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Abstract 

Ceramic membranes are highly selective barriers to separate particles from a fluid and 

their selectivity depends essentially on pore size. This technology has been gaining 

importance over the last years for different applications in air filtration as well as 

biotechnological and pharmaceutical industries. Moreover, current cell culture methods 

introduce stressful separation processes on a daily basis, both at laboratory and 

industrial scales.  

The present work aims to solve some of these problems by creating a customizable 

platform, integrating ceramic membranes and allowing for batch/continuous medium 

replenishment with minimal stress to cells, through the development of the Leonor 

Syringe Filter concept and the design of a Smart Wells platform. Experiments with 

pancreatic cancer cell lines were performed, testing the membrane’s selectivity for cell 

separation. Membranes with pore size ranging between 5μm and 7μm show very high 

selectivity (90-100%) on cell separations.  

Further experiments are required to optimize the membrane manufacturing process in 

order to fully control membrane pore size. Furthermore, the integration of the herein 

described ceramic membranes in the Smart Wells platform and its experimentation will 

provide insights of the future of this technology. This work demonstrated the feasibility 

of improving cell culture processes, proposing a novel technology that can stem to cell 

culture and therapy, personalized medicine and drug-discovery applications to treat 

several types of cancers (Trakarnsanga 2017). 

 

Keywords: Ceramic membranes, Microfiltration, Cell culture, Pancreatic cancer cell 

lines, Leonor Syringe Filter, Smart Wells  
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Resumo 

Membranas cerâmicas são altamente selectivas, sendo usadas para separar partículas de 

fluídos e a sua selectividade depende essencialmente do tamanho dos seus poros. Ao 

longo dos últimos anos, esta tecnologia tem ganho bastante importância nas suas 

aplicações, nomeadamente na filtração de ar, em indústrias farmacêuticas e empresas 

biotecnológicas. Os actuais métodos de cultura celular, tanto à escala laboratorial como 

industrial, recorrem a processos de separação que provocam um factor de stress, que 

pode limitar a produtividade celular. 

O presente trabalho teve como objectivo apresentar alternativas para passos de 

separação celular, criando uma plataforma que, ao usar membranas de cerâmica, 

permite que a troca do meio celular seja realizada com o menor stress celular possível, 

tanto em modo batch, como em modo contínuo, através do desenvolvimento dos 

conceitos “Leonor Syringe Filter” e “Smart Wells”. Para tal, foram realizadas 

experiências com linhas celulares do cancro do pâncreas, testando a selectividade das 

membranas para processos de separação celular. Membranas com tamanho de poro 

entre 5μm e 7μm apresentaram uma alta selectividade (90-100%) em processos de 

separação celular.  

Experimentação adicional é sem dúvida necessária, de forma a optimizar o processo de 

fabrico de membranas e controlar rigorosamente o tamanho dos poros. Para além disso, 

a utilização de membranas de cerâmica no conceito de “Smart Wells”, bem como o teste 

do seu funcionamento, darão perspectivas e conhecimentos necessários para o futuro 

desta tecnologia. Este trabalho demonstrou a possibilidade de melhorar os processos de 

cultura celular, recorrendo a uma nova tecnologia que poderá criar bastante impacto em 

área como cultura celular, medicina personalizada, descoberta de fármacos e 

biomarcadores para diagnóstico e tratamento de vários tipos de cancro. 

 

Palavras-Chave: Membranas cerâmicas, Microfiltração, Cultura celular, Linhas 

celulares do cancro do pâncreas, “Leonor Syringe Filter”, “Smart Well”  
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1. Motivation 

 

This thesis and all the research work was developed at Smart Separations LTD (SSL). 

Smart Separations is a start-up company based in London, United Kingdom, founded in 

July 2013 by Dr. Hugo Macedo, as a result of his previous research work in the stem 

cell field. The company has developed a novel method to manufacture microfiltration 

membranes. These can be seen as a sieve with pores in the microfiltration range - 1 to 

30μm in diameter - which can be manipulated during the manufacturing process, 

according to required specifications and clients’ needs (Smart Separations 2017). 

The aim of this project was to investigate the potential of this technology for 

applications in cell separations. Current cell culture methods introduce stressful 

separation processes on a daily basis, both at laboratory and industrial scales. While 

changing media, for example, a centrifugation step is always required for liquid 

suspension cultures, stressing the cells due to the high G-forces applied. Also, the 

biochemical cues present in the culture medium are discarded whenever a full medium 

replenishment is performed. Mechanical stresses also hinder cell expansion yield and 

can even cause some stem cell cultures to differentiate spontaneously leading to 

undesirable outcomes (Leung, et al. 2010). 

SSL’s technology aims to solve some of these problems by creating a customizable 

platform, integrating ceramic membranes, and allowing for batch/continuous medium 

replenishment (both for 2D and 3D cultures) with minimal stress to cells. The design 

framework of such product is composed by of two steps: firstly, a proof of concept of 

the redesigned Leonor Syringe Filter to batch-test the membrane’s selectivity in 

separating cells. Secondly, an initial design of a “Smart Wells” platform which will 

integrate SSL’s custom-made and previously tested membranes on a traditional tissue 

culture well plate. With this product, the main objective is to improve cell culture 

processes at the laboratory and industrial scale – offering a novel diagnostic and R&D 

tool.  

The cell culture work was undertaken at the Department of Chemical Engineering of the 

University of Surrey, under the supervision of Professor Eirini Velliou and Miss Stella 

Totti, a PhD candidate. The entire project was supervised by Dr. Hugo Macedo. 
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2. Background 

 

2.1.  Microfiltration and Membranes 

 

2.1.1.  Filtration 

Filtration is a mechanical or physical technique, which is used to separate solids from 

other solids or fluids, such as liquids and gases. This process works by interposing a 

medium (filter or membrane) through which only the fluid or solids smaller than the 

membrane pores can pass. 

During a filtration process the feed is divided into permeate and retentate. The fraction 

of the feed that goes through the pores of the membrane is termed permeate or filtrate. 

The other fraction, rejected by the pores, is called retentate. There are different types of 

filters and membranes, but all of them have the same purpose: to separate two different 

materials from the same or different physical state. (Smart Separations 2016). 

Filtration process can be divided into five different ranges, according to the size of the 

particle being separated. For diameters between 0.1nm and 100μm, they are classified 

as reverse osmosis (RO, at a molecular level), nanofiltration (NF, to separate larger 

macromolecules), ultrafiltration (UF, DNA and some viruses), microfiltration (MF, at 

the microbial scale) and clarification, increasing in order of particle size.  Figure 1 

shows the different filtration processes, according to the particle sizes.  

 

Figure 1 - Filtration ranges. Adapted from (Smart Separations 2017) 
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Each filtration process has different properties, which are tightly correlated to the size of 

the molecule/organism being separated. 

Reverse Osmosis (RO) and Nanofiltration (NF) processes allow the selective passage of 

a particular species (solvents) while solutes are retained by a specific membrane. The 

difference between these processes is that reverse osmosis can retain all the solutes 

(including monovalent ions), while multivalent ions are rejected by nanofiltration 

membranes (Oatley-Radcliffea 2017) (K. 2007). Osmosis is a natural process where the 

solute passes through a semi-permeable membrane from the side with lower solute 

concentration to the side with higher solute concentration until osmotic equilibrium is 

reached. After the equilibrium, to reverse the solute flow, pressure is applied. The result 

of this pressure difference is the separation of the solute from a solution and this is what 

is called as Reverse Osmosis (RO). It is used to separate small molecules and particles 

only seen with a scanning microscope and its main application is waste water treatment 

and seawater desalination (Li, Yan and Wang 2016) (K. 2007). 

Nanofiltration (NF) is used to separate bigger molecules, up to the size of a small 

protein and multivalent ions. Reverse osmosis and nanofiltration membranes are 

particularly important due to its resistance to chlorine, oxidants, radiations and solvents. 

Furthermore, they have a high chemical and thermal stability and a long life. NF 

membranes have nano pores with a diameter between 1-5nm (Oatley-Radcliffea 2017) 

(K. 2007).  

Ultrafiltration (UF) processes use a porous membrane to separate colloidal particles or 

large molecular weight solutes from a solvent. This process is similar to reverse 

osmosis/nanofiltration but the rejection of solutes is determined based on pore size 

distribution of the membranes. These membranes can separate large biomolecules, such 

as DNA, up to small living organisms, like viruses, and have micro pores ranging from 

0.005μm to 0.1μm (Wang e al 2017) (K. 2007). 

Microfiltration (MF) membranes are used to separate small insoluble particles, bacteria, 

yeast and blood cells from broths and aqueous streams. Their pore size is well defined 

and pores are large enough (ranging from 0.1μm to 30μm) for the solvent to pass 

through the pores of the membrane unrestrictedly. Finally, clarification is a process used 
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to separate particles in the macro range, with pore sizes between 20μm and 100μm (K. 

2007). 

Figure 2 represents all the filtration processes and the substances that are separated in 

each one.  

2.1.2.  Microfiltration Process 

Microfiltration is a type of filtration process where a fluid is passed through a 

membrane or filter to separate solids or liquids suspensions. The typical pore sizes 

founds in MF applications range from about 0.1μm to 30μm. Microfiltration membranes 

can be used particularly to retain living organisms such as red blood cells, leukocytes, 

bacteria and yeast (Macedo 2011). Due to their pore size range, MF membranes can be 

used in many different fields such as biotechnology and pharmaceutical applications 

(e.g. blood processing), environmental applications (e.g. air filtration), food industry, 

etc. However, each application requires different membrane characteristics according to 

the type of material and design.  

 

2.1.3.  Microfiltration Membranes 

A membrane can be thin or thick, its structure can be homogeneous or heterogeneous 

and the transport across them can be active or passive. Furthermore, membranes can be 

made of natural and/or synthetic materials, neutral or charged. In short, membranes can 

Figure 2 - Filtration processes and substances to be separated. Adapted from (Aquafield Water Services 2017) 
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be classified according to different criteria. As previously mentioned, membranes will 

have different attributes with respect to their characteristics and properties according to 

their intended application. Manufacturing methods and raw materials therefore define 

its structure and its classification. 

2.1.3.1. Classification 

Membranes can be produced out of a diversity of materials, being characterized by the 

main material in their composition and their classification is based on different aspects 

such as nature, structure and geometry. Figure 3 represents schematically the different 

types of membrane classification.  

 

Figure 3 - Schematic membrane classification. Adapted from (Falco M. 2011). 

 The first classification is by its nature. Biological membranes exist in every living cell, 

such as liposomes and vesicles from phospholipids, but differ in structure and 

functionality (Mulder 1996). These membranes have many concerns such as limited 

operating temperatures (<100°C), pH range and clean-up problems coupled with high 

susceptibility to contaminations (Falco M. 2011). 
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Synthetic membranes can be subdivided into organic (polymeric or liquid) and 

inorganic (ceramic or metallic) membranes, depending on the type of application. 

Organic membranes are made with a diverse range of polymers and operate between 

100 to 300°C. Inorganic membranes have a higher temperature stability and operability 

(ranging from 200°C - 1000°C) than organic membranes, which makes them more 

interesting for industrial chemical processes (Falco M. 2011). These membranes are 

composed of sintered metal particle suspensions and can be designed in various shapes 

with a wide range of pore sizes (micro, meso and macro porous) and permeability, as is 

the case with ceramic membranes. Ceramic membranes have several benefits. Its rigid 

structure and stability at high temperatures (over 1000°C) allows structured 

modifications that would be impossible to have with polymeric membranes (Smart 

Separations 2016). 

Another criteria for membrane classification is to account for their separation regime, 

dividing membranes into dense, porous and ion exchange. Dense membranes are 

composed by a solid structure with undetectable pores using electron microscopy 

(Bazzarelli 2015). In this case, there is a high hydrodynamic resistance and higher 

driving forces of pressure, concentration or electrical potential gradient are needed.  

Membranes are considered porous when permeate transport occurs continuously 

through the membrane pores. Membranes with an electrochemical effect are included in 

processes where the driving force for ionic transport is supplied by an electrical 

potential difference (Mulder 1996). 

According to their geometry, membranes can be classified into tubular or flat discs. 

Hollow fibers, which can have different diameters, are part of tubular membrane 

modules comprising of one or more tubes. The tubes are made of a microporous 

substrate material which provides mechanical strength and have the advantage of high 

surface area. Tubular membranes designed for pressure-driven filtration are configured 

as parallel flow devices, where the two fluids flow parallel to each other on opposite 

sides of membrane (Gabelman and Hwang 1999). Flat discs ensure separation by 

retaining particles larger than its pore size while the permeate passes through the 

membrane unit. Some advantages of this geometry are the possibility of sub-micron 

pore size ratings and their stable structure (Wilson and Poole 2009). 
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Finally, in terms of internal structure, membranes can be classified as symmetrical or 

asymmetrical, with the main difference being that asymmetric membranes present a 

gradient in pore size between the top and bottom layers. Furthermore, if the top layer is 

made from a different material, these membranes are classified as composite 

membranes, as opposed to integral membranes, composed of a single material 

(Batrinescu 2016) (Macedo 2011). The bottom layer provides mechanical support, 

while the middle layers bridge the pore size differences between the support layer and 

the top layer. In the case of microfiltration, the membrane just has two layers – the 

intermediate layer and a porous support (K. 2007). 

 

2.1.3.2. Materials 

Membrane selectivity is determined by the raw material and the membrane’s final 

structure (dimension and pore distribution). As previously mentioned, microfiltration 

membranes can be classified as organic (polymer-based) or inorganic (ceramic-based) 

membranes.  

On the membrane market, polymeric membranes dominate due to their large range of 

applications in industrial processes. Organic or polymeric membranes are the most used 

due to their specific properties: chemical stability on acids, bases and solvents, high 

thermal stability, elasticity, plasticity, mechanical strength, non-permeability to gases 

and low density. There are two types of polymers - synthetic and natural, according to 

its source - and they are used for different separation process. Synthetic polymers have 

good mechanical properties and thermal stability and can be processed into a wide range 

of shapes. Polytetrafluoroethylene (Teflon PTFE), polyamide-imide (PAI) and 

polyvinylidenedifluoride (PVDF) are examples of synthetic polymers. Natural polymers 

are biocompatible and biodegradable and include nylon and cellulose. However, they 

have some disadvantages such as low stability in microfiltration pore size range, short 

life time and do not allow steam sterilization (Batrinescu 2016) (Jaffrin 2015). 

In addition, microfiltration membrane materials can also classified into hydrophilic and 

hydrophobic. Examples of hydrophilic materials are: polysulfone (PS), polyethersulfone 

(PES), polyamide-imide (PAI), polycarbonate (PCTE) cellulose and cellulose acetate. 

Examples of hydrophobic materials are: polypropylene, polyethylene, 

polyvinylidenedifluoride (PVDF), polytetrafluoroethylene (Teflon PTFE) and 
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polyvinylchloride (PVC) (Sionkowska 2011) (Tian 2012) (Foley 2013) (Mogoşanu 

2014)  (Le and Nunes 2016). 

On the other hand, inorganic or ceramic based membranes are composed of materials 

that render them higher thermal and chemical resistance properties than polymeric 

membranes. Furthermore, these membranes are inert, autoclaveable, re-usable, 

environmental friendly and have a good resistance to high pressures, long lifetime and 

low thermal conductivity. On the downside, their manufacturing cost is high, the 

manufacturing process is complex and are highly sensitive to temperature gradients 

during its synthesis (Jaffrin 2015) (Lorente-Ayza 2015). The two main inorganic 

materials composing microfiltration membranes are ceramics and metallic compounds; 

however, membranes made of metals, such as palladium, aluminium and silver, are not 

frequently used and have few applications.  

Ceramic membranes are usually made of substances formed by metallic and non-

metallic elements. The more commonly used materials for ceramic membranes are 

alumina (Al2O3), titanium dioxide (TiO2), zirconium dioxide (ZrO2), silicon dioxide 

(SiO2) or a combination of them (K. 2007). Different types of ceramics have different 

properties but overall they are heat and corrosion resistant and chemically inert. These 

ceramic membranes require the usage and development of modern techniques and are 

ideally suited for sterile separations and purifications of cells, yeast, proteins, bacteria, 

serum and micro-organisms from culture medium (Lorente-Ayza 2015) (Azevedo 

2016).    

 

2.1.3.3. Operation and Manufacturing Techniques 

Regarding filtration processes, there are two main types of continuous flow used in 

membrane-based filtration devices: dead-end and cross-flow. On a dead-end filtration, 

the complete feed flow is forced through the membrane material and the filtered matter 

builds-up on its surface. In the cross-flow mode, there is a constant turbulent flow along 

(tangential) the membrane surface which prevents the accumulation of matter on the 

membrane surface. The feed flows across the membrane surface and crosses the 

membrane due to the pressure difference. Microfiltration is usually operated in a cross-

flow mode to prevent cake formation and fouling of the membrane due to the suspended 

solids in the feed (Munir 2006) (Azevedo 2016). Every membrane has the ability to 
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transport one component more readily than other because of differences in their physical 

and/or chemical properties. The different types of filtration are shown in Figure 4.  

 

Figure 4 - Dead-end and cross-flow operation modes. Adapted from (Pregler 2010). 

 

2.1.3.3.1. Organic Membranes 

There are different methods to prepare polymeric membranes (track-etching, stretching, 

electrospinning), but the majority are manufactured by phase inversion.  

Phase inversion is the most commonly used method and is applied for membrane 

preparation at laboratory and industrial level. The technique involves a casting solution 

which consists of one or more polymers suspended in an appropriate solvent and 

possibly one or more non-solvers and other additives such as inorganic salts. This 

method consists in a transformation of one homogeneous polymeric casting solution in 

a two-phase system: one rich in polymer which forms the continuous part of a porous 

membrane and other polymer which fills the pores of the membrane. This is achieved 

by bringing the solution in direct contact with a non-solvent not well miscible with the 

polymer but miscible with the solvent. Therefore, the polymer solidifies and the pores 

are created, by inversion of the solution’s phase. This transformation can be 

accomplished in different ways, such as thermally induced phase separation (TIPS), by 

cooling a casting solution that contains a solvent displaying only the ability to dissolve 

the polymer; immersion precipitation (wet casting), which involves immersing the 



10 
 

casting solution into a non-solvent bath that causes loss of solvent and gain of non-

solvent; controlled evaporation (dry casting) of enough solvent from a casting solution 

that initially contains some non-solvent (Mulder 1996) (Liu 2011) (Azevedo 2016) 

(Fang 2013). 

In the track-etching method, polymer film is subjected to high energy particle radiation 

applied perpendicular to the material and it is then immersed in acid or an alkaline bath. 

The interaction of the high energy particles leads to an array of linear and perpendicular 

tracks caused by the degradation or chemical alteration of attacked spots. Consequently, 

after the immersion, cylindrically shaped pores with uniform pore size distributions 

could be obtained (Liu 2011).  

The stretching method consists of an extruded film made form a crystalline polymeric 

material that is stretched perpendicular to the direction of the extrusion. This technique 

opens small ruptures and a porous structure (in the size range of 0.1 to 3μm) is obtained. 

Electrospinning uses an electrostatic field to draw a charged polymer solution from an 

orifice to a collector. It is a method to produce fibers with pores ranging from microns 

to nanometers through an electrically charged jet of polymer solution or melt that is 

deformed into a conical shape under the electrostatic field.  This jet of fluid is drawn 

down by acceleration promoting instabilities and resulting in nano-sized pores. 

Electrospun membranes have several advantages such as high porosity, interconnected 

open pore structures, high permeability and a large surface area per unit volume. The 

main electrospun nanofiber membrane applications are nano-sensors, tissue engineering 

and enzyme immobilization (Liu 2011). 

 

2.1.3.3.2. Inorganic Membranes  

Inorganic membranes can be obtained using different techniques such as slip and tape 

casting, pressing, extrusion, sol-gel process, dip coating, chemical vapour deposition 

and sintering. In general, its preparation involves several steps: an initial suspension 

step where the powders are mixed with an organic binder to help the powder to 

consolidate; forming that includes the packing of the particles in the suspensions into a 

membrane precursor with a desired shape followed by the final heat treatment at high 
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temperatures to consolidate the membrane precursor through a sintering process (K. 

2007) (Amin 2016). 

Slip casting is the most commonly used method for membrane preparation where well-

mixed powder suspensions are introduced into a porous mold so that the solvents can 

diffuse through the pores with the formation of a gel layer by particle precipitation on 

the internal surface of the mold. The slip particles are consolidated on the surface of the 

mold to form a layer of particles. The powder’s particle size will influence the pore size 

of the membrane. However, this method is very time-consuming and the thickness of 

the obtained membrane - usually thick – is hard to control (Amin 2016) (K. 2007).  

Figure 5 illustrates this technique.  

 

Figure 5 - Slip casting method for ceramic membrane preparation. Adapted from (K. 2007) 

 

The tape casting method is primarily used for the manufacturing of flat sheet ceramic 

membranes and it currently exists in most of ceramic membrane industries. This method 

uses a reservoir in which the powder suspension is poured, a casting knife which 

controls the thickness of the cast layer and a drying zone. Shortly, the powder 

suspension is poured into a reservoir behind a casting knife, the carrier to be cast or the 

knife is set in motion and the gap between the knife blade and the carrier determines the 

membrane thickness. The produced layer is then passed through a drying zone where 

the slurry solvent is evaporated, forming a solid ceramic film. The ceramic membranes 

which are produced by this method are few millimeters thick (Amin 2016) (K. 2007). 

Figure 6 schematically shows this method.  
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Figure 6 - Tape casting method for ceramic membrane preparation. Adapted from (Amin 2016) 

Pressing is also used for disc inorganic membrane preparation where an applied force is 

used to produce a sintered dense layer using a press machine. This machine applies 

more than 100MPa pressure, pressing powders into a compact disc. The formed discs 

have usually a thickness of about 0.5mm and a diameter of a few centimeters (Amin 

2016) (K. 2007). 

 

Figure 7 - Pressing method for ceramic membrane preparation. Adapted from (K. 2007) 

 

Extrusion is used for the preparation of tubular configurations of ceramic membranes. 

In this method, a homogeneous stiff paste is compressed and forced through a die 

orifice under high pressure to form the final membrane. Therefore, the die influences 

the shape, porosity and pore size distribution of the membrane. Extrusion relies on 

evaporation of any remaining solvent or binder to keep the membrane in its desired final 

shape (Amin 2016) (K. 2007). 
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Figure 8 - Extrusion method for ceramic membrane preparation. Adapted from (Li, 2007) 

Sol-gel process is an important method used to produce ceramic membranes and its 

main advantage is that the pore size of the membrane can be desirably controlled, 

specifically for small pores. In this method there are two routes, each with its own 

respective pore size. In the colloidal route, a metal salt is mixed with water to form a 

sol, which is coated on a membrane support to form a colloidal gel. The pore sizes are 

dictated by the inter-particles gaps and are therefore mesoporous.  In the polymer route, 

metal-organic precursors are mixed with an organic solvent to form a sol, which then 

coated on a membrane support and where it forms a polymer gel. The pore sizes are 

dictated by the spaces between the polymer chains and are therefore microporous (Amin 

2016) (Azevedo 2016) (K. 2007).  

 

Figure 9 - Sol-gel process for ceramic membrane preparation. Adapted from (Amin 2016) 

In the dip coating method, a viscous suspension is coated on a suitable base. The drying 

process starts at the same time of the dip coating, when the substrate is in contact with a 

humid atmosphere.  The critical factors in dip coating are the suspension’s viscosity, 
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time and coating speed. A calcination step usually follows and to carry out multistep 

processes, complete drying of the initial coat is mandatory (Amin 2016) (K. 2007) 

(Azevedo 2016). 

 

Figure 10 - Dip coating method for ceramic membrane preparation. Adapted from (Li, 2007) 

 

Chemical vapour deposition (CVD) involves the modification of the membrane’s 

surface by the deposition of a thin and uniform layer of the same or different 

compounds through chemical reactions in a gaseous medium surrounding the 

component at a high temperature. The deposition of coatings by CVD can be achieved 

through different types of reactions: thermal decomposition, oxidation and hydrolysis. 

The figure below shows a CVD system that includes a system of metering a mixture of 

reactive and carrier gases, a heated reaction chamber and a system for the treatment and 

disposal of exhaust gases. The pore size of the membranes relies on the choice of 

reactive precursor gases and also the reaction conditions. This method is difficult to 

scale up and has a high cost associated (Amin 2016) (K. 2007) (Azevedo 2016).  
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Figure 11 - Chemical vapor deposition method for ceramic membrane preparation. Adapted from (Li, 2007) 

 

As already mentioned, the manufacturing process of ceramic membranes includes a 

final heat treatment at high temperatures, in order to have membranes with sufficient 

strength, high porosity, open pores and a good pore size distribution. These fundamental 

features are determined by the sintering process, which involves compressing the 

membrane’s particles by exposure to high temperatures (1450°C). The sintering process 

allows porous membranes to be obtained from inorganic materials and it is used to 

remove any remaining binder or solvent and to create a solid body interconnecting all 

the particles (K. 2007) (Gitis and Rothenberg 2016). 

In this process, varying the temperature directly affects the structural and morphological 

characteristics of the membranes. In the case of ceramic membranes, the ceramic body 

is heated to high temperatures, approaching the ceramic’s melting point (K. 2007) (Gitis 

and Rothenberg 2016) (Azevedo 2016). 

Finally, sintering is divided in three different stages. In the initial stage occurs mostly 

grain boundary diffusion, neck formation (connections between powders) which 

decreases irregularities on grain surfaces and homogenization of segregated material. At 

this stage the pores are opened and the small porosity decreases. During the 

intermediate stage shrinkage of open pores and intersection of grain boundaries takes 

place. The neck continues to grow and the porosity decreases substantially. In the final 

stage, the pores are closed and they intersect grain boundaries. However, this stage is 

not relevant for ceramic membranes and their sintering process stops during one of the 



16 
 

intermediate steps. In general, during the sintering process, the ceramic shrinks between 

10% and 40%. Figure 12 shows the sintering of a ceramic membrane (K. 2007) (Gitis 

and Rothenberg 2016) (Azevedo 2016). 

 

2.1.3.4. Lapping in Ceramic Membranes  

Lapping, which is one of SSL’s key areas, is a finishing process to obtain flat and 

smooth membrane surfaces. Due to the fact that the pores are not totally open after 

sintering, lapping is required to open them playing a strong role in determining pore 

diameters.  

This process is performed in an appropriated machine and involves a rotating lapping 

plate, an abrasive and a carrier (paste or liquid) to be applied between the sample 

surface and the rotating lapping plate. The abrasive particles are chosen according to the 

target final characteristics and desired material removal rate. The conventional abrasives 

are composed of aluminum oxide and the super abrasives are composed of diamond 

particles, which are often used with oil or water-based slurries on ceramics.  

Lapping creates an abrading action providing a polishing effect, removing material and 

controlling the thickness and the pore sizes of the membranes (Gitis and Rothenberg 

2016). This process includes a step of top lapping and a step of bottom lapping. Since 

that is on the membrane’s top surface that the filtration occurs, it is essential to control 

the pore size diameters on this surface. On the other hand, the bottom lapping promotes 

the maximum percentage of open pores with the minimal material removal. Increasing 

the percentage of open pores increases the flow rate through the membrane, which is a 

very important factor in a filtration process.  

Figure 12 - Sintering stages. Development of a ceramic membrane structure (a) before sintering and (b) after sintering. 

Each spheroid represents one ceramic particle. Adapted from (Gitis and Rothenberg 2016) 
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Figure 13 represents schematically the different views of the Smart Separations’s 

membranes structure, before and after lapping. 

  

 

2.2. Company - Smart Separations 

 

2.2.1.  Smart Separations Technology 

At Smart Separations, several membranes are designed for different applications. 

However, the company’s strategy is to develop a manufacturing process that can be 

application-free, hence relatively independent of the final application.  

When preparing a membrane, the initial raw material is a ceramic support material, with 

the most common choice being α-alumina. This is then blended with an organic solvent 

and a chemical binder (polymer), stable at high temperatures (~ 200°C). By using a 

rotary mixer, all the raw materials are blended until the mixture is completely 

homogeneous. Using an impeller coupled with a degassing chamber and a vacuum 

pump, the mixture is then degassed, reducing the chance for defects in the membranes 

during the manufacturing process.  

Afterwards, the degassed suspension is casted on an appropriate plate, ensuring it is 

completely flat and almost defect-free. The casted membrane is then immersed into 

water using a casting plate, which triggers the phase inversion process – where the 

Figure 13 - Side, top and bottom view of the membrane's structure, before and after lapping. The white parts 

correspond to the pores and the grey parts correspond to the ceramic membrane. (Smart Separations 2016) 
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solvent present in the mixture is removed and replaced by water. This process is often 

called wet casting, since the polymer undergoes a phase change and becomes solid due 

to the exchange of the solvent for a non-solvent liquid. While water enters the casted 

dope and pushes alumina to the side, the polymer starts to precipitate. The conical 

structure of membrane pores is obtained from a combination of mass transfer and phase 

separation.  

After casting, the large thin membrane is cut into the desired shapes. The final process 

is a heat treatment composed by two stages: burnout and sintering. On the burnout 

stage, the polymer is burned at a temperature under 1000°C. It is discarded since it has 

already fulfilled its duties as a pore-former and ceramic binder. The temperature is then 

increased to the particle’s sintering temperature (1450°C) in order to consolidate the 

ceramic membrane structure by fusion of the alumina particles.  

A post-treatment called lapping is applied at the membrane’s surface in order to ensure 

that the surface pores are open and have the required size. Finally, the membrane can 

also be coated according to its future use. (Azevedo 2016) (Smart Separations 2016). 

 

 

2.2.2.  Application Fields 

The current technology at Smart Separations offers the possibility for applications in 

many different scopes with direct impact in our daily lives, having established three 

main sectors: indoor air purification, cleaning of industrial gas exhausts and cell 

separations. Each sector has currently problems that could be solved by a microfiltration 

step in their process. 

For air purification, the improvement is simple: the filter’s micro pores will be used to 

degrade organic compounds and microorganisms, while its microstructure will allow for 

the separation of particulates (PM 2.5 and PM 10, for example) and other agents. 

Current technologies are incapable of offering a high quality pure air as well as complex 

systems that are not energetically efficient. This technology would be a great benefit to 

society and would bring the advantage to protect the indoor air quality.  

In the same scope, the cleaning of industrial gas exhausts will bring benefits to the 

chemical industry and the overall environment. Gas emissions are usually cleaned by a 
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process which uses toxic organic solvents and other gases and molecules resultant from 

the chemical processes. Thus, a system that could complement the cleaning process, 

while addressing issues of reusability, low costs, low energy requirements and increased 

product yield would be advantageous compared to other technologies. 

Regarding cell separations, the separation of different types of cells based in cell size, 

and at low pressure to ensure cells are kept viable, is an important requirement in 

regenerative medicine, cell-based therapies and health organizations. For example, 

blood processing is an expensive operation and has many concerns. Currently, in the 

donated blood process, a considerable percentage of blood is wasted due to outdated 

filtration methods. Thus, Smart Separations technology will bring benefits in 

developing and improving this process, introducing a manufacturing process integrating 

microfiltration (Smart Separations 2016). 

 

2.3.  Cells and Cell Culture 

According to the purpose of this thesis, which is mainly to investigate the membrane’s 

potential in cell separations, and given that there is a partnership established between 

Dr. Hugo Macedo from Smart Separations and Professor Eirini Velliou from the 

Chemical Engineering Department at the University of Surrey, the cell culture work was 

carried out in Professor Velliou’s laboratory using her group’s expertise. Therefore, all 

cell experiments were made with pancreatic cancer cell lines – specifically the cell line 

PANC-1 – which can be easily expanded while being a robust cell source. The 

following sections will describe some specifics on the pancreas and pancreatic cancer 

cell biology, as well as a comparison between cell culture methods and their possible 

application to pancreatic cells, both normal and cancerous. 

 

2.3.1.  Pancreatic Cells 

Pancreas is part of the digestive system and is located high in the abdomen between the 

stomach and the spine, as seen on Figure 14. It is typically divided into four main parts 

(Figure 15): the head, which is the widest part of the organ; the neck; the body and the 

tail (Hopkins 2016) (Szalay 2015) (Cancer Institute 2016).  
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Figure 15 - Main sections of pancreas. Adapted from (Columbia University 2017) 

 

Figure 14 - Pancreas location in the human body. Adapted from (Hopkins, 2016) 

 

 

Furthermore, the pancreas has two types of glands, exocrine and endocrine. They are 

responsible for two main functions: the production of pancreatic digestion enzymes and 

the control of the blood sugar levels. Exocrine glands produce enzymes such as trypsin 

to digest proteins, amylase to digest carbohydrates and lipase to break down fats. These 

enzymes are released into tubes (ducts), which culminate in the main pancreatic duct. 

The main pancreatic duct combines with the bile duct and drains the fluid produced by 

exocrine cells into the duodenum. Endocrine glands consist of clusters of cells – the 

islets of Langerhans – that secrete hormones into the blood steam, such as insulin and 

glucagon, in order to control the blood sugar level (Murtaugh 2007) (Hopkins 2016) 

(Columbia University 2017). 
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All the endocrine and exocrine pancreas cells have the same embryological origin, 

despite their functional and morphological differences. The pancreatic cell lineage has 

origin in the endoderm – multipotent pancreatic stem-cell population – through 

transcription factors, such as Pdx1 (pancreatic and duodenal homeobox 1), which is the 

most crucial transcription factor for pancreas development and was identified as a 

DNA-binding protein on pancreatic promoters (Ohlsson, Karlsson and Edlund 1993) 

(Krapp 1996). The Pdx1 transcription factor, expressed by the pancreatic endoderm, 

promotes the proliferation and branching of early pancreatic progenitors, in order to 

obtain all pancreatic epithelial cell types (Bardeesy and DePinho 2002). Figure 16 

represents some transcription factors that control the differentiation of pancreatic cells. 

  

Figure 16 - The lineage of pancreatic cells differentiation. Adapted from (Bardeesy and DePinho 2002) 

Acinar cells are connected to the intestine and the major part of the mature pancreas is 

composed by them, while islet cells are mainly in the central pancreas regions. Within 

the islet cells there are several endocrine cell types, such as β-cells (50-80% of the total 

cells), α-cells which produce glucagon and δ and ε-cells, which are a small minority in 

the islet cells (Cabrera 2005) (Murtaugh 2007). 

 

2.3.2.  Pancreatic Cancer Cells 

Pancreatic cancer is the fourth leading cause of all cancer-related deaths in the United 

States (Hopkins 2016), fifth in the UK (Pancreatic Cancer Research Fund 2017) and the 

eighth in the world (Siegel, Miller and Jemal 2017). The causes of pancreatic cancer are 

yet to be discovered, but data suggests this disease is caused by DNA damage, referred 

to as a successive accumulation of gene mutations leading to activation of oncogenes 
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and inactivation of tumor suppressor genes (Vogelstein and Kinzler 2004) (Hidalgo 

2010) (Foundation 2017). These mutations can come from three different sources: 

hereditary genomics, development as a result of behavior and lifestyle factors, such as 

smoking, and can also be the result of a mistake in a cell division process (Foundation 

2017) (Hopkins 2016). 

There are different types of pancreatic cancer, depending on whether it affects the 

exocrine or endocrine pancreas function. Those tumors have different symptoms and 

require different types of treatment. The exocrine tumors are the most common type of 

pancreatic cancer (95%) and they can be characterized in different types of neoplasms. 

However, the majority of exocrine pancreatic cancers are adenocarcinomas, which 

usually begin in the ducts of the pancreas. When the tumor affects the exocrine system, 

patients can develop pancreatitis and digestive problems (Columbia University 2017) 

(Hopkins 2016). Endocrine tumors, known also as islet tumors or pancreatic 

neuroendocrine tumors, are the less common form of pancreatic cancers (1-5%), they 

can be benign or malignant and patients can develop diabetes (Columbia University 

2017) (Hopkins 2016). 

In general, pancreatic cancer is diagnosed at a late stage and this can be attributed to 

many factors: the pancreas is located deep in the abdomen, hidden behind other organs 

and the lack of diagnostic biomarkers to elucidate the presence of pancreatic cancer 

cells. Also, pancreatic cancers are very deadly due to high cell resistance to 

chemotherapy and high metastasis likelihood (Pancreatic Cancer Action Network 2016) 

(Cancer Institute 2016) (Totti, Vernardis and Meira 2017).  

The stage of a pancreatic cancer is defined by three different factors: the size of the 

tumor (T), the evidence of metastases in lymph nodes near to the cancer (N) and the 

evidence of distant metastases (M). There are five possible stages: stage 0, stage I, stage 

II, stage III and finally stage IV.  

In stage 0, the tumor is called carcinoma in situ and abnormal cells are found in the 

lining of the pancreas. In stage I, the tumor is approximately 2 centimeters and is 

limited to the pancreas. In stage II, the tumor has grown into nearby tissues and organs 

and is more than 2 centimeters. In stage III, the cancer is quite larger and has spread to 

the major vessels near the pancreas (mesenteric artery celiac axis, common hepatic 

artery and portal vein). Finally, in the stage IV, the cancer has spread to other organs, 
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such as the lung, liver and peritoneal cavity (Hopkins 2016) (Cancer Institute 2016) 

(Foundation 2017).  

2.3.3.  Pancreatic Cancer Cell lines 

Cancer cell lines are used in research to understand and study the biology of cancer.  In 

order to improve pancreatic cancer treatment efficacy and to identify early detection 

strategies, it is very important to understand pancreatic cancer growth and its evolution. 

For that, it is crucial for researchers to simulate the in vivo tumor conditions ex vivo. 

This can provide useful information about the pancreatic cancer, even though it is 

known that the conditions will differ significantly from the in vivo tumor (Totti, 

Vernardis and Meira 2017) (Cancer Institute 2016).  

By definition, a cell line is normally characterized as immortal due to its ability to 

proliferate indefinitely due to genetic mutations, while its progeny does not change 

within each cell division. Cell lines are mainly used due to the fact they are very easy to 

handle, widely available and present a quick growth. However, it is important to take 

into account that they lost characteristics from the tissue where they were isolated from 

(Lonza 2017). In the specific case of pancreatic cancer, studies indicate that the most 

common mutations occurring in pancreatic tumors are also found in cell lines (Douglas, 

Fiegler and Rowan 2004) (Larramendy, Lushnikova and Bjorkqvist 2000) (Deer, 

Gonzalez-Hernandez and Coursen 2010). Moreover, a number of authors have shown 

that some phenotypic differences between pancreatic cancer cells and their cell line 

counterparts are connected with differential expression of specific proteins related to 

tumor growth, invasion, metastasis and chemotherapeutic drug resistance (Arumugam, 

Simeone and Van 2005) (Marchesi, Monti and Leone 2004) (Arumugam, 

Ramachandran and Fournier 2009). 

There are several pancreatic adenocarcinoma cell lines available, such as PANC-1, 

AsPC-1, HPAC and CFPAC-1, depending on their derivation. This allows researchers 

to choose the best cell line according to their needs. As previously mentioned, the cell 

line used in this project was PANC-1, which grows adherently. PANC-1 is originally 

from a 56-year-old male patient with adenocarcinoma in the pancreatic head, which had 

also invaded the duodenal wall. While analyzing the patient, metastases were found in 

one lymph node. In culture, they were shown not to produce carcinoembryonic antigen 



24 
 

(CEA) which is a common cancerous marker for disease progression (Lieber, Mazzetta 

e Nelson-Rees 1975) (Deer, Gonzalez-Hernandez and Coursen 2010) (NHS 2015). 

 

2.3.4.  Cell Culture Methods 

Conventional systems as two-dimensional (2D) cultures have been widely used. In 

general, 2D in vitro systems allow to understand cellular growth and differentiation, are 

reproducible and responsive to drugs and radiation (Johnson, Decker and Zaharevitz 

2001) (Velliou, Santos and Papathanasiou 2015). Several studies focusing on 

optimization of pancreatic cancer treatment have been developed in these 2D systems, 

growing cells in a feeder layer or liquid suspension, both in tissue culture flasks or 

plates (Hashimoto, Bläuer and Hirota 2014). However, these culture methods bring 

some limitations: they are unable to mimic the structure of the in vivo tumor 

microenvironment. That can affect the cancer evolution and chemotherapy resistance 

and might not reflect different tumor characteristics, such as porosity, vasculature and 

extracellular matrix, which provide cell-adhesion and three-dimensionality (Kim, 

Turnbull and Guimond 2011). Therefore, cells cultivated in 2D systems present some 

differences in their growth and morphology, when compared with the in vivo tumor 

(Velliou, Santos and Papathanasiou 2015) (Totti, Vernardis and Meira 2017) (Nelson 

and Bissell 2006).  

Thus, and given that the efficient in vitro cultivation should be as similar as possible to 

the in vivo conditions, further experimentation using more robust and reproducible 

conditions led to advances in cancer biology and response to treatment.  

In recent years, three-dimensional (3D) cell culture systems have been expected to 

replace and improve conventional 2D systems (Yamada and Cukierman 2007) (Vincan, 

Brabletz and Faux 2007) (Matsuda, Ishiwata and Kawamoto 2011). In contrast to 2D 

cultures, 3D systems are more similar with the in vivo environment in different aspects: 

architecture, structure, porosity and microenvironment niches (Blanco and Mantalaris 

2009) (Totti, Vernardis and Meira 2017). These systems are more realistic and provide 

more representative results of cell-cell interactions, migration and 3D cell-matrix 

interactions, due the special arrangement of their architecture (Ricci, Mota and Moscato 

2014) (Totti, Vernardis and Meira 2017).  
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In general, 3D culture systems can be considered static or dynamic, depending on where 

the cell culture takes place. The most common static system is a tissue culture well plate 

whereas the dynamic system typically runs in a reactor. Moreover, the way that the 

feeding process is made can be different within both systems. In well plates, the 

medium renewal is carried out by batch feeding, where the medium is added and 

changed when required, being considerate a closed system. In reactors, the medium 

change can be also batch, fed-batch or continuous. The batch operation mode only 

requires feeding with fresh medium at the beginning of the process (Seifert, Waligorska 

and Wojtowski 2009). The fed-batch culture is defined as a procedure where the 

medium supports the initial cell cultivation and then fresh medium is added to prevent 

nutrient reduction (Sauer, Burky and Wesson 2000). The continuous mode is 

characterized by having a fresh medium flow into the reactor continuously coupled with 

exhausted medium removal, at a constant volume (Schnitzler, Verma and Kehoe 2016). 

3D tissue engineering systems enable the distribution of environmental conditions, such 

as oxygen, glucose, nutrients and temperature, and also the treatment conditions, such 

as irradiation and drugs (Zanoni 2016) (Anastasov, Hofig and Radulovic 2015). In 

conclusion, these parameters and differences between 2D and 3D systems could lead to 

different cellular response to treatment, proposing that the 3D system could be the most 

accurate and extrapolative system.  

According to several pancreatic cancer studies, there are different 3D systems that can 

be generated by seeding cells on an acellular 3D matrix or by dispersing cells in a liquid 

matrix followed by solidification or polymerization, such as spheroids (Fennema, 

Rivron and Rouwkema 2013) (Cesarz and Tamama 2016), hydrogels (Ahmed 2015) 

(Peppas and Bures 2000) and synthetic polymeric scaffolds (Totti, Vernardis and Meira 

2017) (Dhandayuthapani and Yoshida 2011). From all studies, it is shown that there are 

significant differences in the resistance to treatment of pancreatic cancer cells and in the 

biological behavior using 3D culture systems compared with 2D systems. In the specific 

case of PANC-1 and according to different studies, this cell line can be cultivated in all 

the different 3D-systems previously mentioned – hydrogels, spheroids (Raza and Ki 

2013) (Priwitaningurm and Blondé 2016) and polymeric scaffolds (S. Totti 2016).  

The advantages of 3D culture methods when compared to 2D methods were even 

further elucidated on a study published in 2016 by Griner et al. (Griner, Zhang and 
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Guha 2016) which has shown that using a culture of PANC-1 cell line through 3D 

spheres to simulate the tumor, factors such as cellular heterogeneity and tumor 

microenvironment regulate tumor growth, metastasis and responses to chemotherapeutic 

treatments. Another study published in 2014 by Edmondson et al. (Edmondson and 

Broglie 2014) shows that in a 3D culture system, cell-cell and cell-matrix interactions 

closely simulate the in vivo environment and also suggests that the cell proliferation rate 

is related to the type of 3D system where cells were cultivated. In general, the 

proliferation and cell growth in these systems better represent the in vivo scenario. 
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2.4.  Thesis Research Objectives 

Nowadays it is extremely important to keep up with the development of new 

technologies in order to always improve and be at the forefront of progress. The cell 

culture area is not an exception. In the field of cell separations, one of Smart 

Separations’ core applications, the company looks to address the optimization of current 

cell culture methods and processes with two novel technologies using a microfiltration 

step. 

The first part of this project was to find alternatives for the centrifugation step, which is 

widely used in cell culture, possibly replacing it with a microfiltration step using the 

“Leonor Syringe Filter” – the first product conceptualized by the company. It is known 

that centrifugation is a process that involves a high-energy consumption due to high G-

forces and electrical supply, as well as being time-consuming. For these reasons, 

centrifugation is a stress factor to the cells, influencing its viability. By using a 

microfiltration step, the stress applied to the cells can be reduced and therefore their 

viability can be maintained. The Leonor Syringe Filter is composed of a highly-

selective and customizable ceramic membrane enclosed in a solid, polymeric model 

printed using a 3D printer. This novel product was used to test the selectivity of the 

membranes, in order to separate the cells from the medium. However, this first step is a 

means to an end, towards ensuring the feasibility of the second objective.   

Ensuing the first step, the second objective of this project was to design an initial 

concept of the “Smart Wells” platform. This is SSL’s new product that aims to improve 

current 3D culture processes. It is a powerful platform, which allows for the integration 

of the company’s membranes into the concept of current marketable well plates. This 

novel design enables bio-signaling communication and cellular equilibrium as well as 

medium homogeneity between the wells. Consequently, this platform provides a 

continuous medium replenishment and, at the same time, a way to have a 3D dynamic 

system, which is often desirable for scalable cell culture applications. Particularly, with 

the advent of immune cell therapy and their applications in personalized medicine to 

treat and even cure several types of cancers , the need to scale-out rather than scale-up 

cell therapy methods demands new approaches to culture cells in individualized and 

compartmentalized environments (Trakarnsanga 2017). 
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The biggest challenges are to ensure that the platform is totally sealed on the well-

membrane-well interface and that there is a continuous, homogeneous flow rate across 

all the wells. This can possibly be addressed by sealing the junctions with a custom-

made silicone encasing as well as employing pumps at the inlet and the outlet of the 

Smart Wells plate.  

Achieving this purpose will allow for a wider improvement of the cell culture processes 

at the laboratory scale as well as huge utilization and development of SSL’s technology. 
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3. Materials and Methods 

 

3.1.  Cell Culture Conditions  

PANC-1 (ATCC® UK,CRL-1469) cell line cultures were cultured in high glucose DMEM 

- Dulbecco’s Modified Eagle’s Medium - (Sigma Aldrich, UK) supplemented with 10% 

heat inactivated fetal bovine serum (Fisher Scientific, UK), 1% Penicillin/Streptomycin 

(Sigma Aldrich, UK) and 1% L-Glutamine (Sigma Aldrich, UK) stock solutions. All the 

cultures were performed inside an 37°C incubator with a humidified atmosphere of 20% 

O2 and 5% CO2 for pH control. Cells were seeded at a density of 4-5x10
6
 cells/T75-

Flask – equivalent to 5.33-6.67x10
5
 cells/cm

2
, as per the manufacturer’s 

recommendations, and allowed to adhere on the flask surface. Medium was replaced 

with fresh one every two days. Upon cell confluence at the flask surface, cells were 

detached and placed in new T-Flasks, using a 0.25% Trypsin-EDTA solution (Sigma 

Aldrich, UK) as a dissociation agent. 

 

3.2. Cell Counting  

When passaging, cells were counted using a hemacytometer (Marienfeld). The cell 

sample was ressuspended on an eppendorf (VWR) and then 50μL of concentrated cell 

sample were diluted into an equal volume of 1% Trypan Blue exclusion dye in PBS 

(Sigma Aldrich, UK) for cell viability assessment. When necessary, dilutions were 

made until the appropriated resolution was obtained. Two replicates of 10μL of stained 

cell sample were then counted under a microscope in 10x magnification (Zeiss, 

Axiovert 40C). 

 

3.3.  Cell Size and Membrane Pore Size Measurement 

Photos of PANC-1 cells and membrane surfaces after bottom and top lapping were 

taken. They were analysed by Image Pro-Premier 9.1, allowing to determine cell 

diameter and membrane pore size. The analysis of cell size is done by the selection of 

cells. The luminosity contrast between cells and the medium where they are is important 

to select cells only and to obtain accurate results. Images of cells are opened as a 

sequence, followed by the calibration of the images and the selection of shadowed 
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areas. The program detects cells based on a luminosity gradient and requires the user to 

manually validate the selection. Results of each image and individual results of each cell 

are collected, as well as an average of the results of each image, which is also calculated 

automatically by the program. Membrane pore sizes were measured in a similar way. 

 

3.4.  Lapping  

Lapping is divided into three main steps: preparation, lapping and characterization of 

the membranes. The first step was to prepare all the devices used throughout the 

process. This includes cleaning of the lapping plate with cleaning fluid on its surface, 

checking the flatness of the lapping plate and finally the identification of top and bottom 

surface of the membranes. Membranes were characterized with numbers (1 to 10) and 

were observed against a source of light in order to identify their top and bottom surfaces 

and also detect if they had any visible defects.  

The second step was lapping. Membranes were placed on the lapping plate on in-house 

specific fixtures followed by embedding the holder in the same fixtures (SSL patent-

pending). The holder and the lapping plate were then put into motion while diamond 

particle suspension (LamPlan, UK) was distributed on the lapping plate. The diamond 

liquid amount was applied accordingly to avoid the dryness of the plate. There are 

different diamond particle suspensions according to particle sizes, but all of them are 

composed of loose abrasive particles of diamond and a carrier liquid. The diamond 

liquid was chosen according to the desired final characteristics and material removal 

rate. After treating the bottom surface of the membrane, a diamond liquid with smaller 

particles was used for top lapping. Time and rotation speed of the lapping plate were set 

on the lapping equipment’s control panel and always depend on the desired final 

thickness of the membranes. 

Membranes were then cleaned on an ultrasonic bath (Turbex, Elmasonic P) during 5 

minutes followed by drying at room temperature. Finally, surfaces were observed on the 

microscope with magnifications of 10x and 40x and several pictures of each membrane 

were taken, in order to have an overall view of their surface. 

Figure 17 shows the main lapping devices, as well as the way how membranes were 

placed on the lapping plate and in the holding fixtures.   
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Figure 17 - Lapping plate and its components. Left to right: lapping machine with the lapping plate; holder embedded 

in the fixtures; membranes on the lapping plate.  

 

3.5.  Microfiltration Experiments 

The experiments were performed after cell passaging. Upon cell counting, cells were 

divided into T-Flasks or Falcon tubes, depending on their purpose. Some cells were 

placed in new T-Flasks (splitting process) in order to ensure continuous growth and 

expansion of PANC-1, while the remaining was divided into Falcon tubes. According to 

the desired cell concentration to test the membranes, cells were diluted up to 15ml with 

medium.  

To perform the microfiltration experiments, the first step was to sterilize all Leonor 

Syringe Filter components and membranes in 70% ethanol solution (Fisher Chemical) 

during two hours. After two hours, all the components were washed multiple times with 

PBS, to ensure that they were totally sterile and without ethanol. The Leonor Syringe 

Filter was assembled and a 10 ml sterile syringe was screwed to the model. The model 

was inserted in the Falcon tube and the filtration process started, pulling the syringe 

until the medium's flow stopped. After that, the syringe was unscrewed and the filtrate 

that was in the syringe was transferred to a new Falcon, in order to have the filtrate 

sample. At the same time, a new sterile and previously prepared syringe with 10 ml of 

medium was screwed to the model and a back flow of medium to another Falcon was 

performed, in order to obtain the cells of the membrane's surface. After the experiment, 

3 different Falcon tubes were obtained: the filtrate Falcon tube, the retentate Falcon tube 
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(that was the initial Falcon and contains the solution that was not filtered) and the 

Falcon with 10ml of medium and cells that were in the membrane's surface. Finally, a 

sample of each Falcon tube was taken and their cells were counted, in order to calculate 

membrane selectivity.  

 

3.6.  Membrane Cleaning Process 

Given that Smart Separations membranes are reusable, a cleaning membrane process 

was defined in order to make sure that they were totally sterile after each use. Between 

each filtration experiment, membranes were put in a furnace (Carbolite, UK) at 200°C 

during 2 hours. After this step and before the microfiltration process, membranes were 

submerged in a 70% ethanol solution (Fisher Chemical) during two hours and washed 

thoroughly with PBS.  

3.7.  Analysis of Variance (ANOVA) 

When possible, ANOVA was performed using the raw data values. All experiments 

were assumed to be independent. Moreover, ANOVA criteria of normality was assumed 

to be true. Results are presented as mean and standard deviation of three independent 

replicates (N=3). Statistical analyses using one-way ANOVA were performed in 

GraphPad Prism 7.03 (GraphPad, U.S.A.). 

 

3.8.  Scanning Electron Microscopy (SEM) 

Membrane sections to be imaged with SEM were sliced and placed on a 24-well plate 

(Corning, Sigma Aldrich). Sections were washed twice with PBS followed by 

incubation in 50μg /mL of fibronectin during 2 hours. At the same time, 4% 

formaldehyde solution was prepared and refrigerated at 4°C for 1 hour. After the 

incubation time with fibronectin, the fixation was performed with 4% cold 

formaldehyde solution during 2 hours at room temperature. Sections were then washed 

with distilled water four times, in order to remove formaldehyde crystals. To finish the 

fixation process, sections were left to dry overnight. The drying process was performed 

inside a fume hood. After overnight drying, sections were glued to SEM metal holders 

(Agar Technologies) using carbon tape (Agar Technologies) and spur-coated with gold 

prior to imaging on a JSM-7100 F SEM.  
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4. Results and Discussion 

 

4.1.  Cell Culture  

PANC-1 cells were seeded at 5x10
6
 cells/T75-flask and cultured in a standard 37°C, 

20% O2 and 5% CO2 humidified air incubator. As described on Section 3.1, fresh 

medium was added every two days. After a period of time, cells reach confluence due to 

cellular expansion. At that point, the culture needs to be passaged. In this splitting step, 

cells were placed into a new T-Flask. Furthermore, cell viability was also analyzed, 

since it provides an indication of the health of the cell culture by using an exclusion dye 

(Trypan Blue). 

4.1.1.  Cell Growth and Doubling Time 

By definition, population doubling time (DT) is the time required for a culture to double 

in number, according to the following formula (ATCC 2014):  

DT = T. 
ln 2

ln(
Xe

Xb
)
 

Where T is the incubation time in any time units; Xb is the cell number at the beginning 

of the incubation time and Xe is the cell number at the end of the incubation time. 

To obtain the doubling time (DT) of PANC-1 cells, cell growth was analysed during the 

exponential growth phase. Table 1 shows different values of cell number with the 

respective growth period.   

Table 1 - Values of cell number with the respective growth period and doubling time. 

T (hours) Xb (cells) Xe (cells) DT (hours) 

72 1.07E+07 2.73E+07 53 

96 1.50E+07 7.80E+07 40 

72 1.50E+07 5.00E+07 41 

48 5.00E+06 9.00E+06 57 

 

The average doubling time obtained was 48 hours and it is in agreement with the 

literature, which reports 52 (ATCC, PANC-1 (ATCC® CRL-1469™) 2017). However, 

the culture needs to be passaged every four days approximately, due to high confluence 



34 
 

on the T-flask, visually confirmed in all the cell expansion steps. 

 

4.2.  Cell Diameter 

In order to produce membranes with a specific pore size it was necessary to determine 

the cell diameter, ensuring that it would be small enough to prevent cell passage through 

the membrane. 

During a PANC-1 cell line culture, as described on Chapter 3.1 some pictures were 

taken and cell diameters were measured. Using Image Pro-Premier, the average cell 

diameter was measured as 19μm. Figure 18 shows many pictures with different 

magnifications (10x, 20x and 40x) of PANC-1 cells. 

 

Figure 18 - Pictures of PANC-1 cells with different magnifications. Top row: both of pictures are with 10x 

magnification. Bottom row, left to right: picture with 20x magnification; picture with 40x magnification. 

Figure 19 illustrates the way how the cell diameters are measured with Image Pro-

Premier. This analysis allowed to determine an acceptable range for the membrane´s 

pore size. 
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Figure 19 - Snapshot of Image Pro-Premier. The program detects cells based on a luminosity gradient and requires 

the user to manually validate the selection of shadowed areas. 

On the other hand, the cell diameter was also evaluated by Scanning Electron 

Microscopy (SEM) pictures. Figure 20 represents a SEM image of a cell in the 

membrane showing the cell diameter - 17.2μm -, which is in agreement with the 

previous method. This technique was used for another purpose, which will be 

mentioned on the following chapters. 

  

Figure 20 - SEM image showing a cell in the membrane. The white arrow shows the cell diameter. 
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4.3. Membrane Manufacturing 

As previously mentioned, it is crucial to produce membranes with a specific pore size, 

ensuring that it would be small enough to prevent cell passage through the membrane. 

At the same time, the flow rate through the membrane should not be too low as to 

prevent the passage of liquid, which requires larger pores. There is therefore a balance 

to strike between selectivity (smaller pores better) and flow (larger pore better). The 

whole process of membrane manufacturing was described on Chapter 2.2. 

After casting, large thin membranes were cut into circles with specific dimensions 

considering that, during the next step – sintering – the membrane shrinks approximately 

18-20% in diameter and 22-24% in thickness. The final membrane dimensions were 

12mm of diameter and 2mm of thickness. After sintering and using SSL’s technology 

and expertise, lapping is the finishing process allowing for membrane pores to open and 

control their aperture size. 

The initial step was to perform bottom lapping to have the maximum percentage of 

open pores with the minimal material removal, which will increase flow rate through 

the membrane. The following step was to control the top pore size, since that is where 

cell filtration occurs (also known as the active layer). 

 

4.3.1. Lapping of the Bottom Surface 

On the bottom surface the goal is to achieve the maximum percentage of open pores 

with the minimum material removal. Since that flow rate being one of the most 

important factors in microfiltration processes, it is necessary to have a compromise 

between the number of open pores and the material removal because as the membrane is 

lapped ceramic material form its surface is removed. Consequently, the thickness of the 

membrane decreases, leading to weaker membranes (from the mechanical strength point 

of view). However, the higher the time the membranes are exposed to lapping, the 

higher the number of open pores will be.  

Figure 21 shows the side, top and bottom membrane view. It also depicts its conical 

pore structure, to better understand the objective of the lapping process.  
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Figure 21 - Side, top and bottom view of the conical pores structure. (Smart Separations 2016) 

Lapping of the bottom surface was performed on 10 membranes and pictures were taken 

using a metallurgical microscope with different magnifications (10x and 40x). Figure 22 

shows the bottom surface of two different membranes (named membrane 6, left column 

and 8, right column) with both magnifications, which were lapped with different 

duration times. Membranes 6 and 8 were lapped for 200 and 500 seconds, respectively.  

 

Figure 22 – Bottom lapped surface of membrane 6 and 8: Top row, left to right: membrane 6 with 10x magnification, 

membrane 8 with 10x magnification. Bottom row, left to right: membrane 6 with 40x magnification, membrane 8 

with 40x magnification.  

Given the conical structure of membrane pores, it is easy to understand that membrane 6 

(left-hand side) was less lapped than membrane 8 (right-hand side), since it has bigger 

pore sizes but lesser absolute number of open pores.  
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Then, using Image Pro-Premier, the average pore size of 10 membranes was measured 

to select the best membranes for further experiments. Several pictures of different areas 

of each membrane were taken, in order to have an average pore size for each membrane. 

Figure 23 illustrates the method used by the software to measure membrane pore sizes.  

  

Figure 23 - Snapshot of Image Pro-Premier while working on membrane 8. The program detects pore sizes based on 

a luminosity gradient and requires the user to manually validate the selection of circled areas. 

Table 2 summarises the average bottom pore size of each membrane (Membrane 1 – 

Membrane 10) measured by Image Pro-Premier. 

Table 2 – Values of average bottom pore size and its standard deviation of each membrane. 

Membrane No. 1 2 3 4 5 6 7 8 9 10 

Avg. Pore Size(μm) 25.6 26.5 28.8 38.7 52.5 60.7 36.3 28.7 41.9 28.4 

Standard Deviation 0.4 0.9 1.5 1.1 2.8 2.1 1.0 0.3 2.1 0.5 

 

The values for bottom pore size of membranes 6 and 8 are in very good agreement to 

what Figure 22 describes visually. Similar confirmations were obtained for all the 

membranes produced. 
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4.3.2. Lapping of the Top Surface 

Since cell filtration occurs at the membrane top surface, it is essential to control the pore 

sizes on the top side. Considering that as the material removal increases in this side, also 

does the mean pore size and with the pore’s conical structure, it is easy to conclude that 

top lapping will require less time, given that the pores should be small enough to filtrate 

cells. Thus, the main objective is to identify the best lapping conditions in order to 

obtain the highest porosity possible in the bottom surface and to adjust the top surface’s 

pore size according to the specifications required. 

Lapping of the top surface has also been done on the same 10 membranes and pictures 

were taken with same magnifications (10x and 40x). Figure 24 shows the top surface of 

two different membranes (membrane 7 and 9) with both magnifications, lapped over 

different times. Membranes 7 and 9 were lapped for 100 and 400 seconds, respectively.  

 

Figure 24 - Top lapped surface of membrane 7 and 9: Top row, left to right: membrane 7 with 10x magnification, 

membrane 9 with 10x magnification. Bottom row, left to right: membrane 7 with 40x magnification, membrane 9 

with 40x magnification. 

Along the same line of thinking, it can be concluded that membrane 7 (left-hand side) 

was less lapped than membrane 9 (right-hand side) resulting in membrane 7 having a 
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much smaller top pore size than membrane 9. Consequently, given the pore sizes, one 

expects membrane 7 to be more selective than membrane 9.  

Once again, different images from membranes were analysed by Image Pro-Premier and 

membrane top pore sizes were measured, providing the average top pore size of each 

one. The Image Pro-Premier workflow was demonstrated on the previous section. Table 

3 shows the average top pore size of each membrane (Membrane 1 – Membrane 10) 

measured by Image Pro-Premier. 

Table 3 – Values of average top pore size and its standard deviation of each membrane. 

Membrane No. 1 2 3 4 5 6 7 8 9 10 

Avg. Pore Size(μm) 5.5 6.4 7.6 7.4 7.2 7.5 5.5 6.2 11.5 6.5 

Standard Deviation 0.1 0.0 0.1 0.2 0.2 0.4 0.2 0.3 0.4 0.3 

 

The qualitative conclusions drawn from Figure 24 were validated when their pore size 

was measured (Table 3). Similar confirmations were obtained for all the produced 

membranes. Table 4 summarises the values of bottom and top pore sizes of the 10 

membranes evaluated, facilitating membrane selection for further experiments. 

Table 4 – Values of average bottom and top pore size and their standard deviation of each membrane. 

Membrane No. 1 2 3 4 5 6 7 8 9 10 

Avg. Bottom (μm) 25.6 26.5 28.8 38.7 52.5 60.7 36.3 28.7 41.9 28.4 

Stand. Dev. Bottom 0.4 0.9 1.5 1.1 2.8 2.1 1.0 0.3 2.1 0.5 

Avg. Top (μm) 5.5 6.4 7.6 7.4 7.2 7.5 5.5 6.2 11.5 6.5 

Stand. Dev. Top 0.1 0.0 0.1 0.2 0.2 0.4 0.2 0.3 0.4 0.3 

 

Based on the measured cell diameter measured and ranging between 17.2-19 μm and 

taking into account that pancreatic cancer cells and others are relatively elastic (Walter 

and Busch 2011), several membrane pore sizes were planned and obtained to assess for 

a tighter, more selective filtration (smaller pore size) or a looser, non-selective filtration 

(higher pore size). Four membranes were then selected for further experiments: 

membrane 7, membrane 8, membrane 4 and membrane 9 with top pore size of 5.5μm, 

6.2μm, 7.4μm and 11.5μm respectively. 
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4.4. Leonor Syringe Filter 

The first part of this project was to find alternatives for the centrifugation step used in 

cell culture using the Leonor Syringe Filter, which was the first product conceptualized 

by Smart Separations. Using a microfiltration step, this product was used to test 

membrane selectivity, in order to separate cells from the medium.  

The Leonor Syringe Filter is composed of a round ceramic membrane enclosed in a 

solid and polymeric model printed using a 3D printer, as well as a flexible (Vero 

plastic) O-ring, which can be open to put the membrane in it, providing the perfect fit of 

the membrane in the model and also avoiding any air and medium leakages. To 

complete the model and in order to perform a microfiltration, sterile syringes were used.  

 Figure 25 shows the conceptual, computer-aided design of all the model components, 

which were kindly provided by Rodrigo Solorzano, Product Designer at Smart 

Separations. The Leonor Syringe Filter dimensions were 4cm of height and 2cm of 

maximum diameter/width and the O-ring dimensions were 1.5cm of diameter and 0.5cm 

of thickness. It should be noted that model pictures and the O-ring picture are not at the 

same scale. 

 

Figure 25- Design of all the Leonor Syringe Filter components. Left to right: the first two images correspond to the 

solid and polymeric model (1 and 2); the right one illustrates the O-ring (3).  

 

Several models and O-rings were printed in a 3D-printer. The model was printed with a 

polymeric, rigid material and the O-ring with a flexible plastic material. 

Figure 26 shows the Leonor Syringe Filter printed in different perspectives and colors 

as well as O-rings. 
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Figure 26 - Leonor Syringe Filter models. Top row: solid and polymeric model printed in a 3D printer. Bottom row 

left-hand side: another perspective of the solid model; Right-hand side: O-rings. 

 

After printing, it was found that the O-ring thickness was not enough to make sure that 

the system would sustain high pressure without any air and/or medium leakages. To 

solve this problem, thin silicone disks with two different diameters were cut by using a 

cutting machine (Cricut, UK). Big disks (with 1.5cm diameter) were cut to put on top of 

the O-ring and small ones (with 1.2cm diameter) were cut to put them in the O-ring, to 

ensure that the membrane would be better accommodated and fitted. Figure 27 shows 

the silicone disks cut by Cricut. 

 

Figure 27 - Thin silicone disks which were cut by Cricut. 
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4.4.1.  Leonor Syringe Filter Assembly 

The assembly procedure was carried out as follows: the membrane and two small 

silicone disks were placed in the O-ring, providing a perfect fit without any leakage. It 

is important to ensure that the membrane is centered in the O-ring, as well as its top 

surface is facing down and its bottom surface is facing up, given that it is on the 

membrane top surface where the microfiltration occurs. To identify their top and bottom 

surfaces, membranes were observed against a source of light. This first step is shown in 

Figure 28. 

 

Figure 28 - Leonor Syringe Filter Assembly. Left to right: The O-ring, the membrane and the smaller silicone disks; 

Membrane in the O-ring with its top surface faced down; The membrane and the rings fitted in O-ring. 

After this, the O-ring was inserted in the bottom part of the solid model and two large 

silicone disks were also inserted on top of the O-ring. The model is then closed with the 

top part. Thus, the assembly was concluded with a sterile syringe that was screwed on 

the Leonor Syringe Filter top. The assembly is shown in Figure 29 to clarify the 

procedure. 

    

Figure 29 - Leonor Syringe Filter Assembly. Left to right: O-ring was inserted in the bottom part of the model; The 

model is assembled with all the components in their specific order; Sterile syringe was screwed on the model. 
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4.4.2. Experimental Workflow 

A workflow of the microfiltration process was devised, in order to understand what was 

considered in all the experiments. After the microfiltration, the filtrate, the retentate and 

the cells that were lodged in the membrane's surface were obtained, as shown on Figure 

30. 

 

Figure 30 - Scheme of the microfiltration process, which was performed in all the experiments, being XF the filtered 

cells number, VF the volume that was filtered, XR the retentate cell number, VR the volume that was remained in the 

falcon tube and XS the number of cells in the surface of the membrane. 

Filtrate corresponds to the medium, with or without cells, that passed through the 

membrane, being XF the filtered cells number and VF the volume that was filtered. 

Retentate is considered as the volume that was not filtered, being XR the retentate cell 

number and VR the volume that remained in the falcon tube. What was named as 

membrane surface corresponds to the cells that were retained in the membrane, being 

XS the membrane's surface cell number. This nomenclature and procedure were taken 

into account for all experiments and the protocol is specified on Section 3.5. 
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It was also necessary to devise an experimental schedule in order to perform the 

microfiltration process and test the membrane´s selectivity to accommodate for several 

restrictions. Firstly, it should be noted that PANC-1 cell cultures were used. In general, 

a cell culture requires some time to grow and expand. As already mentioned, during the 

cell culture, medium was replaced every two days and just upon cell confluence at the 

flask surface, cells were detached and placed in new T-Flasks. Doubling time of PANC-

1 cells was also calculated (approximately 2 days) to know how much time the cell 

culture can be sustained before it needs to be passaged (around 4 days). Thus, since the 

aim of the project is to test the membranes in cell separation, cell culture was a time 

restriction, given that the experiments were just performed in splitting (passaging) days. 

Secondly, given that Smart Separations' membranes are reusable, they require a specific 

cleaning process, which involves a 2-hour step in a furnace. This means that the four 

previously selected membranes can only be used once a day. 

Therefore, considering these restrictions, the entire plan was drawn according to the fact 

that the experiments just could be performed every 4 days, without devising a complex 

cell culture schedule with intercalated cultures. An example of a weekly schedule is 

shown in Table 5, to better understand the time limitations of the experiments.  

Table 5 - Weekly schedule of Lab Work. 

Day No. Lab Work 

Day 0 Seed Cells 

Day 1  

Day 2 Changing cell culture medium 

Day 3  

Day 4 Cell Splitting and doing 4 experiments 

Day 5  

Day 6 Changing cell culture medium 

Day 7  

Day 8 Cell Splitting and doing 4 experiments 
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4.5. Membrane-based cell separation 

Four membranes were chosen according to their different pore sizes and tested for their 

cell selectivity performance. Table 6 summarises bottom and top pore sizes of the 

chosen membranes. 

Table 6 – Summary of bottom and top pore sizes of the chosen membranes. 

Membrane No. 4 7 8 9 

Avg. Bottom (μm) 38.7 36.3 28.7 41.9 

Stand. Dev. Bottom 1.1 1.0 0.3 2.1 

Avg. Top (μm) 7.4 5.5 6.2 11.5 

Stand. Dev. Top 0.2 0.2 0.3 0.4 

 

The performed microfiltration experiments allowed for a better understanding of the 

performance and characteristics of the four tested membranes. They were tested with 

different cell concentrations and some parameters were evaluated. In addition to 

membrane selectivity, filtered volume, cell viability and loss of cells were also studied, 

in order to characterize the membranes.  

Cell concentration values were chosen according to the normal cell seeding density in 

T-Flasks. Cells were seeded at a density between 4x10
6
 cells and 5x10

6
 cells/T75-Flask 

– equivalent to 0.16x10
6
 – 0.20x10

6
 cells/mL. The first tested cell concentration was 

therefore 0.16x10
6
 cells/mL. After that, it was decided to test above (the double) and 

below (half) this cell concentration: 0.32x10
6
 cells/mL and 0.08x10

6
 cells/mL, 

respectively. Given that the results of the 0.08x10
6
 cells/mL obtained were quite 

interesting, it was also decided to test for 0.04x10
6
 cells/mL. 

Thus, experiments (as described on Section 3.5) with four cell concentrations were 

performed for the four chosen membranes, assessing membrane selectivity, filtered 

volume, cell viability and loss of cells on the filtration process.  

The first and one of the most important evaluated parameters was the membrane’s 

selectivity. Selectivity was calculated according to the number of cells that passed 

through the membrane and, consequently, were in the filtrate. The following formula 

shows how the selectivity was calculated in each experiment, where CF is the filtrate 

cell concentration and Ci the initial cell concentration.  
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Selectivity (Filtration) = η (Filtration) = η (Retentate) = 1 - η (Filtrate) = 1 -  
𝐶𝐹

𝐶𝑖
 x 100 

The filtered volume corresponds to the amount (mL) of solution that was filtered until 

no more liquid could be filtered through the membrane – this was determined after an 

average of 3 minutes – probably due to pore blockage and membrane fouling. 

Cell viability was also analysed, in order to understand if the microfiltration process 

would be a stress factor to cells and, consequently, would affect their viability. For that, 

live and dead cells of filtrate, retentate and lodged in the membrane were counted in 

each experiment, using Trypan Blue Exclusion Dye. The following formula shows how 

the cell viability was calculated in each experiment. 

Viability (%) = 
𝐿𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠
 x 100 

Finally, loss of cells was also tested, ensuring that the mass balance was always closed. 

The next formula shows how loss of cells was calculated in each experiment. 

Loss of cells (%) = 
𝑇𝑜𝑡𝑎𝑙 𝐶𝑒𝑙𝑙𝑠 𝑎𝑓𝑡𝑒𝑟 𝑚𝑖𝑐𝑟𝑜𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑒𝑙𝑙𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑚𝑖𝑐𝑟𝑜𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛
 x 100 

The obtained results will be discussed in the same order that they were performed and 

the four membranes are characterized in the figures by their pore sizes. It should be 

noted that for each concentration and for each membrane, 3 independent replicates were 

obtained and the results presented below correspond to the average and standard 

deviation of the 3 experiments.  

 

Initial Cell Concentration of 0.16x10
6
 Cells/mL 

Starting with a concentration of 0.16x10
6
 cells/mL, the four membranes were tested. 

It was verified that there was no flow rate through membrane 7 (pore size 5.5μm), 

membrane 8 (pore size 6.2μm) and membrane 4 (pore size 7.4μm), which can be 

justified by the used cell concentration.  

Thus, it is possible to assume that 0.16x10
6
 cells/mL is a cell concentration high enough 

for cells to block membrane pores, making the filtration process unfeasible.  
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Table 7 shows the filtered volume obtained with membrane 9 (pore size 11.5 μm), the 

relation between the membrane’s selectivity and their pore sizes and also the relation of 

cell viability and loss of cells with membrane pore. 

Table 7 – Values of filtered volume, selectivity, cell viability and loss of cells of membrane 9 (pore size 11.5μm). 

 Membrane 9 

Filtered Volume (mL) 8.6 ± 0.2 

Selectivity (%) 13.0 ± 3.0 

Cell Viability (%) 97.0 ± 1.9 

Loss of cells (%) 4.7 ± 1.2 

 

Membrane 9 (pore size 11.5μm) showed a higher value of filtered volume, but not a 

good selectivity (13%), due to its larger average pore size. Given that this membrane 

has a larger pore size, the majority of cells passed through the membrane, which is 

confirmed by its low selectivity. Therefore, it is easy to understand that the higher the 

pore size, the lower the membrane selectivity will be, while the flow rates through the 

membrane increase. 

On the other hand, membrane 9 shows a cell viability of 97%, which it allows to infer 

that the pressure and stress that cells are exposed to during the microfiltration process 

does not affect their viability. Furthermore, the loss of cells was low and neglectable, 

which means the Leonor Syringe Filter was well assembled and the membrane was 

centered, avoiding leakages. Similar patterns of cell viability and loss of cells were seen, 

throughout all experiments for all the tested membranes. Thus, a summary of two these 

parameters and their respective results and conclusions will be presented at the end of 

this section.  

 

Highest Cell Concentration: 0.32x10
6
 Cells/mL 

The higher cell concentration of 0.32x10
6
 cells/mL seems to confirm the results seen 

earlier, with a concentration of 0.16x10
6
 cells/mL. Membranes 7, 4 and 8 showed no 

flow rate during the microfiltration process. Thus, it was determined that these cell 

concentration values – 0.16x10
6
 cells/mL and 0.32x10

6
 cells/mL – are high enough so 
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that the cells in the suspension most likely blocks membrane pores, hindering the 

microfiltration process. Hence, it was concluded that membranes have an operability 

limit when exposed to sufficiently high cell concentration conditions. Furthermore, 

membrane size (12mm diameter) and, consequently, their surface area, also affects their 

performance. Increasing the membrane surface area would increase the number of pores 

accordingly and the cell suspension solvent would have more possible paths to pass 

through the membrane. 

Results for filtered volume and selectivity of membrane 9 (pore size 11.5μm) at a 

concentration of 0.32x10
6
 cells/mL are shown in Table 8.  

Table 8 - Values of filtered volume and selectivity of membrane 9 (pore size 11.5μm). 

 Membrane 9 

Filtered Volume (mL) 6.0 ± 0.2 

Selectivity (%) 23.0 ± 1.7 

Cell Viability (%) 99.0 ±0.5 

Loss of cells (%) 3.0 ±2.2 

 

Regarding membrane 9, its selectivity remained similar on both cell concentrations 

tested, but the filtered volume was lower, when compared with the 0.16x10
6
 cells/mL 

cell concentration. Given that the membrane has a larger average pore size (11.5μm), it 

is believed that the cell suspension did not block the membrane so easily. This fact leads 

to validate previous conclusions, confirming that membranes have an operability limit. 

For a higher cell concentration, only membranes with large pores will be able to 

operate, due to quick fouling of membranes with small pore sizes. There is, however, a 

compromise between selectivity and flow through the membrane, and they seem to be 

inversely correlated.  

 

Lower Cell Concentration: 0.08x10
6
 Cells/mL 

Upon these results, it was decided to test a lower cell concentration: 0.08x10
6
 cells/mL. 

Results for the filtered volume and membrane´s selectivity are shown in Figures 31 and 

32, respectively.  
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Figure 31 – Filtered volume of membrane 7 (pore size 5.5μm), membrane 8 (pore size 6.2μm), membrane 4 (pore 

size 7.4μm) and membrane 9 (pore size 11.5μm) for a microfiltration with 0.08x106 cells/mL of cell concentration. *, 

p≤0.05. 

 

Figure 32  - Selectivity of membrane 7 (pore size 5.5μm), membrane 8 (pore size 6.2μm), membrane 4 (pore size 

7.4μm) and membrane 9 (pore size 11.5μm) for a microfiltration with 0.08x106 cells/mL of cell concentration. ****, 

p≤0.0001. 

Observing Figures 31 and 32, the visual results were quite impressive - all the chosen 

membranes had flow during the microfiltration while testing a lower cell concentration. 

According to the filtered volume of each membrane, it is clear that membrane 7, given 
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its pore size (5.5μm), could not filter as much volume as membranes 8 and 4. 

Nevertheless, the difference between the filtered volumes of these 3 membranes is not 

significant. To obtain statistical significance between membranes 7, 8 and 4, more 

replicates would be necessary. However, when comparing membranes 7 and 8 with 

membrane 9, it was concluded that they are statistically different. Since it is intended to 

maximize the filtered volume, membrane 9 would be the best candidate – however this 

membrane is not statistically different from membrane 4. In this specific scenario, more 

replicates are needed to clarify differences between membranes and allow for a more 

accurate selection of the optimal membrane. 

Observing the selectivity of each membrane, it was verified that all the membranes 

except 9 were highly selective, irrespective of their pore sizes. Membrane 7 (pore size 

5.5μm) showed 100% selectivity, which means that the cells were all retained by the 

membrane and just the medium passed to the filtrate. Membranes 8 (pore size: 6.2μm) 

and 4 (pore size: 7.4μm) also had good selectivity, around 90% and 98% respectively. 

Given that their pore sizes are slightly larger than the membrane 7’s pore size, few cells 

passed through them. Membrane 9 (pore size 11.5μm) showed once again lower 

selectivity as well as a high filtered volume, which was already observed in previous 

results. Statistically, it was also observed that membranes 7, 4 and 8 are different when 

compared with membrane 9. On the other hand, there is no statistic difference between 

selectivity of membranes 7, 4 and 8, which led to assume these membranes have a very 

similar selectivity. Given that it is intended to maximize selectivity, membranes 7, 4 and 

8 are the best candidates. 

Overall, for this cell concentration, membrane 9 seems to be the best in terms on 

maximizing the filtered volume but fails on the selectivity criteria since its value ranges 

around 2%. Considering both selectivity and filtered volume, membranes 7, 4 and 8 are 

good candidates but further experimentation is required to enlighten differences 

between those three membranes. 
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Lowest Cell Concentration: 0.04x10
6
 Cells/mL 

Given that the results obtained with 0.08x10
6
 cells/mL were quite interesting, it was 

also decided to test an even lower concentration of 0.04x10
6
 cells/mL. However, it is 

important to mention that during the previous experiments, with 0.08x10
6
 cells/mL, 

membrane 7 broke after 6 utilizations, which was probably caused by the pressure that 

the membrane was exposed during filtration. Given that its pore size is quite small, the 

membrane was exposed to more pressure, precisely due to the smaller pores. In 

addition, it was found that throughout the experiments and between each use of the 

same membrane, the filtered volume tended to decrease, which can be justified by an 

under-optimised cleaning protocol. Between each filtration experiment, membranes 

were put in a furnace at 200°C for 2 hours. This cleaning process was defined in order 

to make sure that they were totally sterile and cell-free, but parts of dead cells may have 

formed aggregates inside the membrane pores resulting on a decrease of the filtered 

volume. This led to assume that, despite being reusable, membrane utilization appears 

to have a limit.  

Therefore, three other membranes with similar pore sizes were chosen to test the last 

cell concentration. Membrane 1, membrane 2 and membrane 3 replaced membrane 7, 

membrane 8 and membrane 4, respectively, and their pore sizes are shown in Table 9. 

Membrane 9 was present in all the experiments, given that no visible decrease in 

performance was observed in any of the performed experiments. 

Table 9 – Bottom and top pore sizes of chosen membranes. 

Membrane No. 1 2 3 4 7 8 9 

Avg. Bottom (μm) 25.6 26.5 28.8 38.7 36.3 28.7 41.9 

Stand. Dev. Bottom 0.4 0.9 1.5 1.1 1.0 0.3 2.1 

Avg. Top (μm) 5.5 6.4 7.6 7.4 5.5 6.2 11.5 

Stand. Dev. Top 0.1 0.0 0.1 0.2 0.2 0.3 0.4 

 

Results of the filtration with 0.04x10
6
 cells/mL and using membranes 1, 2 3 and 9 are 

shown in Figures 33 and 34.  



53 
 

 

Figure 33 – Filtered volume of membrane 1 (pore size 5.5μm), membrane 2 (pore size 6.4μm), membrane 3 (pore 

size 7.6μm) and membrane 9 (pore size 11.5μm) for a microfiltration with 0.04x106 cells/mL of cell concentration. *, 

p≤0.05. 

 

 

Figure 34 - Selectivity of membrane 1 (pore size 5.5μm), membrane 2 (pore size 6.4μm), membrane 3 (pore size 

7.6μm) and membrane 9 (pore size 11.5μm) for a microfiltration with 0.04x106 cells/mL of cell concentration. . *, 

p≤0.05; ****, p≤0.0001. 
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The filtered volume seems to correlate positively with the membrane’s pore size – 

which makes sense physically, as more flow can be pushed through larger pores before 

any fouling occurs. This can also be justified by the lower concentration used on this 

experiment. In terms of statistic, all the membranes are statistically different.  

When compared with results at 0.08x10
6
 cells/mL, using a concentration of 0.04x10

6
 

cells/mL yielded similar outcomes. It was verified that membranes were also selective, 

according to their pore sizes. Membrane 1, with a pore size of 5.5μm showed once again 

100% selectivity. Membranes 2 and 3 also had a good selectivity, around 98% and 93%, 

respectively. Membrane 9 showed the same results as previous experiments, always 

with limited selectivity. 

It is worth mentioning that these membranes are totally customizable according to the 

client’s requirements, and a compromise between high filtered volume (high flow-rate) 

and high selectivity seems to have a major role in the decision-making process. 

On the other hand, statistically, membrane 1 and 3 are different but membrane 1 and 2 

do not present a statistic difference. Therefore, in a statistical scope, it was concluded 

that it is better to choose membrane 2 (pore size 6.4μm) given that, selectivity-wise, it 

has the same as membrane 1 (pore size 5.5μm), but with a statistically significant higher 

filtered volume. Once again, it is important to have a compromise between selectivity 

and flow rate – consequently, filtered volume – without neglecting the specifics 

provided by the client.   
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A sum-up 

In order to take general conclusions about each evaluated parameter, plots for all the 

tested cell concentrations were created. Figure 35 shows results of the filtered volume 

for all cell concentrations and membranes tested. 

 

Figure 35 – The relation between filtered volumes and all the cell concentrations and membranes tested. 

 

It was concluded that the filtered volume increases with the pore size for lower cell 

concentrations and there was no flow rate for higher concentrations. This can be 

justified by the high cell number blocking the membrane pores faster for high 

concentrations and, consequently, at that time, the filtration flow stops. Also, for a given 

cell concentration, membranes with higher pore size will definitely filter more volume, 

as fouling is less likely to occur.  

Figure 36 shows membrane selectivity for all cell concentration and membranes tested. 
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Figure 36 – Membrane selectivity according to its pore size, for all the cell concentrations tested.  

 

The figure confirms that membranes have an operability limit for higher cell 

concentrations, but they show very good selectivity for concentrations ranging from 

0.04 to 0.08 x10
6
 cells/mL. The best membranes, according to pore size and selectivity, 

were membranes 1 and 7 with 5.5μm and a selectivity of around 100%. It is believed 

that, for a concentration of 0.16x10
6
 cells/mL, the high selectivity shown is mainly due 

to a very low filtered volume (Figure 35). 

Finally, results of cell viability and loss of cells are shown. Figure 37 shows cell 

viability during the experiments, for each membrane and each cell concentration 

whenever flow was obtained. Figure 38 shows loss of cells throughout the experiments.  

ANOVA was also performed for viability and loss of cells but no statistic differences 

were seen between membranes, for every cell concentration tested. 
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Figure 37 – Cell viability along the experiments, for each cell concentration and each tested membrane. 

 

Figure 38 - Loss of cells throughout the experiments. 

As already mentioned, the pressure that cells are exposed during the microfiltration does 

not appear to affect their viability. In all successful experiments, cell viability was 

between 88% and 100%. On the other hand, loss of cells was between 0% and 15%, 

allowing to conclude that the Leonor Syringe Filter was overall well assembled and 

there were no significant leakages. Nevertheless, it is believed that the main cause for 

this loss is the cell retention inside and around the filter model.  
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4.6.  Scanning Electron Microscopy (SEM) 

SEM was used in order to make sure that the used cleaning process used was efficient in 

burning all the cells and cleaning the entire membrane between each utilization. 

After a microfiltration experiment, the membrane used was divided into two parts. The 

first part was exposed to the normal cleaning process in a furnace at 200⁰C during two 

hours and the second one was not exposed to this process. After that, both parts were 

analysed by SEM. It would be expected that the part which was not in the furnace had 

some cells attached in the membrane and the other part, which underwent the cleaning 

process, did not have.  

Figure 39 shows a selection of SEM images with different magnifications from different 

sections of the membrane part which was not in the furnace. 
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Figure 39 – SEM images of membrane sections that was not in the furnace. Some cells lodged in the membrane are 

identified with a blue circle. The membrane microstructure can also be seen.  
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As expected, Figure 39 shows that the part of the membrane that was not exposed to the 

cleaning process presented cells. Some of these were seen relatively well-attached in the 

membrane, after a microfiltration step. 

Figure 40 shows some SEM images with different magnifications from different 

sections of the membrane that was in the furnace.  
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Figure 40 - SEM images of membrane sections that was in the furnace. The membrane microstructure can also be 

seen. In the last picture cell debris are identified with a blue circle.   

Figure 40 shows different sections of the membrane that was in the furnace. As 

expected, the membrane was relatively cleaned and the furnace burned the majority of 

cells that were in the membrane after filtration. Furthermore, in the last picture possibly 

cell debris were identified with a blue circle, which can be seen detached from the 

membrane, being very different structurally from the cells shown in Figure 39. Thus, it 
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can be concluded that the cleaning process used is efficient and able to burn eventual 

cells that could be in the membrane after a microfiltration process.  

 

4.7.  “Smart Wells” Concept 

The second objective of this project was to design an initial concept of the Smart Wells 

platform, towards improving current 3D cell culture processes. This powerful platform 

allows the integration of the Smart Separations’s membranes into the concept of current 

cell culture well plates. The idea was to develop a product design enabling bio-signaling 

communication and providing a method to change the cell medium while ensuring its 

homogeneity throughout the well plate. Moreover, this concept would bring the high 

throughput benefits of well plates together with the automation benefits of bioreactors. 

It also allows the culture of cells to be cultured in a 3D dynamic system. 3D culture 

systems are more realistic (in vivo-like), providing more representative results of cell-

cell interactions and could lead to different cellular response to treatment. On the other 

hand, a dynamic system allows for the replacement of currently-used batch feeding 

(which occurs in well plates) to fed-batch or continuous feeding, having a fresh and 

continuous medium flow – eliminating the risks of cell stress due to medium changes. 

The following figures show different images and perspectives of the initial design of the 

Smart Wells concept, which was kindly provided by Rodrigo Solorzano, Product 

Designer of Smart Separations. The dimensions of the Smart Wells platform are similar 

to marketable well plates, 12.5x7cm. 

 

Figure 41 – Computer-aided design of the Smart Wells platform. 
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Figure 42 – Smart Wells platform. The places where membranes will be inserted are identified by red squares.   

 

 

Figure 43 – Transparent view of the Smart Wells platform. 

The idea of the Smart Wells platform is to integrate a membrane between each well, in 

order to have bio-signaling communication between wells. The platform has inlet and 

outlet ports, for fresh medium addition and exhausted medium removal, respectively. 

This model allows for each scaffold to remain in the well and while medium 

continuously passes through the membrane between wells, as opposed to medium being 

changed individually in each well, like the normal procedure of well plates using 

scaffolds. This brings the added benefit of allowing easier maintenance of well plate 

cultures, as the operator does not have to replace medium frequently. 
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Furthermore, the Smart Wells platform also offers the option to replace the membrane 

by a plastic square for isolated, independent cell cultures. Particularly, with the advent 

of immune cell therapy and their applications in personalized medicine to treat several 

types of cancers, the need to scale-out rather than scale-up cell therapy methods 

demands new approaches to culture cells in individualized and compartmentalized 

environments (Trakarnsanga 2017). Figure 44 shows how this method can be 

performed: if the aim is to have the same cell culture in the entire plate, the membranes 

will be placed between each well (indicated as green in the figure); if the experimental 

protocol requires different cell cultures at the same time in the same plate, the wells can 

be isolated, putting a plastic where the membranes are. Furthermore, if the cell medium 

is also different, the Smart Wells has different ports to accommodate for that. 

 

Figure 44 – Scheme of Smart Wells platform with 6 wells, providing different options of cell culture. 

The most important challenges of this concept are to ensure that the platform is totally 

sealed on the well-membrane-well interface and that there is a continuous, 

homogeneous flow rate across all the wells. However, the first challenge can possibly 

be addressed by sealing the junctions with a custom-made silicone encasing. On the 

other hand, in order to have a continuous and homogeneous flow rate, pumps at the inlet 

and the outlet of the Smart Wells plate can be employed.  
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5. Conclusions and Future Work 

This project had as its first goal finding alternatives for the centrifugation step in cell 

culture processes with the development of the Leonor Syringe Filter concept. This 

model was used to test the selectivity of SSL’s membranes using a microfiltration 

process to separate cells from the medium. Upon completion of the first goal, the 

second one was to design an initial concept of the Smart Wells platform, aiming at 

improving current 3D culture processes. 

Several experiments were performed, testing four membranes with different pore sizes 

and with four different cell concentrations. Analysing the membrane’s selectivity and 

the filtered volume, it was concluded that membranes have an operability limit for 

higher concentrations, but they show very good selectivity (90-100%) for cell 

concentrations between 0.04 x10
6
 cells/mL and 0.08 x10

6
 cells/mL. The filtered volume 

increases with the pore size for lower cell concentrations and there was no flow rate for 

higher concentrations. Furthermore, in order to choose the best pore size to operate 

with, a balance between the filtered volume and the selectivity of each membrane 

should be considered. It is important to consider that membranes with 5.5μm show 

100% of selectivity but lower filtered volumes (~3mL, out of 10mL tested) whereas the 

membranes between 6μm and 7μm also have a good selectivity ranging from 90 to 98%, 

with higher filtered volumes (ranging from 4-7mL, from a total of 10mL). 

Regarding cell viability, filtering cells does not seem to affect their viability, can 

concluding that the pressure and stress that cells are exposed during the microfiltration 

process are not harmful. In all successful experiments, cell viability was between 88% 

and 100%. It was also concluded that despite being reusable, membranes have a 

maximum number of possible usages, which is justified and observed by two aspects: a 

membrane broke after 6 utilizations, which is believed to be related with the pressure 

that they are exposed to during the filtration process; the cleaning process creates cell 

aggregates inside the membrane pores resulting on a decrease of the filtered volume. 

On the other hand, the Smart Wells platform allows cells to be cultured in a 3D dynamic 

system, as well as the integration of the membranes into the concept of current cell 

culture well plates, providing a novel method to change cell medium. Although this 

platform is a sustainable, robust and widely-used system, it was concluded that there are 

some challenges that need improvement, particularly on the design and functionality. 
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Future work should focus on solving the main challenges of this project. The membrane 

manufacturing process needs to be improved and optimized, specifically the lapping 

process to have a better control on the membrane pore size. A fundamental and deep 

study of ways to improve membrane’s strength is extremely needed and important, 

towards having higher membrane’s resistance to filtration pressures. Furthermore, it is 

also important to optimize the cleaning process to increase their reusable limit. Further 

experiments will also have to be performed to test these membranes with different types 

of cells, in order to characterize the membrane’s selectivity for different particle sizes.  

Regarding the new Smart Wells platform, it should be firstly printed in our lab and 

tested. Many challenges are ahead of this new product, including a study of possibilities 

to totally seal the well-membrane-well interface, as well as different ways to have a 

continuous and homogeneous flow rate throughout the Smart Wells, ensuring 

homogeneous mixture throughout the well plate and cell retention inside each well.  

Overall, this is a very interesting project with some issues that need to be addressed and 

evaluated. Solving these problems would result in a very robust system that possibly 

would be used for cell therapy as well as several personalized medicine applications to 

treat several types of cancers.  
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