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Abstract 

 

The use of protein microfluidic systems is of growing interest for a variety of 

applications, including but not limited to tissue engineering, drug delivery and 

biosensors. The means by which to control chemistries on substrates for 

biological and medical applications is therefore in high demand.  

Here the creation of a bio-functional gradient on silica and polymeric surfaces 

using a micro fluidic technique, for the guidance of cell adhesion and 

functionality, using AFM tools for protein imaging and force spectroscopy 

investigation is reported. 

Atomic force microscopy (AFM) is a high resolution microscopic technique 

highly used in biological investigations, allowing conformational elucidation of 

protein deposition on the substrate.  

In this work application of the techniques of AFM, fluorescence microscopy 

and cell adhesion studies were used to assess the protein deposition along the 

microfluidic system. From the fluorescence analysis, it was immediately 

observed that successful protein immobilization on both substrates was 

achieved. Differences in fluorescence intensity were also registered along the 

microfluidic channel (start and end point) suggesting a variation in protein 

adsorption along the channel. The AFM imaging analysis conducted on the 

same samples revealed a difference in surface coverage considering the 

injection and end point (from 70% to 14% respectively) of the protein pattern.  
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The difference in protein density registered along the fibronectin pattern was 

tested using a functionalised probe AFM technique, allowing molecular 

resolution of ligands in a physiological environment. A difference in the 

percentage of observed adhesion events was registered considering the start 

and end point of the microfluidic pattern, from 90% to 37% respectively.  This 

is likely due to the fact that at the higher surface concentration there is a 

higher probability of the functionalised tip interacting with multiple 

fibronectin molecules, as confirmed from the presence of multiple adhesions 

at start point with a higher adhesion force of 82 pN ± 7.4 pN. 

To complement the AFM force measurements, protein functionality was 

tested by investigating the cell adhesion, shape and migration on the protein 

pattern. The fibronectin protein gradient was shown to control cell adhesion 

and migration along the patterns, demonstrating that this system can be used 

for biological applications to monitor the cell behaviour using difference 

protein concentration and cell density all in the same microfluidic channel. 

The ability to control cell adhesion and migration on substrates could be of 

significant interest when researching possible applications in future tissue 

engineering and biological studies. 

The combination of AFM and fluorescence microscopy techniques for protein 

density investigation used in this work demonstrated that protein deposition 

and arrangement on substrate play an important role in cell adhesion and 

migration studies. 
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1. Introduction 

 

1.1.    Bio-molecular Gradients 

 

Bio-molecular gradients play an important part in biological and pathological 

stages such as development, inflammation, cancer chemotaxis and 

embryogenesis (1,3). The study of these phenomena requires the capability to 

expose cells to bio-molecular gradients in a controllable way that mimics in 

vivo conditions. Such gradients have been used for controlling growth, 

migration and differentiation of cells using quantitative methods (4,5). Here, as 

a prelude to presenting work on the creation and characterisation of 

biomolecular gradients via microfluidic approaches a review of the 

traditionally used in vitro methods, and new microfluidic devices is given, 

focusing attention on the microfluidic technique devices and the impact that 

they have had in biological studies. 

 

1.1.1. Evolutionarily conserved signalling  

Bio-molecular gradients are an important evolutionarily conserved signalling 

mechanism for the growth, migration and differentiation of cells in the three 

dimensional environment of living tissue (2). Because of the high efficiency 

with which developmental operations need to occur, the signalling protein 

gradients used for biological cell mechanisms are spatially temporally 

regulated.  These gradients rarely act independently (6,7,8) as evidenced from 
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the fact that many gradient-induced signalling cascades share, or have 

interactions with intracellular second messengers, which facilitate signalling 

modulation (9,10). The combination of in vitro methods to expose the cell to 

bio-molecular gradients and in vivo studies has revealed the presence of 

intricate and high regulated signalling processes, in which the cell response is 

determined by the specific characteristics of the gradients (2). Traditional in 

vitro gradient methods have been used to improve our understanding of 

gradient signalling, but they are not ideal if quantitative or combinatorial 

gradients are used. The major limitation is due to their inability to produce 

defined gradients with a spatial-temporal profile. Using traditional methods 

chemical gradients often evolve unpredictably over space and time so become 

difficult to characterize quantitatively (11). Using microfluidic devices, fluids can 

be controlled precisely and with automation at micrometre dimensions 

provides a strategy to control fluid flow for cellular studies.   

 

1.1.2. Traditional gradient generating methods 

Biological hydrogels were used to create bio-molecular gradient for in vitro 

studies (12). Normally agarose, fibrinogen and collagen are used in cell in vitro 

studies (12,13,14). Cells are homogenized and mixed with the liquid solution 

before gelation or exposed directly on the gel. Biomolecule gradients can be 

expressed using another cell source that release chosen biomolecule (14), or 

using droplets of biomolecule solutions that diffuse through a gel matrix (15). 

Biological hydrogels have the advantage of being easy to make, giving control 
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over position and a free diffusion of chemical species excluded movements 

around the gel. Unfortunately they offer a low reproducibility and a low 

spatial-temporal control (2).  

In 1962 Stephen Boyden developed a gradient-generating system to study 

chemotaxis (16). The system consists of an upper compartment, a porous 

membrane where cells are seeded and a lower compartment filled with a 

chemo-attractant solution (Figure 1.1 A). The gradient induces cells to migrate 

through the porous membrane to the lower compartment, where migrated 

cells are fixed, stained and counted to quantify the degree of chemotaxis. 

Using the so-called Boyden chamber a quantitative measure of migration 

induced by chemotaxis can be provided. The inability to control directly the 

bio-molecular gradient and the observation of cells during the experiment 

makes this method unsuitable to study cell response under specific chemical 

signals. 

In 1977 Sally Zigmond reported the first bio-molecular gradient generating 

system to study individual neutrophils responding to a specific gradient (17). 

The device consisted of two parallel channels mounted on a glass slide (Figure 

1.1 B). Cells were seeded on a coverslip inverted over the etched surface 

where after injection of medium in the sink and bio-molecular solution in the 

source channel, changes in cell growth, differentiation or migration can be 

observed using a microscope. The Zigmond chamber is a good method for 

exposing cells to a predictable, reproducible bio-molecular gradient up to 1hr, 

but its inability to control the gradient over longer period and the evaporation 
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problem due to the design of the chamber, prevent its use in understanding 

how cells integrate multiple bio-molecular gradient signals. 

In 1991 Graham Dunn and co-workers solved the problem of evaporation in 

the Zigmond chamber developing a new system similar in the concept, but in 

this case the source and the sink chambers were rearranged in concentric 

rings (18). This strategy eliminates the liquid and air interface sealing both 

chambers when coverslip is inverted on the glass slide (Figure 1.1 C). The 

inability to control the gradient for longer periods of time, the presence of 

radial symmetric support and the use of polar coordinates makes cell 

visualisation difficult.   

The in vitro methods described model the complexity of the gradient signal 

but cannot explain the mechanism of action due to the limitation of collecting 

quantitative knowledge about bio-molecular gradients present in vivo. 

 

 

Figure 1.1: Traditional methods representation, 1A Boyden chamber, 1B Zigmond chamber and 1C Dunn 

chamber. 
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1.1.3. Limits of traditional methods 

To understand the biological mechanisms involved in phenomena like growth, 

migration and cell development biochemical signals should mimic the in vivo 

environment. Biochemical signals in vivo such as growth factors, hormones 

and chemokines exist in form of gradients that vary in space and time (19,20). 

Disadvantages recorded using traditional in vitro methods are due to the low 

life span of the gradient and a low flexibility of the devices, in fact it is not 

possible to control or change molecules concentration during the experiment 

and observe cells interaction with multifunctional gradients. Using 

conventional assays such as the Boyden, Dunn, and Zigmond chambers, (16, 

17,18) spatial gradients of molecule are typically limited to simple, non-

quantitative gradients that cannot be precisely controlled in a reproducible 

fashion. To mimic cells environment in the last 30 years researchers provided 

a way to create predictable, reproducible and easily quantified biomolecule 

gradients in vitro controlling the fluid flow in a micro-meter scale. 

 

1.1.4. Microfluidic methods 

Microfluidic gradient methods produce spatial and temporal controlled bio-

molecular gradients by regulating diffusive transport process. The ability of 

fluids to pass through micro-channel or micrometre scale circuits is dominated 

by laminar flow regime. This specialized flow system is well understood 

mathematically and conceptually, allowing the movement of chemical species 

inside microfluidic device and calculated with great accuracy (21).  Compared 
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to the traditional gradient generating methods microfluidic devices increase 

the throughput and reduce the cost of gradient experiments. One of the ways 

to create gradients suitable for cell culture studies, using microstructure tools 

is to absorb or tether molecules of interest on surfaces (22,23). Using micro-

patterned gradients is possible to control the characteristics of the bio-

molecules, determined by the size and spacing of patterns. Another class of 

microfluidic generator consists of devices that control gradient along space 

and time called time evolving gradient generators. Micro-valve chemotaxis 

devices (24) and microfluidic multi injectors systems (25) effectively creates 

gradients capable of evoking responses from cells, with better reproducibility 

and quantitation due to the precise dimensions of the devices. To understand 

more in detail cell behaviour in in vivo studies steady state gradient 

generators provided important information, creating distinct regions of 

constant concentration to form gradients over cell culture area. This class of 

microfluidic generators included, T sensor, Pre-mixer gradient generators (26), 

Universal gradient generators (27) (Figure 1.2), with rapid formation of complex 

gradient profiles, allow correlations between cell response and specific 

gradient characteristics, including quantitative informations (28,29). 
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Figure 1.2: Microfluidics devices. In figure A Pre-mixer gradient generator, in figure B T-sensor. 

 

  

1.1.5. Review of biological studies using micro-fluidic gradient generators 

Microfluidic devices were used in the last ten years on a number of biological 

applications, like cancer metastasis, immune response and stem cells biology. 

Cancer metastasis originated from a multistep process of interactions 

between cells and surrounding stromal microenvironment. Utilising 

microfluidic generators, quantitative analysis has been performed to 

characterise the migratory behaviour of breast cancer cell line MDA-MB-231, 

indicated that tumour cell migration is influenced to the degree of 

concentration difference across cell body (30). Immune response is important 

to mitigate the response of infection; to recruit immune cells and rapidly 

migrate to the infection site. Applications of microfluidic technique in immune 

response studies have revealed quantitative information, between 

chemokines and their receptors understanding the relationship between 
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immune response and chemotaxis signals (31). Using microfluidic gradient 

generators, a complete understanding of how immune cells interpret the 

chemokine gradients (32), and the mechanism of neutrophil chemotaxis has 

been revealed (33). Due to the importance of stem cells to meet the clinical 

demands for repairing organs and treating important diseases, and their 

regulation under specific biochemical factors, microfluidic technique studies 

have been conducted to provide quantified correlation between bio-

molecular gradients and stem cell behaviour (34,35). The investigation of soluble 

factor gradients on the differentiation of human neural stem cells was 

conducted using a microfluidic generated stable gradient of growth factor, 

showed a clear dependence on gradient’s concentration (36). All these 

examples reported the applicability of microfluidic gradient technique in 

biological studies as cancer metastasis, immune response and stem cell 

biology; confirming the advantage in elucidating complex molecular 

interaction on the regulation of cells growth, migration and differentiation. 

 

1.1.6. Impact in biological community 

Micro-fabricated devices have received wide acceptance from the biology 

community due to their impact in fields such as developmental biology, 

immunology, stem cell biology, systems biology, and cancer research. In 

particular, microfluidics-based gradient devices are beginning to play an 

important role in cell migration research. Systemic investigations and 

quantitative analysis brought a new concept of understanding in the micro-
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scale world, which was not available in the past (2). Micro-scale environment 

using microfluidic devices try to mimic complex in vivo biological mechanisms 

for a better understanding of the cell-cell and cell-ECM interactions in 3D 

micro-environment (35). More work is required to integrate other cells 

including blood vessels control and mimic various pathological and 

physiological states, expanding the frontier of biological research. 
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1.2. Microfluidic device 

 

Microfluidic devices have demonstrated that fluid components can 

be miniaturised and connected together to create a “lab on chip” (33). There 

has been interest in controlling the potential of this new approach and 

developing microfluidic devices using elastomeric material, such as PDMS 

(poly-dimethylsiloxane). A simplification in device fabrication and the 

possibility to integrate micro-valves (37) into the design opened the way to 

explore application in many different fields. In this section, a critical review of 

the PDMS as material for microfluidic devices is reported considering the 

advantages and limits in biological studies. 

 

1.2.1. Properties of PDMS (poly-dimethyl-siloxane) 

PDMS is an elastomeric compound, easy to deform and release from features 

of a mould without damage. PDMS is used to reproduce with high fidelity 

microfluidic channels or other features with micron scale dimensions (37). 

PDMS is compatible with water and polar solvent like methanol and glycerol; 

it swells however in non-polar organic solvents (39). To reduce swelling in the 

presence of non-polar organic solvents, PDMS can be modified with silica 

particles (40). PDMS is nontoxic to proteins and cells. It is permeable to oxygen 

and carbon dioxide, but only slowly permeable to water. It is suitable for 

biological studies for example; mammalian cells can be cultured on it (41).  
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1.2.2. Chemistry of PDMS 

The surface of PDMS id hydrophobic and presents units of –O-

Si(CH3)2−groups. When exposed to oxygen plasma silanol (Si–OH) groups are 

introduced, and methyl groups reduced rendering the polymer hydrophilic (37). 

By exposing the surface of PDMS and the surface of the substrate to oxygen-

based plasma, PDMS channels can be sealed irreversibly to PDMS, glass, 

silicon and polystyrene (38). Heating a weak seal at 70ºC can sometimes 

improve the strength of the seal (37). This characteristic makes PDMS versatile 

during experimentation, for example sylanizing oxidized PDMS with an amino-

sylane activates the surface for protein attachment. Another advantage of 

PDMS over glass, silicon, and hard plastics is that it makes reversible 

conformal contact (van der Waals contact) to smooth surfaces (37).  

 

1.2.3. Optical properties PDMS 

Optical transparency is important for the detection of particles or 

fluorescence detection. PDMS is classified like optically transparent material 

with a range from 240 to 1100nm (37), with a RI (refractive index value) around 

1.4. PDMS can be used to study opto-fluidic components without significant 

loss during the absorption. To summarize, PDMS has demonstrated to be 

attractive and useful for a range of applications in laboratory, prototyping, 

used as material in large-scale manufacturing. Other polymers were tested 

like thermoplastic polymers and polycarbonates (42). Each material has 



27 
 

different characteristics, one more suitable than others depending on the 

applications. A summary of the PDMS characteristics are reported in Table 1. 

Table 1: PDMS physical and chemical characteristics 

 

Properties Characteristics Observations 

Optical Transparent, UV cut-off 240nm Optical detection from 240 to 

1100nm 

Mechanical Elastomeric Reversible deformation, facilitate 

release from mould  

Permeability Low permeability to water, permeable 

to gases and non-polar solvents 

Gas transport, not-compatible  

with many organic solvents 

Reactivity Can be oxidized with plasma Reactive towards silanes, surface 

can be etched, can be modified to 

hydrophilic. 

Toxicity Non toxic Supports mammalian cell growth. 

 

 

1.2.4. Fabrication microfluidic device using PDMS 

Microfluidic devices using PDMS are fabricated using soft lithography 

techniques. Soft lithography includes a large number of techniques where a 

moulded polymer is used. This is obtained by casting a pre-polymer on a rigid 

master with well-defined micro and nanostructures. Soft lithography 

techniques consist in the realisation of defined structures in photoresist which 

will be used to replicate the structures on a master. This replication on a 

master can be repeated in laboratory conditions, using a rapid, simple and 

inexpensive process. For the fabrication of the device, microfluidic channels 

CAD (Computer Aided Design) program and printed into high resolution 

photo-mask to produce a master, using SU-8 as photo-resist. The master 
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presents the positive stamp, which serves as a mould for PDMS. Preparation 

of the pre-polymer consists in pouring over the mask a solution of elastomeric 

rubber base and a curing agent, and cured for 2 hours at 80°C. The PDMS is 

peeled from the master and sealed using plasma oxidation treatment to a 

substrate to form microfluidic channel. 

 

1.2.5. Flow in micro-channels 

To develop a microfluidic device, an understanding of fluid dynamics in 

microsystems is important. Generally, as the length of the device decreases, 

surface forces become dominant while gravity becomes less important (43). In 

micro-channels flow is described by Reynolds number which describes the 

inclination of fluid to present turbulence. If Reynolds number is low than 

2000, the flow in the channel is a laminar flow dominated by viscous forces, 

while if the number is above 2000 the flow tends to produce turbulence, 

dominated by inertial forces (44) (Figure 1.3).  Due to the small scale of the 

microfluidic systems, normally less than 500 μm, the flow normally presents a 

Reynolds value around 10 indicating the presence of laminar flow and 

dominated viscous forces in the system. Liquids can be treated as uniform 

thickness the boundaries remain fixed and there is no turbulence that leads to 

mixing. Laminar flows have been used in studies for subcellular resolution and 

fast switching. Microfluidic systems were used to focus drug stream on a 

specific cell compartment to allow cell observation to study local stimuli in the 

cells (45,46).  
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Figure 1.3: Schematic representation of flow in micro-channels. In A turbulence takes place inside 

channel, In B laminar flow is occurring. 

 

 

1.2.6. Critique of PDMS for cell biological studies  

A large number of materials have been used to fabricate microfluidic devices 

such as silicon, gelatine, PDMS and PMMA Poly-(methyl-methacrylate).  

Because the characteristics the simplicity of the technique PDMS has become 

the most popular material in microfluidic device fabrication. The possibility to 

produce a device in a few hours without expensive materials has attracted 

scientists exploring microfluidic techniques in cell biology studies. PDMS is 

cheap, transparent, and bio-compatible and can be bounded to glass and 

polystyrene substrates using oxygen plasma treatment. The deformability of 

the material and the permeability of gas make this material a useful tool in 

cell biology studies. However, using PDMS in biological studies can present 

problems. PDMS material can absorb/adsorb biomolecules and drug from the 

media due to its inherent hydrophobicity. To limit this problem many surface 

treatments have been used (40,41). PDMS is also water permeable leading to 

changes in medium osmolarity or drying effects (37). Despite these limitations, 
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PDMS microfluidic devices are still popular in cell biological studies but it is 

necessary to study and understand these affects in micro-scale environment, 

comparing the results with traditional methods. The interdisciplinary 

application of microfluidic devices in biological studies, and the limitations of 

this technique have driven new research in microfluidics to understand more 

in details the micro-scale environment. 
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1.3. Microfluidic tools for cell biology  

 

High throughput biological experiments can be processed using microfluidic 

chips, by miniaturisation of macroscopic systems and taking advantage of 

parallel processing and microfluidic knowledge. Exploiting effects of laminar 

flow in the microfluidic systems has helped the spatial control of liquid 

composition, temperature, changes in the media and single cell analysis. In 

this section a discussion about use of microfluidics to fabricate research tools 

in cell biology will be discussed considering micro-environmental composition 

control and the laminar flow in complex functionalization. 

 

1.3.1. Micro-environment control 

Chemical and mechanical parameters define the micro-environment of cells. 

The chemical environment is dependent on the composition of the media, in 

particular the molecules dissolved in the media that define the cell 

environment; while the culture substrate composition (ECM extracellular 

matrix) represents the mechanical environment. Normally these parameters 

can be controlled for a population of cells, but is more difficult to control it for 

individual cells. The major advantage of the micro-fluidic technique is that 

enables the control of the micro-environment changing parameters. The 

control of the parameters in the micro-environment is due to the speed of the 

process at the micro-scale. It is possible to control the medium composition 

and produce chemical gradients that mimic natural stimuli that are essential 
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in biological processes. Spatial control of chemical gradients concentration is 

important when cellular response studies are conducted, as the limit cellular 

response to chemical gradients is localized in a small region that represents 

the 2% of cell surface (47).  In this case macroscopic gradient generators show a 

poor spatio-temporal resolution not useful for cell biology studies. Micro-

fluidic devices have demonstrated ability to create multiple bio-molecular 

gradients with controlled spatiotemporal distribution. Micro-fluidic devices 

offer faster response to immune cells, neural cells growth and differentiation 

(25), endothelial cells migration (48) and cancer cells chemo-taxis (30).  

Micro-fluidic devices also offer a great ability to control mechanical 

environment relating to the behaviour of cells in regulation of fundamental 

biological processes such as cell growth, ECM metabolism and gene 

expression. Using micro-technology to create mechanical deformation of cells, 

(depending on the geometry of cells and the forces applied) it is possible to: 

study the correlation between geometrical dependences and cytoskeleton 

behaviour extracting internal cell mechanisms (49), study cell motility in 

constrained environment (50), mimicking tissue organization (51). Deformability 

has also an implication in cancer cells, in fact was observed a different 

deformation in cancer cells comparing to healthy cells, which revealed a 

correlation in metastasis spreading over tissues (52). 
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1.3.2. Micro-fluidic precise spatial-temporal gradients 

One way to create gradients using micro-fluidic techniques is to take 

advantage of the laminar flow properties. The creation of molecular gradients 

based on laminar flow theory consists in the use of mixing between parallel 

laminar streams. The shape of the gradient is influenced on the flow rate, 

maintaining their shape at constant flow rate. The simplest device using this 

technology is T-sensor device composed by two micro-channels (53).  

Such T-sensors are easy to fabricate and conceptually with a known 

mathematical description.  The constant diffusion inside the channel prevents 

cells accumulation and increases cell culture time. Limits of this technology 

are due to the cellular stress and removal of cell signalling caused by the flow 

stream and the limited portion of the channel which creates gradients. T-

sensors devices found applications in bacteria chemotaxis (54), or endothelial 

cell migration (48). 

Upgraded versions of the T-sensor device have been developed called Premix 

and Universal micro-gradient generators (2) (Figure 1.4). Using these devices 

more complex gradients can be generated, splitting the streams. In the 

Premixer device the idea is to split and recombine the fluids before mixing 

with the culture channel. Controlling the flow is possible to create smooth or 

step gradients. This device has been used in neutrophil (29, 55) and cancer cells 

chemo-taxis studies (30). Universal gradient generators include a series of walls 

to split the streams. In this case the gradient is more difficult to describe 

mathematically and it shares the same problems of the T-sensor device. Major 
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limits with laminar flow micro-gradient generators are that they need precise 

flow control. Using flow resistive elements is possible to eliminate the cell 

stressing and preventing cell signalling loss. The idea of this device is to diffuse 

biomolecules through a barrier as a membrane (56) or micro-channels (57), to 

generate a gradient. Using flow or flow resistive micro-gradient methods is 

possible to create spatiotemporal gradients with better resolution. If a 

complex gradient and fast response is mandatory in the experiment a flow 

micro-gradient method is used, in other hand if cell stress or cell drifting must 

be controlled flow resistive method is suggested. 

 

 

 

Figure 1.4: Pre-mix micro-gradient generator device that restricts orthogonal diffusion of chemical 

compounds (2).  

 

 

1.3.3. Liquid flow in channel for complex functionalization 

Liquid flow can be used to achieve bio-molecular patterning on substrates.  

Using liquid flow it is possible to pattern substrates by confining the flow in 

micro-channels or on a stencil. One way to pattern molecules on substrates is 

to flow a bio-molecular solution in a micro-fluidic channel previously stuck on 

the substrate. Liquid flow permits the creation of biomolecules deposition on 
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substrates patterning them and enabling treatments on the patterned area. 

Microfluidic devices can be stuck permanently (59), or temporarily (58) on the 

substrate. Using this method it was demonstrated that is possible to pattern 

molecules on substrates like glass, polystyrene and gold with submicron 

resolution (68). This liquid flow technique was used to deposit proteins on 

substrates and studies concerning cell adhesion were reported. The creation 

of multiple patterns or molecular gradients on substrates is possible by 

flowing different biomolecules on channels in parallel (59), or using depletion 

effects of solution along channel generating a gradient (60). 

 

1.3.4. Comments 

Microfluidic devices in cell-based assays have opened the way to exploring 

new microenvironments and new methods to control and observe cellular 

responses in important biological phenomena simulating the in vivo 

conditions. Analysis of the biological effects and physical differences in the 

creation of bio-molecular gradients for biological assays, were considered in 

the fabrication of new microfluidic devices.  

It is clear that micro-fluidic devices still have some limitations in biological 

studies. In fact the lack of quantitative information makes it difficult to 

understand mechanisms such as cell proliferation. A better understanding of 

the effects of the micro-environments present in micro-devices from a cellular 

perspective is necessary. 
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1.4. Summary 

 

Microfluidic devices have been designed to facilitate applied and fundamental 

research in tissue and cell biology. In biology it is essential to understand 

cellular mechanisms, by studying the interactions between intra and inter 

cellular mechanisms that coordinate cellular events.  Developing a system that 

can study cellular mechanism is not an easy task due to the complexity of 

biological systems as summarized in this chapter. In the past, researchers 

have focused their attention on high-throughput tests using traditional 

methods to create bio-molecular gradients. These often lack the fidelity and 

number of details necessary to comprehend the signal propagation. In 

contrary biological experimentations which focus on a single signalling 

mechanism, these miss the throughput essential to reconstruct the biological 

system.  In the last 20 years with the progress in the development of 

microfluidic devices, systematic studies have found some answers to these 

questions.  Microfluidic devices provided for the first time the ability study 

cells at a single and multi-cellular level with biomimetic physiological 

conditions. In more detail the major benefits to use microfluidic devices in 

biological experiments are: micro-scale fluid flow enables precise and high-

resolution microenvironment control; micro-fluidic devices are normally 

compatible with imaging and microscopy techniques; the ability of the 

technique to upscale microfluidic devices to understand complex biological 

systems. The microfluidic devices discussed in this chapter have demonstrated 

the ability to address experimental in systems biology, with the creation of a 
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specific spatial-temporal gradients investigating single or multiple cells 

signalling. In the last decade advances microfluidics approaches have been 

used to simplify complex analysis in systemic biology in a microfluidic device 

“lab on chip”. With the improvement of the technology and the highly 

integrated micro-fluidic devices in the future it will be possible to extend this 

technology in biomedical and pharmaceutical research in clinical settings.  
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1.5. Aims of work 

 

The aim of this work is to create a bio-functional gradient on silica and 

polymeric surfaces using a micro fluidic technique, for the guidance of cell 

adhesion and functionality. In this study, we created protein gradients on 

silica wafer surface and cell plastic plate substrate and studied the 

morphology and density of cells on these gradients. 

Two fluorescently tagged proteins, Texas Red-albumin, and Rhodamine-

fibronectin were used in this investigation to study the surface adhesion and 

the behaviour of the proteins on the two surfaces, at different concentrations. 

Albumin and fibronectin are intimately involved in cell-surface adhesion to 

materials exposed to in vivo environments and also serve as carriers for 

important molecules in the body. Different proteins concentrations were used 

(from 1 mg/mL, to 1 μg/mL), to identify an optimal concentration able to form 

a suitable concentration gradient on each substrate. Atomic Force Microscopy 

(AFM) and Fluorescence Microscopy were used to monitor property changes 

before and after the protein immobilization on the surfaces. 

A specific silica master was made with a photolithography technique to 

facilitate surface patterning in the desired geometries. The created fibronectin 

gradients were investigated for protein functionality (binding) using AFM 

probes functionalised with an antibody to fibronectin. The fibronectin 

patterns were also used to support specific cell cultures (fibroblasts). From 

the data obtained, and the analysis conducted we can confirm that we 

obtained a protein concentration gradient displaying different densities of 
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functional proteins (as determined by AFM force spectroscopy) along the line 

patterns formed by microfluidics. The most suitable concentration was 1ug/ml 

of proteins, where protein aggregation was lower compared to the higher 

concentrations.  Studies investigating the behaviour (morphology, density and 

migration) of mouse 3T3 fibroblasts and immortalized mesenchymal stem 

cells (i-HMSC) on the fibronectin gradients were conducted. Such controllable 

cell growth on the defined areas of surface is important for potential 

applications in biosensor fabrication and tissue engineering. 
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1.6. Future perspectives 

 

The microfluidic technique, due to its ability to create various bio-molecular 

gradients, from simple shapes to more complex architecture that can mimic 

the physiological environment, makes this technique perfectly suited for 

biological investigations. In this review, traditional methods for gradient 

generation and microfluidic system techniques were described with particular 

relevance to the investigation of cell biology studies. 

In the second part of the review, recent and key information on how to 

fabricate a microfluidic device were highlighted. Using microfluidic techniques 

it is possible to control the environment and the biomolecules concentration 

working with micro scale, reducing the cost and increasing the efficiency of 

the biological processes. Patterning proteins on substrate using microfluidic 

technique showed that is possible to use proteins as substrate to conduct cell 

study investigations. 

In terms of future perspectives, it is clear that the microfluidic technique 

based investigation of bio-molecular gradients has key application in tissue 

engineering and biosensors, particularly where the control and 

characterization of gradients can be used to identify specific targets on cell 

studies, to investigate the cellular response using specific chemotaxis signals. 

Using surface analysis techniques is possible to study the deposition of bio-

molecules on substrate and study the interactions between substrates and 

bio-molecules. 
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In summary microfluidic technique offers a plethora of possible applications in 

cell biology and tissue engineering studies, combining surface analysis and cell 

interaction analysis.  
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2. Materials and methods 
 

2.1 Design of silicon master and PDMS micro-channel fabrication. 

2.1.1. Materials 

Poly (dimethylsiloxane) was obtained from Dow Corning (Sylgard 184). Silicon 

wafers (p-type, 100 orientations), were obtained from Compart- Tech. SU-8 

photoresist from MicroChem, Newton, MA, USA. 

 

2.1.2. Methods 

2.1.2.1.  Silicon master design 

The silicon master design is a crucial step during the development of masters. 

Choosing the photo-mask is the first step.  A photo-mask is a film with 

transparent properties that allows light to shine through the designed 

patterns normally it is used in photolithography processes but also in other 

industrial processes. Materials used for mask fabrication include Soda Lime 

glass, Fused Silica or polystyrene films. The mask works as a template, and is 

designed to transfer patterns on to a substrate in order to fabricate devices. 

The photolithography technique used projects light through a photo-mask; 

the light casts an image of the designed device on the substrate coated with a 

light sensitive material. Using negative photoresist the masked portion is 
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removed and can be etched to form channels or specific devices. Using 

positive photoresist the process is reversed.  

A soda-Lime glass photo-mask was used in this work for the design of a 

master, with dimensions 3ʺ  x 3ʺ  with high resolution (64K dots per inch). The 

pattern information was created using an appropriate format AutoCAD 

(Figure 2.1) and transformed using JD Photo tools programme 

(photolithography tools) on the “mask writer” which then exposes the design 

onto the mask substrate. 

The fabrication of the photo-mask requires the steps summarised in Figure 

2.2. The crucial part in the mask realization is the chrome process. In step 2, 

the chrome process is summarised. The substrate Soda-Lime has a layer of 

chrome deposited on one side. The chrome is covered with a layer of anti-

reflective coating and a layer of photoresist known as a “blank” (Figure 2.2 A). 

The light sensitive material absorbs the light when exposed and creates an 

image of the photoresist material (Figure 2.2 B).  The development of the 

photo-sensitive material makes the unexposed parts of the “blank” soft and 

dissolves out the mask layer (Figure 2.2 C). The etching step removes the 

chrome part of the mask that is not necessary and after the final stripping of 

the photoresist material with a chemical treatment chrome patterns on Soda-

Lime substrate with an anti-reflecting coating are formed (Figure 2.2 D,E). In 

this work the Soda-Lime mask was ordered from the JD photo tools website. 

The design of the microfluidic patterns were realised using Auto-CAD 

programme with various dimensions from 25 µm to 350 µm, as showed in 
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(Figure 2.1). The area that is useable on the mask is the central 50 mm x 

50mm part so 9 squares with dimensions of 15mm x 15 mm were formed 

containing different designed microstructures for variable uses. 

 

 

 

Figure 2.1: Representation of the mask design realised using the CAD programme. 9 squares with 

dimension 15 x 15 mm were designed containing different micro structures. On the left side the width 
dimension of each micro structure is reported. The etch depth used for the realisation of the micro 

structures was 10.5 ± 0.5 microns. A, B and C microstructures reported on the right side show 
different designs with width dimensions of 100 and 200 µm for A and C and in B dimensions of 100 µm 

in the thinner channel and 350 µm in the thicker channel. Section of the specific design used in the 
study is reported in the following pictures. 
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Figure 2.2:  Procedure for mask development. A, B, C, D and E represented phases involved in chrome 

process. A)” Blank” sample, B) Light exposure, C) Development, D) Etching, E) Stripping.  

 

 

2.1.2.2.  Silicon master fabrication 

A master silicon device was developed in SU-8 photoresist through 

photolithography. To begin, SU was spun coated and exposed to UV 

irradiation through a glass lime photo mask using a mask aligner. The mask, 

was created via laser direct writing (61), and is a positive replica of desired 

channel waveguide arrays. After post exposure, baking and photoresist 

development (as described in the previous section), the waveguide array 

master device was realized. Notably, SU8-patterns processed on silicon wafers 

are robust, durable and can be used indefinitely (61) (Figure 2.3). 
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Figure 2.3:  Steps involved in silicon master fabrication. A) Spun coated, B) baking, C) and D) UV 

radiation exposure and baking after exposure respectively, E) development, F) master fabrication. 

 

 

2.1.2.3.  Fabrication elastomeric mould 

Poly (dimethyl siloxane) (PDMS) micro stamps were fabricated (Sylgard 184, 

Dow-Corning) through replica micro-moulding. A mixture of PDMS pre 

polymer and curing agent in a 10:1 (w/w) ratio was thoroughly stirred, 

degassed in a vacuum oven, poured onto the silicon master, and cured at 

65C in the oven overnight. The cured PDMS was then peeled away from the 

silicon master (Figure 2.4). The replica stamps can be used to create high-

fidelity (nanometre scale) copies of the original master pattern. Additionally, 
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the stamps can be reused multiple times (up to 100 times) without 

degradation for mass replication. PDMS stamps with dimensions of 

approximately 1 cm x 1 cm were used to guide the microfluidic absorption of 

the proteins on the silicon wafer substrate. 

 

 

Figure 2.4:  Elastomeric stamp fabrication (PDMS) in A) the silicon master, B) mixture of elastomeric 

rubber base and cross-linker on top of the master C) polymerization, D) peel the stamp off. 
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2.2 Creation of protein patterns and surface analysis 

2.2.1.  Materials 

Poly (dimethylsiloxane) was obtained from Dow Corning (Sylgard 184). Silicon 

wafers (p-type, 100 orientations), were obtained from Compart- Tech. Texas 

red BSA (MW.69Kd), Rhodamine labelled fibronectin (MW.450Kd), green 

fluorescent HiLyte488 fibronectin and phosphate buffer were obtained from 

Sigma Gillingham, Dorset U.K. Anti-fibronectin antibody (Anti-Fibronectin 

(bovine) mouse monoclonal antibody) was purchased from the Antibody Shop 

(Denmark). AMAS cross-linker was obtained from Thermo Scientific (UK). 

RTESPA and DNP-S were purchased from Brucker (Coventry, UK).  

 

2.2.2.  Methods 

2.2.2.1.  Water contact angle measurements 

Water contact angle (WCA) measurements were carried out on uniform 

samples with a CAM 200 Optical Contact Angle Meter. After placing the water 

drop on the PDMS, silica wafer and polystyrene based material (non-TCP), 10 

images were captured at 1 second intervals. To determine the WCA at the 

initial contact of the drop with the surface, the first measurement was 

discarded and a linear regression was fitted to and the value at t = 0 was 

calculated. 
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2.2.2.2.  Samples preparation 

Spatial patterns of fluorescent proteins were created using a microfluidic 

technique to guide the protein injections on silica wafer and polystyrene 

substrates. PDMS devices were washed with streams of acetone, 2-propanol, 

and water and dried before using. Three different fluorescent proteins Texas 

Red labelled BSA, Rhodamine labelled fibronectin and green fluorescent 

HiLyte488 fibronectin were used. Dilutions were made using phosphate buffer 

at pH 7.4. Different protein concentrations were used from 1 mg/mL to 

1 µg/mL. The creations of spatial patterns of protein concentration gradient 

were achieved using the PDMS to guide the proteins injection inside the 

microfluidic channel on the silicon wafer and polystyrene supports. Briefly 

after washing the PDMS before use (to avoid contamination that can interfere 

with the analysis), it was put in to contact with the substrate. To promote a 

better adhesion of the PDMS stamp to the substrate, a Plasma Barrer Etcher 

(BIORAD) was used on the substrates and PDMS for 10sec with a power of 

80W to create a temporarily hydrophilic substrate. A micropipette was used 

to inject 10 µL of protein solutions inside the channels where through 

microfluidic diffusion protein was absorbed along the channel (the time to fill 

the microfluidic channel was around 50 seconds and not instantaneous), after 

30 minutes of incubation the PDMS stamp was taken off, the sample washed 

with deionized water, dried under nitrogen flow and protein patterns 

revealed on the substrate. The features used in the creation of the PDMS 

stamp for the guidance of protein deposition on substrates are reported and 

described in Figure 2.5 A2, A3. 
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2.2.2.3.  Fluorescence imaging 

Fluorescence microscopy (Leica IRE2 time-lapse DiC and fluorescence 

microscope with full stage incubation (37°C, 5% CO2) and a Hammamatsu 

OrcaER monochrome camera, for longer time-lapse and multi-channel 

acquisitions (filters for FITC/GFP, TRITC, DAPI) and image analysis). Briefly 

fluorescence analysis was conducted using a specific filter FITC/GFP, in our 

case considering the difference between excitation and emission value 

(535 nm excitation and 585 nm emission for Rhodamine labelled fibronectin; 

528 nm excitation and 547 nm emission for Texas Red labelled BSA). In time 

lapse analysis fluorescence images were acquired every 10 minutes for 24 

hours. 

 

2.2.2.4.  AFM imaging 

AFM images were acquired in air in tapping mode at different scan sizes and 

rates, using a RTESPA (spring constant 20 N/m to 80 N/m, resonant frequency 

300 kHz to 400 kHz) probe. . Quantitative imaging analysis of the substrates 

before and after protein immobilisation was performed using the Nanoscope 

Analysis program (Version 1.20, BrukerNano). Different scan size images were 

collected along the microfluidic channel before and after protein 

immobilisation from 5µm to 0.5µm scan sizes and an example is reported in 

Figure 3.6. The start, middle and end points of the microfluidic design used for 

the protein deposition reported in of the protein patterns were considered 

and three areas analysed at each of these points. The quantitative analysis of 
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the surface coverage after protein deposition was performed considering the 

differences observed between the bare and the functionalised substrate 

conducting a particle analysis with the Nanoscope Analysis programme. The 

analysis of the particle diameters and the surface coverage considered three 

areas for every point along the channel, and the average value of the analysis 

reported in Table 3. Analysis of the profile of the surface before and after 

protein immobilization was performed considering three sections of each area 

analysed along the protein patterns, and an average value of the roughness 

reported Table 3. Due to the relative roughness of the polystyrene substrate 

and the less repeatable features on its surface five different areas for every 

point (15 in total) were analysed and an example reported in Figure 3.7. 

 

2.2.2.5.  AFM probe functionalization 

AFM probes were functionalised with anti-fibronectin antibody (Anti-

Fibronectin (bovine) mouse monoclonal antibody), using AMAS (an amine-to-

sulfhydryl cross-linker that contains NHS-ester and maleimide reactive groups 

at opposite ends of a very short 0.44 nm spacer arm) as cross-linker. Briefly, 

silica nitride DNP-S tips were cleaned using a UV cleaner for 45 minutes. 

130 µL of mercaptopropyl-trimethoxy-silane and 5 mL of dried toluene were 

mixed in a cleaned vial and immersed the tips in that solution for two hours at 

room temperature. Silanised tips were rinsed with toluene and put in the 

oven at 80C overnight. 2.5 mg of AMAS were dissolved in 2 mL of DMSO and 

tips were immersed in the solution for two hours at room temperature, and 
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then rinsed with DMSO. Antibody (100 µg/mL) was added and left for two 

hours to be absorbed. Tips were rinsed with PBS pH 7.4 before start of the 

analysis. The analysis was conducted using a BrukerNano DI3000 AFM. 

 

2.2.2.6.  Binding force analysis 

AFM force curves were acquired in liquid in contact mode at different scan 

size and rates, using a DNP-S probe (spring constant 0.06 N/m to 0.12 N/m, 

resonant frequency 10 kHz to 50 kHz). The concentration used for the analysis 

was 1µg/mL of fibronectin FN01 dissolved in PBS Ph 7.4. The Excel macros 

available in the School of Pharmacy in the University of Nottingham (created 

by Prof Xinyong Chen) were used for quantitative analysis of the force 

measurements. Force curves were carried out at a rate of 1 Hz with a force 

trigger of 0.25 V and a total travel distance of 1μm. For each force 

experiment, between 500 and 1000 force curves were acquired. All force 

curves were taken under phosphate-buffered saline solution (PBS, Sigma 

Gillingham, Dorset, UK). Analysis of the single adhesion forces registered 

along the protein patterns are reported in Table 4  1000 force curves with the 

bare silicon tip were collected showing only 2% of specific adhesion (data not 

shown). 
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2.2.2.7.  Proof of specificity 

To verify probe-ligand specificity a blocking with free antigen or ligand can be 

done, interrupting interaction between the probe receptor and surface ligand 

which will remove signal due to specific interactions.  For force spectroscopy, 

blocking was done by introducing fibronectin (100 µg/mL in PBS) into the fluid 

cell during measurements to block antibody sites on the surface of the 

sample. 
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2.3 Fibroblasts and mesenchymal stem cells micro-patterning 

2.3.1.  Materials 

Pluronics F127, non-TCP (non-treated tissue culture plates Dow Corning®), 

Rhodamine labelled fibronectin (MW.450Kd), Green fluorescent HiLyte488 

fibronectin and phosphate buffer were purchased from Sigma Gillingham, 

Dorset U.K. 

 

2.3.2.  Methods 

2.3.2.1.  Substrate functionalization 

To obtain a uniform distribution of fibroblasts on the areas of the substrate 

exposed to the protein patterns and to reduce cell adhesion on the non-TCP 

(not treated tissue culture plastic plate), the substrate was coated with 

Pluronics F127. Non-TCP was treated with 3% (w/v) of Pluronics F127. The 

procedure used is summarised in (Figure 2.5). Briefly the non-TCP was first 

functionalised using Pluronics F127 with a concentration of 3% (w/v) and left 

for 24 hours to be absorbed. After 24 hours the substrate was treated using 

plasma oxygen and the PDMS stamp attached. The fluorescent fibronectin 

protein was injected inside the microfluidic channels and after 30 minutes the 

PDMS was peeled off and the protein deposition revealed (the design of the 

microfluidic channel used for the creation of the protein patterns, taken in 

examination in the fibroblasts and mesenchymal stem cells adhesion 

experiment are reported in Figure 2.5 A1, A2 respectively). 
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2.3.2.2.  Cell culture and sample preparation 

NIH-3T3 mouse embryonic fibroblasts and i-HMCS immortalized mesenchymal 

staminal cells (cell immortalization was achieved using same procedure 

described in Okamoto et al. 2002 (63)) were grown in Dulbecco’s modified 

eagle medium (DMEM) with 10% FCS and standard additives. Details of 

reagents of the media can be found elsewhere (64). Mouse embryonic 

fibroblasts were genetically labelled as previously described (62) using 

transduction of lentiviruses expressing either enhanced monomeric red 

fluorescent protein (mRFP) and green fluorescent protein (mGFP) . Cells were 

selected with Puromycin (NIH-3T3: 3 mg/mL HMSC: 4mg/mL) for three 

passages. Flow cytometric analysis confirmed that cells were >95% labelled. 

For patterning, cell suspensions of 106 cells (in 4 mL per well), of both cell lines 

were seeded onto non-TCP (previously functionalised with pluronics F127), 

already patterned with Rhodamine labelled fibronectin in defined media 

conditions (lacking FCS). Cells were allowed to attach for a defined period of 

two hours. Non-adhered cells were removed by gently washing twice with PBS 

and replacing this with fresh growth media. 
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Figure 2.5: In A: Schematic representation of the microfluidic channel shape used for the creation of 

the PDMS to guide protein deposition (A2, A3) and cell patterning formation (A1, A3). The width, length 
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and depth of the microstructures used are also reported. In B: Schematic representation of the 
procedure used to functionalise the non-TCP using Pluronic F127. Step1: pouring a solution of Pluronic 

F127 in the plastic plate (approx. 2ml). This was left overnight to get a thick film on the surface; Step2 

& 3: after oxygen plasma treatment of surface and elastomeric stamp, put in contact the PDMS 
stamp with the plastic substrate and inject fibronectin; Step4: take the PDMS off and Step5: seeding 

fibroblasts 3T3 with a concentration of 106 cells 

 

 

2.3.2.3.  Fluorescence imaging and time lapse analysis 

Images of the patterns along the microfluidic channels were taken on a 0.5 s 

exposure using a red filter and signal intensity determined (Volocity 5.2 

software; Improvision, UK). In the time lapse analysis images were collected 

every 10 minutes for 24 hours at 37°C with constant CO2 and real time video 

recorded using Volocity 5.2 software. Analysis of the 3T3 fibroblast cells 

adhesion and i-HMSC cells were conducted analysing fluorescent images 

before and after cell deposition on the fibronectin pattern. The software 

Image J was used to evaluate the cell density in the channel comparing the 

channel before and after cell deposition. Three areas were analysed along the 

pattern and the average value reported in Figure 4.6 E and Figure 4.7 E. 

3T3 fibroblast cells migration was evaluated analysing the videos collected 

using a time-lapse microscope every 10 minutes for 24hrs on a Nikon live 

imaging station (Nikon) equipped with a 10X phase-contrast objective, 

automated X-Y-Z-stage, a climate chamber and camera. Cell migration speed 

and directionality were analysed with the Chemotaxis and Migration tool 

plug-in (ibidi) for ImageJ. At least five independent analyses were considered 

for every point and an example of the analysis reported in Figure 5.1 and 

Figure 5.4. The two parameters that were considered to detect the cell 
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migration were the centre of mass (Mend), and the X, Y forward migration 

index as reported in the literature 
(65,66,67).  

M END =  
 

 
 ∑         

 
                     

“i” is the index of the different single cells. The first cell has the index value 1, 

the last one n. 

X FMI =  
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2.4 Introduction to the techniques 

2.4.1.  Photolithography 

2.4.1.1.  Applications and general consideration 

Small micro-systems bring new applications and new capabilities to 

biotechnology and microelectronics (68). Systems include microarrays, 

microfluidic devices such as ‘lab on chip’ for peptides analysis and microchips 

for cell culture investigation (69). The work on micro-fabrication devices, and 

the advent of photolithography contributed in the fabrication of DNA arrays in 

late 1980s (70). However, the commonly used photolithography techniques 

have shown a number of limitations in creating micro-architectures for 

biological systems. Although well suited for the mass manufacture of 

semiconductor based devices photolithography where light is used to create 

spatial patterns via light sensitive materials and subsequent etching is 

generally an expensive technique for the fabrication of bespoke micro-

electronic devices, and is only applicable to a limited set of materials.  

When bespoke micro or nano-devices are required on planar or curved 

surfaces so called soft-lithography offers an alternative approach (71). The idea 

behind soft-lithography technique is to use a moulded elastomeric stamp to 

create patterns on different substrates using micro-contact printing (µCP) (72), 

replica moulding (73) or micro-fluidic patterning (74)
 Soft-lithography offers 

access to a large range of materials, as well as experimental simplicity and 

flexibility. 
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Soft-lithography techniques consists of the creation of patterned copies using 

a PDMS stamp (itself created from a master) to fabricate structures on a 

surface and as a process consists of pattern design, fabrication of the mask 

and master, fabrication of the PDMS stamp and microstructures with this 

stamp. For the master pattern design, software can be used such as AutoCAD 

tools with higher capabilities to design patterns on chrome mask. Fabrication 

of the master is normally carried out using photolithography or e-beam 

lithography. Conventional photolithography is utilized for patterning 

structures with feature sizes larger than 1 μm (71). E-beam lithography has the 

capacity to generate structures (20 nm to 30 nm in lateral dimensions) smaller 

than those available for photolithography, but is more expensive and a slower 

technique than photolithography. Fabrication of the PDMS stamp is typically 

achieved by casting a pre polymer and a cross-linker agent in a specific ratio 

on the master (normally silicon) with specific structure relief on its surface. 

 

2.4.1.2.  Operational mode 

The term lithography comes from the Greek lithos, meaning stones, and 

graphia, meaning to write. It literally means writing on stones. In 

photolithography the stones are silicon wafers and the patterns are written in 

a light sensitive polymer called a photoresist. To build the complex structures 

requires lithography and pattern transfer steps to be repeated. Every pattern 

printed on a wafer is aligned to a previous one formed to build the final 

device. The fabrication of the devices using lithography technique requires a 
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variety of physical and chemical processes on semiconductor substrate like 

silicon. 

Lithography as a photographic process consists of using a light sensitive 

polymer (photoresist), exposed to light to create 3D images on substrates.  

The sequence of processing steps is: preparation of substrate, photoresist spin 

coat, bake, light exposure, development and a final resist strip. Briefly, to 

prepare the substrate and improve the adhesion of photoresist material on 

the substrate, various cleaning steps are carried out to avoid contamination 

before the addition of an adhesion promoter. After substrate preparation, the 

coating process is carried out applying the photoresist to the wafer’s surface, 

distributing a uniform thickness of resist on the wafer, in order to prevent 

problems during the expose process. During the exposure step, the 

photoresist layer is exposed when ultraviolet (UV) light travels through the 

mask to the resist. During the subsequent developing process, portions of the 

photoresist are dissolved by a chemical developer, leaving visible patterns 

within the resist (Figure 2.3).  
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2.4.2.  Atomic force microscopy 

2.4.2.1. Applications and general information 

Atomic force microscope (AFM) has been used as tool to investigate micro-

structural parameter and reveal complex intermolecular forces at the nano-

scale level. Forces measured in the sub nano-Newton range and the ability to 

perform experiments under physiological conditions, make AFM the useful 

tool to study biological interaction (cell/cell, drug/proteins, cell/cell and 

cell/proteins), and to quantify molecular interactions in biological systems. An 

understanding of the interfacial adhesion from a molecular point of view is an 

important step that can be extremely beneficial in applications as drug design 

(74,75), biomaterials development (76) and biosensor design. AFM has evolved 

from a simple tool for topographic imaging to one able to quantify a range of 

surface properties. The ability to detect very low forces (10 pN) and to work in 

simulated physiological conditions makes AFM an attractive technique to 

study biological systems. Using force spectroscopy it is possible to probe 

molecular interactions that include DNA (77), polysaccharides (78), proteins (79), 

and biopolymers on cellular surface (80). Probing single molecules on cell 

surface important phenomena as cell adhesion and chemo-taxis can be 

studied.  
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2.4.2.2. AFM Operational modes 

A typical AFM system consists of a cantilever probe including a nanoscale 

sharp tip mounted to a piezoelectric actuator and a photo-detector to provide 

cantilever deflection feedback. Scanning the tip on, or close to a sample 

surface using the piezo scanner at a constant contact force and constant 

height above the surface allows the probe to experience tip-sample 

interactions that cause cantilever deflection. A laser beam reflected from the 

back of the cantilever allows this deflection to be monitored and a feedback 

loop to be set-up to control AFM tip position and provide an ‘image’ of a 

surface (Figure 2.6). The three main operational modes using an AFM 

technique are: non-contact mode, contact mode, and tapping mode. The non- 

contact mode is used by moving the cantilever from the sample surface and 

oscillating it near its resonance frequency, acquiring topographical 

information of the sample based on long range interaction between the 

surface and the tip (81). Such interactions cause a shift in cantilever resonance 

amplitude or frequency which can be measured and used as the feedback 

signal. This mode provides minimal sample disturbance but lower spatial 

resolution. Using contact mode the cantilever tip remains in continuous 

contact with the sample, whilst cantilever deflection allows monitoring 

interaction forces on the sample surface (82). This mode provides the highest 

spatial resolution but the interaction forces can cause damage and 

deformation to soft samples, such as proteins. A combination of the qualities 

of both these operational modes is tapping mode where the oscillation of the 

cantilever near the resonance frequency allows the cantilever tip to impact on 
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the sample for a short time at the bottom of each oscillation cycle. This allows 

high spatial resolution to be achieved, without significant damage to the 

sample due to lateral scanning forces (83).  

Interaction forces between the tip and the sample can be visualised on a 

force-displacement curve (Figure 2.7). When the distance between the tip and 

the sample surface is large (approx. 5 nm to 10 nm) weak attractive forces 

(van de Walls) are experienced. As the tip contact the sample, significant 

repulsive forces are experienced (Born repulsion).  

 

 

 

Figure 2.6: AFM apparatus schematic representation. In the figure are reported the components of 

Atomic Force Microscope: a photodiode detector, laser, cantilever and a tip attached to the 
cantilever 
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Figure 2.7: Schematic representation of Force variation between an AFM tip and sample. 

 

 

2.4.2.3. AFM imaging system 

2.4.2.3.1. Non-contact AFM imaging 

Using non-contact mode AFM the attractive forces between the tip and the 

sample are initially weak comparing with the contact-mode. The tip in non-

contact mode is oscillating to detect the small forces on the substrate by 

measuring changes in amplitude, phase or frequency of the cantilever. Non-

contact AFM has been used for imaging large variety of materials as, 

semiconductor materials, polymers and biological materials (84,85), showing 

advantages over other scanning probe techniques (STM and contact AFM). 

With non-contact AFM is possible to imaging “soft” samples, providing 

topography of the sample surface with little or no contact between the tip 

and the sample, due to the absence of repulsive forces in non-contact AFM. 

The ability to resolve atomic rows or step on flat semiconductor materials 
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brought AFM on par with the STM (86,87). The total force between the tip and 

the sample using the non-contact AFM is really low (10 pN to 12 pN) (88) 

providing sample topographic measurements with little or no contact of the 

sample, favouring studies of soft and elastic samples. Due to the oscillation of 

the cantilever and the minimal tip interaction yields improving image 

resolution over contact AFM. 

 

2.4.2.3.2. Contact AFM imaging 

Contact AFM imaging mode system is also known as “repulsive mode”, where 

the tip is in constant contact with the sample during the scanning. The nature 

of the interaction forces in this case is primarily repulsive, but also other two 

forces are normally present in contact AFM capillary and forces acting on the 

cantilever. Capillary force is due to the presence of contaminant layer over 

the sample surface and is an attractive force and remains constant along the 

sample, if it is assumed homogeneous layer (88). The cantilever forces used on 

the sample surface are directly dependent on the deflection and spring 

constant of the cantilever. Two operating modes can be used to generate the 

surface profile in contact AFM: constant height mode where the piezo 

laterally scans the surface without moving the z direction, in constant force 

mode where the force acting between the tip and the sample is kept constant. 

Using constant height mode any steps presented on the surface can damage 

the tip revealing surface irregularities during the scanning, for this reason the 

constant force mode is normally used as operating mode in contact AFM 
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imaging. The topographic image obtained using contact AFM system is formed 

by registering the voltage applied to the piezo, maintaining the deflection at a 

fixed set point value. Two major problems can be registered using this system: 

the presence of later forces from the scanning can produce damage on 

sample and the variations in the zero force level due to thermal drift material 

creeps.  

 

2.4.2.3.3. Tapping AFM imaging 

Tapping AFM system is used for high resolution imaging of soft samples, 

which are not easy to get using a contact AFM imaging system. Problems like 

friction or adhesions that normally are problems using conventional AFM 

imaging systems are overcome. The cantilever is oscillating near the resonant 

frequency, where the piezo actuator applies a force on the cantilever that 

permits the tip to vibrate at amplitudes that will change with the surface 

topography of the sample. During the taping on the sample surface the 

oscillation frequency is kept constant. 

 

2.4.2.3.4. Force spectroscopy 

To obtain nano-mechanical information on the sample using AFM technique, 

force spectroscopy analysis can be used as extension of AFM based technique 

(89,90). In force spectroscopy the AFM probe is positioning to a desired x,y 

position and brought in contact with the surface, until the cantilever deflects, 
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and pulled away again.  In the first instance the cantilever is too distant from 

the surface and there are no forces acting on the cantilever (Region A Figure 

2.8).  During the approaching on the surface van der Waals and electrostatic 

forces are registered do to the interaction between atoms on the probe and 

atoms on the surface (Region BFigure 2.8). When the probe is in contact with 

the substrate the cantilever is bended away from the surface due to repulsive 

forces between probe and sample, where elastic and /or plastic deformations 

can be registered providing nano-mechanical information of the surface 

(Region CFigure 2.8). Using Hook’s law a quantitative study (91,92) of the probe-

sample forces can be done if the properties of the cantilever are determined. 

         

F is the force applied; X is the cantilever’s deflection and Kc the spring 

constant. Adhesion forces between the probe and the sample are calculated 

from the retract curve (93). 
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Figure 2.8: Schematic deflection vs z-piezo displacement curve. In Region A, no deflection occurs. In 

Region B, probe adheres to the surface and in Region C the probe is in contact with the surface and 

the cantilever deflects 
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2.4.3.  Fluorescence microscopy 

2.4.3.1. Applications and instrumental information 

The principle of the fluorescence microscopy consists in the use of 

fluorophores (molecules with fluorescent properties), with high absorption at 

a specific wavelength (shorter) and emission at a longer wavelength.  Briefly 

when a fluorophore absorbs light there is an alteration “excitation” of the 

molecular state (high energy state) and very quickly with fluorescence 

emission. The time that the fluorophore spends in the excited state before 

come back to the “normal” state (lower energy) represents the lifetime of the 

fluorescence.   

The ability of the fluorescent molecules to be internally incorporated in living 

cells makes this technique useful to study fluorescent proteins in gene 

analysis (94) and to localize proteins in living cells (95). Many researchers have 

used fluorescence analysis to study microfluidic devices. Stroock et al. 

quantified the mixing of proteins in patterns using the fluorescence intensity 

distribution (96). 

 

2.4.3.2. Operational mode 

The key component parts of a fluorescence microscope are: a light source, 

dichroic mirror (reflects shorter wavelengths, and emits longer wavelengths), 

excitation filter (preselect the exciting wavelength), emission filter (passage of 

longer wavelengths to the detector) and a detector (Figure 2.9) . The light 
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emitted from the source passes through the excitation filter where a pre-

selection of the exciting wavelength is done. After this first step the light ray 

bounces through the dichroic mirrors that reflects shorter wavelengths from 

the light source and emits longer wavelengths of the fluorescence. The 

fluorescence light emitted from the sample passes through the dichroic mirror 

to the detector. 

 

 

 

 

Figure 2.9: Basic principle of the fluorescence microscopy. The light source emits light that is 

reflected by the mirror through the objective into the sample. The excitation of the fluorophore will 
emit light of a longer wavelength, which will go back through the objective and form the final image 

on a detector. 
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2.4.4.  Cell micro-patterning 

2.4.4.1. Applications and general information 

Controlling the size and the deposition of cells on a substrate using cell micro 

patterning has opened new frontiers for fundamental studies in cell biology. 

The characteristic of living cells to create mechanical connections between 

cells and the surrounding environment (extracellular matrix ECM), activates 

specific metabolic and transduction signals (97) and plays a significant role in 

cell adhesion, migration and tissue development. Cell adhesion requires 

interactions between integrins and extracellular matrixes, activating signalling 

proteins to form focal adhesion (98). It was observed using cell micro 

patterning that changes in shape and patterns of cell contact effects cell 

division, proliferation, and differentiation controlling cell-cell and cell-

substrate interactions (98). Some early studies to control cell spreading on 

substrates were conducted to prove the role of ECM in cell proliferation. It 

was shown that cells proliferate only when ECM was spread on the substrate, 

confirming the presence of an interaction between integrins and ECM (99). Cell 

migration studies were also investigated using a substrate composed of an 

inert part (adhesion-resistant) and a covered ECM protein part (cell-adhesion) 

(100). Both microfluidic and µC printing are useful for the creation of these 

patterns. In tissue engineering studies cell-cell interactions are important to 

understand the physiology of organs such as the liver and skeletal muscle. The 

conventional methods used in this case (co-culture systems), are not able to 

create a substrate where two or more cell types can be highly controlled to 
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study the cell-cell interactions. Cell micro-patterning was used in tissue 

engineering to overcome such problems with conventional co-culture 

systems. For example, co-cultures of fibroblast and other cells like 

hepatocytes and micro-vascular endothelial cells have been created using cell 

micro-patterning technique. The ability to create patterning on biocompatible 

materials like gelatine was demonstrated, increasing the chance to be used it 

in future engineering applications for body implants (100). The ability to control 

cell adhesion and development on a substrate and the possibility to co-culture 

different cell lines on a surface made this technique is useful in biomedical 

studies.  

 

2.4.4.2. Methods to create cell patterning 

Many methods have been used for the cell patterning fabrication. 

Photolithography was traditionally used to create a mask or master for 

patterning biological material on a substrate (101). Briefly photoresist patterns 

are created by transferring geometrical patterns from a mask to a substrate, 

using UV light. Due to the expensive equipment and the inconvenient for 

biologists to use this technique Whitesides and colleagues (102) developed soft 

lithography (103). In microfluidic patterning, as used in this thesis, the PDMS 

stamp is used to guide the biomolecules absorption on the substrate 

introducing a liquid solution in the open ends of the microfluidic channel and 

spontaneously for capillarity promotes the absorption of biomolecules to 

form patterns (Figure 2.10).  
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Figure 2.10: Representation of microfluidic and stencil patterning methods. In A  negative photoresist 

pattern, in A1 , B1, C1 microfluidic patterning method showing PDMS sealing to the substrate, 

microfluidic technique application and patterning respectively. In A2, B2, C2 stencil patterning method 

showing stencil deposition, exposure to the material and patterning realization respectively 
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3. Protein patterning and 
surface characterization 

 

3.1.  Introduction 

 

In this chapter, the production of protein micro patterns using micro fluids is 

demonstrated. The distribution of the surface proteins deposited is 

investigated using fluorescence microscopy and AFM imaging and force 

spectroscopy. The AFM has been used successfully as tool for measuring inter-

molecular forces in a broad spectrum of applications such as material 

manufacturing, polymers and biology. The ability to provide reliable 

measurements at the nanometre scale using an AFM provides certain 

advantages compared with other microscopic methods (scanning electron 

microscopy, SEM and transmission electron microscopy TEM) in studies of 

surfaces and micro-structures (104,105). Force modulation microscopy, whereby 

forces of interaction are spatially mapped is also used as an AFM extension for 

the analysis of mechanical properties of polymers and imaging composition 

changes (106,107). 
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3.2. Methods: AFM analysis 

Additional information is provided here in addition to that already discussed 

in Chapter 2, where techniques or materials have been used specific to this 

chapter. 

 

3.2.1. AFM Probe Functionalization 

Molecular recognition studies can be conducted using force spectroscopy by 

attaching a suitable ligand to an AFM probe which has the potential to 

specifically bind sites in the target sample; in this case the proteins deposited 

were found in clear patterns. Probe functionalization following the 

attachment of ligands (such as antibodies), allows specific molecular 

recognition to be studied and spatially mapped (108,109). After antibody 

immobilization on the probe, force spectroscopy is used to measure specific 

interactions between the antibody and the protein, investigating binding 

kinetics, rupture forces and protein conformations (110,111). 

Functionalization of a probe for molecular recognition requires that a 

biomolecule is stably attached to the probe using a linker such as a biotin-

streptavidin bridge (112,114), or glutaraldehyde cross linking (113).The linker 

should firmly attach the ligand to the probe so that it remains on the probe 

throughout the study but also must allow sufficient conformation freedom so 

as to not inhibit binding to the target receptor. Other methods used include 

covalently binding the biomolecule on the probe using an amylose (115,116) or 
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PEG chain (117,118) between the amine reactive tip and the amine groups 

available on the biomolecule. 

In this work the probe functionalization was carried out using an anti-

fibronectin antibody. Mouse monoclonal anti-fibronectin antibody clone A22 

(Antibody Shop (Denmark)) was chosen for its characteristics to specifically 

bind to bovine fibronectin. It is not clear where the binding site of the 

antibody is located, but Underwood and co-workers (118) reported that the 

possible binding site could be the amino-terminal Heparin1 or Heparin3 

regions as showed in the picture (Figure 3.1). Underwood and co-workers (120) 

also demonstrated that the clone A22 mimics cell adhesion to that of 

fibronectin coated on hydrophilic tissue culture plates as opposed to 

hydrophobic polystyrene substrate. Aminosilanization of the silicon tip has 

been used as reported in literature (121,122), to create the optimal condition for 

the binding of the amine-sulfhydryl linker. 

 

 

Figure 3.1: Fn monomer composition; adopted from Patel and co-workers (123) 
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3.3. Results and discussion 

3.3.1. Patterning of proteins using the microfluidic technique 

Microfluidic channels represent an effective approach for the patterning of 

bio molecules, guiding solutions of proteins fitted over regions of a substrate 

localizing their absorption.  

Several requirements must be satisfied for the successful patterning of 

proteins on substrates. The micro-channel must be sufficiently hydrophilic to 

permit filling by capillary force. PDMS is natively hydrophobic which does not 

allow the flow of aqueous solutions through the elastomeric channels. This 

problem was overcome by exposing the entire PDMS mould to oxygen plasma 

to obtain a temporarily hydrophilic substrate, as reported in Figure 3.2. The 

oxygen plasma creates species which attack the silicon carbon bonds, 

increasing the amount of oxygen on the surface of the PDMS (124). The high 

energy of oxidised PDMS means that it is wet by polar liquids more easily than 

native, hydrophobic PDMS (124). In protein patterning experiments it was 

observed in the past that treating the entire elastomeric mould with oxygen 

plasma allowed leaking of deposited proteins and reduced adhesiveness (58). In 

the work here reported a plasma etching treatment was performed on the 

elastomeric stamp before being put in to contact with a silica wafer or 

polystyrene substrate. This was found to increase the level of adhesion of the 

stamp to the substrate, which subsequently promoted the filling of the 

capillary almost instantaneously for prolong periods of time without obvious 

signs of leaking. The formation of the temporary bond between the stamp 
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and the substrate was achieved by setting the right power and exposure time 

during the oxygen plasma treatment. It was observed that treating the PDMS 

and the substrates with oxygen plasma using a lower power for a longer 

period (from 50W/60W, for 1 to 2 minutes), the bond formed between the 

stamp and the substrate was not strong enough to permit a good level of 

adhesion between the elastomeric mould and substrate. In contrary using a 

higher power for a shorter period (100 W, for 30 seconds), the formation of a 

strong bond (not reversible) between the mould and the substrate was 

observed. A good temporary bond, strong enough to adhere on the surfaces 

was obtained using 80 W of power for 10 seconds. Further analysis of the 

substrates and the PDMS using a water contact angle technique before and 

after the oxygen plasma treatment clearly showed a difference in the surface 

wettability as summarised in Table 2. PDMS, a silica wafer and a polystyrene 

plastic plate showed a contact angle of 132º, 120.2º and 98.5º respectively 

confirming the hydrophobic state of the surfaces. After oxygen treatment a 

decreased value in the contact angle measurements were registered 

confirming the presence of increased levels of oxygen groups on the surface 

that render the surfaces temporarily hydrophilic.  

 

Table 2: Water contact angle measurements before and after oxygen plasma treatment 

 

SUBSTRATES BEFORE TREATMENT w.c.a AFTER TREATMENT w.c.a 

PDMS wca = 132.0º ± 2.5 wca = 89.4º ± 3.2 
POLYSTYRENE wca = 98.5º ±  5.4 wca = 65.6º ± 2.7 
SILICA WAFER wca = 120.2º ±  1.3 wca = 54.3º ± 1.4 
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A further requirement for successful patterning using micro-fluidics is the flow 

of solution within the micro-channels to permit a sufficient supply of proteins 

to the substrate and avoiding loss of proteins to the walls of the micro-

channels. In this work it was observed that if the PDMS did not adhere 

properly to the substrate, and if the substrate is not properly cleaned 

problems in the visualization of patterns occurred. To avoid this problem both 

substrates and PDMS were treated with oxygen plasma as explained above 

and a clear improvement in the quality of patterns can be observed (Figure 

3.3). In Figure 3.4, results of fluorescent microscopy analysis of the spatial 

patterns of the Texas Red BSA and Rhodamine labelled fibronectin (100 µg/ml 

stock solution) at the start, middle and end point of each line formed from the 

micro-fluidic channels are shown. Based on fluorescent intensity higher 

protein deposition was observed near the point of injection, which decreased 

along the channel. The data shown in Figure 3.4 was acquired using a higher 

protein concentration of 100 µg/mL. The use of a higher protein 

concentration was necessary to facilitate observation of a clear difference in 

the intensity signal along the microfluidic channel. A screening of different 

concentrations from 100 µg/mL to 1 µg/mL was performed (data not shown) 

demonstrating the inability of lower concentrations 10 µg/mL and 1 µg/mL to 

give sufficient fluorescence intensity signal.  Again for both proteins there is a 

clear decrease in the intensity from the point of injection. Whilst silicon is a 

commonly used substrate in micro-patterning studies due to its flatness and 

relative inertness it is not frequently used in cell-based studies. Hence a 

different substrate was also used for proteins immobilisation, namely 



81 
 

polystyrene based non-treated tissue culture plastic plates (non-TCPs). The 

same procedure used on the silicon wafer substrate was then applied to the 

non-TCP. In this case the fibronectin used for the experiment was green 

fluorescent HiLyte488 fibronectin, as the 3T3 fibroblast cells used in the 

biological studies were labelled with Rhodamine. As shown in Figure 3.4 

recorded fluorescence microscopy images on the non-TCP substrate, highlight 

a different intensity of fibronectin along the channel.  The results shown in 

Figure 3.4 are also consistent which that shown for the silicon wafer 

substrate.  

 

 

 

Figure 3.2: Procedure to create patterning of proteins on substrates.  A) Stamp and substrates 
representation, B) Oxygen-Plasma treatment of PDMS, C) and D) injection of protein solutions in the 

microfluidic channels, and absorption, E) patterning of proteins. 
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Figure 3.3: Protein patterns analysis using fluorescence microscopy technique. A) not good adhesion 

between PDMS and silica wafer substrate, before oxygen plasma treatment, A 1) protein pattern 

analysis using fluorescence microscopy, B) good adhesion between PDMS and silica wafer substrate, 
after oxygen plasma treatment, B1) protein pattern analysis after oxygen plasma treatment using 

fluorescence microscopy technique. 
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Figure 3.4:  Representation of protein fluorescence surface analysis using fluorescence microscopy 

technique. In A and B representation of the micro-structure design, length and depth measurements 

used for the fibronectin and albumin deposition on substrates respectively. An example of 
fluorescence images of the silicon wafer after FN01 (A) and BSA (B) immobilization were reported. 
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Analysis of the fluorescence intensity is reported on both substrates (silicon wafer and not-TCP) 
using Image J programme selecting the area of interest (the channel) and an analysis of the 

fluorescence intensity was reported on the graph, considering three repeating measurements for 

every sample. The error bar reported in the fluorescence intensity graph represents the average 
value of ± SD observed on three repeating measurements. Scale bar 200µm 

 

 

3.3.2. Protein pattern AFM characterization 

Characterisation of the surface before and after protein immobilisation was 

conducted using AFM imaging in tapping mode in air and using RTESPA 

probes, testing different concentrations between 1 mg/mL and 1 µg/mL. It 

was observed that the fibronectin and BSA appearance on the surface 

depended on the concentration of the initial protein solution from which the 

protein is adsorbed. Using a protein concentration of 10 µg/mL resulted in the 

formation of a higher density of globular protein structures and some 

aggregates.  The preliminary screening performed using different protein 

concentrations from 1 mg/mL to 1 µg/mL with an example reported inFigure 

3.5, showed clearly the relationship between protein concentration and 

protein aggregation observed on the silicon wafer substrate. The lowest 

concentration (1 µg/mL,Figure 3.6) resulted in isolated globular fibronectin 

and BSA molecules being distributed on the silicon wafer substrate. 

The shape and size of fibronectin and serum albumin on different substrates 

has been extensively studied in recent literature. Elongated fibronectin 

molecules adsorbed on mica, Bergkvist et al. (125) found a length of 121 nm ± 

25 nm, whilst Ericksonet al. (126) measured a length of between 110 nm and 

160 nm, Chiea and al. (127) and Orasanu et al. (128) found an average size of 
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serum albumin of 35 nm (diameter) on mica. Globular form of fibronectin was 

observed by MacDonald et al. (129) on pure titanium with a molecular length of 

16.5 nm ± 1.0 nm, a height of 2.5 nm ± 0.5 nm, and a width of 9.6 nm ± 

1.2 nm. The lowest concentration (1 µg/mL,Figure 3.6) resulted in isolated 

globular FN01 and BSA molecules distributed on the silicon wafer substrate. 

Particles size of proteins found using 1 µg/ml of protein concentration is 

reported in Table 3. 

Due to the aggregation of proteins the concentration was reduced to 1 µg/mL 

and AFM data registered before and after protein immobilisation. Figure 3.6 

shows a selection of images obtained before and after protein (Texas Red 

labelled BSA and Rhodamine labelled fibronectin) immobilization on the 

silicon wafer substrate. Comparing the images before and after protein 

immobilization it was observed that the surface of the silicon wafer was flat, 

with a Ra roughness value of 0.7 nm ± 0.2 nm (5 µm by 5 µm scan in air). After 

protein immobilisation a uniform surface with a Ra value of 3.2 nm ± 0.7 nm 

for BSA and 2.1 nm ± 0.3 nm fibronectin was observed for similar sized 

images. Hence, there were detectable changes in the surface profile and 

roughness due to the deposition of the proteins on the surface. AFM analysis 

showed a clear difference in protein adsorption along the channel, which was 

also confirmed by the quantitative analysis where surface coverage was also 

analysed (Table 3). In the previous experiment it was observed that after AFM 

imaging analysis, the appearance of proteins on the substrate is determined 

by the amount of proteins adsorbed on the substrate. The difference of 

protein coverage observed in (Figure 3.6) and reported in (Table 3) can be 
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explain considering the time that protein solution required filling the 

microfluidic channel. During the protein immobilisation on the substrates, it 

was observed that the protein solution did not fill the channels 

instantaneously, but takes around 50 seconds.  In this case, it is reasonable to 

argue that during the injection and the flow of protein in the microfluidic 

channel the time that the protein solution spent in contact with the substrate 

plays a key role in the gradient formation. In fact at the injection point or start 

point the retention of protein solution for a longer time is likely to be a factor 

promoting greater deposition in this region. 

 

Table 3: AFM images analysis after proteins immobilization on silicon wafer substrate 

FN01 START(±SD) MIDDLE(±SD) END(±SD) 

PARTICLE SIZE 144±6.1nm 78±9.3nm 47±2.0nm 

ROUGHNESS 1.98±0.35nm 1.32±0.68nm 0.72±0.05nm 

SURFACE COVERAGE 90% 58% 34% 

BSA START(±SD) MIDDLE(±SD) END(±SD) 

PARTICLE SIZE 36±7.3nm 28±12.0nm 12±5.2nm 

ROUGHNESS 3.08±0.75nm 2.15±0.34nm 0.75±0.05nm 

SURFACE COVERAGE 70% 38% 14% 

 

 

Features associated with the protein decreased from an average size of 36 nm 

to 12 nm for BSA and from 144 nm to 47 nm for fibronectin, when comparing 

the injection and end point (Table 3). Roughness and surface coverage also 

show a reduced value towards the end point, confirming the presence of 

varying levels of protein adsorption along the channel as previously 

demonstrated from fluorescence analysis. These differences are due to a 
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higher concentration at the injection point which reduces towards the end 

point due to depletion of protein in solution as it adsorbs to the substrate. 

Whilst silicon is a commonly used substrate in micro-patterning studies due to 

its flatness and relative inertness it is not frequently used in cell-based 

studies. Hence a different substrate was also used for protein immobilisation, 

namely polystyrene-based non-treated tissue culture plastic (non-TCP) plates. 

To characterize the non-TCP substrate water contact angle measurements 

were collected before and after oxygen plasma treatment. The data collected 

showed a hydrophobic surface with contact angle value of 98.5° ± 5.4° before 

treatment with oxygen plasma, and a more hydrophilic surface after 

treatment (80 W for 10 seconds) with a water contact value of 65.6° ± 2.7° 

(Table 2). Figure 3.4 shows fluorescence microscopy analysis on the non-TCP 

substrate, showing a different intensity along the channel as shown for the 

silicon wafer. In Figure 3.7the AFM surface analysis of the not-TCP before and 

after plasma oxygen treatment with fibronectin deposition on plasma treated 

substrate is reported in Figure 3.7. Analysis of the not-TCP substrate before 

and after plasma oxygen treatment, revealed changes in surface profile 

suggesting a modification of the original substrate with a change in roughness 

value from Ra = 5.23 ± 0.71 nm (not-TCP) to a value of Ra = 2.89 ± 0.51 nm 

(plasma treated not-TCP) . Analysis of the sample after fibronectin 

immobilisation on plasma oxygen treated not-TCP substrate showed a 

difference in roughness value and surface profile indicating that the 

fibronectin was immobilised on the surface (Figure 3.7). Due to the rough 

nature of the non-TCP (typically not made of repeatable surface roughness in 
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mind) that caused difficulties in assign protein deposition using AFM image 

analysis, the data reported in (Figure 3.7) were collected analysing five points 

for every sample (three samples were analysed before and after fibronectin 

immobilisation) with different scan size (from 10 µm to 0.5 µm). Some variety 

between different areas of the control was observed (data not showed). 

Following fibronectin immobilisation on the substrate an increase in 

roughness was observed passing from Ra= 2.89 nm ± 0.51 nm (before protein 

deposition), to Ra= 3.88 nm ± 0.3 nm (after protein deposition) with a 

different level of deposition on the substrate. The difference in fibronectin 

assembly on the substrate can be explained with the original surface 

chemistry of polystyrene (not-TCP) treated with plasma oxygen as 

demonstrated from Kowalczynska and al. (130). In literature was reported that 

the deposition of fibronectin on polymeric substrates modulates surface 

stiffness and fibronectin deposition. Guerra and al. (131) demonstrated how the 

variation in substrates can influence the fibronectin deposition and activity, 

whilst work by Vallieres et al. (132) clearly shows the changing in fibronectin 

deposition before and after substrate modifications. The fibronectin film 

deposition on non-TCP substrate and the rough nature of the substrate 

caused difficulties in assessing protein deposition using AFM image analysis. 

Hence, a functionalised probe AFM technique was used to confirm the 

presence of varying fibronectin concentrations along the channel as 

previously confirmed from fluorescence analysis as well as its ability to bind to 

an anti-fibronectin antibody. 
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Figure 3.5: Representation of AFM images acquired along the micro-pattern considering the start, 

middle and end point of the pattern after albumin immobilisation on silicon wafer substrate using 
tapping mode AFM technique in air. In A representation of the micro-structure design, length and 

depth measurements used to guide the albumin deposition on silicon wafer is reported. A screening 
of different protein concentrations was performed to identify the ideal concentration to use in the 

study (from 100 µg/mL to 1 µg/mL). The AFM images reported are an example of the representation 
of the surface after albumin immobilisation, showing protein aggregation when higher 
concentrations are used. 3 different areas for every point for a total of 9 images for every 

concentration using different scan size from 10 µm to 1 µm were acquired. 
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Figure 3.6: Schematic representation of AFM surface analysis conducted on the silica wafer 

substrate, before and after proteins immobilization. In image A, analysis of the silica wafer before 
proteins immobilization is reported. In image B and C analysis of the silica wafer after FN and BSA 

immobilisation respectively is reported. 1µg/ml of protein solution was deposited on the silica wafer 
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substrate using the micro-structure design reported in D and E for the BSA and fibronectin 
deposition rispectively and images acquired using tapping mode AFM in air. More images were 

acquired to show the protein deposition along the channel and here reported. The analysis of the AFM 

images was conducted using the Nanoscope programme. AFM images were collected analysing three 
different points on the samples for a total of 12 images, using different scan size from 10 µm to 1 µm 

and an example reported. 

 

 

Figure 3.7: Schematic representation of AFM surface analysis conducted on the not-TCP substrate, 

after plasma oxygen treatment and after protein immobilisation on plasma treated not-TCP. Images 
were acquired using tapping mode in air .Five points for every sample were considered using 

different scan size from 10 to 0.5µm, analysis of the rough value and the 3D surface representation 
was conducted using the Nanoscope programme.  
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3.3.3. AFM functional studies 

The studies described above indicate that fibronectin and albumin were 

absorbed along the micro fluidic pattern as a gradient due to the depletion of 

protein in solution as it adsorbs to the substrate. To check the density of 

fibronectin along the patterns and confirm the presence of protein 

concentration inside the patterns, a functionalised probe AFM technique was 

usedFigure 3.8. The functionalization of the AFM tip was carried out using 

monoclonal anti-fibronectin antibody specifically for bovine fibronectin. The 

binding of the antibody to the tip was made possible by using the short chain 

AMAS linker. Due to the specificity of the antibody to recognise only bovine 

fibronectin binding to the heparin binding site(119), without any cross-reactivity 

with other connective tissues, specific interactions between the antibody and 

the fibronectin receptors exposed after protein immobilisation on the 

substrate were registered. Force measurements were carried out with bare 

silicon nitride tips to assess non-specific interactions and anti-fibronectin 

antibody functionalised tips to assess specific interactions with fibronectin. 

Specificity was confirmed by measuring the forces before and after flooding 

the system with excess fibronectin to block binding between the antibody and 

the surface bound protein. 

Figure 3.8  shows an example of the typical force data collected on silicon 

wafer and not-TCP substrates. The antibody tip force curves show clear 

evidence of specific interactions. In literature is well described the specific 

antigen/antibody interaction using a functionalized probe AFM technique. 

Dammer et al. (132) for the first time demonstrated that also highly structured 
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molecules (IgG) preserving their specificity to antigens during AFM force 

mode analysis. Few years later Willemsen and al. (133) pioneers in this field 

demonstrated that it is possible to correlate topographical information typical 

of the AFM with the measure of antibody-antigen recognition. Force 

spectroscopy of single molecules was also used from Rief and co-workers (134) 

to measure the elasticity of single molecules. In this work, functionalized 

probe AFM technique was used to confirm the presence of different protein 

concentration along the microfluidic channels and by checking the difference 

in adhesion force and numbers. A difference in the percentage of observed 

adhesion events was registered considering the start and end point of the 

microfluidic pattern, from 90% to 37% respectively on not-TCP substrate, and 

from 95% to 25% respectively on silicon wafer.  This is likely due to the fact 

that at the higher surface concentration there is a higher probability of the 

functionalised tip interacting with multiple fibronectin molecules. With the 

antibody attached to the AFM tip there are three possible interactions that 

can occur; specific single interactions, specific multiple interactions, and no 

interactions. Specific interactions are when the antibody binds to fibronectin 

(Figure 3.8 B,C). Interestingly a correlation between protein concentration and 

multiple adhesions was observed. Comparing the start and end points a 

decrease in multiple adhesions was observed. Indeed at the end point only 

single adhesions were registered, as summarised in Table 4, compared to the 

start point. The use of AFM in a liquid environment to assess the force 

measurements in physiological conditions made it more difficult in practice to 

identify of the middle point along the microfluidic channel, for this reason the 
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measurements collected between the start and end point are indicated as 

“POINTS IN BETWEEN” in Table 4. 

Table 4: Adhesion force analysis 

FN01 ADHESION 

EVENTS 

ADHESION ANALYSIS F (pN) * 

START POINT 90% adhesion 

10% not adhesion 

17% -single adhesions 82±7.4pN 

POINTS IN 

BETWEEN 
85% adhesion 

15% not adhesion 

45%-single adhesions 80±5.6pN 

END POINT 37% adhesion 

63% not adhesion  

84%-single adhesions 52±3.7pN 

BSA ADHESION 

EVENTS 

ADHESION ANALYSIS F (pN) * 

START POINT 95% adhesion 

5% not adhesion 

10%-single adhesions 43.5±2.3pN 

POINTS IN 

BETWEEN 
96%adhesion 

4%not adhesion 

25%-single adhesion 36.5±0.5pN 

END POINT 25% adhesion 

75%not adhesion 

78%-single adhesion 19.5±1.2pN 

*average force value of all adhesion measurements registered (± SD)  

 

In recent studies concerning fibronectin interaction with the heparin subunit 

functionalized on glass substrate, a rupture force between 49 and 127 pN was 

recorded (122). Here, a value between 52 pN ± 3.7 pN and 82 pN ± 7.4 pN was 

observed when analysing the rapture force at end point and start point, 

respectively. This is due to the deposition of fibronectin on the start point as 

observed from the AFM images analysis (Figure 3.5).  The presence of higher 

concentration levels at the start point increased the probability of the 

antibody binding and recognises specifically more receptors on the surface, 

increasing the force. Further along the channel the probability that the 

antibody recognises multiple binding receptors on the surface decreases, 



95 
 

which in turn increases the possibility to find a single antibody-receptor 

interaction. It is important to highlight the fact that the fibronectin used in our 

study was a Rhodamine labelled fibronectin using a TRITC Rhodamine 

derivative with a dimension of 530 Daltons attached to the protein. This labels 

lysine randomly in the protein. The presence of a fluorophore attached to the 

fibronectin structure can potentially cause problems in the availability of 

specific binding sites due to the steric hindrance effect (amount of space 

occupied). It should also be noted that detection of forces of binding between 

the anti-fibronectin antibody and immobilised fibronectin is not necessarily 

direct evidence of binding to the heparin site. Differences in the binding 

forces (start and point) were nevertheless observed considering the silicon 

wafer and the not-TCP substrate (Table 4.), demonstrating the possibility to 

correlate the force measurements with fibronectin density on the surface but 

as stated not necessarily the Heparin binding domain. A clear decrease in 

binding events was observed on both substrates from the start to the end 

point confirming the relationship between binding events and protein density.  
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Figure 3.8: Representation of the fibronectin multiple and single unbinding events detected at the 

start and end point of the protein pattern on not-TCP and silicon wafer substrate. In Section 1 A, B 

and C an example of the no events, single and multiple unbinding events respectively registered 
during the analysis on not-TCP substrate are reported. The analysis of the specific unbinding events 

is reported showing the histograms relative to the forces registered at the start and end point. 1000 

curves were analysed for every point in triplicate and an example is reported here (±SD). In D a 

correlation between the specific force detachment measurements registered at the start and end 

point is reported. 
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In Section 2 A, B and C an example of the no events, single and multiple unbinding events respectively 

registered on silicon wafer substrate during the analysis are reported. The analysis of the specific 

unbinding events is reported showing the histograms relative to the forces registered at the start 

and end point. 1000 curves were analysed for every point in triplicate and an example is reported 

here (±SD). In D a correlation between the specific force detachment measurements registered at 

the start and end point is reported. 
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3.4. Summary 

 

In this study well-defined protein (albumin and fibronectin) gradients 

displaying different protein surface densities along the patterns have been 

formed using a microfluidic technique, on silicon wafer and not-TCP substrate. 

Characterization of surfaces before and after protein immobilization by AFM 

and fluorescence microscopy clearly defined the change in protein 

concentration levels along the patterned protein lines. By analyzing molecular 

interactions between AFM probes functionalized with antibodies and the 

surface bound protein via their force of interaction, the binding capacity and 

hence functionality (in the sense that the protein remains able to bind with a 

specific antibody) of the protein was demonstrated. 
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4. Micro-patterning of cells    
using fibronectin patterns 

 

4.1. Introduction 

 

The importance of cell micro-patterning in biological, cell drug screening, 

tissue engineering studies is due to the ability of this technique to control the 

placement of living cells on a substrate (135). There are two general types of 

cell micro-patterning:  the first consisting of the use of surface chemistry to 

generate patterns that will encourage localised cell adhesion on the substrate; 

second the use of physical barriers (easily removable) to limit cell adhesion. 

From these approaches, many micro-patterning techniques have been 

developed (136). Cell micro patterning has become a useful method in cell-cell, 

cell-matrix investigation and molecular sensor development, thanks to the 

ability of this technique to build cell co-culture systems using two or more cell 

types, with accurate cell localisation on the substrate. 

In this chapter a brief introduction to the cell receptors and the mechanisms 

of cell recognition with the ECM (extra cellular matrix) are examined. The 

experimental section is dedicated to the creation of cell micro-patterning 

using fibronectin patterns as substrate to study the cell density and 

morphology to confirm the creation of a bio-functional gradient. To control 

the cell adhesion specifically on the fibronectin patterns a functionalization of 
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the remaining substrate (non-TCP) was applied using Pluronics F127 as a 

protein-resistant layer and the findings reported here. 
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4.1.1. Fibronectin as a protein component of the ECM and integrins role in cell 

proliferation, survival and migration 

4.1.1.1. Fibronectin 

Fibronectin is one of the components of the ECM. Fibronectin is composed of 

two monomers linked by disulphide bonds. Each monomer is formed by three 

repeating fibronectin units: type I, II, III, representing 90% of the fibronectin 

used, plus two heparin, fibrin and collagen binding domains (123). The two 

fibrin binding domains that are located at the ends of the molecule are 

important in cell adhesion and migration, due to the known interaction 

between fibronectin and fibrin (137). Fibronectin is involved in many cellular 

interactions within the extracellular matrix, playing an important role in cell 

adhesion, migration and differentiation. The major role of fibronectin is to 

bind specific integrins and support other important molecules such as 

cadherins in cell adhesion (137). Fibronectin plays an essential role in 

invertebrate development, guiding cell attachment and migration (138). In the 

same study, it was observed that when inactivation of the FN gene occurs; this 

can lead to embryonic failure in mice.  

 

4.1.1.2. Integrins, cell matrix receptors 

Integrins are heterodimers receptors consisting of two non-covalently linked 

subunits α and β, collaborating together in the “inside-out” signalling from the 

ECM to the cell, allowing rapid and flexible responses to changes in the 

environment with following activation of the receptor, with change of the 
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conformation of the integrins (139).  Integrins are also involved in outside-in 

from receptor to the cell signalling where thanks to the association of the 

cytoplasmic domain with intracellular initiators like the Src family kinases and 

cytosketal components they can initiate intracellular signalling (140). The 

mediation of integrins in cell-matrix and cell to cell adhesion has an influence 

in cell attachment, spreading, motility and cell survival (139). In the literature it 

is reported that mammal cells have 18α and 8β integrins subunits that can 

give at least 24 different heterodimers that can bind specific cells, ECM or 

protein solid ligands (141,142,145). Integrins can be classified as FN-RGD, laminin 

and collagen binding and leukocyte specific receptors, depending on the cell 

specific expression and on the matrix (141) (Figure 4.1). However, it is important 

to consider that the activation of one integrin it can bind at the same time to 

many matrices as reported for the αV integrin (142). 

 

Figure 4.1 : Integrin family. Organization and grouping of the integrin subunits in mammalian cells 

based on their matrix affinity or cell specific expression (141) 

 



103 
 

Integrins are divided in to 5 groups αV, β1, β2, β4, β7. The β1 and αV subunits 

are well studied in literature (141). 

The β1 family is important for cell development and survival and binding 

different proteins of the ECM (143). The recognition of specific proteins on the 

ECM is carried out by different integrins:  fibronectin (α5β1 and α4β1 

integrins), collagen (α1β1, α2β1, α10β1, α11β1 integrins) and laminins (α3β1, 

α6β1 and α7β1 integrins). 

The αV family are involved in placenta defects and abnormalities in central 

nervous system in mice (144). The integrins included in the αV subunit are β1, 

β3, β5, β6 and β8.  

 

4.1.1.3. Integrins control cell proliferation 

Multiple steps (and not a single “checkpoint”) are involved in cell progression 

requiring matrix attachment (145,146). It was demonstrated that activation of 

cyclin-dependent kinases (Cdks) was important in cell progression on G1 

phase of the cell cycle, and were controlled by multiple integrin events (147, 

148). The mechanism that integrin uses to control these events include 

enhancement growth factor and enhancement of nuclear translocation 

involving transcriptional and post-transcriptional control (148). 

Other work suggests that there is a relationship between the number of 

adhesive contacts and the regulation of signalling and cell behaviour. It was 

observed that cell survival and cell proliferative capacity are influenced by the 
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varying of the cell spreading(149), and that cell surface and surface area are 

essential for cell proliferation(150).  

 

4.1.1.4. Integrins control cell survival 

Many studies have shown that cell attachment is fundamental for normal cell 

survival (151,152). It was observed that suspension culture (where the cell 

contact with the substrate is lost) induces apoptosis of fibroblasts (151), 

endothelial cells (153,154) and epithelial cells (152,155). The regulation of cell 

survival consists in the activation of anti-apoptotic proteins such as Bcl2 family 

(156) to inhibit the prop-apoptotic proteins such as caspases (157,158). Cell death 

was also observed in the case that a failure occurred in cell binding the ECM 

ligands (152,154). Expression of αVβ3 integrin inhibits cell survival by the integrin 

α2β1 presence in cells attached to collagen (152), whilst the α5β1 integrin 

induces apoptosis of endothelial cells that are attached to the vitronectin 

using αV integrin family (154). 

 

4.1.1.5. Integrins role in cell migration 

Cell migration is positively or negatively regulated by the interaction of 

integrins within the ECM. In a previous study (159), it was observed that the 

inhibition of the integrin binding to the ECM actively inhibits the signal 

transduction to the cell essential for cell migration. An example of negative 

regulation of the fibroblasts and endothelial cells was observed when an 
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inhibitor of the α5β1 integrin was used, obstructing the formation of stress 

fibres (159). Inhibition of the α5β1 integrin enhancing the activation of PKA 

(membrane associate protein kinase A), was found to be responsible for cell 

migration (154,159). Integrins are not the only receptor responsible for the cell 

migration; in fact a more complex mechanism of cross-talking between the 

integrin and the receptors expressed on the ECM is involved (160,161). However 

integrins play an essential role in making contact with the substratum, and 

assisting in the promotion of the signal cascade transduction mechanism that 

supports cell migration.  

 

4.1.1.6. Integrin expression on HMSC and 3T3 cells 

FACS (fluorescence activating cell sorting) analysis of the HMSC cells 

performed by Majumdar et al. in 2003 (162) clearly showed the expression of 

the following integrin subunits on the cell membrane α1, α2, α3, α5, α6, αV, 

β1, β3 and β4. A previous study performed by Gronthos et al. in 2001 (163) 

showed the specific binding site of the HMSC cells for the ECM proteins 

collagen, fibronectin, vitronectin and lamin. The analysis concluded that 

HMSC cells bind collagen principally with integrins α1β1, α2β1; lamin by α6β1; 

fibronectin by α5β1 and vitronectin by αVβ3 considering cell adhesion and 

growth in the presence of blocking antibodies (163). Concerning the 3T3 mouse 

fibroblasts, in literature is reported that α5β1 and α4β5 integrins are 

expressed on the cell membrane, and are involved in both fibronectin and 

vitronectin interactions (164). Clark and co-workers (165) demonstrated that the 
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migration of human fibroblasts required not only the binding to the RGD 

complex through the α5β1 integrin, but also the interaction with the α4β1 

integrin in the variable region (165). Caruso et al. demonstrated the expression 

of α4β1 integrin in 3T3 fibroblast cell (166). 
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4.2. Results and discussion 

4.2.1. Substrate functionalization using Pluronics F127 

To reduce the non-specific cell adhesion on the plastic substrate and limit the 

cell adhesion to the fibronectin patterns a functionalization of the bare 

substrate was applied. As summarized in Figure 3.6 Pluronic F127 was used as 

a surfactant on the non-TCP substrate, to drastically reduce cell adhesion in 

non-fibronectin patterned substrate areas. The functionalization with Pluronic 

F127 showed an increase in substrate hydrophilicity that inhibited cell 

attachment on it. The mechanism by which Pluronics reduce cell adhesion and 

protein deposition on the substrate is due to interaction of the polyethylene 

segments and the polypropylene segment present in the structure (Figure 

4.2). The polypropylene segment role is to stabilize Pluronics onto a surface 

using hydrophobic interactions, whilst the polyethylene segments extend to 

the aqueous medium protecting the surface from protein adsorption and cell 

adhesion (167).The stabilizing activity of the Pluronics on the substrate using 

hydrophobic interaction was previously observed in an earlier study by Prasad 

and co-workers (168). The ability of the polypropylene segment to interact with 

the substrate through hydrophobic interactions was also confirmed by Tan et 

al. where a lack of adsorption of Pluronics was observed on hydrophilic 

surfaces (169). A correlation between the length of the PPO (polypropylene-

oxyde) segment and adsorption on the substrate was also demonstrated (170). 

The deposition of Pluronic on hydrophobic substrates was demonstrated to 

use a brush like conformation (Figure 4.3 A) where the PPO is adsorbed by the 



108 
 

substrate using hydrophobic interaction and the PEO groups interacting with 

the aqueous environment blocking the cell adhesion (171). Water contact angle 

measurements were recorded on the sample before and after pluronics 

immobilisation to check for changes in the substrate hydrophobicity. As 

shown in Table 5 the polystyrene substrate (non-TCP) before plasma oxygen 

treatment showed a value of 98.5º±5.4 indicating a relatively hydrophobic 

substrate. After pluronics adsorption on the substrate for 24 hrs the water 

contact angle decreased to 65.3° ± 6.2° (Table 5), indicating that the PPO 

(polypropylene-oxyde) segment stabilized the pluronics on to the substrate 

through hydrophobic interactions (brush like conformation) allowing the PEO 

segment to extend into the aqueous environment, increasing the 

hydrophilicity of the non-TCP substrate.  

Different approaches have previously been used to block cell adhesion, such 

as reported from Corey et al. (172) where the ability of Pluronics and BSA were 

tested to reduce neuroblastoma cells adhesion. In this work the use of the 

Pluronic F127 a preliminary investigation using BSA was also performed (data 

not shown) but this did not significantly reduce cell adhesion when compared 

to not-TCP substrate, suggesting that it would not serve effectively as an anti-

adhesive surface. In the creation of cell patterning two different approaches 

to deposit Pluronics F127 on not-TCP substrate were applied. The first method 

required the creation of fibronectin pattern on the substrate (using the 

microfluidic technique and a concentration of 1µg/ml of FN01), then flooding 

this sample with Pluronics F127. As can be observed in Figure 4.3 B1 this 

method did not demonstrate the ability to confine cell adherance specifically 
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on the protein pattern as required, suggesting that the creation of an anti-

adhesive substrate after protein immobilization on the not-TCP substrate was 

not achieved possibly due to the oxygen plasma treatment performed before 

the adhesion of the PDMS on the substrate. Indeed, as previously discussed a 

change of the hydrophilicity on the substrate (necessary to permit the 

adhesion of the stamp on it) can block the adhesion of the pluronics on it. The 

second method consists in the flood the not-TCP with Pluronics F127 before 

and then pattern fibronectin. Using the second method (Figure 4.3 B), plasma 

oxygen treatment was necessary after pluronics functionalization to permit 

the contact of the PDMS on it creating a temporarily hydrophilic substrate (37). 

It is important to highlight the fact that after plasma oxygen treatment on the 

functionalized substrate caused a change in the substrate (not-TCP substrate 

plus Pluronics F127). A measurement of the water contact angle after plasma 

oxygen treatment of the functionalized substrate clearly showed an increase 

in hydrophilicity through a reduction in contact angle from 65.3° ± 6.2° to 

42.5° ± 3.5°. As confirmed from the water contact angle analysis by treating 

the sample with the oxygen plasma, a more hydrophilic substrate was 

successfully obtained, suggesting a possible change in the conformation of the 

immobilized surfactant, which was sufficient to permit the adhesion of the 

PDMS on it. This change in hydrophilicity was proven to be only a temporary 

and did not interfere with the subsequent functionalization. Measurements of 

the contact angle after 30mins on the non-TCP treated with pluronics F127 

showed an increased water contact angle to its original value from 

42.5° ± 3.5° to 64.7° ± 8.2°, suggesting a restoration of the original surface 
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structure of the substrate. In fact when cells were seeded on the substrate 

using this method adhesion of cells only on fibronectin patterns was 

observed, indicating that the functionalization of the substrate was achieved 

avoiding non-specific cell adhesion on the substrate (Figure 4.4 E). A 

preliminary screening of different concentration of Pluronics was conducted 

and it was observed that at a concentration greater than 4% by weight not 

only was cell adhesion avoided, but also protein adsorption was avoided, 

suggesting that also the concentration levels play an important role in the 

adhesion of cells and adsorption of proteins on the substrate.  

The mechanism and the possible change of pluronics absorption after plasma 

treatment observed in this section, with consequent increase in cell 

deposition on the protein patterns and avoidance of cell deposition on the 

non-adhesive surface is not clear. The observation of the temporary change in 

the water contact angle measurements after plasma oxygen treatment 

suggest a reversible conformational re-arrangement of the pluronics on the 

substrate with a consequent change in hydrophilicity. A comparable 

observation has been made on the polymer PDMS with pluronic F127 

embedded in its structure. When this polymer mixture was treated with an 

oxygen plasma it became oxidized and a hydrophilic surface was formed but 

was not stable in air since the hydrophobic surface recovered with time (173). 

The similar phenomena in this work could be further investigated in the future 

using cryo-x ray photoelectron spectroscopy (174) which has the potential to 

reveal subtle changes in surface elemental compositions and bonding 

environment in hydrated systems.  
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Figure 4.2 : Pluronics F127 chemical structure, a hydrophobic polypropylene segment and two 

polyethylene segments MW: 12600Da 

 

 

Figure 4.3 : Representation of the Pluronic brush like conformation (A) and the two approaches used 

to create 3T3 fibroblast cells patterning (B, B1). The fluorescence images reported represent a 

selection of two images collected using the A2 micro-channel shape reported in Figure 2.5 used for 
the cell micro-patterning studies. The density of cells used was 106 cells/mL. Scale bar 100µm. 



112 
 

Table 5: Water contact angle measurements before and after functionalization with Pluronics 

F127 

 

 

4.2.2. 3T3 mouse fibroblasts cells adhesion studies 

Physiological fluids (e.g. serum) contain numerous soluble proteins that react 

with solid surfaces in very dynamic ways (175). In such environments, in vivo 

and in vitro, cell adhesion to substrates is therefore, largely mediated by a 

defined layer of adsorbed serum proteins. A complex competition among over 

two hundreds proteins in serum results in an adsorbed layer comprising 

proteins facilitates cell adhesion (176,177). Other studies showed that the 

presence of FN alone is sufficient to mediate cell attachment and phenotypic 

expression (178). Fibronectin gradients were selected to study cell adhesion and 

migration along the microfluidic patterns, to investigate the impact of the 

fibronectin gradient on cell behavior. The presence of fibronectin along the 

microfluidic channel was confirmed from the mAb binding assay, where 

specific interactions between the fibronectin and its heparin binding domain 

were found. Fibronectin gradients have already been used to study cell 

adhesion (179) on protein gradients. Here non-TCP substrates were used for 

protein immobilization and 3T3 fibroblast cells were used for patterning. 

Initially 3T3 fibroblast cells were seeded on the fibronectin patterns using a 

concentration of 106 cells/mL. Fluorescence images of the sample after cells 

SUBSTRATES BEFORE TREATMENT 

w.c.a 

AFTER TREATMENT  

w.c.a 

POLYSTYRENE wca = 98.5º ±  5.4 wca = 65.6º ± 2.7 
POLYSTYRENE+F127 wca = 65.3º ±  6.2 wca = 42.5º ± 3.5 
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immobilisation did not show a specific deposition of cells on the fibronectin 

patterns (Figure 4.4 D). To reduce the cell adhesion on the plastic substrate 

and limit the cell adhesion on the fibronectin patterns a functionalization of 

the substrate was applied. The functionalization avoided the attachment of 

fibroblasts on the substrate, and specific cell adhesion on the fibronectin 

patterns was observed (Figure 4.4 E). 

In many studies concerning the behaviour of cells on non-biological substrates 

(polymeric substrates), the functionalization of the surface using chemical 

compounds and adsorbed proteins were used to affect cell adhesion and 

spreading (180,181,182,183,184). It was observed that during the absorption on 

polymer surfaces, protein rearrangements may occur (185) and that the 

absorption depends on the orientation of protein adsorbed on the substrate 

(186). Other works reported the ability of FN to change its native conformation 

(unfolding) to an extended shape when absorbed on the substrate (187,188,189), 

influencing the cell adhesion and spreading (120,190). When cells were deposited 

on the fibronectin patterns a correlation between fibronectin adsorption and 

fibroblast adhesion was observed. As confirmed in the previous experiment 

using a mAb binding assay, the presence of binding sites due to the 

fibronectin immobilisation creates a better condition for cell adhesion, in 

accordance with the protein concentration along the channel. In fact, as 

shown in Figure 4.6 E a difference in surface coverage was registered when 

comparing start and end point from 50% to 2% of coverage. Cells seeded on 

fibronectin recognized the fibronectin receptors on the surface and bound to 
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them. As is consistent with the mAb binding assay more adhesion events were 

observed at the start point with multiple adhesions.  

The presence of a higher protein adsorption and the higher probability of 

finding receptors on the substrate increased the cell adhesion on the patterns. 

In contrast, the low probability of finding receptors on the substrate at the 

end of the channel decreased the cell adhesion on the patterns, as 

summarized inFigure 4.6. Horbet and Klumb (191) reported that the adhesion of 

cells on the substrate is influenced by the amount and conformation of 

adsorbed proteins on the substrate. With the evidence of the data collected in 

this section and the evidences reported in the literature, the possible 

mechanism by which fibroblasts interact with the fibronectin gradient is 

represented inFigure 4.5. Expression of the α5β1 integrin on the 3T3 mouse 

fibroblast cells is involved in the fibronectin recognition through the RGD 

complex (164). A higher amount of FN (as demonstrated in this study) and a 

favourable conformation of the protein (in this case exposure of the RGD 

complexes involved in cell adhesion) during the FN rearrangement as 

suggested in literature (186,187), are probably involved in the 3T3 mouse 

fibroblast adhesion, on the substrate as observed by Horbet and Klumb (190). 

The cell adhesion analysis confirmed the presence of a fibronectin gradient on 

the patterns controlling the cell adhesions and density, through a probable 

mechanism involving the interaction between the α5β1 integrin and the RGD 

receptor complex. 
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Figure 4.4 : Schematic representation of the not-TCP substrate and 3T3 cell adhesion studies 

performed on it. Fluorescence images of 3T3 cell deposition on the substrate before the 
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functionalization with Pluronics F127 surfactant is reported. In A and B cell deposition on the 
substrate before and after Pluronics immobilisation is reported. In C design of the micro-channel 

used to create the protein pattern on the not- TCP substrate, before and after functionalization with 

Pluronics. In D and E cell deposition on fibronectin pattern before and after Pluronics deposition 
respectively. The fluorescence images were acquired using a Nikon Eclipse TS100 Microscope. 

Analysis of the images was conducted using Volocity 5.2 software. Five Images for every point were 
considered and analysed. 

 

 

 

 

Figure 4.5: Schematic representation of the possible mechanism involved in the cell adhesion on the 

fibronectin. Cells adhesion on fibronectin is regulated by the integrin-receptor recognition on the FN 

surface. In figure A the native FN conformation (folded conformation; not integrin fibronectin 

receptor interaction (180,181,182)), before adsorption on the substrate is reported. In figure B extended 

FN conformation after adsorption on the substrate is reported where integrin receptor recognition 
occurred with cell adhesion (Integrin receptors interaction (183)). In figure C more fibronectin 
molecules on the substrate in the extended conformation, more cell adhesion is observed. 
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Figure 4.6 : Schematic representation of 3T3 fibroblast cells adhesion studies performed on 
fibronectin patterns deposited (FN01 1 µg/mL protein concentration used) on non-TCP substrate 

functionalized with Pluronics F127. In A a representation of the micro-channel design used in the 
study is reported. In B, C and D mesenchymal stem cell adhesion at start middle and end point 

respectively (fluorescent images reported). In this case due to the use of Rhodamine fibronectin for 
the creation of the protein patterns 3T3 fibroblast cells carrying the green fluorescent protein 

(mGFP) colour were used (green fluorescent images reported). In Figure E surface coverage 

analysis along the channel is reported. The fluorescent images were acquired using a Nikon Eclipse 
TS100 Microscope. Analysis of the images was conducted using Volocity 5.2 software. Five Images for 

every point were considered and analysed and the everage value of the surface coverage reported 

in the graph (±SD). Scale bar 200µm. 
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4.2.3. Immortalized mesenchymal stem cells (i-HMSC) adhesion studies 

Previous studies have discussed the possibility that 3T3 mouse fibroblast cells 

can interact with the RGD complex on a fibronectin surface (184,185). 

Immortalised mesenchymal stem cells (i-HMSC) were also used for cell 

adhesion studies. Cell immortalisation was achieved using the protocol 

reported from Okamoto and co-workers in 2002 (63) as reported in the 

material and method section. In literature is reported the ability of 

mesenchymal stem cells to recognize fibronectin through the binding of α5β1 

integrin on the RGD complex (163). The ability of α5β1 integrin to bind to the 

RGD complex receptor on the fibronectin surface, and the role of integrins in 

cell adhesion is well reported (159,163). The analysis of the cell adhesion 

reported in Figure 4.6 considering a cell density of 106 cells seeded on the 

fibronectin patterns (previously treated with the Pluronics F127 surfactant), 

clearly showed a correlation between protein adsorption and cell adhesion as 

reported for the 3T3 mouse fibroblasts. The surface coverage analysis (Figure 

4.7E) showed a higher cell density 62% at the start point and a lower density 

at the end point 9%. The cell adhesion mechanism described for the 

fibroblasts cells (Figure 4.5) can be considered also valid for the mesenchymal 

stem cells, considering the ability of the α5β1 integrin to bind to the RGD 

complex receptor on the fibronectin surface. The possibility to find more 

adsorbed FN on the substrate in the right conformation (exposure of the RGD 

complex receptor in this case), increased the chances of cells to adhere on the 

fibronectin substrate. In contrary a lower protein adsorption on the substrate 

decreased the chances of cells to adhere on it. 
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Figure 4.7 : Schematic representation of i-HMSC cells adhesion studies performed on fibronectin 
patterns (FN01 1 µg/mL protein concentration used) deposited on non-TCP substrate functionalized 

with Pluronics F127. In A a representation of the micro-channel design used in the study is reported. 

In B, C and D mesenchymal stem cell adhesion at start middle and end point respectively (fluorescent 
images reported). In this case the use of Rhodamine fibronectin for the creation of the protein 

patterns was replaced by the green fluorescent HiLyte488 fibronectin due to the availability of 

Mesenchymal stem cells carrying the red fluorescent protein (mRFP) colour were used (red 
fluorescent images reported). In Figure E surface coverage analysis along the channel is reported. 

The fluorescent images were acquired using a Nikon Eclipse TS100 Microscope. Analysis of the 
images was conducted using Volocity 5.2 software. Five Images for every point were considered and 

analysed and the average value of the surface coverage reported in the graph (±SD). Scale bar 

100µm. 
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4.3. Summary 

 

In this chapter the experimental work conducted clearly showed a strong 

correlation between protein adsorption density and cell adhesion. The 

fibronectin protein gradient was shown to control cell adhesion along the 

patterns, showing the possibility to use this microfluidic system for future cell 

behavior investigations. A possible mechanism involved in cell adhesion was 

also shown considering the possibility that the cell adhesion on the 

fibronectin patterns adsorbed on the substrate is due to the arrangement of 

the fibronectin receptors (probably RGD complex) on the substrate. 
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5. Cell migration studies: 
Influence of protein 
adsorption on cell behaviour 

 

5.1. Introduction 

Previously in this work, it was demonstrated that a fibronectin gradient can be 

employed to control cell adhesion. This was shown by a variance in cell 

distribution along the microfluidic channel in accordance with the fibronectin 

adsorption on the substrate. Due to the difference in cell deposition and the 

different cell density observed along the channel, further analysis of the cell 

migration was conducted to monitor changes in cell behaviour under 

constrains (cell density and protein adsorption). Cell migration in vivo studies 

have demonstrated that cells can migrate through 3D longitudinal paths, with 

bordering interfaces (channels) (190). In vivo the channels used for the cells in 

the migration (191) were composed of connective tissue and the basal 

membrane of muscle, nerve and epithelium (192). In other literature recent 

evidence suggests that physical confinement can alter cell migration 

mechanisms. For example, Hung et al (190) demonstrated that when cells have 

an excess of space mesenchymal migration is observed with a dramatic 

change in cell shape with long protrusions, whilst when the space is limited 

amoeboid migration was observed with shorter protrusions.  



122 
 

In this chapter the investigation and analysis of cell migration along patterns 

created using microfluidic channels for fibroblasts and mesenchymal stem 

cells is reported. Knowledge concerning the influence of the environment 

(adsorption, deposition and conformation of the fibronectinin on the 

substrate) and the space available (due to the difference in cell deposition 

along the microfluidic channel) in cell behaviour is important to understand 

how cells interact with their physical micro-environment. 
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5.2. Results and discussion 

5.2.1. 3T3 mouse fibroblasts migration on fibronectin patterns 

Cell migration plays an essential role in processes such as wound healing, cell 

development, cancer metastasis and tissue engineering. The cell migration 

mechanism is a complex system regulated by cytoplasmic protrusions, 

adhesion and detachment under environmental signals (193). In early work the 

role of chemical gradients was proven to be important in guiding cell 

migration. The role of physical cues in cell migration was demonstrated on 

different occasions. Groves (194) and Pillars (195,196) research on the substrate 

showed the relationship between cell adhesion and migration, whilst further 

studies on micro-patterned adhesion areas identified that both cell shape and 

distribution can influence cell differentiation, (197) growth (198) and apoptosis 

(199). The analysis of 3T3 cells migration conducted on the functionalized non-

TCP is reported inFigure 5.1. Analysis of the videos formed from pictures 

acquired every 10 minutes for 24 hours, showed an cell migration in the 

direction of the protein gradient (chemotaxis) in the lower protein density  

regions (end point), while with a higher protein density (start point) a random 

movement of the cells was observed. The substantial difference between the 

start and the end point of the microfluidic channel consists in the different cell 

density due to the influence of fibronectin adsorption along the channel (as 

discussed in Chapter 4). In literature the influence of cell density, and in 

particular the influence of confined spaces in cell migration studies has been 

reported (190,191). Hung et al. (190) in particular demonstrated that changes in 
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cell migration and cell shape are influenced considering a confined or 

unconfined space. The presence of more space (where the cell density is 

lower and the cells have more space around which to move); in this work the 

end of the channel where a lower protein adsorption was observed, was 

shown to influence the 3T3 fibroblasts migration. In the same article Hung and 

co-workers (190) also demonstrated that a difference in cell shape was found to 

influence the density of cells deposited in a confined or an unconfined space. 

When analysing cells at the end point using a higher magnification (Figure 5.2) 

it was observed that they appeared as single elongated cells with protrusions. 

Moving to the start point where the cell density is higher (due to the higher 

protein adsorption) and the space to move is limited (confined space), 3T3 

fibroblast cells assumed a compact conformation interacting with the nearest 

cells in a more constrained way (Figure 5.2 A). Changes in cell migration 

velocity were also observed both at the end and start point as reported in 

Figure 5.1 D, where an increase in cell velocity was observed from 

0.69 µm/min ± 0.21 µm/min to 1.06 µm/min ± 0.43 µm/min respectively. The 

changes in shape and average cell velocity suggest that cell density and space 

available in the microfluidic channel play an important role in cell migration. 

Cell migration is a complex process that can be divided in to single (amoeboid 

or mesenchymal) cell migration or collective migration of multicellular units 

(200). The amoeboid migration is normally referred to the movement of circular 

cells with a lack of focal adhesion (201,202). Mesenchymal migration is 

associated with individual cells which involve cell matrix interactions and 

movements in a fibroblast manner (203,204). Mesenchymal migration was 
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observed in fibroblasts cells with the formation of focal adhesion interactions 

with the ECM with a slow migration rate from 0.1 µm/min to 1 µm/min 

(203,205). Cell migration is regulated by integrins transducing signals across the 

plasma membrane. The interaction between the cytoplasmic domain of the 

integrin and signalling proteins is essential to activate integrin signals. The role 

of integrins in cell migration was simplified considering the α4β1 pathway (206), 

where theα4β1 integrin is bound to the variable chain of fibronectin playing a 

fundamental role in cell migration (206). Clark et al. (165) demonstrated that 

human fibroblast cells migration is controlled not only by the interaction of 

the α5β1 integrin interaction with the RGD complex on the fibronectin, but 

that also the α4β1 bound to the variable chain of the fibronectin is necessary 

to permit the fibroblasts migration. The analysis of 3T3 fibroblast cells using 

the microfluidic system showed a different cell behaviour when a confined or 

unconfined space was considered. The confined and unconfined environment 

was considered using the higher and lower fibronectin adsorption on the 

substrate respectively, using cell density as a parameter of constraint. The 

confined space at the start point (where a higher protein deposition and cell 

crowding was observed), clearly showed a faster cell velocity migration with 

random movements, whilst the unconfined space at the end point increased 

the cell migration in the direction of the fibronectin gradient with a decrease 

in cell velocity. Hung and co-workers(190) recently observed that by using 

physical confined and unconfined spaces, different cell migration was 

observed with the activation of distinctive signalling to modulate cell 

migration. Within this study, different cell shapes were observed in the 
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unconfined space (end point), where cells appeared more elongated and had 

more protrusions compare to the confined space (start point) suggesting that 

space influences cell distribution within the channel. Interestingly both the 

cell migration and the cell velocity demonstrated different behaviour patterns 

at the start point and the end point, suggesting that the cell density and the 

space available in the microfluidic channel can influence cell behaviour in this 

system. Further speculation on the possible explanation of the fibroblast cells 

behaviour using this microfluidic fibronectin system was considered. The 

presence of fibronectin adsorption and the consequent cell density observed 

along the channel can be a key influence on cell behaviour, explaining not only 

a physical constraint due to the channel width (as demonstrated from Hung 

and co-workers (190)) but an “environmental” constraint due to the fibronectin 

adsorption on the substrate and the consequent cell density.  

In fact higher protein adsorption at the start point corresponded to a higher 

cell density without a specific cell migration in the direction of the protein 

gradient, while at the end point the cell density is decreased with an increase 

in space and specific cell migration (Figure 5.3). Changes in cell shape were 

also observed during the cell migration analysis suggesting that both collective 

and single mesenchymal type migration is taking place. Single elongated cells 

with protrusions were observed at the end point (where the cells had more 

space), suggesting a single cell moving mechanism. Moving to the start point 

fibroblast cells appeared more compact, using the protrusions to interact with 

the nearest cells to interact each other. The less space available at the start 

point clearly limited the cells movements in the direction of fibronectin 
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gradient but seems to encourage cell-cell interaction. Single and group 

mesenchymal type migration were observed in fibroblast cells and reported 

(204,207) in literature. To prove the presence of a mesenchymal cell type 

migration hypothesised here other experiments concerning the expression of 

integrins or specific proteins binding to the fibronectin must be conducted. 

This microfluidic system showed that is possible to study along the same 

microfluidic channel the differences in 3T3 cell behaviour and cell migration, 

using adsorption of fibronectin protein as substrate.  The same technique can 

be used to study the differences in cell behaviour using different extra cellular 

membrane protein like collagen. 
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Figure 5.1: Representation of the 3T3 fibroblast cells migration. The migration analysis was 

conducted using the Chemotaxis tool IBIDI programme, using the videos obtained from picture 
frames acquired every 10 mins for 24 hrs. 18 cells were considered as sample in the migration 

analysis to have more reliable results. Data were repeated in triplicate and here an example 
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reported. In A and B an example of the time lapse pictures collected at start and end point showing 
the tracking analysis performed using the tracking programme using Image J plugs. In A2 and B2 the 

tracking migration of 18 cells is reported. In figure C an example of the analysis conducted on the 

sample using the IBIDI chemotaxis tool and cell velocity analysis is reported. The cell velocity 
analysis was repeated in triplicate. Statistical analysis using a two variable t-test was conducted to 

prove the statistical significance difference between start and end point cell velocity and cell 
migration analysis with p<0.05. 

 

 

 

Figure 5.2: Analysis of the cell shape. Bright-field images A1 and B1 where acquired considering cell 

deposition on the fibronectin patterns using 1*106 3T3 fibroblast cells and incubated for two hours 
using a DMEM medium without FBS to avoid cell interaction with other proteins, at start and end point 
respectively. The fluorescent images A and B were acquired using a higher magnification. 5 images 

of three points along the channel for every point were acquired and here an example reported.  
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Figure 5.3: Brief summary of the 3T3 fibroblast cells behaviour using the microfluidic system. An 

analysis of the data obtained considering the unconfined (end point) and confined (start point) space 

is reported. 
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5.2.2. i-HMSC immortalised mesenchyme stem cells migration on fibronectin 

patterns 

Attachment of the human mesenchyme stem cells on the substrate through 

the absorption of matrix proteins is principally mediated by integrins 

expressed on the cellular surface (as previously discussed in Chapter 4). When 

integrin attachment occurs, trans-membrane proteins activate signalling 

cascades essential in regulation of cell spreading, adhesion, migration and 

proliferation. 

The analysis of the mesenchyme stem cells was conducted using the same 

procedure applied for the 3T3 fibroblast cells. The data collected using the 

picture frames acquired every 10 minutes for 24 hours are summarized in 

(Figure 5.4). Analysis of the cell migration at the start and end point of the 

microfluidic channel as previously observed for the 3T3 fibroblast cells, 

showed a random cell migration at the start point and a specific chemo-

attractant effect of cells in the direction of the protein gradient at the end 

point (Figure 5.4 A, B). The analysis of the mesenchyme cells migration 

velocity reported in (Figure 5.4 D) showed a value of 0.21 µm/min ± 0.02 

µm/min at start point and an increase in cell velocity to 0.3 µm/min ± 0.05 

µm/min at the end point. The difference in cell velocity registered during the 

cell migration analysis, can be explained when considering the influence of 

RGD complex concentration in the system. In literature the effect of the RGD 

complex in the mesenchyme stem cells adhesion and spreading is well 

documented. Sawyer and co-workers (216) observed that when higher a density 
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of RGD complexes are present a reduction in HMSC cells spreading results; 

while a lower RGD density was observed to increase cell spreading. Keeping 

this is mind a theory on the possible explanation for the difference in cell 

migration velocity was hypothesised. The RGD complex was previously taken 

in consideration (Chapter 4) to explain cell adhesion on the fibronectin 

patterns, considering that the expression of the RGD complex in the right 

conformation on the fibronectin increased the possibility to find higher cell 

density, due to the interaction between RGD and the α5β1 integrin expressed 

on the cell surface (Chapter 4,Figure 4.5). Higher cell density at the start point 

corresponded to a higher density of the RGD complex receptor in the correct 

conformation, with a possible decrease in cell spreading, whilst lower 

concentrations of the RGD complex receptor in the right conformation 

corresponded to an increase in cell spreading. The mechanism described 

above is summarised in Figure 5.5. In summary, lower cell spreading is 

associated with higher cell density at the start point in a “confined” space 

(inside the microfluidic channel), leading to the lower velocity in cell 

migration.  At same time a higher cell spreading and the “unconfined” space 

available at the end point can explain the higher velocity in cell migration. 

Interestingly by using mesenchyme stem cells it was observed that the cell 

migration is not consistent with that of 3T3 fibroblast cell migration. It was 

observed from the video data that after 18 hours stem cells were no longer 

visible inside the microfluidic channel. Using green fluorescence (GFP) HMSC 

mesenchyme stem cells and Rhodamine labelled fibronectin, a more detail 

analysis was conducted to check if changes in fibronectin adsorption were 
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observed during the cell migration. This was achieved by analysing the red 

intensity of the fluorescence protein inside the microfluidic channel over 

trime. From a preliminary analysis as shown in the protein fluorescence during 

the cell migration, the intensity graph reported did not show a significant 

decrease in fibronectin intensity. The graph suggests a difference in protein 

intensity from the start and end point as expected (due to the difference in 

protein adsorption along the microfluidic channel), but there is not a clear 

decrease in protein intensity considering the single points. Considering in 

more detail the fluorescence intensity value over a longer period of time (0, 6, 

12, 18 and 24 hrs) (Figure 5.6B) there is in fact a clear decrease in intensity. 

The possibility that fibronectin remodelling could be the explanation of the 

cell behaviour during the cell migration analysis is consistent with this 

decrease but clearly requires more study. Fibronectin remodelling of Human 

mesenchyme stem cells has been reported in literature to be due to a stretch 

rearrangement of the fibronectin (208,209). This structural rearrangement can 

the result of mechanical stimuli (208) or be influenced by interaction with the 

environment (209).  It is possible that also in this case that the interaction of 

mesenchyme stem cells with the environment for long time, through the 

generation of traction forces which leads to the stretching of Fn fibrils (212). 

Stretching of Fn fibrils may activate cryptic binding sites (213,214,215) contributing 

to the fibronectin remodelling where a rearrangement of the protein 

structure could be explain the cell behaviour after 18 hours. 
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Figure 5.4: Representation of the i-HMSC mesenchymal stem cells migration. The migration analysis 

was conducted using the Chemotaxis tool IBIDI programme, using the videos obtained from picture 
frames acquired every 10 mins for 24 hrs. 18 cells were considered as sample in the migration 

analysis to have more reliable results. Data were repeated in triplicate and here an example 
reported. In A and B an example of the time lapse pictures collected at start and end point showing 

the tracking analysis performed using the tracking programme using Image J plugs. In A2 and B2 the 
tracking migration of 18 cells is reported. In figure C an example of the analysis conducted on the 
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sample using the IBIDI chemotaxis tool and  cell velocity analysis is reported. The cell velocity 
analysis was repeated in triplicate. Statistical analysis using a two variable t-test was conducted to 

prove the statistical significance difference between start and end point cell velocity and cell 

migration analysis with p<0.05. 

 

. 

 

 

Figure 5.5: Representation of the possible mechanism involved in mesenchyme stem cells migration 

i-HMSC cells. The assumption that the concentration of the RGD complex expressed on the 

fibronectin molecules immobilised on the not-TCP substrate in the right conformation can influence 
the cells density and spreading, seems to be a possible explanation also to confirm difference in cell 

velocity migration. 
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Figure 5.6: Fibronectin fluorescence analysis during the i-HMSC stem cells migration. The analysis 

was conducted using the picture frames of the fibronectin taken every 10 minutes for 24 hours. In 

figure A and B, a representation of the fluorescence analysis is reported. 
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5.3. Summary 

In this set of experiments it was demonstrated that the protein patterns 

created using the microfluidic technique could be used in cell migration and 

cell behaviour analysis. The particularity of this system is that along the 

patterns a decrease in protein adsorption on the substrate was observed 

(considering the injection and the end point of the channel), that can be used 

to encourage a range of cell behaviour as influenced by protein density and 

gradient. The use of two different cell lines namely 3T3 fibroblast and i-HMSC 

mesenchyme stem cells demonstrated that this system is sufficient to 

distinguish differences in cell migration and behaviour patterns between cell 

lines. The theory and associated mechanisms for future analysis proposed in 

this study have found early supporting evidence in recent literature to 

support, but it is clear further experiments must be carried out to confirm 

such mechanisms. This study has successfully demonstrated that this system 

can be used for biological application to monitor the cell behaviour using 

difference protein concentration and cell density all in the same microfluidic 

channel. 
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6.  Summary 

 

6.1. Brief overall summary of the surface characterisation and cell 

behaviour studies 

The study of cell adhesion and functionality using a bio-functional gradient on 

silica and polymeric substrate was the principal scope of this work. The ability 

of the microfluidic patterning technique to create simple to complex bio-

molecular gradients mimicking the physiological environment makes this 

technique well suited to cell adhesion and migration investigations. The use of 

the silica wafer and non-tissue culture plate substrates was not chosen 

randomly. The analysis technique employed such as AFM and fluorescence 

microscopy operate most easily on flat surfaces so as to characterize cells and 

of molecules. Whilst silica wafers have extensively been used in microfluidic 

pattern studies, it is not generally used in cell studies due to the inability of 

cells to adhere on this type of substrate. For this reason a polystyrene plate 

(non-tissue culture plate) was also used to conduct the cell studies. 

The surface analysis characterisation of the substrates after immobilisation of 

the protein on the substrate (using the microfluidic channel to guide the 

protein injection), was conducted using fluorescence microscopy and AFM 

techniques. From the fluorescence analysis it was immediately observed that 

protein immobilisation on both substrates was achieved. Differences in 
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fluorescence intensity were also registered along the microfluidic channel 

suggesting a variation in protein adsorption levels along the channel. 

An essential part of a good surface analysis is understanding the interaction 

between the protein and the corresponding substrates and monitoring the 

changes on the substrate surface before and after protein immobilisation. In 

order to understand the changes on substrate before and after protein 

immobilisation, and to observe protein distribution on the substrate inside 

the microfluidic channel AFM imaging was conducted on the samples. Analysis 

of the silica wafer substrate conducted using the AFM demonstrated that by 

using a concentration of 1 µg/ml of protein, immobilisation on the substrate 

was observed. By using this microfluidic system a clear variation in particle 

size, density and roughness value was observed and recorded along a 

fibronectin pattern. On non-tissue culture plate (polystyrene) substrate AFM 

images analysis revealed a different fibronectin assembly on the surface, but 

due to rougher nature of this surface it was not possible to achieve the same 

level of detailed information as when using the silica wafer.  

To assess protein density along the fibronectin pattern on polystyrene 

substrates an antibody functionalised probe AFM technique was used to 

monitor the molecular interactions between probes functionalised with 

antibody and the corresponding protein immobilised on the substrate. The 

resultant force curves were analysed in this study considered the injection 

point and the end point of the channel and revealed the presence of a density 

variation (in terms of functional binding) from the start to the end point due 
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to the change in binding frequency between the antibody and the 

immobilised fibronectin on the substrate. The binding capacity of fibronectin 

and its functionality were assessed. 

The study confirmed the immobilisation of proteins on the substrates and 

assessed the variance in protein adsorption, considering the injection and the 

end point of the microfluidic channel, used for the guidance of proteins on the 

substrate. Attention then moved to the possible applications of this system in 

future cell studies. The variation of protein adsorption along the microfluidic 

channel suggesting the possibility to have a system where theoretically it is 

possible to control the cell density on it (due to the characteristics of the ECM 

proteins like fibronectin that can used to bind cells on the substrate), and 

observe the cell behaviour under specific conditions. 

Fibronectin protein was used to seed 3T3 fibroblast cells and i-HMSC 

immortalised human stem cells on the polysterene (not-tissue culture plate) 

substrate. To avoid adhesion of the cells on the non-patterned areas of the 

substrate and hence have a clear cell deposition on the fibronectin pattern 

the substrate was coated with a surfactant (Pluronics F127). Analysis of the 

consequent cell adhesion demonstrated that the cell density on the substrate 

is influenced by the protein adsorption on it, in fact at the higher protein 

adsorption start point a higher cell density was observed, whilst a lower 

protein adsorption end point yielded a lower cell density. 

The presence of a variation in cell density along the microfluidic channel was 

investigated further to check the behaviour patterns of cells during the 
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migration from the end point (lower protein adsorption) to the injection point 

(higher protein adsorption). It was observed via recording cell motility that the 

cell behaviour is clearly influenced by the presence of higher or lower cell 

density as recorded. 

It was demonstrated that by using this system future cell behaviour studies 

can be conducted. The system used in this research,  detected differences in 

cell behaviour along the fibronectin pattern suggesting that the cells 

behaviour is influenced by the cell density on the substrate. 
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6.2. Surface characterization and protein functionality 

6.2.1. Fluorescence microscopy versus AFM functionalised probe technique. 

To ensure the protein immobilisation and to characterise the observed 

deposition of protein on the substrates, a surface analysis was conducted as 

discussed in Chapter 3. 

To assess the protein adsorption along the patterns on the non-tissue culture 

plate substrate an AFM functionalised probe technique was used in addition 

to the fluorescence microscopy. The use of AFM functionalised probe 

technique to investigate the adsorption of protein on substrates is a new 

research concept that was not investigated before in literature.  

The aim of this experiment was to understand and prove if there is a 

correlation between the fluorescence signals registered along the fibronectin 

pattern and the antibody-fibronectin receptor binding forces registered on 

the polystyrene substrate. 

The combination of atomic force microscopy and force spectroscopy can be 

used to detect specific interaction forces between two molecules with pN 

sensitivity (210,211). 

The experiment described schematically in (Figure 6.1) illustrates how 

fluorescence measurements can be associated to the presence of specific 

force measurements detectable by an AFM tip.  The AFM tip functionalised 

with an anti-fibronectin antibody has the ability to recognise specific bovine 

fibronectin on the surface using the heparin binding sites expressed on the 

immobilised fibronectin (116). Specific binding events were registered during 
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this study with a range of 82 pN ± 7.4 pN at the observed higher fluorescence 

intensity region (start point) and 52 pN ± 3.7 pN at the lower fluorescence 

intensity region (end point).  

The unbinding events between the antibody and the heparin receptor 

expressed on the immobilised fibronectin were at an increased concentration 

at the start point and decreased level of concentration at the end point.  This 

is consistent with the presence of a higher protein deposition levels (Figure 

6.1 C) as indicated by the higher fluorescence intensity registered after 

protein immobilisation on the substrate. This increased the possibility to find 

increased levels of receptor expressed on the fibronectin surface. In fact 

higher unbinding frequency events were registered at the start point along 

with an increase of the multiple adhesions due to the pull of multiple 

molecules immobilised on the substrate. The presence of a lower 

fluorescence intensity (Figure 6.1 D) along the fibronectin pattern 

corresponded to a decrease in unbinding frequency events due to the lower 

protein deposition on the substrate and hence the limited probability of 

finding heparin receptors expressed on the fibronectin coated surface. 

Through combining AFM binding force technique with fluorescence 

microscopy it was possible within this study to confirm a difference in protein 

density and concentration of functional groups. 
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Figure 6.1: Correlation between fluorescence intensity and specific AFM force measurements (A) on 
fibronectin pattern (B) created on not-tissue culture plate substrate. A tip was functionalized with an anti-

fibronectin antibody able to target the histamine groups exposed on the fibronectin surface. Fluorescent 
fibronectin at the start point (C) exhibits a higher number of specific multiple unbinding events (red line) 

whereas for most of the lower fluorescent fibronectin at the end point (D), no events or some few specific 
single unbinding events can be detected confirming the presence of a lower protein deposition along the 

pattern. Scale bar 200µm. 
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6.2.2. Assessment of fibronectin influence in cell behaviour 

The influence of fibronectin functionality and density on cell culture behaviour 

was investigated. The presence of a concentration gradient along the 

fibronectin micro-pattern was used to check if changes in protein density are 

responsible for specific changes in cell adhesion and migration. 

The difference in fibronectin density recorded at the start and end point 

revealed a difference in cell density using both fibroblasts and mesenchyme 

stem cells. The presence of a higher protein density appears to increase the 

possibility of finding an increased number of receptors in the right 

conformation on the functionalised surface with a corresponding higher level 

of cell adhesion, whilst lower protein density decreased the cell adhesion. 

Changes in the cell shape were also observed when comparing the injection 

and the end point of the pattern, suggesting that the space available inside 

the micro-pattern plays an important role in fibroblast cell behaviour.  

When undertaking cell migration analysis both cell lines showed a distinctive 

chemo-attractant behaviour in the direction of the protein gradient. This 

behaviour was observed at the end point where a lower cell density was 

recorded, whilst random cell movement was observed at higher cell density 

levels (injection point) presumably due to increased cell-cell interactions. 

Interestingly a difference in cell migration velocity was registered when 

analysing the i-HMSC stem cells at the higher and lower cell densities, i.e. 

injection and end point respectively. 

The cell density and the space available along the micro-pattern clearly 

showed that is possible to investigate cell behaviour (fibroblasts and 
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mesenchyme stem cells) under specific conditions along the same fibronectin 

pattern. The adhesion and migration mechanisms of fibroblasts and 

mesenchyme stem cells reviewed and observed in this study have close 

similarities with previous work reported in wider research literature. 

The control of cell growth and density on defined areas of surface would be 

important for potential application in tissue engineering studies to 

understand how the presence of a particular microenvironment and the 

presence of confined or unconfined space can influence the cell behaviour.  
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7.  Conclusions and future work 

 

The key aim of this thesis was to create protein concentration gradients on 

surfaces using microfluidic approaches for possible biological application – 

inclusive of cell adhesion and migration studies - and to utilise AFM as a tool 

for protein imaging and force spectroscopy investigations. Initially a review of 

microfluidic systems and their applications in biological studies, inclusive of 

gradient generation was discussed.  A detailed discussion concerning the 

application of the AFM in conjunction with other analytical techniques such 

as, fluorescence microscopy and cell adhesion studies were reviewed. The 

design and production of silicon masters and the subsequent production of 

PDMS microfluidic channels was described. Overall this approach has allowed 

the generation and characterisation of well-defined protein gradients on a 

variety of substrates including uniquely non-tissue culture plastic as typically 

used in a variety of standard cell-based studies. 

 

The use of the protein microfluidic systems is of growing interest for a variety 

of applications, including but not limited to tissue engineering, drug delivery 

and biosensors. The facility it provides to spatially control chemistries on 

substrates for biological and medical applications is in high demand. The 

characterisation of the protein deposition using tapping mode AFM allowed 

for conformational elucidation of protein deposition on the substrate. Both 

protein deposition and the surface characterisation were also investigated 
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using fluorescence microscopy in parallel with AFM.  Changes in fluorescence 

intensity along the protein pattern and the quantitative analysis conducted on 

the AFM images identified a clear difference in protein density observed along 

the protein patterns produced from a high to low surface density. 

 

The use of suitably functionalized AFM probes allowed the study of specific 

molecular interactions in a simulated between patterned fibronectin 

molecules and anti-fibronectin in a physiological environment. This technique 

was used to show that the immobilized protein remained able to interacts in a 

specific manner (ie. conformation had been conserved) and to relate this to 

the protein density observed along the fibronectin pattern using AFM and 

fluorescence imaging. The difference in protein binding registered by the AFM 

functionalized probe technique at the injection and the end point of the 

pattern on substrate was used to rationalise the influence of both protein 

deposition and space available inside the pattern on subsequent cell based 

studies. The spatially patterned fibronectins affinity was tested by 

investigating cell adhesion, shape and migration on the protein patterns. This 

involved the use of different cell lines, including human mesenchymal stem 

cells and human fibroblasts.  

 

The ability to control cell adhesion and migration on substrates could be of 

significant interest when researching possible applications in future tissue 

engineering and biological studies. The combination of AFM and fluorescence 

microscopy techniques for the protein density investigation allowed a deeper 
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insight into protein deposition and rearrangement on a substrate; essential 

understanding for future biological applications. 

The complex multi-step process involved in cell migration from the 

coordination of biochemical and biomechanical signals to the modulation of 

cell morphology by rearranging cytoskeletal filaments (217), reveals the 

importance of further bio-molecular studies to understand the changes 

observed in cell migration here reported. The role of specific Rho and GTPase 

signalling proteins in the regulation of cytoskeleton-dependent processes, and 

the activation of specific GTPase (217) and Rho/ROK signalling patterns (218) in 

mesenchymal and amoeboid cell type migration respectively has been 

reported in literature.  

The ability of cells to assume different cell behaviour when a difference in 

protein density and space available is detected in the surrounding micro-

environment could be further investigated in the future considering the 

activation of different signalling proteins (Rho and GTPase) in the regulation 

of cell contractility and consequent cell migration mechanisms using a cell 

fluorescent vector transfection technique (218) .  

The activation of different signalling protein patterns could explain the ability 

of cells to detect changes in the surrounding micro-environment with 

consequent changes in cell behaviour (cell migration and shape).  

The possibility that changes in the physical microenvironment can alter the 

mechanisms of cell migration when a crowd or open space is considered (as 

suggested in this study), opens new frontiers concerning the study of cell 
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migration under physiological conditions, where confined spaces are more 

physiologically relevant (192). 

Ideally, this system could be used in future to establish and understand 

further the relationship between the cells (for example tumour or stem cells) 

and the influence of physical microenvironment in terms of the impact on cell 

behaviour. The ability to study cells in a near physiological environment where 

the presence of a constrained space with higher protein deposition, or the 

presence of a larger space with lower protein concentration  allow more 

elucidations concerning the cell growth, migration and proliferation in the in 

vivo environment. The development of this system could therefore have a 

great impact in areas of tissue engineering and advance material research. 
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