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PLANTEAMIENTO DEL PROBLEMA/SCOPE 
 
El cerebro humano es uno de los órganos más complejos del cuerpo. En comparación 
con los animales, el cerebro humano es mucho más complicado y por tanto, los 
modelos de cerebro animal no reproducen realmente la complejidad del 
comportamiento del cerebro humano. Debido a que los mecanismos de las 
enfermedades, los medicamentos y otros estímulos no se pueden simular fielmente 
con modelos de cerebro no humanos, y su estudio en cerebros vivos es difícil y 
limitado, una idea que se propone es el desarrollo de modelos de cerebro humano in 
vitro de forma que puedan sustituir a los actuales modelos de cerebros de raton (Bae 
& Walsh, 2013) 
Estos “mini cerebros” se construyen a partir de la proliferación in vitro de células madre 
y su diferenciación en células neuronales y en tejido cerebral. Los tejidos resultantes 
deben integrar todas las características de los cerebros humanos y desarrollar sus 
mismas respuestas funcionales. 
 
En el presente trabajo, se propone como objetivo estudiar la fabricación de la 
membrana polimérica que servirá como soporte (scaffold) de crecimiento celular y que 
integrará el bioreactor para el desarrollo de un cerebro humano in vitro. La membrana 
polimérica a desarrollar debe poseer alta permeabilidad para permitir el transporte 
adecuado de los nutrientes hasta las células y tejidos. 
El desarrollo de estas membranas poliméricas de alta permeabilidad se fabricarán 
utilizando la técnica de inversión de fases. El polímero a utilizar es el poliacrilonitrilo 
(PAN), que es un material biocompatible y de probada eficacia en la proliferación de 
células neuronales (Morelli et al., 2012). Se estudiará la influencia de usar diferentes 
baños de coagulación en el proceso de fabricación en las propiedades físicas 
(morfología de la membrana, porosidad, hidrofilicidad, etc.) y de transporte. 
 
RESULTADOS /RESULTS 
 
Se han preparado por inversión de fases membranas planas de PAN mediante un 
procedimiento similar al utilizado en anteriores trabajos del grupo (Gómez, 2014) 
usando una disolución polimérica al 10% en peso de PAN en N-metilpirrolidona (NMP) 
y como coagulantes agua (W), etanol (EtOH) e isopropanol (IPA) 
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El uso de W como coagulante dio lugar a la morfología de membrana más diferente. 
Sin embargo, usar EtOH o IPA produjo una estructura de membranas muy similar de 
acuerdo a las imágenes SEM. La menor velocidad de intercambio difusional entre el 
disolvente (NMP) y los coagulantes en el orden siguiente: W>EtOH>IPA, dio lugar a 
una menor porosidad y tamaño de poros. La porosidad y tamaño de poros más altos 
fueron por tanto en las membranas PAN/W. En cuanto a las membranas PAN/EtOH y 
PAN/IPA, la porosidad se encontraba en entre 10-34 % y el tamaño de poros entre 9-
14 nm (rango de ultrafiltración) y su estructura era en general bastante compacta. 
Además, las membranas con espesor más delgado de PAN/EtOH y PAN/IPA 
presentaban transparencia que es una cualidad deseable para la evaluación en línea 
de cultivos celulares mediante técnicas ópticas como la microscopía confocal. 
Las medidas de ángulo de contacto de agua mostraban valores entre 16-35º para 
todas las membranas, lo que indica un alto grado de hidrofilicidad. Esto hace esperar, 
que a pesar de los bajos valores de porosidad y tamaño de poro de las membranas 
PAN/EtOH y PAN/IPA se obtengan altos flujos de agua. Efectivamente, los valores de 
permeancia de estas membranas (225 y 160 L/h.m².bar para PAN/EtOH y PAN/IPA 
respectivamente) están en el rango de valores de otras membranas utilizadas en 
previos estudios de proliferación de células neuronales (Morelli et al., 2012) 
 
CONCLUSIONES / CONCLUSIONS 

 
Las membranas de PAN fabricadas en este trabajo presentan una morfología bastante 
compacta (poco porosa), que se atribuye principalmente a la baja concentración de 
polímero en la disolución polimérica utilizada durante el proceso de fabricación. Esta 
baja concentración de polímero produjo una viscosidad baja de la disolución y por 
tanto una mala distribución de la lámina durante el proceso de casting o extendido de 
la disolución. Esto produjo a su vez una alta variabilidad en el espesor de las 
membranas fabricadas y una compactación por gravedad de las membranas 
PAN/EtOH y PAN/IPA que precipitan más lentamente que la PAN/W.  
Asi pues, aunque los resultados de permeabilidad y las cualidades del material hacen 
que estas membranas parezcan prometedoras para la proliferación de células 
neuronales, se necesita mejorar en futuros trabajos el método de fabricación para 
optimizar las propiedades de morfología y porosidad de las membranas así como la 
homogeneidad del método de fabricación. 
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PLANTEAMIENTO DEL PROBLEMA/SCOPE 
 
The human brain is one of the more complicated and mysterious organs in the human 
body. Compared to animals, the human brain is lot more complex and for this reason 
no animal model truly reports the complexity of the human brain behaviour. As the 
effect of diseases, drugs and others stimuli was not clearly simulated on non-human 
brains, and their study on alive human brain is complicated and technically limited, the 
idea of developing in vitro human cerebral models has been proposed as a promising 
alternative to current in vivo mice models (Bae & Walsh, 2013). 
These “mini brains” should be developed in vitro from the proliferation of stem cells 
and their differentiation into different neural lineages and further neural tissues. These 
neural tissues have to integrate all the characteristics and functionality of human brain. 
The present work aims at evaluating the fabrication of a polymeric membrane able to 
support the proliferation of cells in vitro which would be integrated in a bioreactor. The 
new bioreactor must hold highly permeable polymeric membranes (scaffolds).  
The development of these highly permeable polymeric membranes will be made by 
phase inversion of a biocompatible polymer, polyacrylonitrile (PAN), already proved as 
a good biomaterial to promote neural cell proliferation (Morelli et al., 2012). The 
influence of different coagulation baths on the physical (morphology, porosity, 
hydrophobicity, etc.) and transport properties will be studied.  
 
 
RESULTADOS /RESULTS 
 
By using a 10% w/w solution of PAN in N-methylpyrrolidone (NMP), flat membranes 
were fabricated by phase inversion process following similar procedure as previously 
reported (Gomez, 2014) using water (W), ethanol (EtOH) and isopropanol (IPA) as 
coagulants.  
The use of W as coagulant presented the most different membrane morphology. 
However, between using EtOH or IPA, both membranes presented similar structure in 
the SEM images. Slower diffusion exchange between the solvent (NMP) and non-
solvent (diffusion rate in the following order: W>EtOH>IPA) resulted in obtaining 
smaller pore size and porosities. Higher porosity and pore size was observed for 
PAN/W membranes. Regarding PAN/EtOH and PAN/IPA membranes, the obtained 
values of porosity (10-34 %), as well as pore size were very low, in the range of 9-14 
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nm (ultrafiltration range) and their structure is relatively dense in general. Besides, 
PAN/EtOH and PAN/IPA membranes presented transparency (at low membrane 
thickness) which is a desirable property for the evaluation on-line of cell cultures using 
optical equipment, such as confocal imaging techniques. 
Measurements of water contact angle were in the range of 16-35º, showing that PAN 
membranes are highly hydrophilic and therefore, despite the low porosities and pore 
size, high water flux of the membranes PAN/EtOH and PAN/IPA is expected. 
The water permeance values for PAN/EtOH and PAN/IPA membranes (225 and 160 
L/h.m².bar respectively) are in the range of previous works indicating that the studied 
membranes can be used for neural cells proliferation (Morelli et al., 2012).  
 
CONCLUSIONES / CONCLUSIONS 

 
The PAN membranes fabricated in the present work presented quite dense 
morphology and low porosity, attributed mainly to the low polymer concentration used 
during the fabrication method. This low polymeric concentration led to low polymer 
solution viscosities and bad solution distribution during the casting process. This 
caused a high variability in the membrane thickness and compaction by gravity of the 
membranes PAN/EtOH and PAN/IPA that precipitated more slowly during the 
coagulation. Therefore, although the results of permeability and other qualities of the 
PAN material are promising for neural cell proliferation, further improvement of the 
fabrication method is recommended for future work to optimize the membrane 
morphology and porosity as well as homogeneity of the membranes. 
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1.1 Introduction 
 

The human brain is one of the more complicated and mysterious organs in the human body. 

The various functions of the brain and their implications are multiple. Compared to animals, 

the human brain is lot more complex and for this reason no animal model truly report the 

complexity of the human brain behaviour: for example, the animal brain mostly used to 

simulate the human brain is the mouse’s one, but simulating human cerebral disease on a 

mouse brain, whose cerebral cortex is 100 time smaller, is very limited. The techniques 

available to analyse directly on human brain are very limited and the experimentation with 

living human brains is rather complicated. Therefore, it is compulsory to promote the quest 

for scientific alternatives to accurately evaluate the behaviour of human brain, its disease 

mechanisms and diagnosis techniques and the best treatments to be supplied to the patients 

[1].  

As the effect of diseases, drugs and others stimuli was not clearly simulated on non-human 

brains, the idea of developing in vitro human cerebral models has been proposed as a 

promising alternative to current in vivo mice models. However, due to the difficulty on 

regenerating brain tissues in vitro, the development of this technology is a challenge. 

Lancaster et al. [2] have provided a major leap to this technology by developing a method to 

grow miniature human brain like structures (cerebral organoids) from embryonic stem (ES) 

cells in vitro. They also demonstrated that human cerebral organoids permit to model human 

diseases in a better way than do mice brain models. These “mini brains” have to integrate all 

the characteristic of human brain from the embryonic development to a complete adult 

cerebral cortex: these brains could be the next step to model human diseases. [3] 

When human and mouse ES cells are cultured in special conditions, they can produce 

organoids with strong common points with precursors of various brain structures. Under these 

conditions, these organoids are able to self–organized and differentiate themselves into the 

target organs (e.g. meninges, hippocampus, retina or neurons). Based upon this idea, 

Lancaster et al. developed a culture system for human ES cell-derived, in a three-dimensional 

system. This technique of culture introduces ES cells embedded in droplets of Matrigel (a 

gelatinous protein mixture) within a spinning bioreactor, providing the structural support and 
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the nutrient/oxygen exchange that allows growth of larger and complex organoids (up to 4 

mm in diameter). However, the organoids are still not sufficiently large to reproduce the 

human brain synapsis, and further research must be done. 

In the present work, an alternative system, represented in Figure 1.1, to develop an in vitro 

human brain is proposed. The proposed system integrates a complete bioreactor that is 

composed of: membrane that will be the support of cell proliferation and differentiation, a 

special bioreactor configuration simulating a vascularized tissue and the control of some 

operating variables. The most important point for the improvement in the design of the 

bioreactor is based on the amelioration of the transport properties in order to reduce the 

mass transport resistances to the oxygen delivery to the cells and maximize the artificial 

vasculature of the regenerated tissues. This innovative bioreactor could permit obtaining in 

vitro human cerebral models able to produce reliable data of the human brain behaviour; this 

data could be applied to study diagnostic techniques and therapeutics in the biomedical and 

pharmaceutical sectors and to provide a better comprehension of the human brain reactions. 

 

Figure 1.1: Conceptual design of the integral process of in-vivo human brain model 

 

The new bioreactor must hold highly permeable polymeric membranes (scaffolds). The 

development of these scaffolds will be the aim of the present project.   
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1.2 Scaffolds 
 

One of the main areas of research in tissue engineering and cell proliferation is the design of 

the scaffolds or three-dimensional structures on which cell growth occurs. The majority of the 

cultivated cells in tissue engineering need to adhere to a solid surface to grow. Therefore, the 

surface of the support structure or scaffold on which the cell adhesion and proliferation takes 

place as well as the transport properties through these scaffolds have an influence on cell 

growth and tissue formation. 

 

For the application in proliferation and differentiation of cells, the scaffolds should have some 

special properties:  

 

o Biocompatibility:  

The materials used in the manufacture of the scaffold must not have any adverse biological 

reaction. 

 

o Promote cell adhesion, diffusion and proliferation:  

The scaffold must induce cell adhesion and proliferation on its surface and cell diffusion across 

its three-dimensional structure for the regulation of cell growth and differentiation. This 

property is directly related to the surface morphology and porous structure. 

 

o Good transport properties:  

The scaffolds need to provide a proper transport of nutrients to the cells while removing waste 

products. High porosity, good connection between pores and good mechanical strength are, 

therefore, necessary characteristics of the scaffolds. 
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In order to make scaffolds, various materials can be used and they can be classified depending 

on the required mechanical properties for the various applications in biomedical engineering. 

Two groups can be established: one for “soft” application such as cardiovascular or 

musculoskeletal tissue and the other one for “hard” applications such as bone tissue [4]. 

In general, a large range of polymers can be used for “soft” applications whereas for “hard” 

applications, rigid polymers, ceramic or metal are used [4]. There are a lot of advantages to 

use polymers in this area, they are biocompatible, easy to process and shape, and have a good 

mechanical strength. Besides, the properties of the polymers can be easily tailored. 

Among the different polymers that can be applied for tissue engineering applications, 

polyacrylonitrile (PAN) is a biocompatible polymer, have a hydrophilic behaviour and in 

addition this polymer has a nitrile group that can be chemically functionalized. Furthermore, 

the application of a PAN copolymer has been already proven to give good results [5] for the 

proliferation of neural cell lineages and it is non-biodegradable which preserves its stability 

for long term use in in vitro human brain models. 
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1.3 Fabrication Process: phase inversion 
 

The behaviour of cells under in vitro culture conditions is influenced by the structure of the 

scaffolds, which depends on the manufacturing method employed. Particularly for polymeric 

scaffolds, the phase inversion process is a very versatile method to fabricate a scaffold with 

tailoring properties to adapt to the necessary characteristics that an adequate scaffold should 

gather which have been mentioned before. The phase inversion process is a fast and cheap 

method that can be easily used and allows the fabrication of reproducible membranes of 

different polymeric materials. 

 

To fabricate flat polymeric films (or membranes) by phase-inversion technique, the polymeric 

solution is extended on a glass support, introduced into a coagulation bath of a solvent 

immiscible with the polymer, but miscible with the solvent of the polymeric solution. The 

polymer coagulation occurs due to the exchange between the solvent of the polymer solution 

and the coagulation bath solvent (non-solvent of the polymer), driven by concentration 

difference. The exchange rate depends on the affinity between the non- solvent and the 

solvent: it is faster when the affinity between the two solvents is high [6]. During the process 

of phase separation by immersion, in which an instantaneous precipitation occurs, a dense 

top layer is usually formed and below this layer, there is a zone with macropores. If the 

precipitation is not instantaneous, and depending on the exchange rate between both 

solvents, the obtained membrane might have a microporous/nanoporous structure with 

different pore size [7]. 

 

This fabrication method has been used in various different works on the subject. Membrane 

fabrication by phase inversion is commonly used to make flat membranes with others 

polymers like PCL [8] or for example some hollow fibers made of PAN [5] or others polymers 

like poly(vinylchloride)/polystyrene/poly(ethylene glycol) [9]. In all these works, phase 

inversion techniques were applied to perform these membranes. 
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1.4 Objective 
 

The aim of this project is the fabrication of flat membranes of a biocompatible polymer, 

polyacrylonitrile (PAN), by casting and phase inversion, to be applied at in vitro neural cell 

proliferation and differentiation.  

 

The influence of different coagulation baths (water, ethanol and isopropanol) on the physical 

(morphology, porosity, hydrophobicity, etc.) and transport properties will be studied in order 

to determine the most promising PAN membrane herein fabricated to be applied for neural 

cell proliferation. 
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2. Development 
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2.1. Polymer solvent and non-solvent selection 
 

In this study, to prepare the polymer solution of PAN, three different solvents were first 

considered: N-methylpyrrolidone (NMP) [10], tetrahydrofurane (THF) and 

dimethylformamide (DMF) [5].  

The DMF was discarded because to solve PAN, the solution had to be heated at 70°C [5] and 

working at room temperature was preferable. 

Regarding THF, this is a very common solvent for the measurement of molecular weight in Gel 

Permeation Chromatography (GPC) while NMP is also a common polymer solvent and it was 

used in some previous works on the subject (i.e. PAN membranes [9][10] and Poly-

caprolactone (PCL) flat membranes [8]) 

To be sure of the selection of NMP as solvent and to determine the coagulants, the solubility 

space study was introduced for NMP and THF solvents first and then for water (W), ethanol 

(EtOH) and isopropanol (IPA) as possible coagulants.  

The distance between the solvent, NMP or THF respectively, and the PAN (Δδs-p) in the 

solubility space was calculated according to the following equation: [11]  

∆𝛿𝑠−𝑝 = (4. (𝛿𝑑,𝑠 − 𝛿𝑑,𝑝)
2

+ (𝛿𝑝,𝑠 − 𝛿𝑝,𝑝)
2

+ (𝛿ℎ,𝑠 − 𝛿ℎ,𝑝)
2

)1/2      Equation 1 

Where δd, δp, δs represents the dipole, polar and hydrogen bonding components, respectively, 

of the solubility parameter (δt); the subscript s represents the solvent (NMP, THF) or non-

solvent (water, EtOH or IPA) and the subscript p represents the polymer (PAN). 

Furthermore, the total solubility parameter δt is defined as follows (Equation 2): 

𝛿𝑡 = (𝛿𝑑
2 + 𝛿𝑝

2 + 𝛿ℎ
2)1/2                                            Equation 2 
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2.2 Preliminary determination of the concentration of the polymer solution 

 

Before starting the fabrication of the PAN polymeric membranes, it was necessary to 

determine the adequate concentration of PAN in the solution. An important parameter to 

establish the optimal polymer concentration in a polymer solution is the viscosity. The 

viscosity of the polymer concentration was measured using a rotational viscometer (Fungilab, 

Alpha Series). In order to measure the viscosity, a small volume (8-10 mL) of the polymer 

solution was placed into a container inside the viscometer and a spindle was placed in the 

equipment. The spindle type and rotation velocity were selected depending on the viscosity 

range expected. Therefore, two different spindles, TL5 at 0.5 rpm to measure viscosities up to 

5000 cP and TL6 at 5 rpm and 6 rpm to measure viscosities up to 6000 and 5000 cP, 

respectively, were used during experiments. 

According to previous works [10][12][13], the most common range of PAN concentration in 

the polymer solution, using different type of solvents for phase inversion casting in membrane 

fabrication, was found to be between 10 and 20% by weight (%w/w). Therefore, the viscosity 

the polymer solutions was measured by progressively increasing the PAN concentration from 

10 to 20 %w/w in the different solvents under selection. 
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2.2 Experimental methodology 
 

2.2.1 Fabrication of PAN membranes using phase inversion casting 
 

For the preparation of the PAN flat membranes, a polymer solution was prepared using a 10% 

w/w of PAN (MW 150000 Da, Sigma - Aldrich) using NMP (99 %, Extra Pure, Acros Organic) as 

solvent.  

To facilitate the solution of the PAN in the solvent, this solution was stirred using a mechanical 

stirrer for 24 h up to complete solution and homogenization of the PAN. Afterwards, the 

polymer solution was filtered through a metal mesh filter with pore diameter of 25 µm (Figure 

2.1) to remove any traces of not solved polymer or particles, in order to avoid any imperfection 

in the manufacturing of the membranes. 

 

 

Figure 2.1: Filter wire mesh, filter flask and vacuum pump. 
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After filtering, the solution was left in a glass flask (Figure 2.2) tightly capped (in order to 

avoid the evaporation of the solvent) for degassing for 24 h. 

 

 

Figure 2.2: 10% w/w PAN solution in NMP filtered and ready for degassing 

 

After verification that the solution is free of bubbles, the solution was ready to be used. During 

the casting, a small amount of the solution was poured on a glass plate with no surface defects, 

and with a casting knife the solution was extended along the glass plate. The casting knife was 

previously adjusted to a height of 200 μm. 

Immediately after the extension of the solution, the glass plate with the casted polymer 

solution was immersed in the coagulation bath aiming at the polymer precipitation (Figure 

2.3). Three different coagulation baths were used: ultra-pure water (W, MilliQ, Millipore), 

ethanol (EtOH, technical, Acros Organics) and iso-propanol (IPA, 99.9%, Oppac). The 

membranes obtained were coded according to the solvent employed during coagulation, as: 

PAN/W, PAN/EtOH and PAN/IPA using W, EtOH and IPA as coagulants, respectively. 

Once the polymer film has coagulated, the membrane is spontaneously separated from the 

glass plate. Afterwards, the membrane was transferred to a second coagulation bath with the 

same composition as the first one. To ensure complete coagulation of the polymer, the 

membrane was left into this bath during 24 hours. 
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Figure 2.3: Glass plate and PAN polymer solution immersed in the coagulation bath for the 

exchange of the solvent and non-solvent to promote the PAN precipitation 

Then, traces of the solvent and non-solvent were completely cleaned by immersing the 

membranes into ultrapure water for 48 hours. The water was changed 3 times a day to ensure 

a complete solvent removal in the membrane. This step is really important to be sure that 

there is no solvent (NMP) remaining in the membrane structure because during the utilisation 

of the membranes, this product could cause several damages to the in vitro system.  

The PAN flat membranes were stored in water until their use in further characterization 

studies.  

In order to evaluate the better procedure to store dried PAN membranes, different 

preservative solutions to retain the mechanical stability and microstructure morphology of 

the membrane were tested. The composition of the preservative solutions was: 100% glycerol 

(99%, Panreac, Spain), 50%v/v glycerol/water, 25%v/v glycerol/water and 100% IPA. The 

membranes were immersed during 24 h in the preservative solution and then, were left air 

drying for 24 h. The flexibility of the dried membranes was tested and compared to the 

membranes not immersed on preservative and left air drying.  
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2.2.2 Physical characterization of membranes 

 Thickness of the membrane:   

The thickness of the membranes (𝛿) was measured by using an electronic micrometer (Model 

Standard, Serie 293, Mitutoyo). 

 

 Porosity:  

Membrane porosity (ε) can be defined as the void fraction, that is, the pore volume divided 

by the total volume of the membrane (Equation 3).  

휀(%) =  
𝑉𝑇−𝑉𝑀

𝑉𝑇
. 100                                       Equation 3 

Where VT is the total volume (cm3) of the sample (membrane and pores) and VM is the volume 

of the membrane without pores (cm3). 

The porosity was determined by using the gravimetric method described by Alsalhy et al. [9]. 

In summary, the porosity was evaluated using two different types of solvents: water and 

kerosene. The initially humid samples (containing water) were weighted (W1 (g)) with a 

balance (AT21 Comparator, Mettler Toledo) in order to determine the water porosity. Then 

the membranes were introduced into a vacuum oven (Vaciotem-T, P- Selecta) for 24 hours, at 

30°C and 200 mbar. Once dried, the samples were weighed again (W2 (g)) and immersed in 

kerosene for another 24 hours. After this immersion, the samples were weighted for the third 

time (W3 (g)). Before weighting the humid samples (W1 and W3) the excess of liquid on the 

membrane surface was carefully removed. The porosity is finally calculated according to 

Equations 4 and 5: [9] 

 

휀𝑤(%) =  
(𝑊1− 𝑊2) 𝜌𝑤⁄

[ (𝑊1− 𝑊2) 𝜌𝑤⁄ + 𝑊2 𝜌𝑝⁄
 . 100           Equation 4 

 

휀𝑘(%) =  
(𝑊3− 𝑊2) 𝜌𝑘⁄

[ (𝑊3− 𝑊2) 𝜌𝑘⁄ + 𝑊2 𝜌𝑝⁄
 . 100            Equation 5 



  

 22 

 

With: 𝜺w and 𝜺k are the average porosity obtained for water or kerosene, respectively; 𝜌k 

represents the density of the kerosene: 0.82 g/cm3 (at room temperature), 𝜌w represents the 

water density: 1 g/cm3 (at room temperature); ρp represents the density of the PAN: 1,184 

g/cm3 (Sigma Aldrich). 

 

 Scanning Electron Microscopy (SEM) 

The structure and morphology of the surface and cross section of the membranes were 

analysed by the technique of scanning electron microscopy (SEM, EVO MA 15, Carl Zeiss) 

applying a voltage of 12.6 kV. To study the cross section, the samples were prepared and 

fractured by immersion in liquid nitrogen. Before realizing the SEM analysis, the samples of 

both cross section and surface were maintained at 30 °C and 200 mbar overnight.  

For the measurement, the samples were coated with a thin gold film: method known as "gold 

sputtering". These experiments were conducted at the laboratory of the Division of Science 

and Engineering Materials (LADICIM) of the University of Cantabria. 

 

 Water contact angle 

When a drop of a fluid is set on a flat surface, it takes a special form that depends on the 

nature of the surface and the forces between the fluid and the surface of the membrane. The 

angle formed between the contact point of the drop and the surface of the membrane, is 

called contact angle (θ), as it can be seen in the Figure 2.4. The water contact angle, θw, is 

useful to study the degree of hydrophobicity of the surface. Hydrophilic surfaces show values 

of θw<90o whereas for hydrophobic surfaces, this value is higher than 90o [14]. 

 

Figure 2.4: Measurement of the contact angle 
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The static water contact angle was measured as follows: a water drop is set on the membrane 

surface with the help of a syringe and pictures of the angle formed between the water drop 

and the membrane surface (θw) were taken. The measurement of θw was performed using the 

software Meazure 2.0 (C Thing Software, USA). 

 

 Transparency 

Transparency might be a very valuable property to facilitate on-line optical measurements 

(microscopy techniques) of the evolution of cell behaviour (adhesion and proliferation, as well 

as tissue differentiation) on the membranes in a bioreactor. The transparency of the PAN 

membranes was evaluated qualitatively. Pictures of the membranes were taken to show the 

influence of the coagulation bath on the degree of transparency of the membrane. 

 

 Characterization of transport properties: clean water flux  

For the determination of transport properties of membranes, we measured the clean water 

flux by using a dead-end flow filtration system (Figure 2.5). 

 

Figure 2.5: Mechanism of transport of the molecules through a Dead-End Flow Filtration 

System 
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The dead-end flow experimental system can be seen in Figure 2.6.  

 

 

Figure 2.6: Dead-end flow experimental system 

This experimental system is composed of a manual air pressure reducer valve(0-10 bar) set to 

2 bars (1), a pressurized feed tank of 1L (Millipore) (2), a liquid pressure reducer (0-2.5 bar) 

(3), and a cell membrane (Amicon Cell), with a filtration effective area of 13.4 cm2 (4). 

 

The water flux of the membrane was measured during 8 hours, under a constant 

transmembrane pressure of 0.2 bar, typical in a perfusion bioreactor (between 0.1-0.3 bar) 

[15]. For the determination of the water flux, the volume (L) of water permeated across the 

membrane during the 8 hours of experiment was collected at different time intervals, thus 

obtaining the permeate flow rate (L.h-1). By dividing this flow rate by the effective membrane 

area, we obtained the permeate flux (L.m-2.h-1).  

One of the most important parameters that characterize the transport properties of the 

membranes is the hydraulic permeance or permeance coefficient of water, Kw. To determine 

KW, Equation 6 was used [14]: 

Jw= Kw . ΔP                                                          Equation 6 

 

Where Jw is the permeate flux (L.m-2.h-1), Kw is the water permeance of the membrane           

(L.m-2.h-1.bar-1) and ΔP is the pressure applied to the membrane (bar). 
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2.3 Results and discussion 

 

 Polymer solvent and non-solvent selection 

As previously reported, the selection of the combination of solvent and non-solvents of PAN 

in the present study was done by analysing the solubility space of the polymer by using the 

Equations 1 and 2. According to this procedure the following table was established:  

Table 2.1: Solubility parameters and solubility space of potential solvents and non-solvents of 

PAN 

PAN and 

Coagulation 

bath 

δd 

(𝑴𝑷𝒂)𝟏/𝟐 

δp 

(𝑴𝑷𝒂)𝟏/𝟐 

δh 

(𝑴𝑷𝒂)𝟏/𝟐
 

δt 

(𝑴𝑷𝒂)𝟏/𝟐 

Δδs-p 

(𝑴𝑷𝒂)𝟏/𝟐 
Litterature 

PAN 18.2 16.2 6.8 25.3 - [16] 

NMP 18 12.3 7.2 22.9 3.9 [17] 

THF 16.8 5.7 8 19.5 10.9 [18] 

Water 15.6 16 42.3 47.8 35.9 [17] 

EtOH 15.8 8.8 19.4 26.5 15.4 [19] 

IPA 15.8 6.1 16.4 23.6 14.7 [19] 

 

Low value of Δδs-p means a high solubility of PAN in the solvent, indicating that it is a good 

solvent for the polymer under study: in this case, these calculations show that the NMP is the 

best solvent for PAN because it presents the lower value of Δδs-p. The value of Δδs-p for the set 

THF-PAN is much higher than for NMP-PAN and very proximate to the value of Δδs-p for IPA-

PAN, which could indicate a very low or null solubility of PAN in THF at room temperature. 

This observation was confirmed experimentally. After 24 hours of stirring of the mixture of 

PAN (10%w/w) in THF the polymer was not soluble. For this reason, the NMP was chosen as 

the only solvent to be tested in the present study. 
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Furthermore, the higher the difference of the total solubility parameter δt between the 

solvent and non-solvent is, the more intense the exchange between them is and the faster the 

polymer coagulates [20].  

Table 2.1 indicates that W, EtOH and IPA are good coagulants for PAN and that the affinity 

between the non-solvents and the polymer is in the following order: W>EtOH>IPA. 

 

 Polymer concentration 

Considering that, between the two solvents under consideration, THF and NMP, only NMP 

could solve PAN, the viscosity of the PAN in NMP was considered for further analysis, 

increasing progressively the PAN concentration up to reach viscosity values of the polymeric 

solution that could fit in the range of those values experimentally used for phase inversion 

[10, 12-13]. The viscosity required for casting is in the following range: 2000-6000 cP [21]. 

The viscosity of the polymer solution must be high enough to preserve the consistency of the 

casted solution but not too high because the higher the polymer concentration the lower the 

porosity of the membrane will be. Based on these considerations, a 10% w/w solution of PAN 

in NMP was tested. The results can be seen in the following Table 2.2: 

Table 2.2: Viscosity experimental results 

Spindle Velocity (RPM) Average viscosity (cP) 

TL 5 0.6 3594 ± 30 

TL 6 6 3630 ± 40 

TL 6 5 3623 ± 15 

 

As the prepared solution was in the range indicated by literature it was considered sufficient 

to perform casting process for the fabrication of membranes by phase inversion technique 

[21]. Therefore, it was not necessary to test higher polymer concentrations. Besides, the 

higher the polymer concentration is, the lower the porosity of the membrane is usually 

achieved by phase inversion [4].  



  

 27 

 

2.3.1 Physical Characterization 

To realize all the characterization experiments, between 3 and 5 samples were tested for each 

type of membrane, PAN/W, PAN/EtOH or PAN/IPA. This multiplicity of samples was necessary 

to prove the reproducibility of the properties of the membranes.  

 

 Scanning Electron Microscopy (SEM) 

The structure and morphology of the surface and cross section of the PAN membranes are 

shown in Figure 2.7. 
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PAN/W 

 
 

 

 

 
 

 

 

PAN 
PAN/EtOH 

 
PAN/IPA 

 
Figure 2.7: SEM Pictures of the PAN membrane surface (left picture, magnification: x10 000) 

and cross section (right picture, magnification: x250) using different coagulation baths 
 

PAN/EtOH and PAN/IPA membranes presented a quite dense surface while PAN/W had small 

pores, already visible at the SEM x 10000 magnifications, uniformly scattered through its 

surface. Regarding the cross section pictures, the three membranes presented asymmetric 

structures, however, PAN/EtOH and PAN/IPA had mainly dense cross sections, similarly to the 

surface images, and small macrovoids located only at the upper part of the membrane.  
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On the other hand, PAN/W membranes had high macrovoids structure distributed in the 

whole cross section of the membrane. This structure points to a high porosity of PAN/W 

membranes, while PAN/EtOH and PAN/IPA membranes presented qualitatively very low 

porosity. 

The polymer concentration used in the present study (10%w/w) can be considered very low 

in comparison with other works. In general, the lower the polymer concentration, the higher 

the porosity of the membranes is [13, 22]. According to SEM images, this statement was true 

only in the case of PAN/W, while it was not the case for PAN/EtOH and PAN/IPA membranes. 

This could be attributed to the low viscosity of the polymer solution and the slower 

coagulation rate of PAN/EtOH and PAN/IPA membranes in comparison to PAN/W membranes. 

As the exchange between NMP and W is fast, PAN/W membranes were coagulated fast and 

the internal porous structure was preserved. However, the slow exchange between EtOH and 

NMP, and IPA and NMP (see affinities in Table 2.1) slowed down the polymer coagulation 

favouring that the gravity affected the porous structure by compacting the polymer. In this 

case, the viscosity of the polymer solution, which usually helps holding the thickness of the 

polymer up to the coagulation takes place, was too low so the solution rapidly compacted by 

gravity reducing importantly the membrane thickness as it can be seen in Figure 2.7. 

 

 Porosity and thickness of the membrane 

Table 2.3 shows the results of the measurements of the thickness of the different membranes 

(δ), and the porosity in water (εw) and kerosene (εk) according to Equations 4 and 5, expressed 

as average values ± error. 

Table 2.3: Thickness and porosity of PAN/W, PAN/IPA and PAN/EtOH membranes 

Membranes δ (µm) εw (%) εk(%) 

PAN/W 229 ± 12 94 ± 2 80 ± 3 

PAN/EtOH 276 ± 130 87 ± 4 10 ± 5 

PAN/IPA 93 ± 7 89 ± 6 34 ± 11 
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As the casting knife height was set at 200 µm, δ should be ≤ 200 µm. For PAN/IPA, the 

thickness value seems to match the expected results. The thickness of PAN /W is slightly higher 

than expected but this value is verified by SEM pictures whereas for PAN/EtOH the thickness 

measured with the micrometer and by using the SEM pictures are different. An important 

deviation is observed for the thickness of this membrane; the membrane used for clean water 

flux were all very thick meanwhile the one used for the SEM experiment was in the low range 

of thickness indicated in the table. That is why PAN/EtOH thickness measured by using SEM 

pictures is not really representative of the measurements presents above. The high values of 

δ for PAN/W and PAN/EtOH could result from the measurement of the membrane thickness 

from a side of the membrane where the polymer solution has been flowed to while the glass 

plate was tilted during the casting and phase inversion procedure. This effect was observed 

experimentally during the casting process and it was attributed to the low viscosity of the 

polymer solution. 

Regarding the porosity, water and kerosene porosity values are in agreement with SEM images 

for PAN/W membranes. However, for PAN/EtOH and PAN/IPA membranes the values of water 

porosity are really high in comparison to kerosene porosity. Besides, these values are not 

realistic compared with the SEM pictures of membranes: these photos show really dense 

membranes with few pores. These results could be due to the high hydrophilic characteristics 

of the PAN membranes: they might retain water into their pores and even swell the 

membrane by water adsorption.  

The measurements performed with kerosene were more in agreement with the SEM images 

in Figure 2.7: porosity values obtained with kerosene indicate that PAN/IPA membranes had 

higher porosity than PAN/EtOH membranes. Compared to the results of kerosene porosity 

obtained for poly-ε-caprolactone (PCL) membranes fabricated by phase inversion in previous 

works of the group [8] (around 80%), the porosity of the studied PAN membranes is much 

lower. 
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 Static Water Contact Angle 

Table 2.4 shows representative pictures of contact angle for samples of PAN/W, PAN/EtOH, 

PAN/IPA expressed as average values ± error. 

Table 2.4: Average static water contact angle of PAN membranes 

Membranes Pictures 
Water Contact  

angle ϴw(°) 

PAN/W 

 

16° ± 2 

PAN/EtOH 

 

39° ± 10 

PAN/IPA 

 

35° ± 3 

 

These results showed that the three types of PAN membranes, independently of the 

coagulation bath employed, presented hydrophilic character (contact angle lower than 90°).  

In addition the difference between contact angles of the PAN/EtOH and PAN/IPA membranes 

is not significant. 

The obtained values are lower than those reported in the literature for PAN membranes  (60° 

± 3°) but these PAN membranes were still hydrophilic [5]. However, the polymer was actually 

a PAN copolymer (with very high contribution of PAN in its molecule), the molecular weight 

(MW 40000 Da), composition of the polymer solution (the weight ratio was 15/15/70 for PAN, 

PVP and DMF, respectively) and the membrane macrostructure (the obtained membranes 

were hollow fibers) of the PAN membrane was not the same.  
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 Transparency 

Table 2.5 shows the pictures illustrating qualitatively the transparency of the 3 type of PAN 

membrane. In general, transparency is a desirable property for the evaluation on-line of cell 

cultures using optical equipment, such as confocal imaging techniques. 

Table 2.5: Pictures and transparency of PAN membranes 

Membranes Transparency Pictures 

PAN/W 

 

PAN/EtOH 

         

PAN/IPA 

 

 

The transparency of the membrane depends of its thickness: the higher the thickness of the 

membrane is, the higher the opacity is. As the studied membranes have different thickness, 

their degree of transparency was different. PAN/W membranes were white and not much 

transparent. On the other hand, regarding PAN/EtOH and PAN/IPA membranes, the thinnest 

they were, the most transparent they looked.   
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2.3.2 Clean water flux experiments 

 

 Clean water flux characterisation  

In the following Figures 2.8 and 2.9, representative results of the clean water flux of PAN/EtOH 

and PAN/IPA membranes for a pressure of 0.2 bar are shown. 

 

Figure 2.8: Change with the time of clean water flux of PAN/EtOH membrane in dead-end 

configuration system 

  

Figure 2.9: Change with the time of clean water flux of PAN/IPA membrane in dead-end 

configuration system 
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As it can be seen in the figures above, the values of the clean water flux are about 44.3 ± 3.5 

L/h.m² for the PAN/EtOH membrane and 33.4 ± 1.5 L/h.m² for the PAN/IPA membrane. In the 

previous work [8], the initial clean water flux of PCL membranes for a pressure of 0.4 bar was 

1124 ± 135 and 2069 ± 169 L/h.m², respectively for PCL/EtOH and PCL/IPA, but an important 

compaction of the membrane was observed during the development of the water flux 

experiments and at steady state, the clean water flux was reduced up to 156 ± 58 and 186 ± 

61 L/h.m² respectively for PCL/EtOH and PCL/IPA. On the contrary, the herein fabricated PAN 

membranes presented a stable water flux during the experiments, indicating no compaction 

of the membrane when subjected to the transmembrane pressure of 0.2 bar, typical in a 

perfusion bioreactor [15].  

The hydraulic permeance was calculated by Equation 6 considering the applied 

transmembrane pressure ΔP of 0.2 bar (Table 2.6): 

Table 2.6: Experimental results of clean water flux at 0.2 bar and hydraulic permeance of 

PAN membranes 

Membranes Clean water flux (L/h.m²) Permeance (L/h.m².bar) 

PAN/EtOH 45 ± 4 225 ± 20 

PAN/IPA 32 ± 3 160 ± 15 

 

Based on various works and publications, comparisons of transport properties between the 

PAN flat membranes of this study and others polymer membranes for biomedical application 

have been made in Table 2.7. 
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Table 2.7: Comparison between different polymers for biomedical applications 

Polymer Solvent 
Polymer/ solvent       

(% w/w) 

Coagulation 

bath 

Permeance 

Kw 
Literature 

PAN NMP 10/90 

EtOH 225 
Present 

study 

IPA 160 
Present 

study 

PAN/PVP DMF 15/15/70 Water 239 [5] 

PCL NMP 15/85 

EtOH 150 [8],[23] 

IPA 100 [8],[23] 

PEEK 

DMF 10/90 Water 4000 [24] 

DMA 18/82 Water 89 [5] 

 

As the Table 2.7 shows, various polymers can be used for biomedical application.  For instance, 

Morelli and al [5] fabricated also PAN-based hollow fibers by phase inversion. For these PAN 

membranes, the polymer solution contained Poly Vinyl Pyrrolidone (PVP); this agent permits 

to open pores after being leached out of the membrane structure. The obtained clean-water 

flux is 48 ± 5 L/h.m² (at 0.2 bar) and permeance is 239 L/h.m².bar: these values are in the same 

range than those attained in the present study, indicating that PAN membranes herein 

fabricated are acceptable for the envisaged application. Comparing to PCL membranes made 

by phase inversion in almost same experimental conditions (polymer concentration: 15% w/w; 

solvent: NMP; coagulation baths: water, EtOH, IPA; fabrication by phase inversion) during 

previous work [8], the values of hydraulic permeance were in the same range than the one of 

PAN membranes: for PCL/EtOH and PCL/IPA membranes hydraulic permeance were 390 ± 145 

and 394 ± 16 L/h.m².bar, respectively.  



  

 36 

 

The hydraulic permeance values in the present study are in the range of previous works 

indicating that the herein studied PAN membranes could be used for tissue engineering 

applications. 

Furthermore, by using Hagen-Poiseuille equation (which is valid for parallel and capillary 

pores) the average pore size of the membrane could be estimated (Equation 7) 

𝐽𝑊 =  
𝜀.𝑟2

8.𝜂.𝜏
 .

∆𝑃

∆𝑥
         Equation 7 

Where: Jw is the dead-end clean water flux, ΔP the pressure applied to the membrane, ε the 

porosity, r the average radius of the pore’s membrane, η the water viscosity and τ the 

tortuosity (a value of 2 was considered). By using this expression, an estimation of the pore 

radius of PAN/EtOH and PAN/IPA membranes was estimated. The results are presented in the 

Table 2.8. 

Table 2.8: Experimental values of pore radius for PAN/EtOH and PAN/IPA membranes 

Membranes Pore radius (nm) 

PAN/EtOH 7.1 ± 0.3 

PAN/IPA 4.5 ± 0.3 

 

The obtained values are in accordance with the morphology seen in the SEM images. With this 

range of pore radius, the obtained membranes are in the category of ultrafiltration membrane 

[25].  
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2.3.3 Preservative solution 

 

Table 2.9 shows the results about the mechanical stability of the dried PAN membranes after 

being immersed on different preservative solutions.  

Table 2.9: Results of the influence of the type of preservative solutions on the mechanical 

stability of the dried PAN membranes 

Membranes Preservative Membrane’s state 

PAN/W 

25% v/v glycerol/W Flexible 

50% v/v glycerol/W Flexible, better elasticity 

100% glycerol Flexible 

100% IPA Brittle 

PAN/EtOH 

25% v/v glycerol/W Like plastic behaviour 

50% v/v glycerol/W Really flexible 

100% glycerol Very flexible 

100% IPA Brittle, multiple breakings 

PAN/IPA 

25% v/v glycerol/W Flexible 

50% v/v glycerol/W Flexible 

100% glycerol Flexible 

100% IPA Brittle, multiple breakings 

 

It is worth noting, that when the membranes were air dried without using any preservative 

solution, the PAN membranes were brittle and fractured easily when handle.  
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Based on the observations reported in Table2.9, IPA was excluded because it makes the 

samples very brittle as well. Furthermore, the preservative made with 25 v/v glycerol/W was 

not suitable: some PAN membrane samples were flexible after immersion in this preservative 

but it was not sufficient for the PAN/EtOH membrane that was not entirely flexible. As 50% 

v/v glycerol/W was sufficient to provide a good environment for the PAN membranes, it was 

considered that 100% glycerol was too high. Therefore, the 50% v/v glycerol/W solution was 

elected as preservative solution when the dried storage of PAN membranes must be done. 
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3. Conclusions 
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3. Conclusions and Perspectives for furthers enquiries 
 

This project has developed the study and analysis of physical and transport properties of flat 

membranes, manufactured by phase inversion from polyacrylonitrile (PAN) and the influence 

of the use of different coagulation baths (water (W), ethanol (EtOH) and isopropanol (IPA)) on 

the physical and transport properties of the membranes was evaluated. 

The flat PAN membranes presented in the present work were fabricated with a low polymer 

concentration (10%w/w). The low polymer concentration was expected to promote high 

porosities on the casted membranes. However, this low polymer concentration led to low 

solution viscosities and so to a bad distribution of the polymeric solution during the casting 

process (the repartition of the polymer solution was not regular on the entire surface of the 

glass support). During the immersion in the coagulation bath, glass support was tilted and the 

polymer solution flowed on its surface and so, the polymer solution was not present in an 

equal thickness on the casted film. This caused a high variability in the membrane thickness. 

Besides, the low viscosity of the polymer solution could favour the compaction by gravity of 

the PAN/EtOH and PAN/IPA membranes during the coagulation caused by a slow precipitation 

of the polymer and a bad preservation of the rigid structure that could kept the porosity and 

membrane thickness. Hence an interesting further improvement must focus on the fabrication 

method and particularly on the polymer concentration in order to enhance the homogeneity 

and reproducibility of the membranes by phase inversion as well as of structural and 

morphological factors.  

Regarding the morphology of the structure, due to the compaction phenomenon previously 

described, PAN/EtOH and PAN/IPA membranes presented low porosity (10 and 34 %, 

respectively). The pore size was 9 and 14 nm for PAN/EtOH and PAN/IPA respectively which 

corresponded to a range in the ultrafiltration type of membranes. The low water contact angle 

(39 and 35o) for both membranes indicates high hydrophilic character, which is in agreement 

with the high hydraulic permeances (225 and 160 L/m2.h.bar) achieved for PAN/EtOH and 

PAN/IPA membranes despite the low porosities of these membranes. Therefore, the results 

are promising for neural cell proliferation.  
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Additionally, the transparency observed for the thinnest PAN/EtOH and PAN/IPA membranes 

is much desired for their application during on-line evaluation of cell culture behaviour using 

microscopic techniques. 

For furthers enquiries, and once the fabrication method has been optimized, it is proposed to 

carry out the study of transport properties of nutrients such as BSA (Bovine Serum Albumin), 

one of the proteins present in higher concentration in the cell culture medium commonly 

formulated with DMEM protein (Dulbecco's Modified Eagle Medium) supplemented with 

serum, typically FBS (Foetal Bovine Serum). The BSA, due to his high molecular size, gives a 

higher risk to cause an effect of fouling or clogging of the membranes and this has to be 

verified. 

Once characterized the transport of nutrients, the next step of study for these membranes 

could be performing in vitro cell culture assays in order to determine the reliability of these 

PAN membranes for an application in neural cell proliferation.  
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5.1 Safety data sheet for Polyacrylonitrile (PAN) 
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5.2 Data safety sheet for N-methylpyrrolidone (NMP) 
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5.3 Safety data sheet for Ethanol (EtOH) 
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5.4 Safety data sheet for Isopropanol (IPA) 

 

 


