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Abstract 

Depending on their function, the epithelial cell monolayers that line the inner surfaces of organs 

adopt a variety of three-dimensional shapes. Traditional studies in vitro have been using mainly flat 

cell culture dishes, overseeing the impact of these in vivo shapes in tissue function. Recent 

research has begun to address this issue, by trying to mimic the 3D structures found in tissues. 

However, those novel culture platforms still have some limitations, especially in cases where the 

architecture must correspond with the original tissue’s stiffness. Tissues have a quite low 

physiological rigidity, and most of the microfabrication techniques used nowadays need quite firm 

materials to achieve the desired 3D structures without issue. A type of structure difficult to fabricate 

using soft materials are invaginations, which can be found in vivo in kidneys, lungs, and the small 

intestine. Low rigidity substrates are typically characterized by high deformability and lack of 

structural support, which can result in unprecise final features due to distortions of the material 

during the microfabricating process.  

 

In this project, 3D cavities have been fabricated into polyacrylamide (PA), a material which allows 

the tuneability of its rigidity by changing the proportion of acrylamides during the synthesis of the 

prepolymer solution. Replica moulding has been employed to acquire these structures. The 

invaginations successfully recreated key aspects of the in vivo environment, both with their shape 

and stiffness, and multiple copies were created easily, enabling precise characterization. Finally, 

after the assessment of the mechanical properties and the architectural features of the 

microcavities, the functionalization of the samples was successful, confirming the suitability of the 

resulting scaffold as a model to study epithelial growth, morphology, and conformity in these inward 

bended structures. 

 

Keywords: microfabrication, 3D cell cultures, hydrogels, cavities, stiffness, epithelial tissues, 

polyacrylamide, replica moulding.  
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1. Introduction 

This first introductory section lays forth the project’s goal and the inspiration behind its creation. 

The scope and aims of the project, as well as the methodology used, and the report’s structure are 

also included. 

 

1.1. Motivation, aim and scope of the project 

The monolayer of epithelial cells that coats the internal surfaces of organs adopts a variety of 

conformations in three dimensions, depending on its function. For instance, intestinal epithelia line 

three-dimensional structures in the form of evaginations, called ‘villi’, and invaginations, called 

‘crypts’; lung epithelia line a series of branched spherical cavities; and kidney epithelia also line a 

series of invaginations or cavities. All these different shapes are optimized to maximize the 

efficiency of the tissue when performing its function.  

  

Traditional studies in vitro have been using mainly flat 2D cell culture dishes, ignoring these 3D in 

vivo shapes. A major problem in the development of new drugs is that promising preclinical activity, 

studied using 2D cell cultures, often does not transmit to the clinical situation when the drug is given 

to the patient [1, 2]. It has been thought that drugs that perform well in in vitro assays may not do 

as well with patients because of this discrepancy between the in vitro and in vivo settings. To try to 

minimize this correlation mismatch between the preclinical and clinical situations, one of the many 

techniques that have been developed is the introduction of in vitro systems that have the three-

dimensional complexity of in vivo systems.  

  

2D cell models can be used to effectively predict in vivo drug responses for many targets and 

pathways and are still very useful in drug discovery. However, they oversee the impact of the in 

vivo shapes in tissue function, and they suffer disadvantages associated with the loss of tissue-

specific architecture, mechanical and biochemical cues, and cell-to-cell and cell-to-matrix 

interactions [3]. This makes them relatively poor models to predict drug responses for certain 

diseases, such as cancer. For example, HCT-116 cells cultured in 3D structures have been found 

to be, with respect to the ones cultured in 2D structures, more resistant to certain standard cytotoxic 

anticancer drugs, such as melphalan, fluorouracil (5-FU), oxaliplatin, and irinotecan [4]. This type 

of chemoresistance has also been observed in vivo, where most cancer drugs in use today show 

low to modest activity in the major solid tumours [5, 6].  

  

Recent studies have started to address this lack of complexity in in vitro cultures by introducing 

three dimensional architectures that resemble the ones found in vivo [3].  However, those novel 

culture platforms still have some limitations, specifically when architecture needs to match the 

mechanical properties (for example, the stiffness) of the native tissue.  

 

While the evagination (or villus) morphogenesis has been extensively studied, the mechanism 

behind the formation of the mentioned invaginations is not well understood. In the case of intestinal 

crypts, they have been demonstrated to be initiated by apical constriction of the intravillus tissue 
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[7]. However, further research is needed to fully understand the mechanisms of these cavities’ 

formation and development. 

 

The fabrication of cavities or 3D features in soft substrates can be challenging due to several factors 

related to the mechanical properties of soft materials. Soft substrates, which are typically 

characterized by low stiffness and high deformability, present unique challenges in terms of 

processing and fabrication. Some of the reasons why this fabrication can be difficult are [8]:  

- Tendency of soft materials to deform and distort easily under the influence of external 

forces or during the fabrication process. This deformation can lead to imprecise or 

unintended cavity shapes, making it challenging to achieve the desired features. 

- Lack of the structural support and rigidity found in harder materials, which can make it 

difficult to maintain the structural integrity of the substrate during fabrication processes. 

- Material adhesion to tools or moulds, causing challenges in demoulding or separating the 

substrate from the fabrication tool, which can result in unprecise features. 

- Limited compatibility with standard processes, which are optimized for harder materials 

and may not be well-suited for soft substrates. 
 

The aim of this project is to develop three dimensional cavities with dimensions and mechanical 

properties similar to the ones encountered in vivo, and characterize them. These cavities will be 

formed in polyacrylamide (PA) hydrogels, which allow to reach physiological stiffness. 

 

1.2. Objectives 

As stated above, the project’s primary goal is to acquire 3D cavities of controllable size and 

stiffness. In order to do that, a number of objectives have been established: 

I. Develop an effective protocol for the fabrication of the microcavities to acquire PA 

replicas with the features imprinted on them. 

II. Evaluate the structure and dimensions of the resulting cavities. 

III. Assess the mechanical properties of the hydrogels. 

IV. Functionalize the walls of the microcavities with a proper coating with functionally 

active proteins. 

V. Re-assess the mechanical properties of the hydrogels after the functionalization. 

 

1.3. Methodology and structure 

This project has been developed from June 2023 to January 2024, with a previous period of 

preparation from June to July 2023. In this previous period of preparation, a familiarization with all 

the techniques, materials and instruments needed to achieve the aim of the project was completed. 

Then, the bibliographic research needed to understand the topic of the project was done. This 

previous theoretical study can be found in section 2, which offers the main concepts that involve 

this project, as well as the state of the technology in which this field is found, and the situation 

where the project is framed in.  
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This project was done at the Institute of Bioengineering of Catalonia (IBEC), more specifically in 

the ‘Biomimetics Systems for Cell Engineering’ group. The IBEC is a centre of interdisciplinary 

research with its headquarters in Barcelona, dedicated to the research at the frontier between 

engineering and sciences, with the aim to create new knowledge, integrating fields like 

nanomedicine, biophysics, biotechnology, tissue engineering and the applications of information 

technology in the area of health [9].  

 

The institution was created in 2005 by the department of Innovation, Universities and Business and 

the department of Health of the ‘Generalitat de Catalunya’, the 'Universitat de Barcelona’ (UB) and 

the ‘Universitat Politècnica de Catalunya’ (UPC). Nowadays it has 22 research groups with 336 

researchers, and it is located at the ‘Parc Científic de Barcelona’ (PCB).  

 

During the first semester of the fourth year of my degree, I have completed this project, to present 

it in January. The agreement of the internship in IBEC to complete the Final Degree Project (TFG) 

had a durability of maximum 30 weeks, so I had to complete the whole project before this time.  

 

It can be divided into 4 parts. In the first place, the fabrication of the necessary moulds to obtain 

the final polyacrylamide (PA) one. Then, the characterization of the shapes obtained in the 

polyacrylamide, and the assessment of the mechanical properties of the hydrogel. Next, the 

functionalization of the structures, followed finally by a new assessment of their mechanical 

properties.  

 

In section 3, a market analysis is presented, and in section 4, a study of all the possible solutions 

is performed. This section also includes a summary of the final procedure used. To organize the 

project and take the time to perform each task into account, a PERT and GANTT diagram are 

shown in section 6, as well as an WBS and an analysis of precedencies. Sections 7 and 8 expose 

the technical and economic viability of the project, and section 9, the regulations and legal aspects 

surrounding it. The combination of these 4 last sections determines if this whole project is 

attainable. The details of the way each task of the project has been carried out are exposed in 

section 5, as well as the calculations for the characterization of the cavities, with the corresponding 

results and discussions. The conclusions of the project have been discussed in section 10, where 

the future work has also been commented on. Finally, a bibliographic section has been added 

where all the sources of information are displayed.  
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2. Background 

It is essential to give a thorough description of the theoretical underpinning supporting this project 

before beginning the market study. That is, learning about the conformation of these cavities in 

vivo, by studying the structure and histology of organs that have them, such as lungs, kidneys, and 

the small intestine. To appropriately contextualise this work, it is also important to research the 

current state of the art of 3D models, as well as the techniques that exist to obtain 3D 

microstructures, and the state of the situation of the project.  

 

2.1. General concepts 

Tissues are collections of cells, and a tissue’s function is closely related to its structure. For effective 

oxygen exchange, for instance, lung alveoli and the pulmonary vasculature must be in close 

proximity to one another throughout the lung. Similar to this, for the kidneys to eliminate waste and 

extra fluid from the body, the renal vasculature and kidney ducts need to be adjacent to each other. 

Regarding intestinal crypts, these invaginations are often used to increase surface area [10]. Many 

of these structures are either formed by apical constriction of the cells in the centre of the future 

fold, or by buckling of a tissue experiencing compressive forces, as it can be seen in Figure 1. 

 

 
Figure 1. Schematic illustrating developmental motifs that result in tissue folding and invagination [10] 

 

Epithelial cells typically form monolayers that line organs and thereby create barriers between 

compartments. The remarkable ability of these type of cells to change shape based on where they 

are in a tissue has implications for how they operate. For example, looking at the organs mentioned 

above, squamous epithelia are present in lung alveoli to enable gas exchange, as thin cell layers 

allow rapid diffusion. On the other hand, cuboidal epithelia are often found in ducts of glands like 

the kidney, where they perform functions related to absorption and secretion. As for the small 

intestine, columnar epithelia are responsible for taking up nutrients and transporting them across 

the intestine’s lining. Since this process relies on active transport rather than diffusion, the larger 

distances provided by a columnar geometry can be overcome. Moreover, columnar epithelia are 

less brittle and offer a mechanically durable barrier due to their greater thickness when compared 
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to squamous and cuboidal epithelia. Pseudostratified epithelia are found, for example, in the lung 

trachea and bronchi. These cell shapes described above are all illustrated in Figure 2. 

 

 
Figure 2. Schematics illustrating typical cell shapes observed in epithelial tissues [10] 

To better understand epithelial invaginations, the structure and histology of the three organs 

mentioned above (lung, kidney, and small intestine) have been researched and explained in 

sections 2.1.1, 2.1.2 and 2.1.3.  

 

2.1.1. Structure and histology of the lung 

The lungs are a pair of primary organs of respiration, present in the thoracic cavity beside the 

mediastinum. The respiratory system consists of the conduction portion (from the nose to the 

terminal bronchiole) and the respiratory portion (from the bronchiole to the alveoli). The alveoli are 

the structural and functional units of the respiratory system, and it is where the significant exchange 

of gases takes place [11].  

 

Specialized respiratory epithelium comprises the entire respiratory tree, and these cells collaborate 

to warm, moisturize and remove air entering the lung. As mentioned above, most of the respiratory 

epithelium is formed by ciliated pseudostratified epithelium. The five main types of cells found in 

these regions are ciliated, goblet, brush and neuroendocrine cells. These first ciliated cells are the 

most abundant, and they control the actions of the mucociliary escalator1. On the other hand, goblet 

cells are filled with mucin granules at their apical surface with the nucleus remaining towards the 

basilar layer. These cells provide mucus that traps inhaled particles, and they are progressively 

replaced by club cells as the respiratory tree gets smaller. As for the basal cells, they provide the 

attachment layer of the ciliated and goblet cells, and they maintain the ability to potentiate into these 

two kinds of epithelial cells. Brush or tuft cells are identified by their short microvilli covered apical 

layer, but no function has been officially assigned to them. Finally, the bronchial mucosa also 

contains a small cluster of neuroendocrine cells, also known as Kulchitsky cells. They have 

neurosecretory type granules that can secrete several factors, such as serotonin or calcitonin. 

 

As for the alveolar epithelium, 90 to 95% of it is formed by flat, squamous epithelia that resemble 

plate-like structures. These cells, also called alveolar type 1 cells (AT1), have a fragile membrane 

that allows for easier gas permeability between the alveoli and the blood vessels. As for the 

 

 
1 Primary defence mechanism of the lungs that removes debris. The cilia move inhaled particles toward the pharynx to 
swallow or cough out. 
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remaining 5 to 10%, alveolar type II cells (AT2) are also found in lungs, and they are responsible 

for the secretion of pulmonary surfactant2. 

 

In the proximal airway, the invagination of epithelium forms submucosal glands, which are 

characterized by a variable proportion of mainly ciliated and goblet cells [12]. All the structures and 

cell layers mentioned above can be seen in Figures 3 and 4, where Figure 3 shows a schematic, 

whereas Figure 4 shows a real image of the structures of the lung obtained with optical microscopy. 

In Figure 4, A represents a section of the bronchiole wall, with the arrow marking the basement 

membrane, and B shows the bronchial wall with squamous metaplasia with the arrow head, and 

hyperplasia of the subepithelial gland with the arrow. These are histologic features of chronic 

bronchitis, which are not relevant for this study, but the image shows clearly the invaginations found 

in lungs. 

 

 
Figure 3. Schematic of the anatomy and cellular composition in mammalian lungs (mouse and human) [13] 

 

 
Figure 4. Histologic features of chronic bronchitis, stained with haematoxylin – eosin dye, x200 magnification [14] 

 

2.1.2. Structure and histology of the kidney 

The kidneys are two organs with several essential homeostatic functions, such as waste removal, 

fluid/electrolyte balance, metabolic blood acid-base balance, as well as producing/modifying 

hormones for blood pressure, calcium/potassium homeostasis, and red blood cell production. The 

functional unit of this organ is the nephron, which consists of the renal corpuscle (filtration unit, with 

 

 
2 The surfactant is necessary to maintain an open airway. It lowers the surface tension and prevents the alveoli from 
collapsing upon themselves during exhalation. 
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the glomerulus and the surrounding glomerular or Bowman’s capsule) and the tubules 

(reabsorption and excretion) [15]. 

 

The renal corpuscle consists of several histological structures, such as the glomerulus capillaries, 

the intraglomerular mesangial cells, the Bowman’s capsule, the glomerular basement membrane, 

and the juxtaglomerular apparatus. All of these structures appear schematically in the left image of 

Figure 5, and they are described hereunder. 

 

The glomerulus capillaries from a central tuft of looped capillaries located in the centre of the renal 

corpuscle. They deliver blood and create a large surface area for renal filtration. The intraglomerular 

mesangial cells physically support these capillaries. As for the Bowman’s capsule, it consists of the 

inner visceral layer, which encircles the glomerular capillaries, and the outer parietal layer, which 

is a single layer of simple squamous epithelium. The inner visceral layer is comprised of specialized 

epithelial cells named podocytes. These cells are very large and serve both as support of 

glomerular capillaries and are part of the glomerular filtration barrier. Then, the glomerular 

basement membrane is a fused membrane of the podocytes, and it also offers some support to the 

glomerular capillaries. Finally, the juxtaglomerular apparatus is an important group of structures 

located at the entry of the capillaries in the glomerulus, which are specialized sensory structures 

with feedback mechanisms to regulate glomerular blood flow and filtration rate. 

 

The renal tubule system is the part of the nephron which processes glomerular ultrafiltrate into 

urine by reabsorbing necessary molecules and secreting waste substances [16]. It consists of the 

proximal tubule, the nephron loop (or loop of Henle) and the distal tubule. The proximal tubule is 

the first part of the tubular system, and it is composed of simple cuboidal epithelium rich in microvilli, 

which’s morphology is adapted to its function of absorption and secretion. As for the nephron loop, 

it is the U-shaped bend of the nephron. It is composed of simple squamous epithelium, and its 

function is to adjust the filtrate’s salt and water levels. Finally, the distal tubule has similar 

morphology to the proximal one, but it shows less well-developed microvilli, as reabsorption and 

secretion in this section is performed to a lesser degree than in the proximal tubule. A scheme of 

these tubules can be seen in the right image of Figure 5. 

 

 
Figure 5. Renal corpuscle schematic (left) [15] and renal tubule system schematic (right) [17] 
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Figure 6 shows real images of the structure of the kidneys obtained with optical and electron 

microscopy. The left image shows an optical microscopy image of the general cortex of the kidney, 

where ‘glom’ is the glomerulus, ‘p’ the proximal tubules, and ‘d’ the distal tubules. A more magnified 

image on the left shows a glomerular capillary basement membrane, obtained with electron 

microscopy. These figures show the invaginations that can be found in kidneys. 

 

 
Figure 6. Histological section of the kidney dyed with haematoxylin – eosin dye, x400 magnification (left) [18], and 
thick glomerular capillary basement membrane, stained with lead citrate and uranyl acetate, x4800 magnification 

(right) [19] 

 

2.1.3. Structure and histology of the small intestine 

The small intestine is the organ that goes from the pylorus of the stomach to the union of the 

caecum with the ascendent portion of the colon (where the large intestine starts). Its average length 

is of 6 to 7 meters, and it is divided into the duodenum, the jejunum, and the ileum [20]. The 

histology of any of these subdivisions is composed by four structures: the mucosa, the submucosa, 

the muscular and the serosa.   

 

The mucosa is constituted by a monolayer of epithelial cells, the lamina propria, and the muscular 

of the mucosa. The epithelium is projected to the intestinal surface forming, as mentioned above, 

the ‘villi’. In between these protrusions, there are simple tubular glands that penetrate in the lamina 

propria until almost entering in contact with the muscular of the mucosa, called crypts or ‘Lieberkühn 

glands’.  

 

The submucosa is the way through which the capillaries, greater calibre blood and lymphatic 

vessels cross, which drain and give nutrients to the mucosa and external musculature. Blood and 

lymphatic vessels cross this external muscular to reach the submucosa. Finally, the serosa is the 

mesothelium that covers the organ. It is a strip of loose connective tissue that contains blood 

vessels and nerves.  
 

The main cells present at the villus are the ones called ‘cells of absorption’, which are tall and 

columnar, with the nucleus at their base. The apical surface (edge facing the lumen of the organ) 

of these cells is composed by microvillus and glycocalyx, which act like a barrier against the 

microorganisms and exogenous substances. This edge also contains enzymes that intervene in 

the final digestive processes.  
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Regarding the crypts, these structures contain stem cells of four types of cells present in the small 

intestine: absorption, caliciform, Paneth and endocrine cells. Their differentiation and maturation 

lasts for about 5 to 6 days, while they travel from the depths of the crypts to the tips of the villus, 

where they are released at the lumen. The Paneth cells are the only ones that stay at the crypts, 

and their function is to provide niche factors to the intestinal stem cell compartment, regulating the 

composition of the microbiome through the production and secretion of antimicrobial peptides, 

performing phagocytosis and efferocytosis, taking up heavy metals, and preserving barrier integrity 

[21].  
 

The lamina propria is formed by intertwined packs and other fibres, like fibroblasts, plasmatic cells, 

smooth muscular cells, and collagen and elastic fibres. On the other hand, the muscular of the 

mucosa is composed by smooth muscular tissue and elastic fibres, with two different muscle strips 

placed perpendicular to each other: the internal one (arranged circularly) and the external one 

(arranged longitudinally) [22].  
 

All the structures and cell layers mentioned above can be seen in Figure 7, where left image shows 

a schematic, whereas the right one shows a real image of the structure of the intestine obtained 

with optical microscopy. In this second image, the different parts mentioned above are marked with 

numbers, which correspond to: 

1. The Paneth cells. 

2. The intestinal glands or Lieberkühn crypts. 

3. The lamina propria. 

4. The epithelium coating. 

5. The intestinal villus. 

6. And the muscular of the mucosa. 

  
Figure 7. Schematic of the structure and cell layers of the intestine (left) [23], and histological section of the intestine 

dyed with haematoxylin – eosin dye, x100 magnification (right) [24] 

 

2.2. State of the art 

Technology related to in vitro cell-based cultures has experimented significant advances in the last 

decades. In traditional drug screening methods, intestinal tissues and organs were directly 

harvested from animals, and cell culture studies were carried out in two-dimensional (2D) culture 

dishes. This caused that lots of drugs that passed the animal testing showed inadequate 

therapeutic effects and even toxicity to humans. Due to the species differences between animals 
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and humans, animal toxicity testing fails to predict toxicity in almost 50% of drugs in the pipeline 

between Phase I trials and early post-market withdrawals [25].    
 

On the other hand, these 2D structures do not accurately replicate the complex three-dimensional 

(3D) architectures found in vivo. Recent advances have attempted to address this limitation by 

introducing 3D culture platforms that more closely mimic in vivo architectures. In this section, the 

most common in vitro intestinal tissue models are described.  

 

2.2.1. First 3D cultures of intestinal tissue 

One of the first intestinal models in vitro were the intestinal rings and intestinal segments, which 

were proposed by Agar et al. in 1954. These structures are constructed by a part of fresh intestine 

that is washed thoroughly and cultured in a high oxygenated buffer [26]. They are easy to operate 

and have a wide variety of sources. However, as intestinal cells lack the normal physiological 

environment (regarding pH or temperature), the tissues in both models survive hardly more than 2 

hours, and they have more attached microorganisms.  

 

Another model is the everted intestine sac, which is commonly used for exploring mechanisms of 

drug metabolism and drug absorption, and for the investigation of the role of intestinal enzymes 

and transporters during drug transport through the intestine [27, 28]. It was proposed in 1954 by 

Wilson and Wiseman [29], and to construct it, one end of the everted intestine segment is tied, and 

the other is connected to tubing that flows a buffer, forming a sac. The viability of the cells in this 

model also only keeps up to 2 hours, and the absorption process in this ex vivo intestine model 

consumes much more time than that in the living intestine, since the compound has to cross the 

muscle layers, and the fluid is stagnant.  

 

The Ussing chambers were initially developed to measure the transport of ions, nutrients and drugs 

across various epithelial tissues in 1951 by Ussing and Zerhan [30]. This technique consists in 

mounting an intestinal segment in an Ussing chamber, where the apical side is exposed to buffer 

with the compound of interest and the basolateral side is exposed to buffer without the compound 

of interest. In this system, different parts of the intestine can be used, which is an advantage, but it 

is laborious, and it has a relatively low efficiency, and short-term survival in culture.  

 

 
Figure 8. Schematic representation of a small piece of intestinal epithelial tissue mounted in the Ussing chamber [31] 

The isolated and perfused intestinal segments were first described by Baker et al. in 1968 [30]. For 

this system, a part of the intestine is isolated, and both ends of the organ are sealed before the 

tissue is mounted into the perfusion system, where it is perfused with a well-defined buffer. A major 
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advantage of the system is that the model displays a normal morphology, histology and physiology. 

However, the difficulty of obtaining sufficient quality and quantity of organs, and the limited duration 

of the experiments are two major drawbacks.  

 

2.2.2. Possible 3D culture models for this project 

Transwells (or Boyden Chambers) consist of two-filled chambers separated by a microporous 

membrane [30]. They are usually used for cell culture, migration observation and invasion testing, 

so they are not the optimal models for the goals of this specific project. Nonetheless, this model is 

easy to operate, with a repeatable protocol at a lower cost, with culture time of up to 3 weeks. 

 

 
Figure 9. Schematic illustration of a Transwell system [32] 

An organoid is a collection of organ-specific cell types that develops from stem cells or organ 

progenitors and self-organizes through cell sorting and spatially restricted lineage commitment in 

a manner similar to in vivo [3]. Some advantages it presents, in the case of an intestinal organoid, 

are that it is well organized, with all the cell types found in vivo, and its ability to create crypts with 

complex architectures similar to the ones found in tissues. However, its main drawback is that the 

lumen is closed, and therefore, not accessible.  

 

 
Figure 10. Intestinal organoid morphology. Schematic of a mature intestinal organoid (left) and brightfield image of a 

mature (day 5) mouse intestinal organoid (right) [33] 

Organs-on-chip (OoCs) refer to artificial, miniature models of human organs on a microfluidic cell 

culture chip. Regarding human intestine-on-a-chip, these microfluidic models have been widely 

used in disease model construction and drug development. The coculture of epithelial cells with 

endothelial cells, pathogens, probiotics, immune cells, fibroblasts and tumour cells can recapitulate 

intestinal microenvironments in different physiological statuses to model intestinal diseases, study 

disease mechanisms, and explore therapeutic methods [34]. They are usually used for these 

studies, so they are not the optimal models for the goals of our specific project. 
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Figure 11. Intestine-on-a-chip [35] 

2.2.3. 3D culture model used in this project 

This project is based on the synthesis of hydrogels. Scaffolds or hydrogels are 3D structures 

made of a large variety of materials with different porosities, permeability, surface chemistries, and 

mechanical characteristics designed to mimic the microenvironment of specific tissues [3].   

 

These models can be classified into two groups: biological and polymeric (or synthetic). The 

biological ones mostly use naturally derived extracellular matrix (ECM), such as Matrigel and 

collagen, to promote appropriate cell attachment and reorganization into 3D structures. Compared 

with the other type, they provide a more physiologically relevant microenvironment of soluble 

growth factors, hormones, and other molecules with which cells interact in an in vivo environment. 

However, when working with Matrigel, lot-to-lot variability during manufacturing is very common, 

and it has a very complex composition, which is often ill-defined, making it difficult to determine 

exactly which signals are promoting cell function. On the other hand, polymeric scaffolds use 

synthetic hydrogels or other biocompatible polymeric materials to generate the physical supports 

for 3D cultures. The use of these materials can minimize the relatively poor reproducibility of 

biological ECMs between batches and the resulting lack of consistency between cultures, as they 

are often simply processed and manufactured. They also allow for fine tuning of biochemical and 

mechanical properties, so they allow the optimization of both mechanical and chemical cues for 3D 

cultures. Moreover, their high-water content enables the transport of oxygen, nutrients, waste and 

soluble factors, all of which are important to cell functions. Some examples of hydrogels used for 

3D culture include poly(ethylene glycol) (PEG), poly(vinyl alcohol), poly(2-hydroxy ethyl 

methacrylate), and polyacrylamide (PA). All of these hydrogels allow the fabrication of cavities, but 

only the stiffness of the polyacrylamide can be reduced to physiological values.  

 

The problematic where the project is framed in is in obtaining models with both the architecture and 

mechanical characteristics of cavities, and, as there are some hydrogels (such as polyacrylamide) 

that allow the tuneability of their properties, as well as of their architecture, this was the final model 

used. The material chosen for the completion of this study is decided in section 4, after a 

comparison of different materials. 

 

2.2.4. Fabrication techniques to obtain 3D microstructures 

There are three main methodologies that allow the fabrication of 3D microstructures. These three 

options are 3D bioprinting, photopatterning and replica moulding. A more thorough comparison of 

these three techniques can be seen in section 4. 

 

3D bioprinting refers to the printing of cells, biocompatible materials, and supporting components 

into complex 3D living tissues with the desired cell/organoid architectures topology, and 
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functionality using additive manufacturing [3]. Some advantages that they have are that they are 

custom-made architectures, and that they allow co-culturing and high-throughput production. They 

can work with hard hydrogels, but some challenges arise with the use of soft materials. It is 

challenging to obtain crypts with this technique using low rigidity hydrogels due to their inability to 

retain a desired shape following extrusion [36]. 

 

On the other hand, hydrogel photopatterning, by modifying the ends of gels, allow hydrogels such 

as PEG to be photo crosslinked in the presence of appropriate initiating agents [37]. This type of 

curing offers spatial control over polymerization. The main issue with this methodology is that it has 

been well established using hard hydrogels, and not with low-stiffness ones. A recent study has 

achieved the formation of cavities using this technique with PA hydrogels, whose rigidity can be 

tuned by changing the proportion of the materials used in fabrication. However, the only successful 

results they obtained were of gels of more than 100 kPa. As soft tissues have a range of Young ’s 

moduli values between 2.5 and 160 kPa, this technique did not allow the study of all the softer 

tissues found in the body [38]. 

 

Finally, the replica moulding technique is a process for shaping polymer materials using a micro 

sized rigid frame or model called a ‘mould’ [39]. This mould is then filled with a prepolymer, which 

is cross-linked and the resulting polymer is peeled off of the mould. Using a mould rather than the 

object itself allows multiple copies to be made without damaging the original.   

 

2.3. State of the situation 

Although there have been efforts to introduce more realistic 3D cultures, limitations remain, 

especially in reproducing the mechanical properties and architecture of native tissues. The state of 

the art reflects a growing recognition of the importance of reproducing not only cellular morphology, 

but also mechanical characteristics to fully understand epithelial tissue function, such as the 

stiffness of native tissues.  
 

The scaffold characteristics, along with the material properties, can regulate cell adhesion, 

proliferation, activation and differentiation. Although hydrogels represent a simplified architecture 

and they can be variable across lots, they are highly reproducible models with co-culture ability. On 

the other hand, the replica moulding technique allows the fabrication of multiple copies, which 

allows us to study the behaviour of the moulds more thoroughly.  

 

This project is based on the fabrication of three-dimensional cavities with polyacrylamide 

synthetic hydrogels with the use of the replica moulding technique. Their mechanical 

properties and architectures similar to the ones encountered in vivo will be studied and 

characterized throughout this report.  
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3. Market analysis 

Cell culture technology has been slow to innovate, and progress has been incremental over the 

past 50 years. 3D scaffolds provide a physical support for the growth of cells in a 3D 

microenvironment allowing better cell-cell, cell-extracellular matrix (ECM), and intracellular 

signalling interactions. The properties of these scaffolds can be modified in terms of strength, 

interconnected porosity, elasticity, biochemistry and bio-functionality to better mimic the native 

tissue-specific microarchitecture. Hydrogels are a type of scaffolds that are highly hydrated polymer 

networks, and due to their ability to better mimic the ECM, they are the most widely used scaffolds 

[40]. Both natural and synthetic hydrogels are being thoroughly studied at this time. For instance, 

Sheehy et al. explored the potential of hydrogels derived from natural biomaterials, such as 

alginate, fibrin and chitosan, toward chondrogenesis3 and hypertrophy4 of Mesenchymal Stem 

Cells [41]. Regarding synthetic hydrogels, there have also been efforts in making them have greater 

flexibility and tunability for chemical modifications. An example of this effort is the project carried 

out by Stüdle et al., in which they used poly(ethylene glycol) (PEG) based bilayered hydrogels 

toward the development of osteochondral tissue5 [43]. However, 3D cell cultures usually have a 

slower rate of cell proliferation and migration compared to 2D cultures, and structural strength for 

culturing cells is scaffolds-dependent. Moreover, as it has been mentioned before, the now existing 

soft hydrogels do not allow the correct formation of microcavities with the mechanical stiffness of 

in vivo tissues. Therefore, further work is warranted to manage these characteristics and create a 

more robust and reliable model. 

 

The hydrogel market size was accounted for USD 26 billion in 2022, and it is estimated to grow at 

6.4% CAGR (Compound Annual Growth Rate) to reach USD 48.12 billion by 2032 [44]. This 

demand is driven by factors such as the expanding aging population, a growing incidence of chronic 

wounds, and a strong focus on achieving superior healing outcomes. Furthermore, hydrogels, with 

their moisture-retaining properties, ease of application, and ability to facilitate wound healing are 

becoming preferred choices in advanced wound care [45].  

 

3.1. Hydrogel market trends 

The increasing prevalence of chronic wounds and ulcers is expected to supplement the industry 

expansion. For instance, according to the International Wound Journal report, global prevalence of 

chronic wounds is estimated at 1.51 to 2.2 per 1000 population [46], and incidence is expected to 

rise with ageing populations worldwide. As the number of individuals affected by conditions such 

as diabetic foot ulcers, pressure ulcers, and venous leg ulcers continues to rise, there is a growing 

demand for effective wound management solutions. Furthermore, there is an increasing awareness 

among healthcare professionals about the benefits of hydrogels in managing chronic wounds [45].  

 

 

 
3 Process of development of cartilage. 
4 Increase in the volume of cells. 
5 Tissue found at synovial joint surfaces and composed of both articular cartilage and subchondral bone [42]. 
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Although the major market trends do not involve the fabrication of organ models, any investigation 

regarding hydrogels can provide more information about their behaviour in different situations, 

which can potentially result as advantageous for the development of in vitro models. 

 

3.2. Hydrogel market restraint 

High development and manufacturing costs may hamper the hydrogel market, as the process of 

researching, developing, and manufacturing medical hydrogel products can be expensive, 

particularly when advanced formulations, materials and production techniques are involved. The 

costs incurred in conducting research studies, obtaining regulatory approvals, and scaling up 

production may pose challenges for market players, especially small size manufacturers. 

Additionally, the demand for specialized raw materials and equipment further contributes to the 

overall cost burden. These high costs can limit the accessibility and affordability of hydrogel-based 

products [45].  

 

3.3. Hydrogel market analysis 

 
Figure 12. Estimated hydrogel market size from 2021 to 2032 [45] 

Depending on the type of material used to fabricate hydrogels, they can be classified into natural 

and synthetic, as it was mentioned before. There is also another category for hybrid hydrogels, 

which are a mixture of these two main types. The synthetic segment accounted for 53.4% of the 

industry share in 2022. This type of hydrogels offers several advantages, including enhanced 

control over their physical and chemical properties, improved biocompatibility, and tailored 

functionality to meet specific medical applications. Also, the mechanical strength, adjustable 

permeability, and controlled drug release capabilities make synthetic hydrogels ideal for a wide 

range of medical applications. As it can be seen in Figure 12, there is a persistent market increase 

in hydrogels, with a more significant increase in the synthetic type.  

 

3.4. Major market players 

Regarding the hydrogel market share, North America’s hydrogel market accounted for 46.6% of 

share in 2022. Factors such as well-established healthcare infrastructures, increasing aging 

population and a high prevalence of chronic diseases will drive the regional industry progression. 

Additionally, North America has the presence of key market players, robust research and 

development activities, and supportive government initiatives.   
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The major market players operating in the hydrogel market include Smith and Nephew, 3M 

Company, Convatec Inc., Integra LifeSciences Corporation, Johnson&Johnson, Cardinal Health, 

CooperVision. All these companies have a section focused on the research and development of 

new products that empower healthcare professionals with options to improve patient outcomes. 

They represent around 30% of the share of this market [47].  

 

In Figure 13, each country is presented with a different shade of blue depending on their growth 

rate value in the hydrogel market, being those with a darker shade the ones with the highest growth. 

As it can be seen, Spain still has a low growth rate for this market, but some Spanish companies 

that have programs of research developing models based on hydrogels are: the Institute for 

Bioengineering of Catalonia (IBEC), where several groups, such as the ‘Biomimetic systems for 

cell engineering’ group, have studies regarding this research path; the ‘Depósito de Investigación 

de la Universidad de Sevilla’ or IDUS [48], in which they work with the development of tissue 

engineering; the ‘Laboratorio de Estudios Cristalográficos’ of the University of Granada [49], which 

patented a new supramolecular hydrogel with numerous biotechnological applications; and the 

‘Bioforge’ group of the University of Valladolid [50], which participates in a project with the aim to 

fabricate hydrogels sensible to diagnostics and therapies in the biomedical field.   

 

 
Figure 13. Hydrogel Market Growth Rate by Regions from 2022 to 2027 [47] 

 

3.5. Principal interested sectors 

The main uses of 3D models nowadays are for drug discovery, cell therapy and tissue 

engineering [3]. In this section, a market analysis of these three sectors will be exposed, stating 

their global market value and some future perspectives that they have.  

 

The global drug discovery market size was valued at USD 55.46 billion in 2022, and it is expected 

to be worth around USD 133.11 billion by 2032, growing at a CAGR of 9.2% from 2023 to 2032 

[51]. This market is significantly driven by the rising prevalence of various chronic diseases, rising 

healthcare expenditure, and patent expiration of certain popular drugs across the globe.  

 

About the cell therapy market, its global value in 2022 was estimated at USD 12 billion, and it is 

expected to hit USD 83.78 billion in 2032, poised to grow at a CAGR of 21.50% during the period 

from 2023 to 2032 [52]. This is the most significant growth within the three interested sectors, due 
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to the rising incidents of chronic disorders and infections, as well as the growing cases of diabetes. 

This therapy is widely used for research purposes nowadays, with a market share value of 62% 

compared with its clinical use.  

 

Finally, the global tissue engineering market size was accounted at USD 11.81 billion in 2022 and 

it is expected to hit around USD 33.38 billion by 2032, expanding at a CAGR of 11% during the 

period from 2023 to 2032 [53]. This global market is growing because of developed countries 

adopting regenerative medicine and tissue engineering technologies. One of the key market drivers 

is the rising incidence of chronic diseases and road traffic accidents with trauma injuries. In order 

to restore injured tissues, tissue engineering offers an alternative to mechanical device instruction, 

surgical reconstruction and transplantation.  
 

The model described in this project is based on synthetic hydrogels, and it could be used for both 

drug discovery and cell therapy purposes after its validation. The fabrication of hydrogel cavities 

with dimensions and mechanical properties similar to the ones encountered in vivo could be the 

first step used to create a more complex model that simulates real tissues and, with the use of 

human cells, be able to test drugs or to place new healthy tissues fabricated ex vivo into the body 

to replace diseased or damaged ones.  
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4. Concept Engineering 

This section aims to expose all the materials and methods used during the completion of this 

project, showing how it was conceived. Different options and proposals of each step will be 

presented, and the best one will be chosen. As it was mentioned in the introduction, this study can 

be divided into 4 parts. A general scheme of the steps followed can be seen in Figure 14.  

 

 
Figure 14. General scheme of the steps of this project 

Firstly, the fabrication method of the moulds of different rigidities will be chosen, choosing the final 

material that we worked with as well. This will be done by comparing different methods and 

materials that could have been used to achieve our goal. Then, a description of the protein that 

was seeded on top of the scaffold to functionalize it will be included. Finally, the equipment to 

assess the viability of the sample before and after the functionalization will be presented. This last 

step will evaluate both the quality of the shapes and the mechanical properties found on the 

different samples.  
 

Here we also present a brief description of the final procedure that was used, and in section 5, all 

the details about the protocols and the results obtained will be shown.  
 

4.1. Fabrication method of the scaffolds and materials 

As it has been shown in section 2, the importance of the methodology used for the fabrication of 

3D structures in in vivo cultures has led to the development of various types of methodologies to 

do so. However, this project aims to implement only one of these. In order to choose which 

fabrication method is best suited for this study, a further investigation of the possible solutions has 

been done. The proposed solution will not only be based on the positive and negative aspects of 

the methodology itself, but also on the realistic possibility of a fourth-year degree student being 

able to develop it.  

 

4.1.1. Comparison of microfabrication techniques 

The design of the final scaffold must ensure to meet several requirements, including the ability to 

modify the rigidity of the material used, the capacity to transfer the microstructures into this material, 

and a simple fabrication procedure that allows the replicability of the experiment. For the fabrication 

of the scaffolds with different rigidities and the three-dimensional conformations, there are three 

proposals that achieve the necessary requirements, introduced in section 2.  
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For the first option, photolithography intervened by reaction-diffusion is used for the manufacture 

of microstructures in poly(ethyl glycol)-based (PEG) hydrogels. Photolithography or ultraviolet 

(UV) lithography is a reliable and fast technique for constructing various patterns of thin film on a 

substrate with high precision [54]. This process consists of a single step and does not require a 

mould: by controlling the manufacturing parameters, such as the diffusion and oxygen depletion 

time scale, the distance to the source of light and the exposure dose, the dimensions and geometry 

of the microstructures can be well defined. This is the methodology used in the article ‘Dynamic 

photopolymerization produces complex microstructures on hydrogels in a mouldless approach to 

generate a 3D intestinal tissue model’ [55]. This study was performed at IBEC, and it proposed a 

simple, single-step, and cost-effective strategy for producing models of intestinal epithelium that 

can be easily integrated into standard cell culture platforms. This fabrication technique, which only 

requires a UV lamp and inexpensive photomasks, is relatively low cost. A recent study has also 

shown results of photolithography-obtained cavities on polyacrylamide (PA) hydrogels [38]. 

However, as mentioned before, they only obtained scaffolds of more than 100 kPa, not reaching 

the lowest stiffnesses found on some tissues. Moreover, this method only works well for the 

fabrication of evaginations, and not for invaginations.  

 

On the other hand, the second proposal would be to use flexible polyacrylamide (PA) hydrogels 

as final moulds for cell cultures, using replica moulding as the technique to microfabricate the 

cavities into the hydrogels. Replica moulding is one of the most common and low-cost methods for 

fabricating microstructures for various applications, including tissue engineering, dry adhesives, 

optics and strain sensors [56]. This option is used in the article ‘Microfabrication of poly(acrylamide) 

hydrogels with independently controlled topography and stiffness’ [57], study also done at IBEC, 

which presented a reliable microfabrication method to obtain well defined topographical structures 

of micrometre size (from 5 to 10 μm) on soft polyacrylamide hydrogels with tuneable mechanical 

stiffness (from 3 to 145 kPa) that closely mimic the in vivo situation of a cell’s ECM. The fact that it 

only needs simple laboratory equipment to be performed makes it an inexpensive technique, and 

it allows the formation of both evaginations and invaginations. 

 

The third and final method is 3D bioprinting of hydrogels. Using additive manufacturing, this 

technique is the process of printing cells, biocompatible materials, and supporting elements into 

intricate 3D living tissues with the required structure, functionality, and architecture topologies. 

Among their benefits are their custom-made architectures, which enable high throughput 

production and co-culturing [3]. While they can work with rigid hydrogels to create 3D 

microstructures, using soft materials presents certain difficulties. Because low stiffness hydrogels 

cannot hold their proper shape after extrusion, it is difficult to create invaginations using this method 

[36]. Most of the bioprinters used for this technique are quite expensive, making it a costly 

methodology compared to the previous ones [58]. Due to a need of a certain level of expertise for 

the successful implementation of 3D bioprinting, this technique might be considered not as simple 

as the other two. 
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Table 1. Photolithography, replica moulding and 3D bioprinting compared as potential microfabrication processes of 
this project 

- Green → advantage; Red → drawback 
- Plus sign → presence; Negative sign → lack  

Properties Photolithography Replica moulding 3D bioprinting 

Ability to produce 3D 

microstructures 
+++ +++ +++ 

Ability to produce both 

evaginations and 

invaginations 

- +++ +++ 

Ability to work in soft 

materials 
- +++ - 

Control over feature 

geometry 
+++ + +++ 

Velocity of production +++ - + 

Moulds - + - 

Inexpensiveness + +++ - 

Simplicity +++ +++ - 

Repeatability +++ +++ +++ 

Multiple replicas of a 

single template 
- +++ + 

 

In Table 1, a summary of the advantages and disadvantages of the three fabrication techniques 

can be seen. To further investigate the optimal procedure to be used in this project, a comparison 

of various materials was also computed in the next section.  

 

4.1.2. Comparison of materials 

Choosing a suitable material is critical to obtain efficient scaffolds, since it affects its performance, 

monitoring, and the results of the experiments. In general, there are some requirements that must 

be considered when choosing the scaffold’s material. These requirements are:   

 

- Optical transparency, to be able to be inspected using a microscope.  

- Tuneable stiffness, to mimic and replicate, to the greatest extent feasible, the mechanical 

characteristics of in vivo tissues.  

- Low cost.  

- Easy to use.  

- Appropriate swelling and stability properties.  

- Fairly resistant to deformation and damage.  

- Flexibility and elasticity.  

- Water permeability.  

- Biomimetic properties.  

- Non-toxicity to cells (biocompatible), to be capable of conducting future cellular studies on 

it, to further evaluate its functionality.  
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The three materials that have being considered are poly(dimethylsiloxane) (PDMS), as it is the 

most used material for 3D cell culture studies nowadays; and poly(ethyl glycol) (PEG) and 

polyacrylamide (PA), to further compare the fabrication techniques mentioned above.  

 

Poly(dimethylsiloxane) (PDMS) is an elastomer with excellent optical, electrical and mechanical 

properties, which makes it well-suited for several engineering applications. Moreover, due to the 

biocompatibility and inexpensiveness of this soft polymeric material, it is widely used for biomedical 

purposes [59]. They are extremely versatile and have been applied for the culture of different cell 

types. Nonetheless, it is not permeable to aqueous solutions, which can lead to local medium 

heterogeneities and accumulation of cells or residues. Finally, and decisive for the aim of this 

project, PDMS has poorly tuneable mechanical properties, with supraphysiological high stiffness 

with elastic modulus values of around 1 MPa [60].  

 

Poly(ethylene glycol)-based hydrogels (PEG) are water-soluble, non-ionic polymeric molecules 

that are used for various bioengineering applications. Owing to their biocompatibility and facile 

modifiability, PEG hydrogels have shown great promise in biomedical studies [61]. This PEG 

derivates can be used to produce 3D microstructures with complex morphologies on them using 

photolithography, by properly tuning its composition and fabrication parameters. This tuning of the 

composition by varying molecular weight, allows changes in the stiffness of the hydrogel. This 

material allows cell adhesion using peptides from the ECM [62]. However, the inflation capacities 

of PEG-based materials greatly distort the topographical patterns wanted [63].  

 

Finally, polyacrylamide (PA) hydrogels offer multiple advantages for developing devices in 

biological studies. These biocompatible and well-characterized hydrogels have been instrumental 

in studies that aimed to explore the influence of substrate stiffness on cell morphology [64, 65]. 

Compared to other gels, it exhibits a greater mechanical strength, enabling an easier handling. 

Different PA building blocks are commercially available, inexpensive and enable control over the 

chemical and physical properties of these hydrogels [66]. The physical properties of PA (including 

its stiffness, porosity and shear modulus) can be controlled and tuned across a wide range, by 

changing the proportions of its components during synthesis. By adjusting the ratio of acrylamide 

and bis-acrylamide solutions, the elastic modulus of the hydrogels can be simply modified. 

Furthermore, these gels can be functionalized with proteins to mimic the composition of the native 

ECM and enhance their bioactivity [67].  

 
Table 2. PDMS, PEG and PA comparison for microfabrication processes 

- Green → advantage; Red → drawback  
- Plus sign → presence of the property; Negative sign → lack of the property  

Properties PDMS PEG PA 

Optical transparency +++ +++ +++ 

Tuneable stiffness + +++ +++ 

Inexpensiveness +++ + +++ 

Easy to use +++ + + 

Swelling and stability - +++ +++ 



 Biomedical Engineering Victòria Sanllehí i Barceló 

 

32 

   
 

Resistance to 
deformation and 

damage 

+++ - - 

Flexibility and 
elasticity 

+++ +++ + 

Water permeability - +++ +++ 

Biomimetic properties + +++ +++ 

Biocompatibility +++ + +++ 

 

4.1.3. Chosen option 

The most profitable and simple option would surely be the first, but, in practice, the large inflation 

capacities of PEG-based materials greatly distort the topographical patterns wanted after swelling. 

This prevents the correct development of the microtopography if the elastic modulus is below 250 

kPa [57], and as in vivo soft tissues usually have an elastic modulus of less than 40 kPa, this would 

limit the fabrication technique procedure or the tuneability of the scaffolds for the study. Moreover, 

this technique nowadays only allows the correct formation of evaginations and not invaginations, 

which are the main issue of this project. On the other hand, the 3D bioprinting technique also 

presents difficulty when microfabricating in soft materials, which leads us to the use of the replica-

moulding technique in the end.    

 

Regarding the materials, after seeing that PDMS is the material that presents most disadvantages 

with respect to the other two, it was concluded that polyacrylamide (PA) hydrogels were the 

better option for the project proposals. As it has been mentioned, their stiffness can be easily 

modified throughout a large range of values depending on their composition, and, as soft tissues 

present low elastic moduli, it is the optimal option.  

 

4.1.4. Replica-moulding process 

This section aims to explain the different procedures implemented to develop the microcavities by 

replica moulding, the issues that each one presented and the final decisions of the specific 

protocols. Then, in section 5, further details about the procedures will be shown.  

 

Figure 15 shows the workflow of the replica moulding process: firstly, the SU-8 master is obtained 

by photolithography; then, PDMS is poured on top of it to obtain the master’s contra-replica 

(referred to as PDMS1 moulds); next, another contra-replica is obtained from the PDMS1 moulds 

(referred to as PDMS2 moulds); and finally, the thin PDMS2 layer will be used for the fabrication of 

the final PA moulds with microcavities. 
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Figure 15. General workflow of the replica-moulding process 

 

4.1.4.1. Geometry and dimensions of the master 

For the replica moulding process to begin, a master with hills of diameter and height of sizes similar 

to the ones found in vivo was used. This master had already been prepared for its use in other 

experiments conducted in the laboratory of the group. It was obtained in the Micro Fabrication unit 

of IBEC, by photolithography.  
 

This master was made of SU-8. This material is an epoxy-based, negative-tone photoresist 

consisting of EPON SU-8 resin, solvent and a photoacid generator. Using photolithography, it is 

able to generate well-defined features ranging from sub-micrometres to micrometres, which have 

rendered this material as one of the ideal photoresists in microfluidic applications, such as master 

moulds for poly(dimethylsiloxane) (PDMS) [68]. The posterior silanization of the mask finally 

allowed the pouring of PDMS on the mould without the material adhering to it.  

 

The master had 56 regions with posts of different sizes of diameter in each of them, as it can be 

seen in Figure 16. This large number of regions allowed us to create multiple PDMS moulds without 

having to re-pour PDMS on top of the mask.  

 
Figure 16. Scheme of the master 

Each region, which can be seen more clearly in the scheme of Figure 17, had 21 small posts with 

a diameter of 100 μm, 15 medium-small posts with a diameter of 200 μm, 12 medium-big posts 

with a diameter of 300 μm, and 9 big posts with a diameter of 400 μm, organized as it can be seen 
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on Figure 17, disposed in rectangular shapes inside the square region. All of these posts had a 

height of around 50 μm. These circular patterns allow to cover the main range of curved geometries 

found in anatomical structures, such as intestinal crypts, lung alveoli and kidney invaginations.   

 

Having more than one cavity of each size allows us to evaluate different wells of the same size, 

and also makes it more probable to have at least one well-formed microstructure for each size in 

every fabrication process.   

 
Figure 17. Scheme of a single region of the master 

In order to have a softer material with the design of the SU-8 master, it is necessary to first transfer 

its design into PDMS. This will involve a process of replica and contra-replica with PDMS, explained 

below.  

 

4.1.4.2. Fabrication of the PDMS moulds 

 

First, we need to obtain the negative mould of the initial structures (therefore, with cavities). To do 

so, the PDMS mixture is prepared, and then poured on top of the master. Prior to this, Cellotape 

should be placed around the mask before the pouring, to stick it to the plate, and to make sure that 

PDMS does not go underneath it, tilting the whole structure. This PDMS is then cured in the oven 

over night (O/N) at 60 ºC. After this PDMS thick layer is cured, the fabrication of the moulds can 

begin. The first step of the fabrication is to prepare the primary moulds (PDMS1). To do so, the 

square structures transferred into the PDMS have to be cut apart from the SU-8 master, making 

sure not to damage the master with the force made with the scalpel. Then, these PDMS1 moulds 

will be bonded to a glass microscope slide to ease the subsequent fabrication steps. The back side 

of the PDMS1 and the microscope glass slide are exposed to O2 plasma (30 seconds at high 

power), to create -OH groups in both surfaces which will covalently bind. 

 

Secondly, the surface of the PDMS1 mould must be modified through silanization in order to 

prevent adhesion. To do so, a O2 plasma treatment has to be done again on the structures similar 

to the one performed for the PDMS-glass bonding. Once activated, the silanization process must 

be completed before the 15 minutes of activation pass. This process consists of the vapor 

deposition of a self-assembled monolayer of Teflon (Trichloro(1H,1H,2H,2H-perfluoroctyl)silane) 

on top of the structures. This is done by creating an atmosphere of silane inside a desiccator, which 

then self-assembles on the sample. The sample is placed in a vacuum desiccator with a drop of 

the silane (100 μl) next to it. Once vacuum is applied and the atmosphere of silane is created, it is 
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left for 2 hours in order to allow the formation of the monolayer. Finally, the silanized PDMS1 mould 

is placed in the oven at 65 ºC or 80 ºC for 2 more hours. As a result, the PDMS1 mould is obtained.  

 

Next, we needed to fabricate a secondary mould (PDMS2) replica of the PDMS1 mould. This 

mould, which will have posts as the ones of the master SU-8 mould, must be thin, to prevent the 

inhibition of the hydrogel cross-linking. PDMS can act as an oxygen source, which inhibits the 

cross-linking of the PA gel. To avoid that, PDMS2 moulds should be 50-100 μm thick. To obtain 

this secondary thin mould (PDMS2) we spin coated PDMS on top of the silanized structures. To 

acquire this thickness, a process of 5 seconds at 500 RPM followed by one of 60 seconds at 1000 

RPM was used. After this coating, to remove the possible small air bubbles that could have formed 

inside the cavities, the samples were places in the desiccator for 20 minutes. In the end, the PDMS2 

counter moulds were placed in the oven at 65 or 80 ºC O/N for it to cure. A general schematic 

depicting this whole process can be observed in Figure 18. 

 

 
Figure 18. Scheme of the PDMS thin mould acquisition 

 

4.1.4.3. Fabrication of the final PA scaffolds  

 

With the PDMS2 contra replicas, we could proceed with the fabrication of the final polyacrylamide 

scaffolds. Before the stamping of the structures into the PA hydrogel, we had to choose the rigidities 

that we wanted to explore. As we want to investigate the behaviour of scaffolds with stiffnesses of 

biological relevance, similar to the ones found in soft tissues, we chose values from 2.5 to 160 kPa 

[69]. Four different PA solutions (PA1, PA2, PA3, PA4) were synthesized by varying the 

concentration of acrylamide and bis-acrylamide of each mixture. These proportions can be seen in 

Table 3. The PA solutions only had to be produced once, as they can be preserved in the fridge at 

4 ºC for long periods of time.  
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Table 3. Polyacrylamide hydrogels composition for each stiffness 

PA solution PA stiffness (kPa) Acrylamide (%) Bisacrylamide (%) 

PA1 7 7.5 0.05 

PA2 11 7.5 0.075 

PA3 23 12 0.150 

PA4 172 12 0.600 

 

In this step, the glass in which we later fabricated the PA scaffolds had to be silanized, to ensure 

the stable attachment of the formed hydrogels. To do so, these coverslips were incubated for 5 

minutes with a mixture of 1:1 3-(aminopropyl)trimethoxsylane in Milli-Q water, followed by an 

incubation with Mili-Q water for 30 minutes on an orbital shaker. Next, the glasses were rinsed 

thoroughly with Mili-Q water, and then incubated with a solution of 1:50 glutaraldehyde with Mili-Q 

for another 30 minutes. Finally, the coverslips were rinsed several times with Mili-Q water again, 

dried with nitrogen gas (N2), and placed in the vacuum desiccator until they had to be used.  

 

Two thin layers of PDMS (one on top of the other) with a round space in the middle had to be placed 

on top of the silanized glass, as spacers to contain the PA solutions in it when poured. To obtain 

them, PDMS was poured on the lid of a large plate and then spined in the spin coater at 500 RPM 

for 1 minute. Then, we let it cure in the oven O/N at 80ºC. This step was only done once, as the 

piece of this PDMS layer used in every fabrication process was very little. With this thin layer cured, 

small squares were cut, a layer was put on top of the other one, making sure that no bubbles formed 

between them, and with a circular puncher (10 mm in diameter), these round spaces were created 

and placed on the silanized glasses.  
 

The PDMS2 moulds had to be separated from the PDMS1 moulds to be use as moulds for the PA 

scaffolds. To do so, a scalpel was used to cut around the structures, and the moulds were placed 

with the structures facing upwards on a non-silanized small round glass. This process was very 

dependent on the proper silanization of the PDMS1 moulds, otherwise the two PDMS parts could 

not be detached.  

 

To produce PA microsctructured hydrogels, the PA solutions were mixed with a solution containing 

0.05% (w/v) ammonium persulfate, 0.001% (v/v) of fluorescent beads, and 1% (v/v) 

tetramethylethylenediamine (TEMED). After this mixture, the next steps had to be completed 

quickly, as the PA started to polymerize. 75 μl of the prepolymer solutions were poured into the 

dedicated pools containing the silanized glass coverslips. Immediately after, the PDMS2 mould on 

the glass was placed on top, to let the microstructures be filled in by capillary force. The hydrogels 

were then kept at room temperature (RT) for 2 hours to polymerize, covered by a box, to prevent 

light from damaging the fluorescent beads.  

 

Finally, the polymerized scaffolds were demoulded by carefully removing the flexible PDMS moulds 

with the help of the small round glasses, and the PDMS circular pool was also removed. The PA 

microstructures were stored in PBS in the fridge at 4ºC until further use, allowing them to achieve 

equilibrium swelling. A schematic of this part of the process can be seen in Figure 19. 
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Figure 19. Scheme of the PA polymerization with thin PDMS moulds 

 

4.2. Functionalization of the sample 

As the main goal of this scaffold is to then seed cells on top of it, cell adhesion cues have to be 

provided to the polyacrylamide hydrogels. These cues were implemented by using 

sulfosuccinimidyl-6-(4'-azido-2'-nitrophenylamino)hexanoate (sulfo-SANPAH), and then by adding 

the protein of interest.  
 

Sulfo-SANPAH is a reactive that links proteins onto polyacrylamide hydrogels. As a bi-functional 

crosslinker, sulfo-SANPAH adheres to the PA surface by its photoactivable side and then it contains 

an NHS ester group for linking with the primary amine groups on proteins [70].  

 

To be able to then check the success of the functionalization in the confocal microscope without 

having to perform the immunostaining process, we used Streptavidin conjugated with TexasRed 

fluorophore. It is a protein that is commonly used in the setting up of a fabrication process, and it 

emits a red fluorescent light. Another protein that could have been used was fibronectin. However, 

it does not have fluorescent characteristics, so immunostaining would have to be performed. In the 

end we used the first mentioned protein, Streptavidin, as probe to check the success of the 

functionalization process.  
 

40 μl of Sulfo-SANPAH were defrosted with 960 μl of Mili-Q, the PBS was removed from the PA 

scaffolds, Mili-Q was used to rinse the structures carefully, and then 50 μl of the reactive were 

poured into each hydrogel. Afterwards, we activated it under the UV lamp (Light Source LQ-HXP 

120 UV, LEJ) for 5 minutes. After it had turned from pinkish to brownish, we rinsed again with PBS. 

Then, for the functionalization with the protein, we added 50 μl of 100 μg/mL Streptavidin solution. 

We left it 1 hour to incubate, and then we rinsed the surface again with PBS, and added 2.5 mL of 

this buffer on each hydrogel. Finally, it was stored at 4ºC in the fridge. This process can be seen in 

Figure 20. 

 

 
Figure 20. Schematic depicting the Sulfo-SANPAH activation and the protein functionalization 

 

4.3. Characterization of the shapes of the cavities 

We aimed at assessing the faithful transfer of the structures along the different steps of the 

fabrication process, and to rule out the effect of the hydrogel formulation in the preservation of the 
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shapes. For this characterization, 5 different pieces of equipment where used: the optical 

microscope, the profilometer, the interferometer, the confocal microscope and the optical 

epifluorescence microscope. All the information regarding these devices was extracted from the 

MicroFabSpace services website of IBEC, with reference number [71].  
 

After obtaining the images provided by each of these instruments, they were analysed using the 

‘FijiJ’ software. The results of these analysis are shown in section 5 of this report.  

 

4.3.1. Optical microscope 

For the observation of the structures in each step, the optical microscope (Nikon ECLIPSE Ts2) 

found in the laboratory of the group was used. This conventional optical microscope is made up of 

two converging lenses (eyepiece and objective), which are arranged in such a way that they 

generate a highly amplified and virtual image. It was used for the observation of the PDMS cavities 

and hills, and mainly for the measurement of the diameters of the microwells found on the PA 

scaffold.  

 

4.3.2. Profilometer 

The mechanical profilometer Dektak XT is an instrument used to measure the profile of a surface. 

It allows the topography of a material to be measured electromechanically, by moving the sample 

under a diamond tip with a specific contact force, depending on the material being measured. After 

each acquisition, the surface is analysed with the help of the ‘Vision64’ software. This equipment 

allowed to check that both PDMS1 and PDMS2 moulds were well created, each with its 

corresponding posts or cavities, as well as the characterization of their surface.  

 

4.3.3. Interferometer 

The optical profilometer Wyko NT1100 provided us with high resolution 2D or 3D measurements 

without contact with the sample. It does this by extracting information from light interference. By 

fusing two or more light sources, this tool creates an interference pattern, which can be measured 

and analysed, with the help of the ‘Vision32’ software. This pattern was also used to characterize 

the surface of the PDMS1 and PDMS2 samples, and to check that they were well created as well.  

 

4.3.4. Confocal microscope 

The LSM 800 confocal laser scanning microscope is an instrument equipped with different laser 

colours that has multiple applications in biology, medicine and the study of materials. It allows 

images to be obtained from a single confocal plane. The principle on which it is based is to eliminate 

light coming from out-of-focus planes. It works with samples that reflect light or emit fluorescence, 

and the images are obtained and analysed with an image software called ‘ZEN 2.3’. It also allows 

for the collection of multiple focal planes in what is called a ‘Z-Stack’, which provides three-

dimensional data of the structures.  
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With this tool, the shape of the PA hydrogels was examined (with the help of the fluorescent beads 

that were added during the synthesis of the solution), as well as the functionalization with the 

fluorescent streptavidin. The diameter and area of both the base and the top of the structures was 

measured, as well as its depth. These measurements were done after 2 hours, 24 hours, 48 hours 

and 72 hours of fabrication, to see how they developed and swelled for each stiffness.  

 

4.3.5. Optical epifluorescence microscope 

The Leica DiM8 microscope is an inverted light microscope, intended as a general instrument for 

routine examinations of biological specimens [72]. It was used with phase contrast and 

fluorescence illumination to measure the sizes and heights of the cavities in the functionalized PA 

hydrogel using Z-Stack. As it does not give images that are as good as the ones provided by the 

confocal microscope, it was mainly used to have more quantity of measurements, to be able to 

perform a more throughput examination of the scaffolds.  

 

4.4. Characterization of the mechanical properties of the samples 

Finally, to characterize the mechanical properties of the samples, Atomic Force Microscopy (AFM) 

was used. It is a tool to probe samples at the nanometric scale. Among its numerous capabilities, 

the instrument can be operated as a nano-indenter to gather information about the mechanical 

properties of the sample. In this operating mode, the deformation of the cantilever is displayed as 

a function of the indentation depth of the tip into the sample. Fitting this curve with different 

theoretical models permits us to estimate the Young’s modulus of the scaffold at the indentation 

spot [73].   

 

AFM measurements were performed both before and after the functionalization with the protein, to 

assess the stiffness of the different PA hydrogels. Moreover, it was used to see if this stiffness 

varied within samples that were produced from the same prepolymer solution, but some were 

functionalized, and the other were not.  
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5. Detailed engineering 

In order to carry out the project and actually put the theory into practice, a series of steps had to be 

taken. In this section, each step of these processes will be explained further, giving more details 

about the techniques and protocols that were followed during the development of the microcavities. 

Moreover, the calculations done for the characterization of the micro-structures will also be 

described here, with the corresponding results and discussions.  
 

As it has been repeated throughout this manuscript, 2D cell cultures ignore the three-dimensional 

shapes that are found in vivo, overseeing its impact in tissue function. Although novel 3D culture 

platforms are already being implemented into recent studies, they still do not always match the 

mechanical properties of the native tissues. The in vitro model designed in this project aims to 

simulate the properties, structure and functions of the in vivo cavities, which are structures that can 

be found in numerous tissues.   
 

As we already had a mask with the cavities of dimensions similar to the ones found in vivo, the first 

step of the process was to replicate this design into a PDMS sheet. This flexible PDMS moulds, 

which had cavities in them, were used to create thinner PDMS secondary moulds, using the spin 

coater. These secondary PDMS moulds with posts were then used to replicate the cavities into 

softer PA hydrogels. The solutions of PA used were of different stiffnesses, resembling those within 

the range of the mechanical properties found in vivo.  
 

Once the PA samples simulating the 3D cavities were produced, they were characterized, to 

evaluate their similarity with the in vivo tissue. Confocal microscopy was the main characterization 

technique used to evaluate these structures, as they had fluorescent beads in them. They were 

also measured using wide-field optical microscopy, both with bright and fluorescent lights. Then, 

the mechanical properties of this models were assessed using AFM.  

 

Finally, to see how proteins behaved on top of these structures, a functionalization with Streptavidin 

was performed. This functionalization gives a clue about how the epithelial cells would adhere to 

the cavities. The success of this step was also addressed by confocal microscopy, and the stiffness 

of the chemically activated scaffolds was measured again with AFM. 

 

Therefore, these three processes mentioned above:  

1. The fabrication of the cavities on PDMS,  

2. The fabrication of the cavities on PA,  

3. And the functionalization of the cavities,  

Will allow the full development of the hydrogel cavities of tuneable stiffness for the growth of 

epithelial crypts. The evaluations and assays performed to evaluate the goodness of the model will 

be discussed in the following section.   
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5.1. Fabrication of cavities on thin PDMS (replica-moulding) 

5.1.1. First PDMS mould (PDMS1) 

In order to have a softer material with the design of the SU-8 mould, it is necessary to first transfer 

the design of the mould into a PDMS structure, leaving us with the counter mould of the initial 

structures: first, we prepare the PDMS mixture, and then we pour it on top of the master. This 

structure (Figure 21) is then cured in the oven for 12 h at 65 ºC.   

 

The preparation of PDMS is done at a 10:1 ratio of PDMS precursor (SYLGARDTM 184 Silicone 

Elastomer Base) and crosslinker (SYLGARDTM 184 Silicone Elastomer Curing Agent), mixed with 

a Pasteur pipette trying not to create bubbles of air. The role of the curing agent is to crosslink the 

polymer to obtain an elastomer. Right after mixing pre-polymer and crosslinker, to eliminate the 

bubbles completely, the uncured PDMS was left degassing for 45 minutes to an hour. Finally, the 

solution was then poured on the master, covering all the surface.   

 

Once the PDMS has cured, the design engraved on the mould will have been successfully 

transferred into the PDMS structure, and we will have obtained the first mould for the creation of 

the final PA moulds.  

 

 
Figure 21. SU-8 master with PDMS on top 

 

5.1.1.1. Plasma cleaner: Covalent bonding of PDMS1 with glass coverslip  

 

The following step is to adhere covalently the PDMS structures with glass coverslips, leaving the 

structures looking upwards, and then creating a monolayer of silane on top of the microcavities. 

This whole step is performed in the MicroFabSpace, with the use of the Plasma Cleaner by the 

manufacturer Harrick, model PCD-002-CE. This equipment generates an O2 plasma at low 

pressures and high frequency voltages for processes as plasma bonding of PDMS with glass or 

PDMS with PDMS, removal of organic contamination from surfaces, or modification/enhancement 

of physical and/or chemical characteristics of surfaces, required in further processes.   

 

Firstly, the previously prepared PDMS square structures were cut using a scalpel. It is very 

important to not perform too much force, as it could then damage the SU-8 master bellow the 
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PDMS. Afterwards, these squares were placed upside down on top of top of the white region of the 

glass coverslips. These glasses were then set inside the Plasma chamber, after carefully cleaning 

it with a wipe. The chamber was closed, and the instructions of the protocol found in Annex 1 were 

followed. 

 

To take out the samples, the door of the chamber had to be slowly opened, regaining little by little 

the pressure from the environment. Finally, the PDMS structures were placed upright on the glass, 

to create the covalent bonds between them.   

 

5.1.1.2. Plasma cleaner: Silanization 

 

The silanization of a surface’s main goal is to obtain hydrophobic silanized surfaces, that allowed 

the non-union of the secondary PDMS, that was to be placed on top of them. This silanization 

process consists of two stages: first the surface cleaning, and then the surface functionalization. 

These two steps have to be performed with less than 15 minutes of separation for the surface 

cleaning to be still active for the silanization process.  
 

The objective of the cleaning state is to eliminate organic and inorganic residues and expose the 

hydroxyl groups of the molecular structure of the PDMS at the surface, obtaining an activated 

surface that subsequently allows the silanization reaction. This first step was performed at the 

Plasma cleaner, following the same protocol as before (Annex 1).  
 

Once the residue-free surfaces are obtained, the surface was functionalized with Teflon. This 

silanization needed for the easy separation of the structures is achieved by vapor-phase deposition 

of the silane. The process consists of placing a coverslip (round glass) with a Teflon solution 

(Trichloro(1H,1H,2H,2H-perfluoroctyl)silane) of around 200 μL on top, putting it with the samples 

inside the desiccator, closing the equipment, and making vacuum inside of it. Thus, an atmosphere 

of silane is created, and then it is distributed evenly throughout the sample, binding to the exposed 

hydroxyl groups and reaching functionalization. This was left on vacuum for 2 hours, and then in 

the oven at 65 or 80 ºC for 2 more hours, to order the self-assembled silane monolayer.  

 

5.1.2. Second PDMS moulds (PDMS2) 

As explained in the previous section, for the patterning of the final PA moulds, thin PDMS moulds 

with the counter mould (posts) of the final desired structures (cavities) are needed. This samples 

need to be thin in order to minimize the source of oxygen from the PDMS as much as possible. To 

achieve this slim layer, the spin coater is used. This equipment allows the spreading of the substrate 

to the edges of the sample by centrifugal force, spinning at a high speed and leaving a thin film. A 

coating of PDMS (previously fabricated and desiccated totally for the removal of air bubbles, 

following the same process as before) is placed on top of the first PDMS silanized mould, making 

sure to cover all the structures, and the following protocol is followed:  

 



 Biomedical Engineering Victòria Sanllehí i Barceló 

 

43 

   
 

Table 4. Protocol followed for the fabrication of the second PDMS moulds 

Steps  Time (seconds)  
Rotational speed 

(RPM)  

Centripetal 
Acceleration 
(RPM/sec)  

1  5  500  112  

2  60  1000  336  

 

These parameters allowed us to acquire the desired thickness (50 – 100 μm). Then, to remove the 

possible bubbles that could have formed between these two moulds, the samples were placed in 

the desiccator for around 20 minutes, and finally in the oven O/N at 85 ºC. In some fabrication 

processes, the second mould of PDMS was left to cure at ambient temperature in the desiccator, 

but it was seen that the thin moulds were much less resistant and broke more easily. Therefore, 

after this was noted, this PDMS2 was left to cure in the oven after staying in the desiccator for 20 

minutes. Finally, the secondary mould was demoulded using a scalpel and tweezers, and placed 

on top of a small round glass coverslip with the design looking up, ready to be used for PA 

patterning.  
 

It should be mentioned that two different spin coaters were used for the completion of this project, 

as the first one broke and it had to be replaced. For this second spinner, the parameters of the 

protocol used for the fabrication of the secondary moulds were the same, but this equipment did 

not have the option to modify the centripetal acceleration. Nevertheless, it was seen that this did 

not affect the fabrication process.  

 

 
Figure 22. PDMS1 on top of glass coverslip with spin coated PDMS on top 

 

5.1.3. Comparison cavities - posts 1st and 2nd moulds 

Some of the PDMS2 thin layers were placed in 22x22 cover glasses, as it can be seen in Figure 

23. The number at the top-left corner of both this small glass coverslips (seen in Figure 23) and on 

the big ones carrying the PDMS1 mould (seen in Figure 22) was written to know the 

correspondence of PDMS1 with PDMS2.   

 

After this was done, both moulds were transported to the MicroFab Unit (CleanRoom) of IBEC, and 

their dimensionalities were measured with the profilometer and the interferometer. These 
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measurements were done to be able to compare and evaluate the transmission of the structures 

from one mould to the other.  

 

 
Figure 23. PDMS2 on top of 22x22 cover glass 

 

5.1.3.1. Profi lometer 

 

For the measurements with the profilometer, the stylus tip was placed next to the structure that we 

wanted to analyse. This was done with the camera next to the stylus tip, whose magnified image 

appeared on the screen through the Vision64 software, and with the help of the X-Y macro-

positioning levers, that moved the stage where the glass coverslips with the hydrogels were placed. 

Afterwards, a series of measurement parameters were set, determining the trace of the stylus, 

which can be seen in Annex 2.   

  

Then, with the set up completed, the stylus was brought down (‘Tower Down’), while the exact 

desired position was achieved by moving the X-Y micro-positioning knobs and looking at the 

images from the camera. Next, the acquisition of data was done (‘Single Acquisition’) with the 

insulating box closed, resulting in a mm (x-axis movement of the stylus) vs μm (y-axis movement 

of the stylus) graph. If the obtained profile was tilted, this was corrected by choosing two points that 

we knew needed to be at the same height, and clicking on the ‘Level – Two Point Lineal’ option 

from the ‘Data Analysis’ menu. 

 

Moreover, if the profile had a rough pattern, this roughness could be filtered out with the option 

‘Filtered roughness’. In the end, the files were saved using a Cleanroom’s pen drive, and the stylus 

was rose to its initial position (‘Tower Home’).  
 

It must be mentioned that, as the stylus came into contact with the sample, if it did not weight much, 

the force made by the tip could drag the sample with it. This did not happen with the PDMS1 

moulds, as the coverslip that they were placed in weighted enough, but it did happen with the 

PDMS2 moulds. To solve this, the sample was stuck to the stage using cello-tape around the glass. 

This helped the sample to stay in place while the stylus scanned it.  

 

It should also be considered that the measurement of posts or cavities with this equipment caused 

the beginning or end of this structures to be somewhat unclear. In the example of a sample with 

posts, when the stylus arrived at the start of the structure, it went up, but a small peak could be 

seen in the measured profile when the stylus reached the top (as it can be seen in Figure 24). 

Similarly, when a sample with cavities was measured, this small peak appeared but after the stylus 

had scanned the base of the cavity, in the final moment of moving back to the initial plane (seen in 
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Figure 25). These peaks were due to the stylus adapting to the shape of the sample, as it passed 

from going up the post to scanning its top part, or from going up the wall of the cavity to scanning 

the plane of the sample. Therefore, when doing the measurements of these types of images, this 

peak was taken into account as part of the top diameter for posts, and not for cavities.  

 

 
Figure 24. Sample 1 medium-big posts (from the 300 μm master’s posts, after PDMS1) profile, with the mentioned 

small peak circled in red 

 

 
Figure 25. Sample 4 biggest cavities (from the 400 μm master’s posts), with the mentioned small peak circled in red 

 

5.1.3.2. Interferometer 

 

Regarding the interferometer measurements, we first placed the sample on the stage, after making 

sure that it was not tilted using the level, and we opened the Vision32 software. Then we clicked 

on the ‘Illumination Intensity’ window and, after finding the sample’s structures, they were focused 

by using the Focus knob, and illuminated by turning the Intensity control knob. By playing with these 

two parameters, we looked for interferences, finding the maximum intensity of light without 

saturating the image. Once they were found, we tried to make them as wide as possible using the 

X and Y tilt knobs.  
 

After this was done, the measurements could be taken. Once we obtained a good measurement 

similar to the ideal two-coloured measurement (one colour for the bottom of the sample and another 

one for the top), we could analyse the measures of the structure with the ‘2D analysis’ option. This 

option allowed us to have a μm (x-axis of the sample) vs. μm (y-axis of the sample) graph with the 

profile of the structure of interest.  

 

It is important to note that the PDMS is very hard to analyse with this technique, as it does not 

reflect light. This lack of reflection makes it very hard for us to find interferences, and even when 

they are found, it is quite difficult for the equipment to detect all the points of the image, creating 
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some black spots where the point’s value was not found, as it can be seen in Figure 27. 

Nevertheless, when these interferences were found, the final images were quite accurate, leaving 

us with some clear round shapes of blue or red colour (depending on if the structures where cavities 

(blue, seen in Figure 26) or posts (red, seen in Figure 27)), and the measurements could be done 

trouble-free.  

 

 
Figure 26. Sample 4 smallest cavities (from the 100 μm master’s posts), with the profile of the top-left structure 

 

 

Figure 27. Sample 2 medium-big posts (from the 300 μm master’s posts, after PDMS1), with the mentioned black 
regions of non-detection 

 

5.1.3.3. Comparison PDMS1 – PDMS2 

 

For the comparison of these moulds, the first option was to use the measurements of both the 

profilometer and the interferometer. The values obtained for every specific size of the sample were 

averaged between samples, and then compared with the counter-structures of the counter-mould 

with the same size. After performing these calculations, it was seen that the results made no sense, 

as the counter-moulds appeared to have bigger dimensions than the initial moulds, which is 

impossible.  

 

Then, we thought that maybe the parameters obtained from the profilometer did not have the same 

dimensions as the ones from the interferometer. Therefore, the averages from the profilometer 

measurements and the ones from the interferometer were done and compared separately, leaving 

us with reasonable results.  
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Each graph from both the interferometer and profilometer was analysed similarly using the Fiji 

software:  
 

1. Firstly, the scaling of the image was set in the software, by using the axis seen in the 

graphs, with the option ‘Set Scale’.  

2. Then, as we only wanted to measure lengths of the graph, the measurements were set 

only to present the perimeter of the drawn line, with the option ‘Set Measurement’.  

3. Finally, all the recorded measurements were added to an Excel file, where the final 

calculations were performed.  

 

The structures measured for all the graphs were the diameter of the base, the area of the base, the 

diameter of the top, the area of the top and the depth. For the areas, as we know that the structures 

are circular, we calculated it with the circular area formula (Equation 1). We divided the diameters 

by two to obtain the radius, we raised it to the power of two, and then multiplied this value by π.  

 

𝐴 = 𝜋𝑟2  

Equation 1. Circular area formula 

For the interferometer images, the area could be directly obtained from the coloured picture with 

Fiji software, by drawing a circle around the structure and adding the area to the measurements 

set, for it to be shown with the results. However, in this case, it was quicker to use the formula, as 

we only needed to measure the diameters (top and base) of the structures with the line feature of 

the software.   

 

The top and base of the posts were considered as the tip and the bottom respectively, whereas the 

top and the base of the cavities were considered as the bottom and the tip of the structure, as it 

can be seen in Figures 28 and 29.  

 

 
Figure 28. Considered top and base diameters of posts (Sample 2 biggest diameter posts) 
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Figure 29. Considered top and base diameters of posts (Sample 1 medium-big diameter cavities) 

Therefore, the comparisons that had to be made for each size were:  
 

- The top diameter of the posts with the base diameter of the cavities.  

- The base diameter of the posts with the top diameter of the cavities.  

- The heights of the structures.  

 

Finally, the percentage of difference between the PDMS1 and PDMS2 was calculated with 

Equation 2 for all three comparison pairs presented above.  

 

% 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 100 − ( 
𝑃𝐷𝑀𝑆2 𝑣𝑎𝑙𝑢𝑒 ∗ 100

𝑃𝐷𝑀𝑆1 𝑣𝑎𝑙𝑢𝑒
 ) 

Equation 2. Percentage of difference between cavity (PDMS1) and post (PDMS2) 

 
Table 5. Percentage of difference (decrease) of top and base diameters (considered as the ones shown in Figure 

29), and height between the PDMS1 and PDMS2 moulds by size 

Size % difference height % difference top diameter % difference base diameter 

Small 7.16 22.45 21.04 

Medium-small 11.79 4.65 2.43 

Medium-big 3.32 16.66 7.09 

Big 0.76 10.26 2.69 

 

Looking at the results obtained in Table 5, it can be confirmed that there is a loss of dimension of 

the structures from the PDMS1 to the PDMS2 moulds. This loss is more significant for the smallest-

sized cavities rather than for the biggest-sized ones. Nevertheless, as this loss means a reduction 

on the dimensionality of the structures, it could be seen as advantageous for this project’s purpose, 

because we would have smaller posts than the ones from the SU-8 mould, allowing us to fabricate 

even smaller structures. Knowing that the smallest-sized post of the master was of 100 μm, but 

also considering that some of the invagination structures found in vivo have diameters smaller than 

this one [74], we could use this apparent loss to our advantage.  
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5.2. Fabrication of the cavities on PA 

5.2.1. Preparation of PA solutions 

As it was seen in Table 3 from section 4, the four different PA solutions were obtained with different 

percentages of acrylamide and bisacrylamide solutions, resulting in stiffnesses of 172, 23, 11 and 

7 kPa. As we wanted 5 mL of each solution, the volumes of the two chemicals were calculated first 

with the corresponding percentages from Table 3, following the formula from Equation 3.  

  

𝑉11 =  
𝑐21𝑉21

𝑐11
 

Equation 3. Acquisition of the volumes needed of each chemical 

In this equation, c21 was the concentration we wanted of the chemical, V21 were the 5 mL of volume 

that we wanted to obtain, and c11 was the concentration of the chemical in its original state (40% 

for acrylamide and 2% for bisacrylamide). Then, 0.5 mL of PBS (x10) were added, and the rest of 

the mL needed to achieve the 5 mL solution were completed with Mili-Q water.  

 

5.2.2. Silanization of the microwells/coverslips where the PA was to be placed 

For the correct observation of the PA moulds with confocal microscopy, they had to be placed into 

35 mm petri dishes with a 20 mm microwells in the centre. For the PA to adhere to the petri dish, 

the microwell surface had to be silanized. This silanization was done with a protocol that employed 

firstly (3-Aminopropyl) trimethoxysilane 97% (silane) and glutaric dialdehyde 25 wt. % in Mili-Q H2O 

(glutardialdehyde solution). Firstly, 400 μl of silane:Mili-Q at 1:1 proportion were added to the 

microwell and incubated for 5 minutes. Afterwards, the rest of the petri dish’s bottom surface was 

covered with Mili-Q, and it was incubated 30 minutes with shaking at 15 or 20 RPM at RT. It then 

was rinsed with Mili-Q, the bottom surface was covered again with glutardialdehyde solution:Mili-Q 

at 1:50 concentration, and incubated again for 30 minutes more. After this time, it was rinsed with 

Mili-Q and dried with nitrogen gas (N2). Finally, the petri dishes were stored in the desiccator until 

the next day, when the PA hydrogels could finally be fabricated.  

 

For the assessment of the stiffnesses of the PA hydrogels, they had to be fabricated on top of 

20x20 mm glass coverslips, because the 35 mm dishes did not allow the correct measurements 

with the AFM equipment. We obtained these coverslips by carefully detaching them from 35 mm 

glass bottom dishes with 20 mm micro-wells, which can be seen in Figure 30.  

 

 
Figure 30. 35 mm glass bottom dish with 20 mm coverslip with micro-well marked in red [75] 
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5.2.3. Fabrication of the PA moulds 

For the final fabrication of the hydrogels, 297 μl of the solution of PA were placed in an Eppendorf 

tube, and it was degassed for 10-20 minutes. While this was being done, the two thin PDMS layers 

with a round space in the middle were placed on top of the silanized glasses, to retain the PA 

mixture in that round region. Then, for the hydrogels to have fluorescence, a 1/1000 proportion of 

fluorescent beads were poured into the PA solution (0.3 μl), and they were homogeneously 

dispersed using the Eppendorf Vortex mixer for 2 to 5 seconds. Afterwards, 3 μl of 10 % ammonium 

persulfate (APS) dissolved in Mili-Q and 0.9 μl of N,N,N’,N’-tetramethylethylenediamine (TEMED) 

were added as initiators of polymerization. Quickly after this addition, 75 μl of the prepolymer 

mixture were poured into the round PDMS pools, and the PDMS2 thin mould was placed on top 

with the help of the small round glass at its bottom. The hydrogels were then left to polymerize at 

RT for 2 to 4 hours, covered all the time with a box, so that the fluorescent beads were not damaged 

by light. Finally, the top coverslips with the mould were peeled off carefully, the PDMS pool was 

removed, and the PA hydrogel was covered in PBS and kept in the fridge to swell.  

 

 
Figure 31. 35 mm petri dishes with PA hydrogels in micro-wells, covered with PBS. The small petri dishes are inside 

plates for easier transportation 

5.3. Swelling measurements 

Polymeric materials such as hydrogels have the capacity of absorbing water and holding significant 

portion of it within their structure without dissolving. One of the most crucial technical aspects of 

hydrogels is their swelling rate.  
 

To evaluate the behaviour of the hydrogel’s swelling throughout the first days of fabrication, the 

confocal microscope was used to measure the structures 2, 24, 48 and 72 hours after the 

fabrication process. These images were then analysed to extract the value of the base areas of the 

structures. Although we chose the same structures for all the hours to evaluate their swelling, the 

areas measured from one hydrogel to another did not correspond. Therefore, to be able to compare 

more easily the different behaviour of the hydrogels, the area values were normalized with the Z-
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score transformation method. This method measures how many standard deviations above or 

below the mean a data point is, using Equation 4 [76].  

 

𝑧 =  
𝑑𝑎𝑡𝑎 𝑝𝑜𝑖𝑛𝑡 − 𝑚𝑒𝑎𝑛

𝑠𝑡 𝑑𝑒𝑣
 

Equation 4. Formula used to calculate the z-scores 

Figure 32 shows the results obtained. As it can be observed, the softer hydrogels keep on swelling 

after 24 h of fabrication, while the PA4 and PA3 scaffolds stay essentially steady after an initial 

swelling. After the 48 h from fabrication, the other two hydrogels also achieve their maximum 

swelling. Therefore, we could conclude that the maximum swelling of the hydrogels was reached 

for all of them at day 3 (72 h) from fabrication.  

 
Figure 32. Normalized swelling measurements of hydrogels during the first 3 days after fabrication 

 

5.4. Comparison of cavities of different rigidities after maximum swelling 

Knowing that the maximum swelling was obtained after 3 days of fabrication, the measurements of 

the final cavities were done. All the images from the PA hydrogels after 72 hours of fabrication 

(obtained with confocal or epifluorescence microscopy) were analysed using the Fiji software. For 

all of them, an ‘Ellipse Fit’ was done at the top and at the bottom of the structure, to obtain their 

areas and their major and minor diameters. An example of this procedure can be seen in Figure 

33.  
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Figure 33. Top and base areas measurements with Fiji software, x20 magnification 

As for the depth, we first got the value of the step size of the Z-Stack from the information of the 

images (‘Image > Show Info...’). Then, as we knew which were the top and bottom slices (red 

arrows in Figure 33), we just had to subtract the numbers corresponding to these slices, and 

multiply the result by the step size.  

 

 
Figure 34. Cross-sections of PA4 big cavities, showing their top (left) and bottom (right) 
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In Figure 34, the cross-sections of two points of the same cavity are shown. As we can see, at the 

right side of each image, the YZ cross-section is represented, and at the bottoms, the XZ cross-

section. These cross sections show elongated U shapes, corresponding to the cavity structure. It 

can also be highlighted that in the left image, the top of the cavity is shown, so we do not see the 

yellow cross at any of the cross sections (it was placed at the upper limit of the Z-Stack). On the 

other hand, the right side image shows the bottom of the cavity, with the yellow crosses of the 

cross-sections at the base of the U shape. 

 

After obtaining all the mentioned parameters from all of the images, the average of each one of 

them was calculated. To examine the base area dimensions, the average of the major and minor 

diameters was also averaged. Then, the standard deviation of the different variables was 

calculated, so that we could finally create bar graphs. These kinds of graphs allow us to compare 

various sets of data among different groups easily, so it was the optimal choice for this comparison 

of cavities.  

 

5.4.1. Comparison of the base diameters 

  

 
Figure 35. Base diameter bar graphs for the 4 different sizes of cavities 

Figure 35 shows the behaviour of the different hydrogel’s base surfaces, with values of around 80 

to 100 μm for the smallest invaginations, of 175 to 200 μm for the medium-small ones, of 275 to 

300 μm for the medium-big ones, and of 360 to 390 μm for the biggest ones. All of these graphs 

follow a similar pattern, with the lowest base values for the softer hydrogel, and the highest values 

for the stiffer hydrogels. This means that it is easier for higher stiffness hydrogels to obtain the 
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exact shape of the base of each size, whereas softer scaffolds, as they are weaker, tend to modify 

their shape, leaving us with less base diameter. 

 

 5.4.2. Comparison of the top diameters 

  
 

  
Figure 36. Top diameter bar graphs for the 4 different sizes of cavities 

Regarding the top diameters, the smallest cavities have values within a 40 to 80 μm range, the 

medium-small ones within a 60 and 175 μm range, the medium-big ones within 160 and 270 μm 

range, and the biggest ones within 240 and 370 μm range. Therefore, we can see that the top 

diameter has lower size than the bottom one. This shows that the upper part of the cavities swell 

more than the bottom ones, which results in an approach of the borders at the top of the structure.  
 

All the graphs representing the top diameter for each stiffness (seen in Figure 36) also show a 

similar conduct between them: approximately, PA1 and PA3 hydrogels show similar values, while 

PA2 gives lower top diameters, contrary to PA4, which gives much higher values, closer to the 

base values. This observation indicates that soft hydrogels swell more than stiffer ones.  
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5.4.3. Comparison of the depths 

  

  
Figure 37. Depth bar graphs for the 4 different sizes of cavities 

As for the depths of the cavities, they all are within a range from 30 to 50 μm without any apparent 

pattern. Depending on the height of the posts that were used as a moulds, the cavities were deeper 

or shallower.  

 

5.5. Stiffness characterization (AFM) pre-functionalization 

AFM is a useful equipment for measuring force vs. distance curves, which provide information 

about the characteristics of the material’s surface, including its stiffness. As one of the main goals 

of the project was to obtain hydrogels of different stiffnesses with values similar to the ones found 

in vivo, this mechanical property had to be assessed using AFM. This assessment was done to a 

set of defective hydrogels (which did not have the cavities well formed, but could be used for this 

purpose instead) after reaching maximum swelling. The experiments were carried out using a 

NanoWizard® 4 Bioscience AFM (JPK Instruments) mounted on a Nikon Ti inverted microscope. 

A V-shaped cantilever of 0.08 N/m nominal spring constant and 4-sided pyramidal probe was used.  

 

Through the use of contact mode, the force vs. displacement curves were created, and the 

JPKSPM Data Processing software was used to analyse these graphs. At least 25 measurements 

were taken for every hydrogel, but after eliminating the meaningless ones (which had irregular 

trajectories that did not represent the force vs. distance curves correctly), between 10 to 15 

assessments were used to obtain the average Young’s Modulus of each scaffold. This value 
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represents the stiffness of the material, with higher values for stiff materials, and lower values for 

soft ones. By using the Hertz model to fit the curves, the Young’s modulus was found. This model 

uses Equation 5, where F represents the force applied by the tip of the cantilever, 𝛿 the indentation 

of the tip, E the Young’s modulus, R the tip’s apex radius, and 𝜈 the Poisson’s ratio, which is of 

about 0.5 for soft biological materials [77].  

 

𝐹 =  
4𝐸

3(1 − 𝜈2)
√𝑅𝛿

3
2 

Equation 5. Relationship between the applied force and the Young’s modulus 

The mean and standard deviation were calculated from the various values of E for each stiffness, 

and the resulting stiffnesses were the ones shown in Table 6, with its force-displacement curves 

exposed in Figure 38. 

 
Table 6. Measured (mean and standard deviation) and theoretical Young’s Moduli of the hydrogels 

Hydrogel Measured Young’s Modulus (kPa) Theoretical Young’s Modulus (kPa) 

PA4 167.11 ± 18.41 172 

PA3 23.01 ± 3.01 23 

PA2 11.026 ± 0.83 11 

PA1 6.89 ± 1.59 7 

 

  

  
Figure 38. Force-displacement curves for the 4 different hydrogels’ stiffnesses 



 Biomedical Engineering Victòria Sanllehí i Barceló 

 

57 

   
 

5.6. Functionalization and checking of the coating 

For the functionalization of the hydrogels, they had to be adhered to the protein of interest. The 

protein of interest used was Streptavidin conjugated with a Texas Red fluorophore, so that we could 

observe its addition to the hydrogel by confocal microscopy without having to do an immunostaining 

process. To adhere this protein to the PA surface, sulfo-SANPAH had to be used first. This reactive 

is stored in Eppendorf tubes with 40 μl of the chemical in each of them, in a –80 ºC freezer. After 

adding 960 μl of Mili-Q, it was left to defrost while the hydrogels were cleaned. For this cleaning, 

the conservation PBS that they were in had to be aspirated with the vacuum tube, and 5 mL of Mili-

Q had to be poured carefully on the hydrogels. Then this water was removed with the vacuum tube, 

and 50 μl of the sulfo-SANPAH solution were added on each of the hydrogels. For the activation of 

this reactive, it had to be illuminated with UV light for 5 minutes, until it changed from a pinkish to 

a brownish colour.  
 

When the surface was activated, the remaining sulfo-SANPAH was removed by adding 5 mL of 

PBS on each hydrogel, and removing it with the vacuum tube. At the same time, we prepared the 

Streptavidin solution. 50 μl of PBS were added to the protein solution (100 μg/mL), and 20 μl were 

poured on top of each of the activated surfaces. This was left for 1 hour at RT to incubate, covered 

by a box so that the light did not affect the fluorophore conjugated with the protein or the fluorescent 

beads of the hydrogel. Finally, 5 mL of PBS were poured on the functionalized hydrogels, and they 

were stored at 4 ºC in the fridge.  

 

To check the success of this functionalization, confocal or epifluorescence microscopies were used. 

If it had been done correctly, a layer of the protein had to be seen covering the base of the cavities, 

as it can be seen in Figure 39. Regarding Figure 40, the epifluorescent microscope allowed us to 

observe the covered bases (top row of images, with centre proteins focused) and the layer of 

proteins on the upper plane of the hydrogel (last row of images, with periphery proteins focused).   

 

 
Figure 39. Montage of the functionalized walls and base of one of the PA1 hydrogels obtained with confocal 

microscopy 
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Figure 40.. Montage of the functionalized base and plane of one of the PA4 hydrogels obtained with epifluorescence 

microscopy 

 

5.7. Stiffness characterization (AFM) post-functionalization 

For a final analysis, we wanted to see if the functionalization of the hydrogels resulted in a change 

of stiffness. Therefore, the AFM measurements were performed again following the same 

procedure as the one exposed in section 5.5, but with functionalized hydrogels. 

  

The mean and standard deviation were calculated again from the various values of E for each post-

functionalization stiffness, and the resulting stiffnesses were the ones shown in Table 7, with its 

force-displacement curves exposed in Figure 41.  
 

Table 7. Measured (mean and standard deviation) and theoretical Young’s Modulus of the hydrogels 

Hydrogel New measured Young’s Modulus (kPa) 
New theoretical Young’s Modulus 

(kPa) 

PA4 90.89 ± 12.01 91 

PA3 22.81 ± 1.60 22 

PA2 6.60 ± 0.74 6 

PA1 2.88 ± 0.40 3 
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Figure 41. Force-displacement curves for the 4 different hydrogels’ stiffnesses after functionalization 

Table 8. Percentage of difference between previous and post-functionalization hydrogels 

Hydrogel Previous theoretical E (kPa) New theoretical E (kPa) % of difference (%) 

PA4 172 91 Decrease of 47.2% 

PA3 23 22 Decrease of 0.85% 

PA2 11 6 Decrease of 40.2% 

PA1 7 3 Decrease of 58.2% 

 

As it can be seen in Table 8, the functionalization of the hydrogels brought with it a decrease in the 

Young Modulus’ value in all cases, meaning that the final chemically coated scaffolds had softer 

features. This is advantageous for this project, as one of the aims was to create soft scaffolds with 

stiffnesses of biological relevance, with values in the range of 2.5 to 160 kPa. As all the final 

stiffnesses are within this range and they all decreased, we can conclude that the functionalization 

of the scaffolds for the future cellular studies does not suppose a disadvantage for them to be used 

as in vivo models, but rather an advantage.  
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6. Execution Schedule 

The execution of any project requires high levels of organization and planification of the tasks that 

have to be done, their order, and the time required to carry each one of them out. Having a clear 

view on what is to be done, and when, is key in working productively and effectively.  
 

This section focuses on the techniques that have been implemented to organise this project, to 

achieve maximal productivity. The use of different planning tools to define all the activities that had 

to be done and the time schedule that needed to be accomplished helped us have a temporal view 

of the project’s itinerary.  
 

The three techniques used are a Work Breakdown Structure (WBS), with its corresponding Task 

Dictionary; a Project Evaluation and Review Technique with its Critical Path Method (PERT-CPM); 

and finally, a GANTT diagram. Each of these analyses were performed, and their meaning and 

utility were also exposed.  

 

6.1. Work Breakdown Structure (WBS) 

The Work Breakdown Structure (WBS) is based on the breaking of the scope of the study into 

different, smaller work packages. These correspond to more specific and easier to manage tasks. 

This hierarchical decomposition of the different tasks that must be carried out allows a clear division 

of the scope of the project, and offers a visual representation of the amount of work needed to 

complete each work package.  
 

Figure 42 shows the WBS of the current project. This study is divided into 5 main blocks, based on 

the management of the project, the fabrication and characterization of the hydrogels before 

chemically modifying them, their functionalization, and finally the characterization and validation of 

the final product.   
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Figure 42. Work breakdown Structure (WBS) of the current project 

Each one of these blocks has its subdivided tasks, which, at the same time, are divided into specific 

activities. These smaller, more specific tasks are showed in the following WBS dictionary, with 

details of what was done in each of them. Each activity has its own estimated duration time in 

weeks, as well as the deliverables that had to be obtained from them. It must be noted that this 

duration time is an estimation, as all the tasks depend on the advances of the experiments and 

results, as well as on the availability of the equipment needed to perform each one of them.  

 

1. Project preparation and documentation  
 

1.1  Practical training  Duration: 4 weeks  

Acquire the basic training to use the facilities and equipment at IBEC required for the project. As 
for the equipment, two sessions of training needed to be completed for each one that was to be 
used.  

Deliverable: User Registration Form for the MicroFab and Microscopy facilities.   

 

1.2  Bibliographic research  Duration: 2 weeks  

Studying the state of the art in which the project was developed, as well as analysing the market 

surrounding the project. Sections 2 and 3 included a general introduction to the tissues found in 

crypts, the search of different types of 3D models, the limitation posed by crypt formation, and the 

market surrounding the creation of 3D hydrogels.  

Deliverable: Sections 2 (Background) and 3 (Market analysis).  

 

1.3  Definition of objectives and scope  Duration: 1 week  
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Determine the aim of the project, what it intends to solve and how. Present the range of the topic 

that will be covered.  

Deliverable: Section 1 (Introduction).  

  

1.4  Planning  Duration: 1 week  

Organizing the whole project to have a clear idea of what we want to do and when. Planning the 

different experiments and procedures that will be done. Consider the problems that can appear 

during the process by adjusting the time of each step.  

Deliverable: Project layout.  

  

1.5  Writing of the project  Duration: 26 weeks  

Development of the written project that will be submitted. This process begins with the practical 

training in July 2023, after the completion of the practical training, and ends in January 2024, with 

the submission of the Final Degree Project.  

Deliverable: Entire written project.  

 

1.6  Oral presentation preparation  Duration: 1 week  

Preparation of the PowerPoint presentation and organization of the explanation to be done during 
the oral exposition of the final project.  

Deliverable: PowerPoint of the presentation.  

  
2. Development of the scaffolds  

 

2.1  Preparation of the PA solutions  Duration: 1 week  

Production of the different solutions of PA of different stiffnesses from acrylamide and bis-
acrylamide.  

Deliverable: 4 PA solutions in glass tubes.  

 

These following steps were repeated 9 times throughout the completion of this project, in order to 
have multiple scaffolds of each stiffness and various fabrication processes. Each time, from 2 to 8 
PA hydrogels were created. The durations written on tables 2.2.1, 2.2.2 and 2.3 correspond to the 
total time spent on each step for all the 9 fabrication processes.  
  

2.2.1  Fabrication of the PDMS1  Duration: 2 weeks  

From the SU-8 mould to the binding of the first PDMS moulds into a glass coverslip.  

Deliverable: Thick PDMS structure with the microstructures imprinted.  

  

2.2.2  Fabrication of the PDMS2  Duration: 2 weeks  

From the first PDMS mould, the fabrication of the thin secondary PDMS mould and its placement 
into a small round glass. Silanization of the glass bottom microwell dishes where the PA hydrogels 
will be placed.  

Deliverable: Thin PDMS secondary mould on round glass, and silanized microwell dishes.  

  

2.2.3  Comparison of PDMS1 - PDMS2  Duration: 1 week  
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Comparison of PDMS1 and PDMS2 to explore their dimensions and structures, to assess that they 
achieve what we were looking for, and to finally compare them with each other. This will be 
measured using the profilometer and the interferometer, and then analysed and compared with 
ImageJ software and Excel.  

Deliverable: Table of percentages of difference of depths, top diameters and base diameters for 
each size. 

  

2.3  Fabrication of the PA moulds  Duration: 1 week  

From the mixture of the chemicals to induce the polymerization of the hydrogels to the obtaining 

of the PA hydrogels.  

Deliverable: PA hydrogels on glass bottom microwell dishes.  

 
3. Evaluation of the scaffolds pre-functionalization  

 
The characterization of the structures before the chemical modification was done once for every 

fabrication process, so the durations written on tables 3.1, 3.2, 3.3 and 3.4 correspond to the total 

time spent on each step for all the 9 fabrication processes.  

 

3.1  Characterization at 2 h of fabrication  Duration: 2 weeks  

Assessment of the dimensions of the structures of the different PA hydrogels two hours after the 

fabrication process. These will be measured with the confocal microscope and then analysed with 

ImageJ software.  

Deliverable: Confocal images at 2 h of fabrication.  

  

3.2  Characterization at 24 h of fabrication  Duration: 2 weeks  

Assessment of the dimensions of the structures of the different PA hydrogels 24 hours after the 

fabrication process. These will be measured with the confocal microscope and then analysed with 

ImageJ software.  

Deliverable: Confocal images at 24 h of fabrication.  

  

3.3  Characterization at 48 h of fabrication  Duration: 2 weeks  

Assessment of the dimensions of the structures of the different PA hydrogels 48 hours after the 

fabrication process. These will be measured with the confocal microscope and then analysed with 

ImageJ software.  

Deliverable: Confocal images at 48 h of fabrication.  

  

3.4 Characterization at 72 h of fabrication  Duration: 2 weeks  

Assessment of the dimensions of the structures of the different PA hydrogels 72 hours after the 

fabrication process. These will be measured with the confocal microscope and then analysed with 

ImageJ software.  

Deliverable: Confocal images at 72 h of fabrication.  

  

3.5 Comparison of PA1 - PA2 - PA3 - PA4  Duration: 2 weeks  
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Compare the areas of the different PA scaffolds at 2, 24, 48 and 72 hours. Evaluate the 

development of the cavities of each hydrogel with time and compare the development with each 

scaffold’s stiffness (swelling evaluation). This will be done by analysing the data obtained from 3.1, 

3.2, 3.3 and 3.4. Comparisons of the dimensions after maximum swelling (72 h) will also be done. 

The tables and graphs will be created using Excel and Pyhton.  

Deliverable: Graph of evolution of the swelling of each PA hydrogel with time. Bar graphs of 

comparison of the depths of each size of each PA (at 72 h), bar graphs of comparison of the 

diameter of the cavities at the top part of each PA (at 72 h), and bar graphs of comparison of the 

diameter of the cavities at the base part of each PA (at 72 h). Summary and small discussion of 

each of the graphs. 

  

3.6  Stiffness characterization pre  Duration: 1 week  

Measurement of the stiffnesses of the PA hydrogels with AFM before their functionalization. The 

AFM measurement will be evaluated, and the Young’s modulus will be extracted using JPK Data 

ProcessingTM software. Excel will be used to obtain the mean stiffnesses, and Python to create the 

graphs.  

Deliverable: Table of the resulting PA stiffnesses pre-functionalization (measured Young’s 

Modulus) and theoretical value of each hydrogel. Vertical Tip Position (μm) vs. Vertical Deflection 

(nN) graphs of each stiffness, pre-functionalization.  

 

4. Functionalization of the scaffolds  
 
This functionalization was done twice for two different fabrication processes, so the time shown in 
table 4.1 corresponds to the total time spent on both functionalization processes.  
 

4.1  Coating of the microstructures  Duration: 1 week  

Coating the walls of the microstructures with a fluorescent protein to chemically activate them.  

Deliverable: Coating protocol.  

  
5. Evaluation of the scaffolds post-functionalization  

 
We checked both functionalization processes, and this time of checking corresponds to the two 
functionalization tasks.  
 

5.1  Checking functionalization  Duration: 1 week  

Confirming and verifying that the coating has been successful, by confocal microscopy.  

Deliverable: Confocal images verifying the coating.  

  

5.2  Stiffness characterization post  Duration: 1 week  

Measurement of the stiffnesses of the PA hydrogels with AFM after their functionalization. The 

AFM measurement will be evaluated, and the Young’s modulus will be extracted using JPK Data 

ProcessingTM software. Excel will be used to obtain the mean stiffnesses, and Python to create the 

graphs.  
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Deliverable: Table of the resulting PA stiffnesses post-functionalization (measured Young’s 

Modulus) and theoretical value of each hydrogel. Vertical Tip Position (μm) vs. Vertical Deflection 

(nN) graphs of each stiffness, post-functionalization.  

  

5.3  Results analysis  Duration: 2 weeks  

Comparison of the stiffnesses before and after functionalization, overall analysis of the obtained 

results and conclusion.  

Deliverable: Table of comparison of hydrogels pre and post functionalization. Report of the results 

(Section 5) and conclusions (Section 10).  

 

6.2. PERT-CPM Diagram 

In order to coordinate the different tasks that have to be done, and reach the deadline of the project, 

a PERT-CPM diagram has been made. This diagram allows us to visualize the tasks that must be 

done.  

 

To estimate a time as close as possible to the reality, we used a probabilistic model that is defined 

by Equation 6, which considers the duration of each activity to follow a beta distribution.  

 

𝑇𝑃𝐸𝑅𝑇 =  
𝑇𝑂 + 4𝑇𝑚 + 𝑇𝑝

6
 

Equation 6. PERT-Beta distribution [78] 

TPERT is the time that will be considered, To the most optimistic time, Tp the most pessimistic, and 

Tm the normal time we expect the activity to last (the one introduced in the WBS dictionary). Table 

9 shows the chronological dependence of each task, and the calculated duration of each one of 

them.  

 
Table 9. Ordered tasks required to perform the project, with precedencies and timings 

ID WBS  ID PERT  
ID Previous 

task  
To  Tm  Tp  TPERT  

1.1  A  -  4  4  5  4  

1.2  B  -  1  2  3  2  

1.3  C  A, B  1  1  1  1  

1.4  D  C  1  1  1  1  

1.5  E  A  21  26  27  25  

1.6  F  E, J, P, U  1  1  1  1  

2.1  G  D  1  1  2  1  

2.2.1  H  D  1  2  3  2  

2.2.2  I  H  1  2  4  2  

2.2.3  J  I  1  1  1  1  

2.3  K  G, I  1  1  1  1  

3.1  L  K  1  2  3  2  

3.2  M  L  1  2  3  2  
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3.3  N  M  1  2  3  2  

3.4  O  N  1  2  3  2  

3.5  P  O  1  2  3  2  

3.6  Q  N  1  1  2  1  

4.1  R  Q  1  1  2  1  

5.1  S  R  1  1  2  1  

5.2  T  S  1  1  2  1  

5.3  U  T  1  2  3  2  

 

From these precedencies, the chronological order of the tasks is set, so that we know which task 

cannot begin if its precedent has not finished, and which can be done simultaneously. The PERT 

diagram was generated from Table 9, and the critical path was highlighted in red. To find this critical 

path, the early and last time were computed. The early time is the minimum time necessary to 

perform a task, whereas the last time is the latest time in which a task can be done. This highlighted 

critical path in Figure 43 is the path composed of all the activities that, in case of there being a 

delay, would modify the final timing of the project. Therefore, it is the longest possible path that 

affects the total timing of the project. Regarding this study, its critical path is composed by tasks A, 

E and F. This makes sense, as the project cannot be finished until the writing part is over (E), and 

this is the process that takes the longest.  
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Figure 43. PERT Diagram 
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6.3. GANTT Diagram 

Finally, to visualize the temporal evolution of the project’s course, the tasks have been displayed 

against time in a GANTT diagram, shown in Figure 44. This method facilitates the temporal 

programming of activities and their monitoring, as well as having a clear view on when each activity 

begins and ends, how long each task is scheduled to last, which activities overlap with other ones, 

and to set a start and finish date for the project. The colour red is highlighting the critical path 

discussed in the previous section. 

 

 
Figure 44. GANTT Diagram 
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7. Technical viability: SWOT analysis 

In this section, an analysis of the strengths, weaknesses, opportunities and threats (SWOT) of the 

proposed solution is presented. Table 10 summarizes this analysis, to evaluate its technical 

feasibility.  

 
Table 10. SWOT analysis of the project 

  Internal  External  

Positive 

Strengths 
   

· High motivation of the author.  

  

· Guidance and support of the 

‘Biomimetics’ group, especially of the 

author’s mentor.  

  

· Clear definition of the project and its 

global objectives.  

  

· Resources for measurements and 

characterization.  

  

· Easy manufacturing of the cavities.  

  

· Considerable number of samples for a 

throughput analysis of the model.  

  

· Repeatability of the fabrication process.  

  

· Similarity to the in vivo wells, with 

physiological stiffness.  

  

· Biocompatible hydrogel.  
   

Opportunities 
   

· Scientific advance.  

  

· Potential clinical applications.  

  

· Increasing research and market on the 

topic.  

  

· Affordable to produce in laboratories.  

  

· Alternative to animal testing.  

  

Negative 

Weaknesses 
   

· Limited time.  

  

· Lack of experience of the author in the 

field.  

  

· Errors easily made during the fabrication 

process.  
   

Threats 
   

· Competence.  

  

· Unpredictable results.  
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An internal analysis of the proposed solution, with its strengths and weaknesses, is portrayed in 

the first column of Table 10.  
 

Firstly, this final degree project has several strengths that contribute to its success. The author’s 

high motivation towards the project, combined with the guidance and support from the ‘Biomimetics’ 

team, especially from the author’s mentor, play a crucial role in the development of this project. 

Moreover, the early and clear definition of the goals made the completion of the project to go 

smoothly. As the project was conducted at the ‘Biomimetics’ group’s laboratory at IBEC, all the 

necessary resources and equipment were provided to the author. Furthermore, the easy 

manufacturing of the microcavities allowed a high throughput analysis, as we had a considerable 

number of samples, and made it repeatable. In addition, the ability of the hydrogels to tune their 

stiffness allowed them to have similar properties to the in vivo tissues, and its biocompatibility grants 

the possibility to do cellular studies on them.  

 

Nonetheless, the project presented several weaknesses that ought to be noted. The most 

significant one is the limited timeframe, which has resulted in not being able to perform cellular 

studies on top of the scaffolds. Additionally, the author lacked experience in the field of 

microfabrication, so the process of adaptation was complicated to a certain extent. This lack of 

experience also caused the author to make some mistakes during manufacturing, which affected 

the validity of some samples (having hills instead of cavities because of air bubbles when 

fabricating, failed bonding between the PA and the silanized glass...).  
 

On the other hand, the second column of Table 10 exposes the external opportunities and threats 

of the project.  
 

In terms of opportunities, the cellular study of the scaffolds produced in this project could contribute 

to creating more knowledge in the fields of cellular biology and regenerative medicine and, 

consequently, it could potentially have clinical applications. This exponentially increases the 

interest in the development of the hydrogels for industrial purposes and incentivized the interest in 

research. The manufacturing of the hydrogels is economically viable to be performed in any 

laboratory, and much more ethically responsible, as it does not require animal testing.  
 

Finally, the main risks and threats posed by the project include the existence of other researchers 

already working on similar studies, which could influence the originality and relevance of the project. 

Moreover, as the following cellular study is complex, there is a possibility for the results not being 

consistent or not meeting the established expectations. 
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8. Economic viability 

This project’s completion entails a financial outlay. In this section, an analysis of the project’s 

economic features has been done in order to get a sense of this cost and its sources.   

 

As this project was carried out at the Biomimetics systems for cell engineering group’s laboratory 

at IBEC, the equipment, facilities and funds needed for its development were provided by this group 

and IBEC’s Core Facilities unit. Therefore, the cost of using the supplies and equipment is lower, 

as they were not purchased especially for this project. The hours of use of every equipment were 

calculated, and the price of the usage of both the equipment and its software has also been taken 

into account. Nevertheless, the majority of the lab materials utilised, such as glass pipettes and 

pipette tips, are single-use items that must be disposed of after use. For this reason, the quantity 

of used units of each of these materials (as well as the reagents) have been taken into account, 

and their cost has been considered when evaluating the project’s cost. In contrast, non-fungible 

materials that are already provided by IBEC Core Facilities and the Biomimetic Systems for Cell 

Engineering group (such as microscopes) have not been factored into the project’s final budget.  
 

Multiplying the cost of each unit, by the number of units needed for each item, the total approximate 

price has been computed. Additionally, in terms of human resources, it has been considered that 

this project is majorly conducted by a biomedical engineering student with a supposed salary of 13 

€/h, and supervised by an experienced researcher with a supposed salary of 30 €/h. The amount 

of time dedicated to the development of the project, considering the time spent at the laboratory 

and the time dedicated to the research of literature and the writing of the project, sums a total of 

360 hours. Moreover, the time spent by the author’s mentor for the tutoring of the project has been 

estimated to be of 50 hours throughout its completion. With these salaries and knowing the number 

of hours worked, the total cost of human resources has also been calculated.  

 
Table 11. Direct costs of the project 

* Provided by Biomimetic Systems for Cell Engineering group or by student license 

Concept: Materials  Provider Units Unit price (€/unit) Total price (€) 

50-1000 μl pipette tips  LabClinics 500 0.08 38.41 

2-200 μl pipette tips  VWR International 480 0.09 42.64 

0.1-10 μl pipette tips  Sigma-AldrichTM 400 0.10 42.08 

10 ml serological pipettes  Sigma-AldrichTM 30 1.03 30.90 

25 ml serological pipettes  Sigma-AldrichTM 100 0.82 82.00 

22 mm x 22 mm cover 

glasses   
Sigma-AldrichTM 40 0.14 5.60 

Circular 14 mm diameter 

cover glass  
Marienfeld 40 0.60 23.94 

Eppendorf Microtubes 1.5 

mL 
Sudelab 55 0.014 0.77 

Petri Dishes 40 mm TPP  Proquinorte 20 0.20 4.00 

Petri Dishes 90 mm  BD Biolab 10 0.084 0.84 
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Millex Syringe Filter  Millex® 80 0.004 0.33 

Nitril Gloves  Santex 250 0.035 8.75 

Foot covers  IberoMed 180 0.04 7.22 

35 mm petri dish, 20 mm 

Microwell  
MatTek 50 2.28 113.94 

35 mm petri dish, 14 mm 

Microwell  
MatTek 8 1.73 13.85 

Pasteur pipettes  Fisher Scientific 25 0.071 1.78 

10 mL Syringes  Sudelab 50 0.13 6.68 

TOTAL MATERIALS COST  423.73 

Concept: Reagents  Provider Units Unit price (€/unit) Total price (€) 

Acrylamide (40%)  Bio-Rad 5 mL 0.28 1.39 

N,N-Methylene 

bisacrylamide (2%)  
Bio-Rad 3 mL 0.24 0.73 

Ammonium persulfate 

analytical grade (APS)  
Serva 10 g 1.20 12.02 

N,N,N’,N’-

Tetramethylethylenediamine 

(TEMED)  

Sigma 50 mL 1.33 66.70 

Phosphate Buffered Saline 

(PBS)  
Sigma 1 L 50.00 50.00 

SYLGARD® 184 Silicone 

Elastomer Kit  
Dow Corning 1 173.00 173.00 

(3-Aminopropyl) 

trimethoxysilane 97 %  
Sigma 60 mL 0.83 49.92 

Trichloro(1H,1H,2H,2H-

perfluorooctyl) silane  
Sigma 10 mL 11.00 110.00 

Glutaraldehyde 25 wt. % in 

H2O  
Sigma 25 mL 1.49 37.25 

Sulfo-SANPAH  Life Technologies 5 mg 7.50 37.50 

Streptavidin, Texas Red® 

conjugate  
Life Technologies 160 μL 0.40 63.84 

TOTAL REAGENTS COST  602.35  

Concept: Equipment 

usage 
Provider Units Unit price (€/unit) Total price (€) 

Oven P Selecta 40 h 4.33 173.2 

Plasma Cleaner Harrick 7 h 7.57 52.99 

Optical Microscope Nikon 24 h 6.24 149.76 

Interferometric Microscope Vecco 5 h 25.66 128.3 

Profilometer Bruker 5 h 25.97 129.85 

Spin-Coater MTI Corporation 12 h 20.98 251.76 

Confocal Microscope ZEISS 27 h 27.30 737.1 
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TOTAL EQUIPMENT COST 1622.96 

Concept: Software  Units Unit price (€/unit) Total price (€) 

Fiji-Image J  1 0 0 

JKPKSM Data Processing  1 0* 0 

Microsoft Office 365  1 0* 0 

TOTAL SOFTWARE COST  0 

Concept: Human 

resources 
Hours Price/hour (€/h) Total price (€) 

Biomedical engineering 

student  
360 13.00 4680.00 

Supervisor  50 30.00 1500.00 

TOTAL HUMAN RESOURCES COST  6180.00  

 

The project’s indirect costs – which refer to the use of the Biomimetic Systems for Cell Engineering 

group’s and IBEC’s equipment and facilities, like the computers and the electricity – have also been 

considered. These indirect values have been calculated as 5 percent of the overall expenses of the 

direct costs. Thus, the project’s overall cost is determined by summing the direct and indirect costs:  

 
Table 12. Approximation of the total cost of the project 

Type of cost Concept Cost (€) 

Direct costs 

Material resources 423.73 

Laboratory Reagents 602.35 

Equipment use 1622.96 

Software 0 

Human resources 6180 

Indirect costs Structural costs (5%) 441.452 

TOTAL COST OF THE PROJECT 9270.492 

 

As it can be seen in Table 12, the overall cost of the project is approximately of 9270.492 € in total. 
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9. Regulations and Legal aspects 

As the project has been wholly developed and executed in Barcelona, the laws and regulations that 

are in effect are those enforced by the Catalan and Spanish government and, consequently, by the 

European Union (EU) directives.   
 

Firstly, as the project involves research, it must comply with the ethics in research legislations, 

which requires that the practice of science is carried out with ethical principles that ensure the 

advancement of knowledge, the understanding and improvement of human condition and the 

progress of society. It is focused on the consideration of the ethical aspects of the research, in its 

nature and purposes, such as the respect of the dignity of the human being, the autonomy of their 

will, the protection of their data (with privacy and confidentiality), and preservation of the 

environment [79].   

 

For the health protection of the employees working at IBEC, Law 31/1995, known as the 

Occupational Risk Prevention Law, establishes regulations to guarantee the safety of workers in 

their work environments. Its monitoring is crucial to prevent workplace accidents, protect the health 

of employees and promote safe and healthy working conditions in all activities. This law also seeks 

collaboration between employers and workers to identify and reduce occupational risks [80]. More 

specifically, the Royal Decree 664/1997 establishes measures to protect workers against risks 

related to biological agents in the work environment. It regulates risk assessment, the adoption of 

preventive measures and the information and training of workers in relation to biosafety [80]. Some 

Prevention Technical Notes (NTP), such as NTP 479 for minimizing the risks associated with the 

reactivity of chemical products, NTP 399 for the actuation of the researchers in case of leakages 

and spills and NTP 359 for the management of hazardous waste in research laboratories in small 

quantities have also been followed to ensure the security in the laboratory [81]. Moreover, the ISO 

(International Organization for Standardization) 45001 rule establishes the requirements to 

implement an occupational health and safety management system. Its primary focus is to provide 

a framework for organizations to effectively manage occupational risks and continually improve 

their occupational health and safety performance [82].  

 

Regarding the protection of personal data, the Organic Law 3/2018 on the Protection of Personal 

Data and Guarantee of Digital Rights, and the Regulation (EU) 2016/679 of the European 

Parliament and of the Council are abided by IBEC. This first law regulates the processing of 

personal data and protects the digital rights of citizens. It incorporates specific provisions on privacy 

and confidentiality, establishing principles such as transparency, limitation of purpose and security 

in the handling of personal information [80]. This law harmonizes the Spanish legislation with the 

General Data Protection Regulation of the European Union 2016/679, which is the European 

regulation that governs the protection of personal data. It establishes key principles for data 

processing, and it grants individuals expanded rights over their data, such as the right to access, 

rectification, deletion, and portability [80].  

 

As for the preservation and protection of the environment, the present project has followed the 

environmental legislations and the appropriate management of residues. For instance, Law 



 Biomedical Engineering Victòria Sanllehí i Barceló 

 

75 

   
 

22/2011 of residues and contaminated floors establishes regulations for the correct management 

of waste, promoting reduction, reuse and recycling. It also imposes measures to prevent or correct 

soil contamination and protect human health and the environment [80].  

 

If our product were to be introduced to the market, a Good Laboratory Practices (GLP) accreditation 

would be needed. These are a set of international guidelines that establish the principles and 

procedures for conducting non-clinical laboratory studies in the field of research and development 

of chemical and pharmaceutical products. Their main objective is to guarantee the generation of 

reliable, consistent and high-quality laboratory data. These practices seek to ensure that laboratory 

studies are carried out with reproducibility, reliability and high quality, to support the safety and 

effectiveness of chemical and pharmaceutical products before their introduction into the market 

[83].  
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10. Conclusions 

The elaboration of this project has allowed the development of micrometre-sized cavities in 

hydrogels of tuneable and controllable stiffness. This model was designed to overcome the 

shortcomings of the existing 2D cell models by changing the traditional flat culture dishes for 3D 

conformations. More specifically, as recent research has already begun addressing this lack of 

complexity in vitro, it aimed to reduce the limitations found on these new in vitro cultures. Because 

of supraphysiological stiffnesses of the materials used on these innovative studies, the matching 

of the rigidity to that of the native tissues cannot be achieved. By using PA hydrogels for the 

fabrication of this conformations, the final stiffness of our new model has a Young’s modulus that 

is comparable to in vivo tissues.   
 

The previous research of the literature surrounding the area of study has given a purpose to this 

project by shedding light into the necessity of developing models with physiological rigidities, as 

well as into the difficulty of micro-fabricating cavities in soft materials. After reviewing the state of 

the art on physiological rigidity models with cavities, it has become clear that more research is 

needed in this area, in order to create in vitro models with similar characteristics as the ones found 

in tissues, for their application in clinical studies, avoiding animal testing and obtaining more reliable 

results to improve the safety of the people participating in the clinical trials.  

 

Regarding the development of the model, replica-moulding has showed as a technique that allowed 

the production of cavities with sizes of physiological interest into PA hydrogels of low rigidity. 

Moreover, the protocol has shown to be simple, highly reproducible and reliable. With the obtaining 

of the first PDMS replicas from the SU-8 master and the posterior fabrication of the secondary thin 

PMDS layers, the PA cavities could be created, by using this last PDMS sheet as a mould for PA 

polymerization. Moreover, the PA hydrogels’ rigidity and their ability to swell have been 

characterized. By adjusting the concentrations of acrylamide and bis-acrylamide in the PA 

solutions, we were able to create PA hydrogels with stiffnesses ranging from 6 to 172 kPa. 

Additionally, it has been demonstrated that softer hydrogels have a higher swelling capacity during 

the first three days after fabrication than those which are more rigid.  

 

Furthermore, a treatment with Sulfo-SANPAH and Streptavidin has been done on the surfaces of 

the hydrogels to study the success of the attachment of this protein to the hydrogels. The chemically 

activated hydrogels’ stiffnesses were then assessed with AFM, to guarantee that this treatment 

maintained the mechanical properties of the materials, which was one of the goals of this project. 

It has been seen that this chemical coating even improves these mechanical properties, lowering 

their stiffness, allowing the models to be used for studies of the softest tissues of the body, with 

Young’s Modulus as low as 3 kPa.  
 

After the characterization of the hydrogels with confocal and epifluorescence microscopy, more 

specifically with the use of Z-stack imaging, it has been proven that the final cavities of the model 

have dimensions similar to the ones of the initial PDMS1 moulds obtained from the SU-8 master, 

which were chosen to be relevant for the study of cell conformity and their growth on these 

invaginations.  
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To sum up, we have succeeded in creating micrometre-sized cavities with adjustable stiffnesses. 

The small posts found on the SU-8 master have been successfully transferred to the final PA 

moulds, creating cavities of dimensions relevant for the study of the behaviour of cell growth on 

them. These cavities have also been fabricated into hydrogels with rigidities similar to the ones that 

tissues present in vivo, further emphasizing the relevance of the study of the cell growth on them. 

Moreover, we have proven that the implementation of the protein functionalization of the hydrogels 

did not make them more rigid, but instead resulted in softer hydrogels, allowing us to mimic the 

behaviour of tissues with even lower Young’s moduli.  

  

10.1. Future work  

For a final evaluation of the hydrogel cavities fabricated in this project, epithelial cells such as Caco-

2 and/or Madin-Darby canine kidney (MDCK) could be seeded on top of them to assess their 

growth, morphology and conformity. These cells, after seeding, present a phenotype which, 

morphologically and functionally, resembles that of the ones found in vivo in, for instance, intestinal 

crypts or kidney invaginations.   

 

Their ability to adhere, spread and form a monolayer on the hydrogels with cavities could be 

studied. Moreover, the conformity of the epithelial monolayers with the underlying hydrogel’s shape 

could be assessed, to evaluate if the monolayer is formed following the shape of the cavities, as it 

happens in in vivo tissues with these structures. To do so, cells should be seeded on top of the 

hydrogels and incubated for a period of time, allowing them to grow and adhere to the scaffold, 

changing their corresponding culture medium once a week, to supply them with new nutrients, 

necessary for the cells to survive and proliferate. Then, after some time of incubation, these cells 

could be fixed and immuno-stained in order to study the mentioned aspects with 

immunofluorescence and confocal microscopy.  
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Annexes 

Annex 1. Plasma cleaner protocol used 

1. The vacuum was turned on until a pressure of between 0.2 and 0.3 torr was reached.   
 

2. The valve on the chamber was then turned to the left, to remove the air that stayed in the Oxygen 

cable, until the 0.2-0.3 torr value was achieved again.  
 

3. Next, the oxygen valve was opened, and we waited for a minute, for the pressure to stabilize to 

a value of about 0.8 torr.  
 

4. Afterwards, the Plasma was turned on, with the RF level at high. To see if the reaction was taking 

place, the lights were turned off and, after a few seconds, a slight light appeared from the chamber 

window, indicating the beginning of the cleanse. A minute later, the device was turned off, as well 

as the oxygen valve and the vacuum.   

 

5. Finally, the samples could be taken out of the chamber. 

 

Annex 2. Profilometer measurement parameters 

- Scan type: the Standard scan was the only type used.  

- Range: approximate distance range that we thought that the sample was going to have.  

- Profile: if the samples had posts, cavities, or both.   

- Stylus type: the 12.5 μm radius stylus was the only type used.  

- Stylus force: force with which the stylus scanned the sample. If this force is high, the results 

of the measurements are more defined, but if it is too high, it could modify the shape of the 

sample. As we always worked with PDMS samples, this stylus force had to be low, so we 

chose to work with 1 mg.  

- Length: the length of the sample that needed to be measured. When measuring the 

smallest posts or cavities, this length did not have to be very large, but when measuring 

the biggest ones, we had to increase it in order to cover the whole structure. This parameter 

was being changed depending on what we wanted to measure.  

- Duration and resolution: these two parameters go hand in hand, because if the duration of 

the measurement is longer, then the resolution will be better, and if it is shorter, it will have 

less resolution. We tried to get a resolution of around 0.1 μm/pt for all the measurements. 
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