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Abstract 

Engineered biomaterials with topographical features of micron- and sub-micron-scale are designed to 

mimic the in vivo functions of extracellular matrix (ECM) to promote desirable biological changes by 

manipulating the behaviors of cells. We investigated three newly developed silicon oxide-based 

substrates, and their effect on the alignment behavior of biological cells. All substrates were fabricated 

using a technologically advanced integrated circuit (ICs) based technique of chemical-mechanical 

polishing (CMP). These substrates are not intended for biological applications.  

Chapter 3 investigates the ability of a novel two-dimensional (2D) tungsten (W) and silicon oxide 

(SiO2) micron and sub-micron scale patterned substrates to influence the alignment behavior of cells 

under different experimental conditions of (1) symmetry of the substrates comb structures, (2) cell type, 

(3) incubation time, and (4) serum-content in the culture media.  

Results from the pattern-dependent cell behavior indicate that adherent cells on 10 μm  line widths 

symmetric comb structures (equal W and SiO2 parallel lines) exhibited the highest alignment 

performance; on which, ~54±3 % of Vero cells and ~70±4 % of prostate cancer (PC-3) cells oriented 

themselves within ±10° in parallel to the W lines y-axis. A time-course study to understand the pattern-

dependent cell behavior indicated that after ~36 hours of incubation, cells reached a peak alignment rate 

of ~67±7 %. Additionally, we assessed a culture media-dependent Vero cells alignment on 10 μm line 

widths symmetric comb structures. Three different culture media were used, the baseline medium with 

fetal bovine serum (FBS), serum-free medium (SFM), and SFM supplemented with FBS. Results indicate 

that ~85±1 %, ~40±6 % and ~76±4 % of cells were oriented within ±10° parallel to the W lines y-axis, 

respectively. Results indicate that the alignment behavior of cells on symmetric comb structures is (1) W 

line width dependent, (2) incubation time-dependent, and (3) serum-dependent. Cells on 10 μm W lines 

width symmetric comb structures exhibited the highest alignment performance within ±10˚ parallel to the 

W lines y-axes. However, on asymmetric comb structures with unequal width of parallel W and SiO2 

lines, results indicate that the alignment of Vero cells is SiO2 line width-dependent, rather than W line 

width. 

A mathematical model was developed to understand and predict the geometry-dependent cell behavior 

on both symmetric and asymmetric comb structures. Results indicate that experimental and models are 

consistent.   

Furthermore, we investigated the effect of antimycin A, a bacterial toxin, in the culture media on the 

alignment behavior of human dermal fibroblast (GM5565) cells on the same 2D W/SiO2 substrates. 
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Results revealed that ~68±2 %, and ~37±5 % of GM5565 cells oriented themselves within ±20° parallel 

to the W lines y-axis, with and without the presence of antimycin A in the culture media, respectively. 

Findings demonstrate the adverse effect of antimycin A in the culture media on the alignment behavior of 

cells.      

Chapter 4 investigates the effect of single-species protein (human and bovine serum albumin (HSA, 

and BSA), fibronectin (FN), vitronectin (VN), and collagen (Col-IV)), and FBS on the alignment 

behavior of mammalian Vero cells. Two experimental pathways were conducted, and single species 

proteins or FBS were used as (a) supplement for SFM, and (b) pre-adsorbed on the substrates prior to 

seeding the cells. Results indicate that protein as a supplement for the SFM, rather than pre-adsorbed, 

induced higher cell alignment.  

Chapter 5 investigates the effect of a novel three-dimensional (3D) substrate of tantalum (Ta) trenches 

and SiO2 (lines) fabricated to mimic the in vivo effect of ECM in inducing a preferential cell alignment. 

The results of pattern-dependent cell alignment indicate that ~91±3 % of cells on 10 μm trench’s width 

comb structure, oriented themselves within ±10° parallel to the Ta trenches’ y-axis. This was 

hypothesized by higher selective adhesion to Ta (trenches’ sidewalls and bottom included) rather than 

SiO2.  

Chapter 6 investigates the effect of a novel 3D monolithic substrate of Ta lines and trenches on the 

alignment behavior of Vero cells as a function of topography. The substrate was developed to isolate the 

effect of materials (Ta) from the 3D Ta/SiO2 substrate developed and investigated in Chapter 5. Results 

indicate that ~72±9 % of cells on the 10 μm trench width Ta comb structure, oriented themselves within 

±10° parallel to the Ta trenches’ y-axis. The decrease in cell alignment on the 3D Ta monolithic substrate 

in comparison to the 3D Ta/SiO2 substrate is attributed to the Ta effect on cell alignment.   
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Chapter 1 

Introduction 

1.1 Thesis Background 

Researchers design engineered biomaterials with the objective of creating extracellular matrix (ECM) like 

micron and sub-micron scale structures that can mimic the impact of extracellular matrix on prompting 

desirable biological changes (Biggs et al., 2007; Anselme and Bigerelle, 2005; Cukierman, Pankov, and 

Yamada, 2002; Cousins et al.; 2004; Dalby et al.; 2002). These changes may include, but are not limited 

to, change in the morphology of cells, cytoskeletal organization, adhesion, migration, proliferation, and 

differentiation (Ning et al., 2016; Kim et al., 2006; Hasirci and Kenar, 2006). Many researchers agree that 

the biological functions of cells are topographical features and are size-dependent; thus, a slight change in 

the size of the topographical features could lead to unexpected changes in the results (Gong et al., 2015; 

Biggs et al., 2007; Cousins et al.; 2004; Dalby et al.; 2002). Many studies argue that this is a simplistic 

approach to a much-complicated problem (Khalili and Ahmad, 2015; Gong et al., 2015; Ryoo et al., 

2010). This debate is extensively addressed in the literature (Khalili and Ahmad, 2015; Martino et al., 

2012; Rabe, Verdes, and Seeger, 2011), where researchers indicate that growing healthy biological cells 

in vitro conditions is a complex process that involves highly controlled environment and parameters, 

which are (1) physical (biomaterials or substrates), (2) chemical (biomolecules or culture media), and (3) 

source or cells. Enhancing in vitro behaviors of cells requires a deep understanding of the individual 

effect of each of the previously-mentioned environments, and the potential interactions among the three 

of them on inducing the desirable change in the behavior of cells (Huang, Antensteiner, Liu, Lind, and 

Vogler, 2016; Lv et al., 2015; Khalili and Ahmad, 2015; Martino et al., 2012; Rabe et al., 2011; 

Hakkinen, Harunaga, Doyle, and Yamada, 2011).  

The thesis is written based on data from four published manuscripts (Moussa et al., 2017; Moussa et 

al., 2018a; Moussa et al., 2018b; Tsui, Logan, Moussa, and Aucoin, 2019), and supplemented with 

supportive data from manuscripts under review and unpublish data.    

1.2  Thesis Motivation 

The ability to manipulate biological behaviors of cells on engineered biomaterials and the associated 

benefits are undisputable (Sung, Yang, Yeh, and Cheng, 2016; Qi, et al., 2013; Yim et al., 2010; Anselme 

et al., 2010; Yang, et al., 2009), and it is extensively assessed and studied in literature (Ning et al., 2016; 

Gong et al., 2015; Kolind et al., 2010). Nevertheless, the mechanisms at which these changes happen are 
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complex, and often reliant on a broad variety of factors such as surface roughness (Carré and Lacarrière, 

2010; Qu et al., 2007; Oshida and Lim, 2001), surface contact angle (Huang, et al., 2012; Kao, et al., 

2010; Valamehr et al., 2008), geometrical features (Lv et al., 2015b; Anselme et al., 2010; Stevenson and 

Donald, 2009), and protein type (Rapuano and MacDonalda, 2011; Wilson, Clegg, Leavesley, and Pearcy, 

2005; Vaidya and Ofoli, 2005). The above-reviewed literature reported engineered substrates fabricated 

using materials, such as silicon (Seo et al., 2017; Choi, Alford, and Honsberg, 2015; Mann et al., 2012), 

silicon oxide (Delivopoulos et al., 2015; Hashimoto and Imazato, 2015; Teixeira, McKie, Foley, Bertics, 

and Nealey, 2006), polymers such as polystyrene (Biazar, Heidari, Asefnezhad, and Montazeri, 2011; Hu 

et al., 2014), polyvinyl alcohol (Nakamoto, Wang, Kawazoe, and Chen, 2014), polydimethylsiloxane – 

PDMS (Cheng, LeDuc, and Lin, 2011), hydrogel (Aubin et al., 2010), polycarbonates (Fujita, Ohshima, 

and Iwata, 2009), and protein patterns (Joo et al., 2016; Poudel, Lee, Tan, and Lim, 2013), with the 

exception of few scholars who discussed substrates fabricated using metals and metal oxides such as 

aluminium oxide (Hashimoto and Imazato, 2015), nickel and palladium (Jahed et al., 2014), and titanium 

(Anselme and Bigerelle, 2005; Huang et al., 2004). Nevertheless, no literature addressed neither two-

dimensional (2D) nor three-dimensional (3D) (metal and SiO2)_substrates. The studies mentioned above 

focus on inducing the desirable change in the behavior of cells as a result of external mechanical stimuli, 

mainly surface roughness. Rupp et al. (2018), Lin et al. (2014), Shibata and Tanimoto (2015), Rosales-

Leal et al. (2010), and Huang et al. (2004) reported  a minimum surface roughness of 0.05 μm required to 

stimulate the initial cell-substrate interaction in vitro (e.g., on surgical implants) and thus, all subsequent 

cellular functions. An exception is one research group that successfully fabricated silicon and nano-

porous silicon one-dimensional substrate with an average roughness of 0.2 and 1.1 nm, respectively 

(Muñoz-Noval et al., 2012; Torres-Costa et al., 2012). Nevertheless, the substrates were fabricated using 

techniques that is not scalable, and may not be suitable for all materials. Moreover, the range of line 

widths studied in the previously mentioned studies was often restricted to within two orders of magnitude 

and to topographies at a micron scale. The previously evaluated literature assessed the behaviors of cells 

that adhered to uniform substrates (either with or without topographical features), but never concurrently, 

and on the same surface with varied topographical features, specially textured and un-textured (flat) 

surfaces, or lines/groves vs. flat surfaces (Lamers et al., 2010; Yang et al., 2009; Fujita et al., 2009; 

Loesberg et al., 2007). Furthermore, substrates with micro and nano topographies undergo interactions 

between and among them. To name few; Van der Waals (Rance, Marsh, Bourne, Reade, and Khlobystov, 

2010), photo-induced magnetic forces (Guclu, Tamma, Wickramasinghe, and Capolino, 2015) and self-

organization forces (Pohl et al., 1999). These forces may influence nanostructures (e.g., nanowires) to the 
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cluster, especially if the spacing is insignificant. These factors, in addition to others, may restrict the 

fabrication of nanoscale structures with high precision and small spacing. Additionally, the delicate nature 

of the reviewed substrates in terms of mechanical dependability and sensitivity make them hard to be 

reworked, reused, and cleaned without altering the topographical geometries and hindering their 

effectiveness (Jahed et al., 2014). 

Thus, the motivation of this thesis is to address the limitations identified in the above-reviewed 

literature, using three newly developed silicon-based substrates that were fabricated using an advanced 

fabrication technique of chemical-mechanical polishing (CMP). These substrates were developed initially 

to be used as integrated circuits and not intended to be used for biological applications. The three 

substrates are (i) two-dimensional (2D) tungsten (W) and silicon oxide (SiO2) substrate of micron and 

sub-micron scale tungsten lines inlaid in silicon oxide film; (ii) three-dimensional (3D) tantalum (Ta) and 

silicon oxide (SiO2) micron and sub-micron scale of parallel SiO2 lines and Ta trenches (sidewalls and flat 

bottoms) comb structures; and (iii) three-dimensional (3D) silicon oxide (SiO2) comb structures with 

parallel lines and trenches coated with a thin layer of tantalum (Ta). The comb structures have parallel 

lines and trenches with equal width, fabricated with high precision in terms of dimensions and surface 

roughness. The width of the parallel lines and lines/trenches in each comb structure is equal and varies in 

the range of 0.18 to 100 μm. Thus, this thesis covers more than three orders of magnitude of comb 

structures and lines / trenches with widths from nano- to micro- scale and is believed to be the broadest 

range assessed by one research. The surface roughness of silicon oxide, tungsten and tantalum were 

measured to be ~0.01 nm, ~0.44 nm, and ~0.5 nm, respectively. In comparison to substrates with 

conventional topographical features, the two-dimensional (2D) W/SiO2  micron and sub-micron scale 

patterned substrates can be easily cleaned and reworked by simple means, as this thesis will discuss and 

illustrate in Chapter 3. Furthermore, the three-dimensional tantalum-based monolithic substrates provide 

the opportunity to observe and characterize the behavior of cells when adherent simultaneously on two 

substrates with different topographies, mainly flat and comb structures.  

1.3 Hypotheses  

Hypothesis I: if biological cells are deposited and incubated on the newly developed 2D W/SiO2 

substrates, the micron and sub-micron scale patterned structures will cause a preferential cell adhesion by 

attracting the adherent cells to targeted locations of W lines, and the unique designs of the symmetric and 

asymmetric comb structures would induce the desired change in the alignment of cells. The latter is 

hypothesized by a pattern-dependent, time-dependent, and serum-dependent cell behavior. The 
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preferential cellular behavior of adherent cells on tungsten lines could be driven by higher surface energy 

and roughness of tungsten in comparison to silicon oxide lines. A mathematical model is developed to 

understand and predict the observed cell geometry-dependent behavior.  

Hypothesis II: if biological cells are deposited and incubated on the newly developed 3D Ta/SiO2 

substrates, a preferential change in the behavior adherent cells will be observed driven a higher selective 

adhesion to tantalum rather than silicon oxide.   

1.4 Thesis Objectives 

This thesis aims to explore the potential applications of newly developed 2D and 3D substrates in 

manipulating behaviors of biological cells. These novel substrates are fabricated using chemical-

mechanical polishing (CMP), a technologically advanced industrial fabrication technique mainly used to 

produce integrated circuits for the semiconductor industry. The objectives of this thesis are:  

1. Developing and investigating the effect of a novel 2D tungsten and silicon oxide micron and sub-

micron scale patterned substrate on the behavior of cells in the absence of external mechanical stimuli. 

Herein, the focus is on the effect of the material composition of the substrate (W vs. SiO2) on the 

behavior of cells.  

2. Developing and investigating the impact of a new 3D tantalum and silicon oxide micron and sub-

micron scale patterned substrate on the behavior of cells as a function of surface topographical features 

(lines vs. ditches), and the materials composition of the substrate (Ta vs. SiO2).   

3. Isolating the material effect - addressed in objective 2- from the 3D Ta/SiO2 micron and sub-micron 

patterned scale substrate by developing a novel monolithic 3D substrate of thin-film tantalum-coated 

silicon oxide lines and trenches to investigate the potential to manipulate the behavior of cells. This 

objective considers the effect of surface topographies only, in comparison to the effect of materials 

and topography in objective 2.  

The comprehension and outcomes attained from this work will be useful for the discovery of (i) a new 

generation of highly durable, reusable, and active synthetic (SiO2 and metal) substrates that can mimic the 

functions of extracellular matrix in vitro, and (ii) promising applications of thin film tantalum coatings for 

the improvement of the biocompatibility and bioactivity performances of surgical implants.  
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1.5 Thesis Structure 

This thesis comprises of seven chapters, and four appendixes organized as follows:  

Chapter 1 is intended to provide an introduction to this thesis and includes background, motivation, 

objectives, and thesis structures and chapters. Chapter 2 introduces the necessary literature review that is 

critical to understanding the experimental results presented in the subsequent chapters of this thesis. 

Chapter 3 presents a novel two-dimensional tungsten and silicon oxide micron and sub-micron scale 

patterned substrate. The 2D micron and sub-micron scale substrate is used to manipulate the alignment 

behaviors of the adherent (mammalian Vero, human prostate cancer, and human fibroblast) cells under 

different experimental conditions. Chapter 4 investigates the manipulation of cellular behaviors on the 

same 2D micron and sub-micron scale patterned (W and SiO2) substrate discussed in Chapter 3 as a 

function of single-species serum proteins and fetal bovine serum (FBS) when (i) added individually as a 

supplement to the serum-free medium, and (ii) pre-adsorbed on the 2D substrates prior to seeding the 

cells. Chapter 5 investigates the effect of an original 3D micron and sub-micron scale patterned substrate 

of silicon oxide lines, and tantalum trenches on manipulating the behavior of mammalian (Vero) cells. 

The intended outcome is to understand the impacts of materials and topography on the behavior of cells. 

Chapter 6 presents a novel monolithic 3D tantalum thin-film coated on silicon oxide structures of lines 

and trenches to study the cell-substrate interactions as a function of the substrate topographies only. The 

monolithic 3D substrate is developed to isolate the effect of materials from the 3D micron and sub-micron 

scale patterned substrate addressed in Chapter 5 on manipulating the behavior of cells. Finally, Chapter 7, 

will conclude and present an outlook for future works.  
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Chapter 2 

Literature Review 

2.1 Fabrication of Chemical-Mechanical Polishing Integrated Circuits  

2.1.1 Nanotechnologies and Nanomaterials  

The Royal Society and The Royal Academy of Engineering (2004) defines nanotechnologies as “the 

design, characterization, production, and application of structures, devices and systems by controlling 

shape and size at nanometer scale.” (p. vii). Materials with crystallites or grains in size range of 1-100 

nm are called nanomaterials (Koch, 2009; Suryanarayana and Koch, 2000). However, there is no 

consensus among researchers on the definition of nanomaterials. For example, some definitions take into 

account the percentage of atoms to the total number of atoms in a grain boundary (Pakiela, 

Lewandowska, and Kurzydlowski, 2011). Others take into account the improvement of properties due to 

the refinement of structure (Baker, 2001). Industries and governmental agencies widely recognize the 

potential benefits of nanotechnologies, which may include drug delivery, healthcare and biotechnology 

(Nikalje, 2015; Filipponi and Sutherland, 2013); energy harvesting, and environment (Filipponi and 

Sutherland, 2013; Walther and Ahn, 2011; Vullers et al., 2009); electronics and Microsystems (Schwierz, 

2010; Anker et al., 2008); optics and photonics (Rycenga et al., 2011; Uppuluri et al., 2010). Thus, the 

contribution of nanotechnologies to the benefit of humankind is indubitable (Pimpin and Srituravanich, 

2012). However, despite the anticipated benefits, different stakeholder groups and the public have 

pointed to many challenges and concerns, such as the potential health, safety and environmental adverse 

impacts and the social, ethical and regulatory issues (Filipponi and Sutherland, 2013; Yao, 2007; 

Tomellini et al., 2006; The Royal Society, 2004).  

Literature indicates that the number of research groups and industries involved in nano-related 

research and development are increasing exponentially worldwide; especially in the fields of drug 

delivery, nanomedicine, enhanced imaging, and biotechnology (Nikalje, 2015; Singhana et al., 2014; 

Filipponi and Sutherland, 2013; Boisseau and Loubaton, 2011; Ludwig et al., 2011; Lymberis, 2010; 

Tsytsikova, 2009; Tomellini et al., 2006; Cheung and Renaud, 2006; Li et al., 2006; Robert and Freitas 

Jr., 2005; Pimpin and Srituravanich, 2012; Nikalje, 2015). It is essential to highlight that nanomaterials 

used for medical applications must fulfill two vital requirements, (1) biocompatibility and, (2) flexibility 

of materials (Filipponi and Sutherland, 2013; Tomellini et al., 2006). Taking into consideration that the 
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physical, mechanical and toxic characteristics (e.g., energy and electrical conductivity, color, strength, 

and weight) of nanomaterials are different from those at the bulk scale, thus, nanomaterials are unique.  

2.1.2 Classification of Nanomaterials 

Gleiter (1995) categorized nanomaterials according to composition, morphology and nanocrystalline 

distribution. Nanomaterials are metals, ceramics, polymers and composite materials that contain grains 

made of nanocrystalline (e.g., tungsten), amorphous (e.g., silicon oxide) or quasicrystalline (e.g., si-

ZnMgHo) phases (Gleiter, 1995). The classification by Gleiter (1995) was considered incomplete by 

many scholars since the dimensionality of nanostructures (0D, 1D, 2D, and 3D) was not taken into 

account (Tiwari et al., 2012; Hussainova, 2010; Koch, 2009; Pokropivny and Skorokhod, 2007; 

Suryanarayana and Koch, 2000).   

The classification of nanomaterials based on their dimensionality may not be the best way to 

categorize them, but, it is the most common one.  Kim (2013), Tiwari et al. (2012), Dong et al. (2011), 

Jin et al. (2010) and Suryanarayana and Koch (2000) indicate that literature deals extensively with 3D 

nanostructures, followed by 1D- and 2D-nanostructures. The main focus of this study will be on both 2D 

( Chapter 3 and  Chapter 4) and 3D ( Chapter 5 and  Chapter 6) structures.  

Nanomaterials are fabricated using two main approaches, the top-down (lithography), and the bottom-

up (chemical vapor deposition). In the top-down approach, micron and sub-micron sized materials are 

fabricated from bulk materials (Acikgoz et al., 2011; Cheung et al., 2006), whereas the bottom-up 

approach refers to a chemical process in which individual atoms are stacked to form molecules. These 

molecules self-assemble to form the required nanostructures (Khanna, 2016; Silva, 2006). According to 

Khanna (2016), the mechanisms that drive the molecular self-assembly are the physical and chemical 

forces at a nanoscale. In these methods, the control over fabrication and eco-system conditions is critical 

to the quality of the fabricated nanomaterials (Filipponi and Sutherland, 2013). Chuvilin (2015) and 

Banhegyi (2015), indicate that the uniformity, consistency, scalability, and cost of materials fabricated 

using the top-down approach are better in comparison to the bottom-up approach.  

In this thesis, the chemical-mechanical polishing (CMP) method will be discussed in detail since it is 

relevant to this work.  

2.1.3 Chemical-Mechanical Polishing Nanofabrication 

The chemical-mechanical polishing (CMP) technology is an ultra-precision process for the fabrication of 

inlaid micron and sub-micron structures. This technique has become increasingly predominant over the 

last three decades as the semiconductors industry continues to produce integrated circuits (ICs) with 
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smaller dimensions, higher density, and higher performance (Coutinho, Mudhivarthi, Kumar, and Gupta, 

2008; Banerjee and Rhoades, 2008; Coutinho and Gupta, 2011). These integrated circuits consist of 

multiple inlaid metallization layers that are extremely flat and smooth (Banerjee and Rhoades, 2008; 

Rhoades, 2008). A demonstration of the chip characterization, especially roughness, will be discussed in 

details in Chapter 3, Section 3.2.2. CMP has become a mainstream process in the semiconductor industry 

at and below the 0.35μm technology node (Zhao and Lu, 2013; Lee, Lee, Choi, and Park, 2009; Banerjee 

and Rhoades, 2008). The technology was initially developed and patented by the International Business 

Machines Corporation (IBM) laboratories in the 1980s for the fabrication of ICs (Li, 2007; Brusic et al., 

2003).  

As the name indicates, the CMP process involves a combination of chemical and mechanical forces in 

order to generate substrates with extremely smooth inlaid surfaces. A rotating wafer is pressed facing 

down against a rotating polishing pad, and an aqueous suspension of abrasive (slurry) is pressed against 

the wafer’s face by the pad, resulting in both mechanical and chemical effects (Beaudoin, Boning, and 

Raghavan, 1999). A specific balance of the two processes is required. However, if the polishing part is 

too mechanical, it can lead to surface scratches, and if it is too chemical, it can lead to a lack of planarity 

(Steigerwald et at., 1995). The CMP process involves the use of mechanical energy to remove groups or 

uneven particles from the surface in order to achieve a flat surface (Steigerwald et al., 1995).  The 

chemical component is a material-dependent slurry of chemicals, which have two main functions; (1) 

removing the particles from the surface by dissolving them, and (2) preventing the dissolution of 

materials that are not in contact with the soft polymer polishing pad (Lee, Lee, and Jeong, 2016), from 

the low areas on the wafer surface ensuring local planarity (Steigerwald et al., 1995). The slurry must 

dissolve the particles because otherwise, the particles can redeposit as metal or metal oxide, which will 

inhibit the mechanical abrasion (Steigerwald et al., 1995). Typical CMP slurry comprises of abrasive 

spherical particles, mainly silicon oxide (SiO2) or aluminum oxide (Al2O3) with a diameter in the range 

of 0.1–2.0 μm.  These particles are suspended in an aqueous oxidizing solution (Siddiqui and Frederick, 

2005). Particles with a diameter higher than 2.0 μm will cause a higher metal removal rate, and particles 

smaller than 0.1 μm will increase the removal rate of silicon oxide (Siddiqui and Frederick, 2005). It is 

essential to indicate that the composition of the slurry plays an essential role in increasing surface 

uniformity leading to surfaces free from defects (Lee et al., 2016; McConnell, and Hurst, 2014a; 

McConnell, and Hurst, 2014b). The slurry can prevent the continuous passivation of the desired material 

by reacting with the metal to produce a film such as metal oxide which will protect the surface from 

further reaction. The chemical reaction which happens on the metal surface is explained by Lee et al. 
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(2016) in three general steps involving the metal (M), oxidizer (Ox), stabilizing (chelating) agent (C), pH 

adjustor (A), and corrosion inhibitor (I) as listed in Equations 2.1, 2.2, and 2.3, respectively (Lee et al., 

2016): 

 Metal [M] + Oxidizer [Ox] →  Metal oxide [M − Ox] 2.1 

M − Ox + Stablizer [C] + pH adjustor [A] → Metal complex 2.2 

M + Corrosion inhibitor [I] → Metal − inhibitor [M − I] complex 2.3 

In Equation 2.1, the oxidizer yields a metal oxide that is partially soluble, which is a favorable state. 

A soluble metal oxide leads to removal rate without topographical selectivity, and an insoluble layer will 

prevent further oxidation. In the presence of the pH adjustor, the stabilizer helps to form a metal complex 

from the metal oxide, as indicated in Equation 2.2. This step is essential to compensate for the 

insufficient metal oxide layer. Adding corrosion inhibitors to the process (Equation 2.3), protects the 

polished surfaces from being affected by the chemicals, thus preventing surface defects such as dishing 

and scratching (Lee et al., 2016). Any layers with higher undesirable thickness will be removed 

mechanically, allowing the metal layer to react again chemically. As a result, only the high areas on the 

surface are removed until the entire area is one smooth surface. 

The CMP process has significant advantages over other techniques such as the elimination of step-

coverage concerns and improvement of lithographic resolution by minimizing the depth of field 

variations (Zantye, Kumar, and Sikder, 2004). Currently, CMP is the only available, reliable solution to 

achieve such kind of faultless surfaces (Coutinho and Gupta, 2011; Steigerwald et al., 1995) with high 

material removal rates (MRRs) (Zhang, Liu, Song, and Hu, 2010) and competitive cost. These are the 

primary reasons for choosing CMP as the main method for producing ICs, instead of many other 

planarization techniques, such as Spin Etch Planarization and doped glass reflow (Atiquzzaman, 2012). 

CMP is a complex process due to a large number of process parameters, inputs, outputs, and random 

variables that are hard to optimize (Lai, 2001). These variables are what influence, to a great extent, the 

scope and performance of the CMP process.  

Originally, aluminum was widely used as an “interconnecting material” (Gupta, 1979) for 

“metallization” (Banerjee and Rhoades, 2008), but, due to its higher interconnect resistance, and lower 

electro-migration (Banerjee and Rhoades, 2008; Lai, 2001; Singer, 1998; Steigerwald et al., 1995), the 

semiconductor industry turned to copper (Cu) as a replacement. The use of copper has grown 

exponentially over time, to include other materials, such as tungsten (Banerjee and Rhoades, 2008; 

Feeney, 2010). This study uses IC chips manufactured using tungsten CMP (W-CMP), and copper CMP 

(Cu-CMP), which both will be discussed in later chapters. 
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The integrated circuits (ICs) fabrication process (Damascene integration) starts with the deposition of 

a silicon oxide layer (~500-700 nm thick) on a 200mm silicon substrate (wafer). The ~300 nm deep inlaid 

structures in the SiO2 layer are fabricated using patterning and etching processes to prepare the surface for 

the deposition of the metal layer (W or Cu). Prior to the metal physical deposition process, a thin barrier 

layer of Ti/TiN or Ta/TaN is deposited into the silicon oxide layer to prevent possible metal diffusion and 

to improve the adhesion between tungsten and silicon oxide in case of Ti/TiN. The barrier layer is less 

than 20 nm thick. The metal deposition process is carried out using physical vapor deposition techniques, 

leading to a surface with the uneven and rough finish of stacked layers of metal deposition. This process 

is followed by the chemical-mechanical polishing (CMP) stage, which is used as an “enabling 

technology” to generate an exceptionally smooth and flat surface. A simplified CMP process schematic 

based on Murarka, Verner, and Gutmann (2000) is shown in Figure 2-1. 

 

Figure 2-1 Simplified illustration of the damascene integration process (based on Murarka et al., 2000). 
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2.2 Manipulating the Morphology of Biological Cells on Nanostructures 

This section provides a review on the in vitro interactions between biological cells and nano-

biomaterials. The objective is to understand how these interactions are addressed in academic literature, 

taking into consideration the different experimental conditions.  

2.2.1 Background 

When a biological cell comes in contact with a biomaterial, it naturally reacts with its surface creating a 

surface-bound layer. The performance and cellular functions of this layer were found to be dependent on 

the topographical, physical, and chemical properties of the biomaterial. These cellular functions include 

proliferation, change in morphology, the organization of the cytoskeleton, and focal adhesion (Kolind et 

al., 2010; Dalby et al., 2004a; Kasemo, 2002). Lord et al. (2010) indicate that even though the cellular 

functions are influenced to a great extent by the “speciation, conformation and orientation of the surface-

bound proteins” (p. 68), nevertheless, a large body of literature focuses on assessing the impact of 

biomaterial topography instead.  

In this work, the focus will be on fibroblast cells (GM5565) and epithelial (Vero and PC-3) cells, 

which are selected based on their common characteristics (e.g., source, species, and growth model), and 

their uncommon characteristics (e.g., tissue of origin, and cell type/morphology). These characteristics 

will be discussed in more details in section  3.2.3, and Table  3-3.  

2.2.2 Manipulating the Behaviour of Biological Cells in Literature  

Researchers design micron and sub-micron structures with the aim of replicating the structures of the 

extracellular matrix (ECM), in order to study the impact of these mimicked ECM on the changes in the 

biological functions of cells, such as change in morphology, cytoskeletal organization, adhesion, 

motility, proliferation, differentiation, etc. (Ning, et al., 2016; Kim et al., 2006; Hasirci and Kenar, 2006). 

There is a consensus among nanobiologists that the biological functions of cells depend on the size of the 

nanostructure size. A slight change in the size of a nanostructure could lead to unexpected changes in 

results (Gong et al., 2015). Many studies argue that this notion is only half the story (Ryoo et al., 2010; 

Gong et al., 2015). This study discusses the effect of different materials used in the fabrication of 

nanostructures, topography, and dimensions (e.g., spacing) individually or combined on inducing a 

preferential change in the biological functions of cells.         

Kolind et al. (2010) studied the impact of topographical features (1D, 2D or 3D), dimensions (e.g. 

rectangle size and inter-rectangles gap size), projected pillar area (a/A), which represents the ratio of top 
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cross-sectional pillar area to the total pillar area, distribution of microstructures and culture duration on 

the proliferation and morphology, and organization of cytoskeleton and focal adhesion (FAs) contacts of 

human fibroblast cells. Results show that cell proliferation and morphology, cytoskeleton, and FAs are 

insignificantly dependent on pillars shape and distribution, but highly dependent on gap and pillar size. 

For example, a wider gap size will allow a higher diffusion of the cytoskeleton and fewer FAs points; 

thus, a higher proliferation rate. This is explained by the lower stress imposed on the actin cytoskeleton, 

which allows higher free intercellular pathways that are responsible for cell proliferation and development 

(Ning et al., 2016; Kolind et al., 2010). Kolind et al. (2010) observe that the effect of both gap and pillar 

size becomes more distinct with the progression of culture time. With time, FAs tend to shift from the cell 

boundary toward the center. Results underlined the correlation between the a/A ratio and cell proliferation 

rate. The study shows no correlation during the early culture time; however, with time, there is an 

increase in the proliferation rate with the increase of a/A up to a maximum value of 30 % at seven-day of 

culture duration. Beyond that point of time and ratio, the study finds the insignificant influence of a/A on 

the proliferation rate. The observations by Kolind et al. (2012) were similar to the findings of Lord et al. 

(2010) and Chen et al. (2004). Researchers continue to investigate the ability to influence and alter the 

biological functions of cells using well-designed nanostructures.  

Biggs et al. (2007), Cousins et al. (2004), and Dalby et al. (2002) examined the impacts of surface 

roughness on manipulating the adhesion, spreading, and proliferation abilities of fibroblast cells. Results 

indicated that nanoparticles reduced cells’ ability to adhere, spread, and proliferate. Nanoclusters (10–13 

nm), on the contrary, improved the adhesion, spreading, and proliferation of the cells under study. 

Nevertheless, Dalby et al. (2002) indicate that increasing the size of nanoclusters beyond a critical size 

(to 50 nm and 95 nm) will have an inverse impact on the assessed properties, similar to the effect of the 

surface with nano-particles. Observations show that cells on nanocolumns have a more elongated 

morphology, settling and adapting with the profile of the surface projection. Choi et al. (2009) studied 

the impacts of 3D nanostructures with different dimensions (low, medium and high) and shapes (posts 

and grates) on the spreading and elongation rates of fibroblast cells. Results indicated that cells spread 

and flattened in a similar way on flat surfaces and low aspect ratio structures. However, elongation 

observed to happen in cells that are located on surfaces with low aspect ratios. With the increase of 

structures height, cells spreading rate becomes insignificant, while cells exhibited a rounded 

morphology. With time (from three-to-seven days), Choi et al. (2009) observed substantial growth in 

cells sizes, population, and spreading rates. The growth happened on all the four surfaces but decreased 
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with height increase. Additionally, results indicate that cells tend to elongate in a preferred direction, 

along with the nanopattern. 

A review paper by Martínez et al. (2009) assessed the impacts of different micro- and nanostructures 

and materials on the orientation, adhesion, cell morphology, proliferation and differentiation of a wide 

range of cells (fibroblasts, stems, nerve wires, and osteoblasts), indicated that all the cells under the study 

have a preferred elongation and alignment direction, which correlates with the findings of Thakar et al. 

(2003) and Dalby et al. (2003). Findings indicate that cell orientation and structure depth are positively 

correlated, whereas structures’ width and cell orientation are inversely correlated. Nevertheless, the 

adhesion process was found to be cell-type dependent. The proliferation of cells and gene expression 

were found to be cell and structure dependent. Teixeira et al. (2006) observed that epithelial cells 

changed their alignment from parallel to perpendicular and their focal adhesion distribution with the 

reduction in the size of the structures from 4 μm to 0.4 μm. Martínez et al. (2009) indicated that “cell 

membrane conforms to the large grooves but tend to bridge the narrowest and deepest groove” (p. 130). 

This observation was found to be cell-type independent. Furthermore, it confirmed the adverse impact of 

topographical features on the morphology of cells, and cytoskeletal development. This behavior is 

influenced to a great extent by the mechanical forces (tensile and relaxation) that cells experience when 

they are in contact with these structures (Wood, 1988; Meyle et al., 1995; Baac et al., 2004; Teixeira et 

al., 2006; Charest et al., 2004).  

Pennisi et al. (2009) investigated the interaction between cells (fibroblast and glial) and surface nano-

topography; in particular, cell proliferation, cytoskeletal organization, and cell morphology. Results 

indicate that cells growth and spread rates increase with decreased surface roughness. However, results 

also indicate that surface topography has a minimum impact on glial cells proliferation in comparison 

with fibroblast cells. The latter is explained by the higher standard rate of proliferation of fibroblast cells 

compared to glial cells (central nervous system). 

Hu et al. (2010) examined the impact of structures topography and aspect ratios on some of the 

surface properties of nanostructures (e.g., energy and wettability) and the interaction with fibroblast cells 

(e.g., spreading). Results indicate that the spreading of cells is inversely proportional to the topographical 

features of the surface, and the pillars’ aspect ratio. Cells on nanopillars tend to aggregate and spread 

poorly (40-50 % less) in comparison with their behavior on a flat surface. This is attributed to the 

influence of surface topography, not surface wettability (hydrophobicity/hydrophilicity) properties. Cells 

tend “to form effective adhesion complexes ... at the tops of the pillars.” (Hu et al., 2010, p. 6). These 

findings are similar to those of Park et al. (2007) and Sniadecki et al. (2006).  
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Ryoo et al. (2010) studied the impact of different nanotube materials on the proliferation, focal 

adhesion, spreading, and gene transfection of fibroblast (NIH-3T3) cells. The study shows that different 

nanomaterials can alter cell morphology, viability, and proliferation. Similar to Ponsonnet et al. (2003), 

Ryoo et al. (2010) observed that the behavior of cells was dependent on the physicochemical properties 

(e.g., wettability and roughness) of nanostructures.  

In their work, Chung, Li and Wang (2013), argue that the biological functions of cells, such as 

adhesion, proliferation, migration, and differentiation, can be altered using nanostructures with different 

mechanical, chemical, physical, and topographical characteristics. These findings are similar to findings 

by Kolind et al. (2010), Hu et al. (2010), Ryoo et al. (2010), Choi et al. (2009), and Biggs et al. (2007). 

Jahed et al. (2014) studied the effect of complexity, aspect ratio, spacing, and surface interfacial 

strength of different metallic nanopillars on the interaction, adhesion, and spreading mechanisms of 

fibroblast cells. Jahed et al. (2014) indicated that the adhesion and spreading of cells are linked to 

“filopodia” (arm-like cytoplasmic extensions). Filopodia are significantly involved in sensing the 

substrate nanotopographies upon the initial contact between the cells and the substrate. These findings 

are similar to findings by Albuschies and Vogel (2013), Dalby et al. (2004b) and Bornschlögl et al. 

(2013). Albuschies and Vogel (2013) reported that filopodia tend to spread toward nanostructures rather 

than the flat substrate. According to Jahed et al. (2014), cells tend to stop spreading during the 

proliferation process before continuing to spread again. Also, cells show the tendency to connect and 

form filopodia-like connections in high-density areas, even after they have retracted and disconnected 

(Jahed et al., 2014; Hoelzle and Svitkina, 2012). Similar to Beningo et al. (2001), Tan et al. (2003) and 

Albuschies and Vogel (2013), Jahed et al. (2014) observed that for high aspect ratio (elastic) nanopillars, 

the filopodia traction force pulls these pillars in the direction of the cell; causing the pillars to completely 

detach from the substrate if the interfacial strength between the flat substrate and the nanopillar is weaker 

than the filopodia traction force  (Jahed et al., 2014).    

Wang et al. (2014) and Wang et al. (2011) studied the impact of nanopillar diameter and spacing on 

cell capture yield. These two factors play a key role in the behavior of cells and capture yield. Results 

indicate that cell capture yield, the ideal diameter of the nanopillar and spacing among them are inversely 

interrelated. Such behavior was attributed to the contact area for interaction between cells and 

nanopillars. Similarly to Jahed et al. (2014) observed the formation of cells filopodia and pseudopodia, 

which are “a form of the actin machinery that is essential to understanding a cell's functional 

interactions.” (Mejillano et al., 2011, Abstract). These two formations are highly reliant on cell-substrate 

adhesion, in addition to elution strength and shear direction.     
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Gong et al. (2015) studied the effect of size, shape, and surface properties of gold nanostructures on 

cellular uptake in terms of internalization (intake of proteins), penetration, and distribution. Identifying 

the optimal size that achieves the highest cellular intake continues to divide and confuse many 

researchers. Chithrani et al. (2006), Trono et al. (2011), and Albanese and Chan (2011) represent a 

classic case of uncertainty identifying the ideal size of a gold nanoparticle required to provide the 

maximum intake by a cell. Three studies provide three different answers. Gong et al. (2015), Wang et al. 

(2013), and Chithrani et al. (2006) show that cellular uptake is not only size dependent but also shape 

dependent. They used a wide range of nanostructures (spherical, rods, cages, and hexapods). Results 

indicate that branched nano-structures (spherical) have a higher uptake by cells in comparison with rod 

and cube nanostructures. Spherical nanostructures tend to have a smaller contact surface with receptors 

of cell membrane than nanorods and nanocages. Thus, a higher number of free binding sites is available. 

Salatin et al. (2015) and Alkilany and Murphy (2010) agree with the general notion of shape-dependent 

cellular uptake, but the results were different.  

Rasmussen et al. (2016) and McNamara et al. (2010) addressed the effect of  surface stiffness, and 

topography, respectively, on the differentiation of human stem cells. They emphasized that manipulating 

the features of nanostructures is a durable approach to influencing cell differentiation rather than trying to 

impose changes on the cell surface chemistry. These mechanical properties are controlled using 

geometrically designed nanopillars with a high aspect ratio. Similarly to Fu et al. (2010), Rasmussen et al. 

(2016) indicate that nanopillars with high aspect ratios are often softer than the ones with low aspect 

ratios. Rasmussen et al. (2016) also indicate that the efficiency of cells induction (signaling events) on 

nanopillars is higher than that on a flat surface. This finding confirms a general consensus among 

researchers on the more significant influence of textured/structured surfaces on the behaviour of cells in 

comparison with that of flat surfaces (Ning et al., 2016; Kolind et al., 2010; Choi et al., 2009; Darling et 

al., 2007; Thakar et al., 2003). Notably, results by Rasmussen et al. (2016) and McNamara et al. (2010) 

confirm the notion that stem cells differentiation can be influenced by the use of nanostructures as 

external factors (Smith et al., 2009; Nur-E-Kamal et al., 2006; Levenberg et al., 2003). Results indicate 

that nanostructures may provide the potential for sustaining the abilities of biological cells to self-renewal 

and proliferation. Findings by Rasmussen et al. (2016) indicate that soft (high aspect ratio) pillars do not 

support the proliferation of cells; instead, they support the migration of cells. Gadegaard (2016) explained 

the findings of Rasmussen et al. (2016) by weak cell adherence (Gadegaard, personal communication, 

April 29, 2016). McNamara et al. (2010) identified some of the factors (e.g., cell adhesion) that may 

contribute to the differentiation of cells due to interaction with the substrate.  
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Ning et al. (2016), Thakar et al. (2003), and Darling et al. (2007) observed the role of cell type, and 

surface topography on the proliferation, growth, spreading, elongation (relates to organization, stiffness, 

and contractility of cytoskeleton), orientation rates and stiffness (due to actin fibers) of cells. Results 

indicate that fibroblast cells tend, initially, to proliferate at a higher rate on a flat surface than on a 

surface with nanostructures. However, with time, the opposite happens. This was explained by the ability 

of nanostructures to maintain the viability and growth rate of cells, contrary to flat surfaces. Furthermore, 

Ning et al. (2016) and Thakar et al. (2003) indicate that the growth and spread rates and stiffness of 

fibroblast cells were found to be dependent on the shape (channels vs. pillars vs. flat surface) and 

dimensions (micro vs. nano). The growth of fibroblast cells growth and spread rates are higher on 

channels than on pillars and flat surfaces and higher on micro- than on nanostructures. This is explained 

by the ability of fibroblast cells “to create more traction force and focal adhesion sites.” (Ning et al., 

2016, p. 2721). Observations by Ning et al. (2016), Thakar et al. (2003) and Dalby et al. (2003) indicate 

that cells have a preferred growth and elongation direction, which is mainly the direction of the long axis 

and direction of channels. This was due to cells contact guidance. Results illustrate that the change in the 

biological functions of the cells is cell- and structure-dependent.   

2.2.3 Summary 

The impact of the micron and sub-micron topographical features on the behavior of biological cells has 

been the subject of many scholarly studies. Results indicate that the in vitro behavior of cells can be 

considerably altered using highly controlled physical and chemical complex environments and variables. 

This has been made possible due to the advancements in fabrication and monitoring technologies. 

However, there seems to be a consensus among scholars in regards to the complexity of mimicking in 

vivo environments. Thus, researchers indicate that some of the findings and observations can be 

generalized, but the majority cannot. This can be justified by the limited data available on the different 

and multiple variables, which may have an influence individually and collectively on the assessment 

processes and its results. Section  2.3 briefly discusses these complex physical and chemical 

environments and variables. 
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2.3 Factors that Influence Cell-Substrate Interactions  

2.3.1 Background 

Growing healthy biological cells in vitro conditions is a complex process. The process involves highly 

controlled physical (biomaterial or substrate) and chemical (biomolecule or culture media) environments 

and variables to be met. Optimizing the in vitro behavior (e.g., adhesion, alignment, migration, spreading, 

proliferation, and differentiation) of cells, requires an in-depth understanding of the interactions between 

these environments and conditions (Huang et al., 2016; Khalili and Ahmad; 2015; Martino et al., 2012; 

Rabe et al., 2011; Anselme et al., 2010; Ochsner et al., 2007; Michaelis et al., 2011; Hong et al., 2006; 

Anselme et al., 2000; Michaelis, Robelek , and Weg, 2011; Poncbe et al., 2010; Sagvolden, et al., 1999, 

Norde, 2003 as cited by Baujard-Lamotte et al., 2008). Table 2-1 lists some of these factors that may 

influence the in vitro behavior of cells.  

Table 2-1 The main parameters that may affect the in-vitro behavior of biological cells 

Substrate Properties Cells Culture Medium 

Wettability (contact angle) 

Huang et al. (2016) 

Khalili and Ahmad  

(2015) 

Martino et al. (2012) 

Rabe et al. (2011) 

Anselme et al. 

(2010) 

Ochsner, et al. 

(2007) 

Michaelis et al. 

(2011) 

Cell line 

and 

source 

Huang et al. 

(2016) 

Lv et al. 

(2015) 

Martino et al. 

(2012) 

Carré and 

Lacarrière 

(2010) 

Anselme et al. 

(2010) 

Type (serum-free vs. 

serum-containing) 

Huang et al. 

(2016)  

Carré and 

Lacarrière 

(2010) 

Topographies distribution 

(e.g., random vs. ordered) 

Protein type (serum 

vs. single-species) 

Rabe et al. 

(2011) 

Hakkinen et 

al. (2011) 

Schmidt et 

al. (2009) 

Scale of topographies  

(e.g., micron vs. sub-micron) 

pH  

Proteins are positively 

charged at pH<7, and 

negatively charged at 

pH>7 Type of topographies  

(e.g., lines vs. trenches) Martino et al. (2012) 

Hakkinen et al. 

(2011) 
Seeding 

density 

Fabrication Process 
Ions content  

(Mg
+2

 and Ca
+2

) 

Chemical composition  

(e.g., metal vs. oxide, or 

organic vs. inorganic) 

Huang et al. (2016) 

Lv et al. (2015) 
Protein concentration 

Surface homogeneity  
(monolithic vs. composite)  

Martino et al. (2012) 
Carré and Lacarrière 

(2010) 

Incubation 

time  

Surface functionalization 

Protein size Electrical properties (e.g., 

adding conductive particles to 

polymers) 
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Researchers agree on the complexity of the in vitro cells’ adhesion process (Huang et al., 2016; Khalili 

and Ahmad; 2015; Martino et al., 2012; Rabe et al., 2011; Anselme et al., 2010; Ochsner et al., 2007), 

however, there is no consensus in literature when addressing the major stages for the attachment and 

adhesion of cells. These stages start after the initial contact between biomaterial (substrate) and 

biomolecules (medium) as listed in Table 2-2 and discussed in scholarly works. Literature listed in Table 

2-2 discusses in detail the different phases involved in the interactions between biological cells and a 

substrate, namely, the adsorption of protein(s) from a bulk solution (e.g., culture media) onto the 

substrate, which happens rapidly (Vogler, 2012; Barnthip, Noh, Leibner, and Vogler, 2008), followed by 

the adhesion of the biological cells.  

Table 2-2 Different stages of biological cell-substrate interaction as described in the literature 

Number of 

Stages 
Events Literature 

2 

Short-term (< 24 hrs.): Includes adhesion and spreading of 

cells 
Anselme and Bigerelle (2006), 

Anselme and Bigerelle (2005) 

Bigerelle et al. (2002), and 

Anselme et al. (2000) 
Long-term (24 hrs. – 21 days): Includes proliferation and 

differentiation of cells  

2 

Stick phase: Initial adhesion stage involves “integrin-ligand” 

binding (Van der Waals and Ionic forces) 
Garcia and Gallant (2003) 

Grip phase: Spreading of cells and the formation of focal 

adhesion (increase the area of contact) 

3 

Stage I: Initial attachment 

Khalili and Ahmad (2015) 

Helenius et al. (2008) 
Stage II: Flattening 

Stage III: Fully spreading and Structural Organization 

3 

Stage I: Sedimentation 

Hong et al. (2006) Stage II: Initial attachment and spreading 

Stage III: Stable adhesion 

3 

Stage I: Flattening considers the initial cell-surface 

interaction 

Pierres, Benoliel, and Bongrand 

(2002) 

Stage II: Alignment increases the cell membrane-surface 

interaction  

Stage III: Spreading involves increasing the membrane 

fitting on the surface  

3 

Stage I: Attachment (~9 min to 1 ½ hrs) Vogler and Bussian (1987) as 

cited in Parhi, Golas, and Vogler 

(2010) Stage II: Adhesion and spreading (~ 1 ½ hrs till 3hrs) 



 

19 

Number of 

Stages 
Events Literature 

Stage III: Proliferation (~3 till 30 hrs) 

3 

Stage I: Attachment  

Murphy-Ullrich (2001) 
Stage II: Spreading  

Stage III: Focal adhesion and the formation of stress fiber 

4 

Stage I: Typical spherical-shaped cells with sensing 

Filopodia (10 min) 

Chierico, Joseph, Lewis, and 

Battaglia (2014) 

Stage II: Cells undergo attachment to the substrate (30 

min) 

Stage III: Spreading of cells and the growth of focal points 

(1 hr.) 

Stage IV: Full spreading of cells (16 hrs.) 

4 

Stage I: Attachment of cells to the substrate (during the 1
st
 

hour) 

Huang et al. (2003) 

LeBaron and Athanasiou (2000) 

Stage II: Cell flattening and spreading  

Stage III: Organization of actin skeleton  

Stage IV: Focal adhesion formation 

4 

Stage I: Protein adsorption (seconds)  

Carré and Lacarrière (2010)  

Jager et al. (2007) 

Stage II: Cellular attachment (minutes)   

Stage III: Cellular adhesion (hours) 

Stage IV: Migration, proliferation, and differentiation (days-

weeks). 

4 

Stage I: Proteins from the bulk solution (culture media) are 

adsorbed on the substrate (seconds) 

Anselme et al. (2000) 

Stage II: Cells are attached and spread on the substrate 

(minutes)  

Stage III: Reorganization of the cytoskeleton and active 

spreading on the substrate (hours) 

Stage IV: Synthesizing of ECM proteins by cells (days)  

4 

Stage I: Protein adsorption 

Barngrover (1986)  

Vogler (1988) (as cited in Parhi, 

Golas, and Vogler, 2010) 

Stage II: Cell-substrate contact 

Stage III: Cell-substrate attachment 

Stage IV: Cell adhesion and spreading  
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2.3.2 In Vitro Adsorption of Proteins 

This section will focus on the effect of protein adsorption onto a substrate on the adhesion of cells, and 

their subsequent functions while discussing the mechanisms involved in this critical step (Chierico et al., 

2014; Anselme et al., 2010; Carré and Lacarrière, 2010; Ponche et al., 2010; Baujard-Lamotte et al., 

2008; Jager et al., 2007; Wilson et al., 2005). Vogler (2012), Michaelis et al. (2011), Williams (2008), 

Wilson et al. (2005), and Krishnan et al. (2004) indicate that the rapid adsorption of protein from a bulk 

phase onto a substrate is the initial biological response when immersed in a culture medium. It is widely 

accepted among scholars that as a result of strong protein and surface interactions, the adsorbed protein(s) 

plays an essential role in controlling the biocompatibility of the substrate for cell adhesion (Chierico et al., 

2014; Vogler, 2012; Carré and Lacarrière, 2010; Williams, 2008; Krishnan et al., 2004; Jager et al., 

2007). This is important to regulate the biological functions of adherent cells, such as migration, mitosis, 

and differentiation (Michaelis et al., 2011; Hong et al., 2006; Burridge and Wennerberg, 2004; Geiger et 

al., 2001). However, if the number and types of the adsorbed proteins onto a substrate is unknown, 

defining the adsorption mechanisms will be difficult to comprehend (Vogler, 2011; Barnthip et al., 2009; 

Zhuo, Siedlecki, and Vogler, 2006). A review paper by Vogler (2012) suggests a strategy that may help to 

understand the “protein-adsorption problem” based on addressing three main issues. 

I. How can the relationship between the different properties of a substrate influence the proteins’ 

adsorption mechanism? What general rules can be used to design a substrate for a specific application? 

II. How can protein(s) from a complex biological environment (i.e., culture  medium) selectively 

adsorbed (in single or multiple layers) onto a substrate predict the composition of these layers? 

III. How does the adsorption of protein(s) on a substrate help in guiding the subsequent interactions 

between the substrate and biological cells?     

The lack of consensus among researchers is typical when discussing the mechanisms by which 

proteins adsorbed on to a substrate; thus, seeing broad consistency is widely accepted in the “protein-

adsorption literature” (Vogler, 2012; Hakkinen et al., 2011; Parhi, Golas, and Vogler, 2010; Carré and 

Lacarrière, 2010; Oshida and Lim, 2001). This is mainly explained by the complex factors that influence 

the process of protein adsorption as listed in Table 2-3 (based on Vogler, 2012). 

It is essential to consider all the possible types of physical-chemical complex interactions between the 

different components of the system to understand the protein-surface adsorption mechanism. Such may 

include protein-protein, protein-surface, protein-water, and water-surface. This study focuses on protein-

surface interactions. 
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Table 2-3 Summation of variables and factors that influence the process of protein adsorption  

Variable Factor Comment Literature 

Protein 

The molecular 

weight (MW) and 

the size of protein 

- the impact of a 

protein diffusion 

rate 

Proteins with higher MW are adsorbed on a 

substrate more than lower MW proteins. 

Proteins with higher MW can form multiple 

layers when adsorbed on a substrate. Lower 

MW proteins diffuse faster than higher MW 

proteins but form a smaller number of contact 

points in comparison with higher MW. The 

diffusion-constant ratio for two proteins with a 

spherical-like shape (Barnthip et al., 2009). 

(
Di

Dj
) = (

MWj

MWi
)

1

3
   

Noh et al. (2008) 

Noh and Vogler (2007) 

Noh et al. (2006) 

Parhi et al. (2009) 

Schmidt et al. (2009) 

Dee et al. (2002) 

Rabe et al. (2011) 

Sun et al. (2003) as cited in 

Schmidt et al. (2009) 

Barnthip et al. (2009) 

Concentration 

Solutions with a higher concentration of 

protein cause faster adsorption than diluted 

ones.  

Seigel et al. (1997) as cited in 

Vogler (2012) 

Schmidt et al. (2009) 

Source  

Proteins from different sources (animal vs. 

human) tend to be adsorbed in a similar but 

not identical way. The source of protein 

affects the way they shape on a surface 

(elliptical, rod and heart like and Y-shaped). 

Krishnan et al. (2006) 

Lu, Su, and Penfold (1999) 

Rabe et al. (2011) 

Wilson et al. (2005) 

Hakkinen et al. (2011) 

Competitive 

adsorption among 

proteins (based 

on the number of 

proteins in the 

solution) 

Adsorption from single-protein solution is 

different from adsorption from multiple-

proteins solution. Diffusion of proteins is size 

and MW dependent. 

Vogler (2012) 

Barnthip et al. (2009) 

Barnthip et al. (2008) 

Noh et al. (2007) 

Vaidya and Ofoli (2005) 

Schmidt et al. (2009) 

The affinity of 

proteins to the 

substrate surface 

Partially affected by the size of the protein. 

Proteins with higher molecular weight have a 

higher number of binding sites in comparison 

to smaller proteins. Unlike symmetric rigid 

particles, proteins behave differently in terms 

of adsorption and desorption when 

approaching a substrate from a bulk solution.  

Schmidt et al. (2009) 

Dee et al. (2002) 

Horbett (2004) 

Rabe et al. (2011) 

Dee et al. (2002) 

Sun et al. (2003) as cited in 

Schmidt et al. (2009) 

structural stability 

and rigidity  

Once in contact with a substrate, proteins 

with higher structural stability tend to unfold 

at a lower rate than unstable proteins, and 

thus, they form fewer contact points and 

bonds.  

On neutral charge substrates, proteins have 

a higher adsorption rate. 

Schmidt et al. (2009) 

Dee et al. (2002) 

Horbett (2004) 

Wilson et al. (2005)  
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Variable Factor Comment Literature 

Substrate 

Surface 

hydrophilicity and 

hydrophobicity 

and surface 

features 

There is no general agreement in the 

literature on a standard definition or 

measures. However, the most agreed upon 

definition in the context of cell adhesion and 

protein adsorption literature is the one by 

Vogler (2001) 

Hydrophobic surface: θ > 65
o
   

Hydrophilic surface: θ < 65
o
  

(±15
o
 range) 

Gao and McCarthy (2009) 

Vogler (2001) 

Anselme (2000) as cited in 

Parhi et al. (2010) 

Vogler (2012) 

Vogler (2011) 

Schmidt et al. (2009) 

Dee et al. (2002) 

Rabe et al. (2011) 

Wilson et al. (2005) 

Ruggeri and Jackson (2013) 

Tighe and Mann (2011) 

Zhang and Webster (2013) 

Michaelis et al. (2011) 

Valamehr et al. (2008) 

Huang et al. (2016) 

Protein adsorption 

vs. absorption 

The two, unlike phenomena, are very hard to 

distinguish. In principle, protein should be 

adsorbed faster to none water-wetted surface 

in comparison to a wetted one due to the low 

energy required to replace surface-bound 

water 

Schmidt et al. (2009) 

Rabe et al. (2011) 

Aveyard and Haydon (1973) 

as cited in Vogler (2012) 

 

 

2.3.2.1 Protein Adsorption: Kinetics  

Upon adding a single, binary, or multi-component protein solution onto a substrate, a diffusion followed 

by mass adsorption of protein molecules is induced closer toward the solution-substrate interphase 

(Vogler, 2012). Herein, the concentration of the adsorbed protein(s) is greater on a substrate than in a bulk 

solution. Thus, it is useful to remember that proteins from different sources show relatively similar 

adsorption mechanisms (Krishnan et al., 2006; Cha et al., 2008; Noh and Vogler, 2007; Ariola, Krishnan, 

and Vogler, 2006).  

It is essential to indicate that the adsorption of proteins will not cause the depletion of the bulk solution 

unless the substrate area to the solution volume is very high (Vogler, 2012). It was observed that the 

protein adsorption (rate-of-mass) from a single protein solution is more significant than adsorption from a 

binary or multi-proteins solution (Barnthip et al., 2008; Barnthip et al., 2009). The adsorption kinetics to a 

hydrophobic substrate from a single-protein solution (I) and a binary-proteins (competitive adsorption) 

solution (II) is documented in Figure 2-2, which is adapted from Vogler (2012) under license.  
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Figure 2-2 Adsorption kinetics of (I) single-protein solution and (II) binary-protein solution (competitive adsorption) on 

to a hydrophobic substrate (Vogler, 2012). Reused under Elsevier license number 4532750215581) 
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The detailed description of a single-protein and binary-protein adsorption as illustrated in Figure 2-2 is 

explained in Table 2-4 based on Rabe et al. (2011), Michaelis et al. (2011), Kao et al. (2010), Barnthip et 

al. (2009), Schmidt et al. (2009), Barnthip et al. (2008), Baujard-Lamotte et al. (2008), Noh et al. (2007), 

Wilson et al. (2005), Krishnan et al. (2004), Sun et al. (2003) (as cited in Schmidt et al., 2009), and. Dee 

et al. (2002).  

Table 2-4 Single- and binary-protein adsorption mechanism on a substrate (based on literature in the paragraph 

above) 

Stage Single-protein Solution Binary-Protein Solution  

(competitive adsorption) 

(A) Surface 

immersion and 

protein diffusion 

 

Spontaneous hydration of the surface 

followed by fast diffusion of a single 

protein from the bulk phase to form a 

3D interphase separating the 

substrate from the liquid  

Natural hydration of the surface, followed by 

diffusion of the binary proteins, where the 

lower molecular weight protein diffuses faster 

from the bulk phase to form a 3D interphase. 

Their size and molecular weight directly 

influence the competitive diffusion and 

adhesion of proteins.   

(B) The dehydration 

of the interphase 

The diffused single-protein replaces 

the water molecules from the 

interphase, causing surface 

dehydration. The interphase area 

expands. In interphase, the single 

protein is less organized and 

concentrated. Stage (B) controls the 

maximum capacity of the adsorbed 

protein, which is related to the surface 

contact angle. 

The diffused protein with the lower molecular 

weight replaces the water molecules from the 

interphase cause surface dehydration. The 

interface area expands. Proteins in the 

interphase layer(s) are less organized and less 

concentrated. Stage (B) controls the max 

capacity of adsorbed protein(s), which is 

related to the surface contact angle.  

(C) Interphase layer 

volume shrinkage  

The volume of the interphase layer is becoming thinner as a result of more organized 

and concentrated protein layer(s)  

(D) Interphase at a 

steady-state  

Interphase thickness shrinks to reach 

the thinnest possible thickness 

(volume). The adsorbed protein 

concentration becomes higher as a 

result of full surface/interphase 

dehydration.  

Interphase thickness becomes very thin. The 

concentration of adsorbed proteins in the 

interphase increases. This happens due to   

total expulsion and replacement of water 

molecule (dehydration), and initially adsorbed 

low molecular weight protein   

 

Rabe et al. (2011) indicate that proteins roam freely in a bulk solution, while on a substrate, proteins 

adapt particular shape (elliptical, rod-like, heart-like, and Y-shaped ) and orientation that controls 

“which part of the protein interacts with the substrate and which part is exposed to the bulk solution.” 

(p. 90). On a substrate, an elliptical-shaped protein indicates a structurally stable protein, which is 
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parallelly oriented along the long axis of the substrate (side-on) or perpendicularly attached along the 

substrate short axis (end-on).   

2.3.3 In Vitro Cell Adhesion 

This section addresses the impacts of hydrophilicity/hydrophobicity of a substrate on the cell-substrate 

interaction. The process of cell adhesion, which happens in vitro in a static culture medium is described 

by Khalili and Ahmed (2015) as a “passive adhesion” process, and according to Huang et al. (2016), and 

Michaelis et al. (2011), it is a complex process, and to a large extent remains ambiguous. The protein 

adhesion may involve multiple forces such as, gravitational (Bizzarri, Monici, and van Loon, 2015; 

Wagner et al., 2008), thermal (Matsuzaka et al., 2013; Rico et al., 2010), and surface (interfacial) forces 

(Huang, et al., 2012). These forces move cells from the bulk medium to proximity (short-distance) from 

the medium-surface interface. On Glass, this distance was found to be approximately 10 nm, as stated by 

Curtis (1964) and cited in Carré and Lacarrière (2010). The forces also include interactions between cell 

receptors (integrins) and surface adsorbed ligands (Bacakova et al., 2011; Wolfenson et al., 2013). It is 

vital to indicate that the initial cell-protein interaction happens through transmembrane receptors 

(integrins), which induce the cell-ECM adhesion (Grzesik, 1997; Grzesik and Robey, 1994).   

2.3.3.1 Impact of Surface Hydrophilicity and Hydrophobicity 

Table 2-1, Section  2.3.1 lists the main parameters that may influence the in vitro interaction mechanisms 

between a living cell and a substrate. Nevertheless, the hydrophilicity and hydrophobicity of the surface 

are among the most important factors (Zhang and Webster, 2013; Ruggeri and Jackson, 2013; Vogler, 

2012; Rabe et al., 2011; Tighe and Mann, 2011; Michaelis et al., 2011; Carré and Lacarrière, 2010; Jager 

et al., 2007; Zhao et al., 2005; Redey et al., 2000).  

Vogler (1998) quantitatively defines the terms “hydrophobicity” and “hydrophilicity” as a function of 

the water contact angle (θ). In a biology context, a hydrophobic surface is a surface with a contact angle θ 

> 65°, while a surface is considered hydrophilic if the surface exhibits a contact angle θ < 65°. In a 

subsequent paper, Vogler (2001) (as cited in Vogler, 2012) indicates that bio-adhesion excels in the range 

of ±15
o
 around water contact angle θ=65°. Findings by Valamehr et al. (2008) point in the same direction 

as Vogler (2001) and indicate that increasing the contact angle (surface hydrophilicity) from 45˚ and 

decreasing the contact angle (surface hydrophobicity) from 105˚ will lead to an increase in the cellular 

interaction with the surface. Vogler (2001) differentiates between two types of substrates and their 

biological response; (1) cell promoting (active /hydrophilic), and (2) cell demoting (inactive / 
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hydrophobic). The definitions of hydrophilicity and hydrophobicity of a surface as defined by Vogler 

(1998) are widely used in literature (Wilson, 2005; Parhi et al., 2010; Lim et al., 2004; Liu et al., 2007), 

and thus, they will be used as a reference in this work as well. 

However, the impact of a surface’s hydrophilicity and hydrophobicity on the adhesion of cells is a 

debatable issue. Zhao et al. (2005) and Redey et al. (2000) discuss how a surface with higher 

hydrophilicity improves the adhesion of cells and the synthesis of ECM. Whereas, Qu et al. (2007) 

contradict these findings and indicate that surfaces with lower wettability (hydrophobic surfaces) are 

better for protein adhesion and cell attachment. Michaelis et al. (2011) agree with Zhao et al. (2005) and  

Redey et al. (2000) and indicate that the only consensus in this debate is the fact that proteins and cells 

react and bind differently on surfaces with different hydrophilic and hydrophobic properties. Figure 2-3 

adapted from Michaelis et al. (2011) indicates the different interactions between protein/cell and a 

substrate. Highly hydrophilic surfaces tend to dissociate water molecules to form a hydroxylated surface.  

 

Figure 2-3 In vitro biological substances-substrate interaction on hydrophilic and hydrophobic surfaces. (a) Protein 

adsorption, and (b) Cell adhesion (modified - Michaelis et al., 2011). Reused under Springer Nature permission 

license number 4543101232576. 

Thus, no protein structural rearrangements will happen, leading to insufficient and regularly revocable 

adsorption (Vogler, 1998). However, on less hydrophilic substrates, the interaction with water molecules 

will happen due to hydrogen bonding, leaving the water molecules undissociated. Proteins on 

hydrophobic surfaces with weak tendency to bind with H2O, can easily dehydrate the substrate, creating 
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entropic forces that induce irreversible adsorption of proteins on a hydrophobic substrate and leading to 

significant conformational changes in the protein molecule structures with partial or total unfolding 

(Michaelis et al., 2011; Norde and Haynes, 1995). 

Likewise, Sagvolden et al. (1999) discussed how cells tend to attach to a hydrophobic surface initially; 

however, with time, cells become spherical and detach from the surface. Thus hydrophobic surfaces are 

generally referred to and used in literature as non-adhesive surfaces (Orner et al., 2004). This behavior is 

observed between fibronectin and other glycoproteins on the one hand, and high concentration of albumin 

in a serum-containing culture medium on the other hand (Anselme et al., 2010; Lewandowska et al., 

1992, as cited in Kyriakides, 2015; Sagvolden et al., 1999; Baujard-Lamotte et al., 2008; Scotchford et al., 

2002; Roach et al., 2005). This is explained by albumin’s higher affinity for hydrophobic surfaces in 

comparison to glycoproteins (Scotchford et al., 2002; Dee et al., 2002; Sun, Yue, Huang, and Meng, 

2003; Schmidt et al., 2009), leading to a weak mammalian cells adhesion onto a hydrophobic substrate. 

Parhi et al. (2010) explain the weak adhesion of mammalian cells from a serum-containing medium 

with a high concentration of albumin to a hydrophobic substrate, as a result of the higher adsorption of 

in comparison to glycoproteins. Literature refers to such competitive adsorption behavior of proteins as 

the “Vroman effect” (Parhi et al., 2010; Noh and Vogler, 2007; Krishnan, 2004 as cited in Parhi et al., 

2010; Brash, 1988; Horbett, 1982). The notion in regards to albumin is consistent with the findings by 

Kyriakides (2015), Michaelis et al. (2011), Carré and Lacarrière (2010), Wilson et al. (2005), Sousa et 

al. (2005) (as cited in Zhang and Webster, 2013), and Yang, Cavin, and Ong (2003), in which they 

referred to albumin as a cell-adhesion inhibiting protein and to fibronectin and other glycoproteins as 

adhesion-promoting proteins. Similarly to the scholars mentioned above, Orner et al. (2004) and Yang et 

al. (2003) emphasize on a number of factors that have an impact on the in vitro adhesion of cells on a 

substrate; (a) the concentration (density) of the adsorbed protein; (b) the type of the adsorbed protein 

(related to the hydrophobicity and hydrophilicity of the surface); and (c) time-course as explained by 

Rapuano and MacDonald (2011), and Meyer et al. (1988) and cited by Michaelis et al., (2011). Parhi et 

al. (2010), and Anselme et al. (2010) agree on the notion of surface hydrophobicity and indicate that 

attachment, adhesion, and proliferation of mammalian cells are more efficient on hydrophilic surfaces 

than on hydrophobic ones. Such dependency is considered a general phenomenon (Parhi et al., 2010; Lim, 

Liu, Vogler, and Donahue, 2004; Liu et al.; 2007; Fan et al. 2000). Anselme et al. (2010), Wilson et al. 

(2005), Schoen and Mitchell (2004) (as cited in Parhi et al., 2010), Dee et al. (2002), and Horbett (1982) 

discuss how cells do not respond or sense a bare substrate, instead they sense a surface covered with a 

layer of protein adsorbed from a culture media (Parhi et al., 2010). However, Berne et al. (2015), Orgovan 
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et al. (2014), Renner and Weibel (2011), Parhi et al. (2010), and MacDonald et al. (2004) challenge the 

notion described by Anselme et al. (2010) and Wilson et al. (2005), and suggest that the initial 

interaction and attachment of cells on a substrate is mainly due to physiochemical interactions rather 

than biological ones.  

2.3.4 Summary 

The factors that may impact the protein-substrate adsorption behaviors, and subsequently cells-substrate 

adhesion via cells-protein interactions, have been briefly reviewed. This section discussed how proteins 

adsorption on hydrophilic substrates is lower than on hydrophobic ones. This was found to be mainly due 

to the nature of water-substrate interactions and the ability of a higher affinity protein to replace the 

adherent water molecules. On the contrary, proteins were found to adhere the best on hydrophilic 

substrates rather than hydrophobic ones. Additionally, this chapter highlighted that the interaction 

between a biological matter and a substrate excels in the range of ±15
o
 around water contact angle θ=65°.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

29 

Chapter 3                                                                                          

Manipulating Cell Behaviour on a Novel 2D Tungsten/Silicon Oxide 

Patterned  Substrate 

 

This chapter is based on the following publication: 

Moussa, H.I.; Logan, M.; Siow, G.C.; Phann, D.L.; Rao, Z.; Aucoin, M.G.; Tsui, T.Y., Sci. Technol. 

Adv. Mater. 18, 2017, 840-856. 

The goal of this chapter is to develop a new 2D tungsten, and silicon oxide micron and sub-micron scale 

patterned substrate fabricated using an advanced industrial key enabling technology of tungsten chemical-

mechanical polishing (W-CMP) to manipulate and alter the behavior of mammalian cells (Section  3.3). 

This is the first time in literature that such substrates are used in nanobiotechnology related-context, that 

is, for non-intended applications that are related to the semiconductors industry. Section 3.3.1 investigates 

the in vitro use of the newly developed 2D W/SiO2 micron and sub-micron scale patterned substrates to 

manipulate the behavior of Vero cells to control their alignment in a preferential orientation (in Sub-

section 3.3.1.1) Sub-section 3.3.1.2, presents a mathematical model to describe the Vero cells dynamics 

and behavior on the 2D W/SiO2  micron and sub-micron scale patterned substrate. Additionally, sub-

section 3.3.1.3, studies the alignment behaviors of Vero cells as a function of incubation time. The effect 

of serum concentration in the culture media (serum-containing and serum-free media), on the alignment 

behavior of Vero cells is demonstrated in sub-section 3.3.1.4. The novel substrates used in Chapter 3 for 

manipulating the morphology of cells are distinguished from other substrates in their ability to remove the 

surface contaminations (biological and dust) using a simple mechanical rework process that is chemical-

free, without affecting their functionality, as will be demonstrated in sub-section 3.3.1.5. All the above-

mentioned experiments were done on symmetrical comb structures with equal width of tungsten and 

silicon oxide lines. Thus, it is essential to assess, the effect of silicon oxide width (spacing) on the 

alignment behaviors of cells using multiple asymmetrical comb structures as demonstrated in sub-section 

3.3.1.6. Sub-section 3.3.2 will demonstrate the ability of the 2D micron and sub-micron scale patterned 

substrate under-study to induce a similar behavior for different types of cells, in particular, prostate cancer 

(PC-3) cells. This is essential since related-literature indicates that cell-substrate interactions are cell-type 

dependent. Sub-section 3.3.3 studies the effect of a bacterial toxin (antimycin A) in the culture media on 

the ability of human dermal fibroblast (GM5565) cells to interact with the 2D micron and sub-micron 

scale patterned substrate, and thus, on manipulating the alignment behaviors of GM5565 cells.   
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3.1 Background 

To properly maintain the functionality of organs in humans and animals, cells need to organize and 

reposition themselves in specific patterns with their extracellular matrix (ECM) and elongate in the 

direction of a common axis (Bourget, Guillemette, Veres, Auger, and Germain, 2013). Such behavior was 

observed by Koubassova and Tsaturyan (2011) while studying the change in the collective alignment 

behavior of smooth and skeletal muscles in order to effectively generate the proper mechanical forces 

(contraction and relaxation) required for the movement of the human body. It is essential to emphasis on 

the role of ECM (in vivo) and ECM-like biomaterials (in vitro) in controlling the behaviour and fate of 

biological cells (Ning, et al., 2016; Kim et al., 2006; Hasirci and Kenar, 2006), which was discussed 

earlier in Section  2.2.2. 

In the last decade, a considerable body of literature was accumulated and published with interest in 

tissue engineering (Michaelis et al., 2011; Ponche, Bigerelle, and Anselme, 2010; Hasirci and Kenar, 

2006), cell interaction with implanted medical devices (Nikalje, 2015; Cheung and Renaud, 2006), and 

differentiation of cells (Rasmussen et al, 2016; McNamara et al, 2010) using engineered biomaterial 

(scaffolds) fabricated to mimic the functions of ECMs. These engineered biomaterials are either self-

assembled monolayers and structures (Arima and Iwata, 2015; Hudalla and Murphy, 2011) or patterned 

structures on silicon or polymer-based substrates. They include, nanopillars (Rasmussen et al., 2016; 

Wang, Wan, and Liu, 2014), nanoscale pits (Biggs et al., 2007; Dalby et al., 2004b), grooves (Martínez et 

al., 2009; Yang, et al., 2009), and nanotubes (Ryoo et al., 2010; Park et al., 2007), to name few. 

Micropatterned proteins such as laminin (Joo et al., 2015), and collagen (Poudel et al., 2013) are also used 

to alter the behavior of cells. However, in spite of the rapid growth in the fabrication and the use of these 

nano biomaterials for research purposes, their commercial applications are still facing health, safety, and 

regulatory issues and concerns (Filipponi and Sutherland, 2013; Yao, 2007; Tomellini et al., 2006; The 

Royal Society, 2004). This is partly due to the limited mechanical durability and reliability of these 

structures that may result in irreversible damage when biological cells or bacterial cells are seeded on top. 

Damages refer to mechanical deformation, detachment from the substrate (Jahed et al., 2014) and bending 

(Kuo, Chueh, and Chen, 2014). Furthermore, substrates with micron and sub-micron topographical 

features undergo interactions between and among them. This may include, but are not limited to, Van der 

Waals (Rance, Marsh, Bourne, Reade, and Khlobystov, 2010), photo-induced magnetic forces (Guclu, 

Tamma, Wickramasinghe, and Capolino, 2015), and self-organization forces (Pohl et al., 1999).  These 

forces could influence nanostructures (e.g., nanowires) to the cluster, especially if the spacing between 

them is small. Thereby, they will lose their effectiveness in manipulating cells. Thus, the design and 
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fabrication of nanostructures with very high precision and small spanning using the conventional 

nanofabrication techniques will be problematic. Jahed et al. (2014) demonstrated that bacteria (e.g., 

S. aureus) are attracted to metallic nanostructures rather than flat substrates, and their adhesion, survival 

and colonization rates are dependent on the dimensions and shapes of these nanostructures. This could 

increase the potential for surface contamination. This notion was confirmed by Mortimer, Burke, and 

Wright (2016), Szunerits, Barras, Khanal, Pagneux, and Boukherroub (2015), Krotz (2014), Armentano et 

al. (2014), and Puckett, Taylor, Raimondo, and Webster (2010). However, others may disagree (Wu, 

Zuber, Brugger, Maniura-Weberc, and Ren, 2016). In addition to a higher potential of bacterial 

contamination, foreign particles (e.g., dust) or adherent biological cells could settle in between the small 

structures, with a slim chance of removing them without causing permanent damage to the existing 

topographies, leading to an ineffective substrate. Thus, the rework-ability and reusability of similar 

topographical substrates are almost impossible without a high price tag. Additionally, protein-based 

printed devices are chemically fragile, and protein molecules will readily decompose with time, and thus, 

they cannot be cleaned.  

The 2D W/SiO2 substrates are silicon-based substrates fabricated using an ultra-precision and an 

advanced tungsten chemical-mechanical polishing technology of integrated circuit (IC) (Coutinho and 

Gupta, 2011; Banerjee and Rhoades, 2008). The technique is referred to in this work as W-CMP. The 

specimens consist of highly dense micron and sub-micron scale W metal lines inlaid in SiO2 blanket 

(Rhoades, 2008; Coutinho et al., 2008). The surface of the specimen is exceptionally continuous, flat, and 

smooth with an average root-mean-square (RMS) roughness of less than 10 nm (Jing et al., 2013; South 

Bay Technology, 2017; Seo and Lee, 2007; Seo and Lee, 2005; van Kranenburg et al, 1997; Thomas et 

al., 1996; Abe et al., 1992). In comparison to molybdenum (in the same group in the periodic table), 

tungsten is superior in terms of physical, chemical, and mechanical properties. To list few, surface energy 

(Tran et al., 2016), hardness (Saha and Nix, 2002), modulus elasticity, melting point, density (among the 

heaviest metals), electrical conductivity, and heat capacity (Plansee, 2016; Royal Society of Chemistry 

(RSC), 2019; Haynes et al., 2015; Coursey et al., 2015; International Tungsten Industry Association 

(ITIA), 2011; Emsley, 2011). These and other physical, chemical, and mechanical properties of tungsten 

are listed in Table  3-1. Silicon oxide has a hardness of 8.3 GPa (Liu, Lin, and Zhang, 2008), modulus of 

elasticity of 69.3 GPa (Oliver and Pharr, 1992), and the surface energy of chemical-mechanical polished 

W of 0.0296 J/m
2
 (Thomas, Kaufman, Kirleis, and Beisky, 1996) as listed in Appendix A, Table S1. 

Thus, both silicon oxide and tungsten provide cost-effective, stable, reliable, mechanically durable, and 

reusable structural backbone of the substrates understudy, as this chapter will demonstrate.  
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  Table  3-1 The physical, chemical and mechanical properties of tungsten 

Property Value/Description Literature 

Physical State at 20 
°
C and Appearance A solid, shiny, silver-white metal 

Haynes et al. (2015) 

ITIA (2011) 

Emsley (2011) 

Kim, Jang, and Greer (2010) 

Liu et al. (2008) 

Saha and Nix (2002) 

Lassner and Schubert (1999) 

Oliver and Pharr (1992) 

Group of Metals Refractory Metal 

Hardness at 20 
°
C 14-15 GPa 

Modulus of Elasticity at 20 
°
C 390-410 GPa 

Surface Energy  ~3.3 J/m
2
 

Tran et al. (2016)  

Thomas et al. (1996) 

Lassner and Schubert (1999) 

Density at 20 
°
C 19.3 g/cm

-3
 

Haynes et al. (2015) 

RSC (2019) 

Thermal Conductivity at 20 
°
C  1.75 W/cm. K 

Emsley (2011) 

ITIA (2011) 

Electrical Resistivity at 20 
°
C 5.28 μΩ.cm Haynes et al. (2015) 

ITIA (2011) 
Electrical Conductivity 18x10

6
 1/Ω.m 

Melting Point  4322-3414 
°
C Haynes et al. (2015) 

ITIA (2011) 

RSC (2019) Boiling Point 5500-5900
 °
C 

Vapour Pressure at 2000 
°
C 8.15x10

-8
 Pa 

Emsley (2011) 

ITIA (2011) 
Crystal structure Body-centred Cubic (BCC) 

Lattice Constant 0.3165 nm 
Coursey et al., 2015 

Emsley (2011) 

Specific Heat Capacity at 20 
°
C 132-135 J/kg. K 

Haynes et al. (2015) 

RSC (2019) 

Enthalpy of Fusion 46 kJ/mol
-1

 
Coursey et al., 2015 

Emsley (2011) 

The coefficient of Linear Thermal 

Expansion at 20 
°
C 

4.20-4.68x10
-6

 K
-1

 

Haynes et al. (2015) 

ITIA (2011) 

Emsley (2011) 

Application 

Used as an alloy with other metals 

(improves melting points) arc 

welding electrodes (high temp 

applications), and in cutting and 

drilling tools. Scanning probe for 

SEM and AFM 

Kim, Jang, and Greer (2010) 

Lassner and Schubert (1999) 



 

33 

This chapter will demonstrate the ability of the newly developed 2D W/SiO2 micron and sub-micron 

scale patterned substrate to manipulate the behavior of mammalian (Vero) cells by attracting cells to 

targeted locations, in particular, tungsten parallel lines without the presence of external mechanical 

stimuli.  

3.2 Materials and Methods  

3.2.1 2-Dimensional Tungsten and Silicon Oxide Patterned Substrates 

Versum Materials, LLC (Tempe, AZ, USA) provided the 2D W/SiO2 substrates used in this study. As 

discussed in Section 2.1.3, the substrates were fabricated on 200 mm silicon wafers using a cutting-edge 

ICs industrial technique (Cogez et al., 2011; Li, 2007; Doering and Nishi, 2007; Chen, 2007; Baravelli, 

2005). Figure 3-1 presents a simplified illustration of the fabrication of W-CMP substrates. Inlaid patterns 

were transferred to the silicon oxide thin layer that was coated on the top of the silicon wafer using 

photolithography and plasma etching techniques, as shown in Figure 3-1(a) and (b). The etched patterns 

were filled with a thin barrier layer of titanium (less than 20 nm) and tungsten, as shown consecutively in 

Figure 3-1(c). The excess tungsten, titanium, and silicon oxide were removed using the W-CMP 

techniques. The polishing step consists of two significant components, both happening simultaneously, as 

discussed in Section 2.1.3. The chemical component includes the use of a slurry of oxidizers such as 

hydrogen peroxide (H2O2) and ferrite nitrate (Fe (NO3)3) for the oxidation of the metal and the mechanical 

removal of the oxidized by-product of the surface. According to Lim, Lee, Son, Lee, and Kim (2006), the 

concentration of both oxidizers (H2O2 and, Fe (NO3)3) to be 5 wt. % of the slurry. However, Lee et al. 

(2016) reported that the preferred concentration of H2O2 in the slurry was in the range of 0.5-5 %. Lim, 

Park, and Park (2013) suggested that the concentration of ferric nitrate in the slurry was in the range 

between 0.1-1.0 wt. %. The slurry also contains abrasive materials such as silicon oxide and aluminum 

oxide. These particles have a diameter in the range of 0.1 to 2.0 μm (Siddiqui et al., 2005). The final 

surface is smooth, flat, continuous, and defect-free, as in Figure 3-1(d) (Banerjee and Rhoades, 2008; 

Rhoades, 2008; Beaudoin, Boning, and Raghavan, 1999; Steigerwald et at., 1995). The reactions between 

the substrate and the slurry components are discussed in Section  2.1.3. 
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Figure  3-1 A demonstrative sketch of the 2D W/SiO2 substrate specimen fabrication process. Silicon substrate in 

grey, silicon oxide in blue, thin titanium (Ti) seed layer in yellow, and the tungsten layer in red (Moussa et al., 2017). 

 

3.2.2 Structure Characterizations  

The substrates topographical features and roughness are characterized in this work using a Scanning 

Electron Microscope (SEM) and Atomic Force Microscope (AFM) for measuring the roughness of the 

surface. SEM instrument brand was Zeiss LEO-1550 (Carl Zeiss AG, Oberkochen, Germany) and it 

operated with 3-7 kV electron high tension (EHT) using a secondary electron detector (SE2). Samples 

required no gold sputtering unless otherwise stated. AFM instrument brand was Dimension 3100 

Scanning Probe Microscope (Veeco, New York, USA).  

3.2.2.1 Scanning Electron Microscope (SEM) 

Figure  3-2 illustrates typical top-down SEM micrographs with low and high magnification isolated lines, 

and parallel tungsten line comb structures. Figure  3-2(a) shows a low magnification 0.25 µm parallel 

tungsten comb structures with alternating equal widths of W (light gray) and SiO2 (dark gray) lines in 

addition to isolated W lines that are 0.25 μm wide. Figure  3-2(b) shows a high magnification image of W 

isolated lines inlaid in a SiO2 continuous phase referred to in this work as “Field Oxide.” The two isolated 

lines are ~1.5 mm long and 50μm apart. Figure  3-2(c)-(f) shows some of the other inlaid tungsten comb 
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structures. Adding to the structures presented in Figure  3-1, structures with line widths of 0.18, 0.25, 0.5, 

1, 2, 5, 10, 50, and 100 μm were also assessed in this work.  

 

Figure  3-2 Top-down SEM micrographs show the different widths of inlaid tungsten lines (dispersed) in the 

silicon oxide continuous phase. (a) Tungsten/silicon oxide structure where lines are invisible due to 

magnification, (b) 0.25x0.25 μm tungsten/silicon oxide (equal width line and spacing) parallel lines (comb 

structure), and (c) 2.0x2.0 μm tungsten/silicon oxide (equal width line and spacing) parallel lines (comb 

structure). 
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Typical SEM images from Figure  3-2 indicate that the surface of the substrates is free from defects, 

scratches, and residues, and the W line sidewalls appear to be smooth and continuous. Table  3-2 provides 

a summary of the actual dimensions of the inspected parallel lines comb structures. 

Table  3-2 Summary of the actual dimensions of the inspected parallel lines comb structures 

Structure 
Type 

Line Width Comb Structure 
Total Area 

Measured 
Area* Tungsten SiO2 Width Height 

 (μm) (μm) (μm) (μm) (μm
 2

) (μm
 2

) 

Comb Structures 
With Parallel 
Silicon Oxide and 
Tungsten Lines 

0.18 0.18 1,258 1,606 2.02x10
6 

1.73 x10
6
 

0.25 0.25 1,258 1,606 2.02 x10
6
 1.73 x10

6
 

0.5 0.5 1,258 1,606 2.02 x10
6
 1.73 x10

6
 

1 1 1,258 1,606 2.02 x10
6
 1.73 x10

6
 

2 2 1,258 1,606 2.02 x10
6
 1.73 x10

6
 

5 5 2,193 1,603 3.52 x10
6
 3.14 x10

6
 

10 10 1,258 1,606 2.02 x10
6
 1.73 x10

6
 

50 50 2,984 2,984 8.90 x10
6
 8.31 x10

6
 

100 100 2,984 2,984 8.90 x10
6
 8.31 x10

6
 

Field Tungsten 
(Solid) 

no parallel lines, just 
an area of tungsten  

1,258 1,606 2.02 x10
6
 1.73 x10

6
 

* All grids were measured without an edge area of 50x50 μm on all sides to avoid the edge effect impact on the cell 

alignment 

 

Typical low- and high-magnification SEM micrographs of 70° tilted and 90° (cross-sectional) samples 

were essential for characterizing and demonstrating the topographical features of the W-CMP surfaces 

understudy. These included the roughness, flatness, and uniformity of the SiO2, and W surfaces and lines. 

The desired micrographs were achieved, and the tungsten and silicon oxide lines and fields appeared clear 

after the substrate had been cleaved perpendicular to the metal lines. The cross-sectional samples were 

inspected and imaged after gold sputtering was completed. Typical images with low and high 

magnification were done, and the results are demonstrated in Figure  3-3 for 70° tilted samples, and in 

Figure  3-4 for 90° tilted samples. Figure 3-3(a)-(b) shows ~0.5 μm wide tungsten lines separated by ~0.5 

μm of silicon oxide.  Figure  3-3(c)-(d) presents field tungsten and field oxide side by side. Likewise, the 

90° cross-sectional micrographs from Figure  3-3(a)-(b) and (c)-(d) show W/SiO2 parallel lines comb 

structure with metal lines 0.5 μm, and 3.0 μm and oxide spacing 1.5 µm and 1.0 μm wide. As anticipated, 

the polished surfaces were continuous and flat. The silicon oxide film had a uniform thickness of ~0.5 

μm, and the tungsten lines were inlaid to a depth of ~0.3 μm in the oxide film.  
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Figure  3-3 Typical 70° tilted SEM micrographs with substrates (a) 1µm wide tungsten line inlaid in silicon 

oxide continuous phase, (b) 0.5x0.5 μm tungsten and silicon oxide parallel lines, (c) field tungsten (solid), 

and (d) field tungsten and field silicon oxide side by side. The dotted line separates the silicon oxide area 

from the silicon substrate. 

3.2.2.2 Atomic Force Microscope (AFM) 

In addition to the micrographs generated from SEM, AFM was used to generate micrographs (as shown in 

Figure  3-5), and the root-mean-square (RMS) roughness of the 2D W/SiO2  substrates was measured 

using Gwyddion (version 2.5.2), an open-source data visualizing and analysis software for scanning probe 

microscopy (SPM). Results indicate that the average RMS roughness of W and SiO2 (fields and comb 

structures) was analyzed to be in the scale of ~0.44 ± 0.14 nm, and ~0.26 ± 0.06 nm, respectively. Data 

spreads represent one standard deviation. AFM scanning areas were 5μm x 5μm for field SiO2, and 50x50 

μm for W/SiO2 comb structure. These analyzed roughnesses are consistent with or better than values 

reported in the literature for CMP surfaces (Jing et al., 2013, Zantye, Kumar, and Sikder, 2004; van 

Kranenburg et al., 1997; Thomas et al., 1996).  
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Figure  3-4 SEM micrographs with 90° tilted (cross-sectional) high and low magnification, (a)-(b) low 

and high magnification of a comb structure with 0.5 μm wide tungsten lines and 1.5 μm silicon oxide 

spacing, (c)-(d) low and high magnification of  a comb structure with 3.0x1.0 μm tungsten and silicon 

oxide parallel lines. The dotted lines separate the silicon oxide from the silicon substrate.  

 

 

Figure  3-5 AFM micrographs of (a) field silicon oxide with a scanned area of 5x5 μm and (b) W parallel lines comb 

structures with a scanned area is 50x50 μm. 
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3.2.3 Cell Culture, Fixation, Ethanol-Dried and Staining Protocols  

This section discusses in detail the different cell lines used in the experimental work as well, their 

incubation procedures, fixation, and staining protocols. This includes Vero cells (CCL-81), human 

prostate cancer cells (PC-3), and human dermal (skin) fibroblast cells (GM5565). Vero and prostate 

cancer cells are epithelial cells, while GM5565 and QT are fibroblasts. Table  3-3 provides a detailed 

description of these cell lines. 

Table  3-3 Description of the cell lines understudy  

Description Vero Cells
 Prostate  

Cancer
 

Dermal 
Fibroblast 

Quail Tail 

Cell Line 
Name 

CCL-81
™ 

 PC-3 GM5565 QT-35
 ™

 

Supplier ATCC
™

 ATCC
™

 ATCC
™

 ECACC
™

 

Source 
Normal  

Adult Male 
Adenocarcinoma Male Adult 

Normal 
Adult Male 

Fibrosarcoma 

Species 
African Monkey 
(mammalian) 

Human (mammalian) 
Human 

(mammalian) 
Quail 
(bird) 

Tissue of 
Origin  

Kidney Prostate; derived from Bone Skin Muscle 

Growth 
Model 

Adherent Adherent Adherent Adherent 

Morphology / 
Cell Type  

Epithelial Epithelial Fibroblast Fibroblast 

Literature 
Sigma-Aldrich (2016a) 

Adams et al. (2015) 

Cunningham and You (2015) 

Russell and Kingsley (2003) 

Bauer et al. 

(1993) 

Sigma-Aldrich 

(2016a) 

 

3.2.3.1 Vero Cells (CCL-81) 

Vero cells (CCL-81) obtained from the American Type Culture Collection (ATCC, USA) were cultured 

in a 1:1 mix of Dulbecco’s Modified Eagle Medium (DMEM) and Ham’s F12 (Corning Cellgro, USA) 

nutrient mixture. The DMEM/F12 medium was supplemented with 4 mM L-glutamine (Sigma-Aldrich, 

USA) and 10 % fetal bovine serum (FBS) (Gibco, USA). Cells were incubated in 5 % CO2 at 37 
°
C. The 

average diameter of a Vero cell is 14.65 μm, as measured during the experiment using Countess II FL 

Automated cell counter. 

The ATCC via their distributor CedarLane Labs (Burlington, ON) indicated that the average diameter 

of Vero cells falls between 12.39–16.64 μm, with an average of 14.52 μm, and the majority of cells’ 

diameter at 14.75 μm (Achankunju, personal communication, October 15, 2016). The polished specimens 
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were sterilized in 2 mL of 70 % ethanol for 30 seconds before cell depositions. Specimens were air-dried, 

then rinsed with 2 mL Dulbecco's phosphate-buffered saline (D-PBS) to remove residual contaminants. 

Sterilized specimens were inoculated with a specific confluence and incubated for a specified period. The 

confluence of cells and incubation periods varied depending on the specific experiment parameters. The 

incubation process was conducted in 6-well plates (Nunc, Thermo Scientific, Denmark). After the 

incubation period, the spent media was removed and rinsed with 2 mL of Dulbecco's Phosphate-Buffered 

Saline (D-PBS) solution. The adherent cells on specimen surfaces were fixed using 2 % methanol-free 

formaldehyde (Sigma-Aldrich, USA) for one hour at room temperature, and then dehydrated by 

submerging them sequentially in 50 %, 75 %, and 95 % ethanol solutions for ~ 10 minutes, followed by a 

15-minute soak using 100 % ethanol. Specimens were dried gently with high purity nitrogen after the 

final ethanol soak (Moussa et al., 2017).  

Staining was done according to the following protocol. The adherent cells were fixed, as previously 

mentioned, using 2 mL of 2 % methanol-free paraformaldehyde (Sigma-Aldrich). The permeabilization 

process of the cell membrane was done using 2 mL of 0.1% Triton-X100 (Sigma-Aldrich) for five 

minutes. Two milliliters of 1 % (w/w) bovine serum albumin (BSA) (Sigma-Aldrich) were used to block 

the cells before adding the deep red CytoPainter F-Actin stain (ab112127 Abcam, Cambridge, MA, USA). 

The F-Actin stain was diluted by a factor of 1,000 in 1 % BSA. This step happens in the dark, at room 

temperature for an hour. The cells were then exposed for 5 minutes to 2 ml of 4’ ,6-diamidino-2-

phenylindole (DAPI) (Life Technologies™, Carlsbad, CA, US), and then washed twice using 2 mL of D-

PBS. The staining process ends, when four drops of the anti-fade agent are added before specimens are 

stored in the dark at 4 °C prior to imaging (Moussa et al., 2017).       

3.2.3.2 Prostate Cancer Cells (PC-3) 

The American Type Culture Collection (ATCC, Manassas, VA) was the source of the human prostate 

cancer cells (PC-3) used in this experiment. Ham’s F-12K (Kaighn’s) a modified version of Ham’s F-12 

culture medium was used for cell incubation. Since the F-12K culture medium is protein-free, the medium 

was supplemented with 10 % FBS (Thermo Fischer, Whitby, ON), and 1 % of penicillin-streptomycin. 

Cells were incubated in 5 % CO2 at 37 
°
C. The polished specimens were sterilized in 2 mL of 70 % 

ethanol for 30 seconds prior to cell depositions. Specimens were air-dried, then rinsed with 2 mL 

Dulbecco’s phosphate-buffered saline (D-PBS) to remove residual contaminants. Sterilized specimens 

were seeded with cells with a confluence of 1.5x10
5
 cells/ mL and incubated for 48 hours. After the end 

of the incubation period, the wasted medium was removed, the incubated cells were fixed at room 
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temperatures using a process that is widely used in literature (Seo et al., 2017; Li et al., 2014; Pan et al., 

2012).  

3.2.3.3 Human Dermal Fibroblast Cells (GM5565) 

Human dermal fibroblast (GM5565) cells from ATCC (Manassas, VA) were seeded on 2D W/SiO2 

micron, and sub-micron scale patterned substrates and cultured for 72 hours in an incubator at 37 °C with 

5 % of CO2 Corning, NY) in two different culture media A, and B. Both are serum containing media of 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 % (v/v) Gibco
™  

FBS (Thermo 

Fischer, Whitby, ON), but medium B was supplemented with  5 μM antimycin A (Sigma-Aldrich, St. 

Louis, Missouri) at a concentration that is sufficient to induce a change in the function of the 

mitochondria, but not to result in immediate failure (Stefano, Samuel, and Kream, 2017; Kalghatgi et al., 

2013). The 2D micron and sub-micron scale patterned substrates were rinsed and dried with ethanol prior 

to seeding the GM5565 cells with an initial concentration of 1x10
5
 cells/mL in 35 mm plates (Falcon, 

Thermo Fischer, Whitby, ON).  

3.2.3.4 Quail Tail Cells (QT-35) 

Quail tail cells (QT-35) were obtained from the European Collection of Authenticated Cell Cultures 

(ECACC). The cells were cultured in a Modified Eagle Medium (MEM) with 1 % of Non-Essential 

Amino Acid (NEAA) solution (Corning Cellgro, USA) supplemented with 4 mM L-Glutamine (Sigma-

Aldrich, USA) and supplemented with 10 % (v/v) Gibco
™ FBS

 (Thermo Fischer, Whitby, ON, Canada). 

The cells containing solutions were kept in a 5 % carbon dioxide environment at 37 
°
C prior to cell 

deposition. Sterilized specimens were submerged in the culture medium for 48 hours at 37 
°
C. The 

incubation of cells was conducted in Nunc Delta Surface 6 well plates made by Thermo Scientific 

(Denmark) at an initial concentration of cells was 5.0x10
4
 cell/mL for 24 hours. The spent media was 

removed and rinsed with 2 mL of D-PBS solution. The adherent cells on the specimen surfaces were fixed 

by submerging them in 4 % methanol-free formaldehyde (Sigma-Aldrich, USA) for 1 hour at room 

temperature, and then dehydrated using ethanol. The substrates were dried gently with high purity 

nitrogen after the final ethanol soak. 

3.2.4 Quantifying the Dimensions and Orientation of Cells Nuclei  

This section is intended to demonstrate the quantification method of cell-substrate interaction in terms of 

the orientation and alignment of nuclei for the different cells (Vero, PC-3, and GM5565) under study.  

Orientation is represented by the angle ϕ that exists between the major axis of the elliptically-shaped 
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nuclei and the metal line axis (y-axis). A schematic drawing illustrating the angle ϕ between these axes is 

shown in Figure  3-6. The angle ϕ is equal to 0
° 

when
 
the nucleus’ major axis is perfectly aligned in 

parallel to the metal line axis (y-axis). The angle ϕ is equal to 90
°
 when the nucleus’ major axis is 

perpendicularly oriented to the metal line axis (x-axis). The elongation ratio of cells is calculated as a 

ratio between cell’s major (L) and minor (S) axes (L/S), as illustrated in Figure  3-6, and the L/S ratio is 

always bigger than 1. The center of the cell nucleus (C) is identified by the point at which the short and 

long axes intercept. These measurements were conducted manually as lines of best fit, based on a visual 

estimate of the nucleus boundaries by using the Image Processing and Analysis in Java (ImageJ) software 

(National Institute of Mental Health, Bethesda, Maryland, USA) built-in application tools. Cells situated 

within the 50 μm region from the boundary of the comb structures were excluded in order to avoid 

possible edge influences. 

 

Figure  3-6 Representative sketch of a cell on a tungsten and silicon oxide comb structure showing the nucleus 

deviation angle ϕ from the tungsten lines y-axis, and the long (L), and short (S) axes of the cell. “C” is the point at 

which the two axes connect, and form a right angle (Moussa et al., 2017). 

3.3 Results and Discussion 

This section discusses the potential changes in the behavior of cells adherent on a newly developed 2D 

W/SiO2 micron and sub-micron scale patterned substrate as a result of different experimental parameters. 
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This includes different cell lines, culture media, the protein concentration in the culture media, the effect 

of silicon oxide lines widths (spacing), and the effect of the bacterial toxin on the behaviors of cells, 

GM5565 in particular.    

The conducted experiments and their results that are listed and discussed in this section are intended to 

prove that the 2D W/SiO2 substrates can be used to induce a preferential change in the alignment and 

orientation behaviors of adherent cells. This was demonstrated to be possible in the absence of any 

external mechanical stimuli that are responsible for the biological and biochemical responses of cells as a 

result of cell-substrate interaction.  

This section is divided into three main sub-sections based on the type of assessed cells.  

3.3.1 Vero Cells (CCL-81) 

3.3.1.1 Patterns-dependent Cell Alignment  

This experiment was conducted to demonstrate the ability of the 2D W/SiO2 substrates to alter the 

geometry, orientation, and alignment behaviors of Vero cells on both un-patterned surfaces (e.g., field 

oxide, field tungsten, and bare silicon) and patterned surfaces (comb structures). For this experiment, 

Vero cells were incubated on two 2D W/SiO2 substrates for 24 hours at a similar initial concentration of 

2x10
5
 cells per mL. After the end of the incubation period, one chip was prepared, and cells were fixed 

and dried as discussed in Section  3.2.3.1 to be later imaged using SEM. SEM micrographs were obtained 

using EHT between 3-7 kV and SE2 electron detector (Section  3.2.2). The second chip was fixed and 

stained ready, to obtain high-resolution images using a confocal fluorescence microscope (Leica 

Microsystems, GmbH, Germany). The Leica TCS SP5 used to obtain fluorescence images was done at the 

University of Guelph (Canada) and equipped to obtain signals from five different wavelengths at the same 

time. Blue DAPI and red CytoPainter F-Actin fluorescence stains were inspected with wavelengths in the 

ranges of 436–482 nm, and 650–700 nm, respectively. Similarly to the structures (with no cells on) 

imaged by SEM and published in Figure  3-2, images of Vero cells adherent on different surfaces and W 

parallel lines comb structures with different line widths, are shown in Figure  3-7. 
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Figure  3-7 SEM images capture the change in the cell adhesion patterns on different structures with different 

tungsten line widths: (a) 0.18 μm (lines are unnoticeable due to magnification), (b) 10 μm, (c) 50 μm, (d) 100 μm, (e)-

(f) filed tungsten (0 μm). SEM micrographs indicate symmetrical widths of tungsten lines and silicon oxide spacing in 

the comb structure 
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The dimensions of the imaged and inspected comb structures and field tungsten are listed Table  3-2. 

Since the width of W and SiO2 comb structures alternating lines were identical, it is reasonable to assume 

that W and SiO2 lines covered almost half of the inspected areas, except for field metal and field oxide. 

As Figure  3-7 indicates, Vero cells on 0.18 µm (a), 50 μm (c), and 100 μm (d) wide W lines comb 

structures and field tungsten (e-f) show that they were randomly distributed with no orientation preference 

or preferential geometrical shape. The majority of cells inspected on 50 μm (c), and 100 μm (d) wide W 

lines comb structures remained entirely within the tungsten lines (light grey) with no contact on SiO2 lines 

(dark grey).  However, on a 10 μm wide W lines comb structure (b), cells behaved in a more organized 

manner, by aligning themselves in parallel to the W lines. To further confirm the observations obtained 

from the SEM micrographs in Figure  3-7, it was essential to obtain high-resolution micrographs using a 

confocal fluorescence microscope. The fluorescence micrographs will help to understand the alignment 

behavior of cell nuclei stained and labeled in blue, and actin microfilaments stained with red.  

The staining protocol of Vero cells is described in Section  3.2.3.1. Additionally, the fluorescence 

confocal micrographs will be used for the mathematical modeling intended to describe the alignment 

behaviors of the adherent cells and compare them with the experimental data from Section  3.3.1.1.  

Qualitatively, the confocal fluorescence images on isolated tungsten lines and W/SiO2 dense parallel 

lines comb structures Figure  3-8 confirm that the cell-substrate interactions, observed previously in 

Figure  3-7, happened without the presence of external mechanical forces or stimuli, but they were only 

driven by preferred cell-tungsten lines interactions as a result of the tungsten high surface energy 

(Table  3-1). Figure  3-8(a) shows that on a bare silicon substrate (black-background), there was no 

preferred alignment behavior (nuclei stained in blue and actin microfilaments stained in red). However, 

cells show a change in the alignment behavior when adhered to isolated W lines, regardless of the width 

of the isolated W line (0.18, 2.0, and 10 μm). Isolated lines refer to W lines (~1.5 mm long) inlaid  in field 

oxide; those are 50 μm apart (as discussed in Section  3.2.2.1). Figure  3-8 (b, c, d, and e) illustrates that 

cells on these isolated W lines tend to elongate into a long thin strand. It was observed that the largest 

width of the cell was near the nucleus, which in turn was deformed into a diamond-like shape. Vero cells 

underwent severe stress on 0.18 μm isolated lines micrograph (b) in order to stretch and fit along the W 

isolated lines. However, despite the stress and change in shape, the majority of the cells remained broader 

than the 0.18 μm W lines. This is understandable since the average diameter of Vero cells is 14.75 μm 

(Section  3.2.3.1). This preferential adhesion behavior is driven and influenced by the width of tungsten 

lines even though the width of the isolated W line is ~1.1% of the average diameter of the cell. These 

observations show a limitation of the nucleus ability to deform as a result of the mechanical forces 
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transmitted between the extracellular matrix (in this case the substrate) and the cytoskeleton (F-actin 

filaments). The deformation magnitude is cell-type dependent. Fibroblast and endothelial cells deform 

less than epithelial cells because of the higher stiffness of nucleus (Wang et al., 2018; Haase et al., 2016; 

Belaadi, Aureille, and Guilluy, 2016; Lammerding, 2011).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3-8 (a) Fluorescent confocal image of Vero cells on the bare silicon substrate. (b), (c), (d), and (e) Images of 

adherent cells on 0.18 µm, 2.0 μm, and 10 μm (high and low magnification) wide isolated tungsten lines, respectively. 

(f), (g), (h), and (i) Micrographs of adherent cells on 0.18 µm, 0.25 µm, 2.0 μm, and 50 μm comb structures, 

respectively. Cell nuclei are stained in blue using DAPI, and F-actin microfilaments are stained in red using 

fluorescent phalloidin conjugate. All cells were incubated for 48 hours (Moussa et al., 2017).  
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The notion of cell-W lines interaction is also observed on 2.0 μm isolated tungsten lines (c) and 10 μm 

(d)-(e) isolated W lines. Contrarily to the attachment behavior of Vero cells on 0.18 μm and 2.0 μm 

isolated W lines, cells fit entirely on 10 μm isolated W lines with less deformation on the shape and 

dimensions of the nucleus. Figure 3-8 (b)-(c) reveals that the nuclei of the non-dividing elongated cells on 

isolated 0.18 μm and 2.0 μm isolated tungsten lines were similar. This suggests a limited deformation 

ability determined by the maximum amount of force generated by the F-actin filaments and the 

compliance of the cell nuclei (Moussa et al., 2017). 

Figure 3-8 (j)-(k) shows a Vero cell likely in anaphase, going through mitosis while severely elongated 

on 0.18 μm isolated tungsten line. Figure 3-8(k) reveals two identical groups of condensed chromosomes 

that are aligned away from the tungsten line y-axis (Moussa et al., 2017), and it further demonstrates the 

formation of two developed nuclei in not fully-separated cells. This image indicates that the severe 

elongation of the adherent cell did not prevent it from dividing. Similarly to Figure 3-8 (j)-(k), Figure 3-8 

(l)-(m) shows another dividing cell (in the dotted white box) on 2.0 μm isolated tungsten line, but at a 

different stage of mitosis, probably in metaphase.  

 

Figure 3-8 (j)-(k) Low and high magnification images of a dividing cell on 0.18 μm isolated tungsten line. 

(l)-(m) Low and high magnification images of a dividing cell on 2.0 μm isolated tungsten line. 



 

48 

The orientation and alignment behavior of Vero cells were characterized using the method described in 

Section  3.2.4. The angle ϕ exists between the major axis of the elliptically-shaped nuclei and the metal 

line axis (y-axis), as demonstrated in Figure  3-6. This angle was measured for cells adherent on the 

assessed structures. A total of 5,804 cells were assessed and measured on comb structures with different 

W/SiO2 line widths, bare silicon, field tungsten, and field oxide areas. Results from Figure  3-9(a)-(b) 

confirm the visual observations and show a broad distribution of alignment behavior of cells. 

Quantitatively, only 13.6 % of cells on bare silicon, 11.4 % of adherent cells on field tungsten (solid), 4.8 

% of cells on field silicon, and 16 % of cells adherent on 0.18μm comb structure align in the range of 

±10° in parallel to W lines; thus, adherent cells on these assessed areas and structures show no preferred 

alignment.  

Data indicate that with the increase in the width of tungsten line from 0.25 μm to 10 μm, adherent cells 

show an increase in the percentage of aligned cells the range of ±10° from 22 % to 56 %, respectively. 

The tendency of cells to preferably align at a peak on 10μm W line comb structure will decline 

(misaligned) at W line widths larger than 10μm, for example, 50μm and 100μm. This is further 

demonstrated in Figure 3-9(b), in which the percentage of cell alignment within ±10° and ±20° of the 

tungsten lines y-axes was illustrated as a function of the line widths of the comb structures. These 

findings agree with results from Joo et al. (2015), Nakamoto et al. (2014), Poudel et al. (2013), and Aubin 

et al. (2010). These publications indicate that cells showed a preferred alignment behavior along the line 

axes at a specific line width (vary depending on the cell type); however, on larger or smaller line width, 

cells tend to misalign. The number of Vero cells assessed on each area and comb structure is labeled on 

each chart as n. 

Additionally, the deformation in the nuclei shape (described in the L/S ratio, cell nuclei long axis to 

short axis) on bare silicon, field tungsten, and field oxide was found to be in the same range of 1.4±0.2, 

1.5±0.3, and 1.7±0.4, respectively. 

Furthermore, results indicate that the average L/S ratio of adherent cells increases with the increase of 

W line width to peak at 10 μm with 169 % higher than average L/S ratio for adherent cells on field 

tungsten. Thus, the above-given results demonstrate that the alignment of adherent Vero cells is a pattern-

dependent behavior. The summary of data from Section  3.3.1.1 is briefed and listed in Table  3-4. 
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Figure  3-9 (a) The alignment of Vero cells characterized as the angle ϕ from W lines y-axis and the width of W line, 

from 0 μm (field oxide, field W, and bare silicon) to 100 μm. Value “n” is the number of cells inspected on each 

structure. Each bar represents the percentage of cells in a ±10° bin of deviations from the line axis. (b) Distribution of 

cell alignment as a function of line width for ±10° and ±20°. Error bars correspond to one standard deviation (Moussa 

et al. 2017). 
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Table  3-4 Data summary for the alignment of Vero cells as a function of W and SiO2  lines width dimensions, comb 

structure area, number of assessed cells, and percentage of cell aligned within ±10° and ±20° of the W lines y-axis.  

Structure 
Comb 

Structure 
Lines Width 

Measured 
Comb 

Structure 
Area 

Cell 
Number in 
Structure 

Cell Density 

Cell 
Distribution 

Aligned ± 10
o
 

from W Lines 

% Cell 
Distribution 

Aligned ± 20 
o
 

from W Lines 

 
 (mm

2
) (n) (cells/mm

2
) (%) (%) 

1 Bare silicon - 184 - 14 + 3 24 ± 2 

2 Field tungsten 1.73 494 286 12 + 2  22 ± 1 

3 Field oxide - 75 - 4 ± 0 15 ± 8 

4 0.18x0.18 1.73 308 178 16 + 2 30 + 2 

5 0.25x0.25 1.73 300 173 22 + 2 36 + 5 

6 0.5x0.5 1.73 500 289 23 + 2 47 + 1 

7 1.0x1.0 1.73 403 233 31 + 1 53 + 6 

8 2.0x2.0 1.73 525 303 27 + 5 52 + 5 

9 5.0x5.0 3.14 402 128 50 + 7 73 + 6 

10 10x10 1.73 804 466 56 + 3 73 + 1 

11 50x50 8.31 378 45 41 + 3 66 + 3 

12 100x100 8.31 1,434 173 32 + 1 50 + 3 

Note: Initial cell confluence was 2×10
5
 cells/ml. Data spread corresponds to one standard deviation. 

To summarize this section, Vero cells showed the tendency to preferentially adhere to isolated tungsten 

lines and tungsten parallel lines comb structures, rather than field oxide or silicon oxide parallel lines. The 

adherent Vero cells elongated and aligned themselves in the direction of the W lines y-axes to maximize 

their contact with these lines. The maximum cell alignment was observed and quantified on comb 

structure with tungsten lines 10 μm wide. This happened without the presence of external mechanical 

forces or stimuli, but was only driven by preferential cell-tungsten lines interactions.     

3.3.1.2 Mathematical Model for Line Width-Dependent Cell Behavior 

This section is intended to demonstrate the ability of a newly developed mathematical model to predict 

the alignment behaviors and dynamics of the adherent cells. The developed model was based on 

experimental data from Section 3.3.1.1, which shows a strong correlation between the widths of 

symmetric tungsten and silicon oxide lines in the comb structure and the elongation and alignment 

behaviors (deformation characteristics) of cells. Observations based on Figure  3-7, Figure  3-8, and 
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experimental data from Figure  3-9 and Table  3-4 demonstrate that adherent cells on 10x10 μm lines 

widths comb structure showed the highest elongation and alignment behaviors in comparison with other 

comb structures. This shows a tungsten linewidth dependent behavior, driven by the tendency of cells to 

maximize their contact area with tungsten line. A mathematical model was developed to predict the 

geometry-dependent cell behavior by calculating the percent of tungsten area coverage of an adherent 

cell, A(W), as a function of comb structure tungsten line widths (Equation 3.1). A visual demonstration 

is provided in Figure  3-10. Two cell geometries were modeled based on monolithic un-patterned surfaces 

(field tungsten, and bare silicon) based on actual adherent cells and two isolated tungsten line widths of 

0.18 and 2.0 μm as illustrated in Figure  3-10 (a) and Figure S1 (Appendix B). The geometries signify the 

shape of cells observed in these different areas and isolated tungsten lines. On monolithic un-patterned 

surfaces, cells are randomly oriented with irregular geometries with dimensions of ~97 μm long and 

~107 μm wide. On polished oxide, cells showed similar randomness and irregularity with ~56 μm long 

and ~58 μm wide dimensions. The elongated cell on 2.0 μm wide isolated tungsten line was measured to 

be ~ 179 μm long and ~ 11 μm wide, whereas cell on 0.18 μm wide line was ~ 228 μm long and ~ 9 μm 

wide. To determine the correlation between the width of metal lines and the portion of the cell that was 

in contact with the tungsten lines, symmetrically parallel lines were overlaid on these cell geometries as 

demonstrated in Figure  3-10(a)-(b). The yellow diamond shapes symbolize the potential cell morphology 

that can be observed. The data generated from the simulation represent the cell alignment comparative to 

the width of the tungsten line on the comb structure. Results were presented in Figure  3-10(c). It was 

assumed that the center of the modeled cell was always positioned on a tungsten line; thus, a modeled 

cell would be either in full contact with one metal line (100 % coverage), or 50 % of the cell area was in 

contact with the simulated tungsten lines, in which cell-tungsten coverage is considered to be 50 %.  

The portion of the cell area on (in contact with) tungsten lines ΣAi, represented in Figure 3-10(b) in 

blue was calculated using Equation 3.1, as a percentage of total cell area on both tungsten lines (in blue) 

and silicon oxide lines (in yellow). i = 5 for circle shaped (pink) cell, and i = 3 for diamond shaped 

(yellow) cell, in Figure 3-10(b). Equation 3.1 displays cell’s geometry-dependent behavior 

                                              A(W) =  
∑ 𝐴𝑖

total cell area
 x 100                                                 3.1 

The “i” index represents the number of the tungsten lines that the adherent cell was in contact with. Value 

i = 1 is for a cell that was fully adherent on a metal line, and the coverage is considered to be 100 %. i = n, 

which depends on the total number of tungsten lines in contact with a cell.   
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Figure  3-10 (a) Cells with different morphologies on field W, bare Si, 2.0 μm, and 0.18 μm wide isolated 

tungsten lines overlaid on simulated W (gray) and SiO2 (white) lines. (b) A representative diagram of the 

orientation of cells compared to the simulated W and SiO2. (c) The tungsten coverage area on a cell 

plotted as a function of simulated tungsten line widths (w) (Moussa et al., 2017). 
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Figure  3-10(c) shows that for the randomly-shaped cells such as the ones observed on field tungsten 

and bare silicon (Figure 3-10(a)), the cell covered ~50 % of the tungsten lines when placed on the 

simulated tungsten lines with widths smaller than 10 μm. The cell-tungsten coverage was observed to 

increase with the increase in the width of the tungsten lines wider than 20 μm. Cells were found to be in 

full contact with tungsten lines 100 μm wide, at which point the entire cell was in contact with tungsten. 

On isolated tungsten lines, the elongated-shaped cells showed ~50 % coverage when simulated metal 

lines were smaller than 2 μm wide. This value is similar to that observed on randomly oriented cells, but 

with tungsten lines thinner than 10 μm. This finding indicates that cells will not benefit from deforming 

their geometries to elongate and fully fit within these tungsten lines to increase the cell-tungsten contact 

area. However, on lines with widths of ~6-10 μm, the elongated cells showed an increase in the cell-

tungsten area to about 70 %. This coverage percentage is considerably higher than that of the irregular 

shaped cells. Therefore, on tungsten lines ~2 and 10 μm wide, cells will substantially benefit from 

deforming their geometries to align along the tungsten lines, as illustrated in Figure  3-10(c). However, for 

tungsten lines larger than 10 μm, cells will tend to be in full contact with metal lines.  

This finding is consistent with the experimental data, which indicates that cells on field tungsten and 

field oxide are randomly oriented with irregular geometries; however, on comb structures of 0.18 μm 

tungsten lines width and beyond, cells show the tendency to align in the direction parallel to the metal 

lines y-axes, where alignment rate peaks at ~10 μm lines width comb structures. Beyond this critical line 

width, cells tend to orient themselves randomly.   

3.3.1.3 Time-Dependent Cell Alignment 

Figure  3-8 provides a snapshot of the preferential adhesion and alignment behavior of Vero cells on the 

2D W/SiO2 substrate after 24 hours of incubation time. The change in the behavior of the adherent cells 

over the time course of the experiment is still ambiguous. The literature discussed in Table 2-2, 

Section 2.3.1, provides overall information on the different phases involved in the interaction between 

biological cells from a bulk phase (cells in the culture medium) and the substrate, but not the change in 

the behavior of cells in detail. Thus, to understand these changes, this section will assess the attachment 

and alignment behavior of Vero cells on 10x10µm W/SiO2 comb structure (Figure 3-2(d)) throughout the 

time course of 49.25 hours, the total incubation period of the experiment. Each of these 10x10µm comb 

structures occupies an area of ~ 1.8mm
2
. The experiment was performed using Vero cells incubated with 

an initial concentration of ~0.5×10
5
 cells/mL on ten 2D W/SiO2 substrates; each incubated for one of the 

following times: 0.5, 1.25, 2.25, 4.3, 6, 8.25, 12.2, 26, 36.2, and 49.25 hours. In total, 2,702 cells were 
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manually measured using the characterization method described in Figure  3-6, Section 3.2.4. The 70
o
 

tilted SEM micrographs of the adherent cells after each of the incubation periods are revealed in 

Figure  3-11 (Moussa et al., 2017). Images show a step-by-step change in the morphology and alignment 

of the adherent cells over the time course of the study, from initial seeding until the end of the incubation 

period. After the initial seeding of cells and for a period of ~0.5 hours, the adherent cells maintained a 

dense spherical shape with small cytoplasmic extensions projected out onto the surface. These 

observations are consistent with findings by Chierico et al. (2014), Khalili and Ahmad (2015), and Grolas 

and Vogler (2010). After one hour of incubation, cells tended to spread over the W (light grey) and SiO2 

(dark grey) parallel lines without a preferential direction, covering individually in some cases up to three 

or more metal lines. SEM images show cytoplasmic projections preferentially extended on the W lines 

rather than on SiO2. Such behavior became dominant with time. After eight hours, cells showed a 

tendency to retract perpendicularly toward the W and SiO2 line axes. However, the cytoplasmic 

projections were observed to extend further along the tungsten lines.  

This tendency continued to be in effect after 26 hours of incubation, while a significant portion of the 

adherent cells came in contact with one or two tungsten lines. Between 36 hours of incubation time and 

the end of the experiment at 49.25 hours, cells were found to be elongated and aligned in the direction of 

the W metal lines and in full contact with them in a preferential adhesion behavior. Additional 70° tilted 

SEM images further describe the change in the morphology and alignment behavior of Vero cells on 

10x10 µm comb structures as a function of time from 0.5 hours (incubation time) to 49.25 hours (end of 

incubation period) similar to Figure  3-11 is demonstrated in Appendix B, Figure S2.  

Observations from Figure 3-11 were quantitatively assessed, and the percentage of cells aligned 

parallel in to the W lines y-axes on 10x10µm comb structures as a function of time was plotted as 

illustrated in Figure  3-12. In total, 2,702 adherent Vero cells were characterized. Results show an increase 

in the alignment of cells between 0.5 and 2:25 hours, followed by a decrease between 4.30 and 12.2 

hours, and then an increase, where cells’ alignment rate peaks at 36.2 hours of incubation time, followed 

by a drop in the alignment rate at the end of the experiment at 49.25 hours.  
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Figure  3-11 SEM 70
o
 tilted micrographs of Vero cells at different incubation periods on 10x10 μm comb 

structures. The time of 0.5 hours is the initial seeding time and 49.25 hours represent the end of the 

incubation time. 
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Figure  3-12 Percentage of cells aligned parallel to the W lines on 10x10 μm comb structure as a function of 

incubation time. The time of 0.5 hours represents the initial seeding time, and 49.25 hours is the end of the incubation 

period. The number of inspected cells is n. Error bars correspond to one standard deviation.   
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The quantitative data from the time-dependent cell adhesion experiment (Figure  3-13) show an 

increase in the number of cells on the 10x10 µm comb structures (concentration of cells measured in 

cell/mm
2
) as a function of time as in Figure  3-13. As indicated before, the area of a 10x10 µm comb 

structure is ~1.8 mm
2
. As predicted data from Figure  3-13 confirm the visual observations (qualitatively) 

of the proliferation behavior of the adherent cells throughout the time-course of this experiment. Data in 

Figure  3-13 were best fitted by an exponential function with a pre-exponential factor, exponent 

coefficient, and coefficient of determination (R
2
) of 37.71 cells/mm

2
, 0.0537, and 0.9445, respectively.  

 

Figure  3-13 The concentration of adherent Vero cells as a function of time on a 10x10 µm comb structure  

 

Additionally, the location of the adherent Vero cells centers (c) as characterized in Figure  3-6 is 

plotted in Figure  3-14, which shows that more than half of cell nuclei population was located on the 

tungsten lines at all incubation time. For example, after half an hour of incubation, ~70 % of nuclei 

adhered to tungsten lines, while the rest to the silicon oxide. This suggested that the preferential adhesion 

of cells onto tungsten begins shortly after seeding of cells and continues throughout the experiment.   
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Figure  3-14 Plot of the location of adherent cell nuclei centers on the 10x10 µm W comb structure as a function of 

incubation time. The location of the center determines whether the cell on metal or oxide line, even if the cell nucleus 

is spread on multiple W and oxide lines. 

3.3.1.4 Culture Media-Dependent Cell Alignment 

Section 3.3.1.3 demonstrated that incubation time is one of the significant parameters that can induce a 

preferential cell-tungsten lines attachment behavior mainly on 10x10µm tungsten comb structures. As 

listed in Table 2-1, there are some driving forces that may individually or collectively play an important 

role in altering the cell-substrate attachment behavior in general and cell-tungsten in particular. This 

section will focus on the effect of different culture media and the concentration of protein within them, on 

promoting a preferential cell-tungsten adhesion behavior. The adhesion of protein molecules plays a 

critical role in enhancing the cell-substrate interaction behavior (Teixeira et al., 2003). However, the 

surface energy, surface roughness, and the ability of the surface to adsorb proteins play an essential role 

in the overall cell-substrate interaction (Rabe et al., 2011; Schmidt et al., 2009; Hobertt, 2004). 

Researches by Parhi et al. (2009), Baszkin and Lyman (2004), and Hallab et al. (2001) highlighted that in 

general substrates with higher surface energy promote higher cell-substrate interaction. Thus, it is 

important to remind the reader about essential facts concerning the surface properties of chemical-

mechanical polished tungsten surfaces. Tran et al. (2016) indicate that W has a surface energy of ~3.3 

J/m
2
, one of the highest surface energies among metals. This value is more than 100 times greater than the 

surface energy of virgin (0.0272 J/m
2
) and chemical-mechanical polished silicon oxide (0.0296 J/m

2
) as 
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reported by Thomas et al. (1996). As a result, one can claim that this is one of the reasons for the 

preferential adhesion behavior of cells on tungsten CMP structures. Also, the surface roughness of the 

chemical-mechanical polished W surfaces in comparison to SiO2 surfaces is probably another factor in the 

preferential adhesion behavior of cells on the substrates understudy. The results of the surface 

characterization using AFM, which are discussed in  3.2.2.2, indicate that the tungsten CMP surfaces have 

an average root-mean-square (RMS) roughness of ~0.44 nm that is ~ 1.7 times higher than average 

roughness of the chemical-mechanical polished SiO2 surfaces (~0.26 nm) on the same substrates. Khan, 

Auner, and Newaz, (2005) studied the ideal roughness of silicon oxide substrate for the adhesion of neural 

cells in particular. Findings indicate that the surface roughness (Ra) must fall in between 20 and 100 nm. 

Considering the different type of cells used in the current study (Vero cells), this is the factor that needs to 

be taken into account, especially the polished SiO2 used falls out of the range indicated in Khan et al. 

(2005). The effect of roughness on the adhesion of protein claim came in agreement with the findings of 

other scholars (Khalili and Ahmad, 2015; Biazar et al., 2011; Khan et al., 2005; Ponsonnet et al., 2003; 

Hallab et al., 2001; Anselme et al., 2000; Martin et al., 1995), even though, the reported materials 

(platinum, tantalum, and titanium) were not the same. The surface energy and the average roughness of a 

substrate affect the hydrophobic and hydrophilic nature of the surface, which eventually influence to a 

great extent the interaction between cells and a substrate as discussed in Sectio 2.4.1 based on literature 

by Zhang and Webster (2013),  Ruggeri and Jackson (2013), Vogler (2012), Rabe et al. (2011), Tighe 

and Mann (2011), and Michaelis et al. (2011). The contact angles of a DMEM/F12 and 10 % FBS culture 

media droplet were measured on a bare silicon substrate (with a native thin layer of SiO2 at the surface) 

and W/SiO2 patterned surfaces to be ~50.0° and ~29.7°, respectively. A close-up photograph of a droplet 

from the culture media on both substrates was taken using a high-resolution camera. A horizontal line was 

drawn along the surface, and the contact angle ϴ was measured using the tangent-method, as the angle 

between the droplet outline and the horizontal surface line (Extrand, 2016).  

We studied and assessed the direct impact of culture media on manipulating the adhesion and 

alignment behavior of Vero cells on the 2D W/SiO2 substrates. Vero cells with an initial concentration of 

~0.5×10
5
 cells/ml were incubated, fixed, and dried using the detailed procedures described in 

Section 3.2.3.1. The incubation of cells was done for 48 hours in three different culture media. These 

media differ in the content of serum content. The three media are: (1) 10 % FBS (serum) containing 

media referred to as “baseline;” (2) ultra-low protein Gibco
®
 OptiPRO

TM
, a serum-free cell culture 

medium (SFM); and (3) OptiPRO
TM

 with 10 % FBS. FBS contains ~38 mg/mL of proteins and other 
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active ingredients, such as albumin, creatinine, gamma globulin, glucose, lactate dehydrogenase, and 

glutamic products. OptiPRO
TM

, the ultra-low protein medium, contains ~7.5 μg/mL of proteins.  

The orientation of the adherent cells on 10 μm comb structures, from the three media, were quantified 

based on the characterization method discussed in Section 3.2.4, and graphed as illustrated in Figure  3-15, 

excluding data from cells located within the 50 μm region from the inward boundaries of the comb 

structures in order to eliminate the edge effects on the alignment of cells. Each of the bars represented the 

fraction of adherent cells (as a percentage of the total number on the cells assessed on the 10 μm comb 

structure) aligned in an angular interval in the range of ±10° from line axis of the nucleus. If a cell aligned 

with an angle ϕ of ±11°, would be automatically added to the second group of bins, which consisted of a 

population of aligned cells with an angular interval of ±10° < ϕ ≤ ±20°. Error bars indicate one standard 

deviation from three groups of measurements.  

 

Figure  3-15 Distribution of adherent Vero cells orientated on 10 μm wide W lines comb structure cultured in the 

baseline, OptiPRO
TM,

 and OptiPRO
TM 

+ 10 % FBS culture media. (n) Denotes the number of the cells measured, 

excluding those around the edge and situated inward within the 50 μm region from the boundary of the comb 

structures to avoid the edge effect. Error bars indicate one standard deviation from three groups of measurements 

(Moussa et al., 2017) 

Alignment data from cells incubated in 10 % FBS culture medium (the baseline) indicates that ~85±1% 

of adherent cells fall in the range of ±10°, and this percentage falls by ~50 % to become ~40±6 % for 
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cells incubated in OptiPro
TM

. The drop in the percentage of cells aligned in the range of ±10° is 

accompanied by a critical drop in the number of assessed cells from 931 cells to 274 cells, respectively. 

Remarkably, the alignment rate of the incubated cells in the range of ±10° tends to grow drastically to 

~76 ± 4 %, while the number of assessed cells increases to 664 cells when incubated in OptiPRO + 10 % 

FBS culture media. These numbers demonstrate the essential role of fetal bovine serum (FBS) as a source 

of protein in the culture medium proves its ability to induce a preferential cell alignment behavior on the 

assessed 2D W/SiO2 patterned substrates. Thus, it is acceptable to say that the cellular preferential 

alignment on the W/SiO2 micron and sub-micron patterned scale substrate is not only dependent on 

tungsten line widths, as demonstrated in Figure 3-9, but also on serum. This means that cells can 

recognize a surface by sensing the protein(s) adsorbed on it as indicated by Wilson, Clegg, Leavesley, and 

Pearcy (2005). The enhancement in the rate of alignment and number of adherent cells in the baseline (1) 

and 10 % FBS containing OptiPRO (3) culture media is regarded to the existence proteins and growth 

factors on the tungsten lines prior to cell adhesion on the same substrates. Results come in agreement with 

findings by Fang, Wu, Fang, Chen, and Chen (2017); Petiot et al. (2010); de Oliveira Souza, da Silva 

Freire, and Castilho (2005); Teixeira et al. (2003); Matsushita, Kawakubo, Sawano, and Funatsu (2000); 

and Miyamoto, Izumi, Ishizaka, and Hayashi (1989) in which a change in the behaviour of incubated cells 

in terms of growth patterns and alignment when using serum-free media or FBS alternative media, 

respectively.   

It is a common practice in literature to supplement cell culture media with bovine serum (FBS), serum 

albumin (human or bovine), and ECM proteins (e.g., fibronectin, collagen, and laminin) to experimentally 

induce specific biological changes such as proliferation, and differentiation (Poudel et al., 2015; 

Felgueiras , Evans , and Migonney, 2015; Nakamoto et al., 2014; Xu and Mosher, 2011; Aubin et al., 

2010; Fujita et al., 2009; Vaidya a and Ofoli, 2005; LeBaron and Athanasiou, 2000; Steele, Johnson, and 

Underwood, 1992; Underwood and Bennett, 1989). Thus, Chapter 4 will study and evaluate in detail the 

role of individual protein components of fetal bovine serum (FBS) on the alignment behavior of cells.   

3.3.1.5 Mechanically Reworked Dependent Cell Adhesion   

The W-CMP specimens used in this work were fabricated using a chemically and mechanically robust 

fabrication technique. As demonstrated in Section 3.2.1 and Section 3.2.2, the surfaces of the 2D W/SiO2 

substrates are smooth and defect-free. Hence, it is possible to remove fall-on particles, residues, or other 

contaminants using mechanical rubbing without compromising the integrity and effectiveness of the 

surface. This post-CMP cleaning procedure is a common practice in the semiconductor industry, which is 
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widely used to improve the production yield and the quality of the final surfaces (Keswani and Han, 

2015). This post-CMP cleaning technique provided this work with a unique advantage of substrate 

workability and reusability. The mechanical workability of the 2D W/SiO2 substrate was tested using, 

quail fibrosarcoma cells (QT-35) obtained from the European Collection of Authenticated Cell Cultures 

(ECACC). These cells served as controlled adherent cell contaminants and were deposited on virgin W-

CMP comb structures. QT-35 cells were incubated for 24 hours using the incubation, fixation, and 

dehydration protocols described in Section 3.2.3.4. The initial concentration of QT-35 cells used in this 

experiment was ~ 0.5x10
5
 cells/mL. The dehydrated specimens were stored in a high purity nitrogen 

environment for four days. This was done to simulate typical cell alignment experiments and SEM 

specimen storage conditions.  

Quail tail cells were removed from the substrate by manual scrubbing using regular size cotton balls 

(Equate Brand from Walmart, Canada) and wetted with deionized water. The manual rubbing process was 

conducted under ambient conditions in a wet lab (no cleanroom environment). The substrates were then 

rinsed by ethanol and dried using high purity nitrogen. The process will supposedly be able to remove all 

the adherent cells. The effectiveness of the mechanical rubbing process in removing the adherent QT cells 

was confirmed by examining the cleaned substrate using an optical microscope. Figure  3-16(a)-(b) 

compares the results of the contaminated specimens before (left column) and after (right column) the 

cleaning process of three comb structures with W and SiO2 parallel line widths of 10x10 µm, and 

0.18x0.18 µm. It is evident that all adherent cells were removed by the simple cleaning process used, with 

no visible damage, patterns distortion, scratches, and residues. This demonstrated the mechanical 

workability and reusability of the tested substrates.  

However, to prove that the cleaning process did not affect the properties of the cleaned substrates, 

Vero cells were deposited on these cleaned surfaces with an initial concentration of ~0.5x10
5
 cell/mL and 

incubated for 48 hours on these cleaned substrates using the same protocol discussed in Section 3.2.3.1. 

The orientation and alignment behaviors of the adherent Vero cells were characterized using the standard 

method described in Section 3.2.4 and used throughout this work. Results were compared with data from 

the baseline sample characterized in Figure  3-15, Section 3.3.1.1, and illustrated in Figure  3-17. 

Figure  3-17 illustrates the alignment results of both, the baseline and reworked substrates. The total 

number of cells assessed in this experiment was slightly over 9,000 cells. Results from the comparison 

outcomes indicate that adherent cells on all assessed structures showed a similar orientation and 

alignment behaviors before (control sample) and after (reworked sample) cleaning. Cells adherent on to 

field tungsten and 0.18x0.18 µm comb structures exhibited no preferential orientation or alignment 
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behavior, as was expected. In contrast, cells on the 10x10 µm comb structures tend to align in parallel to 

the tungsten lines y-axes preferentially. The accumulative percentage of cells aligned within ±20° (this 

include cells aligned in both ±10° and ±20°) on both of the samples, control, and reworked samples were 

measured to be ~93 ± 1 % and ~97% ± 1 %, respectively. 

 
Figure  3-16 Comparison between comb structures prior and after the rework and cleaning process 

performed on tungsten and SiO2 parallel lines comb structures with (a) 10x10 µm, and (b) 0.18x0.18 

µm.  

 

This indicates that the cleaning technique proposed and executed had no negative impact on the 

mechanical and physiological performance of the substrates understudy. Cleaned substrates demonstrated 

their ability to induce a preferential cell-substrate interaction, especially on 10x10 µm comb structures in 

a trend similar to their ability before cleaning. In spite of the different intended applications, it was proven 

that maintaining the performance of the 2D W/SiO2 substrates used in this study is possible without the 

need for the technologically advanced and highly expensive processes that are often used in large-scale 

manufacturing to clean substrates and increase the production yield as demonstrated in the two patents by 

Inbe (2004) and Shih and Tuw (2000). To our best knowledge, this is the first time in literature in which a 
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patterned substrate that is pre-used for manipulating the behavior of cells regained its functionality and 

workability after a mechanical cleaning process that is simple and chemical-free (besides ethanol).      

 
Figure  3-17 Orientation of adherent Vero cells on control (c) and reworked (r) substrates. The values 

nc and nr refer to the numbers of cells assessed on the different comb structure on both clean and 

reworked samples. Error bars correspond to one standard deviation. The initial concentration of cells 

is 5×10
4
 cells/mL (Moussa et al., 2017). 
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3.3.1.6 Asymmetrical Line Widths Dependent Cell Alignment  

This section looks at the effect of asymmetric tungsten and silicon oxide line widths in the comb 

structures on the alignment behavior of Vero cells.  

In the previous sections, the focus was on assessing the change in cellular behavior of Vero cells 

adherent to 2D W/SiO2 micron and sub-micron scale patterned substrates with symmetrical parallel line 

comb structures. Similar substrates with equal parallel line width geometries are often reported in the 

literature to induce a preferential cellular behavior (Moussa et al., 2017; Ning et al., 2016; Teixeira et al., 

2006). Nevertheless, the characterization of cell behavior on symmetrical geometries failed to prove 

whether the tungsten or silicon oxide lines were responsible for driving the preferential behavior of cells. 

This is critical to design and develop active substrates that can yield the highest preferential alignment 

rate among the population of adherent cells under study.  

The 2D W/SiO2 substrate used in this section was prepared identically to the substrates prepared and 

characterized, as discussed in Sections  3.2.1 and  3.2.2. However, unlike the symmetrical comb structures, 

the 2D W/SiO2 substrate used in this section consists of asymmetrical alternating W, and SiO2 lines range 

from 1 to 100 μm. Figure  3-18 reveals the typical top-down scanning electron images of some 

asymmetric grids.  

 
Figure  3-18 Typical scanning electron micrographs of alternating tungsten (light gray) and silicon  

oxide (dark grey lines with widths of (a) 1x3 μm, (b) 1x9 μm, (c) 9x1 μm, and (d) 10x90 μm. 
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The mammalian Vero cells used in this section were cultured, fixed, and dehydrated using the 

protocols discussed in Section  3.2.3.1. 

Scanning electron images show the morphology of adherent cells on asymmetric (complex) line 

patterns as published in Figure  3-19. The SEM micrographs on the left from (a) to (e) show comb 

structures containing tungsten lines with fixed widths of 1 μm with alternating silicon oxide lines with 

increasing widths of (a) 3 μm, (b) 5 μm, (c) 9 μm, (d) 50 μm, and (e) 100 μm. These micrographs 

demonstrate a trend of increasingly aligned cells in the direction of the tungsten lines y-axes as the width 

of the silicon oxide line increases. In contrast, cells on structures with the same line geometrical patterns, 

but with inverted material widths, show a weak orientation preference, as demonstrated in Figure  3-19(f) 

– (j). These structures hold a 1.0 μm wide silicon oxide line and various tungsten line widths of (f) 3 μm, 

(g) 5 μm, (h) 9 μm, (i) 50 μm, and (j) 100 μm. Observations denote the importance of the alternating 

tungsten and silicon oxide width on manipulating the morphology of cells. 
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Figure  3-19 SEM micrograph of adherent cells on comb structures with different combinations of 

tungsten and silicon oxide line widths. (a-e) Substrates with a fixed tungsten line width of 1 μm and 

silicon oxide line widths of (a) 3 μm, (b) 5 μm, (c) 9 μm, (d) 50 μm, and (e) 100 μm. Additional 

substrates consist of fixed 1.0 μm silicon oxide lines and tungsten lines with widths of (f) 3 μm, (g) 5 

μm, (h) 9 μm, (i) 50 μm, and (j) 100 μm.  
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To quantify the observations from Figure  3-19, the percent of cell population was oriented within ±20˚ 

of W line axes as a function of SiO2 line widths, and the percent of cell population was oriented within 

±20˚ of SiO2 line axes as a function of W line widths, are presented in Figure  3-20 (a) and (b), 

respectively. The total number of cells (n) measured in (a) and (b) is included in the corresponding plot.  

 

Figure  3-20 (a) Percent of cell population oriented within ±20° of the tungsten line y-axes as a function of silicon 

oxide line widths. (b)  Percent of cell population oriented within ±20° of the silicon oxide line y-axes as a function of 

tungsten line widths. Error bars correspond to one standard deviation from three independent data groups. 

 

Figure  3-20 shows the results of the orientation of adherent Vero cells on 2D W/SiO2 substrates with 

asymmetric comb structures with (a) 1 μm fixed W lines and varying SiO2 line widths (1-100 μm), and 

(b) 1 μm fixed SiO2 lines and varying W line widths (1-100 μm). As a point of reference, the results from 

a 

b 
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the 1x1 μm (symmetric) comb structure are also included in both figures (a) and (b). Results from 

Figure  3-20(a) show that 72.3±4.8 % of cells aligned within ±20˚ of the tungsten line y-axes for SiO2 

spacing of 50 μm, and fixed-width tungsten lines of  1 μm.  

On the contrary, the alignment performance of adherent Vero cells on asymmetric comb structures 

with a fixed silicon oxide lines of 1 μm, and varying W line widths were lower in magnitude at 40.9±7.8 

% of cells aligned within ±20˚ of the SiO2 line y-axes for W spacing of 5 μm, as shown in Figure 3-20(b).  

Results from Figure 3-20 (a)-(b) indicate that the alignment and change in the morphology of adherent 

cells are more sensitive to silicon oxide line widths rather than tungsten lines.  This further demonstrates 

the role of material placed in a defined surface pattern in the alignment behavior of adherent cells. A 

significant difference in cellular behavior is observed when material placement is inverted. Table  3-5 

summarizes the results of Section  3.3.1.6. 

Table  3-5 Adherent cells alignment behaviors on asymmetric patterned comb structures. 

Line Width (μm) Cell  
Counted  

(n) 

% Cell Alignment within 
the range of Φ = ±20° 

Tungsten 
Silicon 
Oxide 

 

1 1 299 47.8 ± 1.6 

1 3 171 49.1 ± 5.3 

1 5 164 65.2 ± 3.7 

1 9 205 62.4 ± 12.7 

1 50 155 72.3 ± 4.8 

1 100 135 47.8 ± 4.8 

3 1 201 37.8 ± 1.7 

5 1 193 40.9 ± 7.8 

9 1 169 24.9 ± 7.9 

50 1 187 20.3 ± 6.2 

100 1 236 21.7 ± 9.9 

Note: Tungsten and silicon oxide line widths varied independently in the range of 
1 and 100 μm. Alignment angle ϕ = ±20° 

The mathematical model developed and presented in Section 3.3.1.2 was tested on  adherent Vero cells on 

symmetrical comb structures (with equal line widths of W and SiO2). The model was useful in predicting 

the minimum width of tungsten lines on symmetric comb structures required to induce the preferential 

cellular alignment behavior. However, the model was never tested to predict the alignment behaviors of 

adherent cells on asymmetrical structures, with unequal line widths of W and SiO2. Results from 
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Figure  3-20 and Table  3-5 indicate that the alignment behavior of the adherent Vero cells was found to be 

dependent on silicon oxide linewidth for asymmetric comb structures with fixed W lines and variable 

SiO2 line widths. Nevertheless, the minimum width of SiO2 lines at which the preferential alignment 

behavior could be induced is still unknown. Thus, the mathematical model developed and used in Section 

3.3.1.2 was used to calculate the percentage of a cell area that is in contact with simulated tungsten lines 

on various patterns. Illustrations of the two potential cell geometries used in this section are presented in 

Figure  3-21. Two potential cell geometries were considered and modeled: (1) irregular cell geometry as 

illustrated in Figure  3-21 (a)-(b) and (2) elongated cell geometry as demonstrated in Figure  3-21(c)-(d).   

 

Figure  3-21 Representative images of cell figures on simulated asymmetric W/SiO2 lines generated 

from the mathematical model used to calculate the portion of cell area on W lines (green) and SiO2 

lines (black). Irregular-shaped and elongated cell models are displayed in (a-b) and (c-d), 

respectively. (a, c) Modeled symmetric 1x1 μm comb structures of equal W and SiO2 lines. (b, d) 

Asymmetric comb structures with 1x50 μm W and SiO2. 
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3.3.2 Human Prostate Cancer (PC-3) Cells 

PC-3 cells are stage IV, adenocarcinoma cells that originate in the prostate epithelial tissue (primary site) 

of a 65 years old Caucasian adult male and spread beyond the prostate to other parts of the body, 

particularly bones, where they are collected (metastatic site) (ATCC, 2016; Seim et al., 2017; Dolfi et al., 

2013; Picollet-D’hahan et al., 2013). PC-3 cells present the aggressive type of prostate cancer cells both 

in vitro and in vivo conditions, which are commonly used in literature (Seo et al., 2017; Tai et al., 2011; 

Dolfi et al., 2013; Surdo and Bauer, 2012; Gaupel et al., 2013). An average size of PC-3 cells was found 

to be 18.08±2.69 μm as indicated by Nexcelom Bioscience (2013), Surdo and Bauer (2012), and Dolfi et 

al. (2013). Park et al. (2014) and Lighart et al. (2013) reported a slightly different average size of 

~15.21±2.62 μm. The PC-3 cells were chosen for their similarity to Vero cells in terms of cell 

type/morphology since both are epithelial. Cells were incubated at an initial confluence of 1.5x10
5
 

cells/mL using the protocol described in Section  3.2.3.2.  The alignment behaviors of PC-3 cells were 

characterized and conducted in a similar way to the method used for Vero cells and described in 

Section  3.3.1.1. This experiment was done to understand whether the novel 2D W/SiO2 micron and sub-

micron scale patterned substrate understudy will have the same effect on other epithelial cells.  

The alignment behavior of adherent PC-3 cells on the 2D W/SiO2 substrate was quantified using the 

same method used for Vero cells and described in  3.2.4. The angle ϕ that exists between the major axis of 

the elliptically shaped nuclei and the tungsten lines y-axis, as demonstrated in Figure  3-6, was measured 

for cells adherent on the assessed structures. A total of 2,921 cells were assessed and measured on comb 

structures with different W/SiO2 line widths, field tungsten, and field oxide areas. The number of PC-3 

cells assessed on each area and comb structure is labeled on each chart as (n). The number of PC-3 

adherent cells is ~50 % lower than the number of the Vero cells assessed (n = 5,804) in Section  3.3.1.1. 

This is consistent with Kwon et al. (2007) and Palmer et al. (2008), who indicated that cancer cells have a 

lower adhesion in comparison to healthy cells regardless of the substrate topographical features and 

incubation time. 

Results from Figure  3-22 indicate a broad distribution of PC-3 cell alignment behaviors. Only 13.8 % 

of adherent cells on field oxide and 11.8 % on field tungsten (solid) align in the range of ±10° in parallel 

to W lines y-axes, indicating that cells have no preferred alignment on these substrates. However, cells 

showed an increase in the alignment rates from 13.8 % to 70.4 % (peak value) when the width of W lines 

increased from 0.18 μm to 10 μm, respectively forming an elliptical-shaped cell. A similar observation 

was reported by Koch et al. (2012), indicating that PC-3 were elongated with spindle-like morphology. 

However, cells on tungsten lines wider than 10 μm showed a tendency to misalign on 50 μm and 100 μm 
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W line widths from 26.9 % to 22.3 %, respectively. This was additionally demonstrated in Figure  3-23, in 

which the cell alignment angle ϕ within +10° and +20°
 
of the tungsten lines y-axes were graphed as a 

function of the tungsten line widths on each assessed comb structure. Such line width-dependence 

alignment behavior was observed by Joo et al. (2015), Nakamoto et al. (2014), Poudel et al. (2013), and 

Aubin et al. (2010), in which they reported a peak in the alignment rates of adherent cells when deposited 

on specific line widths, but these alignment rates showed misalignment on wider or thinner lines. 

Additionally, the elongation (deformation) in the nuclei shape (described in the L/S ratio, cell nuclei long 

axis to short axis) was observed to increase until a peak average value for cells adherent on W line with of 

10 μm. 

The cancerous and non-cancerous cells are different in their cellular behaviors and activities, which 

may include, but are not limited to, migration potential, cell viability, repair mechanisms, cell-cell 

communication, and other cellular activities (Ai et al., 2017; Rao et al., 2014; Shaw et al. 2014; Tai et al., 

2011; Rao et al., 2010). However, the assessed PC-3 cells showed similar alignment behaviors to the ones 

observed for Vero cells on the same substrates. 

The summary of data from Figure  3-22 and Figure  3-23 is listed in Table 3-6 and includes; tungsten 

and silicon oxide line widths, cell count on each area and comb structure, cell density, and cells alignment 

rates within ±10° and ±20° from the lines y-axes.   
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Figure  3-22 Percentage of cells aligned as a function of angle ϕ from line axis and W line width, from 0 

μm (field oxide, field W, and bare silicon) to 100 μm. The number of cells inspected in each structure 

(n). Each bar represents the percentage of cells in a ±10° bin of deviations from the line axis. i.e., a cell 

with ϕ is +9
°
 would be counted in the first bar from the right in each plot. Error bars correspond to one 

standard deviation.  
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Figure  3-23 Distribution of cell alignment as a function of line width for ±10° and ±20°. Error bars 

correspond to one standard deviation  

 

Table  3-6 Adherent PC-3 cells alignment behaviors on symmetric patterned comb structures 

Line Width (μm) cell  
counted 

(n) 

Pattern 
area (mm

2
) 

Density 
(cells/mm

2
) 

% cell 
distribution  

±10° 

% cell 
distribution  

±20° Tungsten Silicon Oxide 

Field Silicon Oxide (0 μm) 413 - - 12.8 ± 1.9 25.2 ± 1.6 

Field Tungsten (0 μm) 229 1.73 132 11.8 ± 2.3 21.8 ± 0.7 

0.18 0.18 203 1.73 117 13.8 ± 0.8 27.1 ± 4.5 

0.25 0.25 190 1.73 110 18.4 ± 5.2 33.2 ± 5.0 

0.5 0.5 257 1.73 149 16.3 ± 5.0 31.9 ± 8.6 

1.0 1.0 137 1.73 79 19.0 ± 4.8 32.1 ± 5.3 

2.0 2.0 115 1.73 66 28.7 ± 10.5 46.1 ± 3.4 

5.0 5.0 256 3.14 148 49.6 ± 0.9 66.0 ± 4.3 

10 10 196 1.73 113 70.4 ± 3.7 75.0 ± 1.0 

50 50 134 8.31 16 26.9 ± 5.7 42.5 ± 5.0 

100 100 791 8.31 95 22.3 ± 2.5 34.6± 2.6 

Note: Tungsten and silicon oxide line widths varied in the range of 0 (filed oxide and tungsten) and 100 μm. 
Alignment angle ϕ in the range of ±10° and ±20° from the lines y-axes 
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3.3.3 Human Dermal Fibroblast (GM5565) Cells - The Effect of a Bacterial Toxin on the 

Alignment of Cells 

This section is intended to characterize the adhesion and alignment behaviors of human dermal fibroblast 

(GM5565) cells on the newly developed 2D W/SiO2 micron, and sub-micron scale patterned substrates as 

a function of tungsten and silicon oxide line widths when exposed to a bacterial toxin such as antimycin 

A.  

3.3.2.1 Background 

While a substantial body of literature accumulated focusing on understanding the cell-substrate 

interactions (Khalili and Ahmad, 2015, Anselme et al., 2010; Huang et al., 2003; Sagvolden et al., 1999), 

there is insignificant number of published papers discussing the effect of antimycin A in the culture media 

on the alignment behavior of cells. Antimycin A is an antibiotic material produced by Streptomyces 

species that hinders the mitochondrial respiration and may reduce the level of adenosine triphosphate 

(ATP) in the cell (Chen, Ma, Han, Chen, and Zhu, 2017; Zhu et al., 2014). In the presence of antimycin 

A, the production of “reactive oxygen species” ROS increases causing cellular damage (Sabharwal and 

Schumacker, 2014), and negatively affect the physiological functions of cells (Sena and Chandel, 2012; 

Lisdero et al., 2004). Mitochondria are essential organelles present in all mammalian cells, and they 

perform various functions (Shadel and Horvath, 2015). This complex organelle inhabits a considerable 

part of the cytoplasm volume of an animal cell (Alberts et al., 2002).  

Despite its toxicity, antimycin A is used as a pesticide “management tool” by fish farmers (Finlayson 

et al., 2011), and it has also been used as a fungicide, insecticide, and miticide (Greene and Pohanish, 

2005). Shadel and Horvath (2015), and King and Radicchi‐Mastroianni (2002) reported that a high 

concentration of Antimycin would cause cell apoptosis; nevertheless, using antimycin A in lower dosages 

will not cause cells to die, but will have a depleting effect on the production of ATP (Shadel and Horvath, 

2015) (Nir and Nieva, 2003). Additionally, Du et al. (2010), Sáenz-Morales et al. (2006), Raman and 

Atkinson (1999), and Nir and Nieva (2003) highlighted the fact that a brief exposure to antimycin A was 

proven to prevent the polymerization of the actin, thus leading to deprived cell adhesion. A similar 

adverse effect was observed to be caused by cyanide, another toxin that changes the membrane potential 

of the the mitochondria (Prahalad et al., 2004; Kroshian, Sheridan, and Lieberthal, 1994), signifying that a 

reduction in the ATP demand and the activity of the mitochondria will negatively affect the growth and 

the morphology of cells (You and Park, 2010). Nevertheless, the effect of antimycin A on the behavior 
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and morphology of cells adherent on engineered micron and sub-micron scale patterned substrates 

remains unidentified.  

The GM5565 cells were cultured for 72 hours, at an initial cell confluence of 1 x 10
5
 cells/mL, then 

fixed and dehydrated using the protocols discussed in Section  3.2.3.3. In brief, cells were cultured on 

multiple substrates using two culture media. Medium A contained a modified medium supplemented with 

serum, and the serum-containing medium B was supplemented with 5 μM of antimycin A, a bacterial 

toxin. This concentration was sufficient to cause mitochondrial dysfunction, but not enough to cause vital 

damage (Kalghatgi et al., 2013). No antibiotics (penicillin and streptomycin) were added to the culture 

media due to the adverse impact on mitochondrial function and growth of cells (Llobet, Montoya, López-

Gallardo, and Ruiz-Pesini, 2015; Kalghatgi et al., 2013). 

 

3.3.2.2 Bacterial Toxin Effect on Manipulating the Behavior of Cells 

Fibroblast cells were seeded on 2D W/SiO2 micron, and sub-micron scale patterned substrates fabricated 

using the technology described in Section 3.2 and incubated in two different culture media: media (I) 

containing only the components described in Section  3.2.3.3 and media (II) supplemented with 5 μM 

antimycin A. To obtain SEM micrographs, fibroblast cells were deposited on eight different comb 

structures with line widths of 0.18 µm, 0.25 µm, 0.5 µm, 1 µm, 2 µm, 5 µm, 10 µm, and 50 µm. 

Qualitative observations from Figure  3-24 demonstrate that cells on 0.18 µm dense comb structures are 

randomly oriented, with or without the presence of antimycin A. However, in both media (I, and II), cells 

show the tendency to increase its alignment rates with the increase in the tungsten lines width 

approaching the 10µm wide metal lines. Moreover, cells adherent on tungsten lines wider than 10 µm 

shows higher misalignment. It is important to underline that the alignment magnitude for fibroblast cells 

in the presence of antimycin A was observed to be much lower than in the absence of antimycin A.  

The alignment behaviors of adherent GM5565 fibroblast cells, as observed in Figure  3-24 were 

quantified by measuring the displacement angle ϕ as described in Section  3.2.4. The alignment behaviors 

of adherent fibroblast cells as a function of the tungsten line width was measured and plotted in 

Figure  3-25. Error bars correspond to one standard deviation from three independent groups of data. The 

total number of adherent cells (incubated without antimycin A) was assessed to be 6,892 toxin-free, while 

in the presence of antimycin A, the number of inspected and characterized cells was 4,696. Results 

indicate that as the line width increases, the percentage of cells, which tends to aligned within ±20
o
 in 

parallel to the tungsten lines, y-axes remains almost constant, as demonstrated in Figure 3-25. This is 
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observed to be true regardless of the media composition, in which ~ 41 % of nuclei on the 2 μm comb 

structures oriented within ±20
o
 of the line axes.  

 

Figure  3-24 Top-down SEM micrographs of cells incubated on comb structures in media with or without antimycin A. 

Eight comb structures with line widths of 0.18, 0.25, 0.5, 1, 2, 5, 10, and 50 μm were tested. Initial cell concentrations 

were maintained at 1 x 10
5
 cells/mL. All cells were incubated on the engineered surfaces for 72 hours. Scale bars 

correspond to 50 μm 
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The alignment of the adherent cells on tungsten lines (incubated in the absence of antimycin A) 

increases and reaches a peak value of 67.5±1.6 % on comb structures with line widths of 10 μm, while the 

alignment rate of cells incubated in the presence of antimycin A remains constant. As previously observed 

in Figure  3-24, cells adherent to comb structures with 50 μm line widths display an alignment rate smaller 

than 10 μm. However, the alignment rate of cells without antimycin on 50 μm line widths continues to 

surpass the alignment rate of those cells with antimycin.  

 

Figure  3-25 The percentage of cells that are aligned within ± 20° of the tungsten line y-axes of 

various line widths. Cells adhered to the 10 μm wide lines have the tightest alignment 

performance. Incubation time is 72 hours.  

 

The outcomes of Figure 3-25 indicate that 10 μm tungsten lines continue to induce the strongest 

alignment behavior for GM5565 cells incubated in the absence on antimycin A, but not for the ones 

incubated with antimycin A. Results demonstrate the negative impact of antimycin A on the alignment 

behavior of the adherent GM5565 cells.   
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3.3.2.3 Summary 

The results of this section demonstrate the adverse effect of antimycin A on the alignment behavior of 

human dermal fibroblast (GM5565). Results prove that cells incubated in the absence of antimycin A 

showed a preferential alignment on tungsten lines compared to silicon oxide lines. Cell adherent on comb 

structure with 10 μm tungsten line widths demonstrated the maximum alignment rate in comparison with 

other comb structures. This is similar to the preferential behavior observed for mammalian Vero cells, and 

the human prostate cancer cells. However, in the presence of antimycin A, it was observed that the total 

number of adherent cells and the percentage of cells aligned within ±20° of the tungsten lines y-axis were 

significantly lower.  
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Chapter 4 

Single-Species Protein-Dependent Cell Alignment 

In this section, the effect of the single-species protein component of fetal bovine serum (FBS) on the 

adhesion and alignment behaviors of mammalian (Vero) cells were studied and assessed. These single 

species are; human and bovine serum albumin (Alb), fibronectin (FN), vitronectin (VN), and collagen 

(Col). Two sets of experiments were conducted as part of this chapter. (a) the effect of single species 

protein as a supplement to serum-free medium, and (b) the effect of single protein pre-adsorption, on the 

adhesion and alignment behaviors of cells.  

4.1 Background 

The adsorption of protein(s) onto a substrate is a natural event and is considered the initial step in many 

biological phenomena (Rabe et al., 2011; Hakkinen et al., 2011; Wilson et al., 2005; Horbett and Schway, 

1988). Proteins, in general, were found to stimulate different cellular morphological responses by binding 

to protein-specific receptors causing cytoskeletal components to rearrange differently (Mahesparan et al., 

1997). However, specific proteins are required by cells for anchorage-dependent adhesion and interaction 

with the extracellular matrix, which is vital for the following biological functions (Wilson et al., 2005). 

Surfaces with strong hydrophilic characteristics promote stronger cell adhesion and ECM synthesis (Zhao 

et al., 2005; Redey et al., 2000). Nevertheless, others may disagree, stating that surfaces with high 

hydrophilic properties have a minimum impact on the adsorption of proteins such as fibronectin and 

albumin (Kern, Yang, Glover, and Ong, 2005). These proteins vary in terms of size and weight. Thus 

their adsorption on a substrate will be affected by the topographical features of the substrate (Zinger et al., 

2004).  

The molecular weights, sources, and functions of each protein component used in this experiment are 

listed in Table  4-1, based on - but not in any particular order - Zhang and Webster (2013), Plantman, 

2013; Ruggeri and Jackson (2013), Tighe and Mann (2011), Michaelis et al. (2011), Anselme et al. 

(2010), Kao et al. (2010), Parhi et al. (2010), Golas, and Vogler, 2010)Stevenson and Donald (2009), 

Barnthip, Parhi, Golasb, and Vogler (2009), Zhu, Robey, and Boskey (2008), Barnthip, Noh, Leibner, and 

Vogler (2008), Anselme and Bigerelle (2006), LeBaron and Athanasiou (2000), Sagvolden et al. (1999), 

Lu, Su, and Penfold (1999), Groth and Altankov (1996), Casaroli Marano and Vilaro (1994), Lutanie, et 

al. (1992), Hayman , Pierschbacher , Suzuki, and Ruoslahti (1985), and Silver and Birk (1984). 
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Table  4-1 Molecular weight of the different protein components in FBS serum-containing medium 

Description Source 
Molecular 

Weight  
Function Literature 

Albumin  
Human / 
Bovine 

Produced by the 
liver, with high 
levels in plasma 

 
HAS ~66 kDa 
BSA ~69 kDa 

 

Helps to promote the stability 
of culture media. Reduces the 
cell membrane damage due to 
destructive oxidation 

Tanaka (2013) 
Shen et al. (2012) 
Francis (2010) 
Ellmerer et al. (2000) 

Vitronectin 
(VN) 

Plasma protein 
secreted by the 
liver  

65-75 kDa 

Forms focal adhesion points 
and promote adhesion, 
migration, and change in 
morphology  

Su and Riesbeck, 2018 
Kyriakides, 2015 
Tighe and Mann, 2011 
Zhu et al., 2008 

Collagen and 
isoforms  

ECM glycoprotein 
assembles the 
basal lamina 

~280-289 kDa 
Minimal effect on cell 
differentiation, change in 
morphology 

Xiao et al. (2016) 
Byron et al. (2013)  
Prewitz et al. (2013) 
Coelho et al. (2011) 

Fibronectin 
(FN) 

ECM glycoprotein ~430-460 kDa 

Cell adhesion, morphology 
changes, migration, the 
organization of the 
cytoskeleton, the formation of 
focal adhesion and cell 
differentiation  

Kyriakides (2015) 
Anselme et al. (2010) 
Wilson et al. (2005) 

Sagvolden et al. (1999) 

 

4.1.1 Bovine and Human Serum Albumin Effect on Cell Behavior 

Albumins are secreted by the liver and account for ~50-60 % of plasma proteins (Tanaka, 2013; Francis, 

2010; Jefferson and Shankland, 2008; Ellmerer et al., 2000). In addition to their role in enhancing the 

interaction between cells and biomaterials (tissues or engineered substrates), albumin functions as an anti-

oxidant, and provide temporary storage of amino acids, while binding and transporting ligands, hormones, 

and metal ions (Shen, Ly , and Hoang, 2012; Francis, 2010; Ellmerer et al., 2000). Edwars et al. (1987) 

identified serum to act as a “spreading factor.” For the growth of cells. Albumins are frequently used in 

research and industry as a supplement for culture media due to their biological neutrality. 

Additionally, supplementing a culture medium with albumins will help improve its stability (Sigma-

Aldrich, 2017; Francis, 2010). Albumin plays the role of a free radical sink and decreases the potential 

destructive oxidation of the cell membranes (Sitterley, Karmiol, Manaster, and Ryn, 2008). Albumin may 

also play a role of adhesion inhibitor of human T cells (a subtype of white blood cell) as highlighted by 

Kim et al. (2006). Generally speaking, the adsorption of albumin on a substrate is reversible for short 

adsorption periods. However, over longer adsorption times, the adsorption becomes less reversible as 

indicated by Vaidya and Ofoli (2005). Albumin excels in supporting the adhesion of cells on hydrophilic 

substrates (Kyriakides, 2015; Wertz and Santor, 2001), and this is due to the fact that the ultimate albumin 

coverage on hydrophilic surfaces was found to be higher than on hydrophobic surfaces.  
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4.1.2 Vitronectin Effect on Cell Behavior 

Vitronectin (VN) is an abundant plasma glycoprotein that is predominantly produced by the liver and 

found in nearly all mammalian tissues (Su and Riesbeck, 2018; Ruggeri and Jackson, 2013). VN is found 

side by side with fibrillar collagen, even though VN is found in basement membranes (Zhu et al., 2008). 

The adsorption of VN on engineered biomaterials is influenced to a great extent by the hydrophobic 

nature of the biomaterial and the content of calcium and magnesium ions in the culture media 

(Kyriakides, 2015; Tighe and Mann, 2011; Matsushita et al. 2000). This is caused by the ability of 

vitronectin to enhance the organization of the cell adhesion integrin subunits (Matsushita et al. 2000). 

Thus, it is expected that vitronectin will not support the adhesion and alignment of cells on the 2D 

W/SiO2 structures since the comb structures are hydrophilic, and also because OptiPRO
TM

 is low in 

calcium content. Miyamoto et al. (1989), and Hayman et al. (1985) indicate that vitronectin alone is the 

active component in bovine serum that influences the cell spreading behavior. Although vitronectin is the 

main adhesive protein in FBS (Hayman, Pierschbacher, Suzuki, and Ruoslahti, 1985), when used alone in 

the culture media, VN loses its ability to support any type of cell-spreading behaviour, leading to the 

assumption that other species of protein, which exist alongside the vitronectin in the FBS, are what 

activate the vitronectin-dependent cell behavior (Miyamoto et al., 1989; Yatohgo, Izumi, Kashiwagi, and 

Hayashi, 1988). It is worth saying that vitronectin exists at a much higher concentration than fibronectin 

in FBS the serum-containing medium (Hayman et al., 1985).  

4.1.3 Collagen Effect on Cell Behavior 

Collagen (Col) is a structural glycoprotein protein and a predominant component of ECM. It is highly 

available in animals and can accumulate growth factors (Byron, Humphries, and Humphries, 2013; 

Gonzalez-Perez, Udina, and Navarro, 2013). This less soluble ECM protein accounts for one-third of the 

total proteins in the human body (Coelho, Gonzalez-Garcia, Salmeron-Sanchez, and Altankov, 2011; 

Shoulders and Raines, 2009). The behavior of collagen in the interfaces between the substrate and the 

bulk liquid phase is limited (Coelho et al., 2011). Nevertheless, collagen is known to adhere to 

hydrophilic surfaces. The ability of collagen to induce a substantial proliferation and differentiation of 

cells as a single species protein is insignificant, according to Philp et al. (2005). In comparison to 

fibronectin, collagen was observed to produce an inferior ECM (Prewitz et al., 2013; Xio et al., 2016), but 

performed better than vitronectin (Plantman, 2013). It is essential to note that collagen is dependent on the 

polymerization of fibronectin to be included in the ECM structure (Byron, Humphries, and Humphries, 

2013; Kinsey et al. 2008; Sottile and Hocking 2002).  
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4.1.4 Fibronectin Effect on Cell Behavior 

Fibronectin is a high molecular weight glycoprotein that is found as part of the ECM in an insoluble form, 

while, in serum and blood plasma is found in a soluble form. Similar to vitronectin, fibronectin involves 

in the cell adhesion process, but not involved in the initial cell-substrate interaction as indicated by 

Wilson et al. (2005), and Vaidya and Ofoli (2005), mobility and differentiation of cells. Fibronectin is 

capable of forming a fiber-like matrix to induce the adhesion and mobility of cells (Xio et al., 2016). The 

adsorption of fibronectin - in general – as a function of time is irreversible as observed by Vaidya and 

Ofoli (2005). Fibronectin is widely observed in literature to enhance a higher integrin-induced adhesion 

of cells on both hydrophobic (Kyriakides, 2015; Stevenson and Donald, 2009; Baujard-Lamotte, 

Noinville, Goubard, Marque, and Pauthe, 2008) and hydrophilic (Parhi et al., 2010; Anselme et al., 2010; 

Wilson et al., 2005; Sagvolden et al., 1999) substrates. However, on hydrophilic surfaces, higher 

adsorption of fibronectin was observed, while upholding its functionality leading to an increase in cell-

surface interaction. The opposite happened when fibronectin was adsorbed on hydrophobic surfaces 

(Wilson et a., 2005). A study by Kim et al. (2006) indicates that a serum-free medium (e.g., OptiPRO
TM

) 

supplemented with fibronectin alone - in the absence of other glycoproteins or serum - will be able to 

induce and support the adhesion and spreading of cells in the absence of other glycoproteins or serum  

(Miyamoto, 1989). Additionally, it was experimentally demonstrated by Yatohgo et al. (1988) that 

fibronectin supports a more extensive expansion of the peripheral cytoplasm in comparison with 

vitronectin.  

4.2 Materials and Methods 

4.2.1 2D Tungsten and Silicon Oxide PatternedSubstrates   

The substrates used in this chapter were identical to the ones used in  Chapter 3, and their fabrication 

process was discussed in details in Section  3.2.1 and demonstrated in Figure  3-1. In brief, silicon oxide-

based micron and sub-micron scale patterned substrates were fabricated using very-large-scale-integration 

(VSLI) process, which is an advanced technology that is widely used in the semiconductor industries. The 

substrates consist of dense comb structures of tungsten equal widths parallel lines inlaid in thin film SiO2 

blanket. The final surfaces are smooth, flat, continuous, and defects free.     

4.2.2 Vero Cells Culture, and Fixation Protocols  

Vero cells obtained from the American Type Culture Collection (ATCC, Manassas, Virginia, USA), and 

were incubated for 48 hours on the 2D substrates according to the protocol discussed in Section  3.2.3.1, 
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with a twist to fit the context of the two experiments done herein. All Vero cells were incubated at an 

initial concentration of 0.5x10
5 

cell/mL. Gibco
® 

ultra-low protein OptiPRO
TM

 cell culture medium was 

used instead of 1:1 DMEM/F12 culture medium used in Section  3.2.3.1. Prior to cell deposition, the 2D 

W/SiO2 substrates were all decontaminated for 30 seconds using 2 mL of 70 % ethanol and were air-

dried, then rinsed with 2 mL of Dulbecco’s phosphate-buffered saline (D-PBS) to remove residual 

contaminants. The incubation was done in 6-well tissue culture plates (Nunc, Thermo Scientific, 

Roskilde, Denmark). OptiPRO
TM

 was used to eliminate the potential conflict or competitive adhesion 

between the proteins contained in the media, and those are used to supplement the medium or pre-

adsorbed on the substrates. The single proteins used in the experiment are in a purified form (purity >95 

%). Although these proteins are structurally distinct, have different surface charge and zeta potentials, but 

they show similar solubility in water, functions and cell recognition sequence (Lin et al., 2014; 

Aumailley, 2013; Sitterley et al., 2008).  

Figure 4-1 represents the proposed protein experiment pathways; the individual serum proteins or FBS 

used to supplement the SFM (OptiPRO), and the individual serum proteins or FBS pre-adsorbed onto the 

substrate prior to seeding the cells. A detailed description of all the protein-dependent experiments, 

including the type of proteins, pre-adsorption period, initial cell confluence, and cell incubation period is 

listed in Table  4-2.  
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Figure  4-1 Proposed protein experiment pathways. (a) individual serum proteins or FBS used to 

supplement the SFM (OptiPRO). (b) Single-species serum proteins or FBS pre-adsorbed onto the 

substrate before seeding the cells.  Single-species proteins used at a concentration of 10 μg/mL. 

Proteins pre-adsorption was done for 24 hours, and cells were incubated for 48 hours. All single 

proteins and FBS were diluted with D-PBS for the pre-adsorption experiments. All spent D-PBS 

was removed before cell seeding.   

L 
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Table  4-2 List of all protein-dependent experiments, and their parameters; including the concentration of proteins, pre-adsorption periods, cells initial 

concentration, incubation period, post-incubation treatments, experimental objectives, and characterization method.  

Sample 
Number 

Figure  
Number 

Cell 
Confluence 

(Cell/mL) 

Protein 
Pre-

absorption   

Protein 
Concentration 

Protein 
Incubation 

(hrs.) 
PBS Rinse Culture Medium 

Vero 
Incubation 

(hrs.) 

OptiPRO - Control Sample 

1 4-3 5.00E+04 N/A N/A N/A No OptiPRO 48 

4.2.3.1 SFM Supplemented with Single Protein-Dependent Cell Alignment 

2 4-4 5.00E+04 N/A 10 μg/mL N/A No OptiPRO + HSA 48 

3 4-5 5.00E+04 N/A 10 μg/mL N/A No OptiPRO + BSA 48 

4 4-6 5.00E+04 N/A 10 % (v/v) N/A No OptiPRO + FBS 48 

5 4-7 5.00E+04 N/A 10 μg/mL N/A No OptiPRO + VN 48 

6 4-8 5.00E+04 N/A 10 μg/mL N/A No OptiPRO + Col 48 

7 4-9 5.00E+04 N/A 10 μg/mL N/A No OptiPRO + FN 48 

4.2.3.2 Single Protein Pre-adsorption Dependent Alignment 

8 4-11 5.00E+04 Fibronectin 10 μg/mL 24 No OptiPRO 48 

9 4-12 5.00E+04 Collagen 10 μg/mL 24 No OptiPRO 48 

10 4-13 5.00E+04 FBS 10 % (v/v) 24 
Yes, prior to 
cell seeding 

OptiPRO 48 

11 4-14 5.00E+04 FBS 10 % (v/v) 24 No OptiPRO 48 

12 4-15 5.00E+04 Vitronectin 10 μg/mL 24 No OptiPRO 48 

All cells from the protein-dependent experiments were fixed, and ethanol dried before characterization step using scanning electron microscope (SEM) 
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4.2.2.1 Single protein as a Supplement for Culture Media Experiment 

Vero cells were cultured for 48 hours in Gibco
® 

ultra-low protein OptiPRO
TM

 cell culture media, 

supplemented with 10 μg/mL of one of fetal bovine serum essential proteins (Sigma-Aldrich, Oakville, 

Canada). These proteins are (1) bovine serum albumin (BSA), (2) human serum albumin (HSA), (3) 

fibronectin, (4) vitronectin, and (5) collagen. Two additional samples were prepared for comparison (i) 

only using OptiPRO
TM

 as a culture medium, and (ii) OptiPRO
TM

 supplemented with 10 % FBS. The two 

samples were prepared according to the protocols discussed in Section  3.3.1.4. 

4.2.2.2 Single protein Pre-adsorption Experiment 

The 2D W/SiO2 substrates were sterilized using 2 mL 70 % ethanol and rinse with 2 mL D-PBS (Ca
2+

 

and Mg
2+

 free). Prior to cells incubation, substrates were immersed in solutions of 10 μg/mL single 

species proteins diluted in sterile D-PBS for 24hrs in a fridge at 4 °C. The extra D-PBS was removed, and 

cells were cultured on the substrates with the pre-adsorbed single proteins on them, in Gibco
® 

ultra-low 

protein OptiPRO
TM

 culture media for 48 hours. Cells were fixed and dehydrated. It is essential to mention 

that two additional samples were prepared, in which the substrates were pre-incubated for 24 hours prior 

to cell deposition, in a D-PBS solution containing 10 % FBS. However, after removing the spent D-PBS, 

and before seeding the cells, one of the samples was rinsed two times with D-PBS, while the other was 

not. Then, cells were cultured in Gibco
® 

ultra-low protein OptiPRO
TM

 culture media for 48 hours.  

4.2.3 Results and Discussion  

The orientation and alignment behaviors of the adherent Vero cells from both experiments (with and 

without pre-adsorbed single proteins) were quantitatively assessed, and the deviation angle ϕ between the 

nuclei long axis and the metal lines y-axes were measured as discussed in Section  3.2.4. All experiments 

were conducted simultaneously and under the same conditions, using the same type of cells, with the 

same passaging number. OptiPRO
TM

 is a culture medium that has an ultra-low content of serum and 

calcium cations in comparison to FBS (Elhofy, 2014; Arora, 2013). Figure  4-1 represents the different 

experimental pathways used in the proteins experiment. 

4.2.3.1 Proteins as a Supplement Dependent Cell Alignment 

The alignment and orientation behaviors of Vero cells incubated in seven different culture media (as 

previously discussed in Section  4.2.2.1) were qualitatively characterized and quantitatively quantified. 

The visual observations of the preferential cellular alignment behaviors on comb structures 10 μm parallel 

tungsten lines are demonstrated in Figure  4-2. Qualitatively, incubated cells show three main alignment 
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behaviors in response to the culture medium they are incubated in. Figure  4-2. (a, d, and g) represents 

Vero cells incubated in culture media contains OptiPRO as a control sample, OptiPRO supplemented with 

10 % (v/v) FBS, and OptiPRO supplemented with 10 μg/mL fibronectin, respectively show that cells 

(pointed to in red arrows) in these three-culture media tend to align, but do not elongate much. Moreover, 

Figure  4-2. (b, c) represents cells incubated in culture media contains OptiPRO supplemented with bovine 

serum albumin (BSA), and OptiPRO supplemented with human serum albumin (HAS), correspondingly, 

demonstrates that the majority of cells preferentially align and elongated parallel to the metal lines y-axes. 

However, images from Figure  4-2. (e, and f) which represents cells incubated in OptiPRO supplemented 

with vitronectin and OptiPRO supplemented with collagen, respectively, indicate that the majority of the 

observed cells lose their alignment and elongation performances. Additional SEM images illustrating the 

alignment behaviors of cells incubated in different culture media are available in Appendix C. 
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Figure  4-2 Typical top-down SEM images of Vero cells in OptiPRO
TM

 supplemented with single-species serum 

proteins or FBS. Images reveal changes in the alignment and elongation behaviors of cells in response to the type of 

protein used to supplement OptiPRO
TM

, the serum-free medium. (d, and g) cells are aligned but not elongated. (b, c) 

Cells are aligned, and elongated, and (a, e, and f) cells are neither elongated nor aligned. Cells pointed at in red 

arrows confirm the observations. Each scale bar corresponds to 50 μm. W lines in light gray, and SiO2 lines in dark 

gray. 



 

90 

To quantitatively confirm our visual observations a total of 27,910 cells were measured and assessed. 

Results indicate that in comparison with the alignment performances of cells incubated in ultra-low 

protein Gibco
® 

OptiPRO
TM 

(Figure 4-3), which was found to be 38.1±1.1, cells incubated in the 

OptiPRO
TM 

supplemented with 10 µg/mL of HAS (Figure  4-4), BSA (Figure  4-5), and in 10 % FBS 

(Figure  4-6) have the highest percentage of cells aligned at ±10° from the W lines y-axes with 96.0±1.0 

%, 95.3±0.7 %, and 61.6±2.7 %, respectively. However, when comparing it with data from OptiPRO
TM 

supplemented with 10 µg/mL of one of the single-species serum proteins, such as vitronectin (Figure  4-7), 

collagen (Figure  4-8), or fibronectin (Figure  4-9), results indicate that only OptiPRO
TM

 containing 

fibronectin was able to induce some preferential alignment at a rate of 45.7±4.0. Nonetheless, the impacts 

the other single-species proteins like vitronectin, and collagen were found to be minimal, and alignment 

rates were measured to be 24.9±3.3, and 29.9±1.7, respectively. (n) is the number of the assessed cells on 

each structure in every culture medium. It was observed that the total number of cells assessed in HSA (n 

= 2,409), and BSA (n = 3,726) were lower than those assessed from OptiPRO
TM

 (n = 3,100) and 10 % 

FBS (n = 5,446). This is reasonable since FBS contains higher concentrations of hormones and growth 

factors in comparison to OptiPRO
TM

, and albumin (Elhofy, 2014; Arora, 2013; Brunner et al., 2010). The 

different quantified adsorption behaviors are consistent with the literature (Krishnan, Cha, Liu, Allara, 

and Vogler, 2006; Lu et al., 1999). Consistent with the visual observations in regards to the elongation 

behaviors of the adherent cells as attained from Figure 4-2, the characterization of cell elongation or 

deformation behaviors were measured and calculated as a ratio between the nucleus long and short axial 

(L/S). Results indicate that cells incubated in HAS, and BSA had the highest elongation with L/S average 

values of 2.53±0.58, and 2.34±0.50. This comes in agreement with the data on the alignment of Vero cells 

in the presence of BSA and HAS in comparison with the other proteins. As expected, the elongation of 

adherent cells in the presence of fibronectin or FBS as a supplement for OptiPRO, the SFM, was found to 

be smaller in comparison with BSA and HAS. Fibronectin and FBS induced a deformation (elongation) in 

the shape of the nuclei of the adherent cells with axial ratios of 1.64±0.37, and 1.78±0.39, respectively. 

Moreover, the lowest cell elongation axial ratio was induced by culture media supplemented with VN, 

and Col. The positive correlation observed between the tendency of cells to align parallel to the metal 

lines y-axes, and cell elongation to maximize their contact with metal lines comes in consensus with the 

findings from  Chapter 3, Section  3.3.1.1; and confirmed by the mathematical model developed and 

presented in Section  3.3.1.2.  
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Figure  4-3 Percentage of Vero cells (incubated in OptiPRO
TM

 culture medium) aligned parallel to the 

metal line as a function of W line width. From 0 μm (field oxide and field tungsten) to 50 μm. “n” is the 

number of cells inspected on each structure. Each bar represents the percentage of cells in a ±10° bin of 

deviations from the line axis. i.e., a cell with ϕ is +9
°
 would be counted in the first bar from the right in 

each plot. Error bars correspond to one standard deviation 



 

92 

 

Figure  4-4 Percentage of Vero cells (incubated in OptiPRO
TM

 and human serum albumin (10 μg/mL) culture 

media) aligned parallel to the metal line as a function of W line width. From 0 μm (field oxide and field 

tungsten) to 50 μm. “n” is the number of cells inspected on each structure. Each bar represents the 

percentage of cells in a ±10° bin of deviations from the line axis. i.e., a cell with ϕ is +9
°
 would be counted in 

the first bar from the right in each plot. Error bars correspond to one standard deviation. 
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Figure  4-5 Percentage of Vero cells (incubated in OptiPRO
TM

 and bovine serum albumin (10 μg/mL) culture 

media) aligned parallel to the metal line as a function of W line width. From 0 μm (field oxide and field 

tungsten) to 50 μm. “n” is the number of cells inspected on each structure. Each bar represents the 

percentage of cells in a ±10° bin of deviations from the line axis. i.e., a cell with ϕ is +9
°
 would be counted 

in the first bar from the right in each plot. Error bars correspond to one standard deviation 
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Figure  4-6 Percentage of Vero cells (incubated in OptiPRO
TM

 and 10 % FBS) aligned parallel to the metal 

line as a function of W line width. From 0 μm (field oxide and field tungsten) to 50 μm. “n” is the number of 

cells inspected on each structure. Each bar represents the percentage of cells in a ±10° bin of deviations 

from the line axis. i.e., a cell with ϕ is +9
°
 would be counted in the first bar from the right in each plot. Error 

bars correspond to one standard deviation. 
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Figure  4-7 Percentage of Vero cells (incubated in OptiPRO
TM

 culture medium and 10 μg/mL vitronectin as a 

supplement) aligned parallel to the metal line as a function of W line width. From 0 μm (field oxide and field 

tungsten) to 50 μm. “n” is the number of cells inspected on each structure. Each bar represents the 

percentage of cells in a ±10° bin of deviations from the line axis. i.e., a cell with ϕ is +9
°
 would be counted in 

the first bar from the right in each plot. Error bars correspond to one standard deviation. 
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Figure  4-8 Percentage of Vero cells (incubated in OptiPRO
TM

 culture media, and 10 μg/mL collagen as a 

supplement) aligned parallel to the metal line as a function of W line width. From 0 μm (field oxide and field 

tungsten) to 50 μm. “n” is the number of cells inspected on each structure. Each bar represents the 

percentage of cells in a ±10° bin of deviations from the line axis. i.e., a cell with ϕ is +9
°
 would be counted 

in the first bar from the right in each plot. Error bars correspond to one standard deviation. 
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Figure  4-9 Percentage of Vero cells (incubated in OptiPRO
TM

 serum-free medium, and 10 μg/mL fibronectin 

as a supplement) aligned parallel to the metal line as a function of W line width. From 0 μm (field oxide and 

field tungsten) to 50 μm. “n” is the number of cells inspected on each structure. Each bar represents the 

percentage of cells in a ±10° bin of deviations from the line axis. i.e., a cell with ϕ is +9
°
 would be counted in 

the first bar from the right in each plot. Error bars correspond to one standard deviation. 

sample7 
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The summary of cell alignment data (ɸ in the range of ±10°) on 10x10 µm W and SiO2 parallel lines 

comb structure presented in Table  4-3. The 10x10 µm tungsten and silicon oxide parallel lines comb 

structure was proven to be the pattern with the most potential to induce the highest preferential cell-

substrate interaction. 

Table  4-3 Summary of cell alignment distribution data incubated in different culture media on 10x10µm comb 

structures with an area of ~2.7 mm
2
: number of measured cells, cell density, % population of cells and standard 

deviation (SD) with angle ɸ at ± 10° and ± 20° of the metal line axes, and L/S. Initial cell concentration 5×10
4
 

cells/mL. SD represents one standard deviation from three independent groups of samples. 

Sample 
Number 

Matching 
Figures 

Medium 
Protein 

Concentration 

Total 
Cell 

Count 

Density 
(cell/mm

2
) 

10x10µm grid 

% cell distribution 

±10° ±20° 

1 4-3 OptiPRO
TM 

 N/A 3,100 172 38.1±1.1 57.0±2.7 

2 4-4 
OptiPRO

TM
 + 

HAS as a 
supplement 

10 μg/mL 2,409 86 95.3±0.7 97.0±0.7 

3 4-5 
OptiPRO

TM
 + BSA 

as a supplement 
10 μg/mL 3,726 132 96.0±1.0 97.9±1.4 

4 4-6 
OptiPRO

TM 
+ FBS 

as a supplement 
10 % FBS 

(v/v) 
5.446 123 61.6±2.7 72.6±1.4 

5 4-7 
OptiPRO

TM 
+ VN 

as a supplement 
10 μg/mL 3,850 167 24.9±3.3 36.1±3.4 

6 4-8 
OptiPRO

TM
 + 

Collagen as a 
supplement 

10 μg/mL 4,977 251 29.9±1.7 44.2±1.6 

7 4-9 
OptiPRO

TM 
+ FN 

as a supplement 
10 μg/mL 4,402 182 45.7±4.0 61.3±1.0 

 

The above-given results demonstrate that even under the most favorable experimental conditions, there 

is no culture medium (among the ones assessed in this section) that can achieve - at the same time – the 

highest alignment rate and support the highest cell growth. Thus, the choice of the culture medium is an 

outcome-dependent process. Otherwise, the best choice is a medium that can achieve the best of the 

intended outcomes. However, understanding why, is a complex process, which is to a great extent 

remains ambiguous (Huang et al., 2016; Khalili and Ahmad, 2015; Michaelis et al., 2011). The process – 

as discussed before - involves many interrelated parameters and conditions as listed in Table 2-1, and 

discussed in Section  2.3.1 (Wolfenson et al., 2013; Vogler, 2012; Michaelis et al., 2011; Bacakova et al., 

2011; Vogler; 2011; Barnthip et al., 2009; Williams, 2008; Zhuo, Siedlecki, and Vogler, 2006; Krishnan 
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et al., 2004). Herewith, the discussion is based on the proven hypothesis (as demonstrated in Section 

3.3.1) that the preferential alignment behaviors of cells are the direct consequence of protein content in 

the culture medium, thus on the substrate (protein-dependent). This could be further explained by (1) 

protein-substrate adsorption rate (Sitterley et al., 2008), (2) the concentration of Ca
+
 ions the culture 

medium (Sitterley et al., 2008; Norde and Lyklea, 1990; Edwards,  Robson, and Campbell, 1987).  

Though, FBS, albumins, and glycoproteins are frequently used to induce a preferential cell-substrate 

spreading and adhesion (Xu and Mosher, 2011; Shinji et al., 2011; Nelea and Kaartinen, 2010;  Sitterley, 

2008; Underwood and Bennett, 1989), yet their purity and concentration(s) in the culture medium what 

play an important role in the their adhesion, and subsequently the cell attachment patterns (Baszkin and 

Lyman, 2004).  

Vero cells like all mammalian cells are anchorage-dependent cells (Merten, 2015; Parhi et al., 2010; 

Ammerman et al., 2008), which means that their survival depends on a cell-substrate interaction. It was 

found that such cells are adherent on hydrophilic surfaces rather than hydrophobic ones (Parhi et al., 

2010). Thus, differentiating between hydrophobic substrates that induce good protein adsorption, and 

hydrophilic substrates that support good cell growth is essential for understanding the cell-protein-

substrate interactions, indicating that all the proteins assessed in this experiment do not adsorb well on 

hydrophilic surfaces, similar to 2D W/SiO2 substrates understudy. Water, not the adsorbed protein(s) was 

found to play the ultimate role in controlling the initial cell adhesion in vitro, indicating that the adhesion 

of cells from a bulk protein-containing medium is mediated by biological recognition involving surface-

adsorbed ligands for cell receptors (Martini, Bonechi, Foletti, and Rossi, 2013; Huggins, Marsh, and 

Payne, 2011; Parhi et al., 2010). Proteins interaction with hydrophobic and hydrophilic surfaces are well 

documented in the literature, indicating that these interactions are protein-dependent. For example, the 

adsorption of FN on a hydrophobic substrate (hydroxyapatite - calcium phosphate) is higher than albumin 

(Alb), indicating that the Albumin adlayer is smaller in mass and lower in density (Tagaya, Ikoma, 

Hanagata, Yoshioka, and Tanaka, 2011). A similar observation was found, but the adhesion was assessed 

on a glass (hydrophilic) substrate (Kim et al., 2006). This was explained by the FN higher molecular 

weight (~7 times higher) than Albumin. Nevertheless, this contradicts with our experimental data, which 

indicate that on 10x10 μm comb structures, FN had a lower alignment rate of 45.7±4.0 % in comparison 

to HSA and BSA, with 95.3±0.7 % and 96.0±1.0 %, respectively. A different result was observed by 

Polyudova, Eroshenko, and Korobov (2017) indicating that bovine serum albumin (BSA) supported 

higher adhesion of bacteria cells (we acknowledge cellular behavior of bacteria and mammalian cells are 

different). However, FN demonstrated the ability to induce a better adhesion behavior (n = 4,402 cells) 
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than HSA (n = 3,726 cells), and BSA (n = 2,409). This comes in agreement with Garcia et al. (1998) as 

cited by Felgueiras et al. (2015) indicating that the effect of BSA on the attachment of cells in the absence 

of FN or VN is insignificant. The other single species proteins (e.g., collagen, and VN) showed similar 

performance in comparison to FN. The results by Felgueiras et al. (2015) and Kim et al. (2006) indicate 

better performance of FN over serum, VN, and collagen. Seiffert and Smith (1997) indicate that VN 

induced adhesion is a dose-dependent process. Lacouture, Schaffer, and Klickstein (2009) observed that 

under strain, the single-species protein might behave differently in a protein density-dependant behavior. 

At a low density of 1,000 molecules per μm
2
, collagen supported higher cell adhesion than both 

fibronectin and vitronectin, in contrast, VN performed better than collagen and FN for high protein 

density (≥ 2,500 molecules per μm
2
). This indicates that cell-protein-substrate interaction mechanisms are 

hard to predict, taking into consideration the different conditions of each experiment. The number of 

moles of a single protein adsorbed on the substrate varied by nearly 10-fold when equivalent 

concentrations (e.g., 10 μg/mL in our experiment) are compared and used. At similar protein 

concentrations, higher molecular weight proteins (e.g., FN, and Col) will have fewer molecules 

(molecules per cell) in the solution in comparison to smaller ones, such as albumin and vitronectin (Parhi 

et al., 2009; Lacouture et al., 2009; Hajj, et al., 2007). Cooke et al. (2008) indicate that collagen-IV pre-

coated on a glass surface (highly hydrophilic), but not if added as a supplement to the culture medium, 

will support higher cell growth in comparison to fibronectin. This contradicts with the findings of our 

experiment, which indicate (as listed in Table  4-3) the ability of collagen to support higher cell growth (n 

= 4,977 cells) in comparison to fibronectin (n = 4,402 cells). This happened on the 2D W/SiO2 micron, 

and sub-micron scale patterned substrate even though collagen does not adhere well on hydrophilic 

surfaces, thus cannot form complex crosslinked polymeric networks (Coelho et al., 2011). However, 

when studying the adhesion behavior of cells on a different substrate, such as polystyrene (tissue culture 

flasks) using single ECM proteins or serum as a supplement for the serum-free medium results were 

different. Mahesparan et al. (1997) indicate that at the same concentration (μg/mL) of a single protein, 

fibronectin supported the adhesion of a higher number of human glioma (A-172 MG) cell line, in 

comparison to collagen. This behavior was found to be similar for all assessed cells (Mahesparan et al., 

1997). Notably, collagen IV effect on the adhesion of cells was comparable to the uncoated substrate. 

Single species proteins stimulate the same cell differently, suggesting that ECM protein-specific 

interaction and binding can stimulate different cytoskeletal components within the cell (Mahesparan et al., 

1997). Individual ECM proteins such as collagen IV, was reported to not able to induce cell migration, 

indicative to the fact that cells may not have a functional receptor that could interact with that specific 
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protein (Berens, Rief, Loo, and Giese, 1994; Giese, Rief, Loo, and Berens, 1994). It was noted by 

Mahesparan et al. (1997) that the stimulatory effect of fibronectin on the mobility of cells is independent 

of the protein synthesized by the cell, and given the fact that many cells are capable of self-producing 

fibronectin, this may increasingly replicate a more familiar environment (Wilson et al., 2005). 

Nevertheless, the existence of a single ECM protein in the culture medium is not enough to stimulate a 

peak change in the adhesion and alignment behavior of cells because it requires the involvement of all 

ECM protein, which each one of them is capable of stimulating different cellular function (Yang et al., 

2017; Xio et al., 2016). This, in addition to other reasons, could explain why fibronectin, and not the other 

ECM proteins, was capable of stimulating a higher preferential cellular alignment behavior. However, the 

comparison between fibronectin and albumin indicates that albumin stimulated a much higher alignment 

rate than fibronectin. This can be explained and justified by the fact that albumin is adsorbed more on 

hydrophilic surfaces (Scotchford et al., 2002) and faster (Roach et al., 2005) than FN. Additionally,  

albumin remains active (folded) and experiences less denatured changes in comparison to FN on 

hydrophilic substrates (Kyriakides, 2015; Baujard-Lamotte et al., 2008)., which in addition to the fact that 

hydrophilic surfaces, in general, attract less amount of proteins explain the lower cell population on 

albumin (Baujard-Lamotte et al., 2008). 

The protein-substrate (Patrauchan, Sarkisova, and Sauer, 2005), cell-protein (Tharmalingam et al., 

2011), and cell-cell (Ko, Arora, Bhide, Chen, and McCulloch, 2001; Takeichi and Osada, 1972) 

adhesions are mediated by the calcium content in the culture medium (Cao, Chen, and Schreyer, 2012; 

Gigout et al., 2005; Ko et al., 2001; Norde and Lyklea, 1990). This happens via the calcium-sensing 

receptor (CaSR); a protein receptor that is involved in regulating the mobility of cells, and becomes 

activated by a specified concentration of extracellular divalent cations such as calcium and magnesium 

(Tharmalingam et al., 2011). Beckman Institute (2011), Sitterley (2008), Arora et al. (2001), Edwards et 

al. (1987) indicated that the adhesion and spreading of cells on to a substrate covered with FBS and BSA 

is mainly attributed to the calcium concentration in the range of 10
-4

- 10
-2

 mole/liter in the culture 

medium. In a low-calcium at below 10
-6

 mole/mL environment, the adhesion and spreading behaviors of 

cells decline substantially. This decrease can be reversed by increasing the concentration of fibronectin in 

the serum. However, despite the fact that vitronectin and collagen are both glycoproteins like fibronectin, 

but the use of a purified vitronectin or collagen instead of the serum or as a single supplement for serum-

free medium will not enhance the spreading of cells, unless supplemented with calcium (Ca
+2

) 

concentration in the range of 10
-4

 -10
-3

 mole/liter (Gigout et al., 2005; Edwards et al., 1987). Comparing 

the cell adhesion performance of fibronectin and calf serum pre-coated on a glass substrate (as a function 
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of time) in the absence of divalent cations mainly calcium and magnesium, indicate that fibronectin 

highly inductive, while serum performance is comparable to the uncoated surface (Edwards et al., 1987). 

Calcium cations were found to mediate the assembly of polymeric collagen networks (Yurchenco and 

Cheng, 1993). Similar to fibronectin, albumin was found to induce the migration of neutrophils disregards 

to the concentration of calcium cations in the medium (Marks, Hendey, and Maxfield, 1991).  

In general, the adhesion of proteins happens the best on hydrophobic substrates (mainly polymeric 

materials are studies), while hydrophilic surfaces (mainly glass is used in literature) can stimulate a 

preferential cell adhesion. The findings of this section to a great extent come in alignment with literature 

in regards to the ability of single-species proteins as a supplement for serum-free media to support the 

adhesion and alignment of cells, while taking into consideration the protein type and concentration, 

surface characterization, and calcium content in the culture medium. Bovine serum albumin and human 

serum albumin were proven to have the utmost ability to induce a preferential cell alignment behavior on 

the 2D W/SiO2 substrates. Furthermore, based on literature and as predicted, in comparison with other 

ECM proteins, fibronectin was proven to be superior in stimulating a preferential adhesion and alignment 

behaviors. Thus, albumin and fibronectin as part of the FBS, are the main driving elements for 

preferential cell-substrate behavior.  

These observed behaviors can be hypothesized by; (1) tungsten has the highest surface energy among 

metals at ~3.3 J/m
2
 (Tran et al., 2016). A higher surface energy substrate promotes higher cell-surface 

interaction, as earlier discussed in Section  3.3.1.4, that (Parhi et al., 2009; Baszkin and Lyman, 2004; 

Hallab et al. 2001), in spite of the disagreement in regards to the magnitude of involvement of the surface 

energy and adsorbed protein on the adhesion of cells and the potential change in their behavior (Parhi, 

Golas, and Vogler, 2010). (2) The wetting angle of W/SiO2 comb structures was measured to be ~29.7° -, 

this indicates that the comb structures are hydrophilic. Vogler (2001) as cited by Vogler (2012), indicates 

that bio-adhesion excels in the range of ±15
o
 around water contact angle θ=65°. The findings by 

Valamehr et al. (2008) point in the same direction in regards to the ideal contact angle for cell adhesion.  

4.2.3.2 Protein Pre-adsorption Dependent Alignment    

In this section, the intention is to test whether the pre-adsorption of single-species protein on bio-

mimicked engineered substrates, would improve the alignment behaviors of adherent cells. Results from 

this section will be compared with results from Section  4.2.3.1, in which the same single proteins were 

added as supplements to the serum-free medium. However, the question remains, whether the change in 

the behaviors of cells – in this particular case - is a protein-specific phenomenon. Furthermore, whether 
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pre-adsorption of a protein and supplementing an SFM with the same protein will have an equal impact 

on the behavior of the same cells.   

The effect of the pre-adsorption of individual proteins onto engineered scaffolds or biomaterials on 

steering the adhesion of cells is widely addressed in biology-related literature (Lv, Huang , Mercadé-

Prieto, Wu, and Chen, 2015; Nune and Misra, 2014; Hook, 2014; Cho and Chae, 2009; Eskin et al., 2004; 

Yang, Cavin, and Ong, 2003; Ying, Jin, and Tao, 2001; Tamada and Ikada, 1993; Silver, Lin , and 

Cooper, 1993; Fabrizius-Homan, Cooper, and Mosher, 1992). Balcells and Edelman (2002) demonstrated 

the role of pre-adsorption of specific proteins on increasing the mobility of cells in comparison to 

supplementing the culture medium with these specific proteins. Lv et al. (2015), discussed the positive 

effect of protein pre-adsorption on reducing the fouling under pasteurization conditions. Tamada and 

Ikada (1993) studied the effect of protein pre-adsorption on the changes in the contact angle of a 

substrate, indicating that the contact angle of polyethylene (PE) pre-coated with either collagen or 

fibronectin, decreased by ~77 % from 96±4° to 43±3°, causing an improvement in the substrate 

hydrophilicity. Lv et al. (2015) reported a similar effect, but on stainless steel, instead of polyethylene, in 

which the contact angle of the substrate decreased from 72±2° to 32±1°.  

These observations were consistent with Nune and Misra (2014), reporting substantial changes on the 

in vitro cellular activities as a function of pre-adsorption of proteins. Silver et al. (1993) reported an 

increase in the thrombogenic activities on substrates pre-coated with a single protein. These responses 

were found to be protein type-dependent. For example, fibronectin increased the potential of formation 

clots, while albumin caused the opposite. Yang et al. (2003) observed that the adhesion of cells and the 

pre-absorbed amount of protein are directly proportional. Such correlation was found to be protein-type 

dependent, as reported by Silver et al. (1993). On titanium substrates, FN was found to be adsorbed at a 

significantly higher concentration in comparison to albumin (Yang et al., 2003). While Balcells and 

Edelman (2002) reported a similar conclusion on tissue culture polystyrene (TCPS) when comparing FN 

with other single proteins, Eskin et al. (2004) observed the effect of the pre-adsorption of single protein 

onto a substrate, on the subsequent adhesion of cells, indicating a protein-dependent effect, similar to that 

discussed above. The pre-adsorption of FN would cause an increase in the number of adherent cells and 

spreading behaviors in comparison to albumin. It was demonstrated that the pre-adsorption of FN would 

increase the spreading of cells by ~100 % if FN concentration increased in the pre-adsorption solution 

from 0.03 to 3 μg/mL. This was observed on tissue culture polystyrene (Eskin et al., 2004).  

 A study by Webb, Hlady, and Tresco (1998) demonstrated that a highly hydrophilic substrate (contact 

angle of ~7.3°, at pH 7.5), pre-coated with bovine serum albumin (BSA), induced higher adhesion, 
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spreading, and cytoskeletal deformation (no specifics were given on the type of deformation). However, 

on a substrate with a higher contact angle of ~59.7°, the adverse effect was observed. Nevertheless, when 

the same substrates were pre-coated with collagen IV, and FN, rather than albumin, the adverse effect was 

observed, in which higher cell density was obtained on a hydrophilic substrate with ~59.7° contact angle, 

in comparison to a substrate with ~7.3° contact angle. It is worthy of indicating that the density of 

adherent cells on substrates pre-adsorbed FN was highly dependent on the substrate contact angle. A 

higher number of cells were found adherent on substrates with a contact angle of ~59.7°, rather than on 

substrates with ~7.3°. 

Moreover, the number of adherent cells on substrates with pre-adsorbed FN was much higher than on 

substrates pre-coated with collagen (Webb et al., 1998). Vitronectin behaved in the same way as collagen 

in terms of adsorption and adhesion of cells (Fabrizius-Homan and Cooper, 1991). Tamada and Ikada 

(1993) proved that the pre-absorption of FN on a substrate with a contact angle of ~70° enhanced the 

adhesion of cells. However, results show a noticeable difference in cell adhesion when comparing 

substrates with and without protein pre-adsorption. Substrates with pre-adsorbed FN induced higher 

substrate-cell affinity. It was noted that pre-coated FN provides the substrate with ligands for the cell 

membrane receptors. 

Additionally, Lin et al. (2014a) assessed the adsorption of ECM proteins on gold substrates with zeta 

potentials in the range between +6.8 mV to -187 mV. One of the substrates had a zeta potential of ~79 

mV, which is similar to the zeta potential of the 2D W/SiO2 substrate under study (~80 mV). The 

adsorption density of collagen is better than FN at such substrate (Lin et al., 2014a). Similarly, Chang et 

al. (2016), Chang et al. (2014), and Wu, Wang, Chen, and Wang (3013), demonstrated that substrates 

with surfaces with a zeta potential of ~79 mV would induce higher cell adhesion and proliferation. 

Altankov et al. (2003) indicated that higher zeta potential substrates improves the adhesion and spreading 

behavior of fibroblast cells. This was later confirmed by Chang et al. (2016) and Chang et al. (2014), 

using epithelial cells. It was observed that the increase in the surface potential, will cause an increase in 

the number of adherent cells, as well as, a change in the morphology of cells, from bi-polar (elongated) 

shape, to flat, denoting a higher cell-substrate adhesion (Chang et al., 2014). This is, to some extent, 

similar to findings by Zhang et al. (2008). The above could be explained by the fact that some cells are 

more sensitive to the change in the surface chemistry, in particular, surface potential than other cells 

(Chang et al., 2014). Furthermore, the change in the morphology of adherent cells is an indication of the 

physiological condition of cells after adhesion (Costa, Hucker, and Yin, 2002).  
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This section examined the adhesion and alignment behaviors of Vero cells incubated on 2D W/SiO2 

substrates. Each substrate was incubated for 24 hours in a D-PBS solution containing 10 μg/mL of a 

single ECM protein such as FN, VN, and Col, or containing 10 % FBS, prior to the incubation of cells. In 

the case of the pre-adsorption with FBS experiments, and prior to seeding of Vero cells, the substrates 

were either rinsed (a couple of time) with a buffer-saline solution or was not rinsed. This was done to 

understand the effect of rinsing FBS prior to seeding cells on their alignment and adhesion behaviors. In 

total, six different substrates were used. The outcomes of this experiment were compared with results 

from Figure  4-33, and Figure  4-4, which denote alignment and adhesion data of Vero cells cultured in (1) 

OptiPRO
TM

 as a culture medium, and (2) OptiPRO
TM

 supplemented with 10 % FBS, respectively.  

The visual observations of the preferential cellular alignment behaviors on comb structures with 10 μm 

wide tungsten lines are demonstrated in Figure  4-10. Qualitatively, cells adherent on protein pre-

incubated substrates demonstrates two main alignment behaviors. Substrates pre-adsorbed with FN and 

FBS, half of the adherent cells show preferential alignment behavior, as demonstrated in Figure  4-10(b, 

e). However, the majority of cells adherent on substrates with pre-adsorbed collagen, FBS (rinsed prior to 

cell seeding), and VN show the tendency to misalign parallel to the W lines y-axes as observed from 

Figure  4-10(c, d, and f). Nevertheless, cells adherent on all pre-adsorbed proteins displays a similar 

tendency not to elongate, independent of their alignment behavior. Supplementary SEM micrographs 

describing the behavior of cells on substrates with pre-adsorbed proteins are available in Appendix C. 

A total of 19,898 cells were assessed and characterized to quantify the observations obtained from the 

SEM micrographs Figure  4-10. “n” is the number of assessed cells from each sample. Results from Figure  4-6 

and Figure  4-14 demonstrate that the number of adherent cells is independent of whether the FBS is pre-

adsorbed on the substrate (n=5,446) or used as a supplement to the culture medium (n=5,495). This is 

logical due to the unique composition of FBS.  
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Figure  4-10 Typical top-down SEM images of Vero cells incubated in the OptiPRO
TM

 culture media on a 2D substrate 

pre-adsorbed with different single-species serum proteins or FBS. The alignment and elongation behaviors of cells 

are dependent on the type of pre-adsorbed protein on the 2D substrates prior to seeding the cells (a) cells in 

OptiPRO
TM

 used as a reference for comparison, (b, and e) Less of half of cells adherent on FN and FBS are aligned, 

and (c, d, and f) the majority of cells on pre-adsorbed Col, rinsed FBS, and VN are randomly oriented. Scale bars 

correspond to 50 μm. 
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However, when the pre-adsorbed FBS was rinsed using D-PBS, the number of adherent cells after 

seeding dropped by almost 11.8 % (n=4,855) as shown in Figure  4-13. This could be explained by the 

gradual desorption of the pre-adsorbed FBS from the substrate. The effect of FBS on the adhesion of cells 

as reported previously comes in agreement with findings by Wangen et al. (2018), Ye et al. (2017), and 

Tamada and Ikada (1985) when tested using albumins instead of FBS. The comparison between albumins 

and FBS could be justified (since albumin is the major component of FBS) in regards to adsorption and 

desorption of FBS. In comparison with pre-adsorbed FBS, fibronectin supported the adhesion of a lower 

number of cells (n=3,746) as illustrated in Figure  4-11, results came in consensus with findings by Wilson 

et al. (2005), and Yang et al. (2003). Webb et al. (1998) reported that the adhesion of NIH 3T3 fibroblast 

cells on a glass substrate is considerably higher when pre-coated with FN in comparison to collagen. This 

is similar to the results presented in this section and demonstrated for FN (n=3,746) as in Figure 4-12 in 

comparison to collagen (n=2,266) as confirmed in Figure  4-12. Pre-adsorbed VN induced the adhesion of 

a slightly fewer (-5.8 %) number of cells (n=3,536) in comparison to FN (n=3,746), as illustrated in 

Figure  4-15, and Figure  4-11, respectively. In comparison to other individual serum proteins, and as 

expected, substrates with pre-adsorbed FBS supported the highest number of adherent cells (Hook, 2014; 

Tamada and Ikada, 1992), followed by FN, VN, and Collagen. 

In regards to the alignment behavior of cells as a function of the pre-adsorbed single proteins or FBS, 

results indicate that substrates pre-incubated with FBS (without rinsing) or fibronectin induced the highest 

alignment rates of 41.4±8.3 % (Figure 4-15), and 41.4±1.5 % (Figure 4-12), respectively. Moreover, 

rinsing the pre-adsorbed FBS with D-PBS negatively affected the ability of FBS to support cell alignment 

(33.0±2.2 %) as demonstrated in Figure 4-14. Expectedly, vitronectin and collagen-induced the lowest 

cell alignment with 21.7±1.4 % as in Figure 4-16, and 27.0±3.2 % as in Figure 4-13, respectively. For 

single species proteins, this can be explained by the effect of molecular weight and, the orientation of 

proteins on the substrate as discussed by Tamada and Ikada (1985). It is essential to take into account the 

adverse effect of pre-adsorbed single proteins on the adhesion and alignment of cells. Research by 

Hughes, Pena, Clark, and Dourmashkin (1979) reported that a substrate with a pre-adsorbed single protein 

becomes natural-like surface as to change the behavior of cells. 

Hughes (1979) discussed how pre-adsorbed proteins provide the substrate with ligands for the cell 

membrane integrins. Additionally, Chelli et al. (2014) reported the positive impact of pre-adsorbed 

albumin on the alignment of human astrocytoma cells by creating cell-adhesive regions (like the tungsten 

lines) side by side with cell repulsive regions (like silicon oxide lines). Cai et al. (2009)  and Blau et al. 

(2001) reported that the adhesion-promoting properties of a single protein are substrate-dependent.  
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Figure  4-11 Alignment of Vero cells (incubated on pre-adsorbed fibronectin) as a function of metal lines 

width. From 0 μm (field oxide and field tungsten) to 50 μm. “n” is the number of cells inspected on each 

structure. Each bar represents the percentage of cells in a ±10° bin of deviations from the line axis. i.e., a 

cell with ϕ is -11
°
 would be counted in the second bar from the right in each plot. Error bars correspond to 

one standard deviation from three different bins.  



 

109 

 

Figure  4-12 Percentage of cells alignment rates (incubated on pre-adsorbed collagen) as a function of metal 

lines width. From 0 μm (field oxide and field tungsten) to 50 μm. “n” is the number of cells inspected on each 

structure. Each bar represents the percentage of cells in a ±10° bin of deviations from the line axis. i.e., a 

cell with ϕ is -11
°
 would be counted in the second bar from the right in each plot. Error bars correspond to 

one standard deviation from three different bins.  
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Figure  4-13  Alignment of Vero cells (incubated on pre-adsorbed 10 % FBS, rinsed using D-PBS prior to 

cell seeding) as a function of metal lines width. From 0 μm (field oxide and field tungsten) to 50 μm. “n” is 

the number of cells inspected on each structure. Each bar represents the percentage of cells in a ±10° bin 

of deviations from the line axis. i.e., a cell with ϕ is -11
°
 would be counted in the second bar from the right 

in each plot. Error bars correspond to one standard deviation from three different bins.  
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Figure  4-14  Alignment of Vero cells (incubated on pre-adsorbed 10 % FBS) as a function of metal lines 

width. From 0 μm (field oxide and field tungsten) to 50 μm. “n” is the number of cells inspected on each 

structure. Each bar represents the percentage of cells in a ±10° bin of deviations from the line axis. i.e., a 

cell with ϕ is -11
°
 would be counted in the second bar from the right in each plot. Error bars correspond to 

one standard deviation from three different bins.  
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Figure  4-15 Alignment of Vero cells (incubated on pre-adsorbed vitronectin) as a function of metal lines width. 

From 0 μm (field oxide and field tungsten) to 50 μm. “n” is the number of cells inspected on each structure. Each 

bar represents the percentage of cells in a ±10° bin of deviations from the line axis. i.e., a cell with ϕ is -11
°
 

would be counted in the second bar from the right in each plot. Error bars correspond to one standard deviation 

from three different bins.  

 



 

113 

The summary of cell alignment data (ɸ in the range of ±10°) on 10x10 µm W and SiO2 parallel lines 

comb structure are listed in Table  4-4. The 10x10 µm W/SiO2 parallel lines comb structure was proven to 

be the pattern with the most potential to induce the highest preferential cell-substrate alignment. 

Table  4-4 Summary of cell alignment distribution data incubated in different culture media on 10x10µm comb 

structures with an area of ~2.7 mm
2
: number of measured cells, cell density, % population of cells and standard 

deviation (SD) with angle (ɸ) at ± 10° and ± 20° of the metal line axes. Initial cell concentration 5×10
4
 cells/mL. SD 

represents one standard deviation from three independent groups of samples. 

Sample 
Number 

Matching 
Figure 

Pre-adsorbed 
Protein 

Pre-adsorbed 
Protein  

Concentration  

Total Cell 
Count 

Density 
(cell/mm

2
) 

10x10µm grid 

% Cell Distribution 

±10° ±20° 

1 4-3 OptiPRO
TM 

 N/A 3,100 172 38.1±1.1 57.0±2.7 

8 4-11 
Pre-adsorbed 
Fibronectin 

10 μg/mL 3,746 282 41.4±1.5 53.5±0.4 

9 4-12 
Pre-adsorbed 

Collagen 
10 μg/mL 2,266 99 27.0±3.2 39.3±1.2 

10 4-13 
Pre-adsorbed FBS, 
rinsed with D-PBS 

prior to cell seeding 
10 % FBS (v/v) 4,855 540 33.0±2.2 49.6±0.5 

11 4-14 Pre-adsorbed FBS  10 % FBS (v/v) 5,495 249 41.4±8.3 54.8±5.7 

12 4-15 
Pre-adsorbed 

Vitronectin 
10 μg/mL 3,536 379 21.7±1.4 34.6±0.7 

All proteins were diluted in D-PBS solution prior to the pre-adsorption process  

 

The summary of the comparison between the adhesion and alignment behaviors of Vero cells 

Table  4-3, Section  4.2.3.1, and Table  4-4, Section  4.2.3.1 is listed in Table  4-5.  
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Table  4-5 Summary of comparison data from the two protein-dependent alignment experiments including; the total number of measured cells, % population of 

cells and standard deviation (SD), the percentage of change for cell alignment (at ± 10°), and corresponding figure numbers. Initial cell concentration 5×10
4
 

cells/mL. Data obtained from comb structures with W/SiO2 parallel lines of 10x10 µm    

Sample 
Number 

Matching 
Figures 

Experiment 
 Culture Medium 

Component 

Substrate 
Pre-

treatment 

Time 
Total 
Cell 

Count 

% Cell 
distribution 
ϕ in range 

±10° 

Alignment  
% of  

Change 

% Cell 
distribution 
ϕ in range 

±20° 

Protein 
Pre-

adsorption 

Cell 
Incubation 

1 4-3 OptiPRO
TM

 
OptiPRO

TM
 Serum-

Free 
N/A N/A 48 hrs. 3,100 38.1±1.1 - 57.0±2.7 

2 4-4 
Human Serum 
Albumin (HAS) 

OptiPRO
TM

 with HAS 
10 μg/mL as a 
supplement 

N/A N/A 48 hrs. 2,409 95.3±0.7 - 97.0±0.7 

3 4-5 
Bovine Serum 
Albumin (BSA) 

OptiPRO
TM 

with BSA 
10 μg/Ml as a 
supplement 

N/A N/A 48 hrs. 3,726 96.0±1.0 - 97.9±1.4 

7 4-9 
OptiPRO

TM
 + 

Fibronectin 

OptiPRO
TM

 with 10 
μg/ml FN as a 
supplemented 

N/A N/A 48 hrs. 4,402 45.7±4.0 

~ 9.4% ↓ 

61.3±1.0 

8 4-11 
Pre-adsorbed 
Fibronectin 

OptiPRO
TM

 Serum-
Free 

10 μg/mL 
FN 

24 hrs. 48 hrs. 3,746 41.4±1.5 53.5±0.4 

6 4-8 OptiPRO
TM

 + Collagen 
OptiPRO

TM
 with 10 

μg/mL Coll-IV as a 
supplemented 

N/A N/A 48 hrs. 4,977 29.9±1.7 

~ 9.7% ↓ 

44.2±1.6 

9 4-12 
Pre-adsorbed 
Collagen 

OptiPRO
TM

 Serum-
Free 

10 μg/mL 
Col-IV 

24 hrs. 48 hrs. 2,266 27.0±3.2 39.3±1.2 

5 4-7 
OptiPRO

TM
 + 

Vitronectin 

OptiPRO
TM

 with 10 
μg/mL VN as a 
supplemented 

N/A N/A 48 hrs. 3,850 24.9±3.3 

~ 12.9% ↓ 

36.1±3.4 

12 4-15 
Pre-adsorbed 
Vitronectin 

OptiPRO
TM

 Serum-
Free 

10 μg/mL 
VN 

24 hrs. 48 hrs. 3,536 21.7±1.4 34.6±0.7 

4 4-6 
OptiPRO

TM
 + 10 % 

FBS 

OptiPRO
TM

 with 10 % 
FBS as a 
supplemented 

N/A N/A 48 hrs. 5,446 61.6±2.7 - 72.6±1.4 

10 4-13 

Pre-adsorbed 10 % 
FBS. Substrate rinsed 
with D-PBS prior to 
cell deposition  

OptiPRO
TM

 Serum-
Free 

10% (v/v) 
FBS 

24 hrs. 48 hrs. 4,855 33.0±2.2 ~ 46.4% ↓ 49.6±0.5 

11 4-14 
Pre-adsorbed 10 % 
FBS 

OptiPRO
TM

 Serum-
Free 

10% (v/v) 
FBS 

24 hrs. 48 hrs. 5,495 41.4±8.3 ~ 32.8% ↓ 54.8±5.7 

OptiPRO
TM 

serum-free culture medium data is used as a control sample for comparison. All proteins were diluted in D-PBS solution prior to the pre-adsorption 
process. 
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Table  4-5 indicates that FBS in both sets of experiments continues to support the highest cell adhesion 

and growth. This is similar to findings reported by Felgueiras et al. (2015), Kyriakides (2015), Parhi, et 

al., (2010), Krishnan et al. (2006) and Hayman et al. (1985). However, when pre-adsorbed FBS was 

rinsed with D-PBS prior to seeding the cells, the substrate supported less cell adhesion and alignment 

(~46.4 %). Substrates with pre-adsorbed single protein or serum supported lower alignment and growth 

rates of cells. For single proteins, the decrease in the alignment rates varied between ~9.4 % for FN pre-

adsorbed substrate, ~9.7 % for VN, and ~12.9 % for collagen pre-adsorbed substrate, which indicates 

performances that are independent of whether the protein used as a supplement or pre-adsorbed on the 

substrate. Similarly, substrates pre-coated with PBS showed a decrease in alignment and growth rates.  

This is further illustrated in Figure  4-16 in which the percentage of cell nuclei aligned within ±10°, 

and ±20° of the tungsten lines y-axes were graphed as a function of (a) the culture medium used, or (b) 

the type pre-adsorbed protein. The alignment behaviors of adherent Vero cells on the 2D W/SiO2  micron 

and sub-micron scale patterned substrate incubated in OptiPRO
TM

, the serum-free medium supplemented 

by one of the serum single-species proteins or 10 % FBS based on data from Table  4-5, are further 

demonstrated in Figure  4-16(a), in which demonstrate the alignment of cells within ±10° (blue squares) 

and ±20° (gray circles) of the tungsten parallel lines y-axes. OptiPRO
TM

 was used as a control sample for 

comparison. Figure  4-16(b) exemplifies the alignment of cells within ±10° (blue squares) and ±20° (gray 

squares) from the tungsten parallel lines y-axes as a function of the pre-adsorbed protein on comb 

structures with line widths of 10 μm.  
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Figure  4-16 Percentage of cell alignment distribution in the range of ±10° (blue 

squares) and ±20° (gray circles) as a function of (a) single species proteins (FN, VN, 

Col) or FBS added as a supplement to OptiPRO
TM

, the serum-free medium. (b) Pre-

adsorbed single species proteins (FN, VN, Col) or FBS on the 2D substrates for 24 

hours prior to seeding the cells. Individual proteins (supplement and pre-adsorbed) 

were added at a concentration of 10 μg/mL, while 10 % FBS was added on a volume 

basis. Error bars correspond to one standard deviation from three different groups. 
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4.3 Summary 

In this chapter, the alignment and adhesion behaviors of Vero cells on the 2D W/SiO2 engineered 

substrates were characterized and assessed. Herein, two sets of experiments were conducted; (1) single 

ECM proteins, and FBS were used as a supplement for OptiPro
TM

 a serum-free medium, and (2) single 

ECM proteins and FBS were pre-adsorbed on the substrates prior to seeding the cells. Thus, the 

characterization of cellular alignment and growth behaviors performed taking into consideration the cell-

substrate interactions as a function of the cell-protein related mechanism, which in spite of the significant 

advancement in understanding the influence of proteins on the cellular behaviors, the disagreement 

among researchers is widely accepted when trying to the explain these mechanisms and commonly 

observed behaviors such as protein structural rearrangements, or aggregation (Rabe et al., 2011). 

However, and regardless of the precise mechanism, our results show that serum albumin (supplement for 

serum-free media), as verified in Section  4.2.3.1, and fibronectin and FBS (pre-adsorbed on the 2D 

micron and sub-micron scale patterned substrates) as validated in Section  4.2.3.2, played an important 

role in the alignment behavior of assessed Vero cells. Furthermore, it is worth indicating that sometimes 

formulating a relevant and applicable hypothesis to interpret the experimental data successfully is 

hindered by an insufficient level of understanding. In such cases, a data-driven approach can be 

developed, at which, the initial step is to start accumulating experimental data (produced and from future 

work) that may enhance our knowledge (Derda et al., 2010; Kell and Oliver, 2003).   
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Chapter 5 

Manipulating Cell Behavior using a Novel 3D Tantalum and Silicon 

Oxide Patterned Substrate  

This chapter is based on the following publication: 

Moussa, H.I.; Logan, M.; Chan, W.; Wong, K.; Rao, Z.; Aucoin, M.G.; Tsui, T.Y., Materials 11, 2018, 

1306. 

This chapter will demonstrate the ability of an original three-dimensional tantalum/silicon oxide micron 

and sub-micron scale substrate to induce a preferential change in the cellular behavior of mammalian 

cells in response to the topographical features of the 3D micron and sub-micron scale patterned substrate 

understudy. The substrate consists of comb structures with silicon lines and tantalum trenches of equal 

width. In Chapter 3,  we successfully tested  the ability of the newly developed two-dimensional tungsten 

and silicon oxide micron and sub-micron scale patterned substrate to guide a cell-preferential adhesion, 

and alignment. This was done by attracting adherent Vero cells to targeted locations. These specific 

tungsten locations are inlaid parallel tungsten lines embedded in silicon oxide continuous phase that have 

no topographical features, and they were proven to have remarkably smooth, flat, continuous, and defect-

free surfaces. This happened due to the selective adhesion of cells onto tungsten rather than silicon oxide, 

in the absence of any external mechanical stimuli. However, in vivo, cells are subjected to interactions 

with three-dimensional micron and sub-micron environments of ECM. This shows the importance of 

developing three-dimensional engineered substrates that may have the in vitro ability to mimic the effect 

of extracellular matrix in stimulating preferential cell behaviors. These behaviors were found to be 

different when tested on 3D systems rather than 2Ds (Hakkinen et al., 2011; Ochsner et al., 2007; 

Cukierman, Pankov, and Yamada, 2002). 

Thus, this chapter demonstrates the ability of an original three-dimensional tantalum and silicon oxide 

micron and sub-micron scale patterned substrate to induce a preferential change in that cellular behavior 

of mammalian cells in response to the topographical features of the patterned substrate under study. The 

substrate consists of comb structures with equal-width silicon lines and tantalum trenches.  

5.1 Background 

The impacts of topography (Ning et al., 2016; Hakkinen et al., 2011; Choi et al., 2009; Loesberg et al., 

2007), aspect ratio, shape (Kolind et al., 2010; Lord et al., 2010; Ochsner et al., 2007), and distribution of 
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microstructures (Nakamoto et al., 2014; Martinez et al., 2009) on the adhesion and change in morphology 

of cells are the subject of many scholarly works. However, all previously-mentioned literature used 

monolithic materials where the entire structures consisted of a single material, except for a few (Radtke et 

al., 2017; Poudel et al., 2013; Arnold et al., 2009). Many studies discussed the ability of cells to align 

themselves along the defined substrate surface morphologies (Sharma et al., 2016; Lu and Leng, 2008; 

Stevenson and Donald, 2009; Lu and Leng, 2003; Curtis and Wilkinson, 1997). This is known as the 

contact guidance phenomenon (Zhou, Yuan, Huang, and Chen, 2009; Teixeira et al., 2003; Brunette and 

Chehroudi, 1999; Meyle, Gültig, and Nisch, 1995; Wood, 1988). Many studies have also been concerned 

with the effects of depth and width of grooves on cell orientation (Stevenson and Donald, 2009; Lu and 

Leng, 2008; Loesberg, 2005; Lenhert, Meier, Meyer, Chi, and Wiesmann, 2005), but no consensus have 

been reached on the minimal depth and width needed for inducing cell orientation. These behaviors are 

cell type-related. Cells are also able to orient themselves on surfaces presenting nano-grooves (Lenhert et 

al., 2005).  

Radtke et al. (2017), and Baranes, Shevach, Shefi, and Dvir (2016) developed innovative silver and 

gold biomaterials that can induce higher elongation behavior if cells. While micropatterning of proteins’ 

topographical features (Sharma et al., 2016; Poudel et al., 2013; García-Parra et al., 2012; Pelaez-Vargas, 

et al., 2012; Versaevel, Grevesse, and Gabriel, 2012) or functionalized nanoparticles (Arnold et al., 2009; 

Cooke et al., 2008; Coussen, Choquet, Sheetz, and Erickson, 2002) provides the potential to  manipulate 

the behavior of cells, only two-dimensional topographical features can be fabricated using these 

technologies, which restrict its applications. Hakkinen et al. (2011) underlined the effect of adsorbed 

proteins and structural dimensionality (3D and 2D) of the surface on the cell-substrate adhesion and 

ability of the cell to migrate and spread (area occupied per cell). This is similar to findings by Ochsner et. 

al. (2007); thus, comparing the change in cellular behaviors of cells on 2D and 3D structural topographies 

is problematic (Choi et al., 2015; Yang et al., 2009; Choi, et al., 2009; Kim , et al., 2006; Levenberg et al., 

2003; Cukierman, Pankov, and Yamada, 2002).  

The characterization of the ability of cells to adhere to a substrate reflects their behavior, and a 

multifaceted process that is regulated by protein-protein, protein-surface, protein-water, and water-surface 

interactions and cell signaling pathways. To be more specific, interactions that cause the formation of 

focal adhesion points are most important for their potential role in sensing the structural environment of 

the surrounding 3D topographies, cytoskeletal organization spreading, migration, and proliferation 

(Ferrari et al., 2010; Ryoo et al., 2010; Yim et al., 2010; Partridge and Marcantonio, 2006; Beningo, 

Dembo, Kaverina, Small, and Wang, 2001). Chapter 3 addressed the adhesion and the change in 
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morphology of mammalian cells on 2D W/SiO2 patterned substrate. Their findings indicate that such 

changes are possible without the need for topographical features. Results demonstrate that the tendency of 

cells to change their morphology is induced by the need to maximize their contact area parallel to the y-

axes of tungsten lines.  

This chapter is intended to investigate and characterize the interactions between Vero cells and 3D 

micron and sub-micron patterned topographies entailing tantalum and silicon oxide parallel line/trench 

features ranging from ~210 nm to 100 μm. According to the initial hypothesis, cells may exhibit a 

preferential cellular behavior while interacting with the substrate 3D topographical tantalum features. 

This expected behavior is associated with preferred adhesion to tantalum as a result of its bioactive 

properties as a metal  (Dolatshahi-Pirouz et al., 2010; Balla, Bodhak, Bose, and Bandyopadhyay, 2010) 

rather than silicon oxide. This predicted preferential adhesion is based on the work presented in Chapter 3 

but on 2D W/SiO2 substrates. However, in comparison to 2D substrates, it is hypothesized that the 3D 

topographical features will induce a higher cell elongation. 

Additionally, the new substrates will provide the opportunity to observe the formation of focal 

adhesions and the cells’ pseudopodia in action. That was unfeasible to do on the 2D surfaces 

characterized in  Chapter 3. This chapter characterizes the alignment behaviors of cells relative to the y-

axes of the tantalum trenches. Three attachment behaviors were identified based on the widths and 

spacing of lines and trenches, respectively. A mathematical model was used to understand the change in 

cellular morphologies as a function of the surface topographies. This chapter provides a unique 

opportunity to observe and understand the limitations of cellular pseudopodia projections.  

5.2 Materials and Methods  

5.2.1 Fabrication of the Tantalum/Silicon Oxide 3D Patterned Substrate 

The 3D Ta/SiO2 patterned substrates were fabricated and provided by Versum Materials, LLC (Tempe, 

AZ). The supplied substrates were fabricated using an advanced industrial-scale integrated circuit 

fabrication technique that comprises of Cu and Ta CMP and damascene integration on 200 mm silicon 

substrates (Doering and Nishi, 2007; Chen, 2007; Li Y., 2007), as illustrated in Figure  5-1. In brief, 

lithography and dry-etching methods were used to create the patterns of the parallel-line comb structure in 

the silicon oxide layer, which appears in blue (Doering and Nishi, 2007; Chen, 2007; Zantye, Kumar, and 

Sikder, 2004). This step was followed by depositing a thin seed layer of tantalum and copper in the 

patterned structures. CMP process was used to eliminate the unwanted copper and tantalum layers, and 

planarization was continued until the silicon oxide lines were uncovered as revealed in Figure 1(c) (Zhao 
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and Lu, 2013; Zhengfeng, Ling, Huan, and Luan, 2001; Steigerwald, Murarka, Gutmann, and Duquette, 

1995; Stavreva , Zeidler, Plötner, and Drescher, 1995). Furthermore, in order to be able to use the 

substrates in direct contact with biological cells (Vincent, Duval , Hartemann, and Engels‐Deutsch, 2017; 

Grass, Rensing, and Solioz, 2011), copper was chemically stripped and removed using ~42 % diluted 

nitric acid ACS Plus (Fisherbrand
®
, Fisher Scientific International Inc., Pittsburgh, PA) for ~45 minutes. 

Finally, stripped chips were rinsed with deionized water and anhydrous ethanol. The finished substrate 

consisted of a parallel-line comb structure with trench sidewalls and bottom surfaces coated with a thin 

layer of tantalum, while the top surfaces of the lines contained exposed silicon oxide (Figure  5-1). 

 

Figure  5-1 Simplified representation of the silicon oxide and tantalum (Ta) polished specimens. Parallel line/trench 

patterns were fabricated using Barrier-CMP process by lithographically creating inlaid trenches within the silicon 

oxide thin film (blue), followed by dry etching as in a. This step was followed by (b) the deposition of Ta (barrier layer) 

and copper film the patterned structures. (c) Chemical mechanical polishing was used to remove the excess copper 

and barrier subsequently. (d) Copper was stripped using nitric acid (Moussa et al., 2018a). 

 

5.2.2 Cell Deposition, Fixation, Dehydration and Staining Protocols  

Based on the same protocols described in Section 3.2.3.1, Vero cells were incubated on the 3D Ta/SiO2 

substrate mentioned above. The American Type Culture Collection (ATCC, Manassas, Virginia) was the 

source for the Vero cells used in this experiment. Cells in a culture medium containing DMEM/F12 (1:1) 

media (Corning, New York, NY) were supplemented with 4 mM L-glutamine (Sigma-Aldrich, St. Louis, 
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MO) and essential amino acids. Furthermore, 10 % (v/v) FBS (Gibco™, Thermo Fisher Scientific, 

Waltham, MA, USA) was added to the culture medium; cells were seeded on the 3D substrates and 

incubated for 24 hours in 5 % CO2 atmosphere at 37 °C. The substrates were decontaminated with 70 % 

ethanol for half a minute and then washed with D-PBS a saline solution prior to cells’ deposition. The 

initial concentration of seeded cells is ~0.5×10
5
 cells/mL. After 24 hours, the excess medium was 

removed, and the substrates were washed with D-PBS. For samples which are intended to be 

characterized using the fluorescence confocal microscope, adherent cells were fixed, permeabilized, and 

stained according to the method described in Moussa et al. (2018a). Fluorescence confocal microscopy 

was carried out at the University of Guelph using a Leica TCS SP5 confocal fluorescence microscope 

(Leica, Wetzlar, Germany). The cells were inspected with wavelengths in the ranges of 436–482 nm (for 

DAPI) and 650–700 nm (for CytoPainter F-actin) (Chapter 3, Section 3.2.3.1). 

Substrates intended for characterization using scattering electron microscope were only fixed and 

dehydrated as discussed in Section 3.2.3. A Zeiss 1550 field-emission scanning electron microscope (Carl 

Zeiss AG, Oberkochen, Germany) was used with EHT of 7kV.  

5.3 Results and Discussion 

This section is intended to investigate whether the barrier-CMP substrates can be used to manipulate the 

orientation and alignment of Vero cells, as a result for the preferential adhesion of cells and the 

interaction with materials (Ta vs. SiO2) and topography (lines vs. ditches). The experiments and results 

are vital for the viability of this research. The characterization of Vero cells alignment and change in 

morphology behaviors was done using the method described in Section  3.2.4. 

Briefly, the changes in the morphology of the adherent cells were characterized using two different 

methods. (1) Nuclear orientation denoted by the angle ϕ, which is measured between the nucleus long 

axis and the tantalum ditches parallel lines y-axes (as demonstrated in Figure  3-6); (2) Nuclear elongation 

(deformation) ratio was measured and calculated as the ratio between a nucleus long and short axial 

length (L/S). As previously indicated in  Chapter 3, ϕ and L/S were measured manually via Image 

Processing and Analysis in Java (ImageJ) software using lines of best fit, based on a visual estimate of the 

nucleus boundary.  

5.3.1 Characterization of the Barrier-CMP Substrates 

The fabricated specimens were inspected using SEM (make and model as listed in Chapter 3) of 70° tilted 

substrates. Typical SEM micrographs were generated for multiple comb structures with different parallel 
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silicon oxide lines (dark gray) and trenches covered with thin film tantalum (light gray) widths as 

illustrated in Figure  5-2. The trenches were measured to be ~500 nm deep. It is important to note that 

tantalum covered the sidewalls and bottoms of the trenches. Copper was fully stripped and the trenches 

are clean; smooth, and defect-free; and the trenches’ sidewalls and bottom substrates were nearly 

perpendicular to each other. The root-mean-square (RMS) roughness of SiO2 lines and Ta trenches were 

measured using AFM to be ~0.01-0.4 nm and ~0.5-1.0 nm, respectively. 

 

Figure  5-2  70° tilted SEM micrographs of barrier-CMP specimens after copper stripping with 

multiple lines and trench widths. 

In total, ten different areas were inspected, divided one tantalum blanket film and nine comb 

structures with tantalum trench widths of 0.21, 0.26, 0.5, 1, 2, 5, 10, 50, and 100 μm. It is worth noting 

that, except for the 0.21 and 0.26 μm trench structures, all comb structures had widths of 0.15 and 0.24 

μm for lines and trenches, respectively. 

5.3.2 Pattern-Dependent Cell Alignment   

The alignment behaviors of Vero cells as a function of trench widths were quantitatively assessed using 

typical micrographs generated using fluorescence confocal of adherent cells on isolated trenches, and 

comb structures with variable trench widths of 0.21, 0.26, 1, 10, and 50 μm are demonstrated in 

Figure  5-3. The white dashed lines (Figure  5-3 a, c, e, g, and i) demonstrate the trench boundary lines. 
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The nuclei were stained with blue DAPI, while the F-actin microfilaments appear in red due to staining 

with CytoPainter F-Actin. Fluorescence confocal images show that cells on isolated trenches were 

elongated and aligned in parallel to trench y-axes, while cells on blanket silicon oxide, pointed at with 

white arrows, were randomly oriented, had irregular shapes, and spread more. Similarly to the behavior of 

cells on isolated trenches, cells on dense comb structures (Figure  5-3 b, d, f, h, and j) tended to align their 

nuclei in the direction of the trench y-axes. Cells adherent on the 10 and 50 μm-wide comb structures 

seemed to restrict their physical location on the trench sidewalls and the bottom surfaces as they are 

covered with tantalum, but not on silicon oxide lines. Similarly to the random behavior of cells on silicon 

oxide blankets, cells adherent to tantalum blanket exhibited no preferred orientation or alignment. 

Figure  5-4 compares the alignment and spreading behaviors of Vero cells on tantalum and oxide blankets. 

Scanning Electron Microscope was also used to examine the alignment and spreading behaviors of the 

adherent cells on SiO2/Ta comb structures, as exemplified in Figure  5-5. As expected, cells on trenchers 

wider than 10 μm tended to fully conceal themselves within the Ta-coated trenches, as inspected 

previously in Figure  5-3.  

   To quantitatively prove the observations from Figure  5-3, Figure  5-4, and Figure  5-5, the nuclei 

angular positions ϕ of the adherent cells (after 24 hours of incubation) were measured as a function of 

tantalum trenches width. The percentage of cells distribution in a ±10° interval from the y-axes of the 

trenches were produced and graphed as documented in Figure  5-6. The number of adherent cells 

inspected on the different substrates is referred to as “n”. Results confirm the observations and 

demonstrate that cells were randomly aligned and irregularly spread in no preferential direction on the 

blanket tantalum. On the contrary, cells on comb structures tended to align in the direction of the trenches 

y-axes significantly. The positive correlation between the width of a trench and the alignment of cells 

reached a peak value at 10 μm wide Ta trenches, at which ~91 % of cells aligned within ±10° from the 

trench y-axes.  
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Figure  5-3 Images of Vero cells adherent on isolated trenches (a, c, e, g, i) and comb structures (b, d, f, h, j) with 

variable trench widths using fluorescence confocal microscope. Dashed white lines on a, c, e, g, and i, indicate 

boundaries of the isolated trenches. The nuclei are blue stained, and F-actin microfilaments are stained red. 

Incubation time is 24 hours (Moussa et al., 2018a). 
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It was proven that cells lose their preferential alignment to become disoriented and misaligned when 

Ta trenches become 50 and 100 μm wide. Data on nuclear elongation (deformation) of each adherent cell 

was calculated as a ratio (L/S) of the measured long (L) and short (S) axes of the nucleus. In a similar 

trend to cell alignment, cells on 10 μm wide trenches showed the highest elongation with L/S ratio of 

2.98±0.82 in comparison to much smaller elongation for cells adherent to blanket Ta and 100 μm wide 

trenches with L/S of 1.64±0.44 and 1.49±0.32, respectively.  

 

 

 

Figure  5-4 High and low magnification images of cells adherent to tantalum blanket (a, b) and to silicon oxide film (c, 

d) using fluorescence confocal microscope. The nuclei are stained in blue, and F-actin microfilaments are in red. 

Incubation time is 24 hours (Moussa et al., 2018a). 
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Figure  5-5 Typical SEM micrographs of adherent Vero cells on comb structures with different widths of the Ta 

trenches. The y-axes of the trenches are in the direction of the y-axes. Blanket tantalum and silicon oxide films with 

cells adherent on them are also included. Incubation time is 24 hours. Scale bar corresponds to 50 μm.  
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Figure  5-6 the alignment of adherent cells distribution characterized by the nuclei angular position ϕ as a function of 

the widths of the tantalum grooves. Blanket tantalum has 0 μm wide trenches. The number (n) of adherent cells 

assessed in each area is included in graphs. Each bin represents the percentage of the cell population in ±10° 

interval deviated from the trench y-axis. Standard deviation corresponds to values from three distinct groups (Moussa 

et al., 2018a). 
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The synopsis of all quantitative data from the pattern-dependent alignment (Section  5.3.2) is presented 

in Table 5-1 

Table  5-1 Summary of experimental data includes dimensions and area of evaluated structures (Moussa et al., 

2018a). 

Widths (μm) Inspected 
Comb Structure 

Area (mm
2
) 

Number of Cells 
on each comb 
structure (n) 

Elongation 

(
𝐋

𝐒
  ± SD) 

Percentage of Cells 
Alignment Angle ϕ within 

 ± 10° from Trenches y-axes  Line Trench 

0.15 0.21 1.8 361 2.09 ± 0.53 60.4 ± 2.6 

0.24 0.26 1.8 260 1.92 ± 0.55 46.5 ± 3.6 

0.50 0.50 1.8 292 1.86 ± 0.52 42.1 ± 2.9 

1.0 1.0 1.8 262 2.38 ± 0.72 63.4 ± 0.9 

2.0 2.0 1.8 257 2.67 ± 0.98 71.2 ± 8.5 

5.0 5.0 1.8 297 2.45 ± 0.67 88.2 ± 1.2 

10 10 1.8 386 2.98 ± 0.82 91.2 ± 2.7 

50 50 1.8 305 1.94 ± 0.79 37.4 ± 1.0 

100 100 6.6 1,348 1.49 ± 0.32 26.6 ± 2.5 

Blanket Tantalum 1.8 457 1.64 ± 0.44 8.1 ± 3.6 

Note: Value n is the total number of assessed cells, percentage of adherent cells aligned within ±10° of the lines y-

axis, and L/S ratio between the long and short nuclei axes. Data correspond to one standard deviation 

As summarized in Table  5-1, the results of this experiment can be hypnotized by a higher selective 

adhesion between cells and tantalum in comparison to silicon oxide lines. The surface energy of tantalum 

was experimentally found to be in the range of 2.902 -3.150 J/m
2
 (Kiejna, 2005; Vitos, Ruban, Skriver, 

and Kollar, 1998; Skriver and Rosengaard, 1992). This value is much higher than the surface energy of 

virgin (0.0272 J/m
2
), and chemical-mechanical polished silicon oxide (0.0296 J/m2) as reported by 

Thomas et al. (1996). This possible mechanism is similar to what has been discussed and demonstrated 

in  Chapter 3. We tested the hypothesis of the selective adhesion of Vero cells to Ta compared to SiO2. As 

developed and tested in Chapter 3, the mathematical model was used to calculate the Ta coverage area 

(sidewall coverage included) of an adherent cell, as a function of trench width. In the model, no 

preference was given to the bottom or sidewalls of the tantalum trenches. As shown in Figure  5-7(a) the 

changes in the morphology of cells on isolated trenches (elongated morphology), tantalum blanket and 

silicon oxide film (random morphology) were modeled to estimate the cell surface contact on tantalum. 

The different geometries of cells were overlaid on simulated tantalum and silicon oxide comb structures 

with multiple lines and trench widths, as in Figure  5-7(b). The cell area (with one of the three 

morphologies), which is in contact with tantalum, was plotted as a function of the Ta trench widths as 
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demonstrated in Figure  5-7(c). Simulated data show that, at the beginning, the coverage area decreased 

with width until it reached a minimum value, followed by an increase at a certain trench width until the 

cell was entirely on one Ta trench. This indicates that at trenches with smaller widths, the sidewalls did 

not contribute to the cell-Ta interaction. However, with the increase in trench width, the contribution of 

the sidewalls to the cell-Ta contact area increased. In  Chapter 3, the suggestion was made that cells 

undergo morphological changes (elongation and alignment) to maximize their contact area with metal 

lines, and the cell-metal interaction was higher for elongated cells than randomly oriented ones. Thus, the 

coverage differences between elongated and each randomly oriented cell are graphed in Figure  5-7(d). It 

was observed that there are no coverage changes between 1 and 3 μm wide trenches. 

Nevertheless, we noticed an increase in the coverage difference for trenches 3 to ~60 μm wide (Figure 

5-7(d)). A peak coverage difference value was reached on trenches ~20 μm wide. This indicates a trend in 

the tendency of cells to elongate and increase their contact with Ta. Beyond 60 μm wide trenches, cells 

would no longer need to elongate since they would be in full contact with Ta.  

Both the experimental and modeled data from Figure  5-6 and Figure  5-7 demonstrate the propensity of 

cells to maximize their contact area with Ta; however, the change in the morphology of cells on blanket 

tantalum or silicon oxide was more random than changes observed on comb structures with less than 3 

μm wide. Even though the model was capable of predicting the behavior of cells, the 3D nature of the 

substrate added level of complexity that is not considered in this model.  

5.3.3 Surface Topographies-Dependent Attachment Behaviors 

Results from Figure  5-6 and Table  5-1 demonstrate the existence of three distinctive regimes in regards to 

the alignment and elongation of cells. These three regimes are the direct effect of comb structures’ 

geometries on the cellular behavior of adherent Vero cells. This distinctive behavior was further 

investigated by characterizing the alignment and elongation behaviors of adherent cells as a function of 

the Ta trench widths. Results are plotted and presented in Figure  5-8. 

Based on results from Section  5.3.2 and to help to understand the effect of comb structure geometries 

on the cellular change in morphology, the percentage of cells aligned within ±10° from the trenches y-

axes and the nuclear elongation (L/S) was graphed as a function of trench widths (Figure 5-8). The 

cellular behavior was found to fall in three main categories, or regions arose from the trenches widths: (i) 

smaller than 1 μm; (ii) between 1–10 μm; and (iii) larger than 50 μm. Figure 5-8(a) reveals that cells in 

regions i and iii show a similar alignment trends in which cells express a rapid decrease in the percentage 

of aligned cells (within ±10°) parallel to trench y-axes as the width of the trenches increases between 0.21 
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and 0.5 μm, and from 50 to 100 μm. However, the portion of aligned cells in the region iii drops 

considerably in comparison to the region i toward a more random distribution as seen on blanket tantalum 

surface.  

 

Figure  5-7 (a) The three morphologies used in the model (1) isolated trenches, (2) SiO2 films, and (3) Ta films. Scale 

bar is 25 μm. (b) A simplified model for the cell on simulated comb structures. (c) Ta coverage area calculated from 

the model for cells with three different morphologies. (d) The difference in Ta coverage area between elongated 

morphology cell (1) and random-shaped cell morphology on blanket oxide (2) in blue, and tantalum films (3), in black 

(Moussa et al., 2018a). 
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Figure  5-8 (a) Rate of cell (nucleus) alignment parallel within ±10° of the trenches y-axes as a function of different 

trench widths. (b) The change in the nucleus shape (L/S) as a function of trench widths. Three different regions were 

observed and identified: (i) 0.21–0.5 μm, (ii) 1–10 μm, and (iii) 50–100 μm, showing a strong correlation between 

alignment rates and L/S ratios on one side, and the width of trenches on the other side (Moussa et al., 2018a). 

On the contrary, cells in the region ii showed different behavior in which the percentage of 

preferentially aligned cells increased as the trenches became wider (from 1 to 10 μm).  

The change in the shape of the nucleus (L/S) was also measured. Results indicate that the effect of 

trench widths on the cellular elongation were identical to the alignment behaviors. Thus, similar regions 

were observed and defined, as illustrated in Figure  5-8 (b). 

To further examine the three regions identified in Figure  5-8, we created high resolution 70° tilted 

SEM images. The intention was to characterize these regions by observing the cell-substrate interactions 

from the perspective of the cellular pseudopodia. These temporary cytoplasmic long projections were 

induced by cellular membrane microfilaments (Bogitsh, Carter, and Oeltm, 2013; Bornschlögl et al., 

2013; Albuschies and Vogel, 2013). The top three images in Figure  5-9(a) show the ability of cellular 

pseudopods (marked with arrows) to cross the trenches like a suspension bridge without the need to 

establish any form of contact with the bottom. Surprisingly, the crossover of pseudopodia happened not at 

the top between the trenches but at an anchorage point often located at a depth of more than ~100 nm 

from the trench tops. These projections were observed to stay within the trench boarders, adherent to the 

sidewalls, rather than continuing to the top of the trenches. Such behaviors were identified within region i for 

0.21 and 0.26 μm wide trenches.  
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Figure  5-9 (a) High magnification 70° tilted SEM images of cell-substrate adhesion behaviors. White arrows are 

examples of pseudopodia bridging behaviors. The arrows in white point to pseudopodia projections bridging across 

the trenches (b) Simplified illustrations of the two spreading behaviors of pseudopodia as a function of trench width. 

(c) 70° tilted SEM images of cells incubated for 0.5 hours on comb structures with 0.21 and 0.26 μm wide trenches  

(Moussa et al., 2018a). 
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For 0.5 μm wide trenches, only very few of these projections were observed. These pseudopodia showed 

a dominant tendency to adhere to and cover the bottom surface of the trench.  

To further explain these trench-bridging behaviors, Figure  5-9(b) shows simplified representations of 

these behaviors. The trench-bridging behaviors were observed to start briefly after cells were seeded on 

the substrate. Images in Figure  5-9 (c) represent 70° tilted high-magnification SEM images of cells after 

0.5 hours of incubation on comb structures with 0.21 and 0.26 μm wide trenches. The micrographs 

confirm similar bridging behaviors of cellular pseudopodia for cells incubated for 24 hours, as verified in 

Figure  5-9 (a). These micrographs show that some of the anchorage points were stationed deep inside the 

trenches on the sidewalls. Images from Figure  5-9 reveal a sort of “physical limitation” in the capability 

of cells to regress within the trench, despite the ability of pseudopodia to enter the trenches. Appendix D, 

Figure S15 to Figure S17 provide supplementary images representing the formation of pseudopodia and 

bridging behaviors for cells adherent on 0.21 and 0.26 μm wide comb structures. 

The cell-substrate interaction behaviors in region ii were unlike the cellular behaviors observed in 

region i. Region ii, includes comb structures with 1 to 10 μm wide trenches. The pseudopodium 

projections become dominant by surface coverage instead, as verified in Figure  5-9 (a), the 2
nd

 raw of 

images (1, 2, and 5 μm wide trenches). Such morphological changes were also observed on the 10 μm 

wide comb structures during the early phases (0.5 and 2 hours) of the cell-substrate interactions 

(Figure  5-10). Figure  5-10(a)-(b) demonstrates that adherent cells spread on both silicon oxide lines and 

tantalum trenches, but preferentially align along the tantalum trenches, instead of silicon oxide lines. 

Figure  5-10(c) shows cytoplasmic projections with nano-scale diameters spreading perpendicular to the 

trench sidewalls as if they are sensing the surrounding environment and demonstrating the ability of cells 

to overcome such a barrier.  
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Figure  5-10 Representative 70° tilted low magnification SEM images after 0.5- and 2-hours of incubation time for 

cells on 10 μm wide trench comb structures with cell nuclei positioned on (a) silicon oxide lines and (b) tantalum 

layered trenches. (c) High-magnification images of pseudopodia on the sidewalls of 10 μm wide trenches (Moussa et 

al., 2018a). 
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In region iii, the trenches are 50 and 100 μm wide, which means they are wide enough to house 

multiple cells as previously demonstrated in Figure 5-3 to Figure 5-5. The majority of the adherent cells 

tend to show a random orientation similar to the behavior of adherent cells on blanket tantalum and 

silicon oxide film. This indicates that when the trenches are wide enough to accommodate the complete 

cell, cells will show a preferential adhesion on the Ta trenches, rather than the silicon oxide lines. 

However, a small percentage of cells localized themselves distinctively, favoring the 90° corner between 

the vertical and horizontal trench walls (Figure  5-11).  

 

Figure  5-11 Fluorescent confocal images of cells on 50 and 100 μm wide trenches demonstrate the tendency of cells 

to locate themselves at the connection between the trench sidewall and flat bottom. The trench boundaries are 

highlighted by dashed lines (Moussa et al., 2018a). 

The findings from Chapter 5 came broadly in agreement with findings by Sun, Xie, Chen, and Lam 

(2017); Sharma et al. (2016); Stevenson and Donald (2009); Yang et al. (2009); Martínez (2009); Lu and 

Leng (2008); Loesberg et al. (2007); Charest, Garcia, and King (2007); and Lenhert et al. (2005) in 

stating that cells require a cut-off trench width to induce a preferential alignment behavior in the direction 

of trench y-axes. This consensus was reached regardless of the type of cells assessed, biomaterials used, 

size/spacing of grooves and other experimental conditions.          

5.3.4 Summary 

This chapter investigated the adhesion behaviors and change in morphologies of adherent Vero cells 

incubated on a 3D Ta/SiO2 micron and sub-micron scale patterned substrate. The substrate consists of 

silicon oxide lines and trenches layered with Ta. Two methods were used to characterize the cellular 
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behaviors on the substrate understudy: (1) high- and low-magnification 70° tilted SEM micrographs and 

(2) fluorescence confocal micrographs. The SEM images showed cytoplasmic projections at nanometer-

scale crossing the trenches in a suspension bridge like extensions by using the trench sidewalls as a 

starting point. This was observed for trenches smaller than 0.5 μm wide. On broader trenches, adherent 

cells formed a layer of cytoplasmic projections to cover the trench, but no bridge-like formations were 

observed. We identified three different cellular trench widths-dependent regimes (behaviors). In region i 

with 0.21 to 0.5 μm wide trenches, the alignment of cells decreased with the increase of trench width. 

This can be explained by the absence of a physical barrier that may prevent cells from spreading 

perpendicularly to the trench y-axes. Region ii revealed an increase of the preferential alignment 

performance of cells on comb structures with trenches in range of 1 and 10 μm wide. This was driven by 

a highly selective cell-trenches tantalum layered adhesion. Region iii demonstrated a decrease in the 

preferential alignment behaviors in the direction of randomly oriented cells.  

However, the findings of this chapter were not successful in isolating and describing the role of 3D 

topographical features from that of the materials’ composition of the micron and sub-micron scale 

patterned substrate. Herein remains an essential question as to whether the topographical features are 

inducing the preferential alignment behaviors of adherent Vero cells or the composition of the micron and 

sub-micron scale patterned substrate.   
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Chapter 6 

Manipulating Cell Behaviour Using 3D Tantalum Patterned Substrate 

 

This chapter is based on the following publications: 

Moussa, H.I.; Logan, M.; Wong, K.; Rao, Z.; Aucoin, M.G.; Tsui, T.Y., Micromechanics 9, 2018, 464 

Tsui, T.Y.; Logan, M.; Moussa, H.; Aucoin, M.G., Materials 12, 2019, 114 

A novel three-dimensional tantalum monolithic substrate consists of comb structures with equal width 

tantalum lines and trenches were developed to isolate the effect of material composition from the 

topographic effect of the novel 3D tantalum and silicon oxide (Ta/SiO2) substrate developed in Chapter 5 

to investigate the impact of micron and sub-micron scale 3D topographical features on manipulating the 

morphology and alignment behaviors of adherent mammalian Vero cells. This is important since 

tantalum is widely used in orthopedics, reconstructive surgeries, and surgical implant devices. The newly 

developed 3D tantalum substrates are topographically similar to the Ta/SiO2 micron and sub-micron 

scale patterned substrates used in  Chapter 5, Section  5.2.1. The difference is that herein manipulating the 

behavior of adherent cells will be a function of the surface topographical feature, rather than the 

composition of materials and topographical features as discussed in Chapter 5.    

6.1 Background 

Tantalum is widely used due to its biocompatibility (Wauthle et al., 2015) for medical applications, such 

as implants in hip and knee reconstructive surgeries (Patil, Lee, and Goodman, 2009), orthopedics 

(Paganias, Tsakotos, Koutsostathis, and Macheras, 2012), prostheses, and implants (Balla, Bose, Davies, 

and Bandyopadhyay, 2010). These implants are used in two forms: dense (Ren et al., 2015; Varitimidis, 

Dimitroulias, Karachalios, Dailiana, and Malizoscorrespo, 2009) or porous (Paganias et al., 2012, Balla et 

al., 2010). The elastic modulus and hardness of a tantalum thin film (100 nm) are measured to be 176.1 ± 

3.6 GPa (Guisbiers, Herth, Buchaillot, and Pard, 2010), and 12.11 ± 0.46 GPa (Guisbiers et al., 2010), 

respectively. The surface energy of tantalum (~2.42 J/m
2
) is higher than titanium (~2.0 J/m

2
) and lower 

than tungsten (~3.3 J/m
2
) (Tran et al., 2016). In comparison to titanium, porous tantalum was found to 

improve the adhesion, growth, and differentiation of osteoblast cells by 73 % and density of cells by six-

fold when both metals are used under the same culture conditions (Balla et al., 2010). Thus, coating 

porous titanium (Wang et al., 2016) and carbon scaffolds (Wei et al., 2016) with a thin layer of tantalum 
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will help increase the Osseo-integration and ingrowth characteristics of the implant. Although tantalum is 

also proven effective (in vivo and in vitro) in improving the responses of cells, little knowledge is 

available on the effect of tantalum surfaces with nano-scale topographical features on the adhesion and 

change in morphology of cells. Such knowledge is vital to acquire since the tantalum implants may 

contain similar topographies that are formed during the fabrication as a result of mechanical polishing and 

handling.  

The complexity of the in-vitro cell-substrate interactions and the different factors that may influence 

these interactions are well studied and documented in literature (Huang et al., 2016; Lv et al., 2015; 

Khalili and Ahmad, 2015; Martino et al., 2012; Rabe et al., 2011;  Anselme et al., 2000; Sagvolden, et al., 

1999). In particular, the effect of parallel lines surface topographies on the adhesion and change in 

morphology of cells (Joo et al., 2015; English et al., 2015; Nakamoto et al., 2014; Béduer et al., 2012; 

Fujita et al., 2009; Teixeira et al., 2006; Khan et al., 2005; Fan et al., 2000). Reviewing these papers and 

others was helpful in identifying some of the gaps that this chapter tries to address. To name a few: (1) 

The substrates were fabricated only using a handful of materials such as polymers, Si, and SiO2. (2) The 

dimensions of the lines and grooves (ditches) were often limited to a small number and orders of 

magnitude, and this situation may restrict the ability to understand the effects of surface topographies on 

the behaviors of cells. (3) The cell-substrate interactions were assessed on topographical features on 

micron scale, and not on sub-micron features. However, it is clear that the cell-substrate interactions such 

as alignment and change in morphology vary considerably among the cell type and substrate materials. 

Currently, this is the first time in literature that a study discusses the change in the behavior of 

mammalian cells on tantalum surfaces with nano-scale features of lines and ditches (grooves). This is 

mainly due to complications associated with the fabrication of such metal substrates. Taking into 

consideration the promising biological features and performance of Ta, there is a need to further 

understand the effect of nano-textured tantalum substrate on the morphology of cell in addition to the fact 

that controlling the alignment behaviors of cells on a substrate will decrease the failure rate of implants 

(Barr, Hill, and Bayat, 2009; Zhao , Tsuru , Hayakawa, and Osaka, 2008). 

This chapter will assess the impact of a tantalum-based substrate on the alignment and spreading 

behaviors of mammalian (Vero) cells. Nine comb structures were studied; each consisted of a wide range 

of parallel and equally wide Ta lines and ditches between 0.18 and 100 μm. The mechanism, by which 

Vero cells interact with the surrounding environment will be assessed by looking at the role of 

pseudopodia in cellular adhesion, and mobility. Such behaviors are influenced by complex protein 

interactions and pathways (Nobes and Hall, 1995; Ridley and Hall, 1992). Pseudopodia are usually 
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classified by their morphologies, to filopodia, reticulopodia, and axopodia (Albuschies and Vogel, 2013; 

Bornschlögl et al., 2013; Actor, 2012). The focus will be on pseudopodia with diameters smaller than 100 

nm. Another critical aspect this chapter will examine is the response of adherent cells on multiple Ta 

comb structures with different geometries. The change in the morphology of adherent cells will be 

characterized using high-resolution images generated using SEM and fluorescence confocal microscopy. 

We chose tantalum because of its unique properties and applications, such as biocompatibility, and 

bioactivity (Bencharit et al., 2014), mechanical strength (Wauthle et al., 2015), corrosive resistance 

(Wang et al., 2012), and applications (Levine, Sporer, Poggie, Della Valle, and Jacobsa, 2006).  

6.2 Materials and Methods 

6.2.1 Fabrication of Tantalum 3D Monolithic Comb Structures 

The new tantalum 3D structures used in this chapter were supplied by Versum Materials, LLC (Tempe, 

AZ), and similarly to all specimens used in this work, they were fabricated using a pioneer large-scale 

technique that is mainly used in the semiconductors industry (Doi, Marinescu, and Kurokawa, 2012; 

Fury, 2009; Seo and Lee, 2007; Seo and Lee, 2005; Larios, 2004; van Kranenburg et al., 1997). The 

fabrication steps were briefly discussed and demonstrated in Figure  6-1. A layer of silicon oxide was 

deposited on a silicon wafer with 20 mm of diameter using plasma-enhanced chemical vapor deposition 

(PE-CVD), on which the parallel lines and ditches comb structures were transferred using 

photolithography and dry etching (Cogez et al., 2011; Chen, 2007; Zantye et al., 2004). These comb 

structures are rectangular-shaped with areas equal to or larger than 1.8 mm
2
 and consisted parallel lines 

(L) and trenches (T) of equal width. Tantalum thin layer and copper were then deposited on top of these 

structures using physical vapor deposition (PVD). The unwanted copper was removed using a 

combination of chemical and mechanical polishing techniques (Krishnan, Nalaskowski, and Cook, 2010; 

Chen, 2007; Baravelli, 2005). The final surfaces were flat, smooth, and defect free, and consisted of 

parallel lines of Ta and SiO2. The residual copper in the trenches was removed by dipping the specimens 

in ~9.4 M, ACS Plus nitric acid (Fisherbrand®, Fisher Scientific International Inc., Pittsburgh, PA) for 

~45 minutes. The copper-stripped specimens were rinsed by deionized water and ethanol. It is important 

to note that the depth (D) of the stripped trenches was the same at ~700 nm, all over the specimen.  
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Figure  6-1 Simplified illustration of the fabrication process of tantalum-based comb structures (in green). (a) Desired  

topographical features are printed to the SiO2 layer via photolithography and plasma etching. (b) Physical vapor 

deposition is used to deposit the Ta thin layer and copper film on the silicon substrate. (c) CMP process is used to 

remove the excess copper. (d) Stripping of copper by nitric acid to is used expose the 3D topographical features of 

symmetric Ta lines(L) and trenches (T), with the same depth (D) (Moussa et al., 2018b). 

6.2.2 Cell Deposition, Fixation, Dehydration and staining Protocols  

The detailed cell deposition procedures were similar to protocols discussed in Section  03.2.3.1. Vero cells 

(CCL-81) were sourced from the American Type Culture Collection (ATCC, Manassas, VA), and seeded 

in 1:1 volume of F12 (Corning, NY) media and Corning® Cellgro™ Dulbecco’s Modified Eagle Media 

(DMEM). The media was supplemented with 4-mM L-glutamine (Sigma-Aldrich, St. Louis, MO) and 

Gibco™ 10 % (v/v) fetal bovine serum (FBS) by Thermo Fisher Scientific (Waltham, MA). Cells were 

incubated in tissue-culture-treated 175 cm
2
 flasks (Corning Falcon, Corning, New York) at 37 °C in the 

presence of 5 % CO2. Vero cells were seeded at a confluence of ~0.5×10
5 
cells/mL at 37 °C for 0.5 to 24 

hours on decontaminated copper-stripped tantalum substrates using 6-well tissue culture plates (Nunc, 

Thermo Scientific, Hvidovre, Denmark). Sterilization of the specimens was done by submerging them for 

30 seconds in a 70 % ethanol solution and then washing them using Dulbecco’s phosphate-buffered saline 

(D-PBS).  
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At the end of the incubation period, specimens with adherent cells were washed with a D-PBS 

solution and then fixed with a solution of 4 % methanol-free formaldehyde (Sigma-Aldrich, Oakville, 

ON) for one hour at room temperature. The fixed cells were permeabilized in a 0.1 % Triton-X 100 

(Sigma-Aldrich) solution for 5 minutes. Specimens were rinsed with PBS and blocked with 2 mL of 1 % 

(w/w) bovine serum albumin (BSA) (Sigma-Aldrich). F-actin microfilament staining was conducted by 

soaking specimens for one hour in the deep red CytoPainter F-Actin stain (ab112127 Abcam, Cambridge, 

MA, USA) solution, which was diluted by a factor of 1000 in 1 % BSA. A solution of 0.4 μg/mL of the 

4′,6-diamidino-2-phenylindole (DAPI) (Life Technologies, Waltham, MA) was used to stain the DNA (5 

min). The staining procedures were done in the dark, and the specimens were rinsed twice with 2 mL D-

PBS after each stain application. The final solution contained four drops of Prolong Gold anti-fade 

reagent (Life Technologies, Burlington, ON). Specimens were kept refrigerated at 4 °C. A Leica TCS SP5 

confocal fluorescence microscope (Wetzlar, Germany) at the University of Guelph, Ontario was used to 

inspect stained samples with wavelengths in the range of 436 to 482 nm (for DAPI) and 650 to 700 nm 

(for CytoPainter F-Actin).  

6.3 Results and Discussion 

This section is intended to assess the interaction behavior of the adherent Vero cells on the 3D Ta 

substrates. We investigated the impact of Ta line widths on the preferential alignment of cells, and the 

nuclear deformation in the form of elongation by looking at the L/S ratio of the long and short nuclei 

axes. The experiments and results are vital for the viability of this research. The characterization of Vero 

cells alignment and change in morphology behaviors was done using the method described in 

Section  3.2.4. 

Briefly, the morphological changes of each adherent cell were characterized using (1) Nuclear 

orientation denoted by the angle ϕ, which was measured between the nucleus long axis and the tantalum 

trench parallel lines y-axes (as demonstrated in Figure  3-6). (2) Nuclear elongation (deformation) ratio 

was measured and calculated as the ratio between a nucleus long and short axis length (L/S). As 

previously indicated in  Chapter 3, ϕ and L/S were measured manually via Image Processing and Analysis 

in Java (ImageJ) software using lines of best fit, based on a visual estimate of the nucleus boundary.  

6.3.1 Characterization of the Tantalum 3D Monolithic Substrates 

The scanning electron microscope was used to generate representative micrographs of the copper-stripped 

Ta comb structures, as in Figure  6-2. These structures consist of parallel lines and trenches with equal 
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widths. Trenches are ~700 nm deep. The thickness of the tantalum layer is ~20 nm. The SEM 

micrographs reveal that the comb structures are copper-free and smooth. Most importantly, the trenches 

sidewalls are vertically aligned with the substrate surfaces. Supplementary images are available in 

Appendix E, Figure S19. 

 

Figure  6-2 (a)-(b) High and low magnification 70° tilted SEM images for the equally wide tantalum lines and 

trenches 5 μm wide.  

6.3.2 Patterns-Dependent Cell Alignment  

This section uses a similar characterization method to those used in  Chapter 3 and  Chapter 5. Figure 6-3 

includes typical top-down SEM images of adherent cells on the parallel lines comb structures, and the 

tantalum thin film blanket. Supplementary images similar to Figure 6-3 are available in Appendix E, 

Figure S20. As previously indicated, cells were incubated for 24 hours. Due to magnification, lines 

smaller than 1 μm wide cannot be seen on the comb structures; however, as illustrated in Figure  6-2, lines 

are vertically aligned. Adherent cells on comb structures with equally wide lines (L) and trenches (T) of 

0.18, 0.25, 0.5, 1.0, 2.0, 5.0, and 10 μm are elongated in the direction of the lines y-axes. On the contrary, 

cells on 50 and 100 μm wide lines and trenches tend to maintain irregular shapes, with no preferential 

alignment behavior. This is similar to the behavior of cells on the tantalum thin film blanket.    

To further affirm the observations from SEM images, representative micrographs obtained using 

confocal fluorescence microscopy were used to confirm the cell adhesion and alignment behaviors on 

0.18, 10, and 50 μm wide parallel lines comb structures and tantalum blanket. The confocal fluorescence 

images are displayed in Figure  6-4. In these micrographs, cell nuclei are stained in blue, and F-actin 

microfilaments are in red. Figure  6-4 confirms our initial observations using SEM, indicating that cells on 
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0.18 and 10 μm comb structures show a tendency to elongate and align themselves in the direction of the 

lines y-axes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  6-3 Typical top-down scanning electron microscopy (SEM) images of Vero cells adherent on multiple Ta film 

blanket and symmetric parallel lines comb structures. The line’ width varies between 0.18 to 100 μm.  
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Figure  6-4 Typical images of adherent Vero cells on blanket Ta and comb structures with line widths of 0.18, 10, and 

50 μm obtained using fluorescence confocal microscope. Cell nuclei are stained in blue, and F-actin microfilaments 

are in red (Moussa et al., 2018b). 

On the other hand, cells adherent to 50 μm and Ta blanket look randomly oriented and misaligned. This 

indicates that cellular alignment and orientation behaviors are related and line-width dependent. To 

quantitatively confirm the observed cell alignment and elongation behaviors, we measured the angle ϕ 

positioned between the parallel lines y-axes and the nuclei long axes, and the dimensions (L and S) of the 

nuclei long and short axes. Figure  6-5 (a) shows the percentage of cell distribution as a function of the 

angle ϕ on different comb structures and blanket Ta. Error bars correspond to one standard deviation. 

Supplementary micrographs, similar to Figure  6-4 are available in Appendix E, Figure S21. 
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Figure  6-5 (a) Percentage of cell distribution aligned to the lines y-axes ϕ as a function of the comb structures 

line width and blanket tantalum films. The number of cells assessed (n) on each pattern. Data compiled in bars 

representing a ±10° bin of deviations from the line y-axis. (b) The population of cells aligned within ±10° of the 

comb structure line axes. (c) Nuclei L/S ratios as a function of comb structure line widths. (d) Nuclei L/S ratios 

as a function of cell population aligned within ± 10° of the trenches’ y-axes (Moussa et al., 2018b). 
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The number of cells (n) assessed on each comb structure and blanket Ta are included in Figure  6-5(a). 

Adherent cells on Ta blanket and 50 and 100 μm wide lines are randomly oriented, with no preferential 

alignment behavior. However, cells on comb structures with 0.18 to 10 μm wide ta lines, show a much 

higher level of alignment and elongation parallel to the line y-axes. To further enhance the understanding 

of these cellular behaviors, Figure  6-5(b) plots the fraction of cells aligned within ±10° of the Ta lines y-

axes as a function of the width of the parallel lines. Results highlight three main alignment behaviors 

(regions) based on the Ta line widths. (i) between 0.18 and 0.5 μm, (ii) 1-10 μm, and (iii) 50 and 100 μm. 

In region I we observed a decrease in the percentage of cells aligned within ±10° of lines y-axes from 

63.0 +1.4 % to 53.2+7.4 % followed by a decrease in the alignment of cells from 77.7+2.0 %, and 

68.0+6.2 % between 1 and 10 μm wide parallel lines comb structures (region ii). The alignment of cells in 

region ii is higher than in region i. However, within region iii, the percentage of aligned cells (within ±10° 

of y-axes) shows a steep decrease in the alignment behavior of cells on comb structures with 50 and 100 

μm wide parallel lines. Results indicate that less than 19 % of adherent cells will preferentially align 

themselves parallel to Ta line y-axes. Table  6-1 summarizes the quantitative data on the adhesion, 

alignment, and elongation behaviors of cells adherent on the assessed comb structures and tantalum thin 

film blanket. The table also includes the cell density on each of the assessed structures (comb and 

blanket).  

Table  6-1 Data summary obtained from experimental data that includes: number of cells inspected (n), percent 

population of cells with 10°
 
> ϕ > −10° of the line axis, and axis length ratio (L/S) (Moussa et al., 2018b). The culture 

media initial cell concentration used was ~0.5×10
5
 cells/mL. Data correspond to one standard deviation 

Structure 
Line/Trench  
 Width (μm) 

 Area Comb  
Structure  

(mm
2
) 

Number of  
Cells (n) 

Coverage  
(cell/mm

2
) 

𝐋

𝐒
 ± 𝐒𝐃 

% of Population  
Aligned ±10

°
  

from Lines y-axes 

1 0.18 1.8 281 156 2.2 + 0.7 63.0 + 1.4 

2 0.25 1.8 171 95 2.3 + 0.8 55.6 + 4.1 

3 0.5 1.8 235 131 2.1 + 0.6 53.2 + 7.4 

4 1 1.8 197 109 2.7 + 0.9 77.7 + 2.0 

5 2 1.8 179 99 2.8 + 1.4 68.7 + 4.9 

6 5 1.8 238 132 2.4 + 1.2 68.0 + 6.2 

7 10 1.8 159 88 2.3 + 0.8 71.7 + 8.6 

8 50 1.8 337 187 1.6 + 0.3 18.7 + 7.7 

9 100 6.6 947 143 1.5 + 0.4 17.4 + 0.3 

10 blanket Ta 1.8 303 168 1.5 + 0.4 8.6 + 5.5 
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Additionally, the nuclear elongation (L/S) ratio as a function of the comb structures parallel lines 

width was also characterized as plotted in Figure  6-5(c). This is important to understand whether the 

alignment ϕ and elongation (L/S) behaviors are connected and interrelated as we observed, or not. Results 

demonstrate a close correlation between alignment rates and elongation of cells nuclei. Similar to 

Figure 6-5(b), three regions were also observed in Figure  6-5(c). On comb structures with line width in 

the range between 0.18 to 10 μm, cells showed significant elongation ratios. The highest elongation 

measured was for cells on 2 μm comb structure, with the L/S value of ~2.8 ± 1.4. However, cells adherent 

on blanket Ta and 50 and 100 μm comb structures, showed smaller L/S ratios between 1.5 ± 0.4 and 1.6 ± 

0.3. The correlation between the L/S ratio and the cells alignment rates within ±10° of the line axes is 

shown in Figure  6-5. Results demonstrate a direct correlation between cell alignment and cell elongation. 

Comparing the alignment results of Vero cells adherent onto 10x10 μm parallel lines comb structures 

on the 3D Ta/SiO2 substrate, and on the 3D Ta monolithic substrate denote 17.4 % decrease in the 

alignment rate from 91.2±2.7 % (Figure 5-8, and Table 5-1) to 71.7±8.6 % (Figure 6-5, Table 6-1). 

Results indicate that the decrease in the alignment rates of Vero cells, as discussed above is the direct 

result of isolating the effect of the materials’ composition of the 3D Ta/SiO2 substrates.   

6.3.3 Nanometer-Scale Morphology Analysis 

6.3.3.1 Cell Behavior on Single Comb Structure 

The cell-substrate nanometer-scale interactions were characterized using SEM by looking at the three 

alignment regions, as discussed in Section  6.3.2. High- and low-resolution 70° tilted SEM images were 

obtained for cells adherent on comb structures with 0.18, 0.25, 0.5, 1.0, 2.0, 5.0, 10, and 50 μm wide 

parallel lines as shown in Figure  6-6. Figure  6-6(a)-(b) shows 3D morphology of nanoscale pseudopodia 

for cells on 0.18 and 0.25 μm comb structures spreading parallel and perpendicular to the Ta line y-axes. 

One can observe short bridge-like projections (~50 nm diameter) perpendicular to the line y-axes, marked 

with red arrows. To further confirm these observations, adherent cells on 0.18 and 0.25 μm comb 

structures were inspected using 70° tilted SEM micrographs, as presented in Figure 6-7(a)-(b), 

respectively. Pseudopodia are marked with red arrows, extended across the trench to adhere to the 

sidewalls at locations ~80 nm lower than the trench top. It was observed that none of these made contact 

with the bottom of the trench. Such morphological change (referred to by Type 1) was also observed on 

0.5 μm wide lines as in Figure 6-7(c). However, it was observed that these projections (on the 0.5 μm 

wide lines) would adhere to trench bottom too, as evident in Figure  6-6(c). Such behavior, is referred to as 
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Type 2. On comb structures with lines larger than 1 μm, Type 2 is the only morphology that was observed 

as in Figure  6-6(d-h). 

The two distinctive morphological behaviors (Type I and Type 2) observed in Figure 6-7 were line 

width-dependent. However, we do not know whether these behaviors appear after 24 hours of incubation 

(Figure  6-6), or it occurs during the initial course of cell spreading. Thus, an experiment was conducted 

for Vero cells incubated on Ta substrates for 0.5 and 2 hours.  
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Figure  6-6 70° tilted SEM images of cells on comb structures with line widths of 0.18–50 μm. (a)-(b) Morphology 

Type 1: cells on 0.18 and 0.25 μm wide lines. Projections in contact with the top part and inside trench but not in 

contact with trench bottom. (e-h) Morphology Type 2: cells on lines larger than 1 μm show full surface coverage. (c) 

Morphologies Type 1 and Type 2 were observed for cells on 0.5 μm wide line comb structures. All cells were 

incubated on the structures for 24 hours (Moussa et al., 2018b). 
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Figure  6-7 70° tilted SEM images of adherent cells on Ta and SiO2 comb structures of (a) 0.18 μm, (b) 0.25 μm, and 

(c) 0.5 μm line widths. Two unique morphological behaviors. Type 1 cells on 0.18 μm and 0.25 μm wide lines 

structures were in contact with the top part of the trench but did not touch the flat bottom. Type 2 cells in full contact 

with the surface. Both morphologies were observed for cells on 0.5 μm wide lines comb structures. Cells incubation 

time is 24 hours. Cell confluence was ~5×10
5
 cells/mL (Moussa et al., 2018b). 
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Figure  6-8 70° tilted SEM images of Type 1 cell morphology seen on comb structures with lines’ width of 0.18 and 

0.25 μm after 0.5 and 2 hours of incubation time (Moussa et al., 2018b). 

The characterization of morphological behaviors (Type 1 and Type 2) of the adherent cells on comb 

structures with 0.18 and 0.25 μm wide lines was done using high-resolution SEM images, as 

demonstrated in Figure  6-8. Images prove that Type 1 pseudopodia happened as early as 0.5 hours after 

initial cell deposition. Most of the projections were observed to cross the trenches to adhere to the 

opposite sidewall, and some crossed directly between the lines’ top surfaces. However, no projections 

were found to contact the flat bottom of the trench. Additional supportive images similar to the ones 

provided in Figure  6-8 are available in Appendix E, Figure S22, and Figure S23. 

The effect of topographical features and their dimensions (e.g., depth, width, and spacing) on the 

change in the behavior and morphology of cells was well investigated in literature (Nakamoto et al., 2014; 

Ventre, Natale, Rianna, and Netti, 2014; Ventre, Causa, and Netti, 2012; Lamers et al., 2010; Loesberg et 

al., 2007; Teixeria et al., 2003). According to Ventre et al. (2012), Lamers et al. (2010), and Loesberg et 

al. (2007), the alignment of fibroblast and osteoblast cell on line structures is generally triggered by 

grooves at least 35 nm deep. This was hypothesized by the assumption that grooves with a smaller depth 

would be filled by proteins from the culture medium (Lamers et al., 2010; Toworfe et al., 2004). 
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Furthermore, Loesberg et al. (2007) and Lamers et al. (2010) reported a minimum width of 80–100 nm 

for lines and trenches to effectively induce cellular alignment. This is similar to the findings of this 

chapter, which indicate a minimum width of 180 nm and a depth of ~700 nm is required to stimulate the 

cell alignment. The spacing between lines was also reported by Ventre et al. (2012) to influence the 

spreading behaviors of cells, as reported in this chapter for Type 1 and Type 2. Ventre et al. (2012) 

observed that cells demonstrated the ability to glide on substrates with dense patterned structures (40 nm 

≤ depth ≤ 100 nm) without the need to contact the trenches’ flat bottoms. This is consistent with the 

findings of this chapter based on Figure 5-6, which indicate that cells can crossover trenches and lines 250 

nm wide without the need to contact the bottom of the trench. However, a different spreading behavior 

was observed when the spacing between lines increased. In that case, cells tended to incline into the 

trench causing a full contact between the cell and bottom of the trench (Ventre et al., 2012; Zahor, Radko, 

Vago, Vago, and Gheber, 2007; Teixeria et al., 2003). Ventre et al. (2012) proposed that in order for cells 

to descend into the trench, the trench width must be at least 1 μm and the line width should be wider than 

0.1 μm. Findings by Zahor et al. (2007) demonstrated that elongated cells tend to decline into a 5 μm 

wide trench rather than cross over the trench. Our findings from Figure 6-6 and Figure 6-7 came in 

consensus with findings by Zahor et al. (2007), in which we demonstrated that 68.0±6.2 % of cells on 5 

μm line width and 71.7±8.6 % of cells on 10 μm line width were aligned and elongated in full contact 

with the bottom of the trench.  

6.3.3.2 Single Cell Adhesion on Multiple Structures 

The effect of surface topographies on the morphologies of the adherent cells is undisputable (Sung, Yang, 

Yeh, and Cheng, 2016; Qi et al., 2013; Yim et al., 2010; Anselme et al., 2010; Yang et al., 2009). These 

observations were based on the behavior of cells on homogeneous surfaces (with or without topographical 

features). However, it is still ambiguous how cells will behave if adherent (at the same time) on one 

substrate with two different topographical features. This section investigated such behavior 

simultaneously by looking at a cell adherent on blanket tantalum and 0.18 μm comb structure. Illustrative 

low magnification 70° tilted SEM images were used to demonstrate the location of the cell under study as 

in Figure  6-9(a)-(b). The images show that approximately ~50 % of the cell and its nucleus are located on 

the smooth tantalum blanket and ~50 % on the comb structure. The micrographs show two distinctive 

behaviors. On smooth blanket tantalum, the cell was spread without any favorable orientation, and it was 

noted that some of the actin cytoskeletons in proximity to the comb structures gave the impression that 

has stretched along the line axes suggesting that mechanical strains were conveyed across the cell; 
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however, the elongation of the cell may have been held up by the portion of the cell that was anchored on 

the flat surface. On the contrary, the part of the cell on the comb structure was elongated and aligned 

parallel to the line y-axes.  

 

Figure  6-9 (a) Typical and (b) 70° tilted SEM images of a Vero cell adherent at the same time on a flat Ta 

area, and 0.18 μm wide parallel lines. (c)-(e) The cell is partially adherent on two topographically distinctive 

areas, a Ta blanket (flat), and a comb structure (patterned). (d)-(f) High magnification 70° tilted images of the 

adherent cell cytoplasmic projections on a comb structure (Moussa et al., 2018b). 
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Figure  6-9(d),(f) shows high-magnification SEM images focused on the part of the cell on the comb 

structure that unveiled Type 1 morphological behavior with the majority of the cellular materials either 

floating on the top surfaces of the Ta lines or being stretched across the trench in a bridge-like extensions 

in a similar behavior like observed in Figure 6-7. These observations could be regarded as the ability of 

cells to control their morphologies at a localized level. Figure S23 presents additional SEM images of an 

adherent cell on the 0.25 μm comb structures after 0.5 hours of incubation. 

The observed cellular morphological changes (e.g., elongation and alignment) as presented in 

Figure  6-4 to Figure  6-7 can be explained by the outsized mechanical constraints (spacing and depth of 

trenches) that prevent the cells from spreading horizontally in the direction of the line x-axes. In order for 

the cell to spread horizontally, cellular components need to overtake the physical obstacles by floating 

over or plunging down and up the trench sidewalls. In contrast, the ability of cells to spread and elongate 

parallel to the line y-axes were not hindered by constraints caused by the topographical features of the 

surface. It was observed that the ability of cells to move and spread horizontally is affected by the 

topographical features of the surface. Thus it is pattern-dependent (Luzhansky et al., 2018; Wu, Giri, 

Sunb, and Wirtz, 2014; Cavalcanti-Adam et al., 2007). The number of sidewalls per unit length in the 

horizontal direction parallel to the lines x-axes is negatively correlated with the width of parallel lines in 

the comb structure line widths. Therefore, it is safe to assume that cells will travel a long distance on a 

dense comb structure than on a lower density comb structure or a flat surface with no sidewalls. 

Therefore, this hypothesis supports the experimental data, which shows a higher cellular alignment and 

elongation on dense line patterns than on flat surfaces. This may not explain the minor decrease in the 

alignment rate of cells with the increase in the widths of the parallel lines from 0.18 to 0.5 μm; 

furthermore, it may look like contradictory to the above-mentioned hypothesis. However, this 

inconsistency between the hypothesis and experimental data could be explained by the different cell-

spreading mechanisms (Type 1 vs. Type 2). Figure  6-7 and Figure  6-8 proved that during the Type 1 

spreading process, pseudopodia tend to form contact points with the sidewalls at a depth of ~80 nm from 

the top of the lines and then, a bridge across the trench toward the opposite sidewall. This happened 

without covering the entire sidewalls or establishing contacts with trench’s bottom surface. 

With a simple calculation, we could estimate the distance travelled by the pseudopodia on the 0.18 μm 

comb structures was ~18 % smaller than the traveled distance on 1 μm comb structure, but ~44 % higher 

than flat surfaces. This was accompanied by a higher alignment rate on 0.18 μm than on blanket ta. The 

cell alignment dynamics suggested in this section was consistent with findings by Zhou, Shi, Hu, and 
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Chenac (2013), which reported an increase in the alignment of cells with the increase in the depth of the 

groove.  

6.4 Summary 

We investigated the change in the behavior of adherent mammalian Vero cells on the newly developed 

3D monolithic tantalum-coated substrate. These Ta-coated comb structures consist of parallel lines and 

ditches with equal widths ranging between 0.18 to 100 μm. Cells aligned the most on 1 μm wide lines at 

~78 % parallel to the lines y-axes. The adherent cells exhibited two distinctive line- and trench widths-

dependent cellular pseudopodium morphologies. Type 1, was found on comb structures with line widths 

smaller than 0.5 μm on which the nanometer-scale cellular projections bridged across the trenches 

without the need to establish contacts with the bottom surfaces. These projections can be seen formed 

after 0.5 hours of incubation time. Type 2 cells fully adapted and spread with the surface topographies on 

the comb structures with line widths larger than 1 μm. Results also denoted that individual cells can 

exhibit multiple morphological behaviors when they come in contact with two different surface 

topographies at the same time. 

However, the most important outcome of Chapter 6 is to understand the isolated effect of the material 

composition on the alignment behavior of adherent cells.  
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Chapter 7 

Conclusion and Future Work 

The original objectives of this study, as stated in Chapter 1, Section  1.3, are revisited in this chapter to 

demonstrate the fulfillment of these objectives. Additionally, Chapter 7 provides recommendations for 

future research opportunities.   

7.1 Conclusion 

In vivo, biological systems are captivating, resilient, complicated, and hard to imitate. Understanding how 

these systems function is essential to replicate them in vitro. Thus, it is vital to attain tools with specific 

abilities to mimic the chemical and physical functions of these in vivo environments. Extracellular matrix-

inspired engineered substrates embrace the promise to induce targeted cell-substrate interactions to 

control the behavior of biological cells. Such biologically-mimicked biomaterials may hold a potential 

solution for a complex problem.  

This thesis presented viable alternatives for the engineered substrates that are currently in use. Some of 

the physical and mechanical features make the substrates presented in this work desirable as biologically 

active mimics. The newly developed substrates were used as structural support for the assessed cells, and 

they also provided contact guidance for their biological functions, such as adhesion, and alignment. This 

was done by using custom-designed 2D, and 3D engineered patterned surfaces with different materials. 

Contact guidance is defined as the ability of the topographical features of a substrate to induce changes in 

the biological functions of cells (Flemming, Murphy, Abrams, Goodman, and Nealey, 1999). 

It is essential to emphasize that the comparison between the effect of the 2D and the 3D substrates on the 

alignment behavior of cells is hindered by the following: 

I. the difference in the effect of surface topography (2D vs. 3D) 

II. the difference in the effect of substrate materials (tungsten vs. tantalum)  

III. the difference in  the effect of surface properties of W in comparison to Ta (e.g., roughness, 

surface energy, contact angle) 

 Chapter 3 presented a novel two-dimensional silicon oxide-based micron and sub-micron scale 

patterned substrate. The substrates were fabricated by means of a highly advanced process used in the 

semiconductor industry. The substrates consisted of micron- and sub-micron scale tungsten metal line 

structures inlaid in thin-film silicon oxide. The combination of scalable fabrication process of CMP and 
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the properties of the surface (flatness, smoothness, and the defect-free), with a very low surface roughness 

of ~0.26 – 0.44 nm, in addition to the potential to create unlimited numbers of designs with high 

precision, demonstrated the potential of these substrates as biological mimics. Surface characterization 

was done using scattering electron microscopy and atomic force microscopy. Four types of cells were 

tested on these substrates, seeded, and allowed to grow. The alignment behaviors of cells on both the 

symmetrical and asymmetrical parallel line comb structures were assessed and characterized as a function 

of (1) parallel lines width, W/SiO2 line widths, (2) incubation time (0.5-72 hours), (3) serum content in 

the culture medium, and (4) the presence of a bacterial toxin (Antimycin A). Experimental results 

indicated that all the assessed cells were preferentially attracted to tungsten rather than silicon oxide 

parallel lines and surfaces, but with different magnitude. For example, ~1 % of Vero cells were found 

adherent to silicon oxide. The preferential adhesion of cells onto tungsten lines happened in the absence 

of external mechanical stimuli. 

Furthermore, results showed selectivity to the tungsten line geometric parameters, such as line width 

and spacing. The maximum alignment rate was achieved on 10 μm lines width comb structures. These 

phenomena were explained using two mathematical models designed to predict the pattern-dependent cell 

dynamics on the symmetric and asymmetric comb structures. The models were designed to describe the 

cellular geometries as a function of pattern width and spacing, which showed that cells would rearrange 

their morphologies to maximize their contact with the inlaid tungsten lines. Additionally, the reusability 

of these engineered substrates was tested, by removing adherent (fixed and dehydrated) cells from an 

already used substrate, using simple mechanical scrubbing. The scrubbed substrate was used to seed new 

cells on, and results proved that the re-worked substrates maintained their alignment functions. 

 Chapter 4 tested and compared the alignment behaviors of adherent Vero cells on two-dimensional 

tungsten and silicon oxide micron and sub-micron scale patterned substrates as a function of single-

species serum proteins or FBS as (i) supplement to the serum-free medium and (ii) pre-adsorbed on the 

substrate before seeding the cells. Results indicate that as a supplement, albumins had the highest impact 

on the alignment of cells, but the lowest effect on the cell adhesion. Vitronectin had the lowest impact on 

the alignment behavior of cells when added as a supplement to OptiPRO, the SFM. As expected, 

OptiPRO supplemented with 10 % FBS supported the maximum cell growth. However, when single 

species serum proteins (FN, VN, and Col) or FBS were pre-adsorbed on the substrate prior to seeding the 

cells, individual proteins, specifically FN, VN, and Col-IV induced comparable alignment behaviors to 

those observed when they used as a supplement for OptiPRO (SFM). Pre-adsorbed FBS supported the 

highest growth performance; however, the alignment behavior, and growth rate of cells were negatively 
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affected by rinsing the pre-adsorbed FBS with D-PBS before seeding the cells. Nevertheless, pre-

adsorbed fibronectin and FBS induced the highest alignment rates amongst all single proteins and FBS 

(rinsed).       

 Chapter 5 presented a novel 3D Ta/SiO2 micron and sub-micron scale patterned substrate. The 3D 

substrates used in this section consist of dense comb structures with parallel lines of equal widths and 

trenches. The goal was to examine the morphological changes of mammalian (Vero) cells deposited on 

these substrates as a function of the widths of silicon oxide lines and tantalum trenches. High-resolution 

images were generated using scattering electron microscopy and fluorescence microscopy to characterize 

the alignment and elongation behaviors of adherent cells. Results proved that the alignment behavior of 

the adherent cells was dependent on Ta trench width. Three adhesion dynamics were observed 

corresponding to the different spreading mechanism. Region i includes cells adherent on Ta trenches 0.21 

to 0.5 μm wide (thin trenches). The adherent cells had a tendency to cross over the trench openings. 

Region ii consists of cells adherent on trenches with higher widths than those in Region i. The widths of 

these trenches varied between 1 and 10 μm. Cells were observed to fully adhere (conform) to the 

topographical features of the trench. The trenches from region iii in this group were wider than 10 μm, 

and the majority of the adherent cells in that region were randomly spread, with no preferential alignment 

similar to cells on blanket tantalum; however, a substantial percentage of cells adhered to the junctions in 

the corner between the sidewalls and the bottom. Results indicate that cells align the most in trenches 10 

μm wide. Pseudopods projections (with an effective diameter of ~50 nm) were observed extending to help 

to stabilize the adhesion of cells onto the tantalum surface.  

 Chapter 6 presented a new developed three-dimensional silicon oxide-based substrates tantalum coated 

comb structures with parallel equal widths lines and trenches 0.18 to 100 μm wide. Tantalum is widely 

used in surgical implants. However, the interaction between the substrate and the cells at a nano level is 

still untested. Scanning electron microscopy and fluorescence confocal microscopy were used to 

characterize the interaction between Vero cells and the 3D tantalum substrates, and the change in the 

morphology of the adherent cells. Results demonstrate that ~53–77 % of cells adherent on lines are 

smaller than 10 μm wide and are aligned within ±10° of the lines y-axes. 

On the contrary, not more than 19 % of cells on 50 and 100 μm line widths exhibited a preferential 

alignment behavior. Two types of cell morphologies were observed, both proved to be line-width-

dependent. The pseudopod projections of cells on lines 0.5 μm wide and smaller tend to cross the ditch 

between two lines without the need to contact the flat bottom of the trench. On the other hand, the 
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pseudopod extensions from cells adherent to lines wider than 0.5 μm, tend to cover the entire trench 

sidewalls and the bottom surfaces of comb structures. Additionally, a cell simultaneously adherent on 

multiple surfaces with different topographical features (e.g., comb structures and blanket Ta) will exhibit 

two distinctive morphological behaviors; each behavior will be similar to the type of morphology 

observed for cells individually contacting these surfaces. 

7.2 Recommended Future Work  

7.2.1 Continue Working on the Time-Dependent Alignment Study  

Chapter 3, Section 3.3.1.3 presents the preliminary results for the time-dependent Vero cells alignment 

behavior on comb structures with line width of 10 μm. Further examination to assess the alignment 

behaviors of cells on the rest of the comb structures for different incubation times is required. This would 

help to complete the full picture of cell alignment behavior as a function of time on symmetric comb 

structures. 

Additionally, it is recommended to assess the alignment behavior of cells as a function of time on 

asymmetric comb structures. In this study, as presented in Chapter 3, Section 3.3.1.6, we have only 

assessed the alignment behavior of cells on a small sample of asymmetric comb structures. However, the 

2D W/SiO2 substrate consists of more asymmetric comb structures such as 1.5x0.5 μm, 0.5x1.5 μm, 3x7 

μm, 7x3 μm, 10x90 μm, and 90x10 μm.      

7.2.2 Complete the Bacterial Toxin (antimycin A) Study 

Section 3.3.3, demonstrated the negative impact of antimycin A, when added to the culture medium, on 

the alignment behavior of dermal fibroblast (GM5565) cells and their densities, as a function of time on 

comb structures with 10 μm symmetric comb structures. Thus, completing the full picture by assessing 

the behavior of cells in the presence of antimycin A as a function of time on symmetrical and asymmetric 

comb structures would be essential for understanding the behavior of cells in the presence of antimycin A.  

7.2.3 Effect of Albumin on the Behavior of Cells on Ta/SiO2 3D Substrate  

Results from Section 5.3.2, indicated that ~91 % of Vero cells adherent on the Ta/SiO2 3D micron and 

sub-micron scale patterned substrate aligned within ±10° parallel to the Ta trench y-axes. Cells were 

incubated in a baseline medium containing 10% FBS. This is the maximum alignment rate observed on 

any tested substrates. On the other hand, results from Chapter 4, Section 4.2.3.1, proved that using 10 

μg/mL of bovine serum albumin (BSA) as a supplement for serum-free culture media instead of 10 % 
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FBS induced an increase in the alignment rate of Vero cells incubated on the 2D W/SiO2 substrate by ~30 

%. Thus, it would be reasonable to assess the alignment behavior of Vero cells on the 3D Ta/SiO2 micron, 

and sub-micron scale patterned substrate using SFM supplemented with 10 μg/mL of BSA.     
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Appendix A 

Table S1 the physical, chemical and mechanical properties of tungsten 

Property SiO2 Literature 

Physical State at 20 
°
C and 

Appearance 
Colourless crystals, 
insoluble in water 

(PubChem, 2019) 

Hardness at 20 
°
C 4.5-9.5 GPa (AZoM, 2001) 

Modulus of Elasticity at 20 
°
C 66-69.3 GPa 

(El-Kareh, 1995) 

(Oliver and Pharr, 1992) 

Surface Energy  0.0296 J/m
2
 (Thomas et al., 1996) 

Density at 20 
°
C 2.18-2.27 g/cm

-3
 (El-Kareh, 1995) 

Thermal Conductivity at 20 
°
C  

1.1-1.4 Wm
-1

K 
 

(Burzo et al., 2003)  

(Yamane et al., 2002)  

(El-Kareh, 1995) 

Electrical Resistivity at 20 
°
C 1x10

23 
μΩ.cm (El-Kareh, 1995) 

Electrical Conductivity   

Melting Point  ~1700 
°
C (El-Kareh, 1995) 

Boiling Point 2230 
°
C (PubChem, 2019) 

Crystal structure Amorphous 

(El-Kareh, 1995) 

Specific Heat Capacity at 20 
°
C 1.0x10

3
 J/kg.K 

The coefficient of Linear Thermal 

Expansion at 20 
°
C 

5.6x10
-7

 K
-1

 

Application Electronic components 
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Appendix B 

 

 

 

Figure S1 Geometries of different cells used in the mathematical model. Cells were chosen from actual cells adhered 

on (a) solid tungsten area, (b) bare silicon, (c) 2 μm, and (d) 0.18 μm wide isolated tungsten lines (Moussa et al., 

2017) 
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Figure S2 SEM micrographs (70
o
 tilted) of Vero cells on 10 μm comb structures with incubation time from 0.5 to 

49.25 hours. 
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Appendix C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3 Typical top-down SEM images of Vero cells adherent on comb structures with different tungsten line 

widths incubated for 48 hours in OptiPRO
TM 

culture medium. All scale bars are equal and represent 50 μm. 

OptiPRO
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 is used as a reference for all protein-dependent experiments.   
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Figure S4 Typical top-down SEM images of Vero cells adherent on comb structures with different tungsten line 

widths incubated for 48 hours in OptiPROTM culture medium supplemented with 10 μg/mL HSA. All scale bars are 

equal and represent 50 μm.  
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Figure S5 Typical top-down SEM images of Vero cells adherent on comb structures with different tungsten line 

widths incubated for 48 hours in OptiPRO
TM 

culture medium supplemented with 10 μg/mL BSA. All scale bars are 

equal and represent 50 μm.  
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Figure S6 Typical top-down SEM images of Vero cells adherent on comb structures with different tungsten line 

widths incubated for 48 hours in OptiPRO
TM 

culture medium supplemented with 10 % FBS. All scale bars are equal 

and represent 50 μm.  
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Figure S7 Typical top-down SEM images of Vero cells adherent on comb structures with different tungsten line 

widths incubated for 48 hours in OptiPRO
TM 

culture medium supplemented with 10 μg/mL vitronectin. All scale bars 

are equal and represent 50 μm.  
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Figure S8 Typical top-down SEM images of Vero cells adherent on comb structures with different tungsten line 

widths incubated for 48 hours in OptiPRO
TM 

culture medium supplemented with 10 μg/mL collagen. All scale bars are 

equal and represent 50 μm.  
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Figure S9 Typical top-down SEM images of Vero cells adherent on comb structures with different tungsten line 

widths incubated for 48 hours in OptiPRO
TM 

culture medium supplemented with 10 μg/mL fibronectin. All scale bars 

are equal and represent 50 μm. 
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Figure S10 Representative top-down SEM images of Vero cells adherent on comb structures with different tungsten 

line widths incubated for 48 hours in OptiPRO
TM 

culture medium. The substrate was submerged in a D-PBS solution 

containing 10 μg/mL fibronectin for 24 hours prior to seeding the cells. All scale bars are equal and represent 50 μm 

 



 

216 

 

Figure S11 Representative top-down SEM images of Vero cells adherent on comb structures with different tungsten 

line widths incubated for 48 hours in OptiPRO
TM 

culture medium. The substrate was submerged in a D-PBS solution 

containing 10 μg/mL collagen for 24hours prior to seeding the cells. All scale bars are equal and represent 50 μm. 
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Figure S12 Representative top-down SEM images of Vero cells adherent on comb structures with different tungsten 

line widths incubated for 48 hours in OptiPRO
TM 

culture medium. The substrate was submerged in a D-PBS solution 

containing 10 % FBS for 24hours, then rinsed with D-PBS prior to seeding the cells. All scale bars are equal and 

represent 50 μm. 
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Figure S13 Representative top-down SEM images of Vero cells adherent on comb structures with different tungsten 

line widths incubated for 48 hours in OptiPRO
TM 

culture medium. The substrate was submerged in a D-PBS solution 

containing 10 % FBS for 24hours prior to seeding the cells. All scale bars are equal and represent 50 μm.  
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Figure S14 Representative top-down SEM images of Vero cells adherent on comb structures with different tungsten 

line widths incubated for 48 hours in OptiPRO
TM 

culture medium. The substrate was submerged in a D-PBS solution 

containing 10 μg/mL vitronectin for 24hours prior to seeding the cells. All scale bars are equal and represent 50 μm.  
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Appendix D 

 

 

Figure S15 (a) and (b) 70° tilted SEM images of cells-substrate interactions on 0.21 μm wide trenches for cells 

incubated for 0.5 hours (Moussa et al., 2018a) 
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Figure S16 70° tilted SEM images of cells-substrate interactions on 0.21 μm wide trenches for cells incubated for 0.5 

hours (Moussa et al., 2018a) 
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Figure S17 (a) and (b) 70° tilted SEM images of cell-substrate interactions on 0.26 μm wide trenches for cells 

incubated for 0.5 hours (Moussa et al., 2018a) 
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Figure S18 70° tilted SEM images of cell-substrate interactions on 0.21 μm wide trenches for cells incubated for 24 

hours. Pseudopodia projections from two neighboring cells in contact on dense comb structures (Moussa et al., 

2018a) 
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Appendix E 

 

 

Figure S19 70° tilted SEM micrographs of copper stripped comb structures. Both the lines and trenches are coated 

with a thin film of Ta. Trenches are 700 nm deep (Moussa et al., 2018b) 
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Figure S20 Representative top-down scanning electron microscopy (SEM) micrographs of adherent cells on different 

comb structures and blanket tantalum (Ta) film. Results show that adherent cells are aligned to the line axes on 

structures with line widths in the range of 0.18 to 10 μm. In contrast, cells on the 50 μm and 100 μm structures do not 

align well with the line axes—they are similar to cells (Moussa et al., 2018b) 
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Figure S21 Typical high and low magnification fluorescence confocal images for adherent cells on comb structures 

with line widths of 0.25, 0.5, 1.0, and 10 μm. Cells incubated for 24 hours (Moussa et al., 2018b) 
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Figure S22 70° tilted SEM images of a single cell after incubated for 0.5-hour not fully spread on (a) 0.18 μm and (b) 

0.25 μm wide lines comb structure. Morphologies of the pseudopod’s extensions resemble the ones from cells 

incubated for 24 hours. (c) 70° tilted SEM images of a fully spread cell adherent after 9 hours of incubation on 0.18 

μm comb structure (Moussa et al., 2018b). 
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Figure S23 70° tilted SEM images for a not fully spread cell incubated for 0.5 hours and adherent on Ta blanket and 

0.25 μm wide lines comb structure at the same time (Moussa et al., 2018b). 

 

 

 

 


