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Abstract

The control of cell growth, proliferation and differentiation on biomaterials surfaces is of fundamental importance for regenerative medicine, prosthetics, or cell-based assays. The microfabrication of cell-on-chip platforms based on a new family of poly (amidoamine) hydrogels, are promising for in vitro and in vivo applications. Hydrogels present characteristics that mimics biological environments, such as the cross-linked nature of the extracellular matrix, the tissue properties (high water content), and the permeability to oxygen and metabolites. Hydrogels based on poly (amidoamine) results in an optically transparent, biocompatible and fully biodegradable substrate recommended for body implants that are minimally invasive, and naturally eliminated by human body. In my PhD work I intended to use microfabricated hydrogels for fine-tuning the contact guidance of cells. As microfabrication tools I set up reaction injection moulding for producing features down to 100 µm and developed a novel approach relying on electron beam lithography. This innovating microfabrication consists in the ability of directly writing patterns on already cross-linked hydrogels, with the capability of producing structures at sub-micrometric scale. The exposure to the electron beam produces particular modifications enabling the control of physico-chemical properties of irradiated area. I obtained a selective attachment of proteins as a function of the electron-beam dose; an exclusive adhesion and growth of neural cells on the exposed surfaces; and the control of neurite outgrowth guidance along a microfabricated network. These results offer new perspectives to build physiological microenvironments or cell-on-chip platforms, based on a novel class of microfabricated hydrogels.
Chapter 1 – Introduction

Nowadays biomaterials are essential for human health, quality of life and environment protection [1]. The current global financial crisis, claims for a readjustment of the domestic economy, by re-launching investment and technological innovation 
 ADDIN EN.CITE 

[2-3]
. In case of biomaterials, the most powerful and innovating ones will make large use of biotechnology, promising new capabilities and therapeutic products 
 ADDIN EN.CITE 

[4-5]
. Then the recently available micro and nanotechnologies applied to existing biomaterials open and potentiates new research lines, to find out novel properties and provide cutting-edge tools for the construction of clinically helpful micro and nano devices 
 ADDIN EN.CITE 

[1, 6-10]
. We foresee that the advent of micro and nanotechnologies applied to new materials will help us to reach a new, more qualitative level, and overcome government difficulties. These last generation materials will be especially important in social spheres, including health, food and environment protection, where micro and nanoscales corresponds to life and matter building units 
 ADDIN EN.CITE 

[11-16]
. 
In this thesis work I addressed the attention to the development of cell-on-chip platforms, through the incorporation of microtechnologies in a new biomaterial made of poly (amidoamine) hydrogels. The final aim was to interface this microfabricated platform with cell systems, and demonstrate the control of cell behaviour by means of the introduced microfeatures. The integration of controlled microenvironments through engineered surfaces is a valuable approach towards fundamental cell-biological studies, but also of great importance for the development of cell-on-chip platforms, or enhanced substrates for tissue engineering and regenerative medicine 
 ADDIN EN.CITE 

[9, 18]
. Very important goals of this thesis work were:

- to identify biomaterials, in this case poly (amidoamine) hydrogels, fitting with the requirements of biologist end-users (simple handling, and low-cost for mono-use) and cell based assays (demonstrated biocompatibility in vitro and in vivo);

- to find and develop new microfabrication tools compatible with PAA hydrogels, for the construction of microfluidic, cell co-culture, and micro/miniaturized systems; 

- to be able in designing features at specific dimensions and geometries (from the macroscale till the sub-micron range) on the surface of the hydrogel;

- to obtain full control of surface and biochemical topographies, that can affect and stimulate general cell processes such as adhesion, proliferation and differentiation.
- the demonstration that these physical and biochemical topographies are able to control the growth and organization of individual cells, for example in guiding neural orientation to assemble autonomously into complex neural networks or circuits.

In future prospective I expect that this work will allow the construction of interfaces and devices based in hydrogels, with an outstanding capability to recreate highly physiologic conditions in vitro, for example to study physiologic and pharmacologic responses at high-throughput and single cell-level. We can foresee as well the application of these devices in vivo, for improving current prosthetics, or the development of artificial organs and tissues, revolutionary to the regenerative medicine field.

1.1 Control of cell behaviour and stimuli on interfaces
Cell patterning is a recognized important tool for organizing cells in surfaces, and to reproduce in a simple way the tissue hierarchy and complexity of pluri-cellular life. The control of cell growth, proliferation and differentiation on solid surfaces is important for prosthetics, biosensors, cell-based in vitro arrays, stem cell therapy and cell-based drug discovery concepts 
 ADDIN EN.CITE 

[9, 19-22]
. 
Considerable efforts are currently being focused on the understanding of the structural, mechanical, topographical and chemical cues cooperating, at different length scales, to dictate the biological response to a material. It is known, that these parameters are organized on scales ranging from the nanometre to the micrometre 
 ADDIN EN.CITE 

[23-24]
 as observed for the extracellular matrix (ECM), where cells are aligned and guided via rich micro and nanotopographies formed by the hierarchical organization of collagen molecules 
 ADDIN EN.CITE 

[24-29]
. Cells interact with these topographical cues through a phenomenon known as contact guidance 
 ADDIN EN.CITE 

[24, 30]
 regulating cell shape and motility, and playing an essential role for several homeostatic processes such as wound healing and tissue repair [29]. 
From a surface engineering point of view (in vitro), patterning approaches have greatly profited by combining microfabrication technologies with biochemical functionalisation, for presenting to the cells, biosignals in spatially controlled regions 
 ADDIN EN.CITE 

[31-33]
. This biochemical signal can not only provide an cell adhesion point, but also control major cell processes such proliferation, differentiation or specific cellular pathways 
 ADDIN EN.CITE 

[21, 24, 32, 34-35]
. 
Despite the exceptional patterning approach to mimic cellular environments, these technologies didn’t arrive yet in biology laboratories. The current in vitro systems for reproduction of physiological conditions lack the complexity to successfully mimic their in vivo counterparts. Most of cell-based assays is performed by isolating cells, and placing them in large populations into culture flask containing medium and incubated. The world-wide used approach is reductive from a fundamental point of view (cells in vivo are surrounded by complex spatiotemporal microenvironments) and from a practical perspective (scaling up the number of fluid handling steps and cell manipulations for high-throughput studies in vitro are prohibitively expensive) 
 ADDIN EN.CITE 

[17, 37]
. Nevertheless the simple simulation of the organism’s inner workings, the acquired ability to culture cells in vitro has revolutionized cell and molecular biology research and has become a standard methodology in drug screening and toxicology assays. 
The precious advantages over in vivo experimentation 
 ADDIN EN.CITE 

[17, 20, 36, 38-40]
 are: the parameters necessary for cell function can be isolated without interference from more complex systems; many experimental conditions can be tested with the cells from only one sacrificed animal, it reduces animal care expenses, human labour costs and animal suffering; the thin layer allows optical observation under a microscope, unobstructured by other cell layers; and with cell lines, the researcher effectively circumvents the time necessary to raise the animal to its sacrifice. 
As disadvantages most of cell culture systems lack the 3D multi-cellular architecture found in organism tissue. Then cells need to be fed periodically with fresh medium, where the combinatorial testing of a variety of conditions, involve large number of cell cultures surfaces, bulky incubators, large fluid volumes, expensive human labour, equipment and reagents 
 ADDIN EN.CITE 

[41-44]
. 
In the rapidly advancing field of cell and molecular biology, it has become progressively more important to design cell culture assays, that more closely represent the behaviour of cells in living tissues. To enhance cell culture environments, many researchers seek 3D or 2D patterned systems, which more accurately resembles the natural biological systems in which cells thrive and grow. For this reason, it is of great importance to understand cell interacting with and functionalized substrate (mimicking physiological environments), which can determine the success of biomaterials 
 ADDIN EN.CITE 

[18, 22, 37, 45]
. The research tendency will be to find and develop materials incorporating:

- topographical and chemical cues, fused with molecular and cellular biology by featuring the complex biochemical and mechanical interplay of cells, extracellular matrix (ECM) and signalling factors (such as the Epidermal Growth Factor EGF and Nerve growth Factor NGF).

-  responsive systems able to interact actively with the biological interface, for example systems delivering and loading soluble factors when stimulated by external environment. 
These new parameters introduced in materials are undoubtedly valuable to mimic the “in vivo” microenvironment 
 ADDIN EN.CITE 

[20, 22, 37, 41, 45, 48-49]
: the traditional approach is to assemble in ad hoc manner cells, ECM precursors and growth factors into these materials 
 ADDIN EN.CITE 

[26, 28, 54]
, but the new two and three-dimensional patterning technologies will profit these materials also making use of controlled release systems by bulk, microscale loading systems, bioreactors and microfluidics 
 ADDIN EN.CITE 

[20, 41, 47, 49-50, 60]
. These systems can be implemented in the material, to provide cell contact and guidance, the transfer of nutrients, drugs and wastes, and finally influence tissue organization 
 ADDIN EN.CITE 

[20, 47, 61, 63]
. Microfluidcs deals with the precise control, behaviour and manipulation of fluids that are geometrically constrained to sub-millimetre scales. Typically, the domain of microfluidcs presents the following characteristics or features: small volumes (nl, pl, fl), small sizes, low energy consumption, and undiscovered effects of the micro domain 
 ADDIN EN.CITE 

[64-65]
. Like nanotechnology, microfluidic is a multidisciplinary field intersecting engineering, physics, chemistry, microtechnologies and biotechnology. It has practical applications to the design of systems (microcircuits connected by channels, chambers, and controlled by micro pumps or valves) in which such small volumes of fluids can be used (reducing costs). Microfluidcs has emerged in the beginning of the 1980s and is used in the development for example of inkjet print-heads, DNA chips, lab-on-a-chip technology, micro-propulsion, and micro-thermal technologies 
 ADDIN EN.CITE 

[47, 65-66]
. New soft materials with elastomeric properties (such as the hydrogels described in this thesis work) are finding applications and a promising future in microfluidic field 
 ADDIN EN.CITE 

[39, 67-68]
. It is a new open research line, little exploited and where common materials such as silicon and glass, that were excellent choices for electronically and mechanical devices, have nowadays several limitations for applications in biology and chemistry. The intrinsic stiffness of hard materials for examples poses challenges in making miniaturized devices with moving parts such as micro valves 
 ADDIN EN.CITE 

[39, 63, 68-69]
. Advantages of microfluidic/miniaturized systems incorporated in materials and devices are: consumption of small volumes of reagents, the generation of small waste quantities, low unit cost, short reaction times, and an increased sensibility, such as the capability of analyzing single cells 
 ADDIN EN.CITE 

[64-66]
. 
The 2D/3D patterning technologies joined with microfluidics and biomaterials field have a great potential to mimic the tissue complexity and circulatory systems of most vertebrates. We can expect that these new nature-inspired platforms joined with microtechnologies will be the basis for the construction of devices with the ability to interact smart and autonomously with chemical, physical and biological environments 
 ADDIN EN.CITE 

[47, 66, 70-74]
. 

1.2 The Extracellular Matrix
From a biological point of view, the extracellular matrix (ECM) is the extracellular part of animal tissue that usually provides structural support to the cells defining feature of connective tissues 
 ADDIN EN.CITE 

[26, 28, 44]
. Extracellular matrix includes the interstitial matrix and the basement membrane. Interstitial matrix is present between various animal cells (i.e., in the intercellular spaces). Gels of polysaccharides and fibrous proteins fill the interstitial space and act as a compression buffer against the stress. Basement membranes are sheet-like depositions of ECM on which various epithelial cells rest. Due to its diverse nature and composition, ECM can provide support and anchorage for cells, segregating tissues from one another, and regulating intercellular communication and cell behaviour 
 ADDIN EN.CITE 

[44, 55, 75-76]
. In addition, it sequesters a wide range of cellular growth factors, and acts as a local depot for them. Stimuli can trigger protease activities that cause local release of such depots. This allows the rapid and local growth factor-mediated activation of cellular functions, without de novo synthesis. Formation of the extracellular matrix is essential for processes like growth, wound healing and fibrosis. It works together with signals arising from receptors for soluble growth factors like vEGF, EGF and many others. They enforce a cellular decision on the biological action to take (attachment, movement, death, or differentiation) [53]. An understanding of ECM structure and composition also helps in perceiving the complex dynamics of tumour invasion in cancer biology as metastasis often involves in the destruction of extracellular matrix. Cell adhesion to ECM is regulated by specific cell adhesion molecules (CAM) on the surface, known as selectins, integrins and cadherins [59]. Integrins are the main CAM components, and they bind to ECM structures such as fibronectin, vitronectin, collagen and laminin, and also to other cell integrins. They mediate attachment between a cell and the surrounding tissues. Working alongside with cadherins and selectins, they also play a role in cell signalling and thereby define cellular shape, mobility, and regulate the cell cycle. Typically, receptors inform a cell of the molecules in its environment and the cell evokes a response [77]. Not only integrins perform this outside-in signalling, but they also operate an inside-out mode. Thus, they transduce information from the ECM to the cell, and reveal as well the status of the cell to the outside, allowing rapid and flexible responses to changes in the environment. For example to allow blood coagulation by platelets. The attachment of fibronectin to the extracellular domain initiates intracellular signalling pathways as well the association with the cellular cytoskeleton via a set of adaptor molecules such as actin. The integrins thus serve to link across the plasma membrane two networks: the extracellular ECM and the intracellular actin filamentous system. They also play a major role in cell migration. During movement, the cell makes new attachments to the substrate at its front and concurrently releases those at its rear. When released from the substrate, integrin molecules are taken back into the cell by endocytosis; they are transported through the cell to its front by the endocytic cycle where they are added back to the surface. In this way they are cycled for reuse, enabling the cell to make fresh attachments at its leading front. Variations in the relative amounts of the different types of matrix macromolecules and the way in which they are organized in the extracellular matrix give rise to an amazing diversity of forms, each adapted to the functional requirements of the particular tissue 
 ADDIN EN.CITE 

[9, 26, 32, 52, 55, 78]
. The matrix can become calcified to form the rock-hard structures of bone or teeth, or it can form the transparent matrix of the cornea, or it can adopt the rope-like organization that gives tendons their enormous tensile strength. The connective tissues framework of the vertebrate body vary greatly: from cartilage and bone, in which are the major component, to brain and spinal cord, which represents the minor constituents [25].

1.3 Hydrogels
Hydrogels are highly hydrophilic, insoluble and swellable materials of wide use 
 ADDIN EN.CITE 

[6, 9, 79-80]
. They can be made of natural origin, such as alginates, cellulose, agarose, collagen, chitosan and fibrin, or synthetic, such as poly-acrylic acid, poly(ethylene oxide) - PEO, poly(ethylene glycol) - PEG, poly-lysine, polylactic-co-glycolic acid - PLGA, poly(2-hydroxyethylmethacrylate - pHEMA, poly(lactic acid) - PLA, polyvinylpyrrolidine and all their derivatives 
 ADDIN EN.CITE 

[80-81]
. Nearly in every case these materials were adopted from other areas of science and technology without substantial redesign for medical use, however they have successfully been designed as scaffolds to mimic mechanical properties of tissues, and the extra cellular matrix organization 
 ADDIN EN.CITE 

[9, 44, 51]
. 
Recent medical advances, fabrication of new artificial prosthetic organs such as cartilage, tendons and ligaments, and bone, or to more soft materials such as arteries and skin, have been made possible thanks to hydrogels scaffolds 
 ADDIN EN.CITE 

[9]
. More recently they were the original materials for soft contact lenses (copolymers of 2-hydroxyethyl methacrylate with ethylenedimethacrylate). The commercial success of soft contact lenses revealed the potential of hydrogels for health purposes. Most of them satisfy basic requirements for some biomedical applications, such as biocompatibility and biodegradability, and have the further property of absorbing large amounts of water 
 ADDIN EN.CITE 

[9, 79-80, 84, 89]
. Due to similarities to natural tissues, hydrogels are devised to be used as scaffolds in regenerative medicine or as drug deliver carriers for the body. The increasing demand of low-cost and at the same time highly functional biomaterials, promotes the development of a new generation of materials based on hydrogels, highly sophisticated 3D environments adapted to live complexity. Hydrogels originally foreseen to avoid rejection by the host organism, have entered in a new stage in which they can be designed with bioactive properties, exchanging stimuli with the surrounding tissue and inducing specific cellular reactions 
 ADDIN EN.CITE 

[10, 33, 51, 90-96]
. For instance one novel strategy is the design of hydrogels comprising properties of the bioactive fibronectin or hyaluronan (HA) for tissue repair. Hydrogel matrix based on this bioactive compounds are a tremendous medium for promoting wound healing by binding with the platelet derived growth factors, inducing in situ fibroblast migration, which is a vital step to induce injured tissue remodelling and healing 
 ADDIN EN.CITE 

[27, 52, 59, 87, 97-98]
. 
The newly microfabrication technologies offer to biomaterials such as the hydrogels, the possibility of exploiting a wide new set of chemical-physical parameters at micro- and nanoscale (controlled shape, stiffness, surface topography, and compartmentalization) which may influence cell behaviour. Stimuli-responsive hydrogels that can swell or deswell in response to changes of external triggers, such as pH, temperature, electric fields, light, and biomolecules, makes them useful for fundamental studies or for industrial and clinical applications in innovating fields such as smart drug delivery, sensoring or other applications that highly mimics in vivo environments. This can be the basis to create revolutionary interfaces able to touch, feel or stimulate biological systems and, in a wider perspective, to collect and transmit information as active elements (sensors, circuitry elements, etc.) 
 ADDIN EN.CITE 

[67, 99-102]
. Although these materials will help in new medical treatments, critical problems in biocompatibility, mechanical properties, degradation and numerous other properties will still remain. 
The solutions are the identification of specific micro-parameters that are critical for performance of such biomaterials (hydrogels), and integrate these parameters with the new insights emerging from cell-matrix interactions studies, cellular signalling processes, and developmental and systems biology 
 ADDIN EN.CITE 

[47, 81, 98]
. Understanding more about extracellular matrix biology, cell receptors, and immunology will help for example: to predict how the body responds to specific biomaterials. Analogously biological characterization of materials will aid in understanding how materials interface with cells and tissues. Advances in micro and nanomaterials will create new opportunities to mimic entities in the body or will revolutionize the study of cell behaviour in vitro, by providing the necessary tool for recreating the in vivo microenvironment 
 ADDIN EN.CITE 

[9, 17, 28, 37, 51, 103]
. 

1.4 Neural cells and networks
Common approaches to study mechanisms that regulate neurite outgrowth, employs cultures of cell lines able to differentiate into neural cells, or to use dissociated neurons from brains or spinal cords of embryonic rodents. In such cultures the neurons are seeded into dishes in which the culture surface has been coated with uniform layer of adhesive molecules that promotes neurite outgrowth. Although studies of such cultures have led to the identification of a number of molecules that promote or inhibit neurite outgrowth (e.g., neurotrophic factors and neurotransmitters), a large gap in our understanding of the regulation of neurite outgrowth exists because of methods for manipulating the growth environment at micro and nanometre scale. Contact guidance is particularly important for the organization of neural cell networks in the developing brain 
 ADDIN EN.CITE 

[24, 30, 104]
: these networks are formed during development as maturing neurons extend processes to reach synaptic targets (see Figure 1) 
 ADDIN EN.CITE 

[23, 30, 105]
. 
Different chemical and topographical patterns have been investigated for the growth of neural cells: the use of microfabrication (process of manufacturing miniature structures) has been accepted in order to control the way that individual neurons grow and contact each other 
 ADDIN EN.CITE 

[18, 21, 106]
. By confining single neurons to attach in a restricted area, surface patterns can be used to cause selective growth of neural elements, such as neurites, to connect single cell bodies. The capability of controlling single neural cell interaction by contact guidance on hydrogels holds immense promise for clinical application in guiding the nerve regeneration of damaged peripheral nervous system 
 ADDIN EN.CITE 

[8, 21, 82, 107]
. Contact guidance of neurites by topographic features is well known 
 ADDIN EN.CITE 

[22, 30, 108]
, but the role that topography plays in the modulation of neuritogenesis has not been fully addressed. For example other studies demonstrated that of cell-adhesive peptides derived from laminin or fibronectin can control nerve outgrowth 
 ADDIN EN.CITE 

[32, 56, 76-77, 109-110]
. 
[image: image1.jpg]



Figure 1. Scheme of a signal propagating along the cell body and dendrites to the next cell. The neural network describes a population of physically interconnected neurons or a group of disparate neurons whose inputs or signalling targets define a recognizable circuit. Communication between neurons occurs through an electrochemical process. The interface through which they interact with surrounding neurons usually consists of several dendrites (input connections), which are connected via synapses to other neurons, and one axon (output connection). If the sum of the input signals surpasses a certain threshold, the neuron sends an action potential at the axon hillock and transmits this electrical signal along the axon (reproduced by National Institute on Aging, US).

The neurons are part of a large family of responsive cell types, that process and transmit information by electrochemical signals 
 ADDIN EN.CITE 

[111-117]
: sensory neurons, motor neurons, inter-neurons. Given the diversity of functions performed by neurons in the nervous system, they present large variability in shape, size, and electrochemical properties. 
The general features of neurons are:

- The soma is the central part of the neuron where most of protein synthesis occur. It contains the nucleus of the cell, ranging from 3 to 18 micrometers in diameter.

- The dendrites of a neuron are cellular extensions with many branches (length until 500 µm) referred as dendritic tree. This is where the majority of input to the neuron occurs.

- The axon is a fine cable-like projection which can extend even tens of thousands times the diameter of the soma in length. The axon carries nerve signals away from the soma (and also carries some types of information back to it). Many neurons have only one axon, but this axon may undergo extensive branching, enabling communication with many target cells. The part of the axon where it emerges from the soma is called the axon hillock. Besides being an anatomical structure, the axon hillock is also the part of the neuron that has the greatest density of voltage-dependent sodium channels. This makes it the most easily-excited part of the neuron and the spike initiation zone for the axon: in neurological terms it has the most negative action potential threshold. While the axon and axon hillock are generally involved in transmission of information, this region can also receive input from other neurons.

- The axon terminal contains synapses, specialized structures where neurotransmitter chemicals are released in order to communicate with target neurons.

The anatomy and the properties of the surface membrane determine the behaviour of a neuron. The surface membrane is not uniform over the entire length of a neuron, but is modified in specific areas; some regions secrete transmitter substances while other areas respond to transmitter molecules. Other areas of the neuron membrane have passive electrical properties that effect capacitance and resistance. Within the neuron membrane there are gated ions channels that vary in type, the membrane of the axons include fast response sodium channels that are voltage-gated and are used to send rapid signals. Neurons communicate by chemical and electrical synapses, in a process known as synaptic transmission. The fundamental process that triggers synaptic transmission is the action potential, a propagating electrical signal that is generated by exploiting the electrically excitable membrane of the neuron (Figure 1). This is also known as a wave of depolarization 
 ADDIN EN.CITE 

[115-116, 118-119]
.
A new field based on Artificial Neural Networks (ANN) behaves the same way of biological nervous systems, such as the brain, to process information 
 ADDIN EN.CITE 

[22, 58, 120-122]
. It is composed of a large number of highly interconnected processing elements (neurons) working in unison to solve specific problems (analysis, processing and decision-making). ANNs, like people, are able to learn. ANN can be configured for specific applications, such as pattern recognition, or data classification, through a learning process. Learning in biological systems involves adjustments to the synaptic connections that exist between the neurons 
 ADDIN EN.CITE 

[11, 58]
. Amazingly, applications for neural networks attain fields out of life sciences that can be applied in the real world such as decision-making 
 ADDIN EN.CITE 

[58, 120-121, 123-125]
, business or financial analysis. Since neural networks are best at identifying patterns or trends in data, they are well suited for prediction or forecasting needs (including sales forecasting, industrial process control, customer research, data validation, risk management and target marketing).
In my thesis work I introduce an in vitro neural networks in the context of biomedical research, since artificial neural networks are currently a hot research topic in biomedicine and extensive applications are expected for next few years 
 ADDIN EN.CITE 

[8, 21-22, 82, 95, 107]
. Our work of designing cellular microenvironments, gave the possibility of creating pathways for neural cells and neurite growth. The ability to control in vitro such biological phenomena gives a new powerful material and method to study in a more controlled manner true biological neural networks. Not only they are promising as scaffolds for neural regeneration, but probably in coming years they will be the foundation to create “conscious” sensors, able to interface biology, computing and microelectronics 
 ADDIN EN.CITE 

[4, 95, 126]
.
The computing world has already gained a lot from neural networks. The algorithms based from the biological neural networks have the ability to learn, and makes them very flexible and powerful. Then neurobiology, neurology and psychology are other fields that surely will gain a lot with the possibility that some day, “conscious” artificial networks might be produced 
 ADDIN EN.CITE 

[22, 50, 62, 85, 111, 126-127]
. 

Chapter 2 - Poly (amidoamine)s hydrogels

2.1 Poly (amidoamine)s polymers 
For developing cell-on-chip platforms based on hydrogels, I used a novel family of biocompatible amphoteric poly(amidoamine) (PAA) polymers, which belongs to the last generation biomaterial category  
 ADDIN EN.CITE 

[84, 86, 90, 128]
. PAA hydrogels can be functionalized with biomolecules, made responsive to external conditions changes, such as pH and osmotic pressure, and tailored to assume custom mechanical and chemical properties 
 ADDIN EN.CITE 

[129-132]
. PAAs are obtained by Michael-type poly-addition of primary or secondary amines to bisacrylamides (chemical reaction described in Figure 2). Examples of different polymer structures from the large PAA family are ISA23 (Figure 3), ISA1 (Figure 4) and AGMA1 (Figure 5) 
 ADDIN EN.CITE 

[84, 128, 133]
. 

PAAs containing as side substituent other chemical functions, such as additional ter-amino groups, carboxyl groups, hydroxyl groups, and allyl groups, can be easily obtained by using suitably functionalized monomers 
 ADDIN EN.CITE 

[84, 90]
. 
PAA reactive oligomers are turned into hydrogels by radically initiated polymerization using either thermal or photo or redox activation (for general cross-linking reaction, see Figure 6). ISA23 hydrogel is represented in Figure 7 if cross-linked by EDA and Figure 8 if cross-linked by UV photo-polymerization or by redox initiator. ISA1 hydrogel is represented in Figure 9 and Figure 10. AGMA1 hydrogel structures are in Figure 11 and Figure 12. Peptides or signalling biomolecules (such growth factors or extracellular matrix components) can participate in the poly-addition reaction through their terminal amino groups 
 ADDIN EN.CITE 

[86, 90, 133-136]
. 
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Figure 2. Synthesis of PAAs polymers. PAAs polymers are obtained by Michael-type poly-addition of primary or secondary amines to bisacrylamides. The product represents a general chemical structure for a PAA polymer. The polymer can be quite long and the structure describes a general repeating unit.
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Figure 3. From PAA family: repeating unit of ISA23 polymer
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Figure 4. From PAA family: repeating unit of ISA1 polymer
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Figure 5. From PAA family: repeating unit of AGMA1


2.2 Poly-amidoamine based hydrogels
PAAs hydrogels are optically transparent, non-immunogenic, and biodegradable gels, where degradation rate can be controlled by easily modifying their structure 
 ADDIN EN.CITE 

[86, 90, 128]
. Despite the polycationic nature, most of PAAs present little toxicity. In this study I will mainly refer the use of ISA23 based hydrogels (Figure 7 and 8) obtained by the poly-addition reaction between 2,2’-bis(acrylamide)acetic acid and 2-methylpiperazine, using as cross-linking agents both UV photo-polymerization, or 1,2-diaminoethane (EDA). ISA23 is prevailingly anionic at physiological pH, with in vitro toxicity (IC50> 5mg/ml) comparable to that of Dextran, a widely used biocompatible polymer 
 ADDIN EN.CITE 

[128, 137]
. 
During this work, ISA23 capabilities were compared to other differently engineered polymers from the poly-amidoamine family group, such as AGMA1 and ISA1. Animal experiments showed that amphoteric PAAs (such ISA23) present ‘‘stealth’’ [128] properties, and undergo passive concentration at the level of tumours by the Enhanced Permeation and Retention (EPR) effect. The purely cationic PAAs of similar structure preferentially localise in the liver 
 ADDIN EN.CITE 

[138]
. At cellular level PAA polymers localise at lysosomes, and the low pH of 5.5 strongly increase their polycationic character becoming membrane-active, and thus promoting intracellular trafficking of DNA and proteins 
 ADDIN EN.CITE 

[134-135, 138-139]
. 
The combination of all described properties makes the PAA polymers, as a promising research tool for a wide range of applications: drug delivery systems, cell adhesion promoter and transfection agents 
 ADDIN EN.CITE 

[137-139]
. As hydrogels, PAA represent a new potential biomimetic substrate for biomedical applications. The hydrogel can be fabricated mimicking mechanical properties of soft tissues and the physicochemical properties (such as water content) can be tailored, and modulated for specific tissue or applications. PAA hydrogel can be obtained by different types of polymerization which gives different chemical and mechanical properties (relevant for biology), of any desired geometry and for instance gelled in situ, adopting the geometry of the surrounding environment, such as a wound, defect or a mould 
 ADDIN EN.CITE 

[84, 86, 90, 128, 137, 140]
. 
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Figure 6. Scheme of a cross-linked PAA segment
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Figure 7. ISA23 hydrogels with EDA as cross-linker
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Figure 8. ISA23 hydrogels by UV photo-polymerization or by redox initiator
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Figure 9. AGMA1 hydrogels cross-linked by EDA


	[image: image10.emf]N N

H

N

H

N

O O

O OH

N

NH

NH

N

H

N

H

N

H

N

H

O COOHO O COOH O

N

NH

NH


Figure 10. AGMA1 hydrogels by UV photo-polymerization or by redox initiator.
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Figure 11. ISA1 hydrogels cross-linked by EDA.
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Figure 12. ISA1 hydrogels by UV photo-polymerization or by redox initiator




Chapter 3 - Designing at microscale new features in PAA hydrogels 

3.1 Systems miniaturization with micro and nanotechnologies 
Nowadays materials and functional units are evolving towards the building and manufacturing of smaller-scale products 
 ADDIN EN.CITE 

[13, 31, 68]
. Devices that take up less space are more desirable than items which are bigger and bulkier because they are easier to carry, easier to store, more convenient to use and with lower environment impact 
 ADDIN EN.CITE 

[31, 68]
. The micro and nanofabrication, which encompasses any technique that allows manufacturing miniature components and devices down to the atomic resolution is also promising for the development of new biosystems (cell-based assays, biosensors) 
 ADDIN EN.CITE 

[31, 141]
. To date, these microfeatures cannot be straightforwardly reproduced in a biology laboratory, but we expect that microfabrication will make possible to researchers to design at microscale or even nanoscale, the biochemical composition and topography of a substrate and surrounding microenvironment 
 ADDIN EN.CITE 

[7, 31, 141]
. 
Several microfabrication techniques have been developed to produce miniature components and devices within micro and nano scale, mainly in semiconductor industry: the direct-writing technologies are probably one the most powerful in fabrication of microelectronics. They are currently adopted to manufacture a large variety of new tools and materials for biomedical research and applications [31]. During a typical direct-write approach, patterns or layered structures are built directly without the use of masks, allowing rapid prototyping. Main aspects to be considered are the ease of the technique, and the possibility to precisely control the patterning by computer-assisted design 
 ADDIN EN.CITE 

[142-144]
. Some of these approaches are the common UV lithographic processes, or the use of more elaborate lithographic processes such as Electron Beam Lithography (EBL) 
 ADDIN EN.CITE 

[108, 144-146]
. 

3.1.1 Electron Beam lithography
Microfabrication through Electron Microscopy designed as e-beam lithography, is the practice of scanning a beam of electrons across a surface to obtain patterns (see Figure 13). Electron Microscopy (see Chapter 8.1, for detailed information about the Scanning Electron Microscopy, page 124) as a microfabrication tool, has as main advantage the three-dimensional control (till submicron scale) gained by a motorized stage and programmable parameters (including x, y, and z planes, intensity or exposure dose). The primary electrons in the incident beam lose energy upon entering a material (called resist) through inelastic scattering or collisions with other electrons. The lost energy is converted into other forms, such as heat, emission of low-energy secondary electrons, light emission (cathode-luminescence) or x-ray emission. In such collision, the momentum transfer from the incident electron to an atomic electron can be expressed as dp = 2e2 / bv, where b is the distance of the closest approach between the electrons, and v is the incident electron velocity. The energy transferred by the collision is given by T = (dp)2 / 2m = e4 / Eb2, where m is the electron mass and E is the incident electron energy, given by E = (1 / 2)mv2. By integrating over all values of T between the lowest binding energy, Eo, and the incident energy, one obtains the result that the total cross section for collision is inversely proportional to the incident energy E, and proportional to 1 / Eo − 1 / E. Generally, E > > Eo, so the result is essentially inversely proportional to the binding energy. By using the same integration approach, but over the range 2Eo to E, one obtains by comparing cross-sections that half of the inelastic collisions of the incident electrons produce electrons with kinetic energy greater than Eo. These secondary electrons are capable of breaking bonds of the resist (with binding energy Eo) at some distance away from the original collision. Additionally, they can generate additional, lower energy electrons, resulting in an electron cascade. Hence, it is important to recognize the significant contribution of secondary electrons to the spread of the energy deposition. Extremely high electron energies (keV) can essentially "drill" or sputter irradiated material (by bonds breaking), or at least change its original properties. This process can be used to create very small structures in the surface that can subsequently be transferred into another material for a number of purposes (see Figure 13b) 
 ADDIN EN.CITE 

[108, 144, 146]
. Another important advantage of electron beam lithography is the fact that it can beat the diffraction limit of light and make features in the nanometre regime. This mask less writing form of lithography has found wide usage in making masks for photolithography, low-volume production of semiconductor components, and research & development 
 ADDIN EN.CITE 

[20, 142]
.
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Figure 13. Electron Beam lithography principles: a) scanning a beam of electrons (represented by black arrows) in a patterned fashion across a surface (called the resist); b) selectively removing either exposed (chemically and physically modified) or non-exposed regions of the resist (developing), can produce the shown structures till spatial resolutions within the nanoscale.

The key limitation of electron beam lithography is the low throughput, i.e., the long time it takes to scan the area. A long exposure time leaves the user vulnerable to beam drift or instability which may occur during the exposure. Also, the turn-around time for reworking or re-design is lengthened unnecessarily if the pattern is not being changed the second time [147]. Some direct-writing technologies employ Focused Ion Beam (FIB) (similar to electrons beam process, although ions are larger) or two-photon for the lithographic process, down to a spatial resolution of nanometre scale. Two-photon lithography can gain a three-dimensional work area, because the intensity can be controlled, since the site of two-photon absorption is tightly confined to a focal point where intensity reaches an absolute maximum. Usually it is used to initiate photo-reactive processes. The technique is now adapted to manufacture hydrogel microstructures using 3D photo induced polymerization 
 ADDIN EN.CITE 

[147-149]
. 
To the best of our knowledge, electron beam method for hydrogel microfabrication is only used as highly energetic radiation to cross-link linear polymer chains. When immersed in water, cross-linked regions assume hydrogel properties (undergo reversible swelling and shrinking), whereas the unexposed regions are removed 
 ADDIN EN.CITE 

[142, 147, 149-150]
. 
In this thesis work, I demonstrated for the first time, that electron beam lithography can be efficiently used to direct write complex topographical and chemical micropatterns (through ablation/milling processes) on the surface of dry PAA crosslinked hydrogels with a spatial resolution going down to submicrometric scale and surviving subsequent hydration.
3.1.1.1 Electron Beam lithography on PAA hydrogels
Alternatively to what is known in literature, our route to fabricate hydrogel-based microstructures lies on a direct writing electron beam patterning on dry and already cross-linked hydrogels. This process yields the removal of a thin layer of the exposed area and leaves a morphologically and chemically modified depleted surface. PAAs hydrogels are inherently highly functional structures; however further functionalisation at microscale of PAAs may be useful for specific purposes, especially if the functionalisation process and intelligent design can be precisely controlled to attain single cell scale or even the molecular scale 
 ADDIN EN.CITE 

[20, 143, 151-152]
. The computer assisted design assures control down to the microscale (minimal of 500 nm of lateral resolution attained with our Scanning Electron Microscope) of physical and biochemical features. E-beam lithography is not suitable for high-volume manufacturing because of its limited throughput. The serial nature of electron beam writing makes for very slow pattern generation compared with a parallel technique like photolithography (the current standard) in which the entire surface is patterned at once 
 ADDIN EN.CITE 

[45, 148, 153]
. To pattern a single wafer with an electron beam lithography system for nm resolution, it would take days, compared to the few minutes it would take with a photolithography system. 
For this reason I developed as well, a fast, inexpensive and easy technique to microshape hydrogels (during hydrogel synthesis/cross-linking) by Reaction Injection Moulding (RIM) 
 ADDIN EN.CITE 

[154-155]
. 
3.1.2 Reaction Injection Moulding
Moulding is the process of manufacturing by shaping pliable raw material, using a rigid frame or a model called pattern. A mould is a hollowed-out block that is filled with a liquid like plastic, glass, metal, or ceramic raw materials. The liquid hardens or sets inside the mould adopting its shape (see Figure 14) 
 ADDIN EN.CITE 

[154-159]
. In our case I used reaction injection moulding (RIM), similar to injection moulding, but where we inject the pre-polymerized PAA and cross-linking agent’s mixture, and then the polymerization reaction and solidification occurs within the mould. 
Moulds to shape hydrogels were fabricated at our facilities (for mechanical work) from Physics Department - INFN (Istituto Nazionale per la Fisica della Materia c/o Dipartimento di Fisica della Universita di Milano). The thermoplastic transparent Poly(methyl-methacrylate) (PMMA or Plexiglas®) 
 ADDIN EN.CITE 

[160-164]
 was used for making this moulds, since it is often preferred as an alternative to glass or polycarbonate, because of its mechanical properties, easy handling, processing, and low cost. The PMMA moulds were microfabricated using milling machines and small endmills (large ~ 100 µm of diameter). This moulds conjugated with Reaction Injection Moulding allows to sculpture structures (chamber, channels) thill the lateral resolution of ~ 100 µm.
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Figure 14. Scheme describing the Reaction Injection Moulding process RIM: (1) we prepare pre-polymerized PAA and cross-linking agents mixture; (2) A mould (or mold) is a hollowed-out block that is filled with a liquid. Moulds are fabricated at our facilities for mechanical and projections work from Physics Department - INFN (Istituto Nazionale per la Fisica della Materia c/o Dipartimento di Fisica della Universita di Milano);  (3) cross-linking reaction and solidification occurs within the mould either by the chemical reaction with EDA, either induced by photo induced polymerization (Ultra-violet light); (4) hydrogel cast is released from the mould, presenting its complementary shape.
An important aim of this work was to show that it is possible to integrate e-beam lithography method together with RIM, both methods make use of very different scales (submicron till the macroscale). The final scope is to process different microfabrication routes for the hydrogel that can cover the range of different scales. The described microfabrication methods are conceptually well suited for the development of fast, low-cost in vitro systems (cell-on-chip) that allow high-throughput culturing and analysis of cells under large number of conditions. 
Chapter 4 - Biological studies
4.1 Characterization of hydrogel films for cell culture

Biological characterization studies were performed by using hydrogels with flat or microfabricated surface, interfacing the rat tumour cell line PC12 (pheochromocytoma), the human cell line SH-SY5Y (human neuroblastoma cells, cloned from a myeloma), and the canine cell line MDCK (Madin-Darby Canine Kidney, epithelial cell line). At CIMAINA (Interdisciplinary Centre for Nanostructured Materials and Interfaces) laboratory, I developed a standardized protocol to test hydrogels as substrate for cell culture conditions. The hydrogel substrates testing, allowed the biocompatibility classification for the different type of cell lines by growing the cells on the top of hydrogel discs (diameter of 10 mm and 300 µm of thickness) (described in Materials and Methods section – Chapter 7.5, page 118). Biocompatibility and cell proliferation was determined by cell morphology studies, cell counting and the quantitative 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole)  (MTT) assay. The MTT assay is a standard colorimetric assay which measures changes in color, of the activity of enzymes (from mitochondria) in living cells. The living cells reduce MTT to formazan, giving a purple color to the solution, measured by spectrophotometry. The MTT can also be used to determine cytotoxicity of potential medicinal agents and other toxic materials, since those agents would result in cell toxicity and therefore metabolic dysfunction and therefore decreased performance in the assay (described in Material and Methods, page 120) or 
 ADDIN EN.CITE 

[165]
.

4.1.1 Cell lines models:

4.1.1.1 PC12 cells
PC12 were generated in 1976 by Greene and Tischler [166] from a transplantable rat adrenal pheo-chromocytoma line. It is a single cell clonal line which responds reversibly to Nerve Growth Factor (NGF) [167] inducing a neuronal phenotype. It has many properties in common with primary sympathetic neurons and chromaffin cell cultures and it is used primarily as a neuron model. PC12 cell line has a homogeneous and near-diploid 40 chromosomes and exhibited not discernable changes in properties for the first 70 passages in culture. PC12 are small (6 – 14 µm in diameter, see Figure 15 and 
 ADDIN EN.CITE 

[168-170]
, round, catecholamine-containing cells that grow in standard, serum supplemented medium with a doubling time of between 48 and 96 hours. They attach to plastic culture surfaces, but relatively loosely. For long-term studies with PC12, surfaces are treated with collagen or Poly-L-Lysine.
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Figure 15. Optical microscopy image of PC12 cells at low and high densities, and visible morphologies. Pictures from the American Type Culture Collection ATCC.

NGF (nerve growth factor), or other neurotrophic factors, are a powerful promoter of the axonal growth. They act on parasympathetic and sympathetic neurons and, moreover they regulate the growth and the branch of spinal motor axons. The regulation of axonal growth by the Neurotrophine (NT) takes place through the activation of intracellular signal pathways on typical Trk receptor, such as Ras-Raf-Mek-Erk kinase. NGF signalling pathway is described in Figure 16 and 
 ADDIN EN.CITE 

[171-175]
. 
[image: image16.emf]
Figure 16. Putative signaling mechanisms involved in neurotrophin- induced axon growth. The mechanisms are based on in vitro studies of NGF-responsive peripheral neurons employing both genetic and pharmacological approaches. (a) Ras/Raf/Erk signaling is necessary and instructive for neurotrophin-triggered axon elongation of PNS neurons. To regulating gene transcription, Erks presumably function locally by phosphorylating microtubuleassociated proteins (MAPs) to regulate microtubule dynamics. (b) Internalization of the neurotrophin-Trk complex into clathrin-coated vesicles is required for efficient activation of the Ras-Raf-Erk cascade. (c) The internalization process requires PI3K activity. (d) The neurotrophin-Trk complex is retrogradely transported towards the cell soma in `signaling endosomes' by an as yet poorly understood mechanism. (e) In the cell body, PI3K as well as Erks are activated. Retrograde signaling from a distal NGF source rapidly activates somatic Erk5, rather than Erk2. (f) Erks enter the nucleus and activate various transcription factors, including CREB, which is required for axon growth induced by NGF. (g) Somatic PI3K and its effectors Akt influence axon growth and cell size through stimulation of anabolic pathways and mitochondrial function, but Akt is also able to enter the nucleus and interact with transcription factors. (h) Local PI3K activation is required for axon growth. PI3K contributes to the regulation of the growth cone actin cytoskeleton (a symbolized by brown crosshatches) through its effectors Rac and Akt. (i) Akt activation can lead to the formation of terminal axon branches, presumably through activation of cortical actin by an as yet unknown mechanism. Image reproduced by [173]. 

By the exposure to NGF, PC12 cells stop to proliferate and begin to extend branching varicose processes similar to those produced by sympathetic neurons in primary cell culture (Figure 17) and 
 ADDIN EN.CITE 

[176-177]
. NGF-induced cessation of cell division and the elaboration of processes are accompanied by the development of electrical excitability and an increased sensitivity to iontophoretically applied acetylcholine [178]. After several weeks of exposure to NGF, the PC12 processes reach 500-1000 µm in length. Removal of NGF is followed by degeneration of processes within 24 hours and by resumption of cell multiplication within 72 hours.

[image: image17.emf]
Figure 17. A three-dimensional (3D) reconstruction of a single pheochromocytoma (PC12) cell. The sample is assembled from 590,4 µm-thick confocal microscope sections. The secretory vesicles in the cell are double-stained with a pro-hormone-EGFP fusion protein introduced by viral transduction, and Lysotracker Red, an acidophilic dye. The image was produced using Imaris 3 (Bitplane AG) software running on a Silicon Graphics Octane 2 workstation. (Reproduced by Dr Rory Duncan, Membrane Biology Group, School of Biomedical and Clinical Laboratory Sciences).

PC12 cells grown with or without NGF contain dense chromaffin-like granules up to 350 nm in diameter. The NGF-treated cells also contain small vesicles which accumulate in process varicosities and endings. PC12 cells synthesize and store the catecholamine neurotransmitters dopamine and norepinephrine. In PC12 cells the levels (per mg of protein) of catecholamines, and of their synthetic enzymes, are comparable to (or higher) than those found in rat adrenals. NGF-treatment does not change the levels of catecholamine or of their synthetic enzymes when expressed on a per cell basis, but does result in a 4- to 6-fold decrease in levels when expressed on a per mg of protein basis. PC12 cells have been widely used as an in vivo and vitro model system to study differentiation into a neuronal phenotype 
 ADDIN EN.CITE 

[179-181]
, including studies on the effects of neurotoxicants on differentiation 
 ADDIN EN.CITE 

[182]
. They are also used as model system for neurobiological and neurochemical studies 
 ADDIN EN.CITE 

[173, 183-184]
 to investigate the cytoskeleton behavior 
 ADDIN EN.CITE 

[185-188]
 and the axonal growth and regeneration 
 ADDIN EN.CITE 

[171, 173, 189]
, to study NT-signal pathways and also the protein and cargoes transport along the neurite. Due to their well-characterized response to varying doses of NGF, PC12 cells provide a good experimental model system for investigating cooperative effects in neuritogenesis. Most studies of neuronal response to topographic features have limited their analysis to the orientation of neurites when cells are plated on a variety of surface features 
 ADDIN EN.CITE 

[23, 30, 32]
. Alternating lines of grooves and ridges often promote anisotropic cellular responses and are therefore useful in studying cellular topographic responses, which lead us to use PC12 cell line model on microfabricated hydrogels. 

However, there are limitations to the use of this cell line. First, although they can acquire properties similar to sympathetic neurons, they do not develop definitive axons or dendrites or form true synapses with each other. In addition, they have the potential for genetic drift with respect to repeated cell passage with a concomitant change in phenotype. Nevertheless model neuron like cells (such as PC12) are simpler and more flexible than low density cultures of primary neurons and even if they do not form simultaneously both axon and dendrite like protusions, the neurites of these cells most resemble the native axon or dendrite precursor [190].

4.1.1.2 Human neuroblastoma SH-SY5Y
The cell line SH-SY5Y (Figure 18) is a neuroblastoma cell line, cloned  from the following neuroblastoma generations: at first SK-N-SH, then SH-SY and finally SH-SY5 [191]. The original cell line was isolated from a four-year old girl's metastatic bone tumor in 1970 
 ADDIN EN.CITE 

[192-193]
. In each successive generation [193], the nucleus was removed and put into a new cytoplasm in by a cloning process. The SH-SY5Y cells possess two X chromosomes (and lack a Y chromosome, making them genetically female), and have blood type A with a positive Rh group (A+). The cells possess an abnormal chromosome 1, where there is an additional copy of a 1q segment and are referred to “trisomy 1q”. SH-SY5Y cells are known to be dopamine beta hydroxylase active, acetylcholinergic, glutamatergic and adenosinergic. The cells both propagate via mitosis and differentiate by extending neurites to the surrounding area. The dividing cells can form clusters of cells which are reminders of their cancerous nature, but certain treatments such as retinoic acid and Brain-derived neurotrophic factor 
 ADDIN EN.CITE 

[105, 194-195]
  can force the cells to dendrify and differentiate. SH-SY5Y cells have a reported saturation density greater than 1x106 cells/cm2. The loss of neuronal characteristics has been described with increasing passage numbers (approx. passage 20). Neuronal markers or uptake of noradrenalin should be determined routinely. It is recommended not to use passage numbers higher than 20 unless neuronal characteristics are controlled. These cells have frequently been used as models for studying neuronal function and sensor cells in neuron-based devices 
 ADDIN EN.CITE 

[106, 192, 196]
.
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Figure 18.  Optical microscopy image of SH-SY5Y cells at low and high densities, and visible morphologies. Pictures from the American Type Culture Collection ATCC.

4.1.1.3 MDCK cells
The MDCK (Madin Darby canine kidney) cell line (see Figure 19) was derived from a kidney of an apparently normal adult female cocker spaniel in1958, by S.H. Madin and N.B. Darby 
 ADDIN EN.CITE 

[197-198]
. The cells are positive for keratin by immunoperoxidase staining. It is observed 0.2% of polyploidy. Two large submetacentric chromosomes noted, presumably X chromosomes, and one or two additional chromosomes with median or submedian centromeres. MDCK cells have been used to study processing of beta amyloid precursor protein and sorting of its proteolytic products, and used to study virus-host cell interactions and epithelial polarization 
 ADDIN EN.CITE 

[199-203]
. MDCK cells provide an excellent model for the assembly of intercellular junctions and the development of apical-basolateral polarity 
 ADDIN EN.CITE 

[204-205]
. MDCK cells maintained in low calcium media lack cell-cell contact, intercellular junctions, and apicalbasolateral polarization of lipids and protein. Upon “switching” to normal calcium media (NC media), the cells rapidly develop characteristics of a polarized, tight,  transporting epithelium. In many respects, the MDCK cell calcium switch recapitulates in vitro key events in epithelial morphogenesis. The presence of a single cell type undergoing intercellular junction formation in a synchronous manner allows the process to be followed by immunocytochemical, biochemical, as well as physiological means 
 ADDIN EN.CITE 

[205-206]
.
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Figure 19. Optical microscopy image of MDCK cells at low and high densities, and visible morphologies. Pictures from the American Type Culture Collection ATCC.
Chapter 5 - Results

In Chapter 5, I present the results obtained during my research work. Some of these results are briefly analysed and discussed in this Chapter, but further detailed discussions (overview of all results) are found in the next Chapter 6 – Discussion and Conclusion (page 92). 
Due to the higher importance and relevance of the microfabrication subject for this research work, the related results are the first ones to be presented in the next results sections. Although the biocompatibility characterization was critical to evaluate specific hydrogels for cell adhesion and proliferation, this characterization is described in the last sections of this Chapter, page 83. In these biocompatibility studies, several polymers of different chemistries (ISA23, ISA1 and AGMA1), cross-linking degrees, mechanical properties (not quantitatively measured during this work), and consequentially cell adhesion capabilities, were tested in order to characterize them for specific applications within microfabrication and the development of cell-on-chip platforms. From these initial studies, resulted that ISA23 EDA 
 ADDIN EN.CITE 

[84, 86, 90, 128]
 presented the best requirements for our microfabrication purposes (easy handling of the material to the user, and cell adhesion for the three studied cell lines: PC12, MDCK and SH-SY5Y). For that reason, most of the microfabrication experiments described in the next sections was based on ISA23 EDA. Nevertheless some microfabrication characterizations for ISA1 EDA, AGMA1 EDA and ISA23 UV hydrogels are showed as well.

5.1 Microfabrication and systems miniaturization on hydrogel
5.1.1 Hydrogel microfabrication by reaction injection moulding
The hydrogel synthesis is obtained by a cross-linking reaction, followed by a gelification/solidification of the cross-linked network. I can use this solidification process to give specific shapes to the hydrogel by using moulds. One approach to fabricate microstructures onto PAA hydrogels was to develop a procedure to obtain microfabricated moulds, able to host, print and transfer its geometrical features to the hydrogels (procedure described in Figure 14). The casting into lithographically (using milling machines) micro-patterned formers, allowed the construction of miniaturized systems, containing micro-devices in the hydrogel matrix (see Figure 20). 
The printing of these physical features occurs during hydrogel cross-linking reaction and solidification within the mould. Once the hydrogel is released from the mould, hydrated and swelled, it maintains proportionally (swelling at the three dimensional axis) the original shape. To fabricate these moulds, wide ranges of materials are available, such as the thermoplastic polymers polymethyl-methacrylate (PMMA or acrylic), polycarbonate (PC), or the thermoset elastomer material polydimethylsiloxane (PDMS) 
 ADDIN EN.CITE 

[207-210]
. Moulds made of PMMA are shown in Figure 20 a) and c) (mould on the left). The features are transferred to PDMS made moulds, such as in Figure 20b) and Figure 20c) (mould on the right). The moulds microfabrication performed by milling machines (assisted by computer), showed to be adequate to produce complex microstructures down to a lateral resolution of 100 µm (the smallest endmill commercially available). To attain smaller moulds microfabrication scales, other techniques and materials should be used, for instance electron or FIB lithography on PMMA films (coatings), however the process is longer and more complex. The microfeatures obtained in our PMMA moulds can be reproduced in PDMS substrates (Figure 20b and c) or PAA hydrogels (Figure 20d). The elastomeric and transparent PDMS, can also be used to shape hydrogels, or serve as well, as a physical framework to pack and protect hydrogel (from mechanical shock or dehydration) systems because of its elastomeric properties.
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Figure 20. Hydrogels shaped by reaction injection moulding RIM: a) PMMA moulds (produced by milling machines) to fabricate embedded microfluidic systems; b) features on (a) are reproduced on PDMS; c) PMMA mould (left object) reproduced in PDMS former (right object); d) by using moulds in (c), hydrogels can be microshaped till a lateral resolution of 100 µm.

In summary in this work section I developed and identified some materials (PMMA and PDMS), coupled with a procedure based on Reaction Injection Moulding (RIM) to obtain microfabricated moulds. These moulds showed to be adequate as a microfabrication tools for poly (amidoamine) hydrogels. Through this fast, inexpensive and easy handling method, I can create hydrogel microstructures of a wide geometries range, till the maximum lateral resolution of 100 µm.

5.1.2 Direct-writing by electron beam lithography
Microfabrication by Reaction Injection Moulding (RIM) allows designing microstructures on hydrogel, from several millimetres structures down to a final lateral resolution of 100 µm. Controlled structures (channels and chambers) within these dimensions, integrated in microfluidic systems, can contain several cell communities where the channels will flow nutrients, wastes and soluble factors. 

The use of electron beam lithography for patterning, allows creating structures at even smaller dimensions, (that cannot be obtained with RIM processes) and that are relevant for single cell biology. 
A very important goal of this work was to develop microfabrication on PAA hydrogels based on e-beam lithography (EBL) (to make use of the micro domain), to design features at specific sub-micron dimensions and geometries, and to have control of surface and biochemical topographies that can affect and stimulate general cell processes such as adhesion, proliferation and differentiation. Using a scanning electron microscope (SEM) (see Chapter 8.1, page 124), the novelty of our writing process on hydrogel occurs by physical ablation (sputtering or material removal from the surface), together with chemical modifications of irradiated areas, in a ready-to-use substrate (cross-linked hydrogel). The e-beam writing procedure is simple and can be scaled-up for large production of hydrogel units. 

The e-beam lithography uses the process steps schematically shown in Figure 21. In (a) a dry hydrogel slab is introduced in the SEM vacuum chamber; in (b) the electron beam scans the hydrogel surface according to the draw produced with a dedicated computer aided design (CAD) software and in (c) the patterned slab, ready for the hydration, is extracted from the vacuum vessel. For the lithographic process, complete hydrogel dehydration is required, since samples are exposed in a vacuum chamber. Dehydration and hydration are reversible processes (method described in Chapter 7.1.6, page 115), where the highly hydrophilic and insoluble cross-linked chains which constitute the hydrogel networks, are well known for their ability to absorb water and swell. 
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Figure 21. Working principle of electron beam lithography applied to PAA hydrogels: a) dry hydrogel slab placed in a SEM vacuum chamber; b) exposure to the electron beam according to the CAD drawing; c) hydration and swelling of the patterned hydrogel.

The direct writing method on hydrogel allows creating complex microstructures on PAA hydrogels, as exemplified in Figure 22a). Figure 22b) shows the pattern reproduced on the surface of the hydrogel as the original bitmap image in (a), and then the hydration of the sample (c), leads to the proportional swelling of original pattern (from dry state). The method and approach meets the requirements to fabricate reproducible and sterile samples compatible for cell systems.
[image: image22.png]



Figure 22. Designing complex patterns: a) University of Milan logo, bitmap image; optical transmission images: b) electron beam lithography is able to pattern the complex bitmap images onto hydrogel surfaces; c) during swelling the pattern is proportionally maintained, where the swelling is dependent of polymer chemistry and cross-linking degree.

Within the planning stage of CAD models a few basic parameters, such as dose exposure and electron beam energy, were defined. Thus, in order to have full control of the induced surface modifications on a library of hydrogels, at first I performed basic tests using low radiation doses, between 28 and 560 µA s/cm2, and several electron energies (10, 15, 20 and 25 keV) for different hydrogel types (hydrogels cross-linked either by UV or EDA for: ISA23, ISA1 and AGMA1 polymers). The best results were obtained using 15 keV electron beam energy value. Higher energies damage the sample, whereas lower energies loose spatial resolution. Therefore, according to the sketch and the relative CAD drawing shown in Figure 23a) (page 48), I explored with a 15 keV e-beam a wider range of pertinent dose exposures by Atomic Force Microscopy (AFM) analysis. AFM is able to scan and “sense” the surface at very high resolution (nanometer scale). The underlying idea is to observe the effect of lithographic process on hydrogel topography at different and increasing e-beam doses.

5.1.3 AFM analysis and characterization of electron beam writing
Figure 23a) reports two different patterns: left pattern is a series of small squares marked with ascending numerical values corresponding to increasing e-beam doses (multiplies of 140 µA s/cm2). The doses from left pattern (Figure 23a) were varied from 420 up to 2800 µA s/cm2 for ISA23 hydrogels cross-linked with UV or EDA (henceforth indicated as ISA23 UV and ISA23 EDA). The right pattern (Figure 23a) is the complementary (negative of pattern on right) receiving a constant dose of 1120 µA s/cm2. 

Figure 23b) shows the details that can be obtained by AFM resolution (where it is possible to observe the writing characters: CIMAINA, of Figure 23a, right pattern). 
Figure 23c) presents three images for ISA23-EDA at dry state: the first one on the left concerns an overview of the whole exposed area acquired with an optical transmission microscope that reproduces the CAD draw of Figure 23a), whereas the other two are AFM images acquired respectively on the zone with a sequence of small squares (left part of Figure 23a) and on the complementary zone (right patternt of Figure 23a). 
Figure 23d) correspond to hydrated sample of 23c), where is possible to observe the swelling of original pattern. Optical transmission images of Figures 23c) and 23d) are both at same scale. Surprisingly, by AFM in hydrated state (d) we can observe an unexpected effect (indicated by red arrow) of lithographic process at lower doses. Instead of obtaining holes or cavities as in higher doses, we observe the material coming out from the surface (upwards swelling).
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Figure 23. Electron beam surface microfabrication of ISA23 based hydrogels (exemplified by ISA23 with EDA as cross-linker): a) Sketch of the CAD drawing for characterization of the hydrogel response as a function of several electron beam doses for 15 keV e-beam energy. On the left: small squares indicate the exposed areas: qualitatively by false colours and quantitatively by the numbers as multiples of the unitary dose (140 µA s/cm2). On the right: complementary exposure of the previous draw where the coloured zones correspond to areas exposed to the dose of 1120 µA s/cm2; b) AFM image obtained from the writing characters CIMAINA from figure (a); c) and d) Optical transmission microscopy and AFM images of patterned hydrogel created according to sketch reported in (a). The images show at the same scale hydrogels in dry (c) and hydrated state (d). In d) the red arrow indicates an unexpected electron-beam effect at lower doses (upwards swelling).  

Figure 24 (graph) reports the quantitative AFM characterization of the microstructures step heights, for hydrogels cross-linked with EDA (black line) and with UV (red line) before (solid circles), and after swelling (triangles). The data on dry hydrogels indicate that material removal (ablation) occurs, as indicated by the negative step heights. The amount of removed materials within the sub-micrometric scale shows dependence on exposure dose, but not on cross-linking methods (EDA or UV). A different behaviour is instead observed after hydration and complete swelling where the behaviour of hydrogels depends on the cross-linking method. Step heights of ISA23 UV after swelling are almost proportional to the initial values by a factor ~7 independently from the dose, whereas the step heights of ISA23 EDA are positive at low doses (420 - 840 µA s/cm2) and negative at higher doses (from 980 µA s/cm2). This behaviour is evident in the central AFM image of Figure 23d) (indicated by red arrow) where at lowest doses the swelled hydrogel grows up. The phenomenon may be due to a local weakening of the hydrogel network, which preferential expands upwards. As the dose increases the hydrogel ablation is evident in the formation of cavities of progressive depth. For example it can be also observed that ISA23 EDA and ISA23 UV converge to similar negative step height at the maximal applied exposure dose (2800 µA s/cm2).

[image: image24]
Figure 24. AFM measurements and characterization of the step height according the dose of irradiated areas (small squares of Figure 23a) for hydrogels cross-linked with EDA (blue line) and UV (green line). The measures were carried out on dry (blue and green) and hydrated (red and purple respectively) hydrogels.

This patterning method dependent of dose, is particularly interesting since it suggests the possibility of controlling the hydrogel topography as a function of e-beam exposure dose, of the cross-linking degree and strength of the cross-linking bonds. 

Figure 24b shows the profile of a dry and a hydrated cavity (corresponding to the dose 1120 µA s/cm2 on ISA23 UV sample). In order to point out the effect of dose on the exposed areas, we evaluated the aspect ratio η between the side of the square sections at the bottom and at the top of the cavity, indicated in figure as a and b respectively. In dry ISA23 EDA and ISA23 UV we observed that the obtained specific η is independent on the cavity depth. ISA23 EDA and ISA23 UV presented the η values of 0.66 ±0.03 and 0.85 ±0.01 respectively. A constant response was also observed for hydrated ISA23 UV, with η=0.50 ±0.06, whereas the hydrated ISA23-EDA does not show a constant η value, as it can be easily argued by observing its swelling behavior in Figure 23d (AFM image, where the cavity produced at lower dose swells upwards).

The morphological images shown in Figure 25, confirms a structural modification of the e-beam irradiated surface. At higher doses a deeper and packed structural modifications occur (we can observe it by optical transmission microscopy, in Figure 25a-b) and by AFM characterization in Figure 25c-d), where the fiber-like appearance is destroyed after e-beam irradiation presenting amorphous characteristics. For ISA23 EDA, the rms (roughness) of non-irradiated surface was about 2.2 nm, while the irradiated surface increases the roughness value to 3 nm.
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Figure 25. Morphological modifications of hydrogel by electron beam. Optical transmission microscopy images of electron beam patterns are shown in (a), where three rectangles were produced by e-beam at 2800 µAs/cm2 and 15 keV; b) amplification of white rectangle in (a), where the black arrow shows on the surface the roughness details induced by the e-beam irradiation; c-d) additional surface characterizations by AFM, where (c) corresponds to a non-irradiated surface. Surprisingly we can observe  fibers composing the hydrogel network which change of morphology in (d) after e-beam irradiation. These images indicate a change of the hydrogel structure on the surface, when exposed by e-beam radiation. White bar: 200 µm; Black bars: 100 nm.
To determine the swelling behaviour due to irradiation, I sculptured the hydrogel surface with e-beam to obtain parallelepiped microstructures. I exposed at fixed dose (1120 µAs/cm2) only the areas embossing squares of 10 x 10 µm2, resulting in final structures with a volume of 10 x 10 x 0.51 µm3, both for EDA and UV hydrogels. AFM images of those structures are shown in Figure 26a. I evaluated from these AFM data the volume and area ratio between the dry and hydrated microstructures (see Figure 26b): the area value increases 3,3 and 3 for ISA23 EDA and ISA23 UV respectively (see Figure 26 c), while the volumes present a stronger enlargement value: 5 for ISA23EDA and 12 for ISA23 UV (see Figure 26d).
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	Figure 26. Microstructures swelling measurements by AFM: a) electron beam surface microfabrication of ISA23 hydrogel (exemplified by ISA23 with UV as cross-linker), black arrows show the measured area and volume. b) schematization of the parallelepiped microstructures enlargement after hydration. c) measurements of the area of the squares in dry state and then after the complete swelling. d) measurements of microstructure volume in dry state and after the swelling.


Figure 27 (graph) shows as well, the physical ablation by electron beam occurring in other types of hydrogels such as ISA1 and hybrid (ISA23+ISA1) EDA cross-linked hydrogels. The ablation and attained depth is similar (maximum value attained ~550 nm) in the three types of polymers (ISA23, ISA1 and hybrid). 
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Figure 27. ISA23 EDA versus ISA1 EDA and hybrid hydrogels (ISA23+ISA1) EDA: AFM measurements of the step height of the exposed areas (small cavities from Figure 23a).

Figure 28 shows the swelling of these materials and their properties when irradiated at different doses. ISA1 EDA presents the same threshold dose of ISA23 but of more moderate effect. The maximum depth attain is also more moderate (1 micron) compared to 2,5 µm of ISA23 EDA. Surprisingly the hybrid hydrogel (ISA23+ISA1) present values almost proportional to the initial ones by a factor ~10, independently from the dose. No critical dose was observed. At higher doses the maximum depth attained was about 6,5 µm.
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Figure 28. Swelling after microfabrication of ISA23 versus ISA1 and hybrid hydrogels (ISA23+ISA1): AFM measurements of the step height of the exposed areas (small squares from Figure 23a).

In summary, these electron beam characterization results indicate that it is possible to identify a panel of parameters, such as dose exposure, cross-linker fraction, hydrogel-base composition, etc., which allow to get patterns on PAA hydrogels in a controlled and reproducible way. Thus, this achieved fine control of EBL make us able to create surface topologies and topographies with a precise depth and high lateral resolution (sub-micron). In some materials (ISA23 EDA, ISA1 EDA) we are able to control surface topography not only in negative axis but also positive axis using lower irradiation doses (in case of ISA23 EDA and ISA1 EDA – Figure 28 indicated by the critical doses rectangle). 

5.1.4 From simple hydrogel designs to wet microdevices
In Figure 29, optical transmission microscopy images acquired on swelled hydrogels, show some examples of various applications of e-beam lithography on ISA23 EDA. The left image of Figure 29a) shows well defined grooves of different widths, namely 100, 50, 10, 1 and 0.5 µm, obtained with a smooth gradient of the electron beam dose which induces an increasing step height. The other two images (see Figure 29b) are a sequence of excavated circles of the same diameters of the grooves’ width and the detail of the smallest three ones, where it is possible to appreciate the circle size going down to 500 nm as diameter, and deepness (resulted from AFM data) (Figure 29c). These results made us confident for using this lithographic technique to “sculpture” complicated surface topographies, far beyond down the scale of a single cell (10-100 µm). Figure 29d-g) shows a series of micropatterns designed for preliminary microfluidic tests and cell culturing. A detail of the squares microarray is reported in Figure 29g). These images prove the capability of producing structures ranging between sizes of single cells to the submicrometric scale. 
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Figure 29. Optical transmission microscopy images of few examples of patterns and microstructures produced with e-beam on PAA hydrogels: a) smooth electron dose gradient showing full control of pattern depth, and (b) small structures of defined shape and sizes going down to 500 nm; c) the smallest deep and lateral resolution attained on dry hydrogel was 500 nm, from AFM data in Figure 24; (d-f) series of patterned devices for microfluidic applications or cell culturing microarray and g) detail of the squares’ microarray. White bars: 200 µm.
5.1.5 Integration of e-beam lithography in reaction injection moulding
In precedent sections I showed the development of two different microfabrication techniques adapted to PAA hydrogels: reaction injection moulding (RIM) and electron beam lithography (EBL). 
Both techniques cover different dimensions scales, both useful for the sizes that characterize biological environments. As example I present the merging of both techniques in a single platform that can be used for microfluidic and multi-chambered cell systems (see scheme in Figure 30 and optical images in Figure 31), produced using the moulds shown in Figure 20 (page 42). The cell chambers of the system can be in communication with adjacent chambers containing different cells types, physically separated from each other. The local environment of each cell chamber can be independently controlled. 
Figure 31a) shows two-chambers co-culture system: chambers with 800 µm diameter and 200 µm depth are connect by inlet and outlet channels (100 µm width and 100 µm depth), whereas in Figure 31b) we can observe incorporated microchannels (1 micron with and ~ 500 µm long) produced by e-beam interconnecting the two separated chambers. The size of these microchannels are adapted to the dimensions and structures of growing neurites, where they can extend to connect both chambers; Figure 31c) and d) correspond both to smaller and higher magnifications as reported in Figure 31b).
The conjugation of both microfabrication tools precedently described (RIM and EBL) allows building hydrogels structures from the macroscale (millimetre scales) till the submicron, covering a wide range of sizes relevant for cell biology.
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Figure 30. Scheme of a co-culture system fabricated by reaction injection moulding and e-beam lithography. After solidification of the system, the hydrogel microstructures can be incorporated with smaller microsystems produced by e-beam. In this case microchannels (1 µm width) can interconnect chamber A and B.
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Figure 31. optical transmission microscopy images of a two chamber co-culture device for neural studies produced by RIM: a) chambers physically separated and connected by inlet and outlet channels; b) microchannels (1 micron width and ~500 µm long) produced by EBL interconnects the two chambers; c) and d) smaller and higher magnifications respectively of (b).
5.2 E-beam process induce chemical patterning

5.2.1 FT Infra-Red and EDX analysis identifies carbonization of surface
In this chapter section I address the attention to the chemical modifications that occurs during the electron beam process. The swelling behaviour and structural modification as shown in Figures 24 and 25 (pages 49 and 51 respectively) suggests that e-beam irradiation causes substantial changes of the hydrogel surface. I characterized the evolution of the chemical composition of hydrogel surface during the e-beam lithography process in situ, by microanalysis EDX (Energy-Dispersive X-ray Spectroscopy). The approach allows obtaining elemental information collecting the X-ray produced by the sample surface during the interaction with the electron beam, with a maximal penetration depth of few micrometers, depending on the chemical composition of the sample. The experiment was performed exposing an area of 430 x 330 mm2, the kinetic energy of the electrons was set at 15 keV and the total current at 930 pA. For doses higher than 1500 µA s/cm2, we did not observe any further evolution of the atomic composition. As expected, the chemical elements found in the sample are carbon, oxygen, and nitrogen contained in ISA23 polymer. Figure 32a shows the evolution of the chemical composition under irradiation: the atomic percentage of carbon increases from 49% to about 54%, while oxygen and nitrogen decrease from 28% to 23% and from 19% to 16% respectively. 
This modification analyse is complemented by surface sensitive Micro FT–IR analysis (see Figure 32b), with which I analyzed the evolution of chemical bonds according to increasing doses: dose 0.1 (blue); dose 0.5 (green); dose 1 (yellow) and dose 2 (red), where the values are multiples of the unitary dose (140 µA s/cm2). Very low doses were used since the typical range that I studied for e-beam microfabrication characterization (doses 3-20) produces flats spectrums (that cannot be interpreted), which typically would characterize carbon based samples. Lower doses (from dose 0.1 to 0.2) allow more sensitively discriminate the partial modifications, till the final carbonization of the irradiated surface. The control (non irradiated hydrogel) presented an absorption peak (1750-1650 cm-1) of carboxylic acids group (-COOH), which is known to be present on the surface of ISA23 EDA (see Figure 7, page 21). As the irradiation dose increases, this peak disappears and we observe a new feature rising in the range between 1650 and 1550 cm-1. We assign this peak to species of carbon bonded carbon (C=C) in amorphous phase. 


[image: image32]
Figure 32. EDX and FT-Infra Red measurements of electron beam irradiated hydrogels: a) EDX shows the evolution of chemical composition during the e-beam lithographic process on ISA23 EDA surface. b) FT-Infra Red indicates a chemical modification (removal of carboxyl groups (COOH)) and carbonization of the hydrogel chemistry. Black line spectrum corresponds to a non irradiated hydrogel sample (control). Very low doses were used in order to assess more sensitively the partial e-beam modifications: dose 0.1 (blue); dose 0.5 (green); dose 1 (yellow) and dose 2 (red). These dose values are multiples of the unitary doses (140 µA s/cm2). Black arrows indicate main peaks at frequency ranges (1750- 1650 cm-1) and (1650-1550 cm-1), which are inverted (comparing to the control) when irradiated by electron beam at indicated doses. Higher dose produces flat spectrums which typically characterize carbon based materials. 
The EDX and Micro FT-IR analyses give complementary information about the chemical evolution of the hydrogel under beam exposure. In fact the removal of carboxylic groups observed in Micro FT-IR is proved by the overall loss of oxygen detected in EDX with a net increment of carbon content. Moreover the vibrational spectra attest the increase of the amorphousness degree as the hydrogel is exposed to the electron beam. 

The AFM morphological images shown in Figure 25b, confirms as well the structural modification of the e-beam irradiated surface. The hydrogel surface has a fiber-like appearance that is destroyed after e-beam irradiation presenting amorphous characteristics. 

5.2.2 Designing biochemical features

5.2.2.1 E-beam patterns directly attach fluorescent labelled proteins
Since proteins play a fundamental role in the cell-substrate interactions, before applying e-beam modified hydrogels to cell culturing, I wanted to investigate the behaviour of proteins in hydrogel surface. Figure 25 (page 51) shows visually, modifications of the irradiated surface, such as the creation of non-controlled micro-features (increased roughness), non visible by AFM. 
By using fluorescent labelled proteins and confocal microscopy as imaging tool (see Chapter 8.3, page 130), I assessed if the physical-chemical e-beam modifications (carbonization, however the exactly structure was not fully indentified) of the hydrogel surface results in a preferential immobilization of proteins and biomolecules in a electron beam dose dependent manner (see Figure 33 and corresponding plot in Figure 34, page 63). 
In these studies the proteins were: a small hormone Epidermal Growth Factor (EGF, 6 kDa and FITC conjugated), Bovine Serum Albumin (BSA, 66 kDa, Alexa 647 or FITC conjugated). They represent a range of structurally and functionally different proteins. For example, in the case of EGF it induces cell proliferation. The labelling of the protein allows detecting the protein on surface by fluorescence analysis through microscopy. The coating of hydrogel surface with bioactive proteins in a patterned manner (microscale) represents great relevance to design new biochemical features conjugated with the physical ones (relevant for cell biology) onto hydrogels.
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Figure 33. Fluorescent labelled proteins adsorption to e-beam patterns: a) sketch of the CAD drawing for characterization of the fluorescent labelled proteins attachment to hydrogel, as a function of several electron beam doses, for a 15 keV e-beam energy. Numbers are multiples of the unitary dose (140 µA s/cm2). b-d) confocal microscopy images of para-formaldeyde fixed samples, shows that electron beam creates on hydrogel a surface optimal for protein attachment: b) BSA-FITC, c) EGF-FITC and d) BSA-Alexa 647. Black bar: 100 µm.
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Figure 34. Plot of fluorescence intensity measurements (determined by Image J software) of the samples in figure 33 of attached protein in function of increasing doses. Higher doses leads to higher amount of attached proteins.
Microfabricated hydrogels (as shown in Figure 33a), with squares (100 µm large) and irradiated at different and increasing doses, (the values inside the squares are multiples of the unitary dose 140 µA s/cm2) were incubated in solutions of indicated proteins (at concentration of 5 µM). Higher are the exposure doses, higher is the fluorescence intensity due to the increasing amount of labelled proteins attachment. BSA - FITC attachment due to e-beam dose, is very evident in Figure 33b). Figures 33c) and d) shows the specific attachment of EGF – FITC and BSA - Alexa 647. Figure 34 (graph) plots the measured fluorescence intensities in function of the e-beam doses. 
The results confirm an increasing protein coating correlated with the increasing dose. For the smaller size protein EGF, the fluorescence signal seems to be stronger at least at lower doses, where BSA-Alexa 647 seems to have a lower affinity for the surface when compared to the other proteins. For EGF and BSA labelled with FITC, it was observed a saturation effect at dose 1300 µA s/cm2. I observed as well (in not shown data) the preferential immobilization of Phalloidin – TRITC (actin red dye), and anti-vinculin monoclonal antibody (~ 150 kDa).

The new chemical parameters introduced by e-beam irradiation, such as the polymer modification through carbonization, the nano and micro roughness (observed in Figure 25, page 51), and then the intrinsic protein properties (such molecular weight, shape and isoelectric point) might be crucial in explaining the protein and e-beam substrate interactions. Figure 35 compares the sizes of a micropattern (similar to the one showed in Figure 23a) coated with BSA-FITC (a), and under MDCK cell culture (b). The size of a single cell (indicated by the black arrow) growing next to the pattern shows the relevance of physical microparameters combined with the functionalisation of proteins. 
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Figure 35. Optical microscopy image of fluorescent EBL micropatterns: a) optical microscopy images with fluorescence analysis, shows an example of a micropattern (from figure 23a) where BSA-FITC is directly attached from the protein solution specifically to e-beam areas, b) the optical image gives an idea of the dimensions of the micropatterns, same patterns were used to culture MDCK cells (a single cell is indicated by black arrow). White bar: 50 µm.
In summary the lithographic approach together with the chemical modification (favourable for protein coating) on PAA hydrogels, gives the opportunity to create systems that can be easily functionalized with biomolecules. Functionalisation with bioactive proteins conjugated with patterning of surfaces, is of great importance for cell biology (described in Chapter 1). With the writing technique (based on EBL) applied to the new biomaterial (PAA hydrogel), we are able to design in a biomimetic environment (since hydrogel already mimics tissues), physical and biochemical patterns at sizes, relevant for single cell biology. 
5.2.2.2 Quantification of proteins adsorption
In order to quantitatively study (in real time) protein absorption to EBL patterns from protein solutions, confocal microscopy was used as imaging and quantitative tool. 
The results, summarized in Figures 36 and 37, demonstrate that the non-irradiated (control) surfaces are antifouling (shows no protein adsorption, this effect is very evident in Figure 37 - see carefully the interface of black/green region). 
On the other hand, labelled proteins absorb onto the surface modified by electron beam lithography, and penetrate at different depths depending on the dose and protein characteristics (see in Figure 37, the strong fluorescent signal of EGF - FITC). 
Figure 36a) shows (from the top to the bottom) that EGF (green), BSA (red) and FGN (Fibrinogen, 340 kDa, red) are immobilized only on the exposed regions proving the antifouling property of unmodified PAA hydrogel surface. Moreover the fluorescence signal depends on the exposure doses (1120, 2100, 2800 and 4200 µA s/cm2). This behaviour is emphasized by the reversed 3D top views of EGF samples (see Figure 36b and c), corresponding to the dose gradients ranging from 1120 to 4200 µA s/cm2 (Figure 36c). The intensity appears to be higher as the dose increases and the penetration of the attached proteins into hydrogels seems also affected by the dose. 
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Figure 36. Protein adhesion on e-beam modified areas. Confocal images: a) microscale pattern for characterization studies with several electron beam doses (1120, 2100, 2800 and 4200 µA s/cm2) for the labelled proteins EGF (FITC –green), BSA (Alexa 647, red) and FGN (Alexa 647, red); b) reverse 3D top view for EGF on micro patterned hydrogel (topt image of (a)); c) reverse 3D top view for EGF of a rectangular area obtained by smooth gradient of dose exposure (from 1120 to 4200 µA s/cm2).
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Figure 37. Confocal images of section (z-axis) of protein quantification assay (from Figure 36): microscale pattern for characterization studies with several electron beam doses (correspond to 1120, 2100, 2800 and 4200 µA s/cm2) for the labelled proteins EGF (FITC – green) in solution. Hydrogel corresponds to the dark section. Section (z-axis) shows the e-beam irradiated areas visible by the stronger fluorescence protein signal and hydrogel ablation (white arrow).

Figure 37 exhibit more clearly the strong adhesiveness of exposed areas and the different penetration as the dose varies. It is also evident the EBL ablation (material removal) effect especially at higher doses (see dose 30 in figure, indicated by the white arrow). These results were substantiated by the quantitative determination of protein absorption using a particular method developed in our laboratory. This method enables us to discriminate the amount of attached proteins from the overall background. The average fluorescence intensity, projected along the Z axis give the distribution of protein density (proteins/ µm3) as a function of the penetration depth (µm) for the different doses. From the fluorescence data in Figure 37, I plotted in Figure 38 the protein amount (calculated from the fluorescence signal) in function of EBL exposure doses; indicated values are multiples of the unitary doses (140 µA s/cm2). At the lowest dose, the penetration is slightly larger and the amount of adsorbed protein is smaller with respect to higher doses, whose relative distribution curves exhibit a similar behaviour as evidence of a sort of saturation effect. 
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Figure 38. Distribution curves of EGF-FITC density versus penetration depth (dose exposure values are multiples of 140 µA s/cm2). 

The histogram of Figure 39 reports the amount of adsorbed proteins in a volume (hydrogel surface), given by the product of the unitary surface (1 x 1 µm2) and by the width (FWHM) of the distribution curves for each type of proteins (EGF, BSA and Fibrinogen) at the indicated doses. Despite the assessed highly fouling effect of the irradiated regions in dependence on the e-beam doses, a common trend between the diverse proteins cannot be inferred. The EGF protein presents higher adsorbed values for the dose 20, while BSA presents higher values for the dose 15. Fibrinogen attach in higher amounts to dose 30, but at much lower quantities when compared to the precedent proteins (EGF and BSA). 
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Figure 39. Histogram of adsorbed proteins (volume equal to unitary surface (1 x 1 µm2) by the width (FWHM) of the distribution curves) for each type of considered proteins at different doses.

These results suggest that there is a complex interplay between the EBL modifications of the hydrogel (carbonization, as showed in Figure 32, page 60), and the studied proteins (properties such as molecular weight, size, shape, pI, etc). Although these results weren’t conclusive to explain the specific surface/protein interaction, I established a new material (PAA hydrogels), coupled with a new method which selectively absorb proteins in contrast with the surrounding antifouling surface (through the creation of physical patterns and localized chemical modifications). I established as well, an imaging and protein quantification method for hydrogels, allowing the control of the density and depth of immobilized proteins in surfaces. Future studies with protein libraries, would probably unveil these interaction mechanisms (between surfaces and proteins) and new applications for building up new hydrogels (with functionalized properties through the use of bioactive proteins) for regenerative medicine and protein arrays. Further discussion concerning this subject is found in Chapter 6 – Discussion and Conclusion. 

5.3 Biological studies 

5.3.1 Interfacing microfabricated hydrogels with cell systems
In these biological studies section (with cell lines) I further intended to produce on the hydrogel surface, new integrated microsystems (through the microfabrication tools developed in this work) to interface and influence the behaviour of cell systems. 

The microsystems will allow an autonomous (self-assembly) and spatial control of cell growth, by using the new EBL irradiated hydrogel parameters (physical and chemical features) developed and described in the precedent results sections. For example in the last section I demonstrated that the electron beam modifications are relevant for protein attachment (bioactive functionalization). In these biological studies section, I demonstrate the effect of hydrogel characteristics (such as the chemistry of different polymers and EBL induced features) on behaviour of the cell lines PC12 (rat pheochromocytoma) and MDCK (Madin-Darby canine kidney, epithelial cell line) (see Chapter 4.1.1, page 32).

MDCK cells were observed to grow on hydrogel surface independently of the e-beam modifications (contrarily to PC12 cells). To control spatially the MDCK cell growth I developed a strategy by creating a hydrogel surface with cell adhesive and repulsive patterns.

5.3.1.1 Spatial control of MDCK

Since MDCK cells seem not to be influenced by e-beam modification, a strategy to contain MDCK adhesion and proliferation was developed (see Figure 40):

- direct electron beam lithography on dry hydrogel followed by hydration, allows the creation of micro-containers (see Figure 40a) that can host thin films (within the submicrometer scale) of other hydrogels types. 
- cell repulsive (non-adherent) hydrogel was deposited inside the patterns (by spin coating during the pre-polymerized phase, before the cross-linking reaction). A new thin hydrogel (based on ISA23 redox, see Table I, page 84) layer will cover the empty patterns spaces (see Figure 40b, white regions indicated by the black arrow), for instance with cell repulsive properties.

The final surface will contain patterns with cell adhesive and non-adhesive properties to control MDCK cell growth to specific surfaces (see Figure 40c).
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Figure 40. Strategy developed to direct the MDCK growth into confined areas: a) microfabricated hydrogel by e-beam lithography allows the creation of micro-containers to host thin films (sub micrometer scale) of other hydrogels types; b) by spin-coating I deposit films (indicated by the black arrow) of ISA23 redox with cell non-adhesive properties covering the empty patterns spaces created by e-beam. The solution is engineered to cross-link few seconds after spin-coating process. c) cells interface this way a hydrogel surface with cell adhesive and non-adhesive properties. 

Using the precedent described strategy, Figure 41 shows a MDCK cell culture patterning. 

The cell adhesive and non-adhesive surface, successfully showed selective cell adhesion and proliferation limited to the areas not containing the repulsive film. 

For example, Figures 41a) and b) shows how the cells do not grow inside the non-adhesive rectangles, while (c) and (d) shows small islands (squares) of cells, surrounded by a larger area (most of the image) containing a non-adhesive surface. The Figure 41d) specifically shows a Phalloidin-TRITC staining (red) of sample shown in (c), which confirms the expected cell localisation outside of non-adhesive limits.
In these images we can observe as well that the cell proliferation even at high densities is confined only to available cell adhesive areas. 
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Figure 41. Optical transmission microscopy images of MDCK cells patterning, under control of a microfabricated hydrogel: a) and b) The image and respective magnification shows a 48 hours cell culture, of cells growing only in adhesive areas, while the rectangular patterns (which contains repulsive hydrogels) avoid the cell attachment. c) The same strategy was applied, but with a different pattern design. A large square was designed leaving some internal squares out of electron beam radiation. MDCK cells growth is observed outside of the large square and of the limits of the small squares. d) Staining of sample (c) with Phalloidin-TRITC confirms the presence of cell growth out of electron beam irradiated areas containing the repulsive hydrogel. White bar: 200 µm.
5.2.1.2 Spatial control of neuritogenesis using PC12

In case of PC12 cells (contrarily to MDCK cells), they presented a biological behaviour (in terms of adhesion, proliferations and differentiation) influenced by the new EBL parameters on hydrogel. The fact that cells are able to sense the surrounding environment is well known, but how the cells machinery interacts with its interfaces is far away of being fully understood. 
For highlighting the specific adhesion behaviour of PC12 cells to EBL patterns, I designed a chessboard-like surface (see Figure 42a) on ISA23 EDA, composed of 6 x 6 squares (each square is large 100 x 100 µm). 
By optical transmission microscopy and during the cell culture (on 3 samples), I demonstrated the preferential localization of PC12 cells (twenty-four hours after cell plating) inside the irradiated squares (see Figure 42b). 

The Figure 43 (graph) shows quantitatively the cell counting in the chess-board surface. It resulted that on average, 84 % of PC12 cells on this chess-board surface, adhered to the e-beam irradiated area. After washing, fixing the samples with para-formaldehyde and staining with Phalloidin-TRITC (red dye), we observed the loss of some cells (due to the washing steps), but all the remaining cells localized only inside the limits of exposed squares, (see Figures 42c and d), and Figure 43 (graph, the red bars which correspond to fixed and stained samples). 
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Figure 42. PC12 cells prefer e-beam patterns for adhesion: a) Schematic view showing a chessboard-like e-beam patterns on ISA23 EDA. b) optical image of PC12 cell adhesion at 24 hr after cell plating. c) and d) para-formaldeyde fixing and Phalloidin-TRITC staining sample and respective magnification shows PC12 cell bodies.
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Figure 43. Cell counting analysis of a chessboard-like patterns (see Figure 42), (grey bars) during cell culture and after 24 hours of seeding, 84% of cells localise in irradiated surfaces; (red bars) after fixing the sample by para-formaldeyde (with loss of cells due to the washing steps), all remaining cells localise in the irradiated surface. Both results shows the PC12 cells preference for e-beam irradiated surfaces, n=3.

Being confident with these results (the preferential adhesion behaviour to EBL patterns), I intended to probe the feasibility of controlling the single PC12 cell adhesion on well confined areas. 
For this purpose I designed a network of microwells (10 µm of diameter) and microchannels (1 µm width) as shown in Figure 44 a) and b). On this patterned substrate the PC12 cells were seeded and treated with NGF using the standard cell differentiation procedures (see Chapter 7.5.1.2, page 119). 
After 48 hours of seeding, the cells on the hydrogel were fixed and stained for fluorescence analysis. (see Chapter 7.5.3, page 122). The transmission image (Figure 44c, indicated by black arrows) shows cell bodies that localize inside the microwells. The DAPI's light blue emission attests the presence of cell nuclei and their localisation within the microwells (Figure 44d). The Phalloidin-TRITC (red) stains actin filaments from cell cytoskeleton, including as well the neurites (see Figures 44e and f). 
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Figure 44. Controlling PC12 cell adhesion and neuritogenesis: a) and b) optical image of a microfabricated hydrogel and respective higher magnification of the structured network containing microchambers colligated by microchannels; c) confocal transmission image of cultured PC12 cells treated with NGF on the respective microfabricated hydrogel. Cell bodies are indicated by black arrows; d) DAPI staining (blue) confirm the presence of nuclei in microwells; e) and f) corresponds respectively to Phalloidin-TRITC staining and the merge with DAPI. Both images shows the outgrowing extensions of neurites only along microchannels. White bar: 30 µm.
The results shows that the neurites extend only along the microchannels and are able to join with neurites coming out from other cells located in microwells. These results are made even more exciting by the fact that the number of the outcoming neurites from each cell, depends on the number of microchannels facing each microwell, evident in Figure 45. The refinement of the technique represents a new technological tool to assemble in this case neural networks on hydrogels (Figure 46). 
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Figure 45. Confocal microscopy images of PC12 cells grown on e-beam patterned networks. Their interconnection are perfectly visible, and the number of neurites determined the number of microchannels. 
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Figure 46. Neural networks of PC12 cells: a) staining with Phalloidin-TRITC (actin filaments, red) b) merging of (a) with DAPI image (cell nuclei, blue). 

In order to gain insight into the three-dimensional (3D) conformations of an adhered cell and their neural extensions on a specific sample (see Figure 47), I acquired a large series of two-dimensional confocal images at different sections. A digital process was then used to generate the three-dimensional images given in Figure 48a). The cell body (showed in red) appears to be well laid into the hollow microwell (hydrogel is showed in blue), and the neurites straightly extend along the microgrooves. Figures 48b) and c) show one of the sections of the cell body and neurite according to the dashed lines (indicated by 1 and 2, Figure 48a). These two-dimensional images evidence that the cell body occupies the entire micro cavity, whereas the neurite, constrained by the lateral walls, lies on the bottom of the microchannel, as schematically sketched in the drawings of Figures 48b) and c).
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	Figure 47. Confocal microscopy image of a single PC12 cell in contact with a microfabricated hydrogel. The sample was used for the three-dimensional reconstruction presented in next Figure 48.
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Figure 48. Three-dimensional (3D) reconstruction images: a) a single PC12 cell (from Figure 47) interfacing a microfabricated hydrogel; b) section of the cell body corresponding to the white dashed line 1 in (a); and c) section of the neurite corresponding to the white dashed line 2 in (a).

As shown in Figure 48 and precedent figures, neuronal response to topographic features is evident where it occur neurites orientation. The grooves and ridges seem to promote anisotropic cellular responses and therefore could be useful in studying cellular topographic responses in the new transparent platform made of hydrogel (incorporating the micro and biotechnologies).
Electron beam lithography on PAA hydrogels opens the opportunity of producing multifunctional microdevices incorporating complex topographies, to precisely control the growth and organization of individual cells. In future, we can expect that it will provide for example a device with the capability to study physiologic and pharmacologic responses at the single cell-level.

5.3.2 Biological characterizations of PAA hydrogels (Biocompatibility)
This results section refers to the biocompatibility characterization of hydrogels, to the cells lines PC12, MDCK and SH-SY5Y (these cell lines are introduced in Chapter 5.3, page 32). The biocompatibility characterization measures the cell lines proliferation using the hydrogel as solid substrates for cell culture (method described in Chapter 7.5.1, page 118). 

Although this research work was considered less relevant for this thesis subject (the reason why it is presented as a last result), it was critical to test the biological properties of hydrogels for cell culture (identify the cell adhesion/proliferation properties of each hydrogel), and for the development of cell-on-chip platforms made of hydrogel (identify good handling properties by the end-use, nevertheless mechanical properties were not quantitatively analysed during this thesis work).
For these characterizations, different hydrogel chemistries through different chemical reactions (polymer chemistries and cross-linking degrees, see Chapter 7.1, page 111) were produced in order to change the properties of hydrogel, such as the cell culture yield and the mechanical characteristics (resistance, plasticity and swelling degree). Theses changes were obtained as well, by playing with the polymer reaction stoichiometry and the cross-linking agents: Ethylene-diamine (EDA), photo-polymerization reactions (induced by UV) or using a redox reactions. 
I included in these studies several polymers from the poly (amidoamine) family such as the ISA23 (the most described in the microfabrication characterizations), ISA1, AGMA1, and some hybrid hydrogels (ISA1+ISA23 and PHEMA+ISA1). 
To biologically characterize the hydrogels, I developed a standard method (described in Chapter 7.5.1, page 118) producing hydrogels discs (diameter of 10 mm and 300 µm of thickness) to cover completely the well bottom of cell culture multi-plates. Cells proliferate (initial seeding of 60 000 cells/cm2) on the top of those hydrogel films, and are characterized (by visual inspection, cell counting and MTT assay) referring to the cell morphological changes, adhesion, proliferation and differentiation behaviour. 
The results of these analysis are resumed in Table I (page 84), and they represent a biocompatibility qualitative judgement, obtained through cell counting (see Figure 49 for MDCK cells and Figure 50 for PC12 cells), the quantitative MTT assay (see Figure 51) (method described in Chapter 7.5.2, page 120), and by direct optical microscopy observation (see Figure 52).

Table 1 – Cellular biocompatibility for a range of PAA hydrogels: Qualitative results describing ISA23 hydrogels (together with other PAA hydrogels such as ISA1 and AGMA1) capabilities in cell proliferation. These substrates were tested with MDCK, PC12 and SH-SY5Y cell lines. The handling properties (mechanical properties, not quantitatively measured in this thesis work) refer to the easy handling of the material by the end user. Known surfaces (controls) were: non treated glass cover slips and the cell culture polystyrene surface of the multi-plates.
Legend: +++ very good; ++ good; + poor. 

	
	MDCK
	PC12
	SH-SY5Y
	Handling properties

	EDA cross-linked
	
	
	
	

	AGMA1
	+++
	+++
	+
	+

	ISA1
	+++
	+++
	+
	+

	ISA23
	++
	++
	++
	++

	UV catalysed
	
	
	
	

	AGMA1
	+
	+
	+
	+++

	ISA1
	+
	+
	+
	+++

	ISA23
	+
	+
	not tested
	+++

	Hybrid (EDA cross-linked)
	
	
	
	

	ISA1+PHEMA
	+++
	not tested
	+++
	+++

	PHEMA
	not tested
	not tested
	not tested
	not tested

	ISA1+ISA23
	++
	not tested
	+
	++

	Redox initiator
	
	
	
	

	ISA1
	+
	+
	not tested
	+

	ISA23
	+
	+
	not tested
	+


[image: image50.png]M 24 hours
48 hours

liiddd

=)
S
M

o o
n S 0
N & A

0
100 |
5

000TX S||92 0 Jaquinu




Figure 49. MDCK cell counting after 24 and 48 hours of seeding, using polystyrene cell culture treated surface and glass cover slide non treated as controls , and hydrogels as indicated in the figure. Cell were determined by Neubauer Chamber after resuspension with trypsin; n =3. 
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Figure 50. PC12 cell counting after 24 and 48 hours of seeding, using polystyrene cell culture treated surface and glass cover slide non treated as controls, and hydrogels as indicated in the figure. Cell were determined by Neubauer Chamber after resuspension with trypsin; n =3.
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Figure 51. Quantitative MTT assay for MDCK and PC12 cells. Values in Y axes correspond to measured absorbance; n=3.
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Figure 52. Optical transmission microscopy images of a) MDCK, b) differentiated PC12 and c) SH-SY5Y, growing in cell culture treated polystyrene surface (multi-plate); d-f) shows the respectively cells growing on top of ISA23 EDA hydrogels. 

The quantitative methods used to analyse cell proliferation on hydrogels (based on cell counting and MTT assay), were found inadequate for the biocompatibility characterization, since frequently the data from cell counting analysis and MTT assay were not in agreement with the direct observation by microscopy or presented improbable values. 

The cell counting and MTT assays are however presented in this thesis for useful discussion (to find alternative methods) and future prospectives for this characterization work, but considered as not reliable data. The reason explaining the failure of the standard cell counting and MTT assays (in cell culture) might be related with the presence of the hydrogel itself.

In case of the cell counting method, the quantification is performed after resuspension of the cells monolayer (using the trypsin enzyme) to single cells and then counted by Neubauer Chamber. Difficulties in this method arised from the fact that cells were not completely resuspended from the hydrogel surface (high number of cells remained attached to the surface). The final cell proliferation value was influenced by a high error of the remaining attached cells. The inhibition of trypsin activity on cells resuspension was observed even when using much higher enzyme concentrations and volumes, and strong micropipette resuspension. 

An interesting fact found during this thesis work, is that the hydrogel film is able to absorb and retain salts or other compounds from solutions (i.e. the cell medium). These salts or other agents might explain the catalytic inhibition of trypsin. 

I observed that AGMA1 and ISA1 both EDA cross-linked, have a very high affinity for the Phenol Red dye (used in standard medium cultures), DAPI, FITC, MTT compound, retinoic acid and blue Comassie. Solutions with high concentrations of these dyes were completely distained and concentrated inside the hydrogel matrix. The absorption of salts from PBS and HBSS buffers was found as well. In the case of ISA23 EDA, it presents a much lower absorption of these dyes. 
The absorption of unknown compounds from the culture medium by the hydrogel might explain the problems in ressuspension (trypsin activity) and the cell counting measurments. In these cell counting data (see Figure 49 and 50), hydrogels have a slight lower cell adhesion (both for MDCK and PC12 cells (SH-SY5Y were not used in this study), when compared to controls: glass cover slip and cell culture treated polystyrene surface, despite that direct observations indicates that ISA1 EDA and AGMA1 EDA have cell adhesion as good or better than the controls (Table I). 
In case of the MTT measurements (see Figure 51), the assay presented unlikely results (the opposite), when compared with the visual inspection analysis. For example by direct observation ISA1 UV and ISA23 UV, presents very poor cell-adhesion contrarily to the MTT data. The visual inspection (microscopy) confirms the poor cell-adhesion properties for hydrogel cross-linked by redox initiator (ISA23 redox and ISA1 redox), although the not reliable method. The absorption of compounds (MTT) from solution (and differently depending on the properties of the hydrogel) will change the MTT standard concentration of each sample, introducing an error in the quantification method, explaining the unlikely MTT results.

The following biocompatibility qualitative characterization presented in Table I, and next paragraphs is mostly based in direct microscopy observation (cell density measured by visual inspection): 

- Cell culture obtained in AGMA1 and ISA1 EDA cross-linked hydrogels, presented very good results for cell growth of MDCK and PC12 cells, while ISA23 EDA showed lower cell-adhesion properties and consequentially proliferation. Interestingly SH-SY5Y presented some preference for ISA23 EDA but very poor cell-adhesion to AGMA1 EDA and ISA1 EDA. As mechanical properties (it refers to material not to much fragile), they presented relative low swelling and are brittle when compared with the (UV) light catalysed hydrogels. 
- AGMA1, ISA1 and ISA23 hydrogels catalysed by UV, shows in all cases poor cell culture capabilities, nevertheless their have very good mechanical properties (stronger mechanical resistance, not measured in this thesis work) such as easy handling in respect to EDA cross-linked hydrogels.
- The tested ISA1 and ISA23 cross-linked by redox initiator have very poor cell adhesion properties, they were considered for other specific applications, such as cell repulsive hydrogels, for example used in the strategy described in Figure 40 (page 72) since they cross-linking in few seconds. 
In order to try to find or develop a material presenting good cell culture yield and good mechanical properties, trials with hybrid hydrogels were created by making a mix of several polymers to obtain improved properties. It was the case for (ISA1+ISA23) and (ISA1+pHEMA) EDA cross-linked:

- (ISA1+ISA23) EDA cross-linked presented lower cell culture yield respect to ISA1 EDA cross-linked (good cell adhesion control), but the mechanical properties (handling) were improved. Similar results were obtained with ISA1+PHEMA hydrogels. 

In summary I classified the hydrogels (in terms of biocompatibility for interfacing cells) taking in account the cell proliferation observed by visual inspection (resumed in Table I), and considered the cell counting method and the MTT assay not reliable for these type of biocompatibility measurements.
From these results, I considered EDA cross-linked hydrogels more adequate for cell proliferation, specifically the ISA23 polymer, since it presented good cell adhesion for all the three studied cells lines (MDCK, PC12 and SH-SY5Y) (see Figure 52), good mechanical properties related to manipulation of hydrogel by the end-user, and finally higher antifouling properties (protect in some cases from unspecific salt and protein absorptions). For that reason, most of the microfabrication experiments described in the first sections of Chapter 5 - Results, were based on ISA23 EDA. Nevertheless some microfabrication characterizations for ISA1 EDA, AGMA1 EDA and ISA23 UV hydrogels are presented as well.
In future and prospective work concerning biocompatibility characterization of hydrogels, it will be important to find an alternative and robust method to measure quantitatively biocompatibility and cell proliferation. This type of assay could be based for example, on cell fluorescence analysis using specific cell viability or mitotic markers, labelled with fluorescent dyes that are not absorbed by the hydrogel matrix (as observed for the DAPI). An improper dye (with high hydrogel affinity) will not allow the contrast of the specific binding site with the hydrogel background. In conclusion, important work should focus in developing a fast, high-throughput fluorescent analysis method that will measure independently of the hydrogel presence, the morphology, proliferation, viability, apoptosis and density of different cell lines.

Chapter 6 - Discussion and Conclusion

In this Chapter 6, I discuss and analyse the precedent results from Chapter 5, to have an overview of the acquired knowledge during this thesis work, to refer the context of these results in the related research fields, and finally foresee future prospectives for this subject: “Microfabrication of cell-on-chip platforms made of poly (amidoamine) hydrogels”.

6.1 PAA hydrogels: a last generation biomaterial
In this work I intended to study and develop cell-on-chip platforms, through the integration of micro and biotechnologies on novel materials. These platforms would be useful to interface cell systems and reproduce in vitro closer physiological conditions. An initial and critical step was to identify the specific requirements of biologist end-users, of cell-based assays, and biomaterials for making innovative cell based platforms. The material of the platform should have the following characteristics: optical transparency, biocompatibility, to be biomimetic (through the integration of micro and biotechnologies), to allow systems miniaturization (through microfabrication, to prevent costs in materials and reagents), to be of easy handling and simple use for the end-user, and finally low-cost for mono-use. 
As a potential candidate, resulted the hydrogel based in poly (amidoamine) (PAA) polymers. PAA hydrogels are considered part of the category of last generation biomaterials, for their tissue-like characteristics (the cross-linked network, mechanical properties of tissues, water content, permeability to oxygen and nutrients), biocompatibility, controlled biodegradability (environment protection and biostability). PAA hydrogels are already used for in vivo and in vitro applications (experimentation as substrates for cell culture or body implants in mouse is currently carried on). For all these reason, PAA hydrogels were used during my thesis work, as the main material to incorporate controlled microsystems (manipulation of physical and chemical features at sub micron scale) that can be relevant for single cell biology. For that purpose, I developed technologies adapted to the hydrogel microfabrication: Reaction Injection Moulding (RIM), and Electron Beam Lithography (EBL). I studied and deeply characterized the special features obtained with these microfabrication tools. Through these microfabrication tools I was able to integrate on PAA hydrogels, new parameters for controlling autonomously (self-assembly) and spatially protein adhesion and cell growth (specifically for PC12 and MDCK cell lines). These cell lines would refer to the primary neuronal and epithelial cells. The use and study of these cells lines on PAA hydrogels, would be a initial step for creating scaffolds (made of microfabricated hydrogel) to be used in regenerative medicine (neuronal engineering and tissue reconstruction). Although, my thesis work focused mainly in vitro platforms, I can predict their use for in vivo systems: new body implantable devices, being minimally invasive and naturally eliminated by human body, cost effective, providing less traumatic treatment for patient, and improved patient outcomes.

I conducted an in depth analysis of the main factors affecting cell behaviour on hydrogels with microfabrication, but critical validation work (with three different cell lines MDCK, PC12, SH-SY5Y) was done in order to assess the cell adhesion and proliferation capabilities of the several PAA family hydrogels (ISA23, ISA1 and AGMA1), to accomplish specific applications for biological assays or devices 
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[17, 69]
. From the tested PAA polymers (see Table I, page 84), ISA23 EDA resulted as the reference polymer and the most indicated, to be used in the fabrication of such platforms. The choice of ISA23 EDA, was mainly due to the cell compatibility for the three studied cell lines (resulted to be able to culture all the studied cell lines (MDCK, PC12, SH-SY5Y), and the mechanical properties (although not quantitatively studied in my thesis work, the mechanical properties refers to the handling of not too much fragile samples – cross-linking dependent).

The use of other PAA polymers (ISA1 and AGMA1) is not excluded from the integration of microtechnologies, and their application in the development of cell-on-chip platforms. ISA1 and AGMA1 can have very interesting properties for other cell lines and other applications (with their mechanical properties) such as for microvalves and micropumps (see Figure 55, page 108). Further cell culturing with large cell libraries (primary cells and cell lines) can be envisaged to identify adequate hydrogels for specific cases, and identify the complex parameters that determine cell adhesion to hydrogels. It should be foreseen as well as a future work an extensive quantitative characterization (through rheology) of the mechanical properties of the hydrogel, and its effects in cell behaviour. Microfabricated hydrogels with specific mechanical robustness and stiffness (that can controlled by cross-linking degree) combined with properties such as responsiveness (also cross-linking degree dependent), conductivity and actuation would be important and useful as multifunctional materials 
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[19, 67, 69, 99]
.
6.2 Integration of microtechnologies
I studied and developed two microfabrication techniques adapted to PAA hydrogels: 
- Reaction Injection Moulding (RIM): a fast, inexpensive and easy handling method 
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[155-156, 159]
 processed during hydrogel fabrication (during the cross-linking and solidification of hydrogel) (see Figure 14, page 30). 
- Electron Beam Lithography (EBL) 
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[108, 142, 144, 146, 211-213]
, a longer and more complex process but of higher spatial resolution, applied in hydrogels already cross-linked (dry films, see Figure 21, page 45). 
The integration of both techniques has the capability of arbitrarily shaping hydrogel surfaces (both in positive and negative axis topography) with a spatial resolution going from millimetres (or macroscale) down to the sub micrometric scale (500 nm). The process enabled to improve designs and performances in order to achieve the development of platforms to study aspects of cell biology or protein-substrate interactions that are not possible using current macroscale techniques. This is a very demanding challenge, since low-cost microfabrication techniques have been optimized and scaled-up only for a restricted class of materials with well defined mechanical properties, whereas bottom-up nanoscale batch fabrication approaches are still in an early development stage. 
The element of novelty of my work is the material itself (PAA hydrogels) with its properties (biocompatible, biomimetic and biodegradable), conjugated with a writing technique based on EBL. The electron beam lithography in PAA hydrogel (already cross-linked film) allows creating arbitrary physical patterns (with computer assisted design), by ablation or similarly to a milling process. The lithographic process is performed at dry state before swelling of hydrogel. This direct-writing approach on hydrogels can also be used to manufacture larger microstructures, such as embedded microfluidic systems, microelectronic interfaces or other miniaturized systems, easily integrated into cost-competitive biodevices. I demonstrated that surfaces exposed to e-beam could be coated with bioactive proteins or other biomolecules, whose amount can be quantified by using fluorescent labels. Although I developed this microfabrication method on PAA hydrogels, I can predict that this writing tool based on EBL, can be used in other hydrogels or biopolymers (based for example in PEG, chitosan or PLA), through a universal e-beam ablation/milling process. For other biomaterials, it would be interesting to test this EBL method since the hydrogel patterning that is presented, appears useful for protein adsorption and functionalisation (as illustrated in Figures 33, 34 and 35) and cellular attachment and guidance (see Figures 45 and 47). 
On the biomimetic PAA hydrogels I can integrate the newly micro and nanotechnologies, and as well biotechnologies 
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[33, 37, 48]
. The relevance of our novel microlithographic approach lies in the fact that the final features of patterned hydrogels can be programmed beforehand by a proper combination of hydrogel chemistry engineering (polymer and cross-linking) 
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[86, 90]
 and the e-beam exposure dose. I established the creation of physical patterns which selectively absorb proteins in contrast with the surrounding antifouling (prevents protein adhesion) surface, allowing the control of the density and depth of protein immobilization on the pattern 
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[57, 214-218]
. These results were observed and demonstrated for the small hormone EGF (6 kDa), BSA (66 kDa) and Fibrinogen (340 kDa). A common trend between the diverse proteins (in structure, size and function) cannot be inferred (see Figure 39, page 69), probably due to the complex interplay between the induced chemical structural e-beam modifications of the hydrogel and the proteins properties (such as molecular weight, size, shape, pI, etc). Further number of studies with other proteins and peptidic sequences libraries, would give possible answers to the interaction on these surfaces, and unveil new applications for protein arrays. The very important aspect of the electron-beam method relies on the fact that it creates on PAA hydrogels, a surface optimal for protein functionalisation and cell adhesion, which is dependent of the EBL exposure. By controlling the exposure doses of different patterns, we can envisage multi-protein patterning platforms where proteins will attach differently to patterns created at different doses. Furthermore, the surface functionalisation is performed by deposition from solution, and would be useful for cell-substrate interactions studies that might reduce risks of protein unfolding and denaturation. 
Microfabrication of PAA hydrogels by electron beam, offers a new opportunity of producing new successful biomaterials, for low-cost biocompatible platforms in such a way to reproduce very accurately the physiological characteristics of cellular microenvironments 
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[25-26, 51, 141, 219]
. The next challenges on e-beam microfabricated hydrogels will include developing drug/factors delivery systems and materials that can sense and respond to signals from external environments (responsiveness and actuation). Understanding more about extracellular matrix biology, immunology and cell membrane in PAA hydrogels will help in predict how the body will respond to these materials. Analogously, advances in microfabricated hydrogels will create new opportunities to mimic body and cellular entities.
6.3 Cell responses to micro and nanofeatures
The results from my thesis work confirmed how the cell lines MDCK, PC12 and SH-SY5Y are influenced (for example: in cell adhesion, growth, and neuritogenesis) either by the surface topography (the physical features induced by EBL), either by the chemistry of the hydrogel (the original polymer chemistry and the chemistry after radiation by EBL) 
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[23, 30, 32]
. Contrarily to MDCK cells that grows independently over the electron beam microfabricated surface (do not sense the electron beam patterns, or at least do not induce a morphological visible effects), PC12 cells strongly preferred to growth on the electron beam modified areas (Figures 42 and 43, page 76). These results support the fact that cells are able to sense the surrounding microenvironment. However from my thesis work, I am not able to exactly interpret how cells machinery and adhesion points interact with the electron beam irradiated surface. For the spatial control of MDCK proliferation (since the cells do not sense e-beam treated surfaces), I developed an adhesive and repulsive hydrogel surface strategy. The strategy worked (although using the same polymer ISA23, see Figure 41, page 74), because I found that MDCK cells were able to sense the chemistries involved in different cross-linkings (adhesive hydrogel was cross-linked with Ethylene-diamine (EDA), while the repulsive with a redox initiator reaction) (see Table I, page 84). The cross-linking reactions with different agents (EDA, UV induced photo-polymerization or redox initiator) (see Chapter 7.1.2 till 7.1.5) produce hydrogels with different chemistries (surface charge, cross-linking degree, porosities, water content, and mechanical properties). Difficulties arises in identifying the complex architecture of events inducing and stabilizing the different cellular phenotypes or cell microenvironments 
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[25, 59]
. It is clear that a deep and detailed insight of separated chemistries and parameters involved in different cells and substrate interactions are vital to design and engineer enhanced hydrogels and other bio-interfaces. 
In case of PC12 cells which prefer to grow on e-beam irradiated areas than in hydrogel surface (see Figure 42), I fabricated networks developed specifically for PC12 cell line. Few designs were tried for optimizing the results of the neural network, for example it was found that microchannels (1 µm thick) improved the guidance when compared to larger channels (although a quantitative approach was not used in these observations, only visual inspection). Further quantitative experimentation to exploit channels thickness and microwells diameter effect on PC12 cell behaviour can be envisaged, by designing a systematic and a wide range of dimensions (channels and microwells), and to test them in cell culturing. Large number of microfabricated samples will be needed to accomplish these analyses. In my thesis, I demonstrated how the micro channels close to PC12 cell body, promotes neuritogenesis in a very controlled way. Often it was observed the number of neurites corresponding to the number of microchannels (see Figure 45, page 79), although I cannot take it as a definitive conclusion due to the complexity of the experiment and insufficient data. Undoubtedly microchannels are able to guide neurite outgrowth. Morphological changes of cell growing on hydrogel surface are observed probably due to cell-substrate interaction and consequent cytoskeleton organization 
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[185-186, 188, 227]
. These biological aspects were little addressed in this work. 
According to literature, cells are able to sense the substrate stiffness and other properties such as the intrinsic elasticity of the matrix, roughness or features (physical structures) of micro and nanoscale 
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[228-230]
. On the other hand, cells in vitro set up a complex network of interactions both with the artificial surface and with the secreted and serum extracellular matrix (ECM) proteins. The topography of the ECMs is characterized by features over different length scales ranging from the nano to the mesoscale, that regulates cellular behaviour in a way for which they are still far from a complete understanding 
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[9, 82]
. While the coexistence of ECM features at different length scales is probably one of the key factors in the cell response, it is not clear if there is a hierarchical organization of different structures, and to what extent the various length scales influence cellular response [233]. 
I identified a major parameter explaining cell and protein attachment to the hydrogel EBL patterns (not only related with the physical features): the chemical modification through carbonization of the polymer. This discussion is addressed in the next sections.

6.3.1 Physical topographies and modified chemistries
Physical modifications induced by e-beam lithography (design of patterns, surface topographies, darker surfaces, increasing of surface roughness) are easily identified by visual analysis or Atomic Force Microscopy (AFM) (, see Figure 25, page 51), for instance characterized in Figure 24 (page 49) and Figures 26-28 (pages 52 - 54).

Chemical modifications of e-beam treated surfaces are strongly supported by the fact that fluorescent labelled proteins attach specifically to the e-beam patterns designed on the antifouling (prevent protein adhesion) surface of ISA23 EDA hydrogel. The physical features induced by e-beam, wouldn’t be sufficient to explain the specific interactions of proteins with the surface: I found the specific interaction of: EGF, BSA, Fibrinogen (showed in Figures 33 – 37, pages 63 - 67) and some monoclonal antibodies (i.e anti-vinvulin ~150 kDa) (not shown). The group of proteins represents a small range but of different functions, sizes, shapes and structures. I also quantified the amount of attached protein using two methods: (see Figure 34, page 63), in this case proteins were fixed by paraformaldeyhde before fluorescence analysis. In case of Figures 38 and 39 (pages 68 - 69), the hydrogel interface and the protein solution are monitored in real-time by confocal microscopy. In both cases the attached protein amount is dependent of electron beam doses, probably due to partial chemical modifications. Interestingly, the stronger attachment of PC12 cells to e-beam treated areas (see Figure 42, page 76), could be explained by protein coatings only on e-beam surfaces, occurring from the cell culture medium and which would promote cell adhesion. Although PC12 cells have the ability to attach to the antifouling (that prevent protein adhesion for the studied proteins) ISA23 EDA surface, they present higher affinity for the e-beam patterns. We can expect that the adhesion to e-beam patterns might be related as well with the attachment and functionalisation of serum proteins, and or cell secreted proteins, which helps in cells recruitment. 
This novel patterned cell culture platform (made of hydrogel) is promising for further investigation of cell–cell and functionalized surfaces. Decisive aims of cell patterning protocols are to prevent cell adhesion in an area by blocking protein adsorption, and to stimulate cell adhesion and differentiation in other areas (using adhesive proteins, peptides or cell secreted adhesive proteins). The surface modification can be done in two different ways, either by structuring an optimized three-dimensional physical micro architecture of the surface (“thickness”, "roughness", etc.), either by focusing on the bio-chemical properties of surface coatings (mono or multi-layer protein coatings, with biomolecules i.e. NGF or EGF). The surface modifications are expected to affect the interfacial processes cooperatively, i.e., there are likely synergistic effects between and among them: the surface is "recognized" by the biological system through the combined chemical and topographic pattern of the surface. The combination of weakly adhesive and strongly adhesive cells to different proteins patterns, can envisage the creation of well organized co-culture of various cell types in a surface. 

6.3.1.1 Hydrogel carbon based surface
FT Infra-Red (FTIR) analysis and Energy Dispersive X-ray Spectroscopy (EDS) (see Figure 32, page 60) indicates that the electron beam lithographic process on ISA23 EDA, leads to the loss of hydroxyl (OH), carboxyl groups (COOH) and probably other groups containing (CO), resulting in a final carbon enrichment (carbonization) dependent of e-beam dose of the irradiated surface (see Figures 32 and 53, pages 60 and 102 respectively). We can also expect that high temperatures occur within the focalized writing process of e-beam, leading in parallel to pyrolisis (the chemical decomposition of condensed organic substances by heating) [241]. The data strongly suggests the formation of a mostly carbon based structure (amorphous carbon) 
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[241-243]
, but also the AFM data indicates that low doses (such 3-5 x 140 µA s/cm2, see Figure 23d with red arrow, page 48) affects the cross-linking, observed by the different swelling properties. The loss of (CH2)2 groups or other chains might also be involved in the process. Figure 53 (chemical structure of ISA23 EDA) predicts the possible groups affected and removed by the electron-beam process:
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Figure 53. Prediction of ISA23 EDA chemical structure after e-beam exposure: some possible elements (such CO, OH and (CH2)2) affected and removed by the electron beam process.
The identified carbon based surfaces induced by e-beam present however characteristics that cannot be exactly determined such as the exactly structure of the carbonized polymer. The hydrogel carbonization involves probably several processes, such as the polymer and group bonds breaking by electrons, and the carbonization through pyrolisis. These processes are dose dependent (µA s/cm2, which is time dependent) and non-linear (because the properties of irradiated polymer evolve probably in a non-linear way). The electron beam and hydrogel interaction dose dependent is complex, and the resulting irradiated surface (see Figure 37 to help the interpretation and refer to the white arrow) contain an ablated/removed polymer layer (see Figure 37, when compared to the non-irradiated surface), and a highly protein absorbent (strong fluorescent green signal) film (see Figure 37, the thickness of the film couldn’t be precisely calculated in this work, but should be around the sub-micrometer scale). The resulting carbon based film is probably non homogenous and composed of different layers (features of nanometers range), since the electrons in the incident beam lose energy upon entering the hydrogel through inelastic scattering or collisions with other electrons. The electron penetration and scattering on hydrogel will produce different modifications on the penetrated surface: from the complete polymer destruction, to a gradient of chemical change of the original polymer.
 Protein and cell adhesion affinities to carbon based substrates are already well described in scientific in literature. For example carbonized films based on amorphous carbon, amorphous hydrogenated diamond-like carbon, or pyrolytic graphite are usually considered excellent to use in biocompatible coatings of biomedical implants. It is known as well that a chemical composition containing only carbon and hydrogen, are usually considered biocompatible 
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[244-245]
. The improvement of PC12 cell adhesion on ISA23 EDA hydrogel by EBL (carbonization of surface), can suggest and inspire new biochemistries or processes for engineering hydrogels with enhanced protein and cell adhesion capabilities.

6.3.2 Designing specific cellular environments: neural networks
Cells interact with topographical cues through a phenomenon known as contact guidance regulating cell shape and motility and playing an essential role for several homeostatic processes such as wound healing and tissue repair [104]. Contact guidance is particularly important for the organization of neural cell networks in the developing brain: these networks are formed during development as maturing neurons extend processes to reach synaptic targets [196]. Different chemical and topographical patterns have been investigated to direct the growth and organization of neural cells: the use of microfabrication has been proposed in order to control the way that individual neurons grow and contact each other. By confining single neurons to attach in a restricted area, surface patterns can be used to cause selective growth of neural elements such as neurites to connect single cell bodies. The capabilities of our microfabricated hydrogels (for example to improve cell adhesion of PC12 cells) prompted us to design patterned networks where single cells occupy only microwells and the neurites outgrow along microchannels and connect other neurites respecting the patterned circuit. The fine control of this neural network is further strengthened by the fact that the number of out coming neurites (Figure 45 and 46, pages 80 and 81 respectively) is promoted and determined by the number of microchannels originating from each microwell. Since microfabrication with hydrogels (for example by RIM) offers a unique capability for culturing different cells in nearby but separated locations (see Figure 31, page 58), it is possible to design and test cell co-cultures in microfluidic platforms made of PAA hydrogels (see Figure 54). In these platforms I can integrate networks or circuits for single neural guidance using the EBL. The capability of controlling single neural cell interactions by contact guidance on hydrogels holds immense promise for guided nerve regeneration of damaged peripheral nervous system. I can easily foresee separated and organized cell co-culturing chambers interconnected by microchannels (to guide for example neurite growth) or by contiguous porous slabs for supplying gradients of soluble factors across them (see next Figure 54c). These cell-on-chip platforms would be especially relevant and revolutionary for the biomedical field, to study cell response for the different working conditions (for example for pharmacologic screening tests, or for electrophysiological systems) in highly physiologic devices.
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Figure 54. Scheme of a “biochip” (made of PAA hydrogel) fabricated through the microfabrication techniques developed in this work: RIM and EBL. (a) and (b) shows representative images (transformed by Photoshop) of neural circuits or single cells that can be obtained through our microfabricated hydrogels. The final scope would be to incorporate these or similar cellular environments in the optical transparent and biomimetic platform shown in (c) where microfluidic systems can control cell co-cultures chambers. Separated cell culturing microwells (see chamber A and B) can be interconnected by tunnels or microchannels, or by contiguous porous slabs for supplying gradients of soluble factors across them (see chamber C).

6.4 Biomedical applications for microfabricated PAA hydrogels
During this thesis work I took in consideration that the biocompatible scaffold (made of hydrogel) should allow the integration of new parameters (through micro and biotechnologies) for making biomimetic microenvironments (try to reproduce as close as we can, all the characteristics of tissues and cellular microenvironments) that can be tailored at an initial step for in vitro cell applications (see next Figures 54 - 56). 
In future, I can expect that these microfabricated hydrogels can be applied as well, for neural and tissue engineering, with the following strategies: chemical factors (bioactive molecules), diffusible factors (drugs and growth factors delivery/loading systems), conjugated with the topographical features. To make hydrogels active elements when integrated in body implantable devices, I showed the ability to pattern them topographically and chemically at scales from nano to meso, and demonstrated in vitro that these physical-chemical parameters are crucial to control single cell behaviour. But to face living complexity, high-tech integration and bio-inspirated platforms are needed. For example the incorporation of microfluidics similar to vertebrate’s circulatory systems would favour an even finer control over cell adhesion, proliferation, and tissue-like architectures 
 ADDIN EN.CITE 

[37, 49, 61, 63, 72, 246]
. PAA hydrogels has now a major potential use for the fabrication of reconfigurable components such as valves and pumps within microfluidic systems [63], because they exhibit volumetric swelling behaviour in response to diverse stimuli (pH, presence of agents, thermal, electrical, etc.) 
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[19, 69, 100, 102]
. Introducing active components (valves) as part of the hydrogel system provides new options typically not available for the development of smart devices fully biocompatible and biomimetic. 
Figure 55 shows an example of a hydrogel microfluidic device. It contains a hydrogel responsive valve that can swell or deswell to certain conditions. The size changes of microvalves can control the flow over the channel (opening, closing or regulating the flow), for example for drug delivery systems.
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Figure 55. Scheme of a hydrogel microvalve device. The chamber contains a hydrogel responsive valve that can swell or deswell to certain conditions. The size changes of the microvalves control the flow over the channel.

Hydrogels in general present interesting properties not really considered within the microfluidic field. The fact that through microfluidic systems in hydrogels there is diffusion of water and soluble factors from the channel towards the hydrogel matrix, or from the matrix towards the channel (similar to the diffusion/exchanges of blood from capillaries to tissues), the phenomena could be an interesting and innovative subject for microfluidic field, but also for material sciences and bioengineered materials (since it gets closer to the truth tissue micro-architecture). Studies of diffusion (soluble factors) in hydrogels can help for example in studying physics in organs and other tissue structures. The problem of diffusion of various factors through the complex porous structure of organs is an important problem for understanding drug delivery, ECM properties, tissue organization and intra- and inter-cellular signalling. 
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Figure 56. Scheme of integration of different methodologies and technologies in hydrogel microfabrication: hydrogel devices can be fabricated using Reaction Injection Moulding and Electron beam lithography (from the macroscale till the sub-micron), with the integration of specific microenvironments: physical patterning, drug delivery, or adhesive and repulsive patches, neural circuits, cellular environments, etc,. The platform once assembled and packed, can be applied for body implantable devices or in vitro biosystems which recreate closer physiologic conditions. 

In conclusion, I demonstrated that electron beam lithography can be efficiently used to direct write complex topographical and chemical micropatterns on the surface of dry PAA crosslinked hydrogels with a spatial resolution going down to submicrometric scale and surviving subsequent hydration. The localized modification of the hydrogel surface induced by e-beam irradiation makes the pattern able to adsorb proteins in contrast with the pristine antifouling surface, allowing the control of the density and depth of protein immobilization on the pattern. Since the protein absorption is performed by deposition of proteins from solution, this very straightforward approach provides the possibility to create protein patterns in in-vivo like conditions. By exploiting the selective attachment growth and differentiation of PC12 cells on microwells connected by thin channels, I fabricated a neural network of single cells connected by neurites extending along the microchannels. The fine control of this neural network is further strengthened by the fact the number of outcoming neurites is determined by the number of microchannels originating from each microwell. E-beam microlithography on PAA hydrogels together with Reaction Moulding (easy and fast method) opens the opportunity of producing multifunctional microdevices incorporating complex topographies, allowing precise control on the growth and organization of individual cells and providing the capability to study physiologic and pharmacologic responses at the single-cell level (see Figure 56). PAA hydrogels conjugated with microfabrication and microfluidics represents an opportunistic subject, because as an advanced material has now the capability to integrate a wide range of technologies (biotechnologies, micro and nanotechnologies). Several challenges remains in the integration of microelectronics, drug delivery, responsiveness and actuation to sense and respond to stimuli inside these hydrogel platforms. The incorporation of ECM biology and biotechnology will help to control the body response to materials. Research in this area has responded to long arguments in scientific community, by putting efforts to develop artificial skin, organs and tissues that can be an innovative supplant for clinical applications. 
Biomedical challenges and their possible solutions in designing artificial tissues, organs or body implantable devices have been reported based on ambitious progress in materials sciences and bioengineering 
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[1, 7-9, 25, 57, 247-248]
. An increasing need already exists, and solutions become limited to the new technical, economic or ecological demands. The subject of bio-inspired and biomimetic materials approach is promising and it is at frontier between biological and material sciences, chemistry, physics together with biotechnology and computing.
Chapter 7 - Materials and Method

7.1 Hydrogels
The solvents and reagents unless indicated, are analytical-grade commercial products. 2-Methylpiperazine was purchased from Fluka and used after sublimation. Its final purity (96,8%) was determined with acidimetric titration. N,N’-Bis(acrylamido)acetic acid (BAC) was prepared as reported in the literature 
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[86, 90, 128]
 and purity (97,5%) determined by NMR and titration. Phosphate buffer solution (PBS) 10 mM was prepared using Sigma Aldrich tablets according to manufacturer’s instructions. Hank’s buffer salt solution (HBSS) was a commercial product from Sigma. All chemicals used in the biological tests were purchased from Sigma-Aldrich. TCPS (tissue culture plate surfaces), multiwells, and tissue culture flasks were purchased from Zellkultur und Labortechnologie, Switzerland. Spin coating was performed using a Laurell WS-400B-6NPP – Lite spin coater. 1H and 13C NMR spectra were obtained using a Brüker Avance400 spectrometer operating at 400.132 MHz (1H) and 100.623 (13C), and using Brüker software. Size exclusion chromatography (SEC) traces were obtained with Toso-Haas TSK-gel G4000 PW and TSK-gel G3000 PW columns, sing a Waters model 515 HPLC pump. The two columns were connected in series and the mobile phase was Tris buffer (pH 8,10); flow rate 1 ml/min; refractive index detector Waters 2410. The samples were prepared in Tris buffer containing 1% of polymer. Molecular weight was determined by pullulan standards calibration curve. Hydrogel photo-polymerization reactions were performed using an UV lamp Hg bulb 125 watt.

7.1.1 Glass silane functionalisation
Glass moulds were used to shape hydrogels to thin flat films (thickness was dependent of a 300 µm spacer). This protocol allows the glass silane functionalization for better removing the hydrogel (after solidification) from the glass moulds. The square glass moulds, 10 × 10 cm, were soaked in 200 ml of aqua régia at room temperature for 5 hr, washed several times in doubly distilled water and then in ethanol before being soaked in Chlorotrimethylsilane (200 ml) overnight. The samples were recovered and washed in ethanol (2×200 ml), doubly distilled water (3×200 ml), and then sonicated in doubly distilled water. They were finally dried with soft paper and used within 24 hr to shape hydrogels films.

7.1.2 Synthesis of ISA 23 hydrogel using EDA as cross-linker
In a 10 ml round bottomed flask BAC (1000 mg, 4.83 mmol, 95.7%) was added under nitrogen atmosphere and stirring to an aqueous lithium hydroxide solution (lithium hydroxide monohydrate, 204.67 mg, 4.83 mmol in 1.6 ml). When the solution was clear, 2-Methylpiperazine (124.93 mg, 1.21 mmol, 96.8%) was added and dissolved. This mixture was allowed to react for 3 hr at room temperature (20 ± 5°C) in dark, where 1,2-diaminoethane (EDA) (109,93 mg, 1,81 mmol) was added. The solution was stirred for 1 minute, retrieved with a syringe and injected in a square mould made of two silanized 10 x 10 cm glass plates separated by a 0.3 mm silicone spacer. The hydrogel was allowed to crosslink at room temperature for 72 hr protected from direct sunlight, then it was retrieved as a pliant solid clear film. The PAA hydrogel obtained by this procedure was purified from low molecular weight impurities by first extracting with excess ethanol and then with doubly distilled water. Treating directly ethanol-swollen hydrogel samples with aqueous media caused an osmotic shock leading to surface fracture. The adopted procedure was, therefore, to expose the ethanol-swollen hydrogel to water/ethanol mixtures, increasing water concentrations, until pure water or buffer (PBS, HBSS). The extraction time was at least 30 min for each step.
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Figure 58. Synthesis of ISA23 hydrogels with EDA as cross-linker
7.1.3 Synthesis of ISA 23 acryloyl end-capped oligomer
In a 10 ml round bottomed flask BAC (2 g, 9.66 mmol, 95.7%) was added under nitrogen atmosphere and stirring to an aqueous lithium hydroxide solution (lithium hydroxide monohydrate, 409.35 mg, 9.66 mmol in 3.2 ml). When the solution was clear, 2-Methylpiperazine (814.69 mg, 7.73 mmol, 96.8%) was added and dissolved. The mixture was allowed to react at room temperature, in dark and inert and atmosphere for 72 hr. After this time it was diluted to 200 ml with water and brought to pH 4.0 with 37% hydrochloric acid. The product was finally recovered by lyophylisation. The reaction yield was 2,7 g (95,95%). Molecular weights by SEC:  
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7.1.4 Synthesis of ISA23 hydrogels by photo-polymerization
In a 10 ml round bottomed flask ISA23 oligomer (1 g, 1.34 mmol of acryloyl functions) was dissolved under nitrogen atmosphere 1.5 ml of bidistilled water and 0,5 ml of an aqueous solution of 4,4’-azobis(4-cyanovaleric) acid (250 mg in 5 ml of bidistilled water). The mixture was stirred for 1 minute, retrieved with a syringe, injected in a square mould made of two silanized 10 x 10 cm glass plates separated by a 0.3 mm silicone spacer and exposed to UV irradiation for 2 hours. The PAA hydrogel obtained was washed twice with 200 ml of water and finally with 200 ml of PBS 0,1 mM.

7.1.5 Synthesis of cell non-adhesive ISA23 hydrogels by redox initiator
The protocol describes the synthesis of a cell non-adhesive ISA23 hydrogel used in the cell patterning procedure described in Chapter 5.3.1.1 – Spatial control of MDCK (Figure 40). In a 10 ml round bottomed flask ISA23 oligomer (1 g, 1.34 mmol of acryloyl functions) was dissolved under nitrogen atmosphere 1 ml of bidistilled water. It was added then 100 µL of a solution 25% w/w of sodium persulfate (50 mg; 0.21 mmol) and sodium metabisulfite (50 mg; 0.263 mmol) and the rection mixture was deposited on a microfabricated hydrogel by spin-coating (30 seconds at 1500 rpm), filling the empty spaces of patterns. In few minutes the cell non-adhesive hydrogel was cross-linked.
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7.1.6 Hydrogel dehydration and hydration
The method assures integral swelling (by hydration) and deswelling (by dehydration till drying) of microfabricated hydrogels. For example, electron beam lithography requires dry hydrogels, while cell culturing needs hydrated hydrogels. The method pretends to integrally pass from one to the other needed state (dry/hydrated), avoiding possible structural cracks on the hydrogels films. Dehydration is performed by slowly (one day) exchanging the buffer (HBSS or PBS) completely by ethanol. The completely removal of ethanol by evaporation is slowly carried out at 4°C (few days). For hydration the process is inverted by putting the dry hydrogel into ethanol solution and slowly exchange ethanol solution by water or buffer (for example PBS or HBSS) (one day). The method carefully applied, allow to hydrated/dehydrate microfabricated hydrogel without damaging the e-beam micropatterns.

7.2 Electron beam lithography for direct writing
Hydrogel surface patterning was performed by an electron beam lithography system (ELPHY Quantum-Raith) mounted on a Scanning Electron Microscope (SEM: JEOL JSM848) (see Chapter 8.1, page 124 for more details). Complete hydrogels dehydration is required since samples are exposed in the vacuum chamber (p=10-5 Torr) of SEM. In order to have full control and optimize the surface of e-beam modifications on a library of hydrogels (hydrogels cross-linked either by UV or EDA: ISA23, ISA1 and AGMA1), I performed tests using radiation doses ranges from 140 till 4200 µA s/cm2, and several electron energies (10, 15, 20 and 25 keV). Best results were obtained using 15 keV electron beam energy values, since higher energies damage the samples whereas lower energies result in poor lateral resolution. All microfabricated hydrogels interfacing cells or fluorescent labelled proteins, were patterned using 15 keV energies, at different doses depending of the scope. Further description of these results (energies and exposure doses) are found in the Chapter 5.1.2 – Direct-writing by electron-beam lithography, page 44). 

After electron beam lithography, the hydrogel can be hydrated/dehydrated by a sterile reversible process described in the precedent section Chapter 7.1.6 – Hydrogel dehydration/hydration.

7.3 Atomic Force Microscopy characterization
Samples were mounted in Petri dishes and characterization was carried out in fluid (HBSS buffer) and in air, using a Bioscope II AFM equipped with a Nanoscope V controller (Veeco Instruments) (see Chapter 8.2, page 127). All images were acquired in contact mode using silicon nitride tips with a nominal radius of curvature of 10 nm and triangular cantilever with nominal elastic constant of 0.12 N/m (DNP, Veeco Probes). Scan areas were typically 70 - 100 μm × 70 - 100 μm, with scan rates about 0.5 Hz. AFM images were processed using custom routines written in a Matlab environment. Each image was flattened subtracting line-by-line first and occasionally second-order polynomials. The flattened image was masked to highlight structures one at a time. The height of each structure (holes or bulges) was calculated to be the distance between two peaks (background and structure peak) in the height distribution. The height distribution of each image was calculated with a binning distance of few nanometers (1 or 2) nm. The error is due to the discrepancy between trace and retrace in height images. 

7.4 Fourier Transform Infra-Red and Energy-dispersive X-rays spectroscopy EDX
Fourier transform Infra-Red (FTIR) (see Chapter 8.4, page 135) was used to analyse the chemical structure of hydrogel changes (only ISA23 EDA was analysed), when exposed by the electron-beam. Electron-beam patterns (squares 50 (m large) were irradiated at the different low doses (see Figure 32 from Chapter 5.2.1, page 60. The doses were: 14, 70, 140 and 280 µA s/cm2), on the hydrogel surface. Reflection analysis was performed on each square (at the indicated doses), using a microscope coupled with a spectrophotometer Spectrum One Perkin Elmer. The analysis performed 32 scans at 4 cm-1 of resolution within the range of 450 - 4000 cm-1.
We characterized the evolution of the chemical composition of the hydrogel surface during the e-beam lithography process in situ by microanalysis EDX (Energy-Dispersive X-ray Spectroscopy). The measurements were performed using a Zeiss Sigma Scanning Electron Microscope equipped with a Bruker Quantax 400 EDS detector (30 mm2 XFlash silicon drift detector). The experiment was performed exposing an area of 430 x 330 mm2, the kinetic energy of the electrons was set at 15 keV and the total current at 930 pA. 
7.5 Biological tests
All chemicals used in the biological tests were purchased from Sigma-Aldrich. Sterile and ultra filtered water, purchased from Fluka (Sigma #95289) was used during hydrogel synthesis and preparation. This water is considered endotoxin-free by LAL test. The endotoxin free water was used in the preparation of all cell culture reagents. Since the hydrogels synthesis, preparation and experimentation steps were protected from bacterial contamination (using sterile conditions), I considered the final product endotoxin-free. 

7.5.1 Cell culture on hydrogels
Cell cultures on hydrogels (of different chemistries) were performed in 48 wells multi-plates. The flat bottoms of the wells were covered with hydrated (by HBSS or PBS buffer) hydrogel discs (with 10 mm of diameter and 300 (m of thickess). The hydrogels discs were produced by applying metallic tubes made of steel (10 mm diameter, inside) on the hydrogel films (see Chapter 7.1.1, page 112), releasing the pretended hydrogel discs. Although these hydrogels are obtained under sterile conditions and hydrated/dehydrated through ethanol, further UV lamp treatment (30 minutes) of the hydrogel multi-plate was performed, to prevent possible microbial contaminations. 

Cells were seeded on the hydrogel substrate, simply by adding the cell solution on the top of hydrogels (with and without microfabrication). The hydrogel multi-plate procedures were used for all the cell-based assays described in this thesis.
7.5.1.1 PC12 culture
PC12 cells were obtained from the American Type Culture collection (ATCC)  and grown in medium (containing: 85% RPMI 1640 medium culture, 10% heat-inactivated horse serum, 5% fetal calf serum, 100 Units/ml penicillin and 100 µg/ml streptomycin, Sigma Aldrich) according to the standard procedures. Cells were grown in tissue culture flasks at 37°C in a controlled atmosphere (5% CO2). Cells were re-seeded (dilution 1:5) every 5-7 days and used within 35 passages. Briefly: cells were washed with PBS and 2 ml of fresh medium were added to the flask. Cells were detached with a scraper or trypsin, and disaggregated in solution with a micropipette. In case of hydrogel assays, the cells were seeded on the top of the hydrogel surface (see last section, Chapter 7.5.1), and all experiments were performed similarly to the cell culture standard procedures.  

7.5.1.2 PC12 differentiation
PC12 cell differentiation was induced by the human recombinant ß - Nerve Growth Factor (Sigma Aldrich). 10 000 cells/cm2 were plated and cultured on substrates for two or three days, in the differentiation medium (99% RPMI 1640, 1% heat-inactivated horse serum, 100 Units/ml penicillin and 100 µg/ml streptomycin and 50 ng/ml of NGF). In case of hydrogel assays, the cells were seeded on the top of the hydrogel surface (see Chapter 7.5.1), and all experiments were performed similarly to the cell culture standard procedures.  

7.5.1.3 MDCK culture
The Madin-Darby Canine Kidney cell line were cultivated in Dulbecco's Modified Eagle's Medium (DMEM), supplemented with 10% Fetal Bovine Serum (FBS), 2 mM L-Glutamine, 0.1 mM non-essential amino acids (NEA), 1.5 g/l sodium bicarbonate, 1 mM sodium pyruvate, 100 units/ml of penicillin and 100 µg/ml of streptomycin (Sigma). Cells were grown in the tissue culture flasks at 37°C in controlled atmosphere (5% CO2). For cell proliferation tests, MDCK cells were seeded at a concentration of 60 000 cells/cm2. In case of hydrogel assays, the cells were seeded on the top of the hydrogel surface (see Chapter 7.5.1), and all experiments were performed similarly to the cell culture standard procedures.  

7.5.1.4 SH-SY5Y culture
The human neuroblastoma SH-SY5Y cell line was cultivated in medium containing DMEM F12 (Sigma), supplemented with 15% inactivated Fetal Bovine Serum, 2 mM L-Glutamine, 100 units/ml of penicillin and 100 µg/ml of streptomycin. Cells were grown in tissue culture flasks at 37°C in controlled atmosphere (5% CO2). For cell proliferation tests, SH-SY5Y cells were seeded at a concentration of 60 000 cells/cm2. In case of hydrogel assays, the cells were seeded on the top of the hydrogel surface (see Chapter 7.5.1), and all experiments were performed similarly to the cell culture standard procedures.  

7.5.2 MTT assay
MTT assay ((3-4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, Sigma Aldrich) is a standard colorimetric assay for measuring the activity of enzymes that reduce MTT to formazan (see Figure 60), giving a purple color to the solution. The process is mostly mitochondrial, and it is a way of measuring the viability of living cells, by measuring the activity of mitochondrial dehydrogenases. It can also be used to determine cytotoxicity of potential drugs and other toxic materials. The method is simple, accurate and reproducible. 15 000 cells/cm2 were seeded on our hydrogel substrates inside a  cell culture 48 multi-plate. One day after seeding, non-adherent cells were removed by washing with PBS. Then 500 µl of 0.5 mg/ml MTT solution in PBS was added to each well and the plates were incubated for 3 hours at 37° C. Mitochondrial dehydrogenases of viable cells cleave the tetrazolium ring, yielding purple formazan crystals which are insoluble in aqueous solutions. The crystals were dissolved in an equal volume of HCl 0.04 M dissolved in isopropanol (Fluka, Italy). The absorbance of the resulting purple solution was measured at 570 nm with a spectrophotometer UV/VIS Jasco 7850. The amount of produced formazan is dependent of cell number, and their degree of viability. In case of hydrogel assays, the cells were seeded on the top of the hydrogel surface (see Chapter 7.5.1), and all experiments were performed similarly to the cell culture and MTT standard procedures. I observed the absorption of MTT salts by the hydrogel matrix, differently according the polymer chemistry (ISA23, ISA1 and AGMA1). Hydrogels (without cell seeding) were used as controls in the MTT assay.
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Figure 61. MTT scheme: Mitochondrial reductase of tetrazolium bromide in formazan.
7.5.3 Fluorescence assays
The method was used to analyse fixed (by paraformaldehyde) cells or proteins fluorescence. After twenty four or forty eight hours of cell seeding and culture on hydrogel, cells and hydrogel were fixed for 15 min in 3% paraformaldehyde, rinsed with 0.1 M glycine in Phosphate Buffer Solution (PBS), and permeabilized with 0.25% Triton X-100 in PBS for 4 min at room temperature. For direct fluorescence analysis: to visualize cell actin filaments, they were labelled by 30 min incubation with 1 μg/ml of TRITC (Tetramethylrhodamine isothiocyanate) - Phalloidin in PBS 0.1% Tween + 2% BSA. Nuclei were labelled by 1 μg/ml of DAPI in PBS. The hydrogels or cell samples were imaged using confocal microscopy (TCS SP2 AOBS Leica Confocal Microscopy) (see Chapter 8.3, page 130).

7.5.4 Protein Adhesion Assay 
Bovine Serum Albumin (BSA), Fibrinogen (FGN) Alexa 647 conjugated (Molecular Probes) and EGF FITC conjugated (Invitrogen) are dissolved in PBS solution at 5 uM concentration. Fluorescent labelled proteins and  microfabricated hydrogels are incubated for 4 hours in order to reach equilibrium conditions. Samples (without paraformaldehyde fixing) are imaged using confocal microscopy (TCS SP2 AOBS Leica Confocal  Microscope) (see Chapter 8.3, page 130), with 63x oil immersion objective in presence of the protein solution. Protein quantification is performed analyzing the z-profile of e-beam modified squares.  The background and noise are subtracted from the raw z-profile and the fluorescence signal is renormalized to the signal coming from the protein solution (background signal). 

Chapter 8 - Technological tools

This chapter describes the technological facilities and tools available at CIMAINA laboratory (Interdisciplinary Centre for Nanostructured Materials and Interfaces), which were used to accomplish my thesis work. The Scanning Electron Microscopy (SEM) (see Chapter 8.1 section) was used to perform hydrogel microfabrication by electron beam lithography. The characterization of e-beam patterns reflect of electron beam dose effect on hydrogel, was analysed by Atomic Force Microscopy (AFM) (see Chapter 8.2 section). As imaging tool for biological studies with cells and fluorescent labelled proteins (see Chapter 7.5.4, page 122), I used the Confocal Microscopy (see Chapter 8.3 section). 
EDX and Micro FT-IR analyses were important for obtaining information about the chemical evolution of the hydrogel under beam exposure. For electron beam exposed polymer characterization, I used the Fourier Transform Infra-red (Spectrum One Perkin Elmer) from the “Dipartimento di Scienze Molecolari Applicate ai Biosistemi (DISMAB), Sezione di Chimica Organica” (see Chapter 7.4, page 117). I thanks to Maria Chiara Sala for her availability. EDX measurements were performed using a Zeiss Sigma Scanning Electron Microscope equipped with a Bruker Quantax 400 EDS detector (30 mm2 XFlash silicon drift detector) at “Fondazione Filarete” (see Chapter 7.4, page 117). I thanks to Davide Marchesi and Gero Bongiorno.
8.1 Scanning Electron Microscopy
An electron microscope is a type of microscope that produces an electronically-magnified image of a specimen for detailed observation. The electron microscope (EM) uses a particle beam of electrons to illuminate the specimen and create a magnified image of it. The microscope has a greater resolving power (magnification) than a light-powered optical microscope, because it uses electrons that have wavelengths about 100,000 times shorter than visible light (photons), and can achieve magnifications of up to 1,000,000 x, whereas light microscopes are limited to 1000 x magnification.

The electron microscope uses electrostatic and electromagnetic "lenses" to control the electron beam and focus it to form an image. These lenses are analogous to, but different from the glass lenses of an optical microscope, that forms a magnified image by focusing light on or through the specimen. The SEM produces images by probing the specimen with a focused electron beam that is scanned across a rectangular area of the specimen (raster scanning). At each point on the specimen the incident electron beam loses some energy, and that lost energy is converted into other forms, such as heat, emission of low-energy secondary electrons, light emission (cathode-luminescence) or x-ray emission. The display of the SEM maps the varying intensity of any of these signals into the image in a position corresponding to the position of the beam on the specimen when the signal was generated. SEM sample imaging is constructed from signals produced by a secondary electron detector, the normal or conventional imaging mode in most SEMs. Generally, the image resolution of an SEM is about an order of magnitude poorer than that of a Transmission Elecron Microscope - TEM. However, because the SEM image relies on surface processes rather than transmission, it is able to image bulk samples up to many centimetres in size and (depending on instrument design and settings) has a great depth of field, and so can produce images that are good representations of the three-dimensional shape of the sample.

A particular disadvantage of most Electron microscopes is that the samples have to be viewed in vacuum, as the molecules that make up air would scatter the electrons.
Scanning Electron Microscope (SEM) is an essential imaging tool, but it is used as well in research for direct beam-writing fabrication, electron beam-induced deposition, materials qualification, nanoprototyping and surface characterization. Starting with a clear overview of the material surface morphology and composition, it is then possible to examine and to analyze important features in detail. 
During this thesis work, I used a JSM-6400F Scanning Microscope, whose electron gun is of a cold-cathode field emission type. The system is an ultra-high resolution scanning electron microscope with a digital image processing system. The image processing system enables image enhancement by averaging, integrating and storing of the image data in frame memories. Its operation consists of an electrons emission from a field emission electron gun. A voltage of several thousand volts is applied between an anode and a cathode with a sharp-pointed metal tip. Since the tip has a curvature radius of about 100 nm, a strong electric field of about 107 V = cm is usually created at the cathode tip and electrons are emitted from the tip by tunnel effect. The amount of the emitted electrons greatly depends on the work function of the cathode surface. When gas molecules are adsorbed on the cathode surface, the amount of emitted electrons changes due to the change in the work function and the cathode surface becomes rough due to ion bombardment, till it finally expires. Therefore, the electron gun must be under ultra high vacuum (10-9 Torr) in order to obtain a stable electron emission for a long time. The emitted electrons go through the column (see Figure 61) in which they are accelerated, selected and collimated. Then the electron beam interacts with the atoms of the sample surface producing signals such as secondary electrons, backscattered electrons, X-rays, absorbed electrons, transmitted electrons, etc. In case of extremely high electron energies (few keV), this microscope can be use to essentially "drill" or sputter material from the surface – Electron Beam Lithography (EBL) (see page 25).
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Figure 62. Schematic illustration of SEM with field emission electron gun. The gun consists of an emitter (cathode), an extraction electrode for extracting electrons and an anode for regulating the final energy of the emitted electrons (Courtesy of JEOL, Japan).

8.2 Atomic Force Microscopy
CIMAINA laboratory has two Atomic Force Microscopes: a Bioscope II AFM equipped with a Nanoscope V controller and a Multimode AFM equipped with a Nanoscope IV controller (Veeco Instruments). From AFM images, several parameters describing the surface morphology, such as root-mean-squared (rms) roughness, specific area, correlation length, and average surface slope, can be calculated: in our work we evaluated only the first two parameters. The method is based on the measurement of the interaction force between a very sharp tip (shown in Figure 62) and the sample surface. AFM operates within a tip of 0,8 µm in the z range and 2 µm in the x-y range. The tip is located at the free end of a cantilever; the forces between the tip and the sample surface cause the cantilever to bend or deflect. Measuring the cantilever deflection it is possible to evaluate the tip-surface interaction force and to acquire an image of the surface topography at nanometric scale. AFM topographic maps consist in Ni x Nj arrays of N = NiNj heights values hij. 
The rms roughness is calculated as
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Rms roughness is a measure of surface corrugation, i.e. of the dispersion of surface height values around the average height 
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. The effective (or specific) area Aeff , instead, is the ratio of the three-dimensional area calculated on the image to the projected area A (the AFM scanning area), and it is calculated on a discrete mesh as:
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 is the surface gradient vector. For a at surface, Aeff = 1, while for a corrugated surface it is Aeff > 1. Notice that the Aeff calculated from AFM images is an underestimation of the true effective area, because of the inability of the AFM to detect overhangs. Specific area plays an important role in several morphology dependent surface properties, such as wettability, friction, and physical adhesion.
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Figure 63. Schematic illustration of AFM. The tip is attached to a cantilever, and is raster-scanned over a surface. The cantilever detection due to tip-surface interactions is monitored by a photodiode sensitive to laser light reflected at the tip backside.

8.3 Confocal Microscopy
A confocal microscope creates sharp images of a specimen that would otherwise appear blurred when viewed with a conventional microscope. This is achieved by excluding most of the light from the specimen that is not from the microscopes focal plane. The image has less haze and better contrast than that of a conventional microscope and represents a thin cross-section of the specimen. Thus, apart from allowing better observation of fine details it is possible to build 3D reconstructions of a volume of the specimen by assembling a series of thin slices taken along the vertical axis.

The principle of confocal imaging advanced by Marvin Minsky, patented in 1957, is employed in all modern confocal microscopes. In a conventional wide-field microscope, the entire specimen is bathed in light from a mercury or xenon source, and the image can be viewed directly by eye or projected onto an image capture device or photographic film. In contrast, the method of image formation in a confocal microscope is fundamentally different. Confocal microscopy detects structures by collecting light from a single focal plane of the sample, excluding light that is out of focus. In a point scanning confocal system, the microscope lenses focus the laser light on one point in the specimen at a time (the focal point).

The laser moves rapidly from point to point to produce the scanned image. Both fluorescent and reflected light from the sample pass back through the objective. The microscope and the optics of the scanner module focus the light emitted from the focal point to a second point, called the confocal point. The pinhole aperture, located at the confocal point, allows light from the focal point to pass through the detector. Light emitted from outside the focal point is rejected by the aperture (see Fig. 63). One or more collimated, polarized lasers beam is reflected by a di-chroic mirror into the rear of the objective lens and is focused on the specimen. The emitted light returning from the specimen passes back through the same lens. In the LEICA TCS SP II confocal microscope (see the scheme in Fig. 65) the ordinary beam splitter is replaced by an Acousto Optical Beam Splitter (AOBS): an optical crystal with an ultrasonic field applied. The wavelength and amplitude of the ultrasound can be changed to deflect certain band of wavelengths and its amount passing through the field (see Fig. 64).

Up to eight excitation bands can be programmed at the same time compared to only three bands in tri-chroic BSP in ordinary filter based systems. Besides, the bandwidth of the deflected beam is very narrow or sharp, around 1 nm only (0,6 - 3 nm proportional to the wavelength considered), compared to ordinary BSP which has about 10 to 20 nm width of barrier to emission knows as `emission hole'. This function has two major benefits: removal of the limitation on the number of beam splitter available in the system and more accurate control on the reflected bands and have a higher efficiency for emission collection.

The light beam is then focused into a small pinhole to eliminate all light coming from regions of the specimen above or below the focal plane. The beam goes through a prism and it is splitted in different monochromatic beams that converge on different light-sensitive detectors (i.e. a photo-diode) positioned behind the confocal aperture, and the analogue output signal is digitized and fed into a computer. The detector is a point detector and only receives light from one point in the specimen. Thus, the microscope sees only one point of the specimen at a time as opposed to the conventional microscope where an extended field of the specimen is visible at one moment. Therefore, to obtain an image it is necessary either to move the illuminated point or to move the specimen. These two possibilities have given rise to two different types of confocal microscopes: the stage-scanning type, in which the microscope stage with the specimen is moved in a scanning motion while the optics remain stationary, or the beam-scanning or mirror-scanning type, in which the illuminated point is scanned over the fixed specimen by small, fast, galvanometer-driven mirrors as used by LEICA.
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Figure 64. Confocal based principles. The laser moves rapidly from point to point to produce the scanned image and light from the sample passes back through the objective. Emitted light is focalized to the confocal point. In this point, the pinhole allows the light to coming from the focal point to pass and reach the detector. Light emitted from outside the focal point is rejected by the aperture. Image taken from by Leica TCS SP2 users manual.
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Figure 65. The AOBS principles. An optical crystal with an ultrasonic field applied replaces the conventional beam splitter. Single or multiple excitation laser lines are directed to the specimen by AOBS. The returning fluorescence light passes the device undisturbed and it is directed to the confocal pinhole and the prism spectrophotometer detector. Image taken from Leica TCS SP2 user manual.
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Figure 66. Scheme of TCS SP2-AOBS confocal microscope. Image taken from Leica TCS SP2 users manual.

8.4 Chemical analysis by Micro Fourier Transform Infra-red and EDX
Fourier transform infrared (FTIR) spectroscopy is a measurement technique for collecting infrared spectra. Instead of recording the amount of energy absorbed when the frequency of the infra-red light is varied (monochromator), the IR light is guided through an interferometer. After passing through the sample, the measured signal is the interferogram. Performing a mathematical Fourier transform on this signal results in a spectrum identical to that from conventional (dispersive) infrared spectroscopy. In addition, measurement of a single spectrum is faster for the FTIR technique because the information at all frequencies is collected simultaneously. This allows multiple samples to be collected and averaged together resulting in an improvement in sensitivity. Because of its various advantages, virtually all modern infrared spectrometers are FTIR instruments. FTIR analysis, is used as a failure analysis technique that provides information about the chemical bonding or molecular structure of materials, whether organic or inorganic. It is used to identify unknown materials present in a specimen, and is usually conducted to complement Energy Dispersive X-ray analysis (EDX) analysis. The technique works on the fact that bonds and groups of bonds vibrate at characteristic frequencies. A molecule that is exposed to infrared rays absorbs infrared energy at frequencies which are characteristic to that molecule. During FTIR analysis, a spot on the specimen is subjected to a modulated IR beam. The specimen's transmittance and reflectance of the infrared rays at different frequencies is translated into an IR absorption plot consisting of reverse peaks. The infrared spectrum looks like series of peaks and valleys on an X/Y graph. The resulting FTIR spectral pattern is then analyzed and matched with known signatures of identified materials in the FTIR library. This spectrum is unique for a given organic material and can be seen as the materials chemical fingerprint. This technique is useful both for routine material verification/identification of polymers and identification of trace contaminates via the FTIR Microscope. 
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Figure 67. Schematic illustration of FT Infra-Red principles: In its simplest form, FT-IR is based on a Michelson Interferometer, that consists of at least a beam splitter and two mirrors. This instrument produces interference between two beams of light waves, propagated through two separate optical path lengths. Useful interference only occurs between light waves of the same frequency and constant phase relation.
Energy dispersive X-ray spectroscopy (EDS) is an analytical technique used for the elemental analysis or chemical characterization of a sample. As a type of spectroscopy, it relies on the investigation of a sample through interactions between electromagnetic radiation and matter, analyzing x-rays emitted by the matter in response to hitting by charged particles. The characterization capabilities are due in large part to the fundamental principle that each element has a unique atomic structure, allowing x-rays (characteristic of an element's atomic structure) to be identified uniquely from each other.

To stimulate the emission of characteristic X-rays from a specimen, a high energy beam of charged particles (electrons), is focused into the studied sample. An atom within the sample contains unexcited state electrons in discrete energy levels or electron shells bound to the nucleus. The incident beam may excite an electron ejecting it. An outer electron will fill the free electron space, where the difference in energies between the higher-energy and lower energy states may be released in the form of an X-ray. The number and energy of the X-rays emitted from a specimen can be measured by an energy dispersive spectrometer. As the energy of the X-rays is characteristic of the difference between the two energetic states, and of the atomic structure of the element, this allows the elemental composition of the specimen to be measured. There are four primary components of the EDS setup: the beam source; the X-ray detector; the pulse processor; and the analyzer. A number of free-standing EDS systems exist, however EDS systems can be commonly found on scanning electron microscopes (SEM-EDS). Scanning electron microscopes are equipped with a cathode and magnetic lenses to create and focus a beam of electrons, and since the 1960s they have been equipped with elemental analysis capabilities. A detector is used to convert X-ray energy into voltage signals; this information is sent to a pulse processor, which measures the signals and passes them onto an analyzer for data display and analysis.

Bibliography
1.
Langer, R. and D.A. Tirrell, Designing materials for biology and medicine. Nature, 2004. 428(6982): p. 487-92.

2.
Johnson, E.A., R.H. Bonser, and G. Jeronimidis, Recent advances in biomimetic sensing technologies. Philos Transact A Math Phys Eng Sci, 2009. 367(1893): p. 1559-69.

3.
Budd, P.M., et al., The potential of organic polymer-based hydrogen storage materials. Phys Chem Chem Phys, 2007. 9(15): p. 1802-8.

4.
O'Connor, S.M., et al., Immobilization of neural cells in three-dimensional matrices for biosensor applications. Biosens Bioelectron, 2000. 14(10-11): p. 871-81.

5.
Desgrandchamps, F., Biomaterials in functional reconstruction. Curr Opin Urol, 2000. 10(3): p. 201-6.

6.
Friedman, A. and J. Friedman, New biomaterials for the sustained release of nitric oxide: past, present and future. Expert Opin Drug Deliv, 2009.

7.
Mitragotri, S. and J. Lahann, Physical approaches to biomaterial design. Nat Mater, 2009. 8(1): p. 15-23.

8.
Zhong, Y. and R.V. Bellamkonda, Biomaterials for the central nervous system. J R Soc Interface, 2008. 5(26): p. 957-75.

9.
Furth, M.E., A. Atala, and M.E. Van Dyke, Smart biomaterials design for tissue engineering and regenerative medicine. Biomaterials, 2007. 28(34): p. 5068-73.

10.
Kopecek, J., Smart and genetically engineered biomaterials and drug delivery systems. Eur J Pharm Sci, 2003. 20(1): p. 1-16.

11.
Nikiforov, M.P., et al., Functional recognition imaging using artificial neural networks: applications to rapid cellular identification via broadband electromechanical response. Nanotechnology, 2009. 20(40): p. 405708.

12.
Ryan, A.J., Nanotechnology: Squaring up with polymers. Nature, 2008. 456(7220): p. 334-6.

13.
Blow, N., Nanotechnology: could it be a small world after all? Nature, 2008. 452(7189): p. 901-4.

14.
Allara, D.L., A perspective on surfaces and interfaces. Nature, 2005. 437(7059): p. 638-9.

15.
Value-free nanotech? Nature, 2005. 437(7058): p. 451-2.

16.
Hsiao, J.C. and K. Fong, Making big money from small technology. Nature, 2004. 428(6979): p. 218-20.

17.
Walker, G.M., H.C. Zeringue, and D.J. Beebe, Microenvironment design considerations for cellular scale studies. Lab Chip, 2004. 4(2): p. 91-7.

18.
Yu, L.M., J.H. Wosnick, and M.S. Shoichet, Miniaturized system of neurotrophin patterning for guided regeneration. J Neurosci Methods, 2008. 171(2): p. 253-63.

19.
Chan, A.W. and R.J. Neufeld, Modeling the controllable pH-responsive swelling and pore size of networked alginate based biomaterials. Biomaterials, 2009. 30(30): p. 6119-29.

20.
Goto, M., et al., Micro- and nanometer-scale patterned surface in a microchannel for cell culture in microfluidic devices. Anal Bioanal Chem, 2008. 390(3): p. 817-23.

21.
Recknor, J.B., D.S. Sakaguchi, and S.K. Mallapragada, Directed growth and selective differentiation of neural progenitor cells on micropatterned polymer substrates. Biomaterials, 2006. 27(22): p. 4098-108.

22.
Zhang, J., et al., Combined topographical and chemical micropatterns for templating neuronal networks. Biomaterials, 2006. 27(33): p. 5734-9.

23.
Lamour, G., et al., Influence of surface energy distribution on neuritogenesis. Colloids Surf B Biointerfaces, 2009. 72(2): p. 208-18.

24.
Meng, J., G. Zhu, and H. Xu, [Effects of nanotopography for biomaterials on cell behaviors]. Sheng Wu Yi Xue Gong Cheng Xue Za Zhi, 2007. 24(3): p. 685-9.

25.
Savina, I.N., et al., Biomimetic macroporous hydrogels: protein ligand distribution and cell response to the ligand architecture in the scaffold. J Biomater Sci Polym Ed, 2009. 20(12): p. 1781-95.

26.
Chung, E.H., et al., Biomimetic artificial ECMs stimulate bone regeneration. J Biomed Mater Res A, 2006. 79(4): p. 815-26.

27.
Gobin, A.S. and J.L. West, Cell migration through defined, synthetic ECM analogs. FASEB J, 2002. 16(7): p. 751-3.

28.
Chen, C.S., et al., Using self-assembled monolayers to pattern ECM proteins and cells on substrates. Methods Mol Biol, 2000. 139: p. 209-19.

29.
Sun, W., et al., Collagen scaffolds loaded with collagen-binding NGF-beta accelerate ulcer healing. J Biomed Mater Res A, 2009.

30.
Foley, J.D., et al., Cooperative modulation of neuritogenesis by PC12 cells by topography and nerve growth factor. Biomaterials, 2005. 26(17): p. 3639-44.

31.
Weibel, D.B., W.R. Diluzio, and G.M. Whitesides, Microfabrication meets microbiology. Nat Rev Microbiol, 2007. 5(3): p. 209-18.

32.
Koh, H.S., et al., Enhancement of neurite outgrowth using nano-structured scaffolds coupled with laminin. Biomaterials, 2008. 29(26): p. 3574-82.

33.
Burnham, M.R., et al., Biological functionalization and surface micropatterning of polyacrylamide hydrogels. Biomaterials, 2006. 27(35): p. 5883-91.

34.
Jhaveri, S.J., et al., Release of nerve growth factor from HEMA hydrogel-coated substrates and its effect on the differentiation of neural cells. Biomacromolecules, 2009. 10(1): p. 174-83.

35.
Elisseeff, J., et al., The role of biomaterials in stem cell differentiation: applications in the musculoskeletal system. Stem Cells Dev, 2006. 15(3): p. 295-303.

36.
Gurski, L.A., et al., Hyaluronic acid-based hydrogels as 3D matrices for in vitro evaluation of chemotherapeutic drugs using poorly adherent prostate cancer cells. Biomaterials, 2009. 30(30): p. 6076-85.

37.
Wong, A.P., et al., Partitioning microfluidic channels with hydrogel to construct tunable 3-D cellular microenvironments. Biomaterials, 2008. 29(12): p. 1853-61.

38.
Sung, J.H. and M.L. Shuler, A micro cell culture analog (microCCA) with 3-D hydrogel culture of multiple cell lines to assess metabolism-dependent cytotoxicity of anti-cancer drugs. Lab Chip, 2009. 9(10): p. 1385-94.

39.
Li, N., C. Sip, and A. Folch, Microfluidic chips controlled with elastomeric microvalve arrays. J Vis Exp, 2007(8): p. 296.

40.
Stangegaard, M., et al., A biocompatible micro cell culture chamber (microCCC) for the culturing and on-line monitoring of eukaryote cells. Lab Chip, 2006. 6(8): p. 1045-51.

41.
Song, Y.S., et al., Engineered 3D tissue models for cell-laden microfluidic channels. Anal Bioanal Chem, 2009. 395(1): p. 185-93.

42.
Silva, N.A., et al., Development and Characterization of a Novel Hybrid Tissue Engineering Based Scaffold for Spinal Cord Injury Repair. Tissue Eng Part A, 2009.

43.
Du, Y., et al., Directed assembly of cell-laden microgels for fabrication of 3D tissue constructs. Proc Natl Acad Sci U S A, 2008. 105(28): p. 9522-7.

44.
Bellamkonda, R., et al., Hydrogel-based three-dimensional matrix for neural cells. J Biomed Mater Res, 1995. 29(5): p. 663-71.

45.
Nie, Z. and E. Kumacheva, Patterning surfaces with functional polymers. Nat Mater, 2008. 7(4): p. 277-90.

46.
Zhang, S., et al., Biological surface engineering: a simple system for cell pattern formation. Biomaterials, 1999. 20(13): p. 1213-20.

47.
Kohler, J.M. and T. Henkel, Chip devices for miniaturized biotechnology. Appl Microbiol Biotechnol, 2005. 69(2): p. 113-25.

48.
Krsko, P., et al., Length-scale mediated adhesion and directed growth of neural cells by surface-patterned poly(ethylene glycol) hydrogels. Biomaterials, 2009. 30(5): p. 721-9.

49.
Chen, M.C., M. Gupta, and K.C. Cheung, Hydrogel-based microfluidic systems for co-culture of cells. Conf Proc IEEE Eng Med Biol Soc, 2008. 2008: p. 4848-51.

50.
Ingolia, N.T. and J.S. Weissman, Systems biology: Reverse engineering the cell. Nature, 2008. 454(7208): p. 1059-62.

51.
Zhu, J., et al., Design and synthesis of biomimetic hydrogel scaffolds with controlled organization of cyclic RGD peptides. Bioconjug Chem, 2009. 20(2): p. 333-9.

52.
David, L., et al., Collagens, stromal cell-derived factor-1alpha and basic fibroblast growth factor increase cancer cell invasiveness in a hyaluronan hydrogel. Cell Prolif, 2008. 41(2): p. 348-64.

53.
Gobin, A.S. and J.L. West, Effects of epidermal growth factor on fibroblast migration through biomimetic hydrogels. Biotechnol Prog, 2003. 19(6): p. 1781-5.

54.
Bryant, S.J. and K.S. Anseth, Controlling the spatial distribution of ECM components in degradable PEG hydrogels for tissue engineering cartilage. J Biomed Mater Res A, 2003. 64(1): p. 70-9.

55.
Bryant, S.J. and K.S. Anseth, Hydrogel properties influence ECM production by chondrocytes photoencapsulated in poly(ethylene glycol) hydrogels. J Biomed Mater Res, 2002. 59(1): p. 63-72.

56.
Baron-Van Evercooren, A., et al., Nerve growth factor, laminin, and fibronectin promote neurite growth in human fetal sensory ganglia cultures. J Neurosci Res, 1982. 8(2-3): p. 179-93.

57.
Montdargent, B. and D. Letourneur, Toward new biomaterials. Infect Control Hosp Epidemiol, 2000. 21(6): p. 404-10.

58.
Chiu, J.S., et al., Artificial neural network to predict skeletal metastasis in patients with prostate cancer. J Med Syst, 2009. 33(2): p. 91-100.

59.
Harley, B.A., et al., Microarchitecture of three-dimensional scaffolds influences cell migration behavior via junction interactions. Biophys J, 2008. 95(8): p. 4013-24.

60.
Gottwald, E., et al., Chip-based three-dimensional cell culture in perfused micro-bioreactors. J Vis Exp, 2008(15).

61.
Cheng, S.Y., et al., A hydrogel-based microfluidic device for the studies of directed cell migration. Lab Chip, 2007. 7(6): p. 763-9.

62.
Vogt, A.K., et al., Synaptic plasticity in micropatterned neuronal networks. Biomaterials, 2005. 26(15): p. 2549-57.

63.
Kim, D. and D.J. Beebe, Hydrogel-based reconfigurable components for microfluidic devices. Lab Chip, 2007. 7(2): p. 193-8.

64.
Melin, J. and S.R. Quake, Microfluidic large-scale integration: the evolution of design rules for biological automation. Annu Rev Biophys Biomol Struct, 2007. 36: p. 213-31.

65.
Whitesides, G.M., The origins and the future of microfluidics. Nature, 2006. 442(7101): p. 368-73.

66.
Haeberle, S. and R. Zengerle, Microfluidic platforms for lab-on-a-chip applications. Lab Chip, 2007. 7(9): p. 1094-110.

67.
Mather, P.T., Responsive materials: soft answers for hard problems. Nat Mater, 2007. 6(2): p. 93-4.

68.
Quake, S.R. and A. Scherer, From micro- to nanofabrication with soft materials. Science, 2000. 290(5496): p. 1536-40.

69.
Beebe, D.J., et al., Functional hydrogel structures for autonomous flow control inside microfluidic channels. Nature, 2000. 404(6778): p. 588-90.

70.
Gomez-Sjoberg, R., et al., Versatile, fully automated, microfluidic cell culture system. Anal Chem, 2007. 79(22): p. 8557-63.

71.
Yager, P., et al., Microfluidic diagnostic technologies for global public health. Nature, 2006. 442(7101): p. 412-8.

72.
Koh, W.G. and M.V. Pishko, Fabrication of cell-containing hydrogel microstructures inside microfluidic devices that can be used as cell-based biosensors. Anal Bioanal Chem, 2006. 385(8): p. 1389-97.

73.
Thomas, G., et al., Hydrogel-immobilized antibodies for microfluidic immunoassays: hydrogel immunoassay. Methods Mol Biol, 2006. 321: p. 83-95.

74.
Fiorini, G.S. and D.T. Chiu, Disposable microfluidic devices: fabrication, function, and application. Biotechniques, 2005. 38(3): p. 429-46.

75.
Shin, H., et al., Attachment, proliferation, and migration of marrow stromal osteoblasts cultured on biomimetic hydrogels modified with an osteopontin-derived peptide. Biomaterials, 2004. 25(5): p. 895-906.

76.
Lander, A.D., et al., Studies on extracellular matrix components that promote neurite outgrowth. Cold Spring Harb Symp Quant Biol, 1983. 48 Pt 2: p. 611-23.

77.
Freire, E., et al., Structure of laminin substrate modulates cellular signaling for neuritogenesis. J Cell Sci, 2002. 115(Pt 24): p. 4867-76.

78.
Rogelj, S., et al., Basic fibroblast growth factor is an extracellular matrix component required for supporting the proliferation of vascular endothelial cells and the differentiation of PC12 cells. J Cell Biol, 1989. 109(2): p. 823-31.

79.
Elisseeff, J., Hydrogels: structure starts to gel. Nat Mater, 2008. 7(4): p. 271-3.

80.
Kopecek, J., Hydrogel biomaterials: a smart future? Biomaterials, 2007. 28(34): p. 5185-92.

81.
Kopecek, J., Polymer chemistry: swell gels. Nature, 2002. 417(6887): p. 388-9, 391.

82.
Potter, W., R.E. Kalil, and W.J. Kao, Biomimetic material systems for neural progenitor cell-based therapy. Front Biosci, 2008. 13: p. 806-21.

83.
Yang, J., et al., Cell sheet engineering: recreating tissues without biodegradable scaffolds. Biomaterials, 2005. 26(33): p. 6415-22.

84.
Jacchetti, E., et al., Biomimetic poly(amidoamine) hydrogels as synthetic materials for cell culture. J Nanobiotechnology, 2008. 6: p. 14.

85.
Bjugstad, K.B., et al., Biocompatibility of PEG-based hydrogels in primate brain. Cell Transplant, 2008. 17(4): p. 409-15.

86.
Ferruti, P., et al., Novel poly(amido-amine)-based hydrogels as scaffolds for tissue engineering. Macromol Biosci, 2005. 5(7): p. 613-22.

87.
Nagaoka, S., H. Tanzawa, and J. Suzuki, Cell proliferation on hydrogels. In Vitro Cell Dev Biol, 1990. 26(1): p. 51-6.

88.
Goda, T. and K. Ishihara, Soft contact lens biomaterials from bioinspired phospholipid polymers. Expert Rev Med Devices, 2006. 3(2): p. 167-74.

89.
Isaacs, J., I. Klumb, and C. McDaniel, Preliminary investigation of a polyethylene glycol hydrogel "nerve glue". J Brachial Plex Peripher Nerve Inj, 2009. 4(1): p. 16.

90.
Ferruti, P., et al., Novel agmatine-containing poly(amidoamine) hydrogels as scaffolds for tissue engineering. Biomacromolecules, 2005. 6(4): p. 2229-35.

91.
Komobuchi, H., et al., Basic fibroblast growth factor combined with biodegradable hydrogel promotes healing of facial nerve after compression injury: an experimental study. Acta Otolaryngol, 2009: p. 1-6.

92.
Patil, S.D., F. Papadmitrakopoulos, and D.J. Burgess, Concurrent delivery of dexamethasone and VEGF for localized inflammation control and angiogenesis. J Control Release, 2007. 117(1): p. 68-79.

93.
Zisch, A.H., et al., Cell-demanded release of VEGF from synthetic, biointeractive cell ingrowth matrices for vascularized tissue growth. FASEB J, 2003. 17(15): p. 2260-2.

94.
Zalfen, A.M., et al., Controlled release of drugs from multi-component biomaterials. Acta Biomater, 2008. 4(6): p. 1788-96.

95.
Cadotte, A.J. and T.B. DeMarse, Poly-HEMA as a drug delivery device for in vitro neural networks on micro-electrode arrays. J Neural Eng, 2005. 2(4): p. 114-22.

96.
Dogan, A.K., M. Gumusderelioglu, and E. Aksoz, Controlled release of EGF and bFGF from dextran hydrogels in vitro and in vivo. J Biomed Mater Res B Appl Biomater, 2005. 74(1): p. 504-10.

97.
Lee, M., et al., Biomimetic apatite-coated alginate/chitosan microparticles as osteogenic protein carriers. Biomaterials, 2009. 30(30): p. 6094-101.

98.
Grieshaber, S.E., et al., Synthesis and Characterization of Elastin-Mimetic Hybrid Polymers with Multiblock, Alternating Molecular Architecture and Elastomeric Properties. Macromolecules, 2009. 42(7): p. 2532-2541.

99.
Nagahama, K., et al., Hydrophobically modified biodegradable poly(ethylene glycol) copolymers that form temperature-responsive Nanogels. Langmuir, 2009. 25(17): p. 9734-40.

100.
Chen, J., et al., A monolithic polymeric microdevice for pH-responsive drug delivery. Biomed Microdevices, 2009.

101.
Sugiura, S., et al., On-demand microfluidic control by micropatterned light irradiation of a photoresponsive hydrogel sheet. Lab Chip, 2009. 9(2): p. 196-8.

102.
Kurisawa, M. and N. Yui, [Recent trends in drug delivery systems using biomaterials]. Nippon Rinsho, 1996. 54(7): p. 2004-11.

103.
Moorthy, J., et al., Microfluidic based platform for characterization of protein interactions in hydrogel nanoenvironments. Anal Chem, 2007. 79(14): p. 5322-7.

104.
Schmalenberg, K.E. and K.E. Uhrich, Micropatterned polymer substrates control alignment of proliferating Schwann cells to direct neuronal regeneration. Biomaterials, 2005. 26(12): p. 1423-30.

105.
Lee, S.H., et al., The effect of brain-derived neurotrophic factor on neuritogenesis and synaptic plasticity in Aplysia neurons and the hippocampal cell line HiB5. Mol Cells, 2003. 15(2): p. 233-9.

106.
Yang, I.H., C.C. Co, and C.C. Ho, Alteration of human neuroblastoma cell morphology and neurite extension with micropatterns. Biomaterials, 2005. 26(33): p. 6599-609.

107.
Lee, W., et al., Three-dimensional bioprinting of rat embryonic neural cells. Neuroreport, 2009. 20(8): p. 798-803.

108.
Kern, P., et al., Electron-beam-induced topographical, chemical, and structural patterning of amorphous titanium oxide films. J Phys Chem B, 2006. 110(47): p. 23660-8.

109.
Hiraoka, M., et al., Enhanced Survival of Neural Cells Embedded in Hydrogels Composed of Collagen and Laminin-Derived Cell Adhesive Peptide. Bioconjug Chem, 2009.

110.
Neville, C.M., et al., Neural precursor cell lines promote neurite branching. Int J Neurosci, 2009. 119(1): p. 15-39.

111.
Nienborg, H. and B.G. Cumming, Decision-related activity in sensory neurons reflects more than a neuron's causal effect. Nature, 2009. 459(7243): p. 89-92.

112.
Yu, Y.C., et al., Specific synapses develop preferentially among sister excitatory neurons in the neocortex. Nature, 2009. 458(7237): p. 501-4.

113.
Dulcis, D. and N.C. Spitzer, Illumination controls differentiation of dopamine neurons regulating behaviour. Nature, 2008. 456(7219): p. 195-201.

114.
Tchernichovski, O. and J. Wallman, Behavioural neuroscience: neurons of imitation. Nature, 2008. 451(7176): p. 249-50.

115.
Buzsaki, G., Neuroscience: neurons and navigation. Nature, 2005. 436(7052): p. 781-2.

116.
Mudge, A.W., Neurobiology. Motor neurons find their factors. Nature, 1993. 363(6426): p. 213.

117.
Sendther, M., et al., More on motor neurons. Nature, 1992. 360(6404): p. 541-2.

118.
Kim, D.H., et al., Conducting polymers on hydrogel-coated neural electrode provide sensitive neural recordings in auditory cortex. Acta Biomater, 2009.

119.
Yamboliev, I.A., et al., Storage and secretion of beta-NAD, ATP and dopamine in NGF-differentiated rat pheochromocytoma PC12 cells. Eur J Neurosci, 2009. 30(5): p. 756-68.

120.
Lv, D.J., et al., [Application of artificial neural network to diagnosis of prostate cancer.]. Beijing Da Xue Xue Bao, 2009. 41(4): p. 469-73.

121.
Lai, K.C., et al., Artificial neural network-based study can predict gastric cancer staging. Hepatogastroenterology, 2008. 55(86-87): p. 1859-63.

122.
Wu, P.C., et al., Simultaneous optimization based on artificial neural networks in ketoprofen hydrogel formula containing O-ethyl-3-butylcyclohexanol as percutaneous absorption enhancer. J Pharm Sci, 2001. 90(8): p. 1004-14.

123.
da Cruz, A.G., et al., Monitoring the authenticity of low-fat yogurts by an artificial neural network. J Dairy Sci, 2009. 92(10): p. 4797-804.

124.
Staudenmayer, J., et al., An artificial neural network to estimate physical activity energy expenditure and identify physical activity type from an accelerometer. J Appl Physiol, 2009.

125.
Meijer, R.P., et al., The value of an artificial neural network in the decision-making for prostate biopsies. World J Urol, 2009.

126.
Jun, S.B., et al., Modulation of cultured neural networks using neurotrophin release from hydrogel-coated microelectrode arrays. J Neural Eng, 2008. 5(2): p. 203-13.

127.
Moritz, C.T., S.I. Perlmutter, and E.E. Fetz, Direct control of paralysed muscles by cortical neurons. Nature, 2008. 456(7222): p. 639-42.

128.
Franchini, J., et al., Synthesis, physicochemical properties, and preliminary biological characterizations of a novel amphoteric agmatine-based poly(amidoamine) with RGD-like repeating units. Biomacromolecules, 2006. 7(4): p. 1215-22.

129.
Calucci, L., C. Forte, and E. Ranucci, Water/polymer interactions in a poly(amidoamine) hydrogel studied by NMR spectroscopy. Biomacromolecules, 2007. 8(9): p. 2936-42.

130.
Milasinovic, N., et al., Hydrogels of N-isopropylacrylamide copolymers with controlled release of a model protein. Int J Pharm, 2009.

131.
Khayat, Z., et al., Characterising the size and shape of polyamidoamines in solution as a function of pH using neutron scattering and pulsed-gradient spin-echo NMR. Int J Pharm, 2006. 317(2): p. 175-86.

132.
Nguyen, M.K., D.K. Park, and D.S. Lee, Injectable poly(amidoamine)-poly(ethylene glycol)-poly(amidoamine) triblock copolymer hydrogel with dual sensitivities: pH and temperature. Biomacromolecules, 2009. 10(4): p. 728-31.

133.
Park, K.H., et al., Synthesis of Arg-Gly-Asp (RGD) sequence conjugated thermo-reversible gel via the PEG spacer arm as an extracellular matrix for a pheochromocytoma cell (PC12) culture. Biosci Biotechnol Biochem, 2004. 68(11): p. 2224-9.

134.
Ranucci, E., et al., Poly(amidoamine) conjugates with disulfide-linked cholesterol pendants self-assembling into redox-sensitive nanoparticles. Biomacromolecules, 2008. 9(10): p. 2693-704.

135.
Bencini, M., et al., Preparation and in vitro evaluation of the antiviral activity of the Acyclovir complex of a beta-cyclodextrin/poly(amidoamine) copolymer. J Control Release, 2008. 126(1): p. 17-25.

136.
Park, K.H. and K. Yun, Immobilization of Arg-Gly-Asp (RGD) sequence in a thermosensitive hydrogel for cell delivery using pheochromocytoma cells (PC12). J Biosci Bioeng, 2004. 97(6): p. 374-7.

137.
Lavignac, N., et al., Synthesis and preliminary evaluation of poly(amidoamine)-melittin conjugates as endosomolytic polymers and/or potential anticancer therapeutics. Int J Pharm, 2005. 300(1-2): p. 102-12.

138.
Griffiths, P.C., et al., Understanding the mechanism of action of poly(amidoamine)s as endosomolytic polymers: correlation of physicochemical and biological properties. Biomacromolecules, 2004. 5(4): p. 1422-7.

139.
Lavignac, N., et al., Synthesis and endosomolytic properties of poly(amidoamine) block copolymers. Macromol Biosci, 2004. 4(10): p. 922-9.

140.
Lin, H.R., M.H. Ling, and Y.J. Lin, High strength and low friction of a PAA-alginate-silica hydrogel as potential material for artificial soft tissues. J Biomater Sci Polym Ed, 2009. 20(5-6): p. 637-52.

141.
Sanchez, C., H. Arribart, and M.M. Guille, Biomimetism and bioinspiration as tools for the design of innovative materials and systems. Nat Mater, 2005. 4(4): p. 277-88.

142.
Sirghi, L., et al., Atomic force microscopy characterization of the chemical contrast of nanoscale patterns fabricated by electron beam lithography on polyethylene glycol oxide thin films. Ultramicroscopy, 2009. 109(3): p. 222-9.

143.
Bhuvana, T. and G.U. Kulkarni, Highly conducting patterned Pd nanowires by direct-write electron beam lithography. ACS Nano, 2008. 2(3): p. 457-62.

144.
Russell, M.T., et al., Microscale features and surface chemical functionality patterned by electron beam lithography: a novel route to poly(dimethylsiloxane) (PDMS) stamp fabrication. Langmuir, 2006. 22(15): p. 6712-8.

145.
Lee, S.W., et al., Electron beam lithography-assisted fabrication of Au nano-dot array as a substrate of a correlated AFM and confocal Raman spectroscopy. Ultramicroscopy, 2008. 108(10): p. 1302-6.

146.
Mali, P., A. Sarkar, and R. Lal, Facile fabrication of microfluidic systems using electron beam lithography. Lab Chip, 2006. 6(2): p. 310-5.

147.
Jeon, S., et al., Fabricating three-dimensional nanostructures using two photon lithography in a single exposure step. Opt Express, 2006. 14(6): p. 2300-8.

148.
Myung, D., et al., Design and fabrication of an artificial cornea based on a photolithographically patterned hydrogel construct. Biomed Microdevices, 2007. 9(6): p. 911-22.

149.
D'Angelo, M., M.V. Chekhova, and Y. Shih, Two-photon diffraction and quantum lithography. Phys Rev Lett, 2001. 87(1): p. 013602.

150.
Gonen-Wadmany, M., L. Oss-Ronen, and D. Seliktar, Protein-polymer conjugates for forming photopolymerizable biomimetic hydrogels for tissue engineering. Biomaterials, 2007. 28(26): p. 3876-86.

151.
Zhang, G.J., et al., Production of nanopatterns by a combination of electron beam lithography and a self-assembled monolayer for an antibody nanoarray. J Nanosci Nanotechnol, 2007. 7(2): p. 410-7.

152.
Dalby, M.J., N. Gadegaard, and C.D. Wilkinson, The response of fibroblasts to hexagonal nanotopography fabricated by electron beam lithography. J Biomed Mater Res A, 2008. 84(4): p. 973-9.

153.
Grigorescu, A.E. and C.W. Hagen, Resists for sub-20-nm electron beam lithography with a focus on HSQ: state of the art. Nanotechnology, 2009. 20(29): p. 292001.

154.
Quinten, T., et al., Evaluation of injection moulding as a pharmaceutical technology to produce matrix tablets. Eur J Pharm Biopharm, 2009. 71(1): p. 145-54.

155.
Redqwell, D.E., Simple injection moulding. Dent Tech, 1968. 21(7): p. 61-4.

156.
Vaz, C.M., et al., Controlled delivery achieved with bi-layer matrix devices produced by co-injection moulding. Macromol Biosci, 2004. 4(8): p. 795-801.

157.
Gomes, M.E., et al., A new approach based on injection moulding to produce biodegradable starch-based polymeric scaffolds: morphology, mechanical and degradation behaviour. Biomaterials, 2001. 22(9): p. 883-9.

158.
Tinson, J., Multi-shot injection moulding. Med Device Technol, 1998. 9(3): p. 26-8.

159.
von Oepen, R. and W. Michaeli, Injection moulding of biodegradable implants. Clin Mater, 1992. 10(1-2): p. 21-8.

160.
Yang, X., et al., Directed Block Copolymer Assembly versus Electron Beam Lithography for Bit-Patterned Media with Areal Density of 1 Terabit/inch(2) and Beyond. ACS Nano, 2009.

161.
Lim, J.Y., et al., PMMA (polymethylmetacrylate) microspheres and stabilized hyaluronic acid as an injection laryngoplasty material for the treatment of glottal insufficiency: in vivo canine study. Eur Arch Otorhinolaryngol, 2008. 265(3): p. 321-6.

162.
Jang, J., S. Kim, and K.J. Lee, Fabrication of CdS/PMMA core/shell nanoparticles by dispersion mediated interfacial polymerization. Chem Commun (Camb), 2007(26): p. 2689-91.

163.
Pla-Roca, M., et al., Micro/nanopatterning of proteins via contact printing using high aspect ratio PMMA stamps and nanoimprint apparatus. Langmuir, 2007. 23(16): p. 8614-8.

164.
Schroder, J., et al., PMMA versus titanium cage after anterior cervical discectomy - a prospective randomized trial. Zentralbl Neurochir, 2007. 68(1): p. 2-7.

165.
Molinari, B.L., et al., Cell-based quantitative evaluation of the MTT assay. Anal Quant Cytol Histol, 2003. 25(5): p. 254-62.

166.
Greene, L.A. and A.S. Tischler, Establishment of a noradrenergic clonal line of rat adrenal pheochromocytoma cells which respond to nerve growth factor. Proc Natl Acad Sci U S A, 1976. 73(7): p. 2424-8.

167.
McDonald, N.Q., et al., New protein fold revealed by a 2.3-A resolution crystal structure of nerve growth factor. Nature, 1991. 354(6352): p. 411-4.

168.
Sieber, J.J., et al., Anatomy and dynamics of a supramolecular membrane protein cluster. Science, 2007. 317(5841): p. 1072-6.

169.
Fujita, K., P. Lazarovici, and G. Guroff, Regulation of the differentiation of PC12 pheochromocytoma cells. Environ Health Perspect, 1989. 80: p. 127-42.

170.
Severin, E.S. and A.D. Kondratyev, Regulation of differentiation of PC12 cells by nerve growth factor. Adv Enzyme Regul, 1988. 27: p. 357-70.

171.
Paveliev, M., et al., Neurotrophic factors switch between two signaling pathways that trigger axonal growth. J Cell Sci, 2007. 120(Pt 15): p. 2507-16.

172.
Gillespie, L.N., Regulation of axonal growth and guidance by the neurotrophin family of neurotrophic factors. Clin Exp Pharmacol Physiol, 2003. 30(10): p. 724-33.

173.
Markus, A., T.D. Patel, and W.D. Snider, Neurotrophic factors and axonal growth. Curr Opin Neurobiol, 2002. 12(5): p. 523-31.

174.
Nicol, G.D. and M.R. Vasko, Unraveling the story of NGF-mediated sensitization of nociceptive sensory neurons: ON or OFF the Trks? Mol Interv, 2007. 7(1): p. 26-41.

175.
Liu, R.Y. and W.D. Snider, Different signaling pathways mediate regenerative versus developmental sensory axon growth. J Neurosci, 2001. 21(17): p. RC164.

176.
Tischler, A.S. and L.A. Greene, Nerve growth factor-induced process formation by cultured rat pheochromocytoma cells. Nature, 1975. 258(5533): p. 341-2.

177.
Bradshaw, R.A., R.A. Hogue-Angeletti, and W.A. Frazier, Nerve growth factor and insulin: evidence of similarities in structure, function, and mechanism of action. Recent Prog Horm Res, 1974. 30(0): p. 575-96.

178.
Dichter, M.A., A.S. Tischler, and L.A. Greene, Nerve growth factor-induced increase in electrical excitability and acetylcholine sensitivity of a rat pheochromocytoma cell line. Nature, 1977. 268(5620): p. 501-4.

179.
Rajabalian, S., M.S. Meimandi, and M. Badinloo, Diclofenac inhibits proliferation but not NGF-induced differentiation of PC12 cells. Pak J Pharm Sci, 2009. 22(3): p. 259-62.

180.
Youdim, M.B., PC12 cells as a window for the differentiation of neural crest into adrenergic nerve ending and adrenal medulla. J Neural Transm Suppl, 1991. 34: p. 61-7.

181.
Rausch, D.M., et al., Differentiation of PC12 cells with v-src: comparison with nerve growth factor. J Neurosci Res, 1989. 24(1): p. 49-58.

182.
Slotkin, T. and F. Seidler, Transcriptional profiles reveal similarities and differences in the effects of developmental neurotoxicants on differentiation into neurotransmitter phenotypes in PC12 cells. Brain Res Bull, 2009. 78(4-5): p. 211-25.

183.
Adler, E.M., N.R. Gough, and J.A. Blundon, Differentiation of PC12 cells. Sci STKE, 2006. 2006(351): p. tr9.

184.
Sato, N., et al., Neuronal differentiation of PC12 cells as a result of prevention of cell death by bcl-2. J Neurobiol, 1994. 25(10): p. 1227-34.

185.
Sparatore, B., et al., Neuronal differentiation of PC12 cells involves changes in protein kinase C-theta distribution and molecular properties. Biochem Biophys Res Commun, 2000. 275(1): p. 149-53.

186.
Arregui, C.O., S. Carbonetto, and L. McKerracher, Characterization of neural cell adhesion sites: point contacts are the sites of interaction between integrins and the cytoskeleton in PC12 cells. J Neurosci, 1994. 14(11 Pt 2): p. 6967-77.

187.
Takemura, R., et al., Reorganization of brain spectrin (fodrin) during differentiation of PC12 cells. Neuroscience, 1993. 52(2): p. 381-91.

188.
Jacobs, J.R. and J.K. Stevens, Changes in the organization of the neuritic cytoskeleton during nerve growth factor-activated differentiation of PC12 cells: a serial electron microscopic study of the development and control of neurite shape. J Cell Biol, 1986. 103(3): p. 895-906.

189.
Flynn, K.C., et al., Growth cone-like waves transport actin and promote axonogenesis and neurite branching. Dev Neurobiol, 2009. 69(12): p. 761-79.

190.
Harry, G.J., et al., In vitro techniques for the assessment of neurotoxicity. Environ Health Perspect, 1998. 106 Suppl 1: p. 131-58.

191.
Barnes, E.N., et al., The fine structure of continuous human neuroblastoma lines SK-N-SH, SK-N-BE(2), and SK-N-MC. In Vitro, 1981. 17(7): p. 619-31.

192.
Wu, Z.Z., Y. Zhao, and W.S. Kisaalita, Interfacing SH-SY5Y human neuroblastoma cells with SU-8 microstructures. Colloids Surf B Biointerfaces, 2006. 52(1): p. 14-21.

193.
Lambert, D.G., A.S. Ghataorre, and S.R. Nahorski, Muscarinic receptor binding characteristics of a human neuroblastoma SK-N-SH and its clones SH-SY5Y and SH-EP1. Eur J Pharmacol, 1989. 165(1): p. 71-7.

194.
Lin, G., et al., Brain-derived neurotrophic factor (BDNF) acts primarily via the JAK/STAT pathway to promote neurite growth in the major pelvic ganglion of the rat: part 2. J Sex Med, 2006. 3(5): p. 821-7; discussion 828-9.

195.
Gotz, R., F. Raulf, and M. Schartl, Brain-derived neurotrophic factor is more highly conserved in structure and function than nerve growth factor during vertebrate evolution. J Neurochem, 1992. 59(2): p. 432-42.

196.
Yang, I.H., C.C. Co, and C.C. Ho, Spatially controlled co-culture of neurons and glial cells. J Biomed Mater Res A, 2005. 75(4): p. 976-84.

197.
Didier, E.S., et al., Characterization of Encephalitozoon (Septata) intestinalis isolates cultured from nasal mucosa and bronchoalveolar lavage fluids of two AIDS patients. J Eukaryot Microbiol, 1996. 43(1): p. 34-43.

198.
Hartskeerl, R.A., et al., Genetic and immunological characterization of the microsporidian Septata intestinalis Cali, Kotler and Orenstein, 1993: reclassification to Encephalitozoon intestinalis. Parasitology, 1995. 110 ( Pt 3): p. 277-85.

199.
Connolly-Andersen, A.M., K.E. Magnusson, and A. Mirazimi, Basolateral entry and release of Crimean-Congo hemorrhagic fever virus in polarized MDCK-1 cells. J Virol, 2007. 81(5): p. 2158-64.

200.
Sidorenko, Y. and U. Reichl, Structured model of influenza virus replication in MDCK cells. Biotechnol Bioeng, 2004. 88(1): p. 1-14.

201.
Topp, K.S., A.L. Rothman, and J.H. Lavail, Herpes virus infection of RPE and MDCK cells: polarity of infection. Exp Eye Res, 1997. 64(3): p. 343-54.

202.
Schultze, B., G. Zimmer, and G. Herrler, Virus entry into a polarized epithelial cell line (MDCK): similarities and dissimilarities between influenza C virus and bovine coronavirus. J Gen Virol, 1996. 77 ( Pt 10): p. 2507-14.

203.
Tashiro, M., et al., Significance of basolateral domain of polarized MDCK cells for Sendai virus-induced cell fusion. Arch Virol, 1992. 125(1-4): p. 129-39.

204.
Jaulin, F., et al., Polarization-dependent selective transport to the apical membrane by KIF5B in MDCK cells. Dev Cell, 2007. 13(4): p. 511-22.

205.
Cruttwell, C., et al., Dynamics of the Ins(1,4,5)P3 receptor during polarization of MDCK cells. Biol Cell, 2005. 97(9): p. 699-707.

206.
Hayashi, K., Role of tight junctions of polarized epithelial MDCK cells in the replication of herpes simplex virus type 1. J Med Virol, 1995. 47(4): p. 323-9.

207.
Yun, K.S. and E. Yoon, Fabrication of complex multilevel microchannels in PDMS by using three-dimensional photoresist masters. Lab Chip, 2008. 8(2): p. 245-50.

208.
Kotz, K., X. Cheng, and M. Toner, PDMS device fabrication and surface modification. J Vis Exp, 2007(8): p. 319.

209.
Blake, A.J., et al., Multilayer PDMS microfluidic chamber for controlling brain slice microenvironment. Lab Chip, 2007. 7(7): p. 842-9.

210.
Melin, J., et al., Thermoplastic microfluidic platform for single-molecule detection, cell culture, and actuation. Anal Chem, 2005. 77(22): p. 7122-30.

211.
Joo, J., B.Y. Chow, and J.M. Jacobson, Nanoscale patterning on insulating substrates by critical energy electron beam lithography. Nano Lett, 2006. 6(9): p. 2021-5.

212.
Zhang, G.J., et al., Nanoscale patterning of protein using electron beam lithography of organosilane self-assembled monolayers. Small, 2005. 1(8-9): p. 833-7.

213.
Molhave, K., D.N. Madsen, and P. Boggild, A simple electron-beam lithography system. Ultramicroscopy, 2005. 102(3): p. 215-9.

214.
Giorgetti, L., et al., Adsorption and stability of streptavidin on cluster-assembled nanostructured TiOx films. Langmuir, 2008. 24(20): p. 11637-44.

215.
Hori, N., et al., Age-dependent degradation of the protein adsorption capacity of titanium. J Dent Res, 2009. 88(7): p. 663-7.

216.
Yang, Y., R. Cavin, and J.L. Ong, Protein adsorption on titanium surfaces and their effect on osteoblast attachment. J Biomed Mater Res A, 2003. 67(1): p. 344-9.

217.
Jones, M.I., et al., Protein adsorption and platelet attachment and activation, on TiN, TiC, and DLC coatings on titanium for cardiovascular applications. J Biomed Mater Res, 2000. 52(2): p. 413-21.

218.
Bess, E., et al., Protein adsorption and osteoblast responses to heat-treated titanium surfaces. Implant Dent, 1999. 8(2): p. 126-32.

219.
Moutos, F.T., L.E. Freed, and F. Guilak, A biomimetic three-dimensional woven composite scaffold for functional tissue engineering of cartilage. Nat Mater, 2007. 6(2): p. 162-7.

220.
Ling, Y., et al., A cell-laden microfluidic hydrogel. Lab Chip, 2007. 7(6): p. 756-62.

221.
Bieberich, E. and G.E. Anthony, Neuronal differentiation and synapse formation of PC12 and embryonic stem cells on interdigitated microelectrode arrays: contact structures for neuron-to-electrode signal transmission (NEST). Biosens Bioelectron, 2004. 19(8): p. 923-31.

222.
Arbustini, E. and F.I. Gambarin, Theranostic strategy against plaque angiogenesis. JACC Cardiovasc Imaging, 2008. 1(5): p. 635-7.

223.
Schmieder, A.H., et al., Three-dimensional MR mapping of angiogenesis with alpha5beta1(alpha nu beta3)-targeted theranostic nanoparticles in the MDA-MB-435 xenograft mouse model. FASEB J, 2008. 22(12): p. 4179-89.

224.
Sumer, B. and J. Gao, Theranostic nanomedicine for cancer. Nanomed, 2008. 3(2): p. 137-40.

225.
Xiao, Y., et al., Separation of aminophenol isomers in polyelectrolyte multilayers modified PDMS microchip. Talanta, 2007. 72(4): p. 1316-21.

226.
Pan, Y.J. and R.J. Yang, Fabrication of UV epoxy resin masters for the replication of PDMS-based microchips. Biomed Microdevices, 2007. 9(4): p. 555-63.

227.
Gervasi, F., et al., nm23 influences proliferation and differentiation of PC12 cells in response to nerve growth factor. Cell Growth Differ, 1996. 7(12): p. 1689-95.

228.
Nagassa, M.E., et al., Optimisation of the hydrogen peroxide pre-treatment of titanium: surface characterisation and protein adsorption. Clin Oral Implants Res, 2008. 19(12): p. 1317-26.

229.
Cai, K., J. Bossert, and K.D. Jandt, Does the nanometre scale topography of titanium influence protein adsorption and cell proliferation? Colloids Surf B Biointerfaces, 2006. 49(2): p. 136-44.

230.
Deligianni, D.D., et al., Effect of surface roughness of the titanium alloy Ti-6Al-4V on human bone marrow cell response and on protein adsorption. Biomaterials, 2001. 22(11): p. 1241-51.

231.
Hart, A., et al., Osteoprogenitor response to low-adhesion nanotopographies originally fabricated by electron beam lithography. J Mater Sci Mater Med, 2007. 18(6): p. 1211-8.

232.
Thangawng, A.L., et al., An ultra-thin PDMS membrane as a bio/micro-nano interface: fabrication and characterization. Biomed Microdevices, 2007. 9(4): p. 587-95.

233.
Yim, E.S., et al., Biocompatibility of poly(ethylene glycol)/poly(acrylic acid) interpenetrating polymer network hydrogel particles in RAW 264.7 macrophage and MG-63 osteoblast cell lines. J Biomed Mater Res A, 2008.

234.
Sendtner, M., Stem cells: Tailor-made diseased neurons. Nature, 2009. 457(7227): p. 269-70.

235.
Inanc, B., A.E. Elcin, and Y.M. Elcin, Human embryonic stem cell differentiation on tissue engineering scaffolds: effects of NGF and retinoic acid induction. Tissue Eng Part A, 2008. 14(6): p. 955-64.

236.
Protivinsky, J., et al., Effect of chemically modified titanium surfaces on protein adsorption and osteoblast precursor cell behavior. Int J Oral Maxillofac Implants, 2007. 22(4): p. 542-50.

237.
Kroupova, J., et al., Functional polymer hydrogels for embryonic stem cell support. J Biomed Mater Res B Appl Biomater, 2006. 76(2): p. 315-25.

238.
Johann, R.M., C. Baiotto, and P. Renaud, Micropatterned surfaces of PDMS as growth templates for HEK 293 cells. Biomed Microdevices, 2007. 9(4): p. 475-85.

239.
McKeown, N.B., et al., Polymers of intrinsic microporosity (PIMs): bridging the void between microporous and polymeric materials. Chemistry, 2005. 11(9): p. 2610-20.

240.
Wan, K.W., et al., Poly(amidoamine) salt form: effect on pH-dependent membrane activity and polymer conformation in solution. Biomacromolecules, 2004. 5(3): p. 1102-9.

241.
Duan, H., et al., Preparing patterned carbonaceous nanostructures directly by overexposure of PMMA using electron-beam lithography. Nanotechnology, 2009. 20(13): p. 135306.

242.
Clayton, L.M., et al., Dielectric properties of PMMA/Soot nanocomposites. J Nanosci Nanotechnol, 2007. 7(7): p. 2494-9.

243.
Blackstock, J.J., et al., Ultraflat carbon film electrodes prepared by electron beam evaporation. Anal Chem, 2004. 76(9): p. 2544-52.

244.
Yuan, S., et al., Immobilization of heparin oligosaccharides onto radiofrequency plasma modified pyrolytic carbon-coated graphite. J Appl Biomater, 1995. 6(4): p. 259-66.

245.
Zhang, R., H. Mohwald, and D.G. Kurth, One-step formation of straight nanostripes from a mammal lipid-oleamide directly on highly oriented pyrolytic graphite. Langmuir, 2009. 25(4): p. 2290-3.

246.
Zhan, W., G.H. Seong, and R.M. Crooks, Hydrogel-based microreactors as a functional component of microfluidic systems. Anal Chem, 2002. 74(18): p. 4647-52.

247.
Brandl, F., F. Sommer, and A. Goepferich, Rational design of hydrogels for tissue engineering: impact of physical factors on cell behavior. Biomaterials, 2007. 28(2): p. 134-46.

248.
Rimmer, S., et al., Epithelialization of hydrogels achieved by amine functionalization and co-culture with stromal cells. Biomaterials, 2007. 28(35): p. 5319-31.



a)





b)





electron beam





a)





c)





d)





b)





2 mm





200 µm





100 nm





100 nm





d)





c)





b)





a)





c)





b)





75 µm





a)





b)





a)





d)





c)





d)





a)





irradiated squares





b)





a)





b)





b)





c)





critical doses





← hydrogel surface








a)





c)





b)





g)





f)





e)





d)





d)





c)





b)





a)





a)





a)





b)





c)





d)





a)





b)





c)





b)





a)





Dose 15





Dose 8





Dose 20





Dose 30





5 µM EGF - FITC





a)





b)





c)





a)





d)





c)





b)





600 µm





100 µm





100 µm





100 µm





d)





c)





b)





a)





a)





c)





b)





c)





b)





a)





f)





e)





d)





20 µm





c)





a)





b)





b)





a)





b)





a)





a)





b)





c)





f)





e)





d)





c)





b)





a)





Figure � SEQ Figura \* ARABIC �57�. Synthesis of ISA23 hydrogels with EDA as cross-linker
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Figure � SEQ Figura \* ARABIC �59�. Synthesis of ISA23 acryloyl end-capped oligomers





Figure � SEQ Figura \* ARABIC �60�. Synthesis of ISA23 hydrogels by UV photo-polymerization and redox initiator
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