since DAPI cannot 

enter intact cells, membrane permeabilization is required, which can be achieved 

via PEF treatment. This permeabilization effect was evident in the stop flow IEL 

experiment, where permeability increased progressively with higher electric field 

strengths when using 8 pulses, as indicated by the fluorescence ratio compared to 

the non-PEF-treated control (Figure 39a). When comparing the effects of 8 and 

16 pulses, a similar level of membrane permeability was observed using 16 pulses 

at 1.8 kV/cm as with 8 pulses at 10 kV/cm. Thus, under stop flow electroporation, 

the most favourable parameters for achieving maximum permeabilization were 

16 pulses at an electric field strength of 1.8 kV/cm.   

In continuous flow mode, permeability increased slightly with 32 pulses per 

cell at 1.8 kV/cm, reaching a maximum increase at 64 and 128 pulses (Figure 

39b). This increase was comparable to the 1.8 kV/cm observed in stop flow 

experiments with 16 pulses. Moreover, exposure to continuous flow PEF 

treatment at the highest electric field strength of 10 kV/cm with 8-32 pulses per 

cell did not significantly impact cell viability compared to the control. However, 

continuous flow electroporation with 64 and 128 pulses per cell led to a 

substantial reduction in cell viability - by 80% and 93%, respectively (Figure 

39b) ï indicating that these IEL parameters are unsuitable for achieving maximal 

membrane permeabilization without inducing cell death. 

These conducted experiments confirm that the fabricated microchip with 

integrated PC membrane is suitable for PEF treatment of mammalian cells, 

enabling effective control of membrane permeabilization under both stop flow 

and continuous parameters. 

 

 
 Figure 39. The impact of PEF treatment on C6 cells and permeability under 

(a) stop flow and (b) continuous flow electroporation modes. Blue colour with 

blue circles represents viability data; red colour ï permeability data For (a) an 

electric field range of 0 to 10 kV/cm electric field range was applied with either 

8 (red cross) or 16 pulses (red squares). For (b) a 10 kV/cm electric field was used 
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for viability experiments, while permeability experiments employed a 1.8 kV/cm 

field with 0 to 128 pulses per cell. In both (a) and (b), PEF treatment was 

conducted using a 100 µs pulse duration and a 1 Hz repetition rate. Permeability 

quantified as fluorescence normalised to the non-treated control; the number of 

experiments nÓ3; with error bars indicating standard deviation.  

3.3.5.  Prediction of affected area in continuous PEF 

The viability results indicate that 64 pulses are necessary to reduce cell 

viability at an electric field of 10 kV/cm in continuous flow electroporation. In 

contrast, no change in cell viability in stop flow electroporation with 8 pulses at 

10 kV/cm demonstrated no change in cell viability. Permeability studies revealed 

that the maximum permeability was achieved at an electric field of 1.8 kV/cm 

with 16 pulses in stop flow mode, whereas continuous flow required 64 pulses at 

the same electric field strength. This suggests that continuous flow 

electroporation requires four times as many pulses to achieve equivalent 

permeability as stop flow mode.  These results can be explained by the following 

assumptions: (1) the electric field gradient affects only a specific area of the 

membrane; (2) in stop flow, cells are in semi-stationary conditions, i.e., cells 

remain relatively stationary during the entire pulsation process, allowing energy 

to be delivered multiple times (successfully electroporated area, Figure 40a). In 

contrast, during continuous flow, cells rotate randomly throughout PEF treatment 

(Figure 40b), leading to a more even distribution of energy across the cell surface 

and resulting in fewer pulses being directed at any particular area. 

A theoretical model for determining the affected area of the membrane was 

developed using MATLAB software. In continuous flow, a portion of the total 

cell area is influenced by the electric field. The cell is then allowed to randomly 

rotate by a certain angle —ȟ affecting different locations of the cell membrane by 

an electric field.  

This process is repeated N times until the affected area overlaps at least n 

times in a single spot. In stop flow mode, it is assumed that cells remain 

approximately stationary, leading to overlapping affected areas, where n 

represents the number of pulses required. The size of the affected area is 

determined by the effective ratio N/n, as illustrated in Figure 6. Based on 

experimental results, the effective ratio of N/n was found to be equal to 4, 

indicating the affected area was 16% (intersection of red lines in Figure 41). This 

means that 16% of the cell membrane must receive pulses to achieve the same 

permeability level as observed in stop flow mode. 
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Figure 40. Schematic representation of how cells are affected in (a) stop 

flow and (b) continuous flow PEF. ὺ stands for fluid flow rate, Ὁᴆ ï electric field 

vector, — ï random angle of rotation, V - applied voltage on the electrode, and 0 

ï ground voltage on the electrode. 

 
Figure 41. Surface area and pulse ratio relationship of continuous and stop 

flow electroporation modes as calculated in MATLAB software. N and n 

correspond to pulse number in continuous flow and stop flow modes, 

respectively; red lines mark the match with experimental data. 
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3.3.6.  Oxygen measurement experiments 

When culturing cells in vitro, ensuring a constant supply of the necessary 

gases is essential ï O2 and CO2. Oxygen is required for cell respiration, while 

CO2 ensures the correct pH of the culture medium. A distorted O2 and pH level 

will interfere with cell survival and is associated with the development of various 

pathologies, including cancer [252], [253].  

The materials of our microchip - OSTE and COC- are impermeable to gases. 

For monitoring of O2 and pH levels, the MPS system has incorporated sensors for 

monitoring both features. The microchip features two oxygen sensors ð one 

positioned upstream and the other downstream of the PEF treatment chamber 

(Figure 2a). Both sensors are equidistant from the edge electrodes. When the flow 

is activated, Sensor 1 measures the oxygen concentration in the fresh medium 

that passes through the electrodes, while Sensor 2 measures the concentration in 

the medium after it has undergone potential PEF treatment. To assess the 

effectiveness of MPS in detecting changes in oxygen concentrations, experiments 

were conducted with C6 cell suspension using PEF as the stimulus. Data on 

oxygen concentration were collected from both sensors before and immediately 

after the cessation of PEF. 

In the absence of PEF treatment (0kV/cm), oxygen concentration at sensor 

2 decreased by 0.14±0.07% compared to sensor 1 (Figure 42a). This decline was 

substantial when compared to the control sample, which contained only buffer 

and exhibited a smaller decrease of 0.01±0.07%. However, when cells were 

subjected to PEF treatment, there was a noticeable increase in oxygen 

concentration of 0.14%, 0.13%, 0.09%, and 0.03% at electric fields of 1.8 kV/cm, 

2.4 kV/cm, 4.4 kV/cm, and 8.0 kV/cm, respectively. Importantly, the buffer 

samples at lower electric fields (1.8 kV/cm and 2.4 kV/cm) displayed distinct 

variations compared to the cell suspension, indicating that these differences were 

specifically due to the effect of PEF on the cells. In contrast, at 4.4 and 8.0 kV/cm, 

both the cells and buffer showed similar changes in oxygen concentration. 

The obtained results confirm that the fabricated MPS is suitable for precise 

monitoring of oxygen concentration.  
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Figure 42. Effect of PEF treatment on (a) the difference in oxygen 

concentration between two sensors and (b) pH, immediately after PEF. The PEF 

treatment was performed in stop flow mode using various electric fields, with 16 

pulses, a 100 µs pulse duration, and a 1 Hz repetition rate. The number of 

experiments nÓ3; asterisks* indicate statistically significant differences 

(pÒ0.00001). The dashed line in (b) represents the buffer baseline.  

3.3.7.  pH measurement  

The optimal pH for mammalian cell culture media is approximately 7.2-7.4. 

Drastic changes in pH can significantly impact cell viability, so it is crucial to 

maintain the pH within this range.  Bicarbonate is a commonly used buffering 

agent in culture media, with its effectiveness highly dependent on the CO2 level. 

In contrast, the buffering agent HEPES is not influenced by CO2. For simple 

monitoring of pH levels in the media in stationary culturing, phenol red is 

typically used as an indicator, changing colour from yellow in acidic conditions 

to purple in alkaline conditions. Cellular metabolic processes tend to shift the 

mediumôs pH towards the acidic side, and PEF treatment may also induce 

changes in pH levels [254], [255]. 

To assess the performance of the pH-meter, pH fluctuations were measured 

after applying PEF treatment to C6 cells resuspended in media containing phenol 

red, bicarbonate, and HEPES. The inclusion of these two buffering agents helps 

maintain a stable pH level, even with a lower CO2 concentration compared to a 

CO2 incubator. PEF treatment was administered at electric field strengths of 

1.8 kV/cm and 2.4 kV/cm, utilizing 16 pulses, as these parameters are optimal for 

enhancing permeability. The effect of pH on the PEF-treated cell suspension was 

compared to non-treated one. The initial pH of the media was 7.2. For cells not 

subjected to PEF, the pH was recorded at 7.29±0.06. In contrast, PEF treatment 

raised the pH to 8.3±0.14 at 1.8 kV/cm and 8.3±0.26 at 2.4 kV/cm (Figure 42b). 
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The obtained results confirm that the fabricated MPS is suitable for precise 

monitoring of oxygen concentration.  

3.3.8. TEER measurement 

TEER (transepithelial electrical resistance) measurement is commonly 

utilized in MPS to assess the integrity and functionality of biological barriers, 

including epithelial and endothelial cell layers. Since the fabricated microchip 

includes integrated electrodes, it can be used for both PEF treatment and TEER 

measurement. To evaluate whether TEER measurement is applicable in the 

developed MPS, experiments were conducted using cells in suspension. No 

significant change in TEER was observed before and after PEF treatment, 

which was expected due to the absence of a confluent cell layer. Upon cell 

injection, impedance decreased by 60±4% reduction compared to the plain 

buffer. As TEER represents a specific case of impedance measurement, 

characterizing electrical resistance across a cell layer, this result indicates 

that the system is sensitive to the presence of cells. The obtained data, along 

with the microchip design enabling the use of the same electrodes for both 

PEF and TEER applications, suggests that the microchip design may be 

suitable for TEER measurements within existing MPS applications. 

3.3.9.  Discussion on the MPS 

MPS development encounters several significant challenges. First, standard 

instruments for monitoring physiological parameters are not suitable for 

microfluidic applications, necessitating the creation and integration of specific 

sensors for in situ monitoring of microfluidic systems. The second challenge 

involves PDMS, a polymer commonly used in soft lithography for microchip 

fabrication. While PDMS offers several advantages, it also has undesirable 

properties, such as the absorption of small molecules, channel expansion, and the 

release of unbound crosslinkers into the inner channel. Third, to mimic an organ 

in OoC and MPS, two or more cells need to be cultured in contact with each other 

without mixing. A porous membrane can facilitate the separation. However, 

integrating a membrane into the microchip often requires additional additives, 

which may influence cellular processes. These issues can distort experimental 

results and hinder the adoption of MPS in pharmaceutical applications.  

PEF, a physical method for electrotransfer, for inactivation of the cells, is 

utilized in both the medical and food industries. Currently, PEF research is 

shifting towards the microfluidics scale, allowing for experiments that monitor 

the effects of PEF on cells under more controlled conditions within microfluidic 
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research. Integrated real-time monitoring sensors and instruments in MPS 

systems facilitate the collection of experimental data in situ.  

In this study, OSTE-based microchip fabrication was employed for 

microchip production [203]. The microchip incorporates a track-etched PC 

membrane and electrodes for PEF treatment. To evaluate the porous membrane's 

impact on electric field distribution, mathematical simulations with and without 

membranes were conducted. The presence of a porous insulating membrane in 

the centre of the channel did not significantly change the electric field in the 

subchannel, measuring 9 kV/cm with the membrane compared to 10 kV/cm 

without the membrane. However, just a few microns above the membraneôs 

surface, the electric field strength approximately doubled. Since the PEF 

treatments were applied to suspension cells, distributed throughout the full height 

of a single subchannel (0.4 mm), the enhancement of the electric field had a 

negligible effect on the PEF results. However, this enhancement becomes 

relevant in experiments involving cells positioned near the membrane, such as 

adherent cells cultured directly on the surface. 

Our microchip features parallel plate electrodes that replicate the structure 

of conventional electroporation systems currently available in the market. To 

assess the microchipôs effectiveness as an electroporation cuvette, PEF treatment 

on mammalian cells in suspension was executed.  In stop flow experiments, cell 

viability remained unchanged after 8 pulses of electric field 0ï10 kV/cm were 

applied (Figure 39a). In contrast, continuous flow electroporation resulted in 

decreased cell viability with 64 and 128 pulses delivered at 10 kV/cm (Figure 

39).  

The permeability was assessed using the impermeable fluorescent dye 

DAPI, whose uptake indicates the membrane disruption. Stop flow 

electroporation indicated a gradual increase in permeability as the electric field 

increased up to 10 kV/cm with 8 pulses (Figure 39a). Achieving an electric field 

of 10 kV/cm requires applying 800 V, which is relatively high and may lead to 

electrode deterioration after only a few sets of experiments. Therefore, we tested 

16 pulses, which demonstrated that permeability saturated at 1.8 kV/cm, 

significantly lower than the initial target (Figure 39a). To achieve the same level 

of permeability under continuous flow, 64 pulses per cell were necessary (Figure 

41b).  Based on the pulse ratios in stop and continuous flow, MATLAB 

calculations estimated that the affected cell surface in continuous flow mode is 

approximately 16%.   

These data demonstrated that cells experience membrane permeabilization 

during PEF treatment in the microchip, while maintaining a high level of cell 

viability. The high viability observed during electroporation is attributed to lower 

voltage, shorter pulse duration, and improved heat dissipation in the microfluidic 

https://www.nature.com/articles/srep21238.pdf
https://www.nature.com/articles/srep21238.pdf


125 

device [248]. A conceptual model was developed illustrating how cells are 

affected by electric fields in both stop flow and continuous flow electroporation. 

It is suggested that the cells display semi-stationary behaviour in stop flow mode, 

while they experience random rotation in continuous flow. The model does not 

account for fluid turbulence caused by bubbles on the electrodes during PEF 

applications [256], [257], which may have influenced cell rotation in both 

continuous and stop flow modes. Cell rotation can be beneficial as it facilitates 

an even distribution of increased permeability across the entire cell surface [258]. 

The performance of integrated sensors was evaluated by applying an electric 

field. We monitored changes in oxygen concentration immediately after PEF 

treatment (Figure 42a). A slight change in oxygen concentration was observed 

in both the presence and absence of PEF treatment in the cell suspension. This 

indicates that accurate oxygen monitoring can be achieved using the described 

microfluidic system.  

To observe the pH changes following PEF treatment, pH levels at electric 

fields of 1.8 kV/cm and 2.4 kV/cm were measured and compared to non-

electroporated samples. Both treated samples demonstrated a shift from pH 7.2 

to pH 8.3 with PEF treatment (Figure 42b). This shift of one pH unit toward 

alkalinity was smaller than what was reported by other authors [254], [259]. This 

can be explained by differences in the buffers used in other publications: (1) we 

utilize two buffering agents, bicarbonate and HEPES, which accelerate the 

significant pH shift; (2) the change was measured not immediately but rather a 

few minutes after PEF treatment; and (3) we do not measure the change occurring 

at the electrodeôs surface, where the localized change is expected to be the 

strongest [254]. Despite these, it enables reliable monitoring of pH dynamics 

following electroporation. 

Finally, TEER measurement capabilities were validated using cell culture 

media, both with and without suspension cells, through the same integrated 

electrode used for PEF treatment. The changes in TEER were clearly detectable. 

It is important to note that TEER measurements are typically taken in the presence 

of a functional barrier, where disruptions in it can be observed. However, this 

experiment involves suspension cells, which do not form such a barrier. Despite 

this limitation, the results indicate that the microfluidic device is capable of 

capturing impedance differences, as demonstrated by the change of impedance 

observed in the buffer alone compared to the cell suspension. These data support 

the suitability of the device for TEER measurements.  

To summarize, the viability and permeability results following PEF 

treatment confirmed that the microchip with integrated track-etched PC 

membrane is well suited for PEF treatment of mammalian cells. The integrity and 

performance of the integrated sensors were successfully confirmed, 

https://www.nature.com/articles/srep21238.pdf
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demonstrating their ability to compensate for the non-permeability of OSTE and 

COC by continuously monitoring oxygen levels and pH. These results 

collectively demonstrate that the developed MPS, featuring the PC membrane, 

embedded electrodes, and integrated oxygen and pH sensors, successfully 

enables PEF treatment and real-time physiological monitoring within the 

microfluidic environment, fully supporting the statement for defence. 
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SUMMARY 

This thesis explores the design and evaluation of biomaterials - specially 

engineered materials designed for interaction with biological systems in medical 

and biological research applications. Two distinct material groups were studied: 

ceramic-type and polymeric materials, each of which aligns with different clinical 

and technological goals.  

The first material investigated was bioceramic alumina, proposed as a 

candidate for orthopaedic and dental implantology. While conventional sintered 

alumina is already used in medical settings, particularly in dental prosthetics, its 

broader application is limited by intrinsic brittleness, manufacturing complexity, 

cost, and geometry constraints. This work introduces an alternative approach: 

producing bioceramic alumina by anodising industrial aluminium alloy 6082 to 

use it in implantology, such as an osteosynthesis plate. This method allows for 

more versatile sample geometries and leverages the lightweight nature and high 

post-anodization hardness of alumina alloys, offering potential replacement for 

heavier, more expensive titanium-based implants.  

A primary objective was to determine whether anodized alumina alloys 

treated with phosphoric or sulfuric acid electrolytes could qualify as a 

biocompatible material. A comprehensive assessment was conducted to analyse 

their mechanical and chemical properties, corrosion resistance, and interaction 

with cells. These evaluations included quantification of ion release into SBF, 

biological assay for cell adhesion, viability, and proliferation, and comparative 

analysis with both non-anodized Al alloy and medical grade Ti alloy.  

The results revealed that bioceramic coatings formed via phosphoric acid 

anodization produced a microporous surface with insufficient mechanical 

strength and increased corrosion rate. Additionally, the impaired cell adhesion 

profiles indicate that such bioceramic alumina coatings are unsuitable for 

biomedical use.  In contrast, anodization in sulphuric acid yielded nanoporous 

bioceramic alumina coatings with superior hardness, low ion release, and 

excellent corrosion resistance. Cell-based assays demonstrated high short-term 

viability and strong adhesion on these surfaces with performance comparable to 

or exceeding that of Ti alloy. Minor concerns included elevated sulphur and 

manganese ion release, though the latter remained within the safe biological 

limits. Future long-term studies and refinement of sample preparation would be 

necessary to validate the safety and durability of these coatings. Overall, sulfuric 

acid anodized Al alloy 6082 represents a promising platform for bioceramic 

implant applications.  

The second biomaterial studied was PC, evaluated for its suitability in a 

microfluidic system. A microchip, fabricated in this thesis from scratch, 
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incorporated a track-etched PC membrane, which spatially divided the central 

microchannel into two parallel subchannels. Cells cultured on opposing sides of 

the PC membrane were expected to interact through its pores, thereby mimicking 

physiological tissue barriers found in organ-on-a-chip systems.   

PCôs intrinsic hydrophobicity limits its use in cell-based applications, as 

such surfaces do not support cell adhesion. To address this, a sequence of physical 

and chemical surface modification strategies was employed. Initial plasma 

treatment using oxygen gas rapidly increased hydrophilicity and improved 

adhesion, but the effect diminished over a short time due to surface aging nine 

days post-plasma treatment.  

To achieve long-term stability, wet chemical oxidation was applied using 

sodium metaperiodate, sulphuric acid, and piranha solution. These treatments 

effectively functionalised the PC surface, enhancing cell attachment in static 

culture. To further improve adhesion, ECM proteins ï fibronectin, collagen, and 

PDL- were introduced. Single adhesion molecules and their combinations yielded 

consistently high adhesion levels on modified PC surfaces. PDL alone also 

proved to be effective in dynamic flow experiments. Importantly, epithelial-type 

U2OS cells have maintained adhesion under shear stress conditions up to six 

times higher than physiological interstitial flow, demonstrating that these 

optimised PC surface supports cell growth across experimental modes.  

With these pilot studies, the need for customized surface chemistries and 

adhesion protocols tailored to specific cell types was highlighted. The versatile 

PC membrane treatment process developed here lays the groundwork for future 

cell and tissue-specific designs.  Modification of the PC membrane with these 

substances favourably affected cell adhesion on the modified membrane. 

Additional adhesion factors are needed to achieve optimal cell adhesion and 

PDL, fibronectin and collagen were used in the study. The oxidised PC 

membrane, together with the adhesion molecules and their various combinations, 

provided high cell adhesion under static culture conditions. In a flow experiment, 

the cheapest and most accessible adhesion molecule, PDL, was chosen as the 

adhesion molecule, and epithelial bone tissue cells grew on the surface of the 

oxidized PC membrane, even under 6 times higher shear force than physiological 

conditions. This confirmed that the modified PC surface is suitable for cell growth 

under both static and flow conditions. It should be noted that these studies were 

carried out as pilot experiments, and therefore, specific cells and specific 

adhesion molecules would have to be tested for each cell type individually. 

Building on these results, the PC membrane was successfully integrated into 

a microfluidic microchip, designed for PEF studies. The MPS, developed in this 

study, incorporated not only the PC membrane and embedded electrodes but also 

integrated oxygen and pH sensors to enable real-time monitoring of the 
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microenvironment. Mathematical simulation of electric field distribution 

revealed that the presence of the porous membrane did not significantly alter the 

field strength across the microchannel, except in the immediate vicinity of the 

membrane surface. This localized amplification must be considered in future 

experiments involving adherent culls cultured directly on the membrane.  

Initial electroporation experiments were conducted using suspension cells to 

assess the effectiveness of PEF treatment in both stop flow and continuous flow 

conditions. The results demonstrated that the optimal PEF parameters vary 

depending on flow mode, but effective membrane permeabilization and high cell 

viability can be achieved in both modes. Measurements from the integrated 

oxygen and pH sensors confirmed the systemôs ability to monitor physiological 

changes in real-time. Additionally, TEER measurements, although performed 

with non-adherent cells, revealed detectable differences between cell-containing 

and cell-free media, suggesting that the system is suitable for future studies of 

barrier integrity and epithelial function.  

Taken together, the results of this thesis demonstrate the potential of surface-

engineered biomaterials to regulate cell-material interactions with precision in 

both static and dynamic settings. Whether enhancing corrosion resistance and 

biological compatibility in implant coatings or enabling membrane-integrated 

cellular communication in microfluidic devices, the strategies explored here 

respond to the evolving demand of biomedical engineering. The modularity, 

chemical stability, and biological efficacy of these materials support future 

developments in regenerative medicine, pharmacological research, and next-

generation organ-on-a-chip technologies. 
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 CONCLUSIONS  

1. Al alloy 6082 anodized in sulphuric acid electrolyte increased the 

specimenôs hardness twofold, did not alter ion release compared to the non-

anodized alloy, and improved corrosion resistance by 1.5 times compared to the 

titanium alloy.  

2. The morphology of mouse fibroblast L929 cells on Al alloy 6082 

anodized in sulphuric acid electrolyte confirms normal physiological behaviour. 

Cell viability results indicate the alloyôs biocompatibility. These characteristics, 

closely resembling those of medical-grade titanium alloy, support the suitability 

of this material for biomedical applications. 

3. Polycarbonate membranes modified with sodium metaperiodate, sulfuric 

acid, and piranha solution, followed by poly-D-lysine coating, increased cell 

adhesion by more than threefold. 

4. Polycarbonate membrane modified with piranha solution and coated with 

poly-D-lysine enhanced cell adhesion by 4.3-fold under static conditions. Under 

dynamic conditions, epithelial U2OS cells withstood shear stress that was six 

times higher than the physiological interstitial flow. 

5. The porous polycarbonate membrane was successfully incorporated into 

the microchip designed for pulsed electric field (PEF) treatment. The membraneôs 

porous architecture enhanced the electric field strength by up to 200% at the 

membrane surface, when compared to the identical channel without a membrane, 

while maintaining over 90% electric field strength within the microchannel. 

6. A microphysiological system (MPS) designed for PEF treatment of 

mammalian cells was developed.   PEF treatment resulted in increased cell 

membrane permeability without compromising cell viability. Recorded changes 

in oxygen concentration and pH confirm the MPS applicability for physiological 

monitoring.  
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SANTRAUKA 

ǰVADAS 

SŃveika tarp biomedģiagȎ ir biologiniȎ sistemȎ -  tokiȎ kaip lŃstelǟs ir 

audiniai - yra esminis medģiagȎ inģinerijos ir audiniȎ regeneracijos tyrimȎ 

aspektas. Biomedģiagos turi pasiģymǟti pakankamu mechaniniu tvirtumu ir 

gebǟjimu palaikyti gretimȎ lŃsteliȎ adhezijŃ, proliferacijŃ bei kitas gyvybiġkai 

svarbias funkcijas. Ġios savybǟs yra itin svarbios tiek regeneracinǟje medicinoje, 

tiek audiniȎ inģinerijoje ir in vitro organȎ modeliavime.  

BiomedģiagȎ savybǟs gali smarkiai skirtis priklausomai nuo jȎ specifinio 

pritaikymo. AudiniȎ regeneracijos ir implantologijos srityse jos daģnai tarnauja 

kaip pastoliai, suteikdami struktȊrinň atramŃ lŃstelǟms, prie kuriȎ jos prisitvirtina 

ir funkcionuoja. Tuo tarpu kraujotakos sistemoje naudojamos biomedģiagos,  

pavyzdģiui, dirbtiniuose ġirdies voģtuvuose ar kraujagysliȎ protezuose, turi 

visiġkai slopinti lŃsteliȎ adhezijŃ, kad bȊtȎ iġvengta kaip trombozǟs. Todǟl 

efektyviam biomedģiagȎ pritaikymui bȊtina kruopġļiai parinkti biomedģiagŃ ir 

modifikuoti jos pavirġiȎ taip, kad atitiktȎ konkreļios biologinǟs sistemos 

reikalavimus. Pavirġiaus inģinerijos metodais galima efektyviai reguliuoti lŃsteliȎ 

elgsenŃ sŃlytyje su biomedģiagomis. Cheminǟs ir fizinǟs pavirġiaus 

modifikacijos, apimanļios topografijos, porǟtumo, ġiurkġtumo, hidrofiliġkumo 

keitimŃ bei funkciniȎ grupiȎ integravimŃ, leidģia kontroliuoti baltymȎ adsorbcijŃ, 

ir, atitinkamai, lŃsteliȎ adhezijŃ. 

Pastaraisiais metais vis daugiau dǟmesio skiriama ne tik biomedģiagȎ 

pavirġiaus modifikavimo strategijoms, bet ir jȎ integracijai Ǳ paģangias in vitro 

sistemas, kurios leidģia tiksliau atkurti realias fiziologines sŃlygas. MikroskysļiȎ 

technologijos, sujungdamos medģiagȎ inģinerijŃ ir biologinius modelius, leidģia 

tirti lŃsteliȎ atsakŃ dinaminǟje aplinkoje, kur svarbȎ vaidmenǱ atlieka skysļiȎ 

tǟkmǟ, ġlyties Ǳtempis. Be to, Ǳ mikroskysļiȎ sistemas galima integruoti Ǳvarius 

stimuliavimo modulius, pavyzdģiui, elektrinius signalus, cheminius gradientus ar 

mechaninius dirgiklius. Tokios sistemos leidģia  atlikti tikslius, kontroliuojamus 

eksperimentus, skirtus specifiniȎ lŃsteliȎ atsakȎ analizavimui. 

Ġi disertacija orientuota Ǳ biomedģiagȎ pavirġiaus optimizavimŃ ir jȎ 

biosuderinamumo gerinimŃ, taikant tikslingas modifikavimo strategijas. Tyrime 

analizuotos dvi biomedģiagos ï anoduotas Al lydinys bei polimerȎ klasei 

priklausantis polikarbonatas bei polimeras polikarbonatas (PC). PC integravimas 

Ǳ mikroskysļiȎ sistemŃ leido sukurti funkcionaliŃ platformŃ ģinduoliȎ lŃsteliȎ 

tyrimams bei stimuliacijai elektriniais impulsais.  Apraġyti sprendimai prisideda 

prie biomedģiagȎ mokslo paģangos ir atveria naujas galimybes tiek 

implantologijoje, tiek audiniȎ inģinerijoje. 
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Tyrimo tikslas ir uģdaviniai 

Disertacijos tikslas ï sistemiġkai Ǳvertinti anodine danga padengto aliuminio 

Al 6082 lydinio  ir polikarbonato biologinǱ suderinamumŃ bei lŃsteliȎ adhezijos 

savybes, siekiant nustatyti ir optimizuoti ġiȎ medģiagȎ tinkamumŃ 

biomedicininiam taikymui ir integravimŃ Ǳ mikrofiziologinň sistemŃ.  

Tyrimo uģdaviniai: 

1) ǰvertinti dviejȎ Al 6082 lydiniȎ su Al2O3 dangomis, gautȎ anoduojant  

sieros ir fosforo rȊgġļiȎ elektrolitais,  biosuderinamumŃ, cheminio stabilumŃ ir 

pavirġiaus savybes, siekiant nustatyti jȎ tinkamumŃ biomedicininiam taikymui. 

2) Chemiġkai modifikuoti porǟtŃ polikarbonato membranŃ, siekiant 

pritaikyti ġiŃ biomedģiagŃ lŃsteliȎ adhezijai ir auginimui mikroskysļiȎ sistemose. 

3) Sukurti mikrofiziologinň sistemŃ su  integruota porǟta polikarbonato 

membrana, skirtŃ impulsinio elektrinio lauko poveikio tyrimams bei 

mikroaplinkos parametrȎ stebǟsenai. 

Mokslinis naujumas 

Ġioje disertacijoje apraġyti tyrimai prisideda prie medģiagȎ bioinģinerijos 

mokslo bei pritaikymo paģangiose mikroskysļiȎ sistemose. Disertacijoje 

gilinamasi Ǳ medģiagȎ pavirġiaus optimizavimŃ, biosuderinamumŃ bei pritaikymŃ 

integruotȎ mikroskysļiȎ platformose in vitro tyrimams. Tyrimai apima dvi 

biomedģiagȎ klases ï biokeraminň aliuminio oksido (Al2O3) dangŃ ir polimerŃ 

polikarbonatŃ, kurios taikomos skirtinguose biomedicininiuose kontekstuose: 

ortopediniȎ implantȎ gamyboje ir lŃsteliȎ kultȊrai mikroskysļiȎ sistemose.  

Pirmuoju atveju tirtos biokeraminǟs dangos, gautos anoduojant pramoninǱ 

Al lydinǱ 6082, kaip potenciali biomedģiaga implantologijos reikmǟms. 

Anodavimas siȊlomas kaip alternatyva tradiciniam biokeramikȎ sinteravimui, 

kuriȎ produktai pasiģymi trapumu, o pati technologija - ribotomis formavimo 

galimybǟmis ir dideliais gamybos sŃnaudomis. Prieġingai nei milteliais pagrǱsti 

gamybos metodai, anodavimas leidģia suformuoti mechaniġkai tvirtus lydinius ir 

individualiai pritaikomus pavirġius.  

Nors pats anodavimo metodas nǟra naujas, ġiame tyrime pirmŃ kartŃ 

sistemiġkai Ǳvertintas du skirtingomis sŃlygomis anoduoti Al 6082 lydinai, 

analizuojant jȎ pavirġiaus charakteristikas bei in vitro biosuderinamumŃ. 

Vertinimas atliktas lyginant su medicininǟs klasǟs titano lydiniu. Vienas iġ 

tiriamȎjȎ mǟginiȎ pasiģymǟjo savybǟmis, leidģianļiomis jǱ priskirti 

biomedģiagoms ir potencialiai taikyti biomedicininǟs paskirties gaminiuose.  

Antroje tyrimȎ dalyje analizuotas hidrofobinio polikarbonato pavirġiaus 

modifikavimas naudojant cheminius oksidatorius ï natrio metaperjodatŃ, sieros 
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rȊgġtǱ ir piranijos tirpalŃ. Nors pastaruoju metu kiti autoriai apraġǟ panaġius 

pavirġiaus apdorojimo metodus taikant kitus reagentus, ġis pilotinis tyrimas tiria  

iġvardintȎ reagentȎ  efektyvumŃ optimizuojant lŃsteliȎ adhezijŃ mikroskysļiȎ 

sistemoje. Cheminǟs modifikacijos kartu su adhezijŃ skatinanļiomis 

molekulǟmis  ï fibronektinu, kolagenu ir poli-D-lizinu (PDL) padidina  lŃsteliȎ 

adhezijŃ ant polikarbonato pavirġiaus. SiȊlomas metodas yra technologiġkai 

prieinamesnis ir lankstesnis, nei apdorojimas plazma, todǟl iġpleļia polikarbonato 

panaudojimo galimybes mikroskysļiȎ lŃsteliȎ kultȊrȎ sistemose. 

Treļiojoje disertacijos dalyje pristatoma specialiai suprojektuota ir 

pagaminta mikrofiziologinǟ sistema (MPS), integruojanti kelias paģangias 

funkcijas Ǳ vienŃ vientisŃ platformŃ. MPS apjungia porǟtŃ polikarbonato 

membranŃ, mikrokanaluose integruotus elektrodus ir realaus laiko aplinkos 

jutiklius ï tokia konfigȊracija iki ġiol nebuvo apraġyta mokslinǟje literatȊroje 

kaip vieninga sistema. Polikarbonato membrana veikia kaip pusiau pralaidus 

barjeras taro dviejȎ lygiagreļiȎ mikrokanalȎ, sudarydama dviejȎ kompartamentȎ 

lŃsteliȎ kultȊros sŃlygas, kurias kontaktuoja per membranoje esanļias poras. 

Mikrokanaluose integruoti elektrodai leidģia lokaliai indukuoti impulsinǱ 

elektrinǱ laukŃ (IEL). Tuo tarpu deguonies ir pH jutikliai uģtikrina galimybň 

registruoti fiziologinǟs aplinkos parametrus, kas yra svarbu mikrolusto gamyboje 

naudojant dujoms nelaidģias medģiagas OSTE ir COC. Tokios MPS poreikis 

susijňs su didǟjanļio in vitro modeliȎ taikymȎ mastu, kurie tiksliai atkuria 

ģmogaus audiniȎ aplinkŃ, kas ypaļ reikalinga vaistȎ bandymams, ligȎ 

modeliavimui ir regeneracinei medicinai. ǰprastos mikroskysļiȎ platformos 

daģnai neturi galimybǟs vienu metu teikti lokalizuotus stimuliavimus ir stebǟti 

aplinkos parametrus realiuoju laiku.  

MPS modulinǟ struktȊra leidģia jŃ taikyti ligȎ modeliavimui ir vaistȎ 

testavimui, kai bȊtina dinamiġka ir kontroliuojama mikroaplinka. Atsiģvelgiant Ǳ 

ǱprastȎ mikroskysļiȎ sistemȎ ribotumus, ġioje disertacijoje pristatoma MPS ģymi 

elektrinǟs stimuliacijos, kompartmentizuotos lŃsteliȎ kultȊros ir realaus laiko 

stebǟsenos integracijŃ vienoje platformoje. Tai prisideda prie technologinio 

proverģio mikroskysļiȎ ir in vitro modeliavimo srityse.   

Ginamieji teiginiai 

1) Al 6082 lydinys, anoduotas naudojant sieros rȊgġties elektrolitŃ, gali bȊti 

priskirtas biomedģiagoms dǟl cheminio stabilumo bei biosuderinamumo savybiȎ. 

2) Polikarbonato membranos pavirġiaus cheminis oksidavimas ir 

padengimas poli-D-lizinu uģtikrina lŃsteliȎ adhezijŃ esant statinǟms ir 

dinaminǟms auginimo sŃlygomis. 
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3) Sukurta mikrofiziologinǟ sistema su porǟta polikarbonato membrana, 

elektrodais bei deguonies ir pH jutikliais, tinkanti  impulsinio elektrinio lauko 

poveikio taikymui ģinduoliȎ lŃstelǟms ir fiziologiniȎ parametrȎ stebǟsenai. 

METODIKA 

BiokeraminiȎ dangȎ tyrimas. Ti lydinio, Al lydinio bei anoduotus 

mǟginiusparuoġǟ bei struktȊrinǟs analizǟs duomenis pateikǟ dr. Tadas Matijoġius. 

Imersijos eksperimentai atlikti naudojant SBF (simuliuotas kȊno skystis) 

pagamintŃ pagal metodikŃ [47], jonȎ iġsiskyrimas matuotas induktyviai susietos  

plazmos optinǟs emisijos spektroskopija (ICP-OES) (atliko dr. Aleksei Ģarkov), 

korozijos Ǳvertinimas atliktas atliekant elektrocheminň impedanso spektroskopija 

(EIS) ir potenciodinaminǟs poliarizacijos testais (atliko dr. Asta Griguceviļienǟ). 

Mǟginiai vizualizuoti SEM (atliko dr. Auġra Selskienǟ). Vandens laġo kontaktinis 

kampas matuotas naudojant EasyDrop instrument (VU GMC). 

LŃsteliȎ auginimas, adhezijos bei gyvybingumo eksperimentai atlikti 

standartinǟmis ģinduoliȎ lŃsteliȎ auginimo sŃlygomis, iġskyrus lŃsteliȎ auginimŃ 

mikroskysļiȎ sistemoje, kuomet auginimas vykdomas pajungiant ġvirkġtinň 

pompŃ ir nuolatos leidģiant skystǱ per lŃsteliȎ auginimo kanalŃ. LŃstelǟs 

vizualizuotos ġviesiniu ir konfokaliniu mikroskopais, absorbcijŃ matuojant 

spektrofotometru ir fluorescencijŃ matuojant spektrofotometru. 

PC modifikavimui  naudota plazmos technologija, pasitelkiant deguonies 

dujas. Cheminǟ modifikacija atlikta inkubuojant membranŃ konkretaus reagento 

vonelǟje. 

 MPS gamybai naudota 3D spausdinimo technologija (atliko dr. ArȊnas 

Stirkǟ ir dr. Eivydas Andriukonis). PDMS ir OSTE medģiagos paruoġtos pagal 

standartines procedȊras. IEL eksperimentai atlikti taikant didelio galingumo 

kvadratiniȎ impulsȎ elektroporacijos metodŃ elektriniai parametrai registruoti 

osciloskopu. Deguonies koncentracijos matuotos deguonies matavimo sistema 

Oxy-4 SMA, pH matavimai ï pagal dr. Martynas Ġapurov paruoġtŃ metodikŃ. 

Statistinǟ analizǟ. Duomenys pateikiami kaip vidurkis ± standartinis 

nuokrypis (SD). Daugiafaktoriniams palyginimams naudota vienkryptǟ 

dispersinǟ analizǟ (ANOVA). P vertǟ < 0,05 buvo laikoma statistiġkai 

reikġminga.  Visi eksperimentai buvo atliekami su nepriklausomais pakartojimais 

nÓ3, siekiant uģtikrinti atkuriamumŃ ir statistinǱ patikimumŃ. 
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1. BIOKERAMINIO ALIUMINIO OKSIDO DANGȍ, 

SUSIFORMAVUSIȍ ANT ALIUMINIO 6028 LYDINIO, 

BIOSUDERINAMUMO TYRIMAI  

Ġiame skyriuje pristatomi biokeraminio aliuminio oksido (Al2O3) tyrimai. 

Dǟl savo iġskirtinio atsparumo gniuģdymui ir cheminio inertiġkumo, ġi 

biomedģiaga galǟtȎ bȊti naudojama ortopediniam protezavimui [16]. Al2O3 jau 

seniai yra naudojama dantȎ protezavimo technologijose [23].  Aliuminio oksido 

keramika paprastai gaminama iġ milteliȎ, taikant daugiaetapǱ procesŃ, apimantǱ 

mechaninǱ malimŃ, sausŃ presavimŃ, sukepinimŃ ir ekstruzijŃ aukġtoje 

temperatȊroje ir slǟgyje [25]. Vis dǟlto, aliuminio oksido trapumas, priemaiġȎ 

buvimas ir sudǟties netolygumai kelia iġġȊkiȎ gaminant implantus, ypaļ 

sudǟtingȎ formȎ ir dideliȎ gabaritȎ. Be to, jȎ gamybos procesas yra brangus ir 

ilgai trunkantis.  

Alternatyvus metodas biokeraminio aliuminio oksido gamybai yra Al 

lydinio anodavimas. Anodavimo metu suformuojamos biokeraminǟs Al 2O3 

dangos lydinio pavirġiuje. Ġioje disertacijoje analizuoti  du  Al 6028 lydinai su 

biokeraminǟmis aliuminio oksido dangomis, gautomis anoduojant fosforo ir 

sieros rȊgġties elektrolitais, ir vertintas jȎ potencialas taikymui implantologijoje. 

Buvo iġtirtos gautȎ mǟginiȎ cheminis atsparumas ir biosuderinamumas ir 

palygintos su  medicininio lygio titano lydinio savybǟmis. 

1.1 StruktȊrinǟs mǟginiȎ su biokeraminǟmis Al2O3 dangomis savybǟs 

Al 6028 lydiniu pasirinktas dǟl jo santykinai didelio stiprumo ir atsparumo 

korozijai [208]. Lydinio grynumas siekia 96.52wt %, o likusiŃ dalǱ sudaro 

legiruojantys elementai: Mg (2.28 wt %), Si (0,53wt %), Fe (0.36wt %) ir Mn 

(0.31wt %). Viso tyrimo metu gauti duomenys buvo  lyginami su neanoduotu Al 

lydiniu bei medicininǟs paskirties Ti lydiniu BT1, kurio grynumas siekia  

96.32wt%, o likusiŃ dalǱ sudaro legiruojantys elementai Mn (1.76 wt %), Al 

(1.75wt %); Fe (0.11 wt %), Si (0.06 wt%). Palyginimas su Ti lydiniu, laikomu 

biomedicininiu etalonu, leido objektyviai Ǳvertinti anoduotȎ mǟginiȎ tinkamumŃ 

biomedicininiams taikymams. Tuo tarpu palyginimas su neanoduotu Al lydiniu 

buvo atliktas siekiant nustatyti, Ǳvertinimui, kaip anodavimo procesas pakeitǟ 

medģiagos savybǟs. 
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1 pav. MǟginiȎ SEM topografija (kairǟje) esant maģam ir dideliam 

padidinimui bei vandens laġo ant mǟginiȎ pavirġiaus nuotraukos ir kampai 

(deġinǟje).  

 

Al 6028 lydinys (tekste nurodomas kaip Al lydinys) buvo anoduotas dviem 

skirtingais elektrolotais: sieros rȊgġtimi bei fosforo rȊgġtimi. GautȎjȎ mǟginiai 

pavirġiaus morfologija ir poringumo charakteristikos buvo analizuoti naudojant 

SEM nanotopografijŃ (1 pav.) ir pateikti 1 lentelǟje. Anodavimas sieros rȊgġtimi 

(tekste nurodomi kaip Al 2O3
S) suformavo storesnes anodines dangas (~60 µm) su 

siauromis nanoporomis (<20 nm), o anodavimas fosforo rȊgġtimi (tekste ģymimi 

Al 2O3
P) - plonesnes dangas (~10 µm) su didesnǟmis mikroporomis (200 nm). 

Pavirġiaus ġiurkġtumas padidǟjo lyginant su neanoduotu lydiniu, tuo tarpu Al2O3
S 

mechaninis kietumas prilygo Ti lydinio savybǟms (1 lentelǟje). 
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1 lentelǟ. BiokeraminiȎ aliuminio oksido dangȎ, gautȎ anodavus Al 6082 lydinǱ 

skirtinguose elektrolituose, charakteristikos.  

 

Mǟginiai 
Dangos 

storis, ɛm 

PorȎ 

diameteras, 

nm 

Pore tankis, 

poros/µm2 

Atstumas 

tarp porȎ, 

nm 

Porin-

gumas, 

%  

Al 2O3
S 58.4±2.3 13.7±0.1 912.0±83.8 30.9±4.4 13.5±1.4 

Al 2O3
P 8.7±1.1 177.2±15.5 19.7±4.0 284.3±29 47.6±2.4 

 

 

 
Pavirġiaus 

ġiurkġtumas, Õm 

Mechaninis kietumas 

Ǳspaudai, GPa Vickers, HV 

Al 2O3
S  1.5±0.2 4.6±0.5 279±39 

Al 2O3
P 1.5±0.1 

1.0±0.5 115±12 

Al 

lydinys  

1.3±0.1 
1.5±0.2 139±10 

Ti 

lydinys 

1.2±0.1 
nd 245±20 

 

1.2 JonȎ iġsiskyrimas ir  atsparumas korozijai 

Implantuotos biomedģiagos organizme yra veikiamios nepalankios 

korozinǟs aplinkos, kuri gali sukelti jonȎ iġsiskyrimŃ, biomedģiagos irimŃ ir 

korozijŃ [211]. Labai porǟti ir ġiurkġtȊs pavirġiai gali turǟti Ǳtakos metalȎ jonȎ 

iġsiskyrimui, ypaļ tais atvejais, kai medģiagose nǟra chemiġkai gryna. Ġiam 

poveikiui Ǳvertinti atliekami standartizuoti pagreitintos korozijos eksperimentai, 

kuomet mǟginiai inkubuojami naudojamas SBF buferyje. Ġio buferio sudǟtis yra 

tokia, kad kuo labiau atitiktȎ ģmogaus kraujo plazmos joninň sudǟtǱ [47].  

Siekiant Ǳvertinti mǟginiȎ cheminǟ stabilumŃ ir korozijŃ, buvo atlikti 1-28 dienȎ 

imersijos  eksperimentai SBF tirpale. Rezultatai atskleidǟ, kad toksiniȎ jonȎ (Fe, 

Al) iġsiskyrimas buvo veiksmingai slopinamas tiek anoduotuose mǟginiuose 

dangose. Tuo tarpu neurotoksiġko Mn jonȎ iġsiskyrimas buvo nustatytas kiek 

didesnis:  0,04 mg/l Al OS  ir 0,06 mg/l Al OP, taļiau koncentracijos iġliko 

saugiose ribose (nevirġijo 0,1 mg/l) [215]. SvarbiȎ jonȎ (Mg, Si) iġsiskyrimas 
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buvo saugus, o Si jonȎ iġsiskyrimas Al OS mǟginyje buvo padidǟjňs, kas kaip tik 

gali palengvinti biologinius procesus, pvz., osteogenezň ir lŃsteliȎ proliferacijŃ 

[219], [220]. SulfatȎ ir fosfatȎ iġsiskyrimas skirtingose mǟginiuose skyrǟsi: 

Al OS iġskyrǟ  daugiau sulfato jonȎ, kurie gali Ǳtakoti  lokalȎ vietinio 

rȊgġtingumo padidǟjimŃ.  Al OP mǟginyje fosfato iġsiskyrimas siejamas su 

hidroksiapatito susidarymo, kas taip pat skatina osteoblastȎ aktyvumŃ. 

Al lydinio ir Al 2O3 dangȎ korozinǟs savybǟs buvo tirtos naudojant 

elektrocheminň impedanso spektroskopijŃ (EIS) ir potentiodinaminǟs 

poliarizacijos testus. Rezultatai atskleidǟ reikġmingus skirtumus tarp skirtingȎ 

mǟginiȎ dangȎ atsparumo korozijai: 

1) Neanoduoto Al lydinio korozijos greitis pradģioje  didǟjo dǟl sŃveikos su 

SBF esanļiais jonais. Vis dǟlto po 28 dienȎ imersijos korozijos greitis sumaģǟjo 

iki  6.8 × 10-6 mm/metus. 

2) Al 2O3
P dangos viso imersijos laikotarpiu pasiģymǟjo didģiausiu korozijos 

greiļiu -iki 24,6×10-3  mm/metai. 

3) Al 2O3
S dangos uģtikrino geriausiŃ apsaugŃ ï po 21 dienȎ imersijos 

korozijos greitis buvo tik  1,4×10-6  mm/metai. 

4) Palyginimui, publikuoti medicininius Ti lydinio korozijos duomenys 

apie rodo gerokai prastesnǱ atsparumŃ korozijai: komerciġkai ġvaraus titano (CP-

Ti) korozijos greitis varijuoja nuo 3.54×10-2 mm/metus iki 7×10-4 mm/metus 

ǟsdintam CP-Ti [224], [225]. 

Iġ gautȎ rezultatȎ gaunama iġvada, kad Al2O3
S danga pasiģymi iġskirtiniu 

atsparumu korozijai, pranokstanļiŃ ne tik Al lydinǱ bei Al2O3
P, bet ir plaļiai 

naudojamŃ CP-Ti. Todǟl Al2O3
S dangos ġiuo aspektu bȊtȎ tinkamos 

biomedicininiȎ implantȎ panaudojimui. 

1.3 Biosuderinamumo tyrimai 

Biologinis suderinamumas yra esminis reikalavimas, kurǱ turi atitikti bet kuri 

medģiaga, norint jŃ klasifikuoti kaip biomedģiagŃ. Jis apibrǟģia medģiagos 

gebǟjimŃ sŃveikauti su biologine aplinka nepadarydamas ģalos, uģtikrinant 

funkcinǱ ir ilgalaikǱ saugumŃ. Biologinis suderinamumas nustatomas pagal 

lŃsteliȎ sŃveikŃ su pavirġiumi bei gyvybingumŃ. Ġie tyrimai leidģia sprňsti apie 

biomedģiagos biologines savybes ir jos potencialŃ integravimui Ǳ priimantǱjǱ 

audinǱ. Biosuderinamumo tyrimams standartiġkai naudojami fibroblastai, 

daģniausiai L929 lŃsteliȎ linija, dǟl savo svarbaus vaidmens  lŃsteliȎ adhezijoje, 

ģaizdȎ gijime ir tarplŃstelinio uģpildo (ECM) gamyboje.  

LŃsteliȎ saveika su mǟginiais analizuota auginant L929 lŃsteles tiesiogiai ant 

mǟginiȎ pavirġiaus. Po 24 val. inkubacijos lŃstelǟs fiksuotos ir vizualizuotos 

SEM (2 pav.). Buvo vertinama, ar lŃstelǟs vykdǟ adhezijŃ bei analizuojama jȎ 
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morfologija. Normalios fiziologijos lŃstelǟs turi pasiģymǟti trimis poģymiais: 

pailgair plokġļia formomis bei turǟti iġreikġtas filopodijas. Jei kurio nors poģymio 

trȊksta, reiġkia lŃsteliȎ fiziologiniai procesai yra sutrikň [229].  

SEM analizǟ parodǟ, kad Ti ir Al2O3
P mǟginiai turi didelǱ lŃsteliȎ kiekǱ ant 

mǟginiȎ pavirġiaus, tuo tarpu Al lydinio ir Al2O3
S mǟginiȎ kiekybinis Ǳvertinimas 

nebuvo Ǳmanomas dǟl maģo lŃsteliȎ ir mǟginiȎ kontrasto. LŃstelǟs, augintos ant 

Ti lydinio, Al lydinio ir Al 2O3
S, iġlaikǟ vienodŃ morfologijŃ:  dalis lŃstelǟs buvo 

pailgos, dalis ï plokġļios; taip pat visur buvo stebimi filopodijȎ iġsiġakojimai. 

Tuo tarpu ant Al2O3
P pavirġiaus auganļios lŃstelǟs buvo iġskirtinai tik plokġļios 

formos, o filopodijȎ iġaugos buvo maģiau ryġkios ï jos buvo arba Ǳterptos Ǳ 

pavirġiaus poras arba pasklidusios jȎ pavirġiuje, todǟl SEM vaizduose jas sunku 

vizualizuoti. Tokia lŃsteliȎ, auganļiȎ ant Al 2O3
P, morfologija rodo sutrikusius 

gyvybinius procesus, kas gali neigiamai paveikti biomedģiagos integracijŃ su 

audiniu ir jos ilgalaikǱ funkcionalumŃ [229]. Tikǟtina, kad tokia suplokġtǟjusi 

morfologija buvo nulemta pavirġiaus topografijos ir porȎ dydģio. 

  

 
2 pav. SEM vaizdai, rodantys L929 lŃsteliȎ adhezijŃ ant Ti lydinio, Al 

lydinio, Al2O3
P, ir Al2O3

S. Rodyklǟmis paģymǟtos lŃstelǟs maģo kontrasto 

nuotraukose. 
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3 pav. TiriamȎjȎ mǟginiȎ  poveikis L929 lŃsteliȎ santykiniam 

gyvybingumui: (a) bendram lŃsteliȎ augimui, Ǳskaitant ir adhezijŃ ir proliferacijŃ; 

(b) proliferacijai. Vienkryptǟ ANOVA analizǟ neparodǟ statistiġkai reikġmingȎ 

skirtumȎ: a) p=0,61 ir b) p=0,66.  

 

MǟginiȎ  citotoksiġkumas buvo vertintas  pagal L929 lŃsteliȎ mitochondrinǱ 

aktyvumŃ po 24 val. inkubacijos su mǟginiȎ ekstraktais. Ekstraktai gauti po  

tiriamȎjȎ mǟginiȎ inkabacijos 4 dienas augimo terpǟje. Analizuoti du aspektai: 

ekstraktȎ Ǳtaka bendram gyvybingumui, Ǳskaitant lŃsteliȎ adhezijŃ bei 

proliferacijŃ, bei Ǳtaka konkreļiai lŃsteliȎ proliferacijai. Rezultatai parodǟ, kad 

visȎ tirtȎ mǟginiȎ poveikis lŃsteliȎ gyvybingumas siekǟ 96-105%, taļiau 

reikġmingȎ skirtumȎ tarp mǟginiȎ nenustatyta (p>0,05) (3 pav.).  Gauti rezultatai 

leidģia teigti, kad tirti mǟginiai nepasiģymi citotoksiġkumu trumpalaikiame  24 

val. eksperimente.   

1.4 BiokeraminiȎ dangȎ biosuderinamumo apibendrinimas 

Biologinis suderinamumas labai priklauso nuo biomedicininiȎ medģiagȎ 

pavirġiaus ir metalȎ jonȎ iġsiskyrimo, korozijos, kurie  atlieka svarbȎ vaidmenǱ 

lŃsteliȎ adhezijoje, gyvybingume ir integracijoje. Buvo tirti du mǟginiai, gauti 

anoduojant Al 6028 lydinǱ su sieros ir fosforo rȊgġties elektrolitais,Ǳvertinant jȎ 

potencialŃ panaudojimui biomedicinoje. Apibendrinti rezultatai kartu Ti lydinio 

charakteristikomis pateikti 2 lentelǟje. Duomenys parodǟ, kad nanoporǟtas 

Al 2O3
S pasiģymi geromis biosuderinamumo savybǟmis: Al2O3

S mǟginys 

efektyviai slopina toksiġkȎ jonȎ iġsiskyrimŃ, pasiģymi puikiu atsparumu 

korozijai, ir palankiomis sŃlygomis lŃsteliȎ adhezijos bei gyvybingumo 

savybǟmis. Tuo tarpu mikroporǟta Al2O3
P danga, nors ir slopina jonȎ iġsiskyrimŃ, 

taļiau pasiģymi didesniu korozijos greiļiu bei demonstruoja sutrikusias lŃsteliȎ 
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gyvybines funkcijas sprendģiant pagal lŃsteliȎ morfologijŃ. Ġie rezultatai 

tiesiogiai pagrindģia ginamŃjǱ teiginǱ, kad Al 6082 lydinys, anoduotas 

naudojant sieros rȊgġties elektrolitŃ, gali bȊti priskirtas biomedģiagoms. 

 

2 lentelǟ. Biomedģiagoms reikġmingos Al 2SO3
S, Al2SO3

P, and Ti lydinio savybǟs 

Savybǟ 

 

Al 2SO3
S 

(anoduota sieros 

rȊgġtimi) 

Al 2SO3
P 

(anoduota 

fosforo rȊgġtimi) 

Ti lydinys 

(medicininis) 

Pavirġiaus 

struktȊra 

Nanoporos 

(palaiko adhezijŃ) 

Mikroporos Tankus 

Kietumas/ 

patvarumas 

Aukġtas 

 

Ģemas 

 

Aukġtas 

 

JonȎ 

iġsiskyrimas: 

Fe ir Al 

Nǟra Nǟra Nǟra 

JonȎ 

iġsiskyrimas: 

Mn 

0.04 mg/L 

(saugus) 

0.06 mg/L 

(aukġļiausias; dar 

saugus) 

Ģemiausias 

JonȎ 

iġsiskyrimas:  

Si ir  Mg 

Ģemas 

(biologiġkai 

palankus) 

 

Ģemas 

 

Nǟra 

Hydroxiapatito 

formavimasis 

 

Minimalus 

 

 

Iġreikġtas 

 

Nǟra 

Atsparumas 

korozijai 

 

Puikus 

 

 

Ģemas 

 

Puikus 

 

LŃsteliȎ  

morfologija 

 

Plokġļios ir 

pailgos 

 

Plokġļios 

 

 

Plokġļios ir 

pailgos 

LŃsteliȎ 

gyvybingumas 

(trumpalaikis) 

 

Aukġtas 

 

 

Aukġtas 

 

 

Aukġtas 

 

Biomedicininis 

tinkamumas 

Perspektyvus 

kandidatas 

implantams 

Nerekomenduoja

mas  implantams 

Standartinǟ 

klinikinǟ 

medģiaga  

 

2. POLIKARBONATO  OPTIMIZAVIMAS LłSTELIȍ ADHEZIJAI 

Polikarbonatas (PC) yra  antroji  ġioje disertacijoje tyrinǟjama biomedģiaga, 

pasirinkta dǟl jo potencialaus panaudojimo mikroskysļiȎ sistemose, skirtose 
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lŃsteliȎ auginimui. PorǟtŃ PC membrana integruota Ǳ disertacijos metu gamintŃ 

mikrolustŃ (ģr. 3. skyriȎ). Mikroluste PC membrana atlieka dvejopŃ funkcijŃ: yra 

pavirġius lŃsteliȎ adhezijai, tuo paļiu yra du lygiagreļius mikrokanalus atskirianti 

pertvara. Porǟta membrana leidģia molekulinius mainus tarp mikrokanalȎ, tuo 

paļiu iġlaikydama erdvinius lŃsteliȎ populiacijȎ atskyrimus. Todǟl membrana yra 

esminis mikrolusto komponentas. 

PC yra plaļiai pripaģǱstamas dǟl savo palankiȎ fizikiniȎ ir cheminiȎ savybiȎ, 

Ǳskaitant skaidrumŃ, mechaninǱ stiprumŃ, maģŃ svorǱ, elektrinň izoliacijŃ ir 

atsparumŃ karġļiui, ir yra klasifikuojamas kaip biomedģiaga. Tarp ǱvairiȎ PC 

formȎ mikroǱrenginiams ypaļ tinka porǟtos PC membranos.  Taļiau PC turi 

svarbȎ trȊkumŃ: jo pavirġius yra hidrofobinis, chemiġkai inertiġkas, neturi 

funkciniȎ grupiȎ, reikalingȎ efektyviam lŃsteliȎ prisijungimui [236], [237]. Tai 

kelia iġġȊkius lŃsteliȎ auginimo tiesiogiai ant  PC. Be papildomo pavirġiaus 

modifikavimo, PC membrana nesukuria biologinǟs palankios aplinkos lŃsteliȎ 

prisijungimui ir augimui. 

2.1 PC membranai bȊdingos adhezinǟs savybǟs 

Siekiant iġsiaiġkint PC membranos adhezines savybes, atlikti trys lŃsteliȎ 

adhezijos eksperimentai naudojant:  

1) nemodifikuotas membranas su PBS arba FBS - gauta itin menka lŃsteliȎ 

adhezija, - prie membranos pavirġiaus prisitvirtino maģiau nei 3% CHO-K1 

lŃsteliȎ.  

2) membranas padengtas PDL  - adhezija padidǟjo iki 24%.  

3) deguonies plazma modifikuotas membranas, po kurio padengtos PDL ï 

uģtikrino itin aukġtŃ adhezijos lygǱ - iki 94% prisikabinusiȎ lŃsteliȎ (4 pav.). 

Gauti duomenys rodo, kad PC membranȎ pavirġiaus oksidacija reikġmingai 

gerina jȎ tinkamumŃ lŃsteliȎ adhezijai, pabrǟģdami ġio modifikavimo svarbŃ 

taikant PC membranas biologinǟse sistemose. 
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4 pav. PrisikabinusiȎ CHO-K1 lŃsteliȎ kiekis ant PC membranos, Ǳvertintas 

esant trims pavirġiaus apdorojimo sŃlygoms: PBS arba FBS ï kontrolinǟ grupǟ; 

PDL ï membrana padengta  PDL; P + PDL ï PC apdorota plazma, po kurios sekǟ 

PDL padengimas. 

2.2 PC membranos cheminis modifikavimas 

Atsiģvelgiant Ǳ plazmos sukeltos oksidacijos grǱģtamŃjǱ pobȊdǱ [129], PC 

modifikavimui buvo naudojami cheminiai oksidatoriais; natrio metaperjodatas 

(NaIO4, 0,117 M), sieros rȊgġtis (10%) ir piranijos tirpalas (10%) ï visi ġie 

reagentai yra gerai ģinomi polimerȎ pavirġiaus oksidacijai. ReagentȎ 

pasirinkimas ir jȎ koncentracijos buvo grindģiamos bȊtinybe iġlaikyti 

suderinamumŃ su kitais mikrolusto komponentais, ypaļ OSTE ir COC, kurie yra 

jautrȊs agresyvioms cheminǟms medģiagoms. 

NaIO4 yra kristalinǟ neorganinǟ druska ir stiprus oksidatorius, plaļiai 

naudojamas organinǟje ir polimerȎ chemijoje medģiagȎ funkcionalizavimui 

[260].  

Sieros rȊgġtis (H2SO4) yra stiprus oksidavimo reagentas, kuris didelǟje 

koncentracijoje gali sukelti visiġkŃ ǱvairiȎ medģiagȎ, tame tarpe PC, degradacijŃ 

[241]. Ġiame tyrime buvo naudojamas 10% sieros rȊgġties tirpalas, nes tokia 

koncentracija nesukelia PC ir kitȎ polimeriniȎ komponentȎ mikroluste skilimo. 

Paģymǟtina, kad OSTE - polimeras, naudojamas mikrolusto gamyboje, yra 

atsparus sieros rȊgġļiai tik iki 10%.   Todǟl buvo daroma prielaida, kad 10% 

sieros rȊgġties tirpalas gali bȊti pakankamas PC membranos pavirġiaus 

modifikacijoms sukelti.  

Piranijos tirpalas  taip pat yra stiprus oksidatorius, susidarantis iġ H2SO4 

and H2O2, ir yra stipresnis uģ sieros rȊgġtǱ. Piranijos tirpale sieros rȊgġties ir 

vandenilio peroksido tȊrio santykis paprastai svyruoja nuo 3:1 iki 5:1. Ġiame 

tyrime buvo naudojamas 10% Piranijos tirpalas dǟl tos paļios prieģasties kaip ir 
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sieros rȊgġtis: sieros rȊgġties koncentracija, didesnǟ nei 10%, sugadina kitus 

mikrolusto polimerinius komponentus.  

Po cheminǟs membranȎ modifikacijos iġmatuoti vandens laġo kontaktiniai 

kampai, kad Ǳvertinimui, ar pakito hidrofiliġkumas. Pagal gautus rezultatus, 

modifikuotos membranos kurie  reikġmingai nesiskyrǟ nuo nemodifikuotos (5 

pav.). Iġmatuoti kontaktiniai kampai buvo 78Ñ8Á naudojant NaIO4, 75±1° H2SO4 

atveju ir 75Ñ7Á naudojant Piranijos tirpalŃ (8 pav.). Nǟ vienas iġ jȎ neparodǟ 

reikġmingo hidrofiliniȎ savybiȎ padidǟjimas palyginti su neoksiduotu PC, kurio 

kontaktinis kampas buvo 84±2° (*p>0,05, Tukey HSD post-hoc testas po 

vienkryptǟs ANOVA). Ġie rezultatai skatina toliau svarstyti, ar cheminio 

oksidavimo metodai gali veiksmingai pakeisti pavirġiaus savybes, svarbias 

biologinǟs funkcijoms, Ǳskaitant lŃsteliȎ adhezijŃ.  

 

 
5 pav. ModifikuotȎ PC membranȎ hidrofiliġkumas po cheminio 

modifikavimo.  

2.3 LŃsteliȎ adhezija ant modifikuotȎ PC membranȎ 

PC membranos cheminǟs modifikacijos poveikis lŃsteliȎ adhezijai tirtas 

auginant SK-MEL-28 lŃstelǟs ant modifikuotȎ bei padengtȎ PDL membranȎ. 

Rezultatai parodǟ reikġmingai didesnň lŃsteliȎ adhezijŃ ant modifikuotȎ pavirġiȎ 

(iki 95%), lyginant su nemodifikuota kontrole (24%). Statistinǟ analizǟ patvirtino 

visȎ modifikacijȎ efektyvumŃ (p<0,005) (6 pav.). 
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6 pav. PC membranos modifikacijȎ Ǳtaka SK-MEL-28 lŃsteliȎ adhezijai. 

Plazma apdorotos PC membrana paģymǟta P. 

 

Siekiant nustatyti, ar cheminǟ PC modifikacija yra tinkama ir mikroskysļiȎ 

sistemoje, atliktas eksperimentas su sukonstruotu mikrolustu (ģr. ģemiau). PC 

membrana buvo modifikuota mikrolusto viduje, bei padengta PDL. U2OS 

lŃstelǟs buvo suleistos Ǳ paruoġtŃ mikrokanalŃ ir paliktos prisitvirtinti be tǟkmǟs 

per naktǱ. SekanļiŃ dienŃ paleistas skysļio tekǟjimas pradedant nuo 0,08 dyn/cm2 

ġlyties Ǳtempio. 

Ġlyties Ǳtempis yra pagrindinǟ mechaninǟ jǟga, veikianti lŃsteles tǟkmǟs 

sŃlygomis, ir kuri  Ǳtakoja ǱtakŃ lŃsteliȎ adhezijŃ, morfologijŃ ir signalȎ 

perdavimŃ. Nors U2OS lŃsteliȎ linija kilusi iġ kaulinio audinio vǟģiniȎ lŃsteliȎ, 

jos patiriama fiziologinis ġlyties Ǳtempis nǟra nustatyta. Todǟl orientaciniu 

atskaitos taġku galima laikyti fiziologinǱ mezenchiminiȎ lŃstelǟs ġlyties ǱtempǱ, 

susidaranļiŃ dǟl intersticinio srauto. Intersticinis srautas ï tai lǟtas skysļio 

judǟjimŃ per ECM, konkreļiai per skysļiu uģpildytas erdves, vadinamas 

intersticinǟmis erdvǟmis. Ġis srautas sukelia maģŃ ġlyties ǱtempǱ, paprastai 

Ò0,1 dyn/cm2 [245], [246]. 

Viso dviejȎ savaiļiȎ eksperimento metu ġlyties Ǳtempis buvo dvigubinamas 

kasdien iki 0,64 dyn/cm2. Iki kol buvo pasiektas 6 kartus didesnis nei fiziologinis 

ġlyties Ǳtempis. Eksperimento metu U2OS lŃstelǟs iġliko nepakitusios, 

formuodamos vis tankesnǱ monosluoksnǱ, bei iġlaikydamos adhezijŃ (7 pav.). Tai 

rodo, kad piranijos tirpalu modifikuota PC membrana kartu su adhezijŃ 

palaikanļiu PDL, uģtikrina stabiliŃ lŃsteliȎ adhezijŃ net ir esant nuolatiniam 

skysļio tekǟjimui. 
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7 pav. U2OS lŃsteliȎ adhezija mikrokanale ant oksiduotos PC membranos, 

apdorotos piranijos tirpalu ir padengta PDL. LŃsteliȎ adhezija parodyta (a) 

eksperimento pradģioje statinǟmis sŃlygomis ir (b) eksperimento pabaigoje esant 

0,64 dyn/cm2 ġlyties Ǳtempiui. 

2.4 PC pavirġiaus modifikacijȎ  siekiant pagerinti lŃsteliȎ adhezijŃ 

aptarimas 

Gauti duomenys rodo, kad pavirġiaus oksidacijos metodai yra veiksmingi 

gerinant PC membranos gebǟjimŃ palaikyti lŃsteliȎ adhezijŃ. Nors plazminis 

apdorojimas leidģia greitai Ǳvesti deguonies turinļias funkcines grupes, jo 

poveikis yra trumpalaikis dǟl pavirġiaus senǟjimo. Tuo tarpu cheminǟs 

modifikacijos, naudojant NaIO4, H2SO4 ir piranijos tirpalŃ, uģtikrino stabilȎ ir 

ilgalaikǱ pavirġiaus aktyvumŃ bei suderinamumŃ su mikrolusto gamybos 

procesais. Cheminǟ PC membranos modifikacija kartu su adhezijŃ 

skatinanļiomis molekulǟmis pagerino lŃsteliȎ adhezijŃ 4,3 kartus NAIO4 atveju, 

3,2 kartus H2SO4 atveju ir 4.3 karto piranijos tirpalo atveju. Tuo tarpu mikroluste 

esanti PC membrana buvo modifikuota piranijos tirpalu bei padengta PDL 

molekulǟmis ï tokia modifikacija leido U2OS lŃstelǟms iġlaikyti adhezijŃ net 

esant 6 kartus didesniam bnei fiziologinis ġlyties Ǳtempis. 
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3. MIKROFIZIOLOGINǞ SISTEMA  SU INTEGRUOTA PC 

MEMBRANA LłSTELIȍ ATSAKO ǰ IMPULSINIO ELEKTRINIO 

LAUKł TYRIMAMS 

3.1 MPS konstrukcija ir mikrolustas 

Disertacijos metu sukonstruota MPS (8 pav.), kuriŃ sudaro pagrindinis 

komponentas mikrolustas, papildomas MPS laikiklis su Ǳmontuotais pH jutikliȎ 

ir deguonies jutikliȎ komponentais. Mikrolusto kanale yra integruoti elektrodai 

bei deguonies sensoriai. Ġis kanalas turi integruotŃ porǟtŃ PC membrana, kuri 

padalina kanalŃ Ǳ du lygiagreļius mikrokanalus (9 pav.). Mikrolusto gamyba 

paremta OSTE technologija [175], turinti du pagrindinius privalumus:  

1) Mikrolustas yra pagamintas naudojant minkġtŃjŃ litografijŃ, todǟl galima 

lengvai keisti kanalȎ geometrijŃ, elektrodȎ skaiļiȎ ir padǟtǱ pagal konkreļius 

poreikius. 

2) Naudojant COC, OSTE, paġalinamos neigiamos PDMS savybǟs, pvz., 

molekulinǟ absorbcija, dujȎ prasiskverbimas ir kanalȎ deformacija. 

 
8 pav. (a) MPS prototipas ir (b) schematinis MPS skerspjȊvis ir atraminio 

Ǳtaiso dekompozicija.  

 

 

9 pav. Mikrokanalo skerspjȊvio vaizdas ties elektrodais. 
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3.2 Elektrinio lauko mikroluste modeliavimas 

 Sukonstruotos MPS paskirtis ï IEL lauko tyrimai su ģinduoliȎ lŃstelǟmis. 

Norǟdami Ǳvertinti, kokiŃ ǱtakŃ daro integruota porǟta membrana elektrinio lauko 

pasiskirstymui, atliktas matematinis modeliavimas. Paaiġkǟjo, kad elektrinis 

laukas mikrokanaluose pasiskirstňs beveik tolygiai ir siekia maģdaug 9 kV/cm, 

kai kanale be membranos elektrinis laukas siekǟ 10 kV/cm. Tuo tarpu 

tiesmembrana elektrinis laukas buvo sustiprintas maģdaug 2 kartus, o membranos 

porose ï 4 kartus (10 pav.).  

 

 
 

10 pav. Elektrinio lauko pasiskirstymo mikroluste vizualizacija, imituota 

naudojant COMSOL Multiphysics, su membrana, kurios porȎ dydis yra 3 Õm, o 

poringumas ï 21,2 %. Pritaikius 800 V ǱtampŃ, kanale be membranos susidaro 10 

kV/cm elektrinis laukas. SpalvȎ gradientas iliustruoja elektrinio lauko stiprumŃ 

kV/cm, o raudoni trikampiai rodo elektrinio lauko kryptǱ.  

3.3 LŃsteliȎ gyvybingumas ir pralaidumas po elektroporacijos 

Siekiant patvirtinti MPS tinkamumŃ tirti IEL poveikǱ lŃstelǟms, buvo atlikti 

suspensiniȎ lŃsteliȎ elektroporacijos eksperimentai. Tyrimai buvo atliekami 

dviem reģimais: sustabdytos ir nuolatinǟs tǟkmǟs.  Ġie eksperimentai atlikti su C6 

lŃsteliȎ suspensija naudojant  0ï10 kV/cm stiprumo elektriniu laukŃ, 100 Õs 

trukme ir 1 Hz daģnǱ. Elektroporacijos efektyvumas yra vertinamas pagal lŃsteliȎ 

gyvybingumŃ bei lŃsteliȎ membranos permeabilizacija po IEL poveikio. 
















