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Preface 
 

The roots of biological investigation can be traced back to Hippocrates (460 BC – 370 

BC) and Aristotle (384 BC – 322 BC). Even in ancient times, people have tried to 

explain the functioning of the human body and the rules by which we were designed.   

Scientific investigation in biology peaked with the invention of the Petri dish and the 

culturing of cells. The ability to isolate cells and observe their behavior to a variety of 

stimuli was a giant step that has brought us closer to understanding the rules that govern 

our bodies.  

The human body is built in a three dimensional architecture. Cells are joined with other 

cells in a 3D mesh. This mesh, the extracellular matrix (ECM), nurtures the cells, it 

provides communication between them, mechanical strength, it is the very scaffold 

where cells build organs and the human body itself. Accordingly, the use of a 3D 

architecture has been sough for cell culturing, a place where cells are no longer deprived 

of their beloved environment. A new step has been taken towards mimicking in vivo 

conditions. Moreover, the scaffold consists not only of a 3D space, but also of the 

natural mesh components that cells find inside the body. These 3D scaffolds based on 

natural ECM components have been used in a variety of studies over the years and have 

grown to be very successful. However, there are still characteristics of three 

dimensional cell cultures that are poorly understood and are currently limiting their 

applicability. Among them, it is worth noting the little understanding of the molecular 

transport within ECM scaffolds, and to what extent this transport approaches that of 

tissues. These unknowns include diffusion timescales, viscosity, tortuosity and 3D cell 

culture design rules in general. As an attempt to bridge this gap, the aim of my thesis 

was to study the characteristics of the most common three dimensional extracellular 

matrix cell cultures in terms of diffusion. This has been achieved by two different ways. 

First, the effective diffusion coefficients of soluble factors within the scaffolds were 

assessed using micro- and macroscopic techniques. Second, the oxygen partial pressure 
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has been measured and the subsequent diffusivity, cell oxygen consumption rates and 

proliferation were assessed. 

The work presented here is the product of 3 and a half years of research at the 

Biophysics and Bioengineering Unit of the department of Physiological Sciences I at 

the School of Medicine of the University of Barcelona. The thesis is divided into 6 

Chapters.  In Chapter 1, the Introduction, I summarize the state-of-the-art of cell 

cultures and the extracellular matrix. Also, I review the importance of diffusion within 

three-dimensional cell cultures based on native ECM components, the shortcomings of 

3D cultures in terms of diffusion and finally the current quantification techniques. The 

aims of the different studies are presented in Chapter 2. Chapter 3 is dedicated to the 

methodological techniques that were applied during this work.  Chapter 4 represents the 

main core of the thesis and it contains all the results. Two lines of research work are 

described, one that considers diffusion of small fluorescent tracer molecules and another 

that consists of measuring oxygen pressure within the 3D cultures. In Chapter 5 I 

discuss on the main findings, the implications and the insights for designing relevant 3D 

cultures in terms of diffusion. Finally, in Chapter 6 I present the conclusion of the 

thesis. I also provide additional information through the Appendices A-C. In Appendix 

A I describe the preparation protocols of the gels, while in Appendix B I expose the 

most significant source codes that I used. It should be noted that most of the work 

presented here has been published or is in advanced revision state.  
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Abstract 
 

The extracellular matrix (ECM) hinders diffusion in both tissues and hydrogels used in 

3D cultures. However, how geometric and non-geometric ECM properties contribute to 

diffusion hindrance remains poorly understood. To address this question, the effective 

diffusivity D of FITC-dextrans with molecular weight (Mr, 4-70 kDa) spanning the 

physiological range of signaling factors was measured in a panel of acellular ECM gels 

with an optical macroscopic assay. Gels included reconstituted basement 

membrane/Matrigel, fibrin and type I collagen, and exhibited an average pore size much 

larger than any dextran size. Unexpectedly, a decay of D with Mr following a power-law 

with an exponent that matched that predicted by the Stokes-Einstein law in all gels (D ~ 

Mr
-1/3, r2=0.99) was observed, revealing that hindered diffusion is dominated by non-

geometric viscous factors. This law predicted that Matrigel and fibrin exhibited similar 

viscosities, which was confirmed with microrheology measurements by atomic force 

microscopy. Moreover, gels with the lowest D exhibited diffusion hindrance 

comparable to the extreme physiologic hindrance of brain tissue, which has a typical 

pore size much smaller than ECM gels. In contrast, diffusion hindrance in sparse (� 1 

mg/ml) gels was very weak and below any reported tissue diffusivity data. These  

observations reveal a major role for the enhanced viscosity of the extracellular space in 

regulating the passive transport in both 3D culture and tissues, and indicate that dense 

ECM gels (� 3mg/ml) are suitable tissue surrogates in terms of macromolecular 

diffusion.  

Another major limitation of 3D cultures in terms of transport arises from the fact that it 

remains unknown to what extent current 3D culture protocols provide physiologic 

oxygen tension conditions. To address this limitation, oxygen tension was measured 

within the acellular or cellularized ECM gels with A549 cells, and analyzed in terms of 

oxygen diffusion and consumption. Oxygen diffusivity in acellular gels was up to 40% 

smaller than that of water, and the lower values were observed in the denser gels. In 3D 

cultures, physiologic oxygen tension was achieved after 2 days in dense (� 3 mg/ml) but 

not sparse gels, revealing that the latter gels are not suitable tissue surrogates in terms of 

oxygen distribution. In dense gels, a dominant effect of ECM composition over density 

in oxygen consumption as observed. All diffusion and consumption data were used in a 
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simple model to estimate ranges for gel thickness, seeding density and time-window 

that may support physiologic oxygen tension. Thus, critical variables for oxygen tension 

in ECM gels were identified, and a model to assess initial values of these variables was 

introduced, which may short-cut the optimization step of 3D culture studies. 

In summary, this thesis work examines in detail the passive transport of both 

macromolecules and oxygen within ECM gels used in 3D cultures, and analyses to what 

extent these ECM gels can be used as a tissue surrogate in terms of transport. In 

addition, quantitative guidelines for the design of experiments with 3D cultures are 

provided aiming to render more physiologic molecular transport. 
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Chapter 1     Introduction 
 

 

 
1.1 The impact of cell culture in life sciences 

 

Cell culture could be defined as the process by which cells are grown under controlled 

conditions, outside of their natural environment. Cell culture is an integral part of cell 

biology and it represents the primary way in which cell biology reaches into related 

disciplines, since the maintenance and propagation of cells has become an important 

tool in biochemistry, biophysics, genetics, immunology, physiology, molecular biology, 

and neuroscience.  

Cell cultures aim to maintain or expand a population of cells, and the single most 

important consideration is cell viability. Cell number quantification and viability testing 

are important steps in standardizing culture and experimental conditions. As cells 

replicate in culture, passaging allows their number to be expanded to meet experimental 

needs. The choice of the medium greatly influences the success of the cell culture. A 

medium needs to provide the nutritional requirements of the cells as well as any 

required growth factors, and maintain pH and osmolarity compatible with survival.  

The types of cells that can be studied experimentally has been significantly influenced 

by the development of a wide variety of cell culture media, since cell lines that 

proliferate in a particular environment are always selected at the expense of those that 

do not [1]. 

 

1.2 The extracellular matrix and three-dimensional cell 
cultures  

 

Following its invention, the Petri dish has significantly influenced the way cells are 

cultured and manipulated. Traditionally, cells have been cultured in a Petri dish, a two-

dimensional plastic or glass substrate, for over a century. However, cells in a living 
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organism have a three-dimensional environment. Thus, all tissue cells are attached to a 

3D extracellular matrix.  

The extracellular matrix (ECM) is the noncellular component that can be found within 

all tissues and organs. The ECM is composed of glycoproteins and 

glycosaminoglycans(GAG’s) [2]. However, each tissue has an ECM with a unique 

composition and topology. This diversity is generated during tissue development 

through a dynamic, biochemical and biophysical interaction between the various 

cellular components and the evolving cellular and protein microenvironment. Therefore, 

besides being tissue specific, the composition of the ECM is also markedly 

heterogeneous. 

The ECM is highly dynamic and is constantly being remodeled and its molecular 

components are subjected to many modifications. It generates the biochemical and 

mechanical properties of each organ, such as its tensile and compressive strength and 

elasticity, and provides protection by maintaining extracellular homeostasis and water 

retention. In addition, the ECM directs essential morphological organization and 

physiological functions by binding growth factors (GFs) and interacting with cell-

surface receptors to elicit signal transduction and regulate gene transcription. [3] 

 

 

Fig. 1.1 Normal extracellular matrix structure, including different types of cells and 

some of the main  ECM proteins, including collagen I and fibronectin. Adapted from [3]  
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The properties of the ECM in a given tissue can vary tremendously from one tissue to 

another (e.g. lungs versus skin versus bone) and even within one tissue (e.g. renal cortex 

versus renal medulla), as well as from one physiological state to another (normal versus 

cancerous).  

The two main classes of macromolecules that make up the ECM are 

glycosaminoglycans (GAGs) and fibrous glycoproteins [4]. The main fibrous ECM 

proteins are collagens, elastins, fibronectins and laminins [3]. GAGs fill the majority of 

the extracellular interstitial space within the tissue in the form of a hydrated gel [4]. The 

polysaccharide gel has the ability to resist compressive forces on the matrix while 

allowing diffusion of nutrients, metabolites and hormones between the blood and the 

tissue cells. The collagen fibers strengthen and help organize the matrix and rubberlike 

elastin fibers give it resilience. Finally, many matrix proteins help cells attach in the 

appropriate places [5].  

A large number of tissue culture models have been developed the past years in order to 

study the connection between the biochemical and biophysical properties of the 

extracellular matrix and the behavior of embedded cells. The field of 3D culture 

scaffolds can be divided in two categories: natural and synthetic.  

While synthetic scaffolds provide an interesting proposition, they present certain 

limitations and challenges. Many of these scaffolds lack control over cell-adhesion sites, 

matrix viscoelasticity, porosity, growth-factor binding and matrix degradation and 

therefore do not mimic the organizational features of native gels [3, 6]. This work is 

centered on the study of natural ECM tissue cultures and is described in the following 

section. 

 

1.3 Native ECM 3D scaffolds  

The recognition of the important ECM regulatory role in vivo has extended the 

use of three-dimensional (3D) cultures based on growing cells embedded in gels of 

native ECM components [6, 7]. Thus, the availability of ECM macromolecules from 

major tissue types has enabled using 3D cultures to study different cell types in a variety 

of physiopathological processes. Natural ECM gels (Fig. 1.2), are readily accessible and 
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provide the spectrum of chemical and physical cues that are needed to induce 

morphogenesis from many cells. 

 

 
Fig. 1.2 Collection of the most common natural engineered ECM gels. Adapted from 

[3] 

 

The most widely used ECM components in 3D cultures include rBM, type I collagen 

and fibrin. Reconstituted basement membrane, rBM (commercially known as 

Matrigel), is the extract of the basement membrane-like ECM that is secreted by the 

murine Engelbreth-Holm-Swarm (EHS) tumor. It is rich in laminin, type IV collagen, 

heparin sulphate proteoglycans and growth factors. It supports the in vitro formation of 

tubes from endothelial cells, as well as the in vitro differentiation of many epithelial cell 

types [6]. Accordingly, rBM has been used in physiopathological processes such as 

differentiation [8], branching morphogenesis [9, 10] and invasion [11, 12]. Fibrin is a 

natural structural matrix that occurs in wound healing. It forms gels by the enzymatic 

polymerization of fibrinogen at room temperature in the presence of thrombin. Fibrin 

has been successfully used in studies of capillary morphogenesis by endothelial cells [9, 

13]. Collagen is the most abundant fibrous protein within the interstitial ECM. 

Collagens provide tensile strength, regulate cell adhesion, support chemotaxis, 

migration, and direct tissue development. Specifically, Collagen type I assembles into a 

network of fibrils that can be oriented, functionally modified, enzymatically or 

chemically crosslinked or stiffened. It has been extensively used in studies of tumor 

progression and invasion [3, 14, 15]. 3D culture studies have revealed that cells sense 

both the physical and biochemical properties of their surrounding ECM through 

specialized receptors [8, 16], and integrate ECM cues with soluble microenvironmental 

factors to regulate cellular fate [6, 17]. 
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1.3.1 Mimicking the regulation of transport 

 
One of the main functions that native ECM scaffolds look to mimic is the 

regulation of transport. The ECM provides biochemical cues that are critical for 

normal tissue homeostasis and for the progression of many pathological processes [3, 

17]. In vivo, the movement of cells follows a chemical signal or molecular gradient in 

three dimensions that can not be replicated in two dimensions. Furthermore, diffusion 

and binding of many proteins, such as growth factors, is regulated by the 3D matrix. 

Likewise, the molecular gradients that are created due to diffusion play key roles in 

many biological processes and the extracellular matrix effectively acts as the “pool” 

where soluble factors may move towards cells. Accordingly, 3D cultures are considered 

to be more physiologically relevant than conventional two-dimensional (2D) cultures [3, 

8] in terms of transport. The transport of oxygen and nutrients is provided to cells by 

diffusion, a process by which the population of particles is transported from regions of 

high concentration to regions of low concentration so as to decrease the concentration 

gradient.   

 

1.4  Rationale: current limitations of 3D cultures in terms of 

transport 
 

In this subchapter I will describe the current limitations of the quantification techniques 

regarding transport in 3D cultures. The dynamic that drives macromolecular diffusion is 

distinct from that of oxygen diffusion, mainly because of size and interaction with the 

ECM. Also, the quantification techniques are distinct. Due to these reasons, 

macromolecular diffusion and oxygen diffusion and consumption will be treated in 

separate subsections. 

 

1.4.1 Macromolecular diffusion 

 
A major role of ECM in vivo is to hinder the diffusion of soluble signaling factors 

involved in tissue homeostasis [18, 19]. The physiological relevance of diffusion 

hindrance is particularly clear in the regulation of extravascular transport and in the 
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formation of the chemical gradients that guide chemotaxis during development or 

wound healing [6, 20]. Diffusion hindrance in vivo is also relevant in biomedicine, since 

the transport of drug delivery particles is ultimately limited by diffusion [18, 21]. In 

addition to tissues, previous studies have indicated that diffusion hindrance occurs in 

ECM gels used in 3D cultures [9, 22], although to what extent gels mimic tissue 

hindrance is not well established. All these previous work support that hindered 

diffusion depends strongly on the geometrical obstacles posed by cells and the ECM 

[19, 23]. However, while diffusion hindrance caused by cellular obstacles has been 

extensively analyzed both experimentally and theoretically [19, 23-25], the physical 

basis underlying ECM-dependent hindrance remains poorly understood [19, 23].  

Reduced diffusion depends not only on geometrical factors, but also on the 

physicochemical properties of the diffusing particle �i.e. size, shape and charge� and on 

the ECM-particle interactions [19, 26] and the contribution of geometrical and non-

geometrical factors is unclear. A major consequence of this multi-factorial dependence 

of macromolecular transport is that the design and interpretation of 3D culture 

experiments require detailed knowledge of the diffusivity of the target signaling 

factor(s) within the specific ECM gel used in the 3D culture. Nonetheless, although the 

diffusivity of macromolecules in free solution and agarose gels have been extensively 

studied [16, 27, 28], quantitative analyses of their diffusivity in ECM gels are still 

scarce.   

 

1.4.2 Oxygen diffusion and consumption 

 
In terms of oxygen diffusion, a major challenge of 3D cultures is to reproduce oxygen 

tension values found in tissues, which are commonly expressed in terms of oxygen 

partial pressure (p). In vivo, oxygen is delivered to tissue cells through the 

microvasculature, which exhibits p levels ~40 mmHg [29]. Likewise, normoxic p values 

fall within the range of 20-50 mmHg in most tissues including liver, brain or bone 

marrow, and raise up to 75-100 mmHg specifically in arteries and alveoli [29-31]. In 

contrast, oxygen tension drops beyond 10 mmHg in hypoxic conditions including tissue 

injury, fibrotic lesions and solid tumors [29]. Thus, it is experimentally appealing to 

reproduce either normoxic or hypoxic microenvironments in 3D culture studies. 

However, it remains ill defined to what extent oxygen tension in 3D cultures approaches 
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the normoxic/hypoxic values found in vivo, or rather the hyperoxic p values (� 100 

mmHg) of 2D cultures [6, 29]. Unlike tissues, oxygen delivery in 3D cultures is carried 

out by passive diffusion from ambient air throughout the gel. Consequently, the actual 

oxygen tension within the gel is ultimately determined by the balance between oxygen 

diffusion and consumption. Previous studies of oxygen distribution in hydrogels have 

been reported mostly in the context of tissue engineering, which seeks the production of 

thick tissues that are clinically valuable in terms of transplantation and/or regeneration 

[32]. Many of these studies have optimized oxygen delivery in the context of 

bioreactors and using cells cultured in either non-mammalian scaffolds like agarose or 

alginate, or in porous synthetic hydrogels with suitable biocompatibility and 

biodegradability properties [6, 32]. In contrast, previous studies of oxygen tension in 

ECM gels used in 3D cultures are scarce, particularly in rBM. As a consequence, the 

limitations of 3D cultures in terms of oxygen delivery still remain poorly defined. 

Moreover, quantitative criteria to help design 3D culture experiments in terms of 

optimizing oxygen distribution are currently lacking.  

In the next chapter I will provide the theoretical framework of diffusion and 

consumption, highlighting the current existing paradigms that are used to analyze the 

limitations presented above. 

 

1.5 Theoretical framework: diffusion and consumption 
 

Diffusion of particles is expressed in terms of the concentration and flux of particles. In 

one dimension, C(x,t) is the concentration of particles at point x an time t. The flux of 

particles �(x,t) is the net number of moles of particles crossing per unit time at time t 

through a unit area perpendicular to the x-axis and located at x [33].  

 

1.5.1 Fick’s first law 
 

Fick’s first law states that the flux of particles in the positive x-direction, �(x,t), is 

proportional to the spatial gradient of particle concentration, C(x,t),  

 

�(x,t)= -D
�������	� ,                                                                             (1.1) 
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where D is called the diffusion coefficient or diffusivity (it is assumed that D�0). The 

values of D depend on the characteristics of the diffusing particles and on the 

characteristics of the medium through which the particles diffuse. Fick’s first law states 

that there is a flux of diffusible particles from regions of high concentration to regions 

of low concentration and that the flux is largest where the concentration gradient is 

largest. Therefore, the flux of particles is in a direction that reduces the particle 

concentration gradient. 

 

1.5.2 Fick’s second law: The diffusion equation 
 

Considering the continuity equation, 

�
������� =���������                                                                               (1.2) 

, which expresses the conservation of particles in one dimension, and combining it with 

Eq. (1.1), you obtain: 

 
����=D

������                                                                                      (1.3) 

,which is known as Fick’s second law of diffusion. 
 

1.5.3 Relationship between D and non-geometric factors: The Stokes-

Einstein relation 
 

The diffusion coefficient (D) determines the time it takes a solute to diffuse a given 

distance in a medium. Previous studies have identified that diffusivity within tissues and 

ECM has two major contributions. First, a geometrical contribution due to the space-

filling obstacles such as cells and ECM filaments, which are expected to scale with cell 

and ECM density, respectively. Second, non-geometrical contributions such as the 

viscous interactions with cell walls and ECM macromolecules. Current models assume 

that the former effects are dominant. However, the actual relative contribution of 

geometrical and non-geometrical factors to diffusion hindrance are ill defined. 
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The simplest model that accounts for the non-geometrical contribution due to viscosity 

is described by the Stokes-Einstein law. If we assume a spherical solute particle, for 

which the molecular weight is proportional to the molecular volume, which is 

proportional to �, where a is the molecular radius, then D�Mr
-1/3, where Mr is the 

molecular weight which implies that  D�a-1. This relation is predicted by the Stokes-

Einstein relation. 

The force that is required to move a sphere of radius a through a viscous medium is 

described by  

fp=6�a�v                                                                                                                   (1.4) 

,where � is the viscosity of the medium, and v is the velocity of the particle. Eq(1.4) is 

known as Stoke’s law. The particle mobility, up, can be defined as the ratio of the 

particle velocity to the force on the particle: 

up=
���= �����                                                                                                                    (1.5) 

Considering the Einstein relation in terms of particle mobility: 

D= upkBT                                                                                                                      (1.6) 

, where D is the diffusion coefficient, kB is the Boltzmann constant and T is the absolute 

temperature. Replacing Eq.(1.5) into Eq.(1.6), the Stokes-Einstein equation is finally 

obtained: 

D= ������                                                                                                                         (1.7) 

 

1.5.4 Solute in a polymer 
 

For a solute in water, the dependence of the diffusion coefficient on the molecular 

weight can be expressed for a large number of solutes using the following 

approximation: 

D�Mr
-1/3, for Mr>103 

D�Mr
-1/2, for Mr<103 
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The first power-law relation (D�Mr
-1/3) can be derived from Stokes-Einstein law. In 

general, different power-law exponents are expected depending on the media the solute 

is moving in. A general equation has been established to encapsulate its use in other 

materials such as polymers. The expression: 

D�Mr
-m shows a power function relating the diffusion coefficient to the molecular 

weight while the exponent m varies from 0.5 to 4(for certain polymers such as 

polystyrene) [33]. 

In general, the contribution of ECM to interstitial viscosity remains an open question 

[19], and there are no standardized biophysical models for diffusion, but rather models 

that capture different physical effects in isolation.  

 

1.5.5 Tortuosity 
 

Tortuosity is the parameter commonly used to characterize diffusion hindrance in both 

tissues and hydrogels, and is defined as � = (Dfree/Dmedium)1/2, where Dfree and Dmedium are 

the diffusivity of the particle in free aqueous solution and in the specific medium (tissue 

or hydrogel), respectively [19, 23, 26]. 

 

1.5.6 Michaelis-Menten dynamics 

   
As far as oxygen diffusion and consumption go, the mass balance of oxygen in the gel 

can be described by using Fick’s second law with a reaction term: 

 ����=D������+R                                                                                                                   (1.8) 

,where R indicates the oxygen consumption rate (OCR) per unit volume. 

Accordingly, the rate of O2 consumption of cells follows the Michaelis-Menten 

kinetics. Previous studies in hydrogels indicate that this dynamic is well captured as [34, 

35]. 

 ����� � �����  !"#$%&!'����($%)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))            (1.9) 
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Where *+�, is Henry’s constant for oxygen in liquid, and -. is the recorded pressure 

inside the sample. Henry’s law of solubility is used to convert pressure to concentration 

and viceversa. It states that “At a constant temperature, the amount of a given gas 

dissolves in a given type and volume of liquid is directly proportional to the partial 

pressure of that gas in equilibrium with that liquid” 

Put in mathematical terms, it is expressed as:)/ � *+pG.  

 

1.5.7 The Thiele modulus 

 
By non-dimensionalizing Eq. (1.8), a dimensionless parameter that captures many 

relevant dimensional parameters is obtained: 

 01 � 21 34566 !"#&!7%8 )))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))             (1.10) 

where h is the gel thickness, �cell is the uniform volumetric cell density, Vmax is the 

maximum oxygen consumption rate (OCR) per cell,  Km is the oxygen concentration at 

which OCR is half that of Vmax and 9.8  is the diffusivity inside a sample containing cells 

that consume oxygen. 

This parameter is defined as the Thiele modulus and it is increasingly used to quantify 

the relative importance of oxygen consumption over diffusion in engineered tissues 

[35]. If �2 < 1, the system is considered to be diffusion dominated (i.e. rate of diffusion 

is fast compared to rate of consumption), whereas �2 > 1 indicates otherwise. 

In order to highlight the usefulness of the Thiele modulus, in (Fig 1.3), two different 

cell culture designs can be seen. Despite the fact they have different thicknesses and 

different cell densities, the two have the same Thiele modulus value. 
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Fig 1.3 A gel with 300 �m thickness and 108 cells/mL density has the same Thiele modulus as a 

gel with 8mm thickness and 105 cells/mL density. Modified from [35].  

 

In the following chapter I will describe the most common techniques that are used to 

quantify macromolecular diffusion and oxygen tension. 

 

1.6 Measurements of diffusion coefficients and oxygen 
dynamics in 3D cultures 

 

1.6.1 Macromolecular diffusivity quantification techniques 

 

Naturally, in order to mimic in vivo conditions to the fullest, diffusion must be 

considered as a very important issue in 3D cultures. Within a tissue, concentration 

gradients exist for any soluble factor that is produced or consumed by the cells, ranging 

from nutrients to effector molecules [6]. These gradients are captured by the diffusion 

coefficiens of the diffusible species within the 3D environment. 

There are several techniques available to quantify molecular diffusion in a 3D 

environment.  Most notably, fluorescence recovery after photobleaching (FRAP) has 

been a standard technique for measuring diffusion coefficients of fluorescent tracer 

proteins for many years now. In FRAP experiments, a high-powered focused laser beam 

is used to irreversibly photobleach the fluorescent molecules in a small area. This 

procedure is followed by a recovery of the fluorescence due to diffusion of the 

surrounding non-bleached fluorescent molecules into the bleached area [36]. 
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Fig. 1.4. Fluorescence recovery after photobleaching (FRAP). When a region in the fluorescent 

area is bleached at time t0 the fluorescence decreases from the initial fluorescence Fi to F0. The 

fluorescence recovers over time by diffusion until it has fully recovered (F�). The characteristic 

diffusion time �D indicates the time at which half of the fluorescence has recovered. The mobile 

fraction can be calculated by comparing the fluorescence in the bleached region after full 

recovery (F�) with that before bleaching (Fi) and just after bleaching (F0). Reproduced from 

[36]. 

 

 

Quantitatively, FRAP experiments give information about the mobility of a fluorescent 

molecule in a defined space. There are two main parameters that can be deduced from a 

FRAP curve. These are the mobile fraction of fluorescent molecules and also the 

mobility rate, which is directly related to the characteristic diffusion time, �D  (Fig.1.4). 

In turn, the diffusion time is related to the diffusion coefficient, which is often the 

desired way to quantify mobility. Other techniques of measuring diffusion coefficients 

of fluorescent tracers include fluorescence microscopy, fluorescence correlation 

spectroscopy (FCS) and confocal microscopy. Of note, the standard diffusion 

coefficient measuring techniques include the use of a specialized microscope. 
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1.6.2 Oxygen tension quantification techniques 
 

In terms of oxygen tension, the most notable quantification techniques can be divided 

into 3 categories: chemical, optical, and nuclear/magnetic [37]. 

The most notable of the chemical methods is the polarographic electrode. This method 

is based on measuring the electric current that results from an electrochemical reduction 

of oxygen at the cathode. In order to provide minimum invasiveness, during the past 

years, miniaturized polarograhic electrodes have been designed. These 

“microelectrodes” are now available in the range of 5-10�m in diameter (Fig 1.5).  

 

 

 

Fig 1.5. Oxygen microsensor including the main components of the tip. Modified from 

unisense.com 

 

This technique has been considered the “gold standard” for measuring tissue 

oxygenation, due to its extensive use, especially in tumors and brain tissue. 

Other chemical methods include transcutaneous oxygen sensors and immunochemical 

methods. 

In terms of optical methods to measure oxygen pressure, fluorescence oxymetry is 

perhaps the most widely used. It is based on oxygen-dependent changes in the lifetime 

of fluorescence. OxyLite, a widely used commercially available sensor has used this 

principle in its construction. The sensor uses ruthenium chloride, a fluorescent dye, 

connected to the tip of a fiber optic cable. The fluorophores of the dye are excited by the 

photodiodes, and the fluorescence lifetime is inversely related to the oxygen tension at 
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the tip. Fluorescence oxymetry does not consume oxygen and has been widely used in 

oxygen measurements of tumor, liver and brain. Other notable optical methods include 

phosphorescence oxymetry, pulse oxymetry and near-infrared spectroscopy. 

Among the nuclear and magnetic methods, Electron Paramagnetic Resonance (EPR) 

oximetry has been most widely used. Other techniques include Positron emission 

tomography (PET) imaging and 19F MRI. 

 

1.7 Measurements of geometrical and non-geometrical 

properties of ECM gels with AFM 
 

Molecular diffusion can be directly related with the ECM gel intrinsic properties such as 

pore size and viscosity. These properties can be examined using Atomic Force 

Microscopy (AFM).  AFM is a very versatile nanotechnique that belongs to the family 

of scanning probe microscopies. The principle of operation is based on a micrometer- or 

nanometer-sized physical probe that is brought to close proximity to the surface of a 

sample with the aid of a piezoelectric positioner. A map displaying quantitative 

information of either the topography or a specific physical property of the probe–sample 

interaction can be obtained. In AFM, the probe is a sharp tip at the end of a flexible 

cantilever that can readily detect forces from few piconewtons up to hundreds of 

nanonewtons with very high spatial resolution [38]. Among the uses of AFM, imaging 

and viscoelasticity measurements are of particular interest. 

In terms of viscoelasticity measurements, the complex shear modulus (G*(f)) can be 

obtained by applying small oscillations to deform the sample and measuring the G’ 

(elastic storage modulus) and G’’ (viscous loss modulus). 
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Fig. 1.6.Atomic force microscopy layout and operation. (A)General  layout of the AFM setup in 

a sample scanner configuration. The deflection of a cantilever with a sharp tip at its end is 

monitored by a focused laser beam that reflects from the cantilever on to a quadrant photodiode. 

A piezoelectric scanner moves the sample in the three dimensions. In this schematic 

representation, at time t1 the tip is positioned next to a spherical object, whereas at t2 the object 

is positioned below the tip, resulting in the deflection of the cantilever that will be detected as a 

light imbalance between the top and bottom photodiode segments. (B) A typical force-

displacement curve obtained by moving the cantilever downward and then upward. The arrow 

indicates tip cell contact. (C)Topographical image of an epithelial cell obtained with AFM. (A) 

was adapted from [38], (B) and (C) were adapted from [39] . 
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Chapter 2  Aims of the thesis 
 
 
 
 
 
2.1 General aim 
 
The general aim of this thesis was to study the transport properties of the most common 

three dimensional extracellular matrix cell cultures. 

 
 
 
 
2.2 Specific aims 
 
 

1. To develop a simple assay for assessing the effective diffusion coefficients of 

soluble factors diffusing within 3D native ECM scaffolds and to establish the dominant 

matrix characteristics. 

 

2. To study the transport of oxygen within 3D gels by measuring the oxygen 

partial pressure, to assess diffusivity, cell oxygen consumption rates and proliferation. 

 

3. To analyze the implications of scaffold characteristics in molecular hindrance 

and provide insight towards improving 3D cultures in terms of diffusion. 
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3 Materials and Methods 
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Chapter 3   Methods 

 

In this chapter, I will describe the methodological techniques that I used to conduct the 

experimental measurements of this thesis. In addition, I will present the theoretical 

approaches and models that I have employed. This chapter is divided into two modules: 

one concerning the diffusion of macromolecules and the other concerning the diffusion 

and consumption of oxygen.  

In terms of macromolecular diffusion, I will first describe the preparation of the ECM 

gel samples. Second, I will reveal the macroscopic diffusivity assay and the subsequent 

modeling techniques for quantifying the diffusion coefficients. Third, I will present 

FRAP, a standard microscopic assay for measuring diffusion coefficients. Fourth, I will 

describe the AFM technique for assessing gel viscosity and pore size.  

In terms of oxygen diffusion and consumption, I will first present the cell culturing 

technique. Second, I will describe the technique used for measuring oxygen partial 

pressure. Finally, I will reveal the modeling approaches I have taken to quantify the 

acquired data.  

Isabel Pastor and Francesc Mas have contributed to the modeling approaches of 

macromolecular diffusion. FRAP measurements have been performed in collaboration 

with Isabel Pastor. Oxygen tension measurements have been performed in collaboration 

with Adai Colom. 

 

3.1 Diffusion of macromolecules 
 

3.1.1 Preparation of ECM gels for plate reader experiments 
 

ECM gels were prepared at densities known to elicit physiologic responses [8-10]. rBM 

solution was used undiluted (12 mg/ml, Cultrex BME, Trevigen). COLI solution was 

prepared as reported elsewhere [10, 11]. In brief, acid soluble COLI (Cellagen IAC-50, 

Koken) was neutralized in DMEM to obtain a 4 mg/ml collagen solution, and diluted in 

serum-free culture medium (SFM) to a final density of either 1 or 3 mg/ml, which were 

referred to as sparse (1) and dense (3) densities owing to the proteolytic-independent 
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and dependent cellular invasion observed in these gels, respectively [10]. SFM 

consisted in HEPES (Sigma) buffered RPMI 1640 (Gibco). Dense fibrin (FIB) solution 

was prepared as previously described [9]. Briefly, fibrinogen (Sigma) was diluted in 

SFM to a final density of 3 mg/ml, and mixed with thrombin (50 U/ml, Sigma) 50:1 

(vol/vol). For macroscopic diffusivity experiments, each different gel sample and 

experimental condition were prepared in triplicates in separate Transwell plates (24 

Transwell plate with an 8 �m pore size permeable membrane, Corning) that contained 

two separate units: the top Transwell insert and the bottom lower Transwell 

compartment where the Transwell insert was loaded. The same day of the diffusivity 

measurements, 70 �l of either rBM or COLI solution were gently added to the bottom of 

a 6.5 mm wide Transwell insert, loaded into the lower Transwell compartment, 

incubated at 37ºC for 30 min to enable gelation, and immediately hydrated by adding 

200 �l SFM on top of the gel. For FIB gels, 70 �l of fibrinogen+thrombin solution were 

added to the Transwell insert, kept at room temperature for 5 min, incubated at 37ºC for 

25 min, and hydrated with SFM as in the other gels. Given the specific Transwell 

geometry, the theoretical gel thickness was 2 mm, which falls within the range 

commonly used in 3D cultures [40, 41]. For microscopic diffusivity experiments, 70 �l 

of each ECM solution were polymerized onto an 8-chamber culture slide (BD Falcon).  

 

3.1.2 Macroscopic diffusivity measurements using a fluorescent plate 

reader 

 
3.1.2.1 Experimental setup 

 

A diffusion assay based on two tools commonly available in cell biology laboratories 

has been developed: a Microplate Reader and Transwell plates. To this aim, the 

macroscopic diffusivity of FITC-dextrans at 3 different Mr (4, 40 and 70 kDa, referred 

to as Dex4, Dex40 and Dex70 thereafter) (Sigma) through gel samples prepared as 

triplicates in Transwell Plates was examined with a Microplate Reader. Each 

experimental condition (dextran Mr and gel type) was examined in separate Transwell 

plates using a three-step protocol. First, the SFM on top of each gel-containing 

Transwell insert was gently removed and replaced with 200 �l of 1 mg/ml dextran 

solution. Second, each insert was loaded into a lower Transwell compartment 
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containing 1000 �l SFM (Fig. 3.1 left.). Thus, the final dextran solution volume was 

1270 �l �where we considered 200 �l top SFM + 70 �l gel + 1000 bottom SFM�, 

thereby eliciting a final maximum dextran concentration of 157 �g/ml. Transwells 

without gels were used as negative controls.  

 

 

 
Fig. 3.1 .Scheme of the experimental set-up. Left: Insert containing the FITC-dextran solution 

inside a lower compartment where particles diffuse. Right: Lower compartment with diffused 

particles (the insert has been removed during the measurements) and fluorescence detection 

unit. 

 

Third, the dextrans that had diffused throughout the entire gel thickness to the lower 

Transwell compartment were monitored as a function of time by measuring the total 

fluorescence intensity in the lower compartment (FPR) at different time points with a 

Microplate Reader (Synergy 2 Multi-Mode Microplate Reader, BioTek), using 

wavelength excitation and emission filters of 485/20 nm and 528/20 nm, respectively 

(Fig. 3.1 right). For this purpose, inserts were quickly removed and transferred to an 

empty adjacent well for each Transwell plate before FPR readings, and put back into 

their original lower compartments immediately after the readings to continue 

accumulating dextrans. FPR was read at time intervals of 5 min during the first hour, and 

of 1 h up to 8 h. In these settings, preliminary studies indicated that measuring FPR of 

each experimental condition required ~30 s, which was short enough with respect to the 

reading times to not compromise the expected slow monotonic increase of FPR with 

time, even in the fastest diffusivity conditions. Transwell plates were protected from 
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light and kept at 37ºC in between FPR readings. For each time point, FPR was averaged 

for all repeated measurements (n=3). 

 

3.1.2.2 Modeling diffusion: semi-infinite approach 

A common approach to model diffusion through hydrogels considers them as a porous 

medium. In these conditions, the passive transport of particles in a preferred direction is 

well described by the one-dimensional (1D) Fick’s 2nd  law . 

 ���� � 9 ������                          (3.1) 

where C(x,t) is the concentration of diffusing particles as a function of time (t) and 

depth (x), and and D is the isotropic diffusion coefficient. The simplest strategy to solve 

Eq. (3.1) to model the diffusion of an extended initial particle distribution Co assumes 

that the hydrogel is a semi-infinite slab, which can be expressed as)/�: ; <� = � <� �<, /�: > �� = ; <� � <, and /�: � <� = ; <� � /?. The well-known solution of Eq. 

(3.1) that fulfils the latter initial and boundary conditions is [42] 

/�:� =� � /? @ ABCD �1E7�                                  (3.2)  

where erfc is the error function complement. Eq. (3.2) has been applied to model 

diffusion in hydrogels in a variety of applications including tissue engineering [9, 25]  

and chemotaxis [43, 44]. Likewise, Eq. (3.2) has been adapted to model the 

macroscopic measurements in a first approximation as 

/��=� � /? @ ABCD �1E7�                        (3.3) 

where l is the gel depth, and Cl(t) is the dextran concentration at x = l. Eq. (3.3) was 

fitted to the average FPR data obtained for each Mr and ECM gel by nonlinear least-

squares fitting with MATLAB (The Mathworks), being l and the effective diffusivity D 

fitting parameters. As initial fitting values l = 2 mm and D predicted by the Stokes-

Einstein law for water [18] were used. Eq. (3.3) was also used to assess the time to 

reach 50% of C0 (t50) by imposing ABCD �1E7� � �1  using MATLAB, which elicited 

t50 = l2/0.9D                         (3.4) 
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The effective viscosity � was assessed from D data using Stokes-Einstein law [18] 

� = kBT/6�DRH                                   (3.5) 

,where kB is the Boltzmann’s constant, T is the absolute temperature, and RH is the 

hydrodynamic radius. The latter was assessed using a previously reported empirical 

relation [45], which elicited 1.21 nm for Dex4, 4.12 nm for Dex40 and 5.55 nm for 

Dex70. 

 

3.1.2.3 Modeling diffusion: finite approach 

 

A more realistic model of the macroscopic diffusion measurements should take into 

account both the finite gel thickness and flux of dextrans into the lower Transwell 

compartment where the fluorescence measurements were made. For this purpose, the 

dextran diffusion through the 3 layers of the macroscopic set-up was considered: a top 

layer where the initial source of dextran solution is, a middle layer containing the gel, 

and a bottom layer corresponding to the bottom transwell compartment where the 

dextrans that exit the gel are accumulated. These 3 layers are reffered to as source, gel 

and bottom, respectively. For simplicity, the model assumes that all 3 layers are flat and 

parallel, and the diffusion is largely 1D (Fig. 3.2 ).  

 

 
Fig 3.2. Finite gel diffusion model including the 3 layers. 

 

In these conditions,  Fick’s 2nd law of diffusion that applies to each layer can be 

expressed as 
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                                         (3.6)  
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 Dg
	2cg
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                       (3.7) 

	cb
	t


 D0
	2cb
	x2   ;  lg � x � �

                                 (3.8) 

where the subscripts s, g and b refer to the source, gel and bottom layers, respectively, c 

is the dextran concentration, l is the vertical length of the layer, Do is the diffusivity in 

free solution, and Dg is the diffusivity in the gel. In Eq. (3.8) the approximation that the 

bottom layer is much thicker than the other two layers has been used.  

The fluorescence of the FITC-dextrans in the bottom Transwell compartment (FPR) as a 

function of time has been measured in this assay, which is proportional to the average 

dextran concentration in the bottom layer (cavg(t)). The latter can be theoretically 

computed by integrating the flux of dextrans at the gel-bottom layer interphase as 

 

cavg t�  
 A
Vb

Dg
	cg x, t '� 

	x
�

��
�

�� x
lg
dt

0

t

� '

       (3.9) 

 

where A is the surface area of each layer (taken equal to area of the bottom of the 

Transwell insert), and Vb is the volume of the bottom layer. To assess Eq. (3.9), Eq. 

(3.6-3.8) have been solved using the following 3 initial conditions and 6 boundary 

conditions: 

- initial conditions:         (3.10) 

(i) cs x, t 
 0�  
 c0  

(ii) cg x, t 
 0�  
 0 
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(iii) cb x, t 
 0�  
 0 

- boundary conditions:        (3.11) 

(i) there is no flux exiting neither the top of the top layer nor the bottom of the bottom 

layer:  

 

	cs
	x

�
��

�
�� x
0


 0
   , and    

	cb
	x

�
��

�
�� x��


 0
 

(ii) concentration must be continuous at both the source-gel and gel-bottom interphases: 

cs x 
 ls,t�  
 cg x 
 ls,t�     ,  and     
cg x 
 lg, t�  
 cb x 
 lg, t�   

(iii) flux must be continuous at both the source-gel and gel-bottom interphases: 

D0
	cs
	x

�
��

�
�� x
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 Dg
	cg
	x

�
��

�
�� x
ls   , and      

Dg
	cg
	x

�
��

�
�� x
lg
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	cb
	x

�
��

�
�� x
lg  

Solving Eq. (3.6-3.8) and imposing these initial and boundary conditions required using 

the Laplace transform which elicited   

cavg s�  
 A
Vb
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s
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  (3.12) 

 

where s the Laplace variable associated with t, DF��G�H� is the Laplace transform of 

cavg(t), and Dg0 and RD(s) are defined as 

Dg0 

Dg
D0           

RD s�  
 1�Dg0

1�Dg0

�

��
�

��
exp �2 s

Dg
lg

�

�
�
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�
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An analytical expression for the inverse Laplace transform of Eq. (3.12) is not available. 

Instead, a numerical inverse Laplace transform of  Eq. (3.12) was fitted to FPR values 
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obtained for each experimental condition by nonlinear least-squares fitting with 

MATLAB, being Dg, lg and Aco/Vb fitting parameters. For this purpose the Levenberg–

Marquardt algorithm (LMA) was used, which is a very popular numerical approach 

used for curve-fitting of nonlinear functions. Using this approach, Dg from data 

obtained with Dex40 and Dex70 in dense ECM gels (rBM, dense FIB and dense COL) 

was assessed. To further assess the consistency between both models, the Dg values 

obtained with the finite model as a function of dextran’s molecular weight (Mr) have 

been plotted, and the plot was completed with Dg values obtained with the semi-infinite 

model on Dex4. Importantly, a power-law with a single common exponent to all these 

data (Dg ~ Mr
-�) was fitted. In contrast, the LMA-based fitting method was numerically 

unstable for conditions where Dg is close to Do due to divergences arising in the 

denominator of Eq. (3.12), which corresponds to either Dex4 diffusing in any of the gels 

or both Dex40 and Dex70 diffusing within sparse COLI gel.  

 

3.1.3 Microscopic diffusivity measurements by fluorescence recovery 

after photobleaching (FRAP)  

 
Dex4 solution was added to each ECM gel 3 days before experiments to enable reaching 

equilibrium or near-equilibrium concentrations [9], and kept at 37ºC. FRAP 

measurements were conducted with a scanning confocal microscope (TCS SP2 UV, 

Leica) provided with a heating stage that kept gels at 37ºC. Samples were illuminated 

with a 10� 0.4 NA objective and a 488 nm excitation line from a 30 mW Ar+ laser 

operating at 8% output power. Photobleaching of a 40 �m wide circular region-of-

interest (ROI) was achieved with a 488 and 514 nm excitation line from the Ar+ laser at 

100% of relative intensity. The bleaching time was 1.4 s, and the total ROI fluorescence 

intensity images after photobleaching were collected as a function of time at intervals of 

0.28 ms up to 50 s at 512�512 pixel resolution using a 1 AV pinhole (n=6 per gel type). 

These settings were selected to minimize the fluorescence contribution from the 

diffusion of FITC-dextrans along the axial direction and to prevent any recovery during 

bleaching [46-48]. FRAP measurements were modeled assuming that the bleached area 

had a uniform circular disk profile, as supported by previous studies [45, 49], which 

enabled analyzing all the fluorescence recovery curves using the equation [50]: 
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I�JK�=� � LI� M I?N OPQR SM 1TU� V WX? S1TU� V Y X� S1TU� VZ[ Y I?    (3.13) 

where FROI(t) is the normalized mean fluorescence intensity in the bleached ROI at t, F� 

is the recovered fluorescence at large t, F0 is the bleached fluorescence intensity at t = 0, 

�D is a characteristic residence time of the diffusing particle in a volume of characteristic 

length �(i.e. the radius of the bleached ROI), and I0 and I1 are the modified Bessel 

Functions. Eq. (3.13) was nonlinear least-squares fitted to FRAP measurements with 

MATLAB, being �D a fitting parameter. The latter was used to assess the effective 

diffusion coefficient as DFRAP = �2/4�D. DFRAP data were averaged for all repeated 

measurements (n=6).  

 

 3.1.4 Gel viscosity assessment by Atomic Force Microscopy (AFM)   

 
For AFM experiments, 100 �l of each ECM solution were added to glass-bottomed 

culture dishes (MatTek) and polymerized as described in Section 3.1.1. The dynamic 

viscosity of ECM gels was assessed by measuring the complex shear modulus (G*(f)) 

over a frequency (f) range of 0.1-25.6 Hz with home-made stand-alone AFM [51] and a 

V-shaped cantilever provided with a spherical polystyrene tip (4.5 �m diameter, 0.01 

nN/nm, Novascan). G*(f) was measured as previously described [52, 53]. In brief, low 

amplitude (75 nm) monofrequency oscillations were applied around a gel indentation �o 

= 600 nm. G*(f) was calculated as  

 \8�C� � �]^_`	a� Sb���	��� M cdef�<�CV        (3.14) 

where F(t) and �(t) are the Fourier Transforms of the force F and indentation � recorded 

at each f, respectively, R is the tip radius (taken as 2.25 �m), � is the Poisson´s ratio 

(taken as 0.5) [54], and b(0) is the cantilever drag factor assessed at the gel surface [55]. 

Details on the latter expression can be obtained elsewhere [52, 55]. G*(f) can be 

expressed as \8�C� � \’�C� Y cG’’�C�, where G’ and G’’ are the (elastic) storage 

modulus and the (viscous) loss modulus, respectively. The effective viscosity at each f 

was calculated as �AFM(f) = G’’(f)/2�f [56]. To assess the length scale of AFM 

measurements, the diameter a of the projected contact area between the AFM tip and 

the gel surface was estimated as a = 2(R�)1/2 [57], which yielded a ~ 2.3 �m, revealing 
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that AFM measurements assessed the effective microscopic viscosity. Measurements 

were taken in 9 different regions of each gel (n=2). 

 

3.1.5 Gel pore size assessment by AFM imaging   
 

ECM gels were prepared as in Section 3.1.1. To enhance the lateral spatial resolution, 

gels were fixed with 1% glutaraldehyde (Sigma) PBS solution for 30 min before 

imaging to render stiffer gels by increased protein crosslinking [58, 59]. All gels were 

imaged in PBS at room temperature. AFM imaging was performed with a commercial 

stand-alone AFM (Bioscope I, Veeco) by raster scanning a V-shaped cantilever (0.01 

nN/nm, 20 nm tip radius, MLCT, Veeco) over a scan size of 20-40 �m at low scan rate 

(� 0.2 Hz) in contact mode, using a minimum feedback loading force. Images were 

obtained in different locations (� 5) of each gel (n=2), and flattened with WSxM 

software [60]. For each image, pore edges were outlined manually and their 

corresponding areas were assessed with IMAGE J [61]. The pore width (w) for each 

pore area (A) was calculated as w = 2 (A/�)1/2, assuming that pores conformed to a 

circular geometry. 

 

Fig 3.3 Image of a COLI gel taken with the AFM including a manually outlined pore. Scale 

Bar=5�m 
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3.2 Oxygen diffusion and consumption 
 

3.2.1 Cell culture in 2D and 3D for oxygen pressure measurements 
ECM solutions were prepared as described in Section 3.1.1. The human lung epithelial 

cell line A549 (ATCC) was propagated in 2D culture flasks as described elsewhere [16]. 

All 3D culture experiments were conducted in 96 well plates (0.335 cm2 growth 

surface/well, TPP) using the same protocol for each ECM type. First, wells were pre-

coated with a thin ECM layer to prevent cell migration by adding 35 �l of ECM solution 

and incubating it at 37ºC for 30 min to enable gelation. Second, A549 cells were 

trypsinized and resuspended with ECM solution at 0.8�106 cells/ml, and 215 �l of this 

mixture were added to a well, incubated at 37ºC for 30 min, and immediately hydrated 

with 90 �l of culture medium. To prepare acellular ECM gels, the same protocol was 

applied without mixing the ECM solution with cells. The theoretical thickness of the 

liquid and gel layers were 2.67 mm and ~ 7 mm, respectively. For 2D culture 

measurements, 25.000 cells were seeded on a bare well in culture medium. All samples 

were prepared as triplicates, and kept in the incubator until use. 

 

3.2.2 Measurement of oxygen partial pressure using the Clark 

electrode 
A high-spatial resolution fast Clark-type oxygen micro-electrode pipette (OX-50, 50 �m 

tip diameter, Unisense A/S) was used to measure p. The oxygen microsensor was 

calibrated before each experiment as described elsewhere [30].  Oxygen tension was 

recorded at the center of each well at different depths by driving the vertical position (x) 

of the microsensor with a micromanipulator. For 2D cultures, p was recorded in static 

conditions by holding x inside the culture medium and right above the surface of 

cultured cells for at least 30 s. For 3D cultures and acellular gels, p was measured in 

both static and dynamic conditions. Static measurements were carried out by holding x 

for at least 30 s at the following pre-determined depths: air (pA
*, right above the air-

liquid interface), liquid/culture medium (pL
*, 2 mm deep from the air-liquid interface), 

and gel (pG
*, 1.3 mm deep from the liquid-gel interface) (Fig. 3.4). In the dynamic 

measurements, p was monitored while lowering the microsensor 2 mm at constant speed 

between the pre-determined depths. The microsensor signal was sampled at 60 Hz. 

Oxygen tension was recorded in the same samples at 1 h and 46 h.  
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�
Fig 3.4 Left: Scheme of the experimental setup for measuring the oxygen partial pressure. 

Measurements of oxygen tension were taken in air, 2mm inside the medium and 1.3mm inside 

the 3D gel. Right: Actual experimental setup used for the oxygen tension measurements. 

 

3.2.3 Analysis of dynamic oxygen tension measurements in acellular 
ECM gels 
 
Dynamic measurements in acellular and cellular ECM gels were analyzed separately to 

assess oxygen diffusion and consumption, respectively. Dynamic p measurements in 

acellular gels were modeled with the one-dimensional (1D) Fick’s law of diffusion by 

imposing the continuity of oxygen flux at both the air-liquid and liquid-gel interfaces as 

previously described [34, 62]. The equal oxygen flux condition can be expressed as: 

M9, gD,g:, � M9. gD.g:. ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�hijk� 
where D is the oxygen diffusivity, c is the oxygen concentration, x is the depth within 

the specific layer, and the subindexes L and G refer to the liquid and gel layer, 

respectively. Solving Eq. (3.15) for DG and expressing it in terms of p by using Henry’s 

law (D � *+-, where kH is Henry’s solubility constant) [42] yields 

9. � 9, lg-,'g:,g-.'g:.l *+�,*+�. ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�3.16� 
where *+�, and *+�.  are Henry’s constant for oxygen in the liquid and gel layer, 

respectively. Currently, *+�.  of ECM gels have not been reported. However, it is 
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conceivable that the oxygen solubility in the interstitial fluid of ECM gels hydrated with 

culture medium is similar to that of plasma. The reported value for *+�$��mn� is 

1.26�10-3 mol�m-3�mmHg-1 [63], which is only 3% lower than the accepted value for *+�, = 1.3�10-3 mol�m-3�mmHg-1 [35]. In these conditions, Eq. (3.16) can be 

approximated by  

9. o 9, lg-,'g:,g-.'g:.l)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�3.17� 
Eq. (3.17) was used to assess DG by taking the accepted value for DL from the literature 

(3�10-5 cm2/s) [35, 64], and calculating the slopes of p in either the liquid and gel layers 

in the dynamic measurements. 

 

3.2.4 Analysis of dynamic oxygen tension measurements in 3D cultures 
 

The balance between oxygen diffusion and consumption in hydrogels is commonly 

modeled with the 1D reaction-diffusion equation [34, 35]. Since the time-scale of the 

dynamic measurements was very small compared to the typical large time-scale of 

oxygen transport kinetics in hydrogels, the quasi-steady state approximation can be 

applied [6, 34]. In these conditions, the reaction-diffusion equation can be expressed in 

terms of p as  

9.8 p1-.p1:.1 � q*+�, ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�hijr� 
where 9.8  is the diffusivity within the gel layer in the presence of cells, R indicates the 

oxygen consumption rate (OCR) per unit volume. 

To quantify R, the Michaelis-Menten dynamics was used.  Eq. (1.9) renders Eq. (3.18) 

non-linear. A common approximation to linearize Eq. (1.9) and obtain an analytical 

solution considers that R approaches its maximum value Rmax, which corresponds to sn'*+�, t -.) [34, 35]. In these conditions Eq. (3.18) becomes  

9.8 p1-.p1:.1 o qn��*+�, ))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�hiju� 
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where Rmax = �cellVmax. On the other hand, the quasi-steady state approximation in the 

liquid layer is expressed as [34] 

9, p1-,p1:,1 � <)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�hid<� 
To solve analytically Eq. (3.19) and Eq. (3.20), both the geometrical constraints of the 

experiments and the oxygen tension values measured in static conditions were 

considered, which elicited the following boundary conditions: (i) -,�:, � )<� )� -v�wxy�, 
(ii))-,�:, � )d)zz� )� -,�wxy� , (iii) -.�:. � )<� � -,�:, � )di{)zz�, and (iv) -.�:. � )jih� � -.�wxy�. Applying boundary conditions (i) and (ii) to the analytical 

solution of Eq. (3.19) elicited 

 -,�:,� � <ikS-,�wxy� M -v�wxy�V:, Y -v�wxy�                                                             �hidj�                    
which is valid for :, | 2.7 mm. Applying boundary conditions (iii) and (iv) to the 

analytical solution of Eq. (3.20) elicited 

-.�:.� � qn��d*+�,9.8 :.1 Y }-.�wxy� M -.�<�jih M <i~kqn��9.8 � :. Y -.�<�)))))))))))))))))))))))�hidd� 
where -.�<� � jihkS-,�wxy� M -v�wxy�V Y -v�wxy�. Eq. (3.22) predicts a parabolic 

relationship between p and x at the gel layer in the 3D cultures. Accordingly, a parabolic 

function -.�:.� � �:.1 Y �:. Y / was least squares fitted to the dynamic -.�:.� data 

recorded in cellularized gels (Mathematica, Wolfram Research, Inc.), and the fitting 

parameter A was used to assess Rmax/9.8  as 

Rmax/9.8  = d*+�,�                                            (3.23) 

Eq. (3.23) enables assessing Rmax, provided that 9.8  is known. The diffusion hindrance 

or tortuosity due to cells (�cell) has been previously estimated both theoretically and 

experimentally, yielding an average value of 1.3 [19, 23]. The latter value along with 

DG data obtained from Eq. (3.16) were used to assess 9.8 )� 9.'�����1  [19, 23], thereby 

enabling the assessment of Vmax. 

Assessing the Thiele modulus, �  (Eq. 1.10), required a value for Km for A549 cells, 

which are currently unreported. However, Km values for other non-mesenchymal cells 
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like endothelial and hepatocytes are available elsewhere, and were averaged (Km = 

0.58�10-3 mol�m-3, which corresponds to 0.45 mmHg) [34, 65, 66] and used in Eq. 

(1.10). Of note, among the different parameters in Eq. (1.10), only h and �cell can be 

directly chosen when designing a 3D culture experiment. 

 

3.2.5 Modeling conditions permissive of physiologic oxygen tension 

values in 3D cultures  
 

A major challenge in 3D cultures is to mimic physiologic oxygen tension values, 

particularly within either the normoxic or hypoxic ranges. For this purpose, a 

quantitative estimation of how targeting a specific p value poses constraints in h and 

�cell has been sought out.  As a starting point, the latter task was carried out with a 

simple mathematical model based on recasting the quasi-steady state solution of the 

reaction-diffusion equation in terms of �2 and applying two general boundary 

conditions: (i) -.�:. � <� � -.�<� and (ii) �p-.'p:.��%�� )� < as described 

elsewhere [6, 35]. In these conditions 

-.�:.� � -.�<� M sn*+�, 01 O:.2 M jd S:.2 V1[)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�hid�� 
Solving Eq. (3.24) for �, and imposing a specific oxygen tension limit (plimit) yielded  

0 | �-.�<� M -��n��sn'*+�,. jO:.2 M jd S:.2 V1[) � )0��n��)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�hidk� 
where �limit corresponds to the maximum � consistent with either normoxic or hypoxic 

oxygen tension values �whose limits are defined by 50 or 10 mmHg in most tissues, 

respectively [29-31, 67] �at a specific gel depth. To assess the impact of �limit on h and 

�cell, it must be born in mind that cell number typically increases in the presence of 

growth factors. As a first approximation, exponential growth has been assumed [62]. 

������=� � ��P�'T))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�hid~� 
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where �o is the initial seeding density and   is a time constant describing the 

proliferation rate. Substituting Eq. (3.26) into Eq. (1.10) and expressing it in terms of 

�limit enabled assessing the maximum h and �o permissive for either the normoxic or 

hypoxic values defined by �limit at a given time as 

2n�� � )�0��n��1 )sn9.8���n�� P]�'T)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�hid{� 
 

���n�� � )0��n��1 )sn9.821�n�� P]�'T)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))�hidr� 
3.2.6 Statistical analysis   
 

Two group comparisons were carried out using either Student’s t-test or Mann-Whitney 

test for not normally distributed populations (SigmaPlot, Systat Software). Statistical 

significance was assumed at P<0.05. Unless otherwise stated, data are given as mean ! 

SE. 

 

 

 

 

 

 

 

 

�

�

�

�



57 
 

�

�

�

�

�

�

�

�

�

 

4 Results 

 

 

 

 

 

 

 



58 
 

  



59 
 

Chapter 4 Results 

In this chapter I will describe the results I have obtained during my Ph.D. thesis. Most 

of the results presented here are part of two papers. The results are organized into two 

subchapters, one regarding macromolecular diffusion, the other regarding oxygen 

diffusion and consumption. In terms of macromolecular diffusion, I first validated the 

macroscopic diffusivity assay. Second, by using the D data of this assay, I present the 

validity of the Stokes-Einstein relation in gels. Third, I analyze diffusivity in terms of 

the viscous friction between dextrans and the ECM gels, and in terms of the geometrical 

aspects of the gels. Forth, I present a theoretical prediction of the convenient time-

windows in 3D cultures. In terms of oxygen diffusion and consumption, I first present 

the quantification of oxygen diffusion coefficients in gels. Second, I illustrate the 

oxygen tension values that arise in 3d cultures. Third, I present the quantification of 

several parameters related to oxygen consumption and diffusion. Finally, I describe how 

the tuning of several 3D culture parameters leads to physiologic oxygen tension values.  

 

4.1 Diffusion of macromolecules 
4.1.1 Validation of the macroscopic diffusivity assay 
The macroscopic diffusivity of dextrans within a panel of ECM gels prepared in 

Transwell inserts was assessed with an optical assay based on a Microplate Reader. The 

maximum dextran equilibrium concentration in a gel containing Transwell plate was 

~150 �g/ml, which fell within the linear intensity detection regime of the Microplate 

Reader as revealed by the measured fluorescence at different Dex4 concentrations 

shown in (Fig. 4.1A). The average FPR data corresponding to the diffusion of Dex4, 

Dex40 and Dex70 in all sample conditions (SFM and ECM gels) are shown in (Fig. 

4.1B), (Fig. 4.1C) and (Fig. 4.1D) respectively, where FPR were normalized to the 

maximum fluorescence recorded on SFM. A monotonic increase of normalized FPR with 

time was observed even in the fastest diffusivity conditions, thereby supporting the 

feasibility of the experimental approach.  FPR data were analyzed with two models with 

increasing computational complexity: a semi-infinite gel model that has an analytical 

solution Eq. (3.2), and a finite-gel model Eq. (3.12). The fittings of both models on 

measurements obtained with Dex4, Dex40 and Dex70 are shown in (Fig. 4.1B), (Fig. 

4.1C) and (Fig. 4.1D) respectively. Both models captured the dynamics of the intensity 
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data in the experimental time-window (r2 � 0.95 for semi-infinite model, r2 � 0.92 for 

the finite model), supporting that transport was largely driven by passive diffusion, and 

confirming that the working dextran concentration was a dilute solution. The LMA-

based fitting method was numerically unstable for conditions where Dg is close to Do 

due to divergences arising in the denominator of Eq. (3.12), which corresponds to either 

Dex4 diffusing in any of the gels or both Dex40 and Dex70 diffusing within sparse 

COLI gel. 

 

Fig. 4.1. Validation of the macroscopic diffusivity assay. (A) Average fluorescence recorded 

with the Microplate Reader at different Dex4 concentrations C, including the maximum C used 

in this study (n = 2). Continuous line indicates a linear regression fitting (r2 = 0.99). 

Fluorescence of (B) Dex4, (C) Dex40, (D) Dex70 in the lower Transwell compartment 

measured with a Microplate Reader as a function of time in a panel of ECM gels. Fluorescence 

data were normalized to the maximum fluorescence measured in SFM. Continuous lines 

correspond to the fittings of the semi-infinite model Eq. (3.2) while dotted lines correspond to 

the fittings of the finite model Eq. (3.12). The effective D was a fitting parameter (n = 3) in both 

cases.  All data shown in (Fig. 4.1) and subsequent figures are mean ! SE unless otherwise 

indicated. 
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The Dg data obtained using the finite model exhibited very good correlation with the 

corresponding values obtained with the semi-infinite model (R = 0.85). In addition, 

these data could be fitted with a linear function with slope close to unity (Dfinite = 1.16 

Dsemi-infinite) (Fig. 4.2A). 

Likewise, l values obtained from the fittings of the two models were very close to the 

theoretical 2 mm in all conditions examined except sparse COLI. 

 

Gel Semi-infinite model Thickness(cm) Finite model Thickness(cm) 
 4kDa  
rBM (2.0 ± 0.4) 10-1 (2.0 ± 0.1) 10-1 
dense FIB (2.0 ± 0.2) 10-1 (2.0 ± 0.1) 10-1 
dense COLI (1.9 ± 0.3) 10-1 (1.2 ± 0.4) 10-1 
sparse COLI (3.9 ± 0.3) 10-2  
 40kDa  
rBM (1.9 ± 0.4) 10-1 (1.8 ± 0.3) 10-1 
dense FIB (2.0 ± 0.1) 10-1 (1.8 ± 0.4) 10-1 
dense COLI (1.9 ± 0.2) 10-1 (1.5 ± 0.1) 10-1 
sparse COLI (2.0 ± 0.5) 10-2  
 70kDa  
rBM (2.0 ± 0.4) 10-1 (1.3 ± 0.2) 10-1 
dense FIB (2.0 ± 0.2) 10-1 (1.5 ± 0.3) 10-1 
dense COLI (2.0 ± 0.3) 10-1 (1.0 ± 0.4) 10-1 
sparse COLI (1.6 ± 0.5) 10-2  
Table I: l values obtained from the fittings of the semi-infinite and finite models respectively. 

 

Given the strong agreement between both models, D data obtained with the simpler 

semi-infinite model has been used in subsequent analyses. D data were first validated 

by comparing D assessed in SFM (DSFM) with the theoretical values computed with the 

Stokes-Einstein law (Do). Both DSFM and Do values exhibited a marked linear 

relationship (r2 = 0.99) (Fig. 4.2B). The macroscopic diffusivity assay was further 

validated by comparing D of Dex4 obtained in each ECM gel with the corresponding 

diffusivity obtained with FRAP (DFRAP) (Fig. 4.2C). Illustrative FRAP measurements in 

dense FIB and their corresponding curve fittings of Eq. (3.13) are shown in (Fig. 4.2D) 

Despite the marked differences in sample preparation and measurement technique, a 

good qualitative and quantitative agreement was observed between macroscopic D and 

microscopic DFRAP data, as revealed by their marked linear relationship ((r2 = 0.9).  
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Fig. 4.2. Validation of the macroscopic diffusivity assay (A) Scatter plot showing D data 

obtained with either the semi-infinite or the finite gel models on the measurements shown in 

Fig. 4.1B,C,D. Continuous line indicates a linear regression fitting (r2 =0.9). (B) Comparison 

between the experimental DSFM of all dextrans and the corresponding theoretical prediction Do 

assessed with the Stokes-Einstein law. (C) Diffusivity data for Dex4 assessed in the panel of 

ECM gels with either the macroscopic assay or FRAP (n = 6). (D) Representative FRAP 

measurements obtained with Dex4, Dex40 and Dex70 in dense FIB gels. The continuous lines 

correspond to the fitting of Eq. (3.13). 

 

4.1.2  Diffusion hindrance in ECM gels is consistent with Stokes-

Einstein law 

 
D data of all FITC-dextrans examined in the panel of ECM gels are shown in (Fig. 

4.3A). In all gels, D decreased monotonically with Mr. A decrease of D with Mr in free 

solution has been previously described in terms of power-laws (D=aMr
-�) with a weak 

exponent � ~ 0.15-0.5 that depends on the geometry and flexibility of the diffusing 

particle [19, 68].  A power-law to DSFM data has been curve-fitted and 	 = 0.35 ! 0.01 

(r2 = 0.99) was obtained, in agreement with the 1/3 values predicted by the classical 

Stokes-Einstein relation for rigid spherical particles diffusing through an ideal 
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Newtonian fluid [56]. To test whether a similar mathematical description could be 

applied to D data obtained in gels, a power-law with a common exponent was fitted 

simultaneously to all gels. The fittings exhibited a very good agreement with the 

experimental data (r2 = 0.99), and are shown in (Fig. 4.3A) (continuous lines). Fitting 

parameters were 	 = 0.33 ! 0.02 (unitless), D = (0.73 ! 0.20)�10-5Mr
-� for rBM, D = 

(0.79 ! 0.21)�10-5Mr
-� for dense FIB, D = (1.79 ! 0.43)�10-5Mr

-� for dense COLI, and D 

= (2.97 ! 0.70)�10-5Mr
-� for sparse COLI, where the units of D and Mr are cm2/s and Da, 

respectively. Unexpectedly, the fitted exponent 	 matched the 1/3 value predicted by the 

Stokes-Einstein relation in free solution [56]. These findings confirm previous 

observations that dextrans diffuse as spheres [19, 22, 69] , and suggest that diffusion 

hindrance is largely due to viscous friction with the extracellular space (ECS) fluid.  

Gel tortuosity data, �gel ,from D data have been assessed taking Do shown in (Fig. 4.2B) 

as Dfree. The results are shown in (Fig. 4.3B), and revealed �gel � 1.4 for all gel densities 

� 3 mg/ml in all dextrans, whereas �gel values in sparse COLI (1 mg/ml) were 

comparable to 1, which is indicative of very weak hindrance (i.e. diffusivity comparable 

to free solution). Intriguingly, �gel of dense FIB was more than 1.5-fold larger than that 

of dense COLI at the same density for all Mr, whereas it was comparable to �gel of rBM 

despite the fact that rBM was 3-fold more dense than FIB. These findings reveal that 

knowing gel density alone is not sufficient to predict diffusion hindrance.  
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Fig. 4.3. Macroscopic diffusivity measurements assessed for different Mr in a panel of ECM 

gels. (A) D data as a function of Mr for each ECM gel (n = 3). Continuous lines correspond to 

the simultaneous fitting of a power-law with a fixed exponent for all gels, being the exponent a 

fitting parameter. (B) �gel values calculated from D and DSFM data shown in (A) and (Fig. 4.2B), 

respectively. Horizontal lines indicate the average � values reported from cells alone or in the 

extreme physiologic hindrance conditions of the brain tissue. *P<0.05, **P<0.01 and 

***P<0.005 were determined by Student’s t-test with respect to sparse COLI. (C) Macroscopic 

diffusivity measurements assessed for different Mr in a panel of ECM gels (n = 3) obtained with 

both the finite and the semi-infinite models. D data for Dex40 and Dex70 were obtained with 

the finite gel model on rBM, dense FIB and dense COLI. All other D data were obtained with 

the semi-infinite model. Continuous lines correspond to the simultaneous fitting of a power-law 

with a fixed exponent for all gels (Dg ~ Mr
-�), being the exponent a fitting parameter.  
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As a guidance to interpret �gel data in terms of physiological hindrance, the average � 

values attributable to cellular obstacles alone (<�cell>=1.3 (1.1-1.5)) [19, 22-25]  have 

been plotted in (Fig. 4.3B) alongside the average � of dextrans measured in brain tissue 

elsewhere (<�brain>= 2.1 (1.6-2.7)) [19, 26], which is considered among the most 

geometrically restrictive tissues in terms of diffusion. 

This comparison revealed that �gel values measured in both rBM and dense FIB were at 

least 1.5-fold larger than <�cell>, and fell within the same range as �brain data.  

 

4.1.3 Diffusivity analysis in terms of viscous friction between dextrans 

and the ECM gel 

 
A major assumption of the Stokes-Einstein law is that passive transport is regulated by 

the friction of the diffusing particle with the viscosity of the surrounding media. We 

used D data to assess the effective macroscopic viscosity � of each ECM gel by 

averaging � obtained with different dextrans (Fig. 4.4A). The horizontal dashed line is 

the water viscosity (�water) at 37ºC and was added as a reference. The maximum � values 

were obtained in rBM and dense FIB, and were � 3.5-fold larger than that of water. 

Conversely, � of sparse COLI was similar to �water, whereas � of dense COLI was ~2-

fold larger than �water. To confirm that � of dense FIB was comparable to rBM rather 

than dense COLI, the effective viscosity (�AFM(f)) of these gels was assessed using an 

independent approach based on microrheology measurements by AFM (Fig. 4.4B). 

Sparse COLI was too soft for a robust assessment of microrheological properties by 

AFM. We observed that �AFM were � 2 orders of magnitude larger than � values 

obtained from D data. Yet, in agreement with � data, �AFM of rBM and dense FIB were 

comparable and larger than that of dense COLI for all f examined. These results 

revealed that the viscosity of ECM gels is predictive of the diffusion hindrance of 

dextrans with physiological Mr values. A linear relationship between the normalized 

viscosity data (�/�water) obtained in COLI and rBM gels and d was observed (Fig 4.4C). 
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Fig. 4.4. Effective viscosity in a panel of ECM gels. (A) � calculated using the Stokes-Einstein 

law and D data shown in Fig. 4.3A, and averaged for all Mr for a given gel (n = 3). The dashed 

horizontal line represents water viscosity at 37ºC. (B) Effective viscosity assessed by AFM 

oscillatory measurements as a function of f (n = 9, 2 replicates). Note the different vertical scale 

between (A) and (B). (C) Normalized viscosity of scaffolds with respect to water plot against 

the gel density highlighting the linear relationship between COLI and rBM. 
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4.1.4 Diffusivity analysis in terms of geometrical aspects of ECM gels 
 

A critical geometrical parameter of ECM structure in terms of diffusion is its average 

pore width (w), since ECM-dependent tortuosity is thought to be more relevant as the 

size of the diffusing molecule increases with respect to w [19, 28].  There is currently no 

standard method to measure w, although most studies use either direct assessments by 

image analysis of ECM structure or indirect assessments from permeability 

measurements [18, 70]. In this work we chose the former approach by using AFM to 

image the surface topography of ECM gels prepared with a thickness comparable to that 

used in diffusivity measurements. All gels could be imaged with the exception of sparse 

COLI, which was too compliant to withstand the tip-sample dragging forces that arise 

during scanning. A representative image obtained in dense COLI is shown in (Fig. 

4.5A). Although ECM filaments were somewhat distorted by the lateral forces 

developed in the scanning direction (right to left), they remained stable enough to 

enable identifying pores as surface invaginations, which correspond to the black regions 

in the image (Fig. 4.5A). Subsequent image analysis revealed a log-normal distribution 

of pore areas (Fig. 4.5B, 4.5C, 4.5D), which were used to calculate w data shown in 

(Fig. 4.5E). At least 85 pores were examined in each gel type. Although the manual 

image analysis could have lead to either under- or over-estimations of the actual pore 

widths, it is conceivable that such under- and over-estimations were balanced given the 

large number of pores examined. For completeness’ sake, w values of sparse COLI 

reported elsewhere [70-74] were shown in (Fig. 4.5E). A general reduction of the 

median w values with gel density has been found. However, unlike diffusivity, the w 

range for dense FIB was closer to that of dense COLI than to rBM. This data also 

indicate that the median w were more than 100-fold larger than RH of dextrans, even at 

the highest gel density. These results reveal that ECM geometry alone is not sufficient 

to predict �gel, and indicate that dextrans spend most of their time in contact with the 

ECS fluid.  
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Fig. 4.5. Pore sizes of ECM gels in liquid assessed by AFM imaging in contact mode. (A) 

Representative topographic AFM image of the surface of a dense COLI gel. Scale bar 

corresponds to 5 �m (B) COLI,  (C)dense FIB, (D) rBM  Frequency distribution of pore areas 

outlined in the AFM images. (E) Log-scale box-plot of pore sizes calculated from AFM images 

assuming a circular geometry (n � 85). Data of sparse COLI gels were taken from elsewhere 

[45-49]. ***P<0.005 were determined by Mann-Whitney test.  

 

4.1.5 Convenient time-windows in 3D culture experiments based on 

diffusivity data 
 

A common application of 3D cultures is examining the cellular response to an 

exogenous signaling soluble factor. Because of diffusion hindrance, the concentration of 

any soluble factor will reach equilibrium at a time much longer than in cell cultures in 

standard two-dimension tissue culture plastic (2D culture). Therefore, diffusion sets a 

minimum time-window that must be contemplated to guarantee that all cells in a 3D 

culture are exposed to the same equilibrium concentration of the signaling factor. To 

assess a convenient time-window, the time to reach half the equilibrium concentration 

t50 due to either �gel alone (ECM) or to the combined effect of gels and cells as in 3D 

cultures (ECM+cells) was calculated (Fig. 4.6). The latter tortuosity was assessed as �3D 

" �gel�cell as reported elsewhere [19, 22, 24, 68, 69], where �cell was taken as 1.3, which 

elicited t50,ECM+cells= 1.69 t50,ECM. Plots of t50 as a function of gel thickness for all the Mr 

and gel types examined are shown in (Fig. 4.6A-D). For the ~2 mm thick gels used in 
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the macroscopic diffusivity assay, t50 due to ECM was ~3-4 days for the largest Mr in 

rBM and dense FIB, whereas it was < 1 day for COLI gels. These values almost 

doubled when considering the effect of �cell, indicating that considering �gel alone 

underestimates markedly the predicted t50 in 3D cultures. 

 

 

Fig. 4.6. Theoretical minimum experimental time-windows in 3D culture experiments as a 

function of gel thickness. t50 values were assessed as t50 = l2�2/(1.69Do) using either �gel alone 

(dotted lines) or �3D " �gel�cell, taking �cell = 1.3 (continuous lines) for rBM (A), dense FIB (B), 

dense COLI (C) and sparse COLI (D). For clarity purposes, a different vertical scale between 

(A,B) and (C,D) has been used. 

 

Another way of assessing a characteristic diffusion time is by extracting the time from 

the diffusion distance equation in 2D, x2=4Dt. This estimation is useful, as it gives 

insight into the time scale of the earlier stages of the diffusion process. 
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Fig 4.7. Theoretical minimum experimental time-windows in 3D culture experiments as a 

function of gel thickness. Times were assessed as t=x2/4D0 using either �gel alone (dotted lines) 

or �3D " �gel�cell, taking �cell = 1.3 (continuous lines) for rBM (A), dense FIB (B), dense COLI 

(C) and sparse COLI (D). For clarity purposes, a different vertical scale between (A,B) and 

(C,D) has been used. 

 

4.2Oxygen diffusion and consumption in 3D cultures 
 

4.2.1 Hindered oxygen diffusion in acellular ECM gels 
 

An illustrative example of p measurements performed at 1h in an acellular rBM gel is 

shown in (Fig. 4.8B). Two small but detectable drops in p appeared at the interfaces 

between air-liquid and liguid-gel layers. Comparable drops were observed in the other 

acellular ECM gels. The drop in pL
* with respect to pA

* was expected, according to the 

oxygen solubility in the culture medium [35]. The drop in pG
* indicated that oxygen 

concentration in the ECM gels was slightly lower than that in the culture medium. 

Despite these small drops, oxygen tension was much higher than the normoxic limit 

�indicated by the horizontal dashed line (Fig. 4.8B)� in all acellular gels. To examine 
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whether the small drop of p in the gel layer could be due to hindered diffusion in the 

ECM gels, DG from the dynamic measurements in acellular gels was assessed. DG was 

smaller than DL in all gels, although these reductions attained statistical significance in 

rBM and dense FIB only (Fig. 4.8C). A possible explanation for the similar reduced 

diffusivity in rBM and dense FIB could be their comparable viscosities [75]. To test this 

possibility, the theoretical oxygen diffusivity (Do) in gels and in water was calculated 

using the Stokes-Einstein relation Do = kBT/6��RH, where kB is the Boltzmann’s 

constant, T is the absolute temperature (310 ºK), RH is the oxygen hydrodynamic radius, 

and � is the gel viscosity. RH was taken as the bond length (0.12 nm) [76], whereas � 

values were taken from data reported elsewhere [75]. DG exhibited a marked linear 

relationship with Do (Fig. 4.8D), r2=0.9, thereby supporting that hindered diffusion in 

ECM gels is mainly due to oxygen viscous friction with the extracellular space (ECS) 

fluid. 
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FIG 4.8 (A) Schematic representation of the geometry of p measurements in the 3 material 

layers found in 3D cultures: air, liquid and ECM gel. (B) Representative example of p 

measurements in an acellular rBM gel (bottom panel). The corresponding expected positions of 

the oxygen sensor are shown in the top panel. The average sensor speed in the dynamic 

measurements was 0.32 ! 0.04 mm/s. (C) Gel diffusivity in acellular ECM gels (n = 3). *P<0.05 

with respect to water. (D) Scatter plot of experimental DG and theoretical Do gel diffusivities. 

Theoretical values were assessed with Stokes-Einstein law as described in the text. Continuous 

line represents a linear regression fitting (r2 = 0.9).  

 

4.2.2  Physiologic oxygen tension arises in 3D cultures in dense but not 

sparse ECM gels 
 

Examples of p measurements at 1 h and 46 h recorded in 3D cultures in rBM or in 2D 

cultures are shown in (Fig. 4.9A) and (Fig. 4.9B), respectively. As expected, the drops 

in pG
* with respect to pL

* observed in (Fig. 4.9A) were larger than those in acellular gels 

owing to the cell-dependent effects on hindered diffusion and oxygen consumption. The 
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drop in pG
* with respect to pL

*  in cellularized rBM was larger at 46 h, and reached the 

normoxic/hypoxic range (Fig. 4.9A). The average values of pL
* in cellularized gels 

recorded a drop from 1h to 46h, but have remained within the hyperoxic range (Fig 

4.9C). In contrast, the average pG
* data at 46 h fell within the physiologic range in all 

other dense gels (� 3 mg/ml), but not in sparse COLI gels, which remained ~ 70 mmHg 

(Fig. 4.9D). In contrast, pL
* values in 2D remained well above the normoxic range, even 

though they dropped with respect to pA
* (Fig. 4.9B,D). These results indicate that 3D 

cultures with dense ECM gels were suitable tissue surrogates after 46 h in terms of 

oxygen tension, whereas both 2D cultures and 3D cultures in sparse COLI were not.  

 

FIG 4.9. Oxygen tension measurements in 3D cultures with A549 cells. Representative 

measurements in cellularized rBM gels (A) or 2D cultures (B) at 1 h (black dots) and 46 h 

(white dots). (C)Average pL
* values recorded in static conditions in 3D cultures(medium above 

gel), at1h(black bars) and 46h(gray bars)(D) Average pG
* and pL

* values recorded in static 

conditions in 3D and 2D cultures, respectively, at 1h (black bars) and 46h (gray bars). 

***P<0.005 with respect to 46h. Horizontal dashed lines correspond to physiologic limits of 

normoxia and hypoxia. 
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4.2.3 Oxygen consumption of A549 cells cultured within a panel of 

ECM gels  
 

To gain quantitative insight into oxygen consumption in 3D cultures, the dynamic pG 

measurements were replotted as a function of xG and fitted to Eq. (3.22). A 

representative example of pG(xG) data obtained with A549 cells cultured in rBM for 46 

h and the corresponding fitting are shown in (Fig. 4.10A). As expected, pG(xG) data 

conformed well to a parabolic curve in all samples (r2 � 0.9). The latter analysis enabled 

assessing Rmax at 1 h and 46 h (Fig. 4.10B), which was indicative of the total oxygen 

consumption 1.3 mm deep in the gels. The highest Rmax values were consistently 

observed in 2D cultures, and were more than two-fold larger than the lowest Rmax values 

obtained in rBM and dense FIB, whereas the data range observed in COLI gels was 

intermediate between the latter gels and 2D. Also, Rmax increased with time in both 2D 

and 3D cultures with the exception of sparse COLI, suggesting a COLI density-

dependent effect in A549 cells. On the other hand, the estimations of 9.8  yielded 

1.01�10-5 for rBM, 1.18�10-5 for dense FIB, 1.25�10-5 for dense COLI, and 1.46�10-5 

cm2/s for sparse COLI. Considering these 9.8  values and Rmax data (Fig. 4.10B) allowed 

assessing �. These calculations revealed that the oxygen consumption rates were ~10-

16-fold larger than diffusion rates in all 3D cultures at 1 h, with a little increase (up to 

~14-16-fold) at 46 h in all gels but sparse COLI. Likewise, Rmax and the initial �cell 

enabled calculating Vmax at 1 h in 3D (Fig. 4.10C). Vmax in 2D was assessed considering 

the molar flow rate of oxygen normalized by the seeding density as described elsewhere 

[34]. Vmax in 2D was similar to that in COLI gels, and two-fold larger than in rBM or 

dense FIB. The latter observation revealed a marked effect of ECM biochemistry over 

gel density in oxygen consumption, since dense FIB and dense COLI had the same gel 

density and yet the Vmax in dense FIB doubled that of dense COLI. Thiele moduli for all 

gels were calculated using the initial cell density values of 0.8M cells/ml (Fig.4.10D). 

Values were considered for a very wide gel thickness range.  
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FIG 4.10. (A) Illustrative example of dynamic p measurements at different gel depths in a 3D 

culture with rBM. Continuous line represents a least squares fitting (r2 = 0.99). (B) Average 

maximum OCR measured at 1 h (black bars) and 46 h (gray bars) in 3D and 2D cultures. (C) 

Corresponding maximum OCR per cell at 1 h. **P<0.01 and ***P<0.005 with respect to 2D. 

(D) Thiele moduli calculated for all gels at a seeding density of 0.8M cells/ml spanning over a 

gel thickness range of 7mm. 

 

4.2.4 Modeling pG, h, and �cell permissive of physiologic oxygen tension 

in 3D cultures with A549 cells  
 

As a first approximation, a simple analytical model described in Equations (3.27-3.28) 

was used to assess the oxygen pressure in the middle of the gel and predict hmax and 

�o,max permissive for either normoxia or hypoxia in 3D cultures with A549 cells. All the 

input variables of the model could be assessed directly from the experiments but Km and 

KH, which were taken from the literature.   was assessed considering �o and �cell at 46 h, 
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which was estimated holding Vmax, thereby eliciting 54 h for rBM, 73 h for dense FIB, 

360 h for dense COLI and -81h for sparse COLI. Imposing plimit for normoxia (50 

mmHg) or hypoxia (10 mmHg) at half the gel thickness (xG/h = 0.5) elicited �limit ~ 19 

and 24 for all gels, respectively. In these conditions, the evolution of pressure at the 

middle of the gel (2mm or 4mm thick) was assessed during a timespan of one week, for 

different cell seeding densities (Fig.4.11).  

 

 

Fig 4.11. Predicted pressure values at the middle of a 2mm (continuous lines) or 4mm (dashed 

lines) thick gel in 3D cultures of A549 cells in rBM up to a week using the model described in 

Methods. Increasing line thicknesses corresponded to increasing seeding densities. 
 

Also, the constraint of tuning �o,max for hmax permissive for either hypoxia (continuous 

line) or normoxia (dashed line) were assessed up to one week (Fig. 4.12). �o,max values 

from phenomenological recommendations given in the literature were taken (0.05 – 1 

Mcell/ml, where M denotes 106 cells) [67, 77].  
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Fig  4.12. Predicted maximum seeding densities permissive for either normoxia (dashed lines) 

or hypoxia (continuous lines) in 3D cultures of A549 cells in rBM up to a week using the model 

described in Methods. Increasing line thicknesses corresponded to increasing gel thicknesses. 
 

Likewise, the constraints of tuning hmax within 1-4 mm [41] for �o,max (Fig. 4.13) were 

assessed. The results in (Fig. 4.12) and (Fig.4.13) clearly illustrate the inverse 

relationship between hmax and �o,max, and reveal a strong dependence with the day 

considered, since both hmax and �o,max decayed rapidly with time. 
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FIG 4.13. Predicted maximum gel thicknesses  permissive for either normoxia (dashed lines) or 

hypoxia (continuous lines) in 3D cultures of A549 cells in rBM up to a week using the model 

described in Methods. Increasing line thicknesses corresponded to increasing seeding densities. 

 

Therefore, the model used here predicted that normoxia arises in a narrow range of 

�o,max and hmax at all time points that decays markedly with time. In addition, it revealed 

that hypoxia arises in thicker gels, larger seeding densities or longer times. To illustrate 

how to use the predictions of the model as a starting point in the design of a 3D culture 

experiment, two common experimental scenarios were considered: �o = 0.5 Mcell/ml or 

a 2 mm thick gel, and time-window of 1 week. In these conditions, the recommended 

hmax and �o,max permissive for  hypoxia or normoxia in A549 cells in different gels are 

shown in Table II. 
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Table II. Predicted ranges for hmax and �o,max  permissive for hypoxia/normoxia at  

half the gel thickness in A549 cells cultured in 3D up to 1 week .   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ECM Max. height hmax (mm) 
(for �o = 0.5 Mcell/ml) 

Max. seeding density �o,max  
(Mcell/ml) (for h = 2 mm) 

 Hypoxia Normoxia Hypoxia Normoxia 
rBM � 1.35 1.06 – 1.35 � 0.22 0.14 – 0.22 

dense COLI 
dense FIB 

� 3.2 
� 2.08 

2.46 – 3.2 
1.6-2.08 

� 1.27 
� 0.54 

0.76 – 1.27 
0.14-0.54 
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Chapter 5 Discussion 
 

5.1Macromolecular Diffusion 

 

5.1.1 Advantages of the experimental approach 
 

Dextrans are flexible polymer chains that have been extensively used in transport 

studies in hydrogels and tissues and are known to diffuse as spherical particles in free 

solution according to Stokes-Einstein law [19, 21, 22, 28, 69]. A variety of experimental 

approaches have been reported to assess the diffusivity of FITC-dextrans and other 

fluorescently labeled particles in hydrogels and tissues, FRAP being among the most 

extensively used [19, 22, 45]. FRAP and most other microscopic approaches are based 

on confocal microscopy setups to assess the diffusivity of fluorescent particles within a 

micrometer-sized region of the sample. These microscopic approaches require expert 

personnel and expensive equipment, and often involve hydrogel manipulations that 

depart from those used in 3D cultures as in microfluidic-based diffusivity measurements 

[9]. Alternatively, it is conceivable that the fluorescence imaging capabilities of 

photometric devices available in most cell biology laboratories �such as 

spectrophotometers and MultiPlate Readers� could provide a cost-effective approach to 

monitor the slow fluorescent changes that occur during the diffusion of fluorescent 

particles in ECM gels in bulk. In support of this experimental possibility, few 

spectrophotometer-based diffusivity assays have been recently reported [78, 79]. In this 

study a proof-of-principle that Microplate Readers and Transwell plates can be used to 

assess macroscopic diffusivity in hydrogels has been provided. The macroscopic assay 

presented here was advantageous in that it did not require expert personnel, it involved 

minimum sample preparation and setup optimization, and enabled monitoring the 

diffusion of many samples in a multi-Transwell plate in parallel. 
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5.1.2 Modeling approaches 

 
The macroscopic diffusion measurements were analyzed in terms of the semi-infinite 

gel model. This model has been previously shown to capture the critical physical 

aspects of diffusion problems similar to ours, and is overall advantageous in its 

computational simplicity. However it is limited in that it does not account for the finite 

gel thickness and the dextran flux to the lower Transwell compartment where the 

fluorescence measurements are made. Dealing with these theoretical limitations in full 

require finite element methods, whose computational complexity was beyond the scope 

of this work. Alternatively, a finite gel model has been developed that included the 3 

layers through which dextrans diffused in the setup (i.e. dextran solution on top of the 

gel, gel and bottom Transwell compartment). Preliminary diffusivity data obtained with 

the finite model (Dfinite) exhibited a strong correlation (R = 0.85) with that assessed with 

the semi-infinite model (D), and could be described by a linear relationship with a slope 

close to unity (Dfinite = 1.16 D). A similar good agreement between semi-infinite and 

finite gel models has been recently reported in the diffusion of Dex10 through 5 mm 

thick COLI gels during the first 5 h [44], which is a time-window comparable to ours. 

These findings support that the diffusing dextran layer is generally smaller than the gel 

thickness for short times, thereby enabling the application of the semi-infinite model. 

Moreover, Dfinite data were consistent with our major observation of a power-law 

relationship between D and Mr with the exponent predicted by the Stokes-Einstein law 

(�= 0.32 ! 0.03, r2=0.99) thereby further supporting the physical interpretation of the 

results obtained with the semi-infinite model. 

 

5.1.3 Comparison of the difusivity data with previously obtained values 

  
Diffusivity data obtained on dense FIB were in good agreement with values reported 

elsewhere for Dex40 and Dex70, although they were at least 3-fold lower than those 

observed with low RH particles like Dex4 and Dex10 [9, 43]. Likewise, our D data on 

both sparse and dense COLI were comparable to data reported for low RH particles, 

although our values were ~2-fold higher than large RH particles as Dex40 and Dex70 

[22, 44]. Previous diffusivity data for dextrans in rBM gels have not been found. 

Instead, the diffusivity of gold nanoparticles in rBM was reported to be ~0.1�10-6 [80], 
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which is very close to our D values at the highest RH (Fig. 4.3A). The discrepancies 

between our diffusivity data and that of others can be easily explained by the differences 

in the technical approach, gel preparation, animal source of the native ECM component 

and the transport properties of the specific tracer used. Despite all the latter sources of 

variability, it is remarkable the good agreement between our macroscopic D data and 

previously reported microscopic D values. 

 

5.1.4 ECM viscosity dominates hindrance 

 
Diffusion regulates the transport of molecules through the ECS in both tissues and 3D 

cultures [19, 68]. In addition to the geometrical obstacles posed by cells and the ECM 

scaffold, diffusion hindrance may arise from non-geometrical factors, although the 

relative contribution of geometric and non-geometric ECM characteristics remains ill 

defined. To address this question, we reduced confounding factors by examining the 

diffusivity of dextrans in acellular ECM gels. The size of dextrans was smaller than the 

average ECM pore size as revealed by AFM imaging (Fig. 4.5). The agreement between 

our w data on gels upon short-term fixation and previous studies on unfixed gels using 

alternative imaging approaches [70, 72, 73, 81, 82] support the validity of our imaging 

protocol. In these geometrical conditions, we provided direct evidence for the first time 

that the relationship between diffusivity and Mr obeyed the Stokes-Einstein law (Fig. 

4.3A), thereby revealing that diffusion hindrance in ECM gels is dominated by non-

geometrical viscous factors rather than geometrical (steric) properties. This observation 

was unexpected, since the Stokes-Einstein relation was derived to describe the diffusion 

of rigid spherical particles in free solution, which is in marked contrast with the 

complex entangled structure of ECM gels. Indeed, Stokes-Einstein law has been 

previously used to assess RH of tracers in liquid [9, 22, 26, 28]. In qualitative agreement 

with our findings, previous attempts to examine D dependence on Mr reported power-

law relationships in both FIB and COLI gels [9, 22], although they could not 

unambiguously discriminate the one-third power-law exponent from other possibilities. 

An important consequence of the validity of the Stokes-Einstein law was that it enabled 

assessing the effective ECS fluid viscosity, which turned out to be larger than that of 

water, yet within the same order of magnitude (Fig. 4.4A). ECS viscosity values fell 

within the physiological range, since they were comparable to either blood (for RBM 
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and dense FIB), lymph (for dense COLI) or plasma (for sparse COLI) according to 

previous studies [18].  Our theoretical calculations predicted a similar viscosity between 

rBM and dense FIB, which was confirmed by independently assessing gel viscosity by 

AFM (Fig. 4.4B). These results indicated that ECM gels can be modeled as a rigid 

porous material in terms of diffusion. Moreover, they revealed that ECS viscosity is the 

main physical property of the gel in controlling the tortuosity of spherical molecules 

that are smaller than the ECM pore size.  

 

5.1.5 Physical basis of the increased viscosity: unattached 

macromolecules vs. wall-effects 
 

The physical factors affecting diffusion hindrance in hydrogels are not nearly as well 

understood as those in free solution [83]. However, we can envision at least two 

potential effects underlying the enhanced ECS viscosity in ECM gels based on classical 

hydrodynamics: (i) a wall effect due to the surface of the ECM scaffold, and (ii) the 

effect of unassembled ECM macromolecules. Wall-effects describe the flow reduction 

in the proximity of a 2D wall, which increases the effective viscosity of the fluid [84]. 

This wall-effect predicts that diffusivity should correlate with pore size. However, such 

prediction was not consistent with the similar diffusivities observed in rBM and dense 

FIB. Likewise, it could not account for the similar tortuosities measured in the latter 

ECM gels and those reported in the ECS of brain tissue, which has a pore size of ~50 

nm [19] that is much smaller than that of ECM gels (Fig 4.5E). The hydrodynamic 

effect of unassembled ECM macromolecules is grounded on the well known fluid 

viscosity increase in the presence of soluble macromolecules [85, 86]. For dilute 

solutions, this effect predicts that � increases linearly with the volume fraction # 

occupied by the large macromolecules. Although, to our knowledge, the fraction of 

unattached ECM molecules in an ECM gel remains unknown, we may assume that it is 

proportional to gel density d as a first approximation. In support of the latter prediction, 

we observed a linear relation between the normalized viscosity data (�/�water) obtained 

in COLI and rBM gels and d (Fig. 4.4C). The simplest model that relates �/�water and # 

for rod-like macromolecules like ECM filaments [72, 87] is the well-established Kuhn 

mode [85, 86], which predicts �/�water = 1 + (5/2 + x)#, where x is the axial ratio of the 

rod (x = length/width). Taking a previously suggested value of x = 19 [86] elicited # 
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~0.01 (sparse COLI), ~0.04 (dense COLI) and ~0.15 (rBM), which fell within the 

theoretical range of # data assessed in brain tissue (0.18-0.5) [23]. Likewise, the ratio 

between �/�water and d elicited # ~ 0.11 for dense FIB (Fig. 4.4). The role of 

unassembled ECM molecules in enhanced viscosity is further supported by previous 

observations reporting undistinguishable dextran diffusivities obtained in dense COLI 

solutions before and after gelation [22], or in aligned and nonaligned sparse COLI gels 

[88]. Based on all these results it is tempting to speculate that the enhanced ECS 

viscosity with gel density is largely due to the increased presence of unattached ECM 

macromolecules. Likewise, our data suggest that the similar diffusivities of rBM and 

dense FIB may be due to their comparable #.  

 

5.1.6 Comparison between viscosity assays 
 

The � values obtained from D data and Stokes-Einstein law were consistent 

qualitatively but not quantitatively with �AFM values obtained by AFM (Fig. 4.4). 

Stokes-Einstein assumes that � corresponds to a Newtonian fluid, i.e. is f-independent in 

our experimental settings. In contrast, �AFM values were markedly f-dependent, and were 

comparable to values obtained elsewhere by bulk rheometry measurements [89, 90]. 

Technical-dependent effects are likely involved in this discrepancy, since �AFM was 

assessed by indenting the surface of the ECM gel with a micrometer-sized spherical tip, 

whereas � was calculated from the passive diffusion of nanometer-sized dextrans. In 

addition to technical effects, the large �AFM values with respect to � revealed that they 

probed the mechanical response of different parts of the ECM gel. Thus, AFM 

measurements probed the dissipative forces developed as the whole gel was deformed 

by the AFM tip, which included the viscous response of both the insoluble filamentous 

network and the fluid filling the gel pores. The latter dissipative processes may include 

inter- and intra-fiber friction due to fiber realignment during AFM indentation. In 

contrast, the low � values obtained from diffusion measurements revealed that dextrans 

did not deform the ECM scaffold during diffusion, and that � values probed the friction 

between dextrans and the surrounding fluid, thereby supporting further that ECM gels 

can be modeled as rigid porous materials in terms of passive transport. Of note for the 

interpretation of diffusion hindrance in terms of non-geometric factors, both �AFM and � 
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data consistently reported that the effective viscosity of dense FIB was closer to rBM 

than to dense COLI. 

 

5.1.7 Tortuosity and suitable time windows in 3D cultures 
 

Our macroscopic assay enabled estimating the relative contribution of cells and ECM 

gels in 3D cultures. Comparing our �gel values with the average <�cell> reported 

elsewhere revealed a balance role of cell- and gel-dependent hindered diffusion in 3D 

cultures based on dense COLI gels in agreement with previous results [91], whereas �cell 

is expected to be dominant in sparse COLI. In contrast, our findings predicted that �gel 

is dominant over �cell in 3D cultures based in rBM and dense FIB. The dominant role of 

ECM in hindered diffusion is further supported when considering that �gel may be even 

higher for soluble signaling macromolecules, since many ECM components �including 

those used in this study� contain binding domains for different signaling molecules that 

may delay their diffusion through specific binding [18, 19]. Moreover, dextrans are 

known to exhibit increased diffusivity compared to more rigid spherical proteins like 

albumins or other proteins for the same Mr [28]. Nonetheless, we used �gel values and 

<�cell> to assess �3D in a first approximation, and applied these data to estimate 

convenient experimental time-windows in 3D culture studies (Fig. 4.6). Our predicted 

t50 values were consistent with experimental time-windows previously reported in 

selected 3D culture experiments in rBM, FIB and COLI that are summarized in Table 

III [9, 40, 92, 93]. 

 

Gel Thickness Signaling factor predicted t50 experimental 
time-windowII 

Reference

rBM na Prolactin (22 kDa) � 3 dayI 3 day ($-casein 
expression) 

[93] 

rBM ~2 mm TGF-� (17 kDa) � 2.5 dayI 2-3 day (robust 
branching) 

[40] 

dense COLI na HGF (~80 kDa) � 2 dayI 1 day (early 
branching) 

[92] 

dense FIB na na ~ 5 dayI 7 day (robust 
branching) 

[9] 

Table III: Comparison between predicted t50 and experimental time-windows for selected 3D 
culture studies; Ivalues based on a 2 mm gel thickness in Fig. 5; IIt at which physiologic 
response was detected 
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On the other hand, comparing our �gel data with � values reported in a variety of tissues 

indicated that rBM and dense FIB alone were able to mimic � observed in extreme 

physiologic hindrance such as brain tissue and some tumors, whereas � of dense COLI 

reproduced values reported in normal skin or granulation tissue. In contrast, sparse 

COLI could not reproduce any physiologic � value even after adding the effect of �cell, 

indicating the limitations of this ECM model as a tissue surrogate in terms of diffusion. 

Collectively, our values support a major role of the ECM in hindered diffusion in vivo, 

particularly at densities > 3 mg/ml, and indicate that dense ECM gels are suitable tissue 

surrogates in terms of molecular transport. 

 

5.2 Oxygen diffusion and consumption in 3D cultures 
 

5.2.1 Oxygen diffusivity values in acellular ECM gels 
 

A common approximation in oxygen transport studies is to consider that oxygen 

diffusivity within acellular hydrogels is comparable to that in aqueous medium [34, 35]. 

Our experimental data partially agreed with this approximation, since all our DG values 

fell within the narrow range of ~1.7-2.5�10-5 cm2/s, which was only up to 40% smaller 

than that of water (Fig. 4.7C) [35, 64]. The latter range was consistent with recent DG 

measurements on fibrin gels reported elsewhere [35], thereby supporting our data 

analysis in acellular gels. The small decrease of DG with respect to water has been 

traditionally attributed to the geometrical obstructions posed by the ECM scaffold [32, 

64]. However, the small (< 1 nm) RH of oxygen molecules compared to the large (� 1 

�m) average pore size of our ECM gels [75] suggests that non-geometrical gel 

properties may account for the enhanced diffusion hindrance in ECM gels. In agreement 

with this hypothesis, we observed a marked correlation between our DG data and that 

predicted by the Stokes-Einstein law considering the viscosity of the ECS fluid. 

Likewise, a decrease of oxygen concentration with viscosity was reported in synthetic 

liquids [94] and in eyes subjected to vitrectomy [95].  
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5.2.2 Technical approach: modeling assumptions 

 
Previous studies have revealed that the essential aspects of diffusion and consumption 

in cellularized hydrogels can be estimated by applying reasonable approximations to the 

reaction-diffusion equation. This strategy (described in the Methods) was applied in this 

work, relying on three main assumptions. First, we considered quasi steady-state 

regimes based on the short time-scale of our measurements, which was supported by the 

plateaus observed in p measured in static conditions. Second, we assumed linearity of 

the Michaelis-Menten reactive term, which was equivalent to pG >> 0.45 mmHg given 

our choice of Km. Since the lowest pG was ~ 10 mmHg, the linear approximation was 

well justified. Third, we assessed 9.8  assuming a 60% reduction in oxygen diffusivity 

with respect to that in acellular gels owing to the geometrical obstacles posed by cells, 

as reported in previous experimental and theoretical studies [19, 23]. This assumption 

elicited 9.8)~1-1.5�10-5 cm2/s, which is in agreement with previous values obtained in 

natural tissue extracts [64, 96] and some engineered tissues [65, 66], thereby supporting 

the suitability of this assumption.  

 

5.2.3 Oxygen consumption quantification  
 

Our theoretical approximations enabled assessing the oxygen consumption of A549 

cells in 2D and 3D by calculating Vmax. We found Vmax values in 2D comparable to those 

reported in the same cell line elsewhere [97, 98] and, to different extents, lower than 

those observed in chondrocytes and hepatocytes [66, 99]. These findings illustrate that 

Vmax is cell-type dependent, and provide further support to our data analysis in 

cellularized gels. Moreover, to our knowledge we obtained the first estimations of Vmax 

values of A549 cells in 3D cultures. The larger Vmax found in 3D with sparse COLI and 

in 2D compared to rBM has been previously attributed to the enhanced metabolic 

demand required to support the additional synthetic activity in 2D [100, 101]. Likewise, 

the similar Vmax observed in 2D and COLI gels could be interpreted as a partial loss of 

epithelial differentiation in collagenous substrata with respect to rBM, in agreement 

with a previous study with epithelial cells [102]. On the other hand, our data suggested 

that sparse COLI induced a decrease in cell density in A549 cells. In support of this 

interpretation, an increase in cell death has been reported in low density COLI gels in a 
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variety of epithelial cell lines, and has been associated with the low compliance of these 

gels [103]. Collectively, our results expand the well-known ECM regulatory role of 

gene expression in the context of tissue-specific functions [3, 8]. 

 

5.2.4 Design considerations of 3D cultures and limitations 
 

A major step in the design of a 3D culture experiment is the selection of �o, the 

characteristics of the ECM gel (i.e. composition and density), the geometry of the gel 

container, and the experimental time-window. Currently available 3D culture protocols 

give recommendations on some of these variables based on phenomenological 

observations, whereas quantitative criteria are largely absent. Moreover, the selection of 

other variables remains rather arbitrary [67, 77]. To make a first step towards addressing 

these limitations, we assessed suitable ranges for four critical variables of 3D cultures in 

terms of oxygen tension: ECM density, gel thickness, �o, and time-window. Thus, we 

first examined the effect of ECM density, and found that dense (� 3 mg/ml) gels are 

suitable tissue surrogates in terms of oxygen tension. Next, we adapted a simple 

mathematical model to set boundaries on h, �o and time-window consistent with either 

normoxia or hypoxia. The critical parameter of the model was � since, for a given cell 

type, the selection of the latter 3 variables (h, �o and time) should match that � value 

required for a specific oxygen tension. Illustrative values permissive for 

normoxia/hypoxia in common 3D culture experiments with A549 cells were given in 

Table III, and corresponded to � ~ 19-24. Thus, our approach revealed that physiologic 

oxygen conditions arise in 3D cultures when � > 1, in contrast with tissue engineering 

studies that favor � < 1 to produce clinically valuable thick tissues [29, 35]. 

To examine the validity of our model, we compared its predictions with 

phenomenologic recommendations reported elsewhere. Lee and co-workers 

recommended 0.55 Mcell/ml for 3D cultures with malignant epithelial cells in rBM up 

to 10 days, and suggested gel volumes corresponding to h ~ 1.2-2.8 mm depending on 

the gel container [77]. In the same conditions, our model predicted a normoxic range for 

hmax ~ 1.06-1.35 mm, which support the lower range of the recommended h, but not the 

highest h value of 2.8 mm, since it may elicit hypoxia/anoxia. Chen and co-workers 

recommended 0.2 Mcell/ml for 3D cultures of endothelial cells in 2.5 mm thick dense 

FIB gels up to 3 days [67]. Applying values of the Michaelis-Menten parameters (Vmax, 
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Km) in our model for endothelial cells [34] elicited hmax ~ 5.25-6.78 mm, thereby 

suggesting that the recommended conditions may be hyperoxic. These comparisons 

illustrate that our simple model could be extended to identify experimental conditions 

permissive for normoxia or hypoxia in other cell types, provided that their metabolic 

characteristics and growth rate can be assessed. For this purpose, a compilation of 

Michaelis-Menten parameters from different cell types can be found elsewhere [99].  

The values recommended by our model should be taken as a starting point rather than as 

final values, since our model did not consider ECM remodeling, apoptosis or other 

biological processes that may affect the actual oxygen dynamics. Nonetheless, our 

model may be useful in short-cutting the time-consuming optimization period of 3D 

culture studies. 

Considering how cell behavior in 3D cultures is regulated by a variety of diffusion 

related properties of the microenvironment, future work is needed to provide guidelines 

for optimizing some of these properties in 3D cultures. Accordingly, in the next section 

I will comment on the possible solutions related to the transport problem in the context 

of 3D gels used for cell culture. 

 

5.3. Insight towards improving 3D cell cultures 
Some of the limitations of native 3D cultures are unrelated to transport, but rather 

intrinsic to their biological nature. First, native ECM gels are in essence biomaterials 

derived from animals. Therefore, they tend to have minor percentage of impurities that 

may have biological activities [104]. In terms of cell culture, this means that 

experiments are not always 100% controlled and the outcome and reproducibility may 

depend on these unaccounted factors. In order to overcome this limitation, synthetic or 

biomimetic scaffolds have been developed, but these scaffolds, in turn have their own 

limitations such as lack of control over porosity and adhesion sites, and a higher price. 

Second, once cells are inside a 3D scaffold, the techniques to quantify certain aspects of 

the cells (ex. cell number), are far less available and straightforward than in the case of a 

2D culture. A possible solution to this problem is degrading the matrix and recovering 

the cells, but such protocols are not standardized and might not work for all scaffold 

types. Third, 3D cultures are significantly more expensive to make and work with than 

traditional Petri dishes. Finally, there is certainly a need for standardization of the 3D 

cultures. Not only would standardization of culture conditions be beneficial for specific 
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experiments, but the communication of said experiments would be highly facilitated. 

This limitation could be overcome by quantifying the current unknowns and 

establishing a database of useful parameters for designing 3D cultures.  

In terms of diffusion, the large �gel observed in ECM gels �particularly in rBM and 

dense FIB� has important experimental consequences that should be considered in the 

design and interpretation of 3D culture studies. First, there is a minimum time-window 

that must be contemplated to guarantee that all cells in a 3D culture are exposed to the 

same equilibrium concentration of the signaling molecule for a given ECM gel. Second, 

there is a risk of misinterpretation of 3D culture studies examining the biological effects 

of two or more exogenous signaling molecules with markedly distinct Mr owing to the 

D decay with Mr. Moreover, a large �gel induces sustained concentration gradients of 

signaling factors that may elicit asynchronous cellular stimulation according to the 

depth of the cell within the gel. A variety of bioreactors have been described mainly as a 

solution to controlling oxygen delivery to 3D cultures, most notably membrane based 

reactors, perfusion reactors and stirred-suspension-culture reactors [6]. A short-coming 

of these systems is that they are designed for creating large masses of tissue mainly for 

transplant, often not suitable for 3D cell cultures [3, 6, 8, 32]. Indeed, the optimized use 

of bioreactors in the field of 3D cultures would be a step forward towards improvement 

of culture conditions. 

Nevertheless, most of the above mentioned unwanted diffusion effects can be overcome 

using simple experimental modifications. Thus, diffusion effects due to gel thickness 

can be minimized by using thinner gels according to (Fig. 4.6), and in agreement with 

previous studies on 0.1 mm thick COLI gels [41]. Thickness effects can be further 

reduced by preparing 3D cultures in Transwell inserts and adding the signaling factor 

both on top of the gel and in the bottom Transwell compartment. Alternatively, 

thickness effects may be completely prevented in many studies by culturing cells on top 

of the ECM gel instead of embedded [8, 105]. Regarding scaffold concentration, it is 

not advisable to use low density gels (<3mg/ml) . As seen in (Fig4.3B) and (Fig4.4A), 

sparse COLI scaffolds tend to not contribute much to the diffusion hindrance and have a 

viscosity that is close to that of water. On the other hand, misleading interpretations in 

studies involving two signaling molecules with different Mr can be reduced by adding 

first the molecule with larger Mr in the 3D culture according to (Fig. 4.6) or, 
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alternatively, by using the minimum t50 corresponding to the molecule with the largest 

Mr. 

In addition to thickness and scaffold density effects, the initial cell seeding density is a 

very important variable, especially in experimental conditions that seek to quantify 

oxygen diffusion, consumption and pressure. This problem can be overcome by 

coupling the desired cell density with appropriate geometrical conditions and time 

windows in order to obtain the desired oxygen levels.  

In addition to oxygen tension and diffusion properties of nutrients there are other factors 

that may influence the behavior of cells. These factors include, but are not limited to 

CO2 concentration, matrix rigidity, the presence of matrix-binding factors in the culture 

medium. A careful assessment of these factors, coupled with the ones described in this 

work, may contribute to a better design of 3D cultures. 
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Chapter 6  Conclusions 

 

6. 1 Diffusion of macromolecules 
 

1.In this work a novel and simple macroscopic approach to measure diffusivity has been 

validated. The macroscopic diffusivity of dextran macromolecules with physiological 

Mr within a panel of ECM gels widely used in 3D cultures was measured. It has been 

observed that diffusivity decreased with Mr according to a power-law with the one-third 

exponent predicted by the Stokes-Einstein law.  

 

2.The Stokes-Einstein relation derived for Newtonian fluids can be extended to the 

complex entangled structure of ECM gels for spherical particles much smaller than the 

average ECM pore size.  

 

3.Hindered diffusion/tortuosity in ECM gels is dominated by non-geometrical 

hydrodynamic factors (i.e. ECS viscosity) rather than the geometrical (steric) properties 

of the gel.  

 

4. Stokes-Einstein law predicted that rBM and dense FIB should exhibit comparable 

viscosities, which was confirmed by independent microrheology measurements by 

AFM. The enhanced ECS viscosity may arise from the hydrodynamic effects of 

unassembled ECM macromolecules within the ECS.  

 

5. 3D cultures based on dense gels (� 3 mg/ml) are suitable tissue surrogates in terms of 

diffusion, and are even able to reproduce the extreme physiologic tortuosity of brain 

tissue.  

 

6.These findings support that ECM is a major contributor to tissue tortuosity, 

particularly at large ECM densities, and the importance of using carriers with low RH in 

drug delivery is highlighted.  
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7. The impact of ECM tortuosity in the design of 3D culture experiments was examined 

in terms of identifying optimal experimental time-windows and gel thicknesses for a 

given gel and Mr of the diffusing particle. 

 

6. 2 Oxygen diffusion and consumption  
 

1.New insights in the oxygen diffusion and consumption in 3D cultures with a panel of 

ECM gels have been provided. The analysis of oxygen diffusion in acellular gels 

strongly supported that diffusion hindrance is governed by the oxygen friction with the 

viscous ECS fluid, unlike previously thought.  

 

2. The oxygen tension measurements in 3D cultures revealed that dense (� 3 mg/ml) 

gels are suitable tissue surrogates in terms of oxygen tension.  

 

3.The first measurements of the OCR of A549 cells in 3D cultures have been provided, 

and a dominant effect of ECM composition over density in the OCR of these cells in 

dense gels has been revealed.  

 

4. A simple mathematical model based on a single adimensional parameter (�) to 

predict those values of h, �o and time that may elicit physiological oxygen tension has 

been adapted. This model may be extended to other cell types provided that their 

Michaelis-Menten parameters and growth rate characteristics are known. The 

predictions of the model may be useful as starting points in 3D culture studies, thereby 

minimizing the initial optimization step. 
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In this section I will detail some of the protocols and methodological approaches that 

served for carrying out the experiments (Appendix A) and models (Appendix B). Also, I 

am including a list of my publications and conference communications (Appendix C). 

The Matlab source code for finite modeling has been provided by Isabel Pastor and 

Francesc Mas. 

 

Apendix A         Gel preparation protocols 
 

A.1 Collagen I gel preparation protocol 
NOTE: Steps 1b, 4 and 5 only apply to experiments involving cells. 
 

1a. Get ice. Store all tubes and reagents on ice. 

1b. Warm up trypsin and media to be used for your cells (if it applies). 

2. Neutralize COL I. Do all these steps on ice: 

2a. Add 800 ul of COL I (stock) to the bottom of 50 ml tube. Collect ~810 ul to   

account for the COL I solution that will stick on the tip walls. Add 100 ul of 

DMEM 1X. Shake vigorously by hand. Wait a few seconds. 

2b. Add 100 ul of 0.1M NaOH. Shake vigorously by hand. Wait few seconds. 

The solution must now look pinkish. 

2c. Check that pH falls within physiologic range. Adjust pH if needed (not 

recommended). 

3. Prepare target COL I concentration by diluting the neutralized COL I solution with 

the same culture media you use for your cells without serum! 

4. Pre-coat the bottom of the culture vessel (well, dish, plate) by covering its surface 

with a thin layer of the COL I solution (prepared in step #3) by gently and slowly 

‘painting’ the COL I solution on the surface with your tip. Incubate at 37C for 30 min. 

5. Trypsinize the cells. Count your cell density. Collect the volume of cell suspension 

that contains the desired amount of cells for your experiments and transfer to a new 

tube. Centrifuge. Aspirate the media (be careful of not aspirating the cell pellet), and 

resuspend with the desired amount of COL I by pipetting up and down with a blue tip 

very slowly and gently to avoid introducing air bubbles. Keep tube on ice. 

6. Add the desired amount of gel(+cells) solution to your pre-coated culture dish/well. 

Incubate at 37C for 30 min. 
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7. Add cell culture media to your gels. Use at least 2X the gel volume to calculate the 

amount of culture media. 

8. When changing culture media, do not use vacuum to aspirate the media since you 

will detach the gel. Use a pipette tip instead! 

 

 

GENERAL REMARKS 

% Common sources of collagen I (COL I) are rat tail and bovine dermis. High 

quality COL I networks are more readily obtained from bovine dermis sources, 

so these are preferred to rat tail. 

% COL I gellation is very sensitive to pH and to temperature, therefore these 

conditions must be controlled accurately and reproduced. 

% Same protocol applies to matrigel, but without the neutralization step. Matrigel 

is the common option for endothelial and epithelial cells. Collagen I gel is the 

common option for mesenchymal cells or developmental experiments. Fibrin is 

another ECM that self/assembles forming stable gels and it is also used by many 

groups.  

% Most other ECM components are not used on their own for 3D culture because 

they do not polymerize, but they can be mixed to either matrigel or COL I or 

fibrin while in solution. 

% COL I must be prepared fresh for every experiment. Once prepared, it must be 

used within the next 2-3 h. 

% Perform all steps on ice 

% With each new lot of COLI, the right concentration of NaOH necessary to obtain 

a physiologic pH upon must be optimized. 

% Consider treating your cells before plating with ascorbic acid, since it is required 

to deposit collagen by cells. 

% Add ~30-40% extra COL volume to the volume needed for your experiment, 

since there is always some shrinking and COL I volume loss due to it stickiness 

to the tip walls. 

% It may be useful to grow cells on 2D on the same experiment to compare the 

different morphologies and growth rates. 
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% Avoid serum in your preparation, since COL I has binding sites for many factors 

present in the serum that makes it difficult to wash out. 

% Consider that COL I concentration below than 2 mg/ml implies a pore size 

bigger than the typical size of mammalian cells. 

% Typical cell density is 0.5-1 106cells/ml of ECM solution, depending on your 

experiment and growing rates. 

% Most mammalians cells are ok on ice for several minutes. 

% Keep in mind that air concentration within the gel depends on its thickness. 

Therefore it is desirable to keep the thickness of your gel constant for all your 

experimental conditions. 

 

A.2  Fibrin gel preparation protocol 
NOTE: Thrombin is very delicate, it should be manipulated with little 

light and as fast as possible, Thrombin should be returned to the 

freezer immediately after its use. 
 

1.Prepare the Fibrinogen+RPMI solution: 

a.Determine the needed concentration. Weight the Fibrinogen, considering the 

clottable and protein fractions. 

b.Dilute the Fibrinogen in the RPMI  medium. In order to facilitate dilution, the 

solution may be placed at 37ºC  for 5 minutes. 

c.Filter the solution in a sterile chamber using a 0,2 micrometer pore filter. 

2.Prepare the Thrombin solution: 

Use Thrombin at 50U/ml, in a 1:50 proportion (Ex. You need 10�l Trombin for every 

500�l of FGN solution). 

If the thrombin concentration is 100U/ml it needs to be diluted to 50U/ml. Trombin and  

HEPES+RPMI may be mixed with the vortex. 

3. Put the Thrombin, (Ex. 2.94�l for a 150 �l final volume) on the surface and on top of 

the Thrombin. Add the FGN+Medium  solution (147�l for a 150 �l final volume). 

Blend the two very fast. 

4.One everything is mixed spread it on the full surface. 

5.Allow the mixture to stand for 5 minutes at room temperature. 
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6.Place inside the incubator for 25 minutes at 37ºC. 

7.After the gelation, add cell culture media to your gels. Use at least 2X the gel volume.  

 

GENERAL REMARKS :  

% When you spread the solution on a Petri dish (or other substrate), it’s important 

that you spread homogenously in the surface and you have to watch there aren’t 

bubbles. 

% The gels are stored inside the incubator and hydrated.  
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Appendix B     Source codes     
 

B.1 Matlab code for finite model fitting 

 

%Diffusion Modelo Global 

function y=DIFF(x,D0,Dg,l); 

alpha=0.; 

tol=1e-9; 

y=invlap('difflap',x,alpha,tol,D0,Dg,l); 

% INVLAP  numerical inverse Laplace transform 

% f = invlap(F, t, alpha, tol, P1,P2,P3,P4,P5,P6,P7,P8,P9);         

% F laplace-space function (string refering to an m-file), must have form F(s, P1,..,P9) , 
% where s is the Laplace parameter, and return column vector as result 

% t       column vector of times for which real-space function values are sought 

% alpha   largest pole of F (default zero) 

% tol     numerical tolerance of approaching pole (default 1e-9) 

% P1-P9   optional parameters to be passed on to F 

% f       vector of real-space values f(t) 

% example: identity function in Laplace space: 

%   function F = identity(s);                    % save these two lines 

%            F = 1./(s.^2);                      % ...  as "identity.m" 

%   invlap('identity', [1;2;3])                  % gives [1;2;3] 

% algorithm: de Hoog et al's quotient difference method with accelerated  

%   convergence for the continued fraction expansion 

%   [de Hoog, F. R., Knight, J. H., and Stokes, A. N. (1982). An improved  

%    method for numerical inversion of Laplace transforms. S.I.A.M. J. Sci.  

%    and Stat. Comput., 3, 357-366.] 
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% Modification: The time vector is split in segments of equal magnitude 

%   which are inverted individually. This gives a better overall accuracy.    

%  details: de Hoog et al's algorithm f4 with modifications (T->2*T and  

%    introduction of tol). Corrected error in formulation of z. 

%  Copyright: Karl Hollenbeck 

%             Department of Hydrodynamics and Water Resources 

%             Technical University of Denmark, DK-2800 Lyngby 

%             email: karl@isv16.isva.dtu.dk 

%  22 Nov 1996, MATLAB 5 version 27 Jun 1997 updated 1 Oct 1998 

%  IF YOU PUBLISH WORK BENEFITING FROM THIS M-FILE, PLEASE CITE  

% IT AS:  Hollenbeck, K. J. (1998) INVLAP.M: A matlab function for numerical  

%    inversion of Laplace transforms by the de Hoog algorithm,  

%    http://www.isva.dtu.dk/staff/karl/invlap.htm  

function f = invlap(F, t, alpha, tol, P1,P2,P3,P4,P5,P6,P7,P8,P9); 

if nargin <= 2, 

  alpha = 0; 

elseif isempty(alpha), 

  alpha = 0; 

end 

if nargin <= 3, 

  tol = 1e-9; 

elseif isempty(tol), 

  tol = 1e-9; 

end 

f = []; 

% split up t vector in pieces of same order of magnitude, invert one piece 

%   at a time. simultaneous inversion for times covering several orders of  
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%   magnitudes gives inaccurate results for the small times. 

allt = t;    % save full times vector 

logallt = log10(allt); 

iminlogallt = floor(min(logallt)); 

imaxlogallt = ceil(max(logallt)); 

for ilogt = iminlogallt:imaxlogallt, % loop through all pieces 

    t = allt(find((logallt>=ilogt) & (logallt<(ilogt+1)))); 

  if ~isempty(t),   % maybe no elements in that magnitude 

    T = max(t)*2; 

    gamma = alpha-log(tol)/(2*T); 

    % NOTE: The correction alpha -> alpha-log(tol)/(2*T) is not in de Hoog's 

    %   paper, but in Mathematica's Mathsource (NLapInv.m) implementation of  

    %   inverse transforms 

    nt = length(t); 

    M = 20; 

    run = [0:1:2*M]';    % so there are 2M+1 terms in Fourier series expansion 

    % find F argument, call F with it, get 'a' coefficients in power series 

    s = gamma + i*pi*run/T; 

    command = ['a = ' F '(s']; 

    if nargin > 4,     % pass on parameters 

      for iarg = 1:nargin-4, 

     command = [command ',P' int2str(iarg)]; 

      end 

    end 

    command = [command ');']; 

    eval(command); 

    a(1) = a(1)/2;        % zero term is halved 
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    % build up e and q tables. superscript is now row index, subscript column 

    %   CAREFUL: paper uses null index, so all indeces are shifted by 1 here 

    e = zeros(2*M+1, M+1); 

    q = zeros(2*M  , M+1);    % column 0 (here: 1) does not exist 

    e(:,1) = zeros(2*M+1,1); 

    q(:,2) = a(2:2*M+1,1)./a(1:2*M,1); 

    for r = 2:M+1,             % step through columns (called r...) 

      e(1:2*(M-r+1)+1,r) = ... 

   q(2:2*(M-r+1)+2,r) - q(1:2*(M-r+1)+1,r) + e(2:2*(M-r+1)+2,r-1); 

      if r<M+1,                 % one column fewer for q 

 rq = r+1; 

 q(1:2*(M-rq+1)+2,rq) = ... 

  q(2:2*(M-rq+1)+3,rq-1).*e(2:2*(M-rq+1)+3,rq-1)./e(1:2*(M-rq+1)+2,rq-1); 

      end 

    end 

    % build up d vector (index shift: 1) 

    d = zeros(2*M+1,1); 

    d(1,1) = a(1,1); 

    d(2:2:2*M,1) = -q(1,2:M+1).'; % these 2 lines changed after niclas 

    d(3:2:2*M+1,1) = -e(1,2:M+1).'; % ... 

    % build up A and B vectors (index shift: 2)  

    %   - now make into matrices, one row for each time 

    A = zeros(2*M+2,nt); 

    B = zeros(2*M+2,nt); 

    A(2,:) = d(1,1)*ones(1,nt); 

    B(1:2,:) = ones(2,nt); 

    z = exp(i*pi*t'/T);  % row vector  
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    % after niclas back to the paper (not: z = exp(-i*pi*t/T)) !!! 

    for n = 3:2*M+2, 

      A(n,:) = A(n-1,:) + d(n-1,1)*ones(1,nt).*z.*A(n-2,:);  % different index  

      B(n,:) = B(n-1,:) + d(n-1,1)*ones(1,nt).*z.*B(n-2,:);  %  shift for d! 

    end 

    % double acceleration 

    h2M = .5 * ( ones(1,nt) + ( d(2*M,1)-d(2*M+1,1) )*ones(1,nt).*z ); 

    R2Mz = -h2M.*(ones(1,nt) - ... 

 (ones(1,nt)+d(2*M+1,1)*ones(1,nt).*z/(h2M).^2).^.5); 

    A(2*M+2,:) = A(2*M+1,:) + R2Mz .* A(2*M,:); 

    B(2*M+2,:) = B(2*M+1,:) + R2Mz .* B(2*M,:); 

    % inversion, vectorized for times, make result a column vector 

    fpiece = ( 1/T * exp(gamma*t') .* real(A(2*M+2,:)./B(2*M+2,:)) )'; 

    f = [f; fpiece];   % put pieces together 

  end % if not empty time piece 

  end % loop through time vector pieces 

        % laplace diffusion    

function F=difflap(s,D0,Dg,l); 

q0=sqrt(s./D0); 

qg=sqrt(s./Dg); 

Dg0=sqrt(Dg./D0); 

RD=((1+RD)./(1-RD)).*exp(2.*qg.*l); 

F=(1./(qg.*s)).*(2.*exp(qg.*l))./((1-Dg0).*((RD-1)+(Dg0.*coth((0.6).*q0).*(1+RD)))); 
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B.2  Mathematica code for simultaneous power law fitting 
 

Clear[a1,a2,a3,a4,a5,a6,b,x,nlm]; 

Model1=a1*x^b; 

Model2=a2*x^b; 

Model3=a3*x^b; 

Model4=a4*x^b; 

Model5=a5*x^b; 

Model6=a6*x^b; 

 Data1(*Stokes*)={{4000,2.6*10^-10},{40000,7.6*10^-11},{70000,5.7*10^-11}}; 

Data2(*control*)={{4000,2.2*10^-10},{40000,1*10^-10},{70000,8*10^-11}};  

Data3(*coll1mg*)={{4000,2*10^-10},{40000,9.1*10^-11},{70000,6.8*10^-11}}; 

Data4(*coll3mg*)={{4000,1.1*10^-10},{40000,6.2*10^-11},{70000,4.6*10^-11}}; 

Data5(*fibrin*)={{4000,5.3*10^-11},{40000,2.5*10^-11},{70000,1.8*10^-11}}; 

Data6(*matrigel*)={{4000,5.2*10^-11},{40000,2*10^-11},{70000,1.3*10^-11}}; 

 

CombinedModel:=Which[(*MDL==1,Evaluate@Model1,MDL==2,Evaluate@Model2,

*)MDL==3,Evaluate@Model3,MDL==4,Evaluate@Model4,MDL==5,Evaluate@Mod

el5,MDL==6,Evaluate@Model6,True,0]; 

 

CombiledData=Join[(*Insert[#,1,2]&/@Data1,Insert[#,2,2]&/@Data2,*)Insert[#,3,2]&/

@Data3,Insert[#,4,2]&/@Data4,Insert[#,5,2]&/@Data5,Insert[#,6,2]&/@Data6]; 

nlm=regreport=NonlinearModelFit[CombiledData,CombinedModel,{b,(*a1,a2,*)a3,a4,

a5,a6},{x,MDL}]; 

 normal=Normal[nlm]; 

 regreport[{"ParameterTable","RSquared"}]; 

 pointsplot=ListPlot[{Data3,Data4,Data5,Data6}]; 

 fit3=Plot[normal[[2]],{x,0,70000}]; 

fit4=Plot[normal[[4]],{x,0,70000}]; 

fit5=Plot[normal[[6]],{x,0,70000}]; 

fit6=Plot[normal[[8]],{x,0,70000}]; 

 Show[pointsplot,fit3,fit4,fit5,fit6]; 
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B.3  Mathematica  code for diffusion coefficient estimation 
 

Manipulate[Show[Plot[n*C0*Erfc[x/(2*Sqrt[d*t2])],{t2,0,30000},Axes-

>{True,True},PlotRange->{{0,30000},{0,0.11}}],ListPlot[newdatapoints3,PlotStyle-

>PointSize[0.02]],ListPlot[newdatapoints4,PlotStyle-

>{PointSize[0.02],Red}],ListPlot[newdatapoints33,PlotStyle-

>{PointSize[0.02],Yellow}],ListPlot[newdatapoints5,PlotStyle-

>{PointSize[0.02],Black}],ListPlot[newdatapoints6,PlotStyle-

>{PointSize[0.02],Pink}],ImageSize->700],{x,0.002,0.002},{d,10^-12,10^-

8},{C0,0.1,1},{n,0.1,0.1}]; 
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Appendix C  Publications and conference 
communications 

 

C.1     Publications 
 

Roland Galgoczy, Isabel Pastor, Adai Colom, Raimon Sunyer, Alicia Giménez, 

Francesc Mas, Jordi Alcaraz, Diffusion hindrance in extracellular matrix gels used in 

3D cultures is dominated by viscous effects according to Stokes-Einstein law� ,Acta 

Biomaterialia (2nd revision, Impact factor: 5.093, Q1) 

�

Adai Colom*, Roland Galgoczy*, Isaac Almendros, Antonio Xaubet, Ramon Farre, 

Jordi Alcaraz, Oxygen diffusion and consumption in extracellular matrix gels: 

implications for designing 3D cultures, Journal of Biomedical Materials Research: Part 

A (Accepted for publication, Impact factor: 2.834, Q1) (* both authors contributed 

equally to this work) 

 

Roland Galgoczy; Pere Roca-Cusachs; and Jordi Alcaraz (2013). Atomic Force 

Microscopy. In: eLS. John Wiley & Sons, Ltd: Chichester. DOI: 

10.1002/9780470015902.a0002641.pub3. Chapter contribution to an online 

Encyclopedia. 

 

Jordi Alcaraz, Hidetoshi Mori, Cyrus M. Ghajar, Doug Brown	eld, Roland Galgoczy 

and Mina J. Bissell, Collective epithelial cell invasion overcomes mechanical barriers of 

collagenous extracellular matrix by a narrow tube-like geometry and MMP14-

dependent local softening, : Integr. Biol., 2011,3, 1153–1166, DOI: 10.1039/c1ib00073j 

(Impact factor: 4.321, Q2). 

 

 

 

 

 



114 
 

 

C.2      Conference Communications 
 
1. Roland Galgoczy , Isabel Pastor , Adai Colom , Alícia Giménez, Francesc Mas and 

Jordi Alcaraz. The XII Congress of SBE (Spanish Biophysical Society-Sociedad de 

Biofísica de España), Diffusion of particles with physiological molecular weights within 

extracellular matrix gels used in 3D cultures, Barcelona, Spain, 2012. 

 

2. Roland Galgoczy, Adai Colom, Isaac Almendros, Alicia Gimenez, Daniel Navajas, 

Ramon Farre, Jordi ALcaraz. Extracellular matrix based 3D cultures as tissue surrogates 

in terms of O2 transport, 4th IBEC symposium on Bioengineering&Nanomedicine, 

Barcelona, Spain, October 2011. 

3. Alicia Gimenez, Marta Puig, Roland Galgcozy, Antoni Xaubet, Noemi Reguart, 

Jordi Alcaraz. Role of anormal extracellular hardening in collagen turnover in lung 

fibrosis.  Congreso de la Sociedad Espanola de Bioquimica Molecular, Barcelona, 

Spain, 2011. 

4. Roland Galgoczy, Marta Puig, Roberto Lugo, Alicia Gimenez, Marta Gabasa, 

Antoni Xaubet, Daniel Navajas, Noemi Reguart, Jordi Alcaraz. Epithelial contribution 

to the myofibroblastic phenotype in non small lung cancer via epithelial to 

mesenchymal transformation. Conference of the International Association for the Study 

of Lung Cancer(IASLC), Amsterdam, July 2011. 

 

5. Marta Puig, Alicia Gimenez, Abel Gomez-Caro, Roberto Lugo, Roland Galgoczy, 

Pere Gascon, Jordi Alcaraz, Noemi Reguart. Caveolin-1-independent fibroblast 

activation in squamous cell lung cancer(SCC). Conference of the International 

Association for the Study of Lung Cancer(IASLC), Amsterdam, July 2011. 
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List of abbreviations 
 

3D               Three-dimensional 

ECM            Extracellular matrix 

GAG            Glycoaminoglycan 

GF               Growth factor 

rBM             Reconstituted basement membrane 

EHS             Engelbreth-Holm-Swarm 

S-E              Stokes-Einstein 

OCR            Oxygen consumption rate 

FRAP           Fluorescence recovery after photobleaching 

FCS              Fluorescence correlation spectroscopy 

EPR              Electron paramagnetic resonance 

PET              Positron emission tomography 

AFM             Atomic force microscopy 

SFM              Serum free medium 

COLI            Collagen type I 

FIB               Fibrin 

Dex4,40,70   Dextran at 4,40,70 kDa 

ECS              Extracellular space 
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