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ABSTRACT 
 

Fabrication and Characterization of a Microfluidic Device 

to Ultrapurify Blood Samples 

 

Marco Tallerico 

 

The improvement of blood cell sorting techniques in recent years have attracted the 

attention of many researchers due to the possible benefits that these methods can lead 

in biology, regenerative medicine, materials science and therapeutic area. In this work 

a cell sorting technique based on filtration is described.  

The separation occurs by means of a microfluidic device, suitably designed, 

manufactured and tested, that is connected to an external experimental set-up. The 

fabrication process can be divided in two parts: at first it is described the 

manufacturing process of a filtering membrane, with holes of specific size that allow 

the passage of only certain cell types. Following the microfluidic device is fabricated 

through the mechanical micromilling. The membrane and the microdevice are 

suitably bonded and tested by means of an external connection with syringe pumps 

that inject blood samples at specific flow rates. The device is designed to separate 

blood cells and tumor cells only by using differences in size and shape. In particular 

during the first experiments red blood cells and platelets are sorted from white blood 

cells; in the other experiments red blood cells and platelets are separated from white 

blood cells and tumor cells.  

The microdevice has proven to be very efficient, in fact a capture efficiency of 99% is 

achieved. For this reason it could be used in identification and isolation of circulating 

tumor cells, a very rare cancer cell type whose presence in the bloodstream could be 

symptom of future solid tumor formation. The various experiments have also 

demonstrated that tumor cells survive even after the separation treatment, and then the 

suffered stress during the sorting process does not harm the biological sample.  
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Chapter 1:  

Introduction 

 

The separation of cells from minimally or partially processed blood samples is a 

powerful analysis tool for the prevention and the control of possible diseases. In fact, 

thanks to the study of the shape, the size, the number and functions of specific cell 

populations it is possible to monitor the condition of patients with blood disorders 

such as anemia and leukemia.  

The separation of blood cells is becoming an important field of research not only in 

biology and medicine, but also in the therapeutic area, as for example in the case of 

transfusion. Blood, in fact, can be transfused as whole blood (that is composed of all 

its parts, red blood cells, white blood cells, platelets and plasma) or, more frequently, 

only specific cell populations are transfused. 

Among the different types of cell population, the search for tumor cells within the 

whole blood is a very important and fascinating challenge for the modern medicine 

because it can lead to the development of early diagnostic tools that are less invasive 

than traditional methods such biopsies.  

Scientific research in recent years revealed that in the peripheral blood of individuals 

with solid tumors (such as breast cancer, colorectal cancer, prostate, ovarian, lung, 

etc.), there are a few number of circulating tumor cells (CTCs). The identification of 

CTCs is a significant risk factor for the future formation of metastases and their 

detection is very difficult as they are rare compared to the number of blood cells. 

Their identification could be also used as a marker for monitoring the 

pharmacological treatment that is used for a patient with cancer. 

The cell separation techniques are numerous and those that use microfluidic devices 

have risen evident interest in the last years. 

Microfluidic technologies are very useful for cell sorting purpose because they have 

many advantages with respect to the traditional methods.  
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In fact, thanks to the miniaturization process of the microfluidic devices it is possible 

to: 

 Design compact sorting microfluidic devices with reduced weight and 

dimensions and thus facilitate their portability; 

 Separate and identify cells with high resolution; 

 Obtain significant experimental results in a short time with limited costs; 

 Control in space and time the concentration of specific cell populations; 

 Use less quantity of reagents and blood samples; 

 Monitor in real-time the sorting experiments. 

 

Microfluidic devices are characterized by the presence of channels that range in size 

from few to hundreds micrometers. The flow of fluids in the microchannels is not 

affected by the gravity force, but by capillary processes that are the specific 

interactions of the fluid with the channel surface. In these systems there is generally a 

laminar flow, which does not lead to an effective mixing of flows from different 

channels. 

It is possible to classify the different microfluidic cell sorting techniques into two 

groups: passive and active methods, depending on their separation systems. Active 

methods generally use the application of external fields (electric, magnetic, acoustic, 

optical) to generate forces in order to sort cells, whereas passive methods use inertial 

forces, filters, and adhesion mechanisms to separate different cell populations. 

In this thesis the fabrication and characterization of an innovative microfluidic device 

is described. This device sorts different cell populations; in particular it is designed to 

ultrapurify whole blood samples from CTCs. The biological sample is made of blood 

cells and tumor cells HTC-116.  

This microfluidic device uses a filtering membrane to sort cells based on their 

morphology. It is composed by three layers of PMMA (polymethilmethacrylate) that 

forms an upper and bottom microchamber, separated by a filtering membrane.  

The filtering membrane is made of PMMA and it is characterized by rectangular holes 

with dimensions of about 6x25 µm. The holes allow the passage of only specific cell 
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types (red blood cells and platelets), while the others (white blood cells and tumor 

cells) remain on the filtering surface. The insertion and manipulation of biological 

sample in the device is performed by external micropumps and/or pipettes and valves. 

The device is connected to a syringe pumps system thanks to Teflon tubes with 

external diameter of 1 mm. Syringe pumps can be controlled with an external 

computer that can regulate the flow rate.  

The filtering membrane is fabricated with photolithography and deep reactive ion 

etching (DRIE) techniques and it is made of PMMA while the microfluidic device is 

made in PMMA by micromilling and solvent assisted bonding. 

Different experiments are performed to evaluate the filtering efficiency of the 

microdevice.  

The separation of white blood cells from red blood cells and platelets is the first 

characterization of the device. It is obtained a capture efficiency of about 98%.  

The second characterization consists in sorting tumor cells HTC-116 and white blood 

cells from red blood cells and platelets. The highest capture efficiency is about 99%; 

this is the same percentage achieved in the evaluation of the tumor cell viability. 

These results are very surprising and confirm the possible diagnostic and prognostic 

power of the microdevice, in particular in the field of cancer prevention. 

The thesis is composed by six chapters: 

The first chapter gives an introduction to the arguments faced. 

The second chapter focuses on the different cell sorting techniques. In particular it 

describes the differences between conventional and microfluidic-based cell sorting 

techniques. 

The third chapter describes blood cells and their main functions. In particular 

information about the shape and size, very important parameters to realize the cell 

separation experiments will be described. An overview of CTCs and on the mostly 

used receptors for their identification will also be described. 
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The fourth chapter is dedicated to the design and fabrication of the microfluidic 

device that is realized during this work. The materials and the techniques that are used 

for the implementation of the device will be described in detail. 

The fifth chapter focuses on the cell separation experiments that are realized during 

this work and on the achieved results. 

The final chapter discusses the possible future developments regarding the 

improvement of this microdevice.  
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Chapter 2: 

Cell Sorting Techniques: State of the 

Art 
 

 

2.1 General Introduction 

 

Cell separation is an important tool by which it is possible to separate blood 

components and for this reason it is used not only in biology, but also in research and 

clinical field [1-3]. 

Blood is a tissue composed by plasma (water that keeps in solution proteins, mineral 

substances and materials obtained from the digestion of food) and by three cell types: 

red blood cells, white blood cells and platelets [4]. Blood, relating to its composition, 

plays an extremely central role in maintaining stable the homeostasis of the organism: 

changes in the concentration of the standard cell populations may in fact cause severe 

discomfort or illness. For example, in physiological conditions, there are from 

150,000 to 300,000 plateles for each millionth liter of peripheral blood; if their 

number falls below 150000 for millionth of a liter there will be continuous bleeding 

and hematomas (thrombocytopenia) [5].  

Cell separation is very helpful not only to sort blood cells, but also to prevent tumor 

formation by identifing and separating cancer cells from blood samples. Cancer cells 

identified in transit in the bloodstream are defined CTCs. Although their nature is not 

yet fully known, they are considered the precursors of cancer. The problem with this 

type of cells is that they are extremely rare: in fact in patients with advanced 

malignancy the usual concentration is 1 CTC in 1 ml of blood (meaning 1 CTC in 

5·10
6
 white blood cells and 5·10

9
 red blood cells) [6]. They are therefore in very low 

concentrations and so their recovery is very difficult. 

Informations that derive from cell separation can be used for diagnosis and treatment 

of specific diseases. Many fields, such as regenerative medicine, materials science and 
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tissue engineering require increasingly advanced cell separation methods that have to 

be accurate, with high resolution and low cost.  

Conventional methods for cell separation are centrifugation, magnetic-activated cell 

sorting (MACS) and fluorescence-activated cell sorting (FACS). They are essentially 

based on three principles: adhesion, binding with specific antibodies and density and 

size.  

Although these methods are widely used, they have many disadvantages, including 

the high separation process time, the poor cell quality, the large volume of blood that 

need to be used. They also require specialized technicians with many manual 

operations during the process and the equipment is very expensive [7].  

In recent years new developments in microfabrication and the need to be able to study 

small amounts of samples without owning necesseraly a laboratory with dedicated 

equipment have enabled the development of miniaturized devices that can integrate 

different components. These devices, known as Lab-On-Chip (LOC), allow the 

management of the samples through microfluidic channels, and they can integrate 

micromechanical, optical and electronic elements that complete their functionality [8].  

The miniaturization of the scale involved is an important step towards a better control 

of the processes, thanks to a faster system response; it allows to carry out the analysis 

on smaller samples. In fact, the reduced quantities provide less fluid volume 

consumption, which leads to a clear and consistent reduction of costs.  

Thanks to the use of such technology is also possible the simultaneous acquisition of a 

vast amount of informations in a single experiment, that means a higher efficiency, as 

well as high resolution and accuracy of the analysis [9]. The ability to target cells to 

precise spatial configurations and manipulate the flow of fluids within microfluidic 

channels allows a surprising temporal-space control. The presence of microchannels 

that direct the fluid stream, pumps that inject samples and reagents, valves for 

blocking the flow and mixers to mix different liquid substances is a specific 

characteristic of microfluidic devices that are very used not only to sort cells but also 

in the fields of cell transport, culture and analysis. 

Table 2.1 presents the advantages and disadvantages of the conventional and 

microfluidic methods of cell separation. It is clear how new microfluidic techniques 

are much more advantageous but, at the same time, they are still in an infancy phase 

and need to be optimazed and improved to be commercialized. 
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Table 2.1 : Advantages and disadvantages of cell sorting techniques. 

 

Cell sorting 

techniques 
Advantages Disadvantages 

Conventional  

methods 

 High specificity 

 High sensibility 

 

 Higher process time 

 Too many manual 

operation 

 Larger blood volume 

 More expensive 

 Poor cell quality 

Microfluidic 

methods 

 Easy operation process 

 Reduced size 

 Fast sorting rates 

 Easy to fabricate 

 Lower process time 

 Lower costs 

 Lower blood volume 

 Single cell detection 

 Mostly experimental 

 Commercially not 

always available 

 Difficult to integrate 

and automatable 

 

 

2.2 Conventional Methods for Separating Cells 

 

Conventional methods for separating cells can be divided into three cathegories: 

 Gradient centrifugation 

 Binding with specific antibody: MACS and FACS 
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2.1 Gradient Centrifugation 

Gradient centrifugation uses differences in size, shape and density of the particles that 

have to be separated. 

It uses a medium that does not have a homogeneous density but a density gradient. 

One of the most used elements to create a gradient is sucrose. Usually the material to 

be centrifuged is placed in tubes inside the rotor of a centrifuge. The rotor is rotated at 

high speed (up to 100000 rpm) for a certain time. The suspension is subjected to 

centrifugal forces equal to many thousands of times the gravity force, causing the 

sedimentation of the particles. The speed of the particles depends mainly on their size 

and density. So, generally, larger and more dense particles will move more quickly 

and will reach first the bottom of a centrifuge tube [10]. This technique is used when 

it is required a quantitative separation of all the components of a mixture so it is very 

helpful in blood cell sorting (Fig.2.1). 

 

 

 

 

 

Fig. 2.1 : Blood  is initially diluted with buffer and then it is placed on top of 

the centrifugation medium; after centrifugation, three different layers can 

be observed: plasma, red blood cells and the buffy coat (composed of 

platelets and white blood cells). 
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2.2.2 Magnetic-Activated Cell Sorting 

 

MACS technology is able to isolate specific cells from a sample very heterogeneous 

such as the blood. The way of working is simple: binding the cells of interest with 

specific antibodies adsorbed on paramagnetic beads.  

The sample is placed inside a tube and, on the walls, an external magnetic field is 

applied. The field acts on the paramagnetic beads and entraps them; in this way even 

the cells that are linked to the antibodies are captured (Fig 2.2). In addition to the 

tube, MACS technology can use a magnetic column to allow cell separation. This 

column is surrounded by a very strong magnetic field and the cell solution is moved 

inside it. In this way, cells expressing the antigen (and so conjugated to the beads) are 

kept in the column and the other cells are eluted.  

The magnetic separation can be further increased by flowing the sample through an 

array of asymmetrically arranged obstacles which allow deviations in a specific 

direction. The magnetically labeled cells will be diverted laterally with respect to the 

sample flow and then isolated [11,12]. 

 

 

 

 

 

Fig. 2.2: Blood sample is placed inside a tube with antibodies that are 

previously adsorbed on magnetic beads. The sample is surrounded by an 

external magnetic field: magnetic cells remain bonded in the tube while the 

other cells are eluted. Now the tube can be removed from the external 

magnetic field:  the sample now is composed only by target cells bonded to 

magnetic beads. 
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2.2.3 Fluorescent-Activated Cell Sorting 

FACS technology represents a powerful source for cell isolation and 

charactherization. It has the ability to select and isolate specific cell populations with 

respect to size, structure and fluorescence starting from complex samples.  

Definite cells are marked by using a fluorescent antibody. The antibody binds 

specifically only one cell type. The sample, that contains labeled and not-labeled 

cells, is inserted into the machine and it passes through a bottleneck. Here every 

single cell goes through a laser beam: as a cell crosses the laser beam, it scatters the 

light and photodiodes can measure this scattering. This provides information on the 

cell structure and shape. The signals, due to the conjugation of the cells to fluorescent 

markers, are amplified by photomultiplier tubes. The application of a piezoelectric 

pulse causes the cell fragmentation into droplets. The characteristics of the flow, as 

the flow rate and the cell concentration, statistically guarantee that a cell is enclosed 

in one droplet. Based on the chosen values to define these parameters, the droplets are 

charged and deflected by the main current stream; droplets that contain the same cell 

population are selected. The cell aggregates and the drops that do not contain any cell 

(and thus are neutral) are not detected and they are collected separately [13]. In Fig 

2.3 the FACS process is schematically represented. 

The most important flow cytometry limitation lies in its elevated performance 

features. The fact that it is used high flow velocity determines the passage of a great 

amount of cells through the laser beam. This is made during the definition of the 

desired parameters, before the beginning of the sorting. In the case of samples with 

few cells, there is therefore the risk of wasting the sample before the definition of the 

suitable range for measuring the target sub-population.  

For this reason, with this technology, today it is not possible to analyze and possibly 

to sort complex samples made of a few hundreds or thousands of cells.  

Although the FACS is a powerful analysis tool for a very precise cell separations both  

in terms of purity and efficiency, the cost of equipments and the necessity of 

specialized technicians make this technology difficult to use [14].  
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In these cases, microfluidic techniques can be a useful instrument to obtain a better 

result in terms of cell isolation. 

 

 

 

 

 

Fig 2.3: Cell sample and fluorescent antibodies are mixed together; antibodies 

recognize specific proteins on cell surface and stick to them. Cells go through a 

laser beam and a detector analyse them one by one, after the targeting with a 

positive or negative charge made by a laser beam. Cells are so divided in 

different sample collectors. Empty droplets or cell aggregates are divided from 

the other single cells. 
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2.3 Microfluidic Methods for Separating Cells 

The main used  microfluidics methods for sorting cells are: 

 Magnetophoresis 

 Acoustophoresis 

 Electrophoresis 

 Dielectrophoresis (DEP) 

 Hydrodynamic methods 

 Optical methods 

 Filtration 

 

 

 

2.3.1 Magnetophoresis 

 

Magnetophoresis is a technique widely used for cell separation. It uses a magnetic 

force to separate magnetic cells from a nonmagnetic solution. The magnetic properties 

that are used to perform the magnetophoresis derive from the magnetic molecules that 

are bonded to target cells according to the antigen-antibody binding.  

This solution, although it is very common, it is quite invasive because it requires the 

binding of particles that could have a very similar dimensions to those of the target 

cells, risking the failure of the separation.  

Moreover cell separation occurs by means of a single parameter, which is presence or 

absence of magnetization, and then the simultaneus separation of different cell 

populations with high efficiency by using magnetophoresis still remains a great 

challenge. 

Recently Lee et al. [15] used anti-EpCAM (Epithelial cell adhesion molecule) with 

immune-magnetic nanobeads to bind CTCs and separate them from human whole 

blood, thanks to lateral magnetophoresis. They reached a very hight recovery 
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percentage (about 93%) of CTCs by using this technique applied to a microfluidic 

device.  

Schields et al. [16] have developed a microfluidic device that is capable not only to 

separate different cell types, but also to plan their deposition, achieving accuracies 

greater than 95%. The device uses only a permanent magnet with no other external 

sources. 

Obviously the magnetic cell separation could be used not only to sort cancer cells, but 

any type of cell. It is necessary to study the surface properties of the target cells, 

finding very specific antibodies for the population that has to be separated.  

 

 

2.3.2 Acoustophoresis 

 

Acoustic forces can also be utilized for cell sorting in microfluidic channels. If within 

a microchannel is established stationary acoustic wave, there will be the formation of 

points in the space where there is no oscillation (nodes), and other in which there is 

always the maximum oscillation (antinodes). These places do not change over time. 

Cells will tend to move towards the nodes with different speeds depending on their 

size, density and compressibility [17].  

Ding et al. [18] developed a device that performs the separation of MCF-7, breast 

cancer cells, from non malignant leukocytes using acoustophoresis. The sample to be 

analysed is placed within a microchannel. The cells are invested by two acoustic 

waves that come from the two sides of the tunnel with a slightly different angle. Cells 

are sorted according to their size and their density due to the pressure generated by the 

two waves. The first experiments were quite satisfactory with a high recovery (71%). 

Recently it was developed a similar technique with superficial acoustic waves [19], 

which allows to apply the same methods used for acoustophoresis even with 

Polydimethylsiloxane (PDMS) substrates.  

This technique represents a significant step forward compared to conventional 

separation methods, based on centrifuges or biomarkers that, most often, cause 
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structural alterations in the cells to be sorted. Acoustic waves, in fact, are able to  

maintain the cell integrity and do not provide high costs for carrying out the analysis. 

 

 

2.3.3 Electrophoresis 

 

Electrophoresis is a sorting technique that uses an external electric field to move 

charged particles.  

In particular the separation occurs by using the ratio between the charge and the 

volume of the particles. In the biomedical field electrophoresis is a technique used to 

separate biological molecules in a solution, such as cells and proteins. The application 

of an electric field causes the cell migration; this is possible if they have a net charge, 

for example due to ionizable groups [20]. 

The most basic technique to realize electrophoresis experiments consists in placing 

the sample to be sorted between two electrodes.  

Here an electrical field is applied and a potential difference is established between the 

two elecrodes. In a system like this, however, the motion of the molecules is not 

exclusively due to the migration supported by the electric field, but also to the 

diffusion phenomena.  

In order to reduce the movements due to diffusion, a gel (the polyacrylamide gel is the 

most common) is used as support source for the solution to be analysed. 

The physical principle behind the electrophoresis is well known. When charged 

particles are immersed in an electric field, they will tend to move toward the cathode 

or the anode, depending on their charge, with a speed   equal to: 
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where   is the applied electric field;   is the charge of the particle;    is the Stokes-

Einstein radius, that involves both the radius of the particle and its interaction with the 

solvent;   is the viscosity of  the medium in which it is immersed. 

Numerous microchip that uses elecrophoresis techniques have been tested during 

theese years [21]; in Fig. 2.4 it is shown a typical configuration of a microfluidic 

device that uses elecrodes to separate cells. 

However there are undesired problems as a consequence of the applied electric field, 

especially the high temperatures produced by Joule heating and elevated frequencies. 

These are very difficult to control within the microchannels and often compromise the 

success of the separation. 

 

 

 

 

 

Fig 2.4: Typical microfluidic device with electrodes to separate cells. The 

sorting occurs in the separation channel thanks to the application of external 

electric field. 
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2.3.4 Dielectrophoresis 

DEP is a phenomenon in which a polarizable particle is subjected to a force when it is 

immersed in a non-uniform electric field. DEP can be attractive or repulsive, 

depending on the polarization characteristics of the particle and the medium that 

surround it. 

When a particle, carrying an electrical charge, is suspended in an electrolytic solution, 

it attracts around itself ions with opposite electric charge. A polarizable particle 

manifests, following the application of an external electric field, the formation of 

charges along the separation surface with the surrounding medium, in accordance 

with the Maxwell-Wagner-Sillars polarization phenomenon [22]. These charges are 

arranged in the opposite way with respect to the direction of the applied electric field. 

This happens only if the used voltage is alternate because, using a constant electric 

fields, the medium in which the cell is suspended would tend to ionize itself. Ions, in 

fact, would be attracted to the opposite polarization electrodes and this would not lead 

to the formation of the electrical double layer. While electrophoresis is based on the 

motion of electrically charged particles, DEP consists in the movement of neutral 

particles due to the polarization change that is induced by the applied electric field. To 

better understand the differences between the two techniques, Fig 2.5 compares the 

following situations: a) electrophoresis of a charged particle in a uniform field; b) not-

charged particle in a uniform field; c) DEP of a not-charged particle in a non-uniform 

field obtained by using electrodes with different dimensions. 

This technology is widely applied in the field of cell separation. Most types of cells 

are in fact covered with negatively charged functional groups at neutral pH 

conditions. Furthermore, when subjected to electric fields, cells are polarized. The 

directional movement of a cell depends on different parameters: the morphology, the 

polarization properties, the conduction characteristics of the membrane [23]. Usually 

the electric field is perpendicular to the cell path: in this way singular cell routes are 

formed, each dependent on the cell polarization characteristics.  
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Classic DEP mainly deals with the isolation of viable from non-viable cells, cancer 

from normal cells and also nuclei from other cytoplasm organelles [24, 25, 26]. 

However, this technique presents some problems. Media that are used with the sample 

are very conductive and this involves the use of an elevated voltage in order to fulfill 

the desired trajectories. This can greatly damage the used cells.  

Applying an electric field to a set of cells, the induced dipole moments tend to attract 

them. Then it is possible the formation of cell-lines between cells of different types 

that are unfavourable for the separation. 

As any dielectric, also the cell membrane has its own dielectric strength. There is 

therefore a limit value of the electric field over which the membrane is "punctured", 

presenting real pores and thus giving rise to the phenomenon called electroporation. If 

the intensity and the duration of the applied electric field are properly chosen, the 

pores that are formed by an electrical pulse can reclose after a certain time. However, 

an excessive exposure of living cells to the electric field can cause their death [27].  

Fig 2.5 a) The charged particle, being attracted to the charged electrode of 

the opposite sign, moves along the field lines; b) the neutral particle is simply 

polarized and does not move: this is because the charge distributions are 

symmetric with respect to the center of the particle; c) the electric field 

intensity is different on the two ends of the particle: two forces with different 

intensity will act giving rise to a dielecrophoretic motion. 
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The application of electric fields determines a power dissipation in the form of heat 

due to the Joule effect. In the case of a cell, the thermal variations that is induced may 

affect its physiology. In fact, high temperatures (more than 4°C above the 

physiological value that is about 37°C) can gradually induce cell death.  

Therefore, in the case of dielectrophoresis (and even electrophoresis), special 

attention must be paid to the design of the system, in order to limit the heating of the 

sample. It is useful to adopt for this purpose specific cooling techniques.  

Finally, it is necessary to greatly reduce the flow rate of the solution to be analysed, as 

the applied electric field may not have enough time to affect the cells of interest. 

 

 

 

 

2.3.5 Hydrodynamic Methods 

 

This method does not use application of external fields to promote the cell separation, 

but it takes advantages of the laminar flow within the microfluidic channels [28]. The 

stream in a microchannel is defined laminar if the different levels of fluid flow slide 

independently without mixing each other.  

In this technique,  particles are held on one channel plane. In this way all the particles 

touch that particular channel side but their center is located at different heights 

because of their singular size.  

To keep the particles on one side of the channel, two inputs are used: the first one 

contains only buffer at high pressure, and the other one contains the fluid with the 

particles at a lower pressure. The fluid is compressed by the buffer, and the particles 

arrange themselves on one side of the channel (Fig. 2.6). After the compression, the 

channel widens and cells follow the streamlines of the fluid depending on their size.  
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A very good experiment in this field has been made by Yang et al.[29]; they used 

hydrodynamic methos for plasma separation in sheep blood, reaching a selectivity of 

about 100%. 

There are some factors to be taken into account when this technique is applied.  

The fluid and buffer flow rates and the initial volumes are essential parameters for the 

success of the separation; it is necessary that their ratio is well calculated to allow the 

compression of the particles.  

A second important parameter is the structure of the microfluidic channels. These 

must contain particles with different sizes and have specific geometries (for example 

angle between alignment channel and collection channels) that do not compromise the 

separation.  

 

 

Fig 2.6: Hydrodynamic working principle: By controlling the flow rate of 

the two inputs, the particles are lining in the segment that precedes the 

bifurcation and are crushed against the walls. Their separation direction 

depends on their size. 
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2.3.6 Optical Methods 

 

Until a few years ago, trap and manipulate objects without touching them seemed 

impossible. Today, however it is possible to move very small samples, such as a 

single cell, by using a beam of laser light.  

The devices that allow to trap single cells without touching directly them, but simply 

by means of the laser light, are called optical tweezers [30-33]. They are not limited to 

lock a cell in a certain position, but they also allow to stretch it to evaluate the 

mechanical properties, as the membrane elasticity.  

The operation way is based on a very simple principle: when a light radiation hits an 

object, it exercises a certain pressure, pushing the sample away. The laser light is an 

electromagnetic radiation composed by elementary particles, called photons. When 

photons that travel on the main trajectory hurt a cell, the effect is twofold: part of 

them passes through it and part of them bounces against it, giving a small thrust. The 

overall effect of a laser beam, that is incident on a small spherical particle, is  

therefore to push it along the propagation direction of light. At the same time the laser 

beam pushes the particle towards the central zone, that is the more intense.  

By using optical forces it is possible to block a cell in a position without touching it, 

and therefore without damaging and altering its properties. To do that it is possible to 

use a strongly focused laser beam, concentrating all the power of the light in a very 

small region. If all of this is realized inside a microfluidic channel, it opens the 

possibility to push a single cell and divert it to the desired direction. 

In recent years a lot of researchers studied the microfluidic field in combination to 

optical methods [34]. Bragheri et al. [35] realized a microfluidic device with the 

optical components located inside the chip (Fig 2.7). 



 
 

33 
 

 

 

 

  

 

The device is composed by two channels that converge into one and then separate 

again. The laminar flow ensures that the cells, which come only from the first entry, 

in the absence of external action, go out exclusively by the first exit. Target cells are 

combined with fluorescent agents. On the central portion of the channel two guides 

are located; the first excites the fluorescence of cells. The second one, if a fluorescent 

signal was recorded, pushes the target cells to the channel region where the second 

exit is located, obtaining the separation based on fluorescence. The cell detection  was 

automated by controlling in real time through a computer the images that are collected 

by an optical microscope and a CCD camera. Each time the software detects a 

fluorescence signal, it activates the laser that pushes the cells to separate them and 

make them flow in the secondary exit. 

 

 

Fig 2.7: Operation of the microfluidic device [35]: cells enter in the 

microchannels via the first input. The second input is for the buffer 

injection. The first guide activates the fluorescence of cells; the second 

guide pushes fluorescent cells toward the second output. All the non-

fluorescent cells come out from the first output. 
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2.3.7 Filtration 

 

The filtering technique is the use of appropriate filters for selectively sort cells 

according to their size, shape and deformability. Each cell type has its own 

deformation capacity and the ability to separate cells in relation to this property is an 

interesting advantage [36].  

A major problem associated with this technique is the clogging of the filter. When 

cells block the filter holes, the mechanical resistance greatly changes compromising 

the selectivity of the system [37].  

It is also necessary to try to reduce as much as possible the contact between the filter 

surface and the cell sample to prevent clogging and to facilitate the recovery of sorted 

cells. To try to solve the obstruction different devices, that periodically remove the 

clogged cells through the use of perpendicular elements to the filter, have been 

developed [38]. The introduction of these elements, however, causes the formation of 

perpendicular streams that prevent the formation of the correct deformation forces; 

this greatly compromises the filter selectivity.  

An effective method to prevent the filter clogging was proposed by McFaul et al. [39] 

by using a ratchet mechanism in a microfluific device. Cells to be separated are 

filtered through the use of a funnel matrix. The smaller cells and those which have 

more ability to deform pass through the filter, while the larger ones are blocked. To 

avoid the filter clogging, a reverse flow is used: smaller cells already sorted are not 

able to pass through the filter because of the funnel shape. 

Since singular cell types have different sizes, a single microchip with a defined design 

should be created for each kind of separation. This could make longer the cell sorting 

process, despite the chip fabrication is relatively easy. To avoid this problem Lo and 

Zahn [40] created a particular microchip. Within the same device there are three 

different filtering membrane, each one with particular pore sizes. In the three 

compartments three diferent analysis using the same device can be performed. 

Bioaffinity filtration: Very interesting is the area of the bioaffinity filtration. Many 

microfluidic devices are internally ‘enriched’ with the presence of particular 

molecules or antibodies that bind membrane proteins specifically expressed on the 
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cell surface [41]. These molecules provide specific cell type recognition. Filters, such 

as perforated membranes, can be covered with these antibodies and can thus increase 

the separation selectivity taking advantages of the cell size, deformability and 

bioaffinity. The selectivity that is possible to achieve by bioaffinity filtration methods 

is much higher than the other cell separation techniques; however, a very common 

problem is the separation of the cells that are bonded to the microchip surface. A 

recent solution to this problem has been found with the use of a particular polymer, 

the poly N-isopropylacrylamide, which has interesting properties related to its critical 

temperature: it is in fact able to absorb or release proteins according to heat. This 

polymer has been used and tested by Gurkan et al.[42] with excellent results. 

 

 

2.3.8 CTC-Chip 

 

In the last years a number of different microfluidic devices for CTCs isolation have 

been realized. One of the most famous microfluidic devices for CTCs the isolation 

and analysis is the known CTC-Chip, realized by Nagrath et al [43]. The CTC-chip is 

a concentrate of microfluidic tools and nanotechnologies, on which there are about 

80,000 microscopic spots covered with anti EpCAM molecule. It is composed by a 

silicon chip and it has the dimension of a credit card. More specifically it allows to 

process directly the whole blood: the sample is controlled through a microtips grid, 

whose walls are coated with anti-EpCAM antibodies. The same group has recently 

presented an evolution of this device, “The Herringbone-chip” (HB-Chip) [44]. It is a 

microchip with a new design which, compared to the previous one, is able to generate 

microvortices that increase the number of bindings involving the cells and the device 

surface (where the antibody is located). CTC-Chip is a diagnostic device very 

promising for the future. It is not invasive, very cheap and, especially, it uses a 

minimum amount of blood compared to other diagnostic techniques that expose the 

patient to continuous radiation. It also doesn’t use a particular centrifugation 

processes, but it uses directly the whole blood: the sample is sorted, CTCs are 

captured and the rest can exit to the other part of the chip and re-used.  
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2.4 Cellsearch
TM 

 

Cellsearch
TM

 is an automated system for CTC isolation and analysis. Developed by 

Immunicon Corporation and Veridex, it is the only one that has obtained the approval 

of the US "Food and Drug Administration" for the CTC identification in breast, 

prostate and colorectal cancer.  

This technology takes advantage of the immunomagnetic methodology and automated 

digital microscopy [52]. CTC identification process utilizes their recognition by 

binding an antibody directed against a skin cell adhesion molecule, EpCAM. This 

molecule is frequently over-expressed in breast, prostate and  colorectal carcinoma 

but it is not present in the blood cells.  

Antibodies directed against EpCAM are conjugated with magnetic particles and once 

CTCs bind these antibodies, a powerful magnet extract them from the blood. Tumor 

cells express CK (cytokeratin), DAPI (dilactate) but they don’t have CD45 molecule. 

CD45 is in fact expressed on the leukocytes surface. 

The main limitation of this strategy is the EpCAM presence on the tumor cell surface. 

EpCAM, in fact, is not always present on the CTCs surface; sometimes it is 

completely absent. To solve this problem, recently CD146 (specific marker for breast 

cancer cells) was used. It provides for the recognition of EpCAM negative CTCs. 
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Fig 2.8: Cellsearch devices working principle:  The sample is mixed with specific 

antibodies: Anti-EpCAM and Anti-CK bind to CTCs while Anti-CD45 binds 

Leukocytes. The different cells can be now separated by using external magnets. 
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Chapter 3:  

Circulating Tumor Cells and Normal Cells: 

Properties and Differences 
 

 

3.1 General Introduction 

 

The first part of this chapter focuses on blood and its main characteristics. The 

experiments that are carried out in this work are performed by using human whole 

blood so it is important to understand the components and the behavior of this fluid. 

General information concerning blood cells and plasma will be provided. 

The second part of the chapter focuses instead on CTCs characteristics. Since the 

main objective is the CTCs separation from whole blood, it is essential to be aware of 

their shape, size and propertiess. How do you recognize them? What are their specific 

characteristics? What can they cause? Which techniques are available for their 

isolation? 

 

 

3.2 Blood 

 

Blood is composed by a suspension of special cells in a liquid, called plasma. In 

particular 55% of blood is made up of plasma, 45% is made up of cells, called 

‘formed elements’: red blood cells, white blood cells and platelets (Fig 3.1).  

In an adult man, blood is about 1/12 of the body weight [53, 54]. Blood performs 

many important functions:  
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 Transport and distribution of absorbed nutrients from the gut; 

 Transport of respiratory gases: in the lungs it is enriched with oxygen (O2), 

and then blood releases it (O2) to the various tissues; 

 Transport of waste products, such as carbon dioxide (CO2) and urea, but also 

hormones and drugs; 

 Maintaining the biological constants, such as temperature (blood warms when 

it bathes very hot tissues, as the muscles during physical exercises; similarly it 

can transfer heat to the colder tissues) and pH (in the blood there are real 

buffer systems, capable of maintaining a relatively constant pH); 

 It contains needed substances for blood clotting (fibrinogen, prothrombin, 

coagulation factors); 

 Body defense due to the presence of white blood cells.  

Human blood can be either arterial or venous. Arterial blood has an intense red color, 

the venous one has a reddish-purple color.  

 

 

 

 

Fig 3.1: Representation of a blood vessel with plasma and cell components 
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The total blood volume percentage that is occupied by corpuscular cells is said 

hematocrit [55]. It is used to evaluate the volume of blood corpuscular elements under 

normal conditions, or a possible anemia if this value is decreased.  

Hematopoiesis is the formation process and the subsequent maturation of all types of 

blood cells starting from their precursors [56, 57].  

All corpuscular elements originate from blood cells that are produced by the bone 

marrow. In one day the bone marrow produces about 250 billion red blood cells, 15 

billion white blood cells and 500 billion platelets. This means that in a minute 170 

million red blood cells, 10 million white blood cells and 340 million platelets are 

injected into the bloodstream.  

The common progenitor of red blood cells, white blood cells and platelets is called 

hemocitoblast [58]. 

 

 

3.2.1 Red Blood Cells 

 

Red blood cells are the most numerous blood elements (about 5 million/mm
3
 for men 

and about 4.5 million/mm
3
 for women) and they are not nucleated. They can not be 

defined as ‘real cells’ because during hematopoiesis they lose the nucleus [59, 60].  

Red blood cells have an average life of about 120 days; they have a dimension of 

about 4x10 µm and a biconcave disc shape. This particular shape is used to facilitate 

plasma membrane exchange through diffusion.  

They are red because they have a particular pigment based on iron: hemoglobin. 

Through hemoglobin they carry oxygen to the tissues and carbon dioxide to the lungs. 

In this way, through the cell respiration process, carbon dioxide can be excreted from 

the body [61].  

Red blood cells must be capable of experiencing deep structural adjustments to allow 

them to flow into the blood system, pass through openings ranging from 0.5 to 3 µm 

and resist to the turbulent motion that occurs in large vessels.  
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It has to be very flexible and it has to be able to maintain unchanged the molecular 

organization of the surface membrane components. This integrity is a necessary 

condition to avoid the destruction of the cell into the bloodstream. 

The different conformations that it assumes in its 120 days of life are also connected 

to the non-equilibrium conditions. In cases where environmental stress is prolonged 

for intensity and duration, the morphological alteration process becomes irreversible 

[62, 63]. 

In some pathological conditions, the human erythrocyte undergoes morphological 

changes, as in the case of sickle cell anemia, where it is presented as a leaf wrapped 

on itself [64]. 

 

 

3.2.2 White Blood Cells 

 

Leukocytes (or white blood cells) are cells that contain a nucleus and are less 

numerous than red blood cells. In normal conditions, their concentration in the blood 

is about 7000/mm
3
.  

The main function of white blood cells is to preserve the organism from pathogen 

attacks such as bacteria or viruses; they migrate in the blood through chemo-attractive 

agents that allow them to reach the inflammation area [65].  

When foreign elements penetrate the body and pass the first defense barrier (skin and 

mucous membranes), white blood cells provide to remove them. 

Leukocytes are divided into granulocytes and not granulocytes depending on the 

presence or absence of granules in the cytoplasm. Granulocytes are divided into three 

groups [66]: 

- Eosinophils: they phagocyte and subsequently regulate the allergic response and 

hypersensitivity reactions that occur due to the aggression of a foreign body; 
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- Neutrophils: they are the most numerous class of white blood cells and, with 

lymphocytes, they have to destroy fungi and bacteria; 

- Basophils: they are the smaller group and perform the immune defense by 

stimulating the release of histamine and serotonin. 

Not granulocytes are divided into two groups: 

- Lymphocytes: this leukocytes have to destroy abnormal cells by producing specific 

antibodies; 

- Monocytes: their role is to phagocyte pathogens and viruses that attack the body and 

then eliminate them. 

The relative presence of different classes of white blood cells is shown in Figure 3.2. 

 

 

 

 

 

 

Neutrophils  50-70% 

Eosinophils 1-4% 

Basophils 0-1% 

Lymphocytes 20-35% 

Monocytes 2-8% 

Fig 3.2: The pie chart represents the percentage of the different types 

of leukocytes in the body. 
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3.2.3 Platelets 

 

Platelets, or thrombocytes, are not real cells but fragments that derive from large cells 

produced by the bone marrow, called megakaryocytes. The concentration of platelets 

in the blood is about 250000/mm
3
, and their average life is 9 days. 

They play an essential role in blood coagulation process. When a blood vessel is 

damaged, platelets are recalled in the affected area and aggregate. Once adhered to the 

damaged wall, they release substances that transform fibrinogen (a plasma protein) to 

fibrin. This substance forms a fibers network in which erythrocytes are catch to form 

the clot. In this way the coagulated blood and platelet barrier stop the blood leakage 

[67]. 

 

 

3.2.4 Plasma 

 

Plasma is the liquid part of the blood. Blood cells are suspended in it. Plasma contains 

proteins, nutrients, metabolic products, hormones and inorganic electrolytes.  

Plasma has a color very similar to straw yellow. It is composed by 90% water, 9% 

proteins, 0.1% other organic substances and 0.9% inorganic substances. It provides 

glucose, lipids, hormones, metabolism products, carbon dioxide and oxygen 

transportation. In particular it carries coagulation plasma proteins: these play a role 

similar to that of the cement in ensuring the soundness of the wall that is formed by 

platelets [68]. 

 

 

 

 

 



 
 

45 
 

 

 

BLOOD 

COMPONENT 
SHAPE SIZE(µm) 

NUMBER  

(per µl of 

blood) 

FUNCTION 

RED BLOOD 

CELL 

Biconcave 

disk  
4-6x10 

4-6 

million 

Oxygen and Carbon 

Dioxide 

transportation 

WHITE 

BLOOD CELL 
Spherical 9-15 4000-10000 Body defense 

PLATELETS 
Fragmented 

cell 
2-3 150000-400000 Coagulation 

PLASMA Liquid ─ 
55% of total 

blood 
It contains nutrients 

 

 

 

3.3 Blood Viscosity 

 

The sliding of the blood within the vessels is influenced by three parameters: 

 Blood speed; 

 Vessel geometry; 

 Blood viscosity. 

Table 3.1: Blood components 



 
 

46 
 

In particular, the blood viscosity is defined blood resistance to its sliding. In general, 

the viscosity coefficient of a fluid expresses the relationship between the applied force 

per unit area and the relative velocity gradient [69]. This velocity gradient is called 

shear rate and is expressed in (s
-1

). The force per unit area that produces the shear rate 

is called shear stress and it is expressed in (g cm/s
2
).

 
The viscosity is the ratio between 

shear stress and shear rate and it is expressed in poise (1P = 1 g cm/s). 

Fluids in which this ratio is constant are called ‘Newtonian’. In ‘non-Newtonian 

fluids’, such as blood, this ratio varies mainly due to flow rate changes and anatomical 

circulatory tree characteristics. 

Blood is an inhomogeneous fluid, flowing in vessels with different elasticity; it is 

driven by a variable pressure [70]. Viscosity allows flow variations with minimal 

pressure fluctuations. Blood viscosity is a complex parameter that depends on 

circulating cell number and characteristics (deformability, aggregation) and on plasma 

components concentration and features. Three main factors strongly influence the 

viscosity: 

- the volume fraction (hematocrit); 

- the formation of rouleaux (aggregates);  

- the deformability of blood cells. 

 

Hematocrit is the main determinant of blood viscosity [71]; it is not constant in the 

vascular tree but it decreases linearly to reach a minimum value in the capillaries, 

which have size between 5 and 7 µm. In these vessels an increase in the blood cellular 

component increases the viscosity of only 30%. In the large conductance vessels the 

viscosity increase is about 220%. This particular effect is explained by the tendency 

of red blood cells to align themselves in single line along the capillary axis. They 

leave a thin lubricant plasma layer between themselves and the endothelial surface 

layer (ESL), the area where the friction is maximum. In the larger vessels, red blood 

cells travel on separate and superimposed layers. This leads to an increase of the 

friction between red blood cells and between themselves and the ESL. These cell-cell 

and cell-wall interactions make exponential the relationship between hematocrit and 

viscosity. 
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The change in blood viscosity depends strongly also on the erythrocytes. They are 

characterized by a high propensity to form aggregates, often called "rouleaux" [72]. In 

general, it can be said that the more the rouleaux disintegrate, the more the blood 

behavior is similar to a Newtonian fluid. At the same time the cell aggregate 

dispersion and the individual deformation increase with the shear rate. As the shear 

rate increases, the average number of each aggregate is progressively reduced until 

the complete fragmentation in individual cells. 

Another important contribution to the regulation of blood viscosity is given by the 

deformability of its cellular component [73]. This is the blood cells ability (mainly red 

blood cells) to modify their shape in response to external stimuli. A reduced 

deformability increases blood viscosity in large vessels, while in the microcirculation 

the red blood cells ability to deform, enter and pass through the small capillaries is 

absolutely necessary for tissue perfusion. 

 

 

 

 

Fig 3.3: Blood viscosity variation with respect to hematocrit concentration. 

As hematocrit increases, blood viscosity increase. The two horizontal lines 

represent plasma and water viscosity that is constant because they are 

Newtonian fluids. Blood viscosity is equal to 3-4 time water viscosity. 
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3.3.1 Fluid Dynamics 

 

The fluid dynamics describes the fluid motion within a channel. When the channel 

dimensions are reduced, two types of forces acting on any element of the fluid 

become important: the inertial forces and the viscous forces.  

Inertial forces express the tendency of a body to maintain its initial motion; viscous 

forces are responsible for the fluid internal friction. Very small systems, in the order 

of micrometers, are characterized by the prevalence of viscous forces over the inertial 

ones. The parameter that takes into account the relationship between the two types of 

forces is the Reynolds number (Re):  

 

   
   

 
 

 

Where   is the channel diameter,   is the density,   the linear velocity of an element 

of the fluid and   is the viscosity [74]. 

This dimensionless parameter is used to discriminate between two flow regimes: 

turbulent and laminar. In the first, the inertial forces prevail over the viscous ones (Re 

> 2000). 

 In the second the viscous forces generate a laminar flow in which the fluid can be 

ideally divided into planes running parallel (Re < 2000). 

In the blood vessels, the flow is laminar. Cells that flow in contact with the vessel 

create a thin blood layer that does not move; at this level the flow is minimal. Flow 

increases going from the wall towards the interior, and it is maximum at the center of 

the vessel. Under physiological conditions, the laminar flow is silent; when it reaches 

or exceeds the critical speed, it becomes turbulent. 
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The Re value for microfluidic systems is usually very low, between 10
-6 

and 10
-2

. So, 

inside a microfluidic channel there is laminar flow. 

 

3.4 CTCs: General Characteristics 

 

To stop tumor invasion and to prevent metastasis is the purpose of new cancer 

therapies. To achieve this, it is essential to understand the mechanism by which 

cancer cells leave the primary site, enter the bloodstream and establish themselves in 

remote organs as lungs, liver, brain and bone marrow.  

CTCs are those cells (size of about 10 µm, dependent on CTC type) that dissociate 

from the primary tumor mass and access to the systemic circulation via the direct 

extravasation in blood vessels or after the transit in the lymphatic system. The 

isolation of these cells was demonstrated in the second half of 1900 by Engell’s 

research group [75]; they discovered these tumor cells in blood samples from different 

patients with breast, ovary, lung, prostate and stomach carcinomas.  

The knowledge of their biological properties has been limited by the difficulty of 

developing techniques to isolate them in sufficient numbers. For a long time the 

Fig 3.4: When there is 

laminar flow, blood moves in 

the same direction in every 

vessel portion. The length of 

each line represents the blood 

velocity that is maximum at 

the center of the vessel and 

decreases as it is closer to the 

wall. 

When the flow is turbulent 

the flux direction changes 

within the vessel. 
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understanding of the metastatic process was based on mice models, that have 

provided important data on CTCs. For example numerous studies have demonstrated 

the ability of CTCs to activate a pathway that is able to give them resistance to 

apoptosis [76]. Despite these mice studies provide interesting data on the metastatic 

mechanism, they have unfortunately some limitations: this models are not comparable 

to human vasculature and also the metastatic process time is different. 

A better understanding of the precise CTC identity and the factors that make them 

capable of entering into the bloodstream would be essential to understand the key to 

the metastatic process and create new targeted therapeutic approaches to block it. 

 

 

3.4.1 Metastatic Process 

 

It is known that tumors develop through a series of genetic and epigenetic alterations 

[77].  

This process, in which various mutations accumulate at the cellular level, is 

commonly defined tumor progression. In particular, the premalignant lesions can be 

caused either by genetic alterations, that induce cell monoclonal expansion, or by 

external attacks, such as viral agents, which induce a cell polyclonal expansion.  

Tumors expand as clones from single altered cells; changes that occur in the course of 

tumor progression generate cell subpopulations with various degrees of 

aggressiveness [78].  

The changes that occur in the early tumor progression stages are the ability to resist 

the growth inhibition signs, to escape programmed cell death (or apoptosis) and to 

induce angiogenesis. The acquisition of the ability to invade tissues and form 

metastases require additional cellular alterations. 

The formation of metastases is an extremely complex process that takes place through 

a series of different steps [79, 80] (Fig. 3.5): 
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 Cell detachment from the primary lesion and adjacent tissue invasion; 

 intravasation; 

 adhesion to new capillary surfaces; 

 extravasation; 

 proliferation in a subsite.  

 

 

 

 

 

 

 

Fig. 3.5 The diffusion process starts with the separation of metastatic cells 

from the primary tumor. Tumor cells infiltrate into the bloodstream and 

reach organs that could be very far from the primary tumor location. 

Cancer cells then adhere to the capillary surface and they occupy new 

tissues. Relatively quickly they can infect the new organ, promoting 

metastasis. 
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More in detail, the first metastatic dissemination stage includes the detachment of 

tumor cells from the extracellular matrix and the alteration of the actin skeleton; these 

processes confer a rounded morphology to the cells. The intravasation is required to 

allow the tumor cell dissemination into the circulation and the achievement of the 

secondary site in which the metastases will form. 

Finally, after metastatic cell infiltration it is necessary an angiogenesis process, 

stimulated by soluble factors that are released by the tumor cells themselves. In this 

way it is possible to get the necessary nutrients to the tumor cells and ensure the 

survival and expansion of metastasis. 

 

 

3.4.2 Methods for CTCs Identification 

 

CTCs molecular characterization and identification require highly sensitive and 

specific methods which usually combine an enrichment procedure, due to the low 

number of cancer cells found in the patient’s blood. 

The techniques that are used for CTC identification can be divided into two classes: 

nucleic acids analysis and immunological methods [81]. 

- The techniques based on nucleic acids analysis are those that aim to search 

and characterize tumor associated mRNA by RT-PCR (Real Time Polymerase 

Chain Reaction). RT-PCR is a technology used to quantify nucleic acids 

through the measurement of the fluorescence emitted by a fluorophore. This 

technique combines amplification and quantification in a single reaction. In a 

real-time PCR reaction, fluorescence increases in proportion to the PCR 

products accumulation. In order to detect CTCs, the target must express 

consistently tumor specific DNA sequences. The disadvantages are 

represented by the loss of sensitivity (a cell usually possesses only a single 

copy of the target genetic material) and the inability to distinguish between 

analysis that derive from living CTCs and free DNA that is released from 

dying tumor cells. 
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- The immunological techniques allow to isolate and count individual cells, 

highlighted by using fluorescent agents that are conjugated to antibodies; these 

are directed to epithelial or tumor-specific antigens. CK is generally the most 

widely used marker for the CTCs identification, even if the expression loss of 

this marker, recorded in some tumor cells, can cause false negatives. 

Furthermore, the use of a different antibodies panel can cause variations in 

specificity. CellSearch and CTC-chip are two immunological techniques very 

efficient in identifying CTCs, as discussed in the previous chapter. 

 

 

3.4.3 CTCs Molecular Markers 

 

An ideal molecular marker should satisfy the following requirements: 

 be distinctively expressed  by cancer cells (tumor-specific) or be specific of 

the tissue from which the tumor originates (tissue specific); 

 not be present in any normal tissue or normal cells; 

 be easy to analyze; 

 be relevant from a clinical point of view. 

Therefore, only few molecules, that are potentially available as markers, can be 

concretely used for this purpose. 

The tissue-specific markers identify molecules that are expressed by normal tissue 

from which the tumor originates; these molecules are not normally expressed in blood 

cells, lymph nodes and bone marrow, such as CK [82].  

The tumor-specific markers, on the other hand, detect alterations that occur during 

tumor formation, and therefore not present in normal tissues, as CEA (Carcino-

embryonic Antigen) [83-85]. CEA is the oldest and well-known tumor marker. 

Especially for the gastro-intestinal tract tumors, but also for the lung cancer 

monitoring. In particular it is used for monitoring the response to treatment and the 

search for a possible disease recovery. 
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Chapter 4:  

Microfluidic Device Fabrication 
 

 

4.1 General Introduction 

 

This chapter describes the fabrication of the microfluidic device that is realized during 

this work.  

The device is essentially composed by three PMMA layers between which a filtering 

membrane is placed. A proper bonding technique allows the perfect assembly of these 

three components, resulting in a single microchip that can be controlled via an 

external set-up. The different PMMA layers are realized with the mechanical 

micromilling while the PMMA filtering membrane is produced with 

photolithography, gold (Au) sputtering and plasma etching. An in-depth description of 

the microchip realization process is provided in the next sections. 

 

 

4.2 Operating Principle of the Microfluidic Device 

 

During this work a microfluidic device able to ultrapurify whole blood samples is 

realized. The device consists of three layers of PMMA (manufactured by 

micromilling), integrating microchannels and microchambers, and a filtering 

membrane (manufactured by photolithography and DRIE). They are bonded together 

by a solvent-assisted bonding. 



 
 

55 
 

In particular, the membrane separates two chambers inside the device: the upper 

microchamber and the bottom microchamber, both connected to input and output 

channels.  

The membrane is composed by an array of rectangular holes, with dimensions of 

about 6x25 µm, and realizes the separation of different cell populations due to their 

singular shape and size.  

The idea is to perform two kind of sorting. The first one consists in sorting red blood 

cells and platelets from white blood cells; the second one consists in sorting red blood 

cells and platelets from tumor cells and white blood cells.  

Once the blood sample is injected into the device, red blood cells and platelets are 

forced to cross the membrane by using specific microfluidic protocols. These cells are 

the only that can cross the membrane because they have a small size than the 

rectangular holes. The manipulation and filtering of the biological sample is 

performed through a system of syringe pumps, suitably programmed with the correct 

flow rates, and valves. 

Recognize and isolate tumor cells from whole blood is the main goal of this work. 

 

 

4.3 Materials 

 

In this paragraph a general description of the main materials that are used for the 

fabrication process will be provided. 

 

PMMA: It is an extremely transparent thermoplastic polymer, obtained by 

polymerization of methylmethacrylate monomer. Because of its transparency, its 

aesthetics and scratch resistance, PMMA can be considered the lightweight alternative 

to glass. For this reason, it is sometimes called acrylic glass. 

The main characteristics of PMMA are the following: 
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 exceptional optical properties; 

 transparency and surface gloss; 

 rigidity and dimensional stability; 

 hardness and scratch resistance 

 

Solid PMMA is used for the microfluidic device layer production and for the filtering 

membrane fabrication.  

 

Anisole: Colorless liquid used to produce the filtering membrane. 

 

Si wafer: It is used as a support to the long filtering membrane fabrication process. 

Since the PMMA resist is deposited on the silicon wafer, it is very important that it is 

clean. The cleaning process is accomplished through the use of two particular 

solvents: acetone and isopropanol. 

 

S1813: It is a positive resist so the parts that are exposed to light are removed thanks 

to a developer. It has a characteristic purple-red colour with a defined smell.  

This resist is used during the membrane fabrication process: a first layer is used to 

sustain another Au film; the other one is used to transfer the desired mask shape to the 

filtering membrane. Before using it, it is necessary to worm it up to room temperature. 

 

Ethanol: It is a short-chain alcohol, also known as ethyl alcohol; it is a colourless 

liquid with a distinctive smell.  

It is used to make the PMMA layer surface suitable for the bonding process. 

 

PDMS : It is an inorganic polymer based on a silicon-oxygen chain. It is a material 

not only inert and non-toxic, but also biocompatible. It also has a remarkable 

resistance to heat, chemical attack, oxidation and it is resistant to aging. 

It is used as a gasket to better adhere the external frame to the fabricated microdevice.  

To prepare PDMS it is necessary to mix two components in the liquid state: the base, 

the Sylgard 184 silicone, and the curing agent in a ratio of 10:1. The mixture is then 

put into a vacuum container to remove any air bubble. After this procedure it will be 

ready to be used.  
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4.4 Fabrication Tools 

 

In this paragraph a general description of the main fabrication techniques that are used 

to realize the microfluidic device is provided.  

 

Photolithography: This technique is very common for microfluidic devices and 

components production. During this work, photolithography is used for the filtering 

membrane fabrication. 

This technology consists in transferring, by the action of a light source, the image of a 

photomask to a photoresist material.  

Photolithography is able to reach resolutions of few nanometres. The procedure 

consists of several steps (Fig 4.1): 

 

 Silicon (or other material) wafer deposition 

 Photoresist deposition over the entire surface of the Si wafer 

 Photoresist irradiation through the mask 

 Photoresist development 

 

 

Photoresist is a polymeric material that is sensitive to light and can be either positive 

or negative: the positive one, when hit by light, becomes soluble for some substances, 

while the negative one is already soluble and it polymerizes becoming more resistant 

where it is hit by light.  

After exposure with ultraviolet light under the mask, a solvent removes the 

photoresist (development process).  

Substrate deposition procedure, photoresist application and development process are 

shown in Fig 4.1. 
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Au Sputtering: This technique allows to deposit Au powders on a particular substrate. 

It is typically used to observe a sample on a SEM (scanning electron microscope). In 

this case it is an important parameter for the filtering membrane fabrication. In 

particular the target of the material to be deposited (Au in this case) is connected to a 

DC power supply that is capable of providing an electric potential difference of 

several kilovolts. The substrate, however, is placed exactly in front of the target on a 

rotating plate that allows a uniform thickness deposit. The substrate and the target are 

Fig 4.1 Typical Photolithographic Process: Spin coating allows photoresist 

deposition on Silicon wafer. UV Exposure, by using an optical mask, hits 

only some areas of the photoresist. By using a proper solvent, it is possible to 

remove only some parts of the material, depending on the type of resist, that 

could be either positive or negative. 
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placed in a vacuum chamber in which an inert gas (usually argon) is insert at low 

pressure. As the process stars, the gas is ionized to become plasma. The presence of 

plasma ions allows the surface atoms of the target to condense on all surfaces inside 

the chamber (and, of course, the substrate is included). 

 

 

 

 

RIE: This technique allows to remove materials from a substrate by using reactive 

ions. A gas mixture and the substrate are placed in a reactor. The gas mixture is 

converted into plasma by using a radiofrequency source: the molecules are broken 

into ions.  

RIE process is divided into two parts: physical and chemical phase. In the chemical 

phase, ions are accelerated towards the substrate and react with the surface: a different 

type of gas is formed. The physical phase is very similar to the sputtering technique: 

ions can remove the substrate surface without a chemical reaction if their energy is 

enough.  

        Fig 4.2 Au Sputtering Coater used for membrane fabrication 
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It is very difficult to obtain the right balance between the two phases; in fact chemical 

phase can sometimes prevail over physical phase and vice-versa. With the RIE it is 

possible to obtain an highly directional and selective etching. By controlling the 

partial pressures of the various gas mixtures, the total pressure in the reactor room and 

the power of the applied radiofrequency, it is possible to control the intensity and the 

isotropy of the obtained reaction. 

For the membrane fabrication process it is required the etching of PMMA. This is 

carried out by plasma etching. In particular, two gases are used: oxygen and argon. 

Oxygen is used in the mixture to adjust the etching rate and  to remove organic 

residues; argon instead bombards the surface of the PMMA by promoting the removal 

of the material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.3 ICP DRIE (Inductive Coupled Plasma – Deep 

Reactive Ion Etching) used for membrane fabrication. 
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Mechanical Micro-Milling Machine: This instrument has been used for the production 

of the microfluidic device, composed by three layers of solid PMMA.  

Micro-milling is a technique that allows to dig a particular material and transfer to it 

the desired shape. It is a normal milling but to realize microstructures.  

It uses micrometre tips to realize drilling, pocketing and contouring processes. It can 

therefore easily create different types of components by using the appropriate 

commands and the correct tip size.  

The machine allows the production of 3D structures through the use of CAD models 

and subsequent conversion into numerical control programming language.  

One of the main problems related to the use of this machine are the adjustment of the 

working tip speed and the alignment between the substrate and the micro-tips. If these 

parameters are not quite defined, there is the risk to break the microtips. 

 

 

 Fig 4.4: Micromilling Machine used for microfluidic device 

fabrication 



 
 

62 
 

Hot Press: This tool is used for the bonding process of the microfluidic device. The 

three layers of PMMA and the filtering membrane are inserted between the two plates 

of the press, and through the right parameters, it is possible to get a perfect assembled.  

It is very important to set the correct parameters as small parts not bonded may cause 

problems in the use of the microdevice.  

In particular, there are the parameters that have to be considered for the success of the 

bonding: the temperature of the two plates, the exerted pressure, and the process time. 

The hot press is equipped with a pressure and temperature regulator and, as well as 

the plates in which the material to be bonded is placed. 

 

 

 

 

  

 

 

 

Fig 4.5: Hot press used for the bonding process 
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Profilometer: It is used to measure the thickness of the liquid PMMA after the coating 

on the Si wafer, and so how thick is the final filtering membrane.  

The working principle is the following: a diamond tip is moved over a surface to 

measure the changes in morphology. This measurement is a function of the vertical 

position of the tip. A feedback mechanism maintains the force that is exerted by the 

tip on the surface; this allows to measure the vertical variations of the surface. 

By using a PC it is possible to check the surface roughness of the material to be 

analysed. It is possible to reach resolution in the nanometre range. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.6: Dektak® 6M Surface Profiler used for measuring the membrane 

thickness. 
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4.5 Membrane Design and Fabrication 

 

The filtering membrane is an essential component for the cell sorting  process.  

Since this is a passive filtration method, the only way to perform this sorting is the 

difference in size and shape of all cell populations that are involved. As discussed in 

the previous chapter, each cell type has its own size and particular shape, so it is very 

important to create a specific membrane that takes into account all these 

characteristics.  

 

 

 

 

 

 

 

Fig 4.7: Working principle of the filtering membrane (blue color): sample is 

injected from Inlet 1. Outlet 1 recovers the non-filtered cells; Outlet 2 

recovers filtered cells. Inlet 2 is used only to inject buffer to better recover 

the filtered sample. 



 
 

65 
 

In Fig 4.7 a schematic representation of the filtering membrane working principle is 

illustrated: tumor cells and white blood cells, that have a diameter of about 9-12 µm, 

are not able to cross the filtering membrane holes, with dimensions of about 6x25 µm. 

The only cells that can pass through the membrane are red blood cells, that have a size 

of about 4x10 µm, and platelets, that have a diameter of about 2 µm. Cells can cross 

the membrane either by specific microfluidic protocols or by gravity.  

In Fig 4.8, it is shown a schematic representation of the filtering membrane. The total 

area is 5mmx5mm and the area where holes are included is 3mmx3mm. The hole 

dimensions that are printed on the mask will be different from that one placed on the 

final membrane. This is because the membrane process in composed of several steps 

and each of them contributes to resolution loss. The dimension of the holes after the 

fabrication process will be about 6µm x25µm while the original size is 2µm x20µm. 

 

 

 

 

 

The fabrication process of the filtering membrane, composed by a PMMA layer, 

consists of numerous steps, as shown in Fig. 4.9 

 

 

Fig 4.8: Filtering membrane: on the left a picture of the real fabricated membrane; 

on the centre and on the right the 2D representation of the membrane with holes 

dimensions. 



 
 

66 
 

 

 

 

 

 

 

 

 

 

 

 

F
ig

 4
.9

: 
F

a
b

ri
ca

ti
o
n

 p
ro

ce
ss

 o
f 

th
e 

fi
lt

er
in

g
 m

em
b

ra
n

e
 



 
 

67 
 

1. Silicon wafer is cleaned with acetone and isopropanol, then washed in 

deionized water (DI) and dried with N2 in order to remove any contaminants.  

2. Liquid PMMA (30% solid PMMA + 70% Anisole) is released at the centre of 

the Silicon wafer by using a plastic pipette. PMMA spinning process is 

performed at 2000 rpm for 90’’ with an acceleration of 150 rpm/s; then it is 

baked at 180°C for 2’. A layer of PMMA with 7µm thickness is obtained.  

3. To avoid Edge Bead phenomena, due to not-uniform PMMA drying during the 

spin coating process, all the side edges are removed using a little scalpel.  

4. A layer of positive photoresist S1813 is spin-coated on the PMMA-Silicon 

layer. This spin coating process is performed at 4000 rpm for 60’’ and then the 

S1813 resist coated PMMA-Silicon wafer is subjected to a bake process at 

95°C for 5’.  

5. To obtain a better adhesion between PMMA and S1813, a UV exposure for 

12’’, using a pholithography process (without mask), is performed.  

6. A gold layer is sputtered on top of the S1813 for 8’, obtaining a gold thickness 

of 7 µm.  

7. Another layer of S1813 is deposited by spin coating process (4000 rpm for 

60’’ and then baking at 95°C for 5’).  

8. The whole patterns is transferred on this photoresist layer by using a 

photolithography process with a chromium-glass optical mask. The optimum 

UV-exposure time value found is 23s.  

9. A S1813 development process is carried out to remove the hit parts from UV 

rays by using the developer MF322 for 1’ and then rinsing in DI water for 1’.  

10.  AU etching process is performed by using KI:I2H2O (100g:25g:500g) for 1’ 

and then rinsing in DI water for 1’. 

11. PMMA etching is realized by a deep reactive ion etching machine (O2, Flow 

15 sccm; Ar, Flow 30 sccm; Power to coil 200W; Power to platen 50W): the 

optimum exposure time found is 3’:30’’ + 3’:30’’.  

12. Since now the microholes are transferred on PMMA layer, it is possible to 

remove all the Au layer with KI:I2H2O (100g:25g:500g) for 1’ and then DI 

water for 1’.  

13. Membranes are detached from silicon wafer after the immersion in 

isopropanol for 12 h. 
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The fabrication process of the filtering membrane is composed, as seen, by many 

steps. It is essential that the whole process takes place in the correct way, in terms of 

precision and resolution. In this case it is very easy to obtain wrong membranes as a 

result of the multiple parameters, related to each step, which must be taken into 

account for the fabrication process. In order to find the optimum parameters for each 

step, different membranes have been fabricated. The three pictures below are made 

with the inverted microscope Nikon mod. TI- E and show different images of wrong 

membranes due to some incorrect parameters. 

 

 

  

 

 

 

 

 

 

 

In Fig. 4.10, for example, the membrane is almost uniform for what concern the 

shape, but the size is not good because 9 µm of diameter is too much for the intended 

sorting experiments. This membrane of course could not filter the right cell type; in 

particular tumor cells (diameter of about 9-12 µm) could cross the membrane without 

obstructions and so the sorting mechanism would fail. These wrong dimensions are 

due to an excessive photolithography process time: during this fabrication, in fact 40 

seconds of exposures under UV are used (instead of the right value of 23 seconds). 

The consequence is that this exposure time caused the enlargement of the filtering 

membrane. 

Fig 4.10: Wrong membrane holes dimensions due to an excessive 

photolithography process time. 
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In Fig 4.11 it is shown a membrane with the right dimensions but with a shape that is 

not uniform. This problem is due to an excessive DRIE process time. This fabrication 

is performed with 10 minutes of DRIE process time while the optimum value found is 

7 minutes. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.11: Wrong membrane holes shape due to an excessive DRIE process time 

Fig 4.12: Holes not completely perforated due to a too low DRIE process time  
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In Fig. 4.12 it is possible to see that, even if the membrane dimensions are good, the 

holes are not well perforated. This is due to a wrong DRIE process time. In fact, this 

fabrication has been performed with 5 minutes of DRIE process time while the 

optimum value found is 7 minutes. In this case, reactive ions didn’t have enough time 

to pierce completely the membrane and so some piece of PMMA remained into the 

hole. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The right membrane, with the correct parameters, shows a homogeneous shape and 

the right size, and its holes are completely perforated (Fig. 4.13). 

The optimal membrane thickness for a good bonding with the three layers of PPMA is 

7µm. Before being able to find this parameter several tests are performed; they were 

designed to reduce or increase the membrane thickness.  

In particular, the change of the thickness requires either a different composition of the 

PMMA resist, or the change of the spin coater parameters. In the following table the 

parameters used to obtain different thicknesses of the PMMA membranes are shown. 

 

 

 

Fig 4.13: Filtering membrane holes with the right dimensions and shape 
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Sample 
Anisole 

(%) 

Solid 

PMMA 

(%) 

Rotational 

speed 

(rpm) 

Spin 

coater time 

(s) 

Acceleration 

(rpm/s) 

Membrane 

thickness 

(µm) 

1 70 30 2000 90 150 ~7 

2 70 30 2000 60 150 ~10 

3 70 30 4000 90 150 ~5 

4 70 30 2000 90 100 ~7.5 

5 70 30 4000 60 150 ~6.5 

6 77 23 2000 90 150 ~6 

7 77 23 4000 90 150 ~4.5 

8 77 23 2000 60 100 ~8 

9 77 23 2000 90 100 ~6.3 

10 77 23 4000 60 150 ~5.3 

11 81.6 18.4 2000 90 150 ~5 

12 81.6 18.4 4000 90 150 ~3 

13 81.6 18.4 6000 90 150 ~2.4 

14 81.6 18.4 2000 60 100 ~5.8 

15 81.6 18.4 2000 60 150 ~5.5 

16 87.74 12.26 2000 90 150 ~3.8 

17 87.74 12.26 2000 60 150 ~4.3 

18 87.74 12.26 4000 90 150 ~2 

19 87.74 12.26 6000 90 150 ~1.5 

20 87.74 12.26 7000 100 150 ~1 

 

 

 

 

 

 

Table 4.1: Different membrane thickness depending on different parameters 
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4.6 Microchip Design and Fabrication 

 

The microchip is composed by three layers of PMMA (3 cm long, 2 cm wide 

and 0.8 mm high) machined by micromilling.  

These layers reproduce an upper and a bottom microchamber, separated by the 

filtering membrane and connected to inlets and outlets through microfluidic 

channels (Figure 4.14).  

The three layers are bonded together with the filtering membrane through a solvent 

assisted bonding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.14: Scheme of the non-bonded microfluidic device 
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Top layer: It is characterized by the presence of the upper microchamber, channels, 

inlets and outlets. In particular the channels are connected to the inlets and outlets of 

the top chamber. Inlets and outlets of the bottom chamber are simply perforated, in 

order to allow the connection with the bottom layer.  

In Fig. 4.15 and table 4.2 it is possible to see the top layer components and their 

specific dimensions.  

 

 

 

 

 

 

Component 
Width 

(mm) 

Length 

(mm) 

Thickness 

(mm) 

Diameter 

(mm) 

Depth 

(mm) 

Top layer 25 35 0.8   

Channels 0.25    0.2 

Alignment 

holes 
   3 0.8 

Inlets and 

Outlets 
   1 0.8 

Chamber  1.8   0.2 

 

 

Fig 4.15: Trimetric view of top layer 

Table 4.2: Dimensions of the top layer 
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Middle layer: It is characterized by the bottom chamber surrounded by a cavity, 

created to decrease the contact area between the membrane and the PMMA layers 

during the bonding process. The inlets and outlets and the microholes around the 

chamber have been created to allow a direct connection with the bottom 

microchannels. In Fig. 4.16 and table 4.3 it is possible to see the top layer components 

and their specific dimensions 

  

 

 

  

 

Component 
Width 

(mm) 

Length 

(mm) 

Thickness 

(mm) 

Diameter 

(mm) 

Depth 

(mm) 

Middle layer 25 35 0.8   

Cavities 7 2.5   0.15 

Cavity 

Channels 
0.5    0.15 

Alignment 

holes 

 
  3 0.8 

Inlets and 

Outlets 

 
  1 0.8 

Chamber  1.8   0.2 

Micro holes    0.25 0.8 

Table 4.3: Dimensions of the middle layer 

Fig 4.16: Trimetric view of middle layer 



 
 

75 
 

Bottom layer: This layer is characterized by the presence of the bottom channels and 

by the inlets and outlets of the bottom chamber. Differently from the other inlets and 

outlets, these ones are not perforated, but they have a depth of 0.2mm. The channels 

are in contact with the bottom chamber and so they are useful for recovering the 

filtered sample during the experiments. 

In Fig. 4.17 and table 4.4 it is possible to see the top layer components and their 

specific dimensions 

 

 

 

 

 

 

 

Component 
Width 

(mm) 

Length 

(mm) 

Thickness 

(mm) 

Diameter 

(mm) 

Depth 

(mm) 

Bottom layer 25 35 0.8   

Channels 0.25    0.2 

Alignment 

holes 
   3 0.8 

Inlets and 

Outlets 
   1 0.2 

 

Table 4.4: Dimensions of the bottom layer 

Fig 4.17: Trimetric view of bottom layer 
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4.7 Bonding Process 

 

The three PMMA layers and the membrane are assembled in such a way to form a 

single piece that is 2.40 mm thick. In order to do this a solvent assisted bonding 

process is carried out.  

First of all, the three PMMA layers are cleaned by using DI water and then they are 

immersed in ethanol for 50’ in order to make their surface suitable for the bonding.  

The bonding is realized by using a hot press at temperature T=37°C for 7’ with a 

force F=0,25kN.  

To realize a better bonding, a specific technique have been adopted: two glass plates 

(to not reflect any roughness in the structure) are used as support and they are placed 

in direct contact with the two hot plates of the press. The bottom layer is placed on a 

glass plate and then the alignment pins are inserted to realize a precise contact with 

the other layers. Next the middle layer is stuck in the alignment pins and in this way 

there is a complete contact with the bottom layer. Finally the thin membrane (7 µm 

thick) is deposited on top of the middle layer by using a little tweezers. It is very 

important that the filtering membrane is not deformed, but completely flat. The top 

layer is now deposited on the membrane and in contact with the middle layer.  

In Fig 4.18 the assembled microchip is shown. 

 Fig 4.18: a, c) View of the complete microchip after bonding process; b) 3D 

microchip assembly to see better every single component.  
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This process is performed in few seconds to avoid that ethanol starts drying, 

preventing the correct assembly of the chip. After the bonding process, it is necessary 

to remove the residual ethanol in the channels by using N2. This is necessary because 

ethanol, as it is dried, can clog the microchannels. 

In order to obtain a microchip that works in a proper way, it is very important that the 

filtering membrane remains flat during and in particular after the bonding process. 

Otherwise the sample to be analysed can not be filtered as intended. To check if the 

membrane is flat after the bonding process, the microchip is observed at the inverted 

microscope: if there is no need to change the focus on all the membrane area, then it 

means that it is flat (fig 4.19). 

 

 

 

 

 

 

 

 

Fig 4.19: Flat membrane at the microscope after bonding process 
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4.8 Device Interface 

 

The microdevice is connected to the experimental set-up through the use of an 

external frame, which is manufactured with the mechanical micromilling. The frame 

consists of two parts: the upper part is equipped with alignment holes and an internal 

cavity that allows the insertion of the microdevice; in particular each channel of the 

device is connected to metal tubes that are bonded in the frame. The lower part of the 

frame is made of solid PMMA and possesses only alignment holes. To ensure a 

waterproof contact between the top frame and the microdevice, a gasket of PDMS is 

manufactured by casting and it is inserted in correspondence of the channels of the 

device. The PDMS gasket is realized thanks to a polymer mould, previously 

manufactured by mechanical micromilling. The microdevice and the two parts of the 

frame are pressed through the use of external screws and nuts. 

Fig 4.20 shows the PDMS gasket and the upper frame. 

Fig 4.20: 3D and fabricated upper frame with PDMS gasket 
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Fig 4.21 shows a 3D and real view of the microdevice that is connected to the external 

frame. The biological sample, before interacting with the device, passes through the 

metal tubes, that are glued into the frame, and then reaches the channels through the 

PDMS gasket.  

The microdevice is connected to the syringe pumps by means of Teflon tubes (with 

external diameter of 1 mm), which ensure biocompatibility and do not damage the 

biological sample. They are compatible with the flow rates that are used for the 

experiments and so all the system is stable during and after the sample analysis.  

Fig 4.21: a-b) 3D frontal and diametric view of the microdevice with frame 

and PDMS gasket. c-d) Microdevice suitably connected to the external 

frame. 
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Chapter 5:  

Experiments and Results 
 

 

5.1 General Introduction 

 

In this work, two types of cell separation are carried out: the first one concerns the 

separation of red blood cells and platelets from white blood cells; the second one 

concerns the separation of red blood cells and platelets from tumor cells and white 

blood cells.  

This chapter focuses in detail on these sorting experiments, with a particular 

description of the experimental setup, the used microfluidic protocols, the device 

characterization and the final results. 

The obtained results are very promising for a possible new method of CTCs detection 

in whole blood. 

 

 

5.2 Syringe Pumps 

 

In order to perform the sorting experiments, blood samples have to be injected into 

the device at specific flow rates. Syringe pumps Nemesys, produced by Cetoni 

GmbH, are used to control the biological sample flow rate in the experimental set-up.  

These pumps can handle and dose with high precision fluids with volumes in the 

microliter range and can control the flow rate by pushing their plunger. The plunger is 

connected to a compartment which is linked to suction and discharge tubes. In 

particular each syringe pump is equipped with check valves, that force the fluid to 
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flow in only one direction and so prevent the reflux during the return stroke of the 

plunger. The syringe pumps that are used for the experiments are three: the first one 

has a volume of 100 µl, the others have a volume of 1000 µl. 

To control the syringe pumps and then manage the timing and flow rates, it is used the 

QmixElements software. Thanks to the large amount of available programming 

operations, it was possible to create a program, in a very simple way, for every step of 

the sorting experiments. 

 

 

 

5.3 Blood Sample Preparation 

 

To perform the experiments, it is used: 

- Whole blood 

- Phosphate buffer saline (PBS) 

-Anticoagulant EDTA (Ethylenediaminetetraacetic acid) 

-Tumor Cells (HTC-116) 

 

During the first experiments, in order to sort erythrocytes and platelets from white 

blood cells, it is used a whole blood sample made of 150000 red blood cells/µl that is 

diluted in 0.5 ml of PBS. 

In the second experiments tumor cells HTC-116 are involved and they are mixed to 

whole blood to evaluate the filtering efficiency of the microdevice. In particular 

150000 red blood cells/µl and 2500 tumor cells/µl are diluted in 0.5 ml of PBS. 
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The biological sample is prepared by injecting the solution containing the correct cell 

concentration with a solution containing PBS in an eppendorf and then by mixing 

them through a mixer. 

 

PBS: It is a buffered saline solution, composed mainly of sodium chloride and sodium 

phosphate, which is used to dilute the sample and for the cleaning and filling of the 

microfluidic circuit. This solution is widely used in the biological field as it is not 

toxic and it is an isotonic solution with respect to blood. 

 

Anticoagulant EDTA: The anticoagulant prevents blood coagulation. It avoids cluster 

formation in the fluidic circuit and in the microfluidic device. EDTA is used in 

a concentration of 1.5 mg/ml of whole blood. 

 

Tumor Cells (HTC-116): They are colon cancer cells and derive from the 

transformation of epithelial cells that produces the mucus that cover the walls. They 

have the main features of normal tumor cells, with a spherical shape and a diameter of 

about 9-12 µm. 

 

 

5.4 Experimental Set-Up  

 

Fig 5.1 and Fig 5.2 show schematically the experimental set-up.  

An external computer regulates the operation of the syringe pumps, in particular the 

flow rate and the volume. The microchip is placed on the stage of a microscope 

(Nikon Eclipse TE2000-U) equipped with a CCD camera (Nikon DS-2Mw). The 

microscope and the camera are connected to a PC to control the cell flow during the 

sorting experiments.  
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Syringe pumps 2 and 3 have a volume of 1000 µl and they are used for recovering the 

sample and for the cleaning process. Syringe pump 1 has a volume of 100 µl and it is 

used to inject small volumes of buffer during the cell filtering operation. 

Valve C is located next to the sample inlet. If this valve is in the ‘On’ mode, the 

biological sample can be injected and it is collected in the sample loop. If this valve is 

in the ‘Off’ mode, syringe pump 1 can inject buffer in order to starts the filtering 

process.  

Valve B is located in the outlet position of the upper chamber. This valve can force 

the passage of the sample in a specific direction. It is used in particular during the 

filtering operation (‘Off’ mode) and during the upper sample (‘On’ mode) and bottom 

sample (‘Off’ mode) recovering. 

Valve A is located in the outlet position of the bottom chamber. It is used during the 

filtering operation (‘On’ mode) and during the bottom sample (‘On’ mode) and upper 

sample (‘Off’ mode) recovering. 

In particular, for the filtering process: after the injection of the sample, syringe pump 

1 injects small quantities of buffer volume and cells reach the upper chamber. Here 

they are filtered by the membrane: red blood cells and platelets can cross it while 

white blood cells and tumor cells are not able to go through it. During the filtering 

process, valve A is in ‘On’ mode while valve B is in ‘Off’ mode. In this way the 

preferential path is from upper to bottom chamber. As the filtering process ends, 

syringe pump 3 injects a higher buffer volume at elevated flow rate: the filtered 

sample finishes in the sample bottom collector. To collect the sample from upper 

chamber (and so the non-filtered cells), valve B is in ‘On’ mode and valve A is in 

‘Off’ mode. Syringe pump 2 injects a higher buffer volume at elevated flow rate: the 

filtered sample finishes in the upper sample collector.  

After the experiments ends, a cleaning procedure is applied in order to reuse the 

device for other tests. Before the experiments starts, all the setup is filled with buffer 

to check the absence of air bubbles. Their presence, in fact, can cause an unintended 

preferential path of the sample during the filtering process, especially if air bubbles 

are located in the upper chamber. 
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5.5 Microfluidic Protocols 

 

The microfluidic protocols are created taking into account the characteristics of the 

experimental set-up. The sample is injected through the sample inlet and, pushed by 

the syringe pumps, it flows through the microchip. As the filtering experiment ends, 

sample collectors connected to the upper and bottom chamber are analyzed at the 

inverted microscope by using a Burker chamber. 

The microfluidic protocol used for the experiments can be divided in three parts. 

The first part consist in filling the system with PBS.  

The system, before the sample injection, must be filled with PBS to prime the circuit 

and the presence of air bubbles is checked. The air bubbles must not be present as 

they may cause preferential directions of the sample within the system and this, 

especially in the case in which they are in direct contact with the filtering membrane, 

can lead to a failure of the experiment. They may also cause clusters, with cell 

agglomerations around the bubble. 

In Fig. 5.3 it is shown the schematic representation of the system priming procedure. 

First of all the sample inlet is filled with PBS by using an external pipette; during this 

step only valve C is open. To fill the upper chamber, syringe pump 2 injects 2 ml of 

PBS and Syringe pump 1 injects 200 µl of PBS at a flow rate of 500 µl/min with valve 

C and A closed. The only open valve is the B one. To fill the bottom chamber, 

Syringe pump 3 injects 2 ml of PBS at a flow rate of 500 µl/min with valve C and B 

closed; valve A is open during this step. 
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Once the system is filled with PBS, the filtering experiments can proceed.  

In Fig 5.4 the protocol for the filtering experiments is shown: 

a) The sample is injected by an external pipette through the inlet port in the 

sample loop. In order to inject the sample, valve C is open while valve B is 

closed. 

b) Syringe pump 1 injects 1 µl of PBS in order to push the biological sample 

through the upper chamber where the filtering membrane is located. PBS is 

injected at very low flow rate (100 µl/min) to avoid cells deformation and the 

passage of wrong cells through the membrane. Valves C and B are closed 

while valve A is open. 

c) To shake the biological sample and to avoid cluster formation in the circuit, a 

volume of 1 µl of PBS is injected and withdrawn alternatively for 4-6 times at 

a flow rate of 300-600 µl/min by using syringe pump 1. During this step 

valves C and B are closed while valve A is open. The b and c steps are 

repeated until the total sample volume is completely filtered. 

d) To recover the filtered sample in the bottom chamber, syringe pump 3 injects 

2 ml of PBS at a flow rate of 1000 µl/min. During this step valves C and B are 

closed while valve A is open. The sample collector from bottom chamber is 

filled with the filtered cells. 

e) To recover the filtered sample in the upper chamber, syringe pump 2 injects 2 

ml of PBS at a flow rate of 1000 µl/min. During this step valves C and A are 

closed while valve B is open. 
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Once the filtering experiment is over, the microchip can be reused only after a 

detailed cleaning of the entire system.  

Products that are used to clean the device are four: Rinse (detergent), Clean (solution 

of sodium hypo-chloride), DI water and PBS.  

Fig. 5.5 shows schematically the cleaning process of the system. This procedure 

should be repeated for four time, as the number of the products that are used to clean. 

a) Cleaning product is injected in the sample inlet through an external pipette. 

Only valve C is open while valve A and B are closed; 

b) Syringe pump 2 injects 2 ml of cleaning product at a flow rate of 1000 µl/min 

in order to fill the upper and bottom chamber. To do this, valve A and B are 

open while valve C is closed. As the chamber is filled, 3 minutes of break are 

necessary to properly clean the circuit. 

c) Syringe pump 2 injects 2 ml of cleaning product at a flow rate of 1000 µl/min 

in order to flush the upper and bottom chamber. Valve A and B are always 

open while vale C is closed. 

d) A volume of 1 ml of cleaning product is injected at a flow rate of 1000 µl/min 

by syringe 2; valve C and B are closed while valve A is open. 

e) A volume of 1 ml of cleaning product is injected at a flow rate of 1000 µl/min 

by syringe 2; valve C and B are closed while valve A is open. 

f) This last step is the injection of PBS from syringe pump 3. Valve C and B are 

closed while valve A is opened. 
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5.6 Cell Count 

 

Cell count is performed using the C-Chip (DHC-B01), very similar to a Burker 

chamber (Fig 5.6). It is characterized by 9 big square, each one divided in 16 little 

squares with a volume of 0.004 mm
3
. The sample is injected through the sample 

injection area and then it reaches the detection area. Here it is possible to count how 

many cells are spread by capillarity in the little squares and calculate their number by 

using the following formula: 

 

                      
                                            

                        
 

 

 

To have a more precise number of cells, the five little squares that are chosen for 

counting should belong to the central big square; in this way the sample is well spread 

in the chip area and a better cell average is obtained.   

For every chip it is possible to use two chambers to realize two different cell counts. 

In particular, to start the cell count it is necessary to take a small amount of the sample 

(about 7 µl) and put the tip of the pipette against the edge of the cover slip. Then the 

chamber is analyzed by using the inverted microscope and the cell count is easily 

obtained. 
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5.7 Characterization Parameters of the Device 

 

Since the tubes of the microfluidic circuit have a volume that is twice the quantity of 

the used blood sample (0.5 ml) and some droplets of sample remain in the eppendorf 

that contains the right quantity of the biological sample that has to be analyzed, a 

certain loss of cells after the recovering is expected.  

The loss is calculated by performing some experiments which are finalized to evaluate 

the percentage of tumor cells and red blood cells that are lost in the system. A 

microchip without membrane is used to evaluate only the percentage of lost cells and 

not the filtering capacity. 

Taking an average of all the experiment results to evaluate the percentage of lost cells, 

it is obtained: 

Fig 5.6: a) DHC-BO1 pattern; b) Scheme of the components of  DHC-BO1 chip   
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- 29% Red blood cells loss; 

- 28% Tumor cells loss. 

 

These quantities are added to the total recovered sample during the final cell count, 

since it is a percentage already tested and that does not compromise the filtering 

efficiency, but depends only on the system components. 

 

The first parameter used for the device characterization is the capture efficiency, 

calculated as: 

 

                       
                                    

                                                
   

 

During the first experiments, that consist in sorting red blood cells and platelets from 

white blood cells, the capture efficiency is calculated by counting the number of 

filtered erythrocytes.  

In the other experiments, that consist in sorting red blood cells and platelets from 

white blood cells and tumor cells, the capture efficiency is calculated by counting the 

number of filtered erythrocytes (that come from the sample collector connected to the 

bottom chamber) and the number of tumor cells (that come from the sample collector 

connected to the upper chamber). 

The second parameter that is evaluated is the tumor cell viability, defined as: 

 

                          
                                   

                                               
 

 

This parameter is used only for the experiments that are related to the tumor cells.  
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In order to calculate this value, HCT-116 after filtration are diluted with Trypan blue. 

It is a dye which is used during cell counts and diffuses into cells whose membrane 

permeability is strongly damaged. This implies that the cells that appear blue are to be 

considered ‘death’. The Trypan Blue has toxic effect, for this reason it should be 

added only shortly before the count with the inverted microscope.  

Tumor cells HTC-116, after being sorted, are colored by diluting the sample 1:10 with 

Trypan Blue solution. 

 

The third parameter used to characterize the microdevice is the Enrichment, defined 

as: 

 

                  
 
           

                    

 
           

    
                       

   

 

Where RBCs = red blood cells. With this parameter it is evaluated the total filtration 

capacity of the device as it considers both the cells that pass through the membrane 

and those that remain on the filter. 

 

 

5.8 Results  

 

The devices that are used to perform the experiments are three and they are different 

in the membrane hole size. They have, in fact, holes of about 5-6-7 µm respectively 

and so three kind of results, which depend on size, are obtained. Even the mixing flow 

rate has been modified in order to obtain different cell sorting percentages. In 

particular it has been used flow rate of 300-400-600 µl/min. 
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The capture efficiency for red blood cells, related to the first experiments, is shown in 

Fig. 5.7: it is obtained a capture efficiency of about 98%, so almost all the involved 

red blood cells crossed the filtering membrane. The biological sample 

ultrapurification is confirmed by the fact that no white blood cells are found in the 

sample collector containing the filtered red blood cells; it means that it is reached a 

depletion of white blood cells equals to 100%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig 5.7: a) Capture efficiency of red blood cells at fixed flow rate but with 

different microdevices; b) Capture efficiency with fixed microdevice but with 

different mixing flow rate. 
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For what concern the experiments with cancer cells, the tumor cell viability and the 

capture efficiency are shown in Fig 5.8: 

  

Fig 5.8: a) Capture efficiency and tumor cells viability at fixed flow rate but with 

different microdevices; b) Capture efficiency and tumor cells viability with fixed 

microdevice but with different mixing flow rate. 
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It is possible to see that a capture efficiency (referred to cancer cells) of 99% is 

reached and also the tumor cell viability has the same percentage. This is obtained by 

using a flow rate of 300 µl/min with the microdevice with holes of 5 µm. If a lower 

flow rate is used, cell clusters around the holes of the membrane are formed, blocking 

the passage of red blood cells. 300 µl/min has proved to be the best flow rate to carry 

out this type of experiments. 

In Fig. 5.9 it is shown the achieved enrichment, the last parameter used for the device 

characterization. It takes into account the number of recovered red blood cells and 

tumor cells. 

 

 

Fig 5.10 shows what happens during the sorting cell experiments: red blood cells can 

easily cross the membrane and finish in the bottom chamber; tumor cells can not go 

through the holes because of their bigger size and remain in the upper chamber. 

Fig 5.9: Enrichment at fixed flow rate but with different microdevices. 
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The experimental results have proved to be very satisfactory, not only because it is 

reached a high capture efficiency but also because it is solved the main problem 

related to the microfluidic methods that use the filtration mechanism: the clogging of 

the filter.  

The presence of the two chambers separated by the filtering membrane, the design of 

suitable microfluidic protocols and the use of correct flow rates allowed in fact to 

avoid cluster formation around the filter, achieving in this way optimal cell sorting 

performances. 

The various experiments have also demonstrated that tumor cells survive even after 

the separation treatment, and then the suffered stress during the experiments does not 

harm the biological sample. This is an important step towards the use of this 

Fig 5.10: Representation of the microdevice membrane during the filtering 

experiments. 
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microdevice for real diagnostic applications as one of the major problems related to 

the use of LOC lies in the death of the cells during the sorting experiments. 

The biological sample also requires no specific pretreatments before being used for 

the sorting experiments. It is used whole blood mixed with tumor cells and this is 

exactly the condition of patients that may be suffering from cancer. 

In the end, the use of the filtering mechanism does not need the application of external 

fields (electric, magnetic, optical) to perform the separation. In this way the risk of 

damaging the cells, thereby compromising their functionality, is avoided. 
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Chapter 6:  

Conclusions and Future Outlooks 

 

A microfluidic device that is able to ultrapurify whole blood samples is fabricated and 

characterized. In particular it is tested to separate red blood cells from tumor cells 

HTC-116. The device reached a very high capture efficiency and has proven to be a 

possible tool for the prevention of cancer disease.  

The use of this microdevice has numerous advantages: 

 The materials and tools are low cost compared to conventional techniques of 

cell separation; 

 The achieved blood sample purification is very high and can compete with the 

already available CellSearch tools (the higher capture efficiency reached by 

CellSearch is up to 98% while with these sorting experiments it is up to 99%)  

but, in this case, there is no need to pretreat the biological sample to perform 

the cell separation; 

 The device uses a microfluidic set-up that is very easy to use and the results 

are obtained in a very short time; 

 The device can analyze either small amounts of sample (several µl) or samples 

with higher volumes (several ml); conversely, the conventional cell separation 

techniques are limited by the use of large amounts of samples; 

 The separated cells can be further analyzed; 

 The manufacturing process is simple and is compatible with modern 

technologies; 

 It is possible to obtain different types of cell separation by changing the size 

and the shape of the holes of the filtering membrane. 

 The device can be used not only for blood samples but also to filter other 

liquid solutions. 
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To improve this device and make it even more selective not only against a specific 

tumor cell population, it is possible to biofunctionalize the filtering membrane. In 

particular, different and specific receptors for certain tumor cells can be used to make 

this device a real prognostic tools. 

In addition, different kind of tumor cells can be used to test the capture efficiency of 

this microdevice.  

The main goal is to purify whole blood from tumor cells in patients where the solid 

tumor is not completely formed; at the same time the captured CTCs can be further 

analyzed and the purified blood sample can be reused for other beneficial treatments 

as transfusion. 
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microfluidic dialysis device for complex biological mixture SERS 

analysis." Microelectronic Engineering 144 (2015): 37-41. 
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dialysis device’. 
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