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ABSTRACT 
 

A Raman Flow Cytometer: An Innovative Microfluidic Approach for 

Continuous Label-Free Analysis of Cells via Raman Spectroscopy 

 
Antonio De Grazia 

 
In this work a Raman flow cytometer is presented.  

It is a whole new microfluidic device that takes advantage of basic principles of Raman 

spectroscopy and fluorescent flow cytometry mixed together in a system of particularly 

shaped channels. These are indeed composed by specific shape and sizes – thanks to 

which cells can flow one-by-one – and a trap by means of which cells are trapped in 

order to perform Raman analysis on single ones in a constant and passive way. In this 

sense the microfluidic device promotes a fast method to look for single cells in a whole 

multicellular sample.  

It is a label-free analysis and this means that, on the contrary of what happens with 

fluorescent flow cytometry, the sample does not need to undergo any particular time-

consuming pretreatment before being analyzed. Moreover it gives a complete information 

about the biochemical content of the sample thanks to the involvement of Raman 

spectroscopy as method of analysis. 

Many thought about a device like this, but eventually it is the first one being designed, 

fabricated and tested. The materials involved in the production of the Raman flow-

cytometer are chosen wisely. In particular the chip – the most important component of 

the device – is multilayered, being composed by a slide of calcium fluoride (which gives a 

negligible signal in Raman analyses), a photosensitive resist containing a pattern with 

channels and another slide of calcium fluoride in order for the channels to be sealed on 

both sides. The chip is, in turn, connected to gaskets and external frames. Several 

fabrication processes are followed to ultimately get the complete Raman flow cytometer 

and experiments on red blood cells demonstrate its validity in this field.   
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Chapter 1  

General Introduction 
 

 

1.1 – Introduction 
 

What is microfluidics? It is the science and technology of systems that process or 

manipulate small (10-9 to 10-18 liters) amounts of fluids, using channels with dimensions 

of tens to hundreds of micrometers 1 . This is the definition Whitesides gave to 

microfluidics in a scientific report published on Nature in 2006 when this topic started 

having a strong impact in the scientific world. 

As a matter of fact, microfluidics is a recent particularly interdisciplinary field of research 

that focuses on the manipulation and transport of small amounts of particles and on the 

movement of single ones through a liquid. The main goal for microfluidics – that is the 

reason why it exists – is the realization of the so called Lab-on-a-chip (LOC).  

This is practically the demagnification – on a chip (on the scale of millimeters) – of all 

the operations that now involve the use of several tools in a laboratory.  

Independently from the reaching of this ambitious goal, microfluidic devices have been 

exploited in several laboratories for the remarkable advantages they have due to the use 

of small volumes of fluids. For instance, these devices guarantee portability, a high 

control of the flows, the possibility to develop processes in parallel, a reduction in the 

costs of analysis, reduced waste products, a better control in the molecular interactions 

and, last but not least – above all regarding the project presented in this thesis – a 

decrease in time to prepare and analyze a sample. 

These features, all together, allow to transport matter and, simultaneously, to perform 

logical operations of control, like in a computer. In fact, microfluidic devices can be 

compared to computers where a single bubble of gas or a single particle flowing in the 

micro-channel is a bit of information. Obviously the elaboration speed of these fluidic 
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computers is insignificant with respect to the modern integrated circuits based on 

semiconductors. However if one considers the quantity of information that can be 

processed, things change drastically. One single minuscule droplet can include a gigantic 

multitude of data, contained, for instance, in the biological material (proteins, cells, 

DNA) that forms the droplet 2. 

 

1.2 – Reasons of Study: The Idea 
 

Judiciously, it has been tried to take advantage of the potential of microfluidics and 

develop a new device capable of analyzing single cells by using Raman spectroscopy. 

Generally, when Raman spectroscopy is performed on cells, the operator must look for 

them throughout the entire sample. Moreover once a cell is found, one should hope this 

does not move during the analysis itself. Therefore, it has been thought it would be easier 

and faster putting a sample containing cell medium and cells themselves through pumps 

into a device and have all of them analyzed – one by one. This thesis deals with the 

complete process of fabrication of a new microfluidic device. Of course, finalizing the 

entire device with passive analysis and remote simultaneous controls is a highly 

challenging goal and it could not be accomplished, but the first devices have been 

fabricated and characterized.  

Practically, this microfluidic chip is a sandwich of calcium fluoride slides among which a 

photosensitive resist is placed. Photolithography is used to reproduce a microfluidic 

layout on the photoresist having through-channels with a tiny trap. The trap is realized by 

means of a simple constriction in width of the channels so that the movement of the cells 

in the fluid can be blocked and Raman spectroscopy can be performed on them. In this 

way, much information about the sample can be collected and whoever makes the 

analysis does not need to put so much effort to look for a single cell throughout the whole 

specimen. A similar mechanism is followed in fluorescent flow cytometry. Speaking of 

fluorescent flow cytometry, an appropriate preparation for the cells is needed prior to the 

analysis itself. Cells are treated by means of fluorochromes that make a specific chemical 

group visible to a detector. In particular, a laser hits the sample at a defined wavelength 



 16 

and excites the associated marker. Flow cytometry is usually involved in counting 

analyses. Raman spectroscopy, on the other hand, allows analyzing the complete 

structure of the cells by hitting them with a monochromatic light beam. This does not 

need a meticulous time-consuming sample preparation. 

So, taking advantages from both techniques, the new microfluidic device – a Raman flow 

cytometer – is imagined, discussed, designed, produced and tested. 

In the background chapter, the theoretical study that has been made before approaching 

the real practical work on the device is presented. Here, the state of the art of materials 

and methods to produce microfluidic devices and physical fundamentals about fluids are 

illustrated, alongside to basics about fluorescent flow cytometry and Raman spectroscopy 

and possible limits that can be overcome by using this simple brand new device. 

Following, the device design is treated. The sketches for the chip and its interfaces – 

gaskets, external frames – are drawn by using Computer-aided Design (CAD) 

applications. 

In particular the sizes for the channels in the chip are chosen so that the passage of the 

cells can provoke a change in pressure of the flowing fluid. Pressure increases when the 

cell is trapped and this leads to the deformation and the movement of the cell towards the 

constriction. Once the cell is released the so-formed variation of pressure leads to the 

positioning of the following cell in correspondence of the trap.  

Moreover choosing the appropriate materials for the fabrication processes of each piece 

composing the Raman flow cytometer is crucial for an operative device.  

Everything revolves around the materials. They have to be durable, well suitable for the 

desired context and of course fully functional for the role they have to cover. For 

instance, this is why calcium fluoride is chosen to fabricate the chip. It is practically 

invisible to Raman analysis and does not interfere with it. Moreover the dry resist, used 

in the final version of the device has been found appropriate for its uniform profile, 

leading to a more stable bonding technique.  

In this thesis, several fabrication procedures are treated. These, in turn, have a central role 

since the device that is produced is new and no notions about such a thing can be found in 

the scientific literature.  
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Common fabrication processes like photolithography and bonding techniques are 

exploited in order to complete the device. 

Finally the experimental setup and the experiments on biological samples are presented. 

Raman measurements are performed on red blood cells once the device is completed and 

characterized by using scanning electron microscopy and optical microscopy. 

The results from Raman spectra on these cells and the comparison between them and 

those found in the scientific literature promote the validity in the choice of the materials 

and in the processes used to manipulate them. 
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Chapter 2 

Background and Related Work 
 

2.1 – Fluorescent Flow Cytometry 
 

At the beginning of 1950’s fluorescent flow cytometry had gathered importance being a 

finely sophisticated method for the study of the cellular surface. It is a technique that 

allows for the analysis and the characterization of suspended cells in a liquid medium in a 

very rapid and detailed way quantitatively and qualitatively. These measurements are 

made with respect to biochemical parameters expressed by the cell and qualified 

indirectly thanks to fluorescent molecular markers 3. 

Fluorescent flow cytometry is a well-known method able to examine morphologic 

properties of cells through a flux appropriately distributed in an optical instrumentation. 

It allows studying the physical properties of the cell (volume, dimension, refraction 

index), establishing viscosity levels and describing some chemical aspects, like the 

content of nucleic acids in the different phases of the cellular cycle. 

It is possible to study many cells per second. Data resulting during fluorescent flow 

cytometry derive from signals of light, which are collected frontally and orthogonally 

with respect to a laser. An automated system allows for the discrimination of several 

features for every analyzed cell 4.  By representing the interested parameters in a suitable 

way – e.g. Cartesian axes – it is easy to obtain a good description of the explored 

characteristics. 

The application of fluorescent monoclonal antibodies allowed, in cytometry systems, the 

investigation of the characteristics of the lymphocytes’ membrane 5. A progress in the 

study of the cells has been possible thanks to the use of fluorochromes associated to 

monoclonal antibodies with Clusters of Differentiation (CDs) that are antigens 

characterizing a specific cell. 
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2.1.1 – Principles of Working 

 

Fluorescent flow cytometry is a method of counting, selecting and isolating particles, 

which are marked with fluorophores in a precise way. They are, then, forced to pass one 

by one through an optical system with a laminated flux and they are analyzed. 

Thanks to the parameters derived from this counting, the analysis of several 

characteristics of the particles is performed. The properties of the analysis can be selected 

in a determined way because of the labeling that one decides to apply. In fact the 

fluorescent marker links the molecule and indicates a certain physiology and 

biochemistry of the molecules themselves. 

 

 

 

 
Figure 1 - A model of a fluorescent flow cytometer. 

Fluorescent channels – Side 
scatter detectors (orthogonal 
direction with respect to the 
incident beam). 

Forward scattering detector (same 
direction of the incident beam). 

Laser  

Dichroic mirrors 
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Three fundamental constituents that all together form the so-called fluorescent flow 

cytometer are shown in Figure 1. 

 

1. The fluidic system controls the flux of the cells and their capturing. In this process 

suspended cells (red dots in the figure) – like, for instance, peripheral blood or 

culture cells – are injected in a column in the flux chamber where they can be 

analyzed in a single event measurement. 

2. The optical system allows for the study of the cells as they pass in front of a laser. 

In this way a polarized beam produced by the laser hits every single cell. The light 

excites the fluorescent markers and the optical signals are reflected either in the 

same direction of the laser (forward scattering) or in the orthogonal direction (side 

scattering). These signals are, in turn, collected, filtered and amplified, thanks to a 

series of mirrors and lenses.  

3. The electronic system controls each part and collects, illustrates and analyzes data 

thanks to a software that converts the signals into digital values sending them to a 

computer application capable of performing a graphical and statistical 

representation of the cells 6. 

 

This way of working is based on the knowledge that when a particle is hit by light – that 

is energy – particles are excited and they jump from the ground (equilibrium) state to an 

excited one. They may then come back to the initial state in several ways, like for 

instance, by emitting a quantum of light. This event is called fluorescence and is defined 

as the emission of light in a light absorption process (as shown in Figure 2). 

The energy and so the wavelength of the emitted light will be different with respect to 

those of the source light. Higher energies correspond to shorter wavelength and vice 

versa. The wavelength is then connected to the color of the light itself and since the 

source light and the light scattered by the particles, once they are hit, have different 

wavelengths, their color is also different and the light beams can be parted by means of 

optical filters. This is the so-called fluorescence detection 7. 
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Fluorescence is a phenomenon of resonance involving a radiation of a well-defined 

wavelength related to the sample being analyzed. Light is completely absorbed and the 

system is at an excited state from which it decays after a certain resonance time 8. 

 

 

 

2.1.2 – Properties of The Fluorescence Markers and Limits of Fluorescent Flow 

Cytometry 

 

Various collections of fluorescent markers are used as labels in flow cytometry. 

Fluorophores normally link to an antibody that identifies a target quality inside or on the 

surface of the cell. At the same time, they can even connect to a chemical unit thanks to a 

particular correspondence with structures in the cells or upon their membrane 9, 10, 11, 12.  

The main characteristics that have to be checked about a marker are the absorption and 

emission spectra and the quantum efficiency, that is the difference between the photons 

emitted and absorbed. The larger this difference, the better the separation between the 

absorbed and the reflected lights by the filters 13. Due to the nature of each fluorophore 

Figure 2 - Fluorescence process. 



 22 

depending even on the environment in which it is used, the mixture of labels to be 

involved in each analysis varies with respect to the wavelengths of the excited light and 

on the detectors. 

For this reason, by using Raman spectroscopy, which is a label-free approach for the 

analysis of the cells, time can be reduced and no optimization in the choice of the 

fluorochromes has to be performed. The particularity of flow cytometry is that the 

number of distinct fluorescent labels that can be analyzed at the same time is at most 17. 

In fact nowadays this technique is said to be multiparametric 14,15,16, nonetheless there is 

an evident difficulty to optimize the analysis by limiting possible errors and undesirable 

peaks due to a not-well clean environment or different reflected lights, alongside to 

complex procedures in order to isolate the several spectra 17. In this sense, Raman 

spectroscopy investigates all the properties of the cell at the same time and without the 

use of labels, leading to an easier analysis 18, 19. 

 

For every property to be analyzed, a specific marker needs to be linked to the cell 

depending on the wavelength of the laser used so that fluorescence is achieved. 

So, two are the struggles when fluorescent flow cytometry is performed:  

a) The sample preparation: due to the choice of the well-suited fluorochrome and the 

process of staining the cells with it; 

b) The analysis itself: either one has a fast multiparametric, difficult to process, 

analysis, or one has a slow single parametric, easier to understand, one.  

 

2.2 – Raman Spectroscopy 
 

Raman spectroscopy is a powerful technique capable of supplying a great quantity of 

information about the molecular composition of analyzed samples. The analysis is 

conducted by means of the detection of the light re-emitted by the sample after the 

exposure of the molecule to a laser. 

Traditionally used in microelectronic field and in the analysis of artworks 20, in the last 

years it has been gaining attention in the medical community as a new, rapid and non-
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invasive tool to analyze cells. Either the analysis can be made in-vivo (of tissues) or in-

vitro (of biological fluids) 21, 22, 23. 

The main assumption about the use of Raman spectroscopy as a diagnostic tool is based 

on the idea that the progression of several pathologies and diseases provokes a variation 

in the molecular content of cells, and consequently a different pattern of signals. 

This pattern can be divided in its components leading to an emphasis of the presence or 

the variation in the content of one of the molecular components of the analyzed sample. 

 

2.2.1 – How Does Raman Spectroscopy Work? 

 

Raman spectroscopy is an analytic noninvasive technique that allows for the 

determination of the molecular structure of particles through the interaction between 

electromagnetic waves and matter. 

Atoms in molecules are subjected to forces that tend to keep them in their equilibrium 

positions. They, however, oscillate with a motion generating a quantized vibrational 

energy. This energy does not vary in a continuous way, but assumes discrete and finite 

values. As already mentioned in the case of the cytometry, even the Raman spectroscopy 

working principle is based on jumps towards higher or lower energetic vibrational levels 

corresponding to respectively particle energy gained or lost. These movements are called 

vibrational transitions, during which a particle loses or absorbs energy in the form of 

electromagnetic radiation and scatters back the incident light in several possible ways. 

This is, in turn, detected and converted into spectra 24. 

Raman spectroscopy can show many data about the composition, the bonds, the chemical 

environment, the crystal structure and more regarding the examined samples. It can, 

therefore, be used to analyze materials in different phases: gas, liquid and solids (both 

amorphous or crystalline). This technique uses a physical phenomenon, discovered by an 

Indian physicist, C.V. Raman. He found out that a small fraction of the light re-emitted 

by certain molecules when hit by a light beam had a different energy with respect to the 

incident beam. This difference in energy is linked to the chemical structure of the 

molecules responsible for the re-emission of the light.  
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That is the so-called Raman effect. 

The principle on which this method is based is the scattering of a monochromatic incident 

radiation on the sample. The information derived from this event depends on the way 

such phenomenon happens. 

In fact, when a monochromatic radiation hits the volume of an object, the light can be: 

 

• Absorbed: if the object has an energy equal to a possible transition to a high 

energetic level; 

• Transmitted: if the light does not interact with matter; 

• Scattered (and so re-emitted): if the light beam interacts with the specimen. 

 

By considering the interaction between light and matter in terms of particles, a collision 

between photons (particles that compose light) and the particles forming the sample being 

hit can be imagined. Photons interacting with the particles, and in particular with the 

electrons of the sample, can be scattered in two ways: 

 

- If the scattering occurs because of an elastic interaction – without a net transfer in 

energy – scattered photons have the same energy as the incident ones;  

This phenomenon is known as Rayleigh scattering and it is a very common event. 

- If the scattering is a consequence of an inelastic interaction – with a transfer of the 

energy between photons and particles or vice versa – scattered photons have an 

energy that is smaller or greater than the incident beam, respectively;  

This phenomenon is known as Raman scattering 25.  

 

Basically there are three states in which a molecule can be: 

o The fundamental (or ground) state: in which it is at rest – in “equilibrium”; 

o The excited state: which has more energy that the previous one; 

o The virtual state: which is a temporary intermediate high-energy state 

from which the molecule will move towards the previous two. 
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According to this, a further distinction can be made as for the Raman scattering. If the 

molecule is at the ground state and, once it is hit by photons, jump to the virtual state and 

comes back to an excited state, there will be the so-called Stokes shift. On the contrary, if 

the molecule, being at the excited state, jumps to a virtual state and comes back to the 

ground state, the so-called anti-Stokes shift will be observed.  

A representation of what has been described is shown in Figure 3(a). 

Figure 3 – (a) jumps in energy states (Rayleigh and Raman scattering); (b) schematic representation of a 

Raman spectrum highlighting the presence of three sections. 

(a) 

(b) 
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The energy is directly proportional to the frequency with which the molecule vibrates and 

it is inversely proportional to the wavelength of the light. 

This, in turn, leads to a resultant representation of the analysis – the graph in Figure 3(b) 

– that has three main sections (as many as the types of possible scattering).  

It can be observed that the Stokes lines have a lower energy (lower frequency and 

wavenumber, higher wavelength) and vice versa for the anti-Stokes.  

As for the intensity of the peaks, Rayleigh lines show of course the highest one, having 

the same intensity of the incident laser itself; whereas the Stokes lines have a greater 

intensity than the anti-Stokes because the Stokes shifts are more likely to happen. In fact 

it is more probable that the particles being hit by the laser are at the ground equilibrium 

state rather than at the excited state 26. 

At every wavenumber corresponds a particular, distinctive pattern of vibration that 

classifies a functional group (which is a specific chemical compound denoted by a 

precise bonding) in the sample. This represents a very accurate identification of the 

chemical groups 27. 

 

2.2.2 - Comparison Between Physical Aspects in Raman Spectroscopy And Fluorescent 

Flow Cytometry 

 

Generally speaking, fluorescent flow cytometry and Raman spectroscopy are two 

different methods to analyze biological samples. The first one can give information about 

the size and the shape of the cells and can count them. Furthermore it can give data about 

the biochemistry of the cell, just related to the known biomarkers with which the cells are 

labeled. On the contrary, Raman spectroscopy can fully analyze the structure of the cells 

in a label-free way. 

Both of them are based on the analysis of the scattered light from an incident laser. 

However Raman scattering does not have to be confused with the fluorescence found in 

fluorescent flow cytometry, because actually fluorescence is to be avoided when 

performing Raman spectroscopy. Fluorescence implicates the use of a radiation of a 



 27 

precise wavelength; it is a resonant process because the energy of the incident beam is 

equal to the difference in energy between the transition from the ground state to the 

excited state of the molecule. On the contrary Raman scattering can be performed with an 

incident beam of any frequency and it is a non-resonant process. 

 

 

 

Advantages of Raman 

spectroscopy 

 

 

Advantages of fluorescent flow 

cytometry 

 

Aqueous solutions can be analyzed since 

water is practically invisible to Raman 

analysis. 

 

The key advantage is the one-by-one computing 

analysis system: every single particle is 

examined exclusively and this consents precise 

counting, analysis of determined cell properties 

and characterization. 

 

 

A small amount of sample is required and it 

requires little or no sample preparation. For 

instance, it does not have to be treated with 

labels. 

 

Reproducible, computable and precise. 

 

It is not commonly influenced by temperature 

changes. 

 

Fast. 

 

Microscopes offer an elevated level of spatial 

resolution and depth discrimination. 

 

Appropriate for automation. 

Table 1 – Advantages of Raman spectroscopy and flow cytometry. 
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In Table 1 the main advantages of Raman spectroscopy and fluorescent flow cytometry 

that are taken into account to design the new device are listed. What is thought to do, 

thus, is to combine some advantages of both techniques and put them together to create a 

new device that works as a Raman flow cytometer thanks to microfluidics. In fact, a 

fluorescent flow cytometer analyzes many cells per time (one-by-one) but characterize 

just some properties of these, whereas Raman spectroscopy analyzes the molecular 

structure of those at a subcellular level giving much more information about the sample, 

but usually the operator needs to look for the cell in a multicellular specimen and this can 

result in a slow process. Therefore the Raman flow cytometer is designed so that a flux at 

a controlled speed is achieved in the device’s channels and single cells can be trapped for 

an appropriate period of time in order for Raman spectroscopy to be performed on cells. 

 

2.3 – State of the Art on Microfluidic Devices 
 

Microfluidics is a formidable instrument that can be used in order to build high refined 

and elevated speed analysis at a very low cost by working on fluids, micro-fabricated 

channels and compartments. This approach is suitable for bio particles to be used and 

manipulated since it can offer a compatible microenvironment. 

What is absolutely surprising about using microfluidic devices is the rapidity of the 

events, the laminarity of the flows (thanks to low Reynolds numbers) and the peculiarity 

of the capillarity effect, which in turn becomes prevailing 28. 

How can such results be reached?  

The answer is as easy as predictable: the most important characteristics in order to 

fabricate something are the choice of the materials and the way of using them. Indeed 

every material has specific properties, which subsequently leads to the specific features 

of the devices. The materials chosen to fabricate a microfluidic device have a strong role 

in influencing the appropriate strategies of controlling them.  

Actual applications of microfluidic devices consist mainly in chemical and biological 

analysis and in the synthesis and purification of chemical compounds. By using 

appropriate microfluidic structures operating by taking advantage of the properties of the 
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flow in that particular device – like capillarity and differences in pressure – several 

technologies can be implemented – such as filters or devices for analysis 29, 30. 

Moreover, the integration of elements like valves and pumps to control the flow is 

possible and makes the device useful in many different fields. 

Micro-channels of microfluidic devices can be employed to transport and make several 

types of substances react with each other. The use of systems like these, then, is 

particularly suitable from a security point of view, in cases where these substances are 

toxic for the operator. Microfluidic channels moreover can withstand chemical reagents 

and high temperatures. Therefore, it is clear that finding appropriate materials to be used 

has a major role in the fabrication process – according to the application of the device 31.  

Moreover, in order to use such microfluidic devices, studying the behavior of the flow is 

necessary. 

 

2.3.1 – Physics of Fluids 

 

Fluid mechanics is a branch of physics studying the properties of the fluids – liquids, 

vapors and gases and some phases of substances that do not have a crystalline structure 

such as solids, pseudo-crystalline like liquids and that are not aeriform: the so-called 

amorphous materials. 

Generally fluids are considered to be materials with capacities to change their shape 

fitting continuously the container. 

Fluid mechanics is divided into two big branches: 

- Fluid statics deals with fluids at rest in an inertial system – that is a system with 

constant velocity in time and uniform in space. 

- Fluid dynamics deals with fluids in motion. 

A volume and a density very similar to those of the solids characterize liquids. This 

means that at a microscopic level, they show short intermolecular distances and elevated 

interactions 32. This is the main difference with aeriform fluids that, on the contrary, have 

a little density and so a low molecular interaction that make them expendable in any 

volume. Fluids can go through elastic deformation like solids, but even through plastic 
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deformation. This is particularly evident for liquids and it is due to their microscopic 

features, for which the molecules composing them do not have fixed positions in the 

space, but may move with respect to each other with different relative speeds. 

Other characteristics of the fluids – and in particular of liquids – are the homogeneity and 

the isotropy. Homogeneity is about the composition of the fluid that is it must be 

composed by a single molecular species. Obviously the study of the mechanics of fluids 

is more complicated when fluids are not homogeneous. Isotropy is a more general 

characteristic and is about properties of deformation, elasticity, propagation, etc. They 

must be the same in every direction. An exception is made by some ordinary liquids 

possessing these two important properties that have intermediate phases between solid 

and liquid: the so-called liquid crystals 33. 

Fluid mechanics has many applications in several fields and it finds various utilities even 

in daily life.  

Microfluidics is a part of fluid dynamics that studies the properties of fluids confined in 

tight spaces, usually at the microscale. At this scale the effects of surface and interface 

tensions are predominant and the movement of the liquid inside the channels depends 

strongly on the interaction between the liquid phase and the solid phase. As for the device 

in this thesis, the fluid moves in a capillary with a rectangular section. 

A fluid is capable of flowing – with a certain viscosity opposed to the natural motion – 

thanks to a shear external force. At the microscopic level, the fluid phase is characterized 

by weak electric intermolecular forces.  

 

Capillarity 

An adimensional quantity that can be exploited to study the flux regimes is the Reynolds 

number. 

 

                                            𝑅𝑒 =
𝜌  𝒗  𝑙
𝜂  

 

Where 𝜌 is the density of the liquid, 𝒗 is the mean velocity of the object in the fluid, 𝑙 is a 

characteristic dimension of the system (the radius of the channel as for a cylindrical 

 

(2.1) 
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capillary) and 𝜂 is the viscosity. Reynolds number represents the ratio between inertial 

forces and viscous forces in the liquid. A flux is at laminar regime if the velocity in each 

point is constant in time. In this case the motion of the liquid can be considered as a 

parallel sliding of different layers with infinitesimal thickness. When 𝑅 ≤ 2300 the 

regime is laminar whereas when 𝑅𝑒 ≥ 10000 the regime is said to be turbulent. As for 

the values in between the regime is a transitional one. 

Usually in microfluidic systems the condition of laminar regime is verified since 𝑙 is 

between 10!! to 10!! m and the viscosity of the used liquids is generally comprised 

between 1 and 0.1 cP. 

In the capillarity process two phenomena are involved: the adhesion of the liquid to the 

solid surfaces – that brings the liquid to spread on them – and the cohesion of the liquid – 

that tends to decrease the area of interface. The capillarity can be explained by the 

surface tension and the contact angle. The surface tension is a characteristic of several 

liquids. Molecules tend to attract each other because a single molecule in a liquid is 

surrounded by many others and this is subjected to attractions in every direction. As for 

the molecules on the surface they are attracted just by the molecules beneath them and 

they form a layer. The contact angle is strictly correlated to the surface tensions at the 

interfaces between the different phases. Measurements of the static contact angle allows 

for the study of the wettability of a solid surface at the interface with a liquid 34, 35, 36. 

 

2.3.2 – Common Materials for Microfluidic Devices Fabrication 
 

2.3.2.1 – Glass and Silicon 

 
At the beginning glass and silicon were traditionally used to fabricate microfluidic 

devices. These are inorganic materials. Silicon is opaque whereas glass is a see-through 

material, which insulates electricity.  

Thanks to its elevated thermo conductivity and its steady electro-osmotic mobility, glass 

structures offer better results than assemblies made with other materials. Such materials, 
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however, require high fabrication costs because of the chemicals used during the 

fabrication process such as HF, and a well-cleaned environment 37. 

 

2.3.2.2 – Polymers 
 

Some time later, facing the need to overcome several limits silica and glass chips have, 

scientists developed new microfluidic devices by using polymeric materials. With these, 

there is a high possibility to choose the appropriate material with precise properties 

related to its application 38, 39. 

Polymeric materials have been for sure an important advancing step for microfluidics, 

since they are easy to manufacture and they have low prices. 

They can be divided into three classes: elastomers, thermoplastics and thermosets 40. 

In Figure 4 a summary of the materials for microfluidics is reported 41. 

 

Elastomers 

Elastomers are natural or synthetic cross-linked polymeric chains with the peculiar 

capacity to come under large elastic deformations – they can indeed be elongated several 

times under a stress, but when the stress (that is the cause of the deformation) is over, the 

material returns to its original shape and dimension.  

Figure 4 – Summary of the most used classes of materials in microfluidics for research and commercial 

uses. 
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One of the most representative materials in this class is Polydimethylsiloxane (PDMS), a 

viscoelastic polymer widely used in microfluidics for its outstanding properties.  

This is characterized by a remarkable resistance to the temperature, to chemical attacks, 

to the oxidation, and it is an outstanding electrical insulating material resistant to the 

corrosion. Moreover it is transparent, biocompatible, inert, non-toxic and non-

combustible. 

This polymer does not bond to glass, metal, plastic when solidifying, but save strong 

adherence on smooth surfaces once hardened. 

These properties make PDMS the most used polymer in medical field and in particular in 

microfluidic applications 42, 43. 

 

Thermoplastics 

Thermoplastic polymers are materials composed mostly by linear chains, but even by 

some branched ones that do not link to each other (not cross-linked). 

It is, then, sufficient to increase the temperature to bring them to a viscous state and, for 

instance, press them in a mold. Nevertheless, every time they are heated up and pressed, 

they lose a bit of their characteristics. Thermoplastic polymers can be amorphous or 

semi-crystalline: the former are transparent, the latter are opaque – unless the dispersed 

phase has dimensions smaller than the wavelength of the visible incident radiation. 

Amorphous polymers under the fusion temperature have intertwined chains which lead to 

a certain resistance and elasticity and if not stressed they maintain their shape. Semi-

crystalline polymers are, on the contrary, composed by crystalline zones spaced out by 

amorphous zones. They have a constitutional and configurational regularity. The 

behavior of amorphous polymers is strongly influenced by temperature: at the glass 

transition temperature (Tg) the movements of the chains decrease reaching a point in 

which the material becomes compressed and rigid. This leads to a variation in the Young 

modulus – elasticity or rigidity modulus – of three orders of magnitude. 

Representative thermoplastic polymers for microchips are Poly(methyl methacrylate) 

(PMMA), Polystyrene (PS), Polyethylene terephthalate (PET) and Polyvinylchloride 

(PVC). Unlike thermosetting polymers and elastomers, thermoplastics are generally 

bought as solid and worked by thermo-molding or by micro-milling 44. 
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Thermosets 

Thermosetting polymers, or just thermosets, are particular polymers that once produced 

cannot be melted without going through a chemical degradation. They are branched 

polymers, but their reticulation degree is much more elevated than the elastomers, so the 

cross-links impede the mobility of the macromolecules, giving birth to a fragile behavior. 

Thermosets are obtained by starting from poly functional monomers that react with 

molecules having the action to promote covalent bonds. Thermosetting polymers are 

produced in two phases: at first polymeric chains are produced, while in a second phase 

(that can be even a simple increasing in temperature) polymeric chains are cross-linked. 

Instances of thermosetting polymers involved in microfluidic processes are SU-8 and 

polyamide, which are photosensitive resists. These, in turn, when radiated in consecutive 

processes – which means heat is supplied to the material – form a rigid network of cross-

links between chains and the material cannot be reshaped without being decomposed. 

With proper bonding methods, microfluidic chips can be produced completely by using 

thermosetting polymers. Moreover hydrogels 45 , 46 , paper 47 , 48  and hybrid 49  and 

composite materials50 can be used as suitable materials to fabricate microfluidic devices.  

Table 2 from Reference 42 summarizes some features about these materials. 
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2.3.3 – Fabrication Processes for Microfluidic Devices 

2.3.3.1 – Manufacturing 51 
 

The main methods to fabricate micrometric structures on polymeric substrates are: laser 

ablation, micro-milling machining, photolithography and stamping techniques like hot 

embossing and injection molding. Microfluidic systems are then completed by putting the 

resulted substrate with the desired pattern together with a substrate made by the same or a 

different material. This final assembly is made by using different bonding techniques and 

interconnections. 

 

Laser ablation 

Laser ablation consists in exposing the polymeric substrate to a laser beam capable of 

breaking the covalent bonds of the long polymeric chains. The beam of light can be either 

pulsed or continuous (with a high intensity) and it results effective depending on the kind 

of material to be worked. Elevated energies are used during this process and these 

determine locally the production of shock waves that expel decomposition products of the 

polymers, determining a digging in the polymeric substrate. 

The transfer of the geometry of micrometric channels on a polymeric substrate through 

laser ablation can be made on a mobile support. In fact, by moving the substrate under the 

laser beam the structure of the device can be defined. The dimension of the spot of the 

beam defines the maximum area of ablation, while the time to complete the geometry of 

the system is a function of the frequency of the laser, and depends even on the length and 

the depth of the channels. Alternatively it is possible to expose the polymeric substrate to 

the laser through a mask defining the zones to be removed (as shown in Figure 5). 

A quartz substrate and a chromium film usually compose masks. In this case the time to 

remove the desired area does not depend on the channels length, since each element of 

the system is fabricated at the same time. The depth of the channels that can be produced 

through laser ablation depends on several factors like polymer absorption, the power and 

the pulse rate of the laser and the number of laser scansions along the channel. The 

transversal section of the channels could result in a rectangular shape with vertical walls 

at the macroscale 52, 53. Usually, close to the ablation spot ripples in the worked material 
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can be observed. This is due to the nature of the laser beam that follows a Gaussian 

spatial intensity distribution. The inhomogeneity in the operated part varies between a 

rougher structure in the central (elevated intensity) area of the beam and very fine 

features in the peripheral region of the lower intensity 54. 

 

 

 

 
Figure 5 – Schematic representation of the laser ablation: (a) exposure and (b) ablation. 

 

Nonetheless this technique is not well suited for mass production because of the high 

costs and the long time for the production. 

 

Hot embossing 

The fabrication of micro channels and any other structure through techniques using a 

matrix has two main steps in common:  

1. Fabrication of the matrix (master); 

2. Transfer of the channels pattern from the master to a polymeric substrate. 
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The choice between different methods to produce the master depends mainly on the 

dimensions of the channels and so, on the following requested precision. 

For relatively big structures (>100 µm), the traditional machining using numeric control 

can be sufficiently accurate. For smaller systems (<100 µm), the use of a thick photoresist 

is convenient. Once the structure of the master has been defined on these substrates 

through a suitable etching, a metallic film like nickel is deposited via electro-deposition. 

One of the techniques used to replicate the master on a polymeric substrate is the Hot 

Embossing. During this process the master and the polymeric substrate are heated up 

separately under vacuum (so that the master is conserved) until they reach a temperature 

a little bit higher than the Tg of the polymer 55. 

The master is then brought in contact with the substrate and pushed with forces of the 

order of some kN for some seconds. By maintaining the same pressure, the system is 

cooled down under Tg. Then the master and the substrate are separated. 

Hot Embossing is a relatively fast process that requires few minutes to fabricate a device. 

 

Micro-milling machine 

Micro-milling machines are used in microfluidics to fabricate micrometric channels in 

devices generally made of PMMA or aluminum. 

The micro-milling technique is a mechanical process at cold temperatures that takes 

advantages of a rotating tool. The most critical elements for manufacturing a well-suited 

microfluidic chip are the micro-cutter tools having several shapes and dimensions. The 

micro-tools are usually made by tungsten carbide, high hardness steel and titanium. 

The milling requires a rotation of the tool and the translation of the flat surface on which 

the piece to be cut is fixed. When rotating, the sharp features at the tip of the tools – 

shown in Figure 6 – remove metal or plastic from the piece. 

The micro-milling machine is usually paired with a computer.  

In fact, the fundamental steps to fabricate a microfluidic device through this method are: 

i. The design of the piece by using a CAD application;  

ii. The conversion of the drawing in a language that the machine can read (GCODE);  

iii. The use of an application working as interface between the computer and the 

cutter itself.  
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The parameters that can be varied during a milling work are the cutting speed – a 

translational one –, the speed of rotation of the tool, the movement of the flat surface and 

the tool diameter. The cutting speed depends basically on the hardness of the material to 

be worked. 

The micro-milling machine is able to produce almost any shape with good dimensional 

tolerance and surface finish. 

 

Injection molding 

Injection molding is a technique in which a plastic material is heated and injected at an 

elevated pressure in a mold. This method is suitable to make 3D structures of any shape 

that do not need to be further assembled. 

The materials – in grains, powder or fibers – exploited by this technique are 

thermoplastic polymers, thermosets, but even ceramics or composite materials. 

An injection molder is essentially composed by a cylinder containing a rotating helical 

screw. This, in turn, carries the raw polymer to the tip of the screw where there is a hot 

room. During this path the grains are melted. An injection tool allows for the 

communication between the hot room and the mold – which is at a lower temperature.  

The mold is composed by two parts fixed on two plates; one of these is removable so that 

the opening of the mold is possible to extract the finished piece. 

Figure 6 – Micro-milling tool, particular of the tip. 

 

    

    3 mm 
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The heating up and the melting of the solid grains are ensured by a series of electrical 

resistances. Once the injection room is filled by the now-liquid material, the rotation of 

the screw stops and it is moved by a piston in a translational way towards the mold room. 

Then the polymer is solidified thanks to a decrease in the temperature and the mold is 

opened when the piece reaches certain rigidity. The mold must be robust and reusable; it 

must have an elevated rigidity, a good precision and a low cost. A schematic 

representation of the process is shown in Figure 7. 

As for microfluidic devices, the proper name of the process is micro-injection molding 

and the scientific literature is full of examples about its use. 56,57 

 

 

 

 

Casting 

Casting is a fabrication method in which a material – made liquid after a fusion process – 

is inserted into a mold composed by hollow chambers with desirable shapes and 

dimensions. After the pouring of the liquid material, the melt is cooled down and left to 

Figure 7 – Injection molding process.  

Hopper with raw plastic 

Screw Mold 

Cavity  

Final piece 
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solidify. The mold can be either opened or broken in order for the casting, which is the 

now-solid piece, to be collected. The most used materials are epoxy resin, plaster, clay 

and metal. This method allows for the fabrication of complicated pieces that would be 

difficult to realize with other procedures. 

 

Photolithography 

Optical photolithography is a process used to selectively remove parts of a thin film. A 

UV laser is used to transfer a geometrical pattern from a photo-mask to a chemical 

photosensitive substance on the substrate (photoresist). Common substrates in 

microfluidics are glass and silicon wafers. The photo-mask is a plate, generally made of 

quartz, with transparent zones and opaque ones in correspondence to the pattern to be 

reproduced. Masks can be positive or negative as well as photoresists and they are chosen 

according to the outline that has to be achieved. 

In particular a mask is positive when the pattern is dark and the background is 

transparent, and vice versa for the negative one. 

A photoresist, on the contrary, is a chemical substance, usually a polymer that reacts at 

the light at which it is exposed. It is positive when, once it is hit by a UV laser, it absorbs 

light and energy from photons breaks the chemical bonds and the exposed areas become 

soluble to the developer – a chemical substance used in a following step. As for the 

negative photoresists, once the light hits them, the photons promote the cross-linking of 

the polymeric chains in the exposed area. In this way, the area that has not been exposed 

is removed by the developer. These process steps are shown schematically in Figure 8.  

Several steps compose the photolithographic process: 

1. Wafer cleaning: in a clean room, the substrate is washed with acetone, rinsed with 

2-propanol (IPA) and dried with an N2 gun; 

2. Dehydration bake: the substrate is placed on a hot plate to further remove any 

remaining particles of water and obtain a better adhesion with the photoresist. 

This can be deposited on the substrate in two different ways; 

3. 1 – Photoresist spin coating: the well-cleaned substrate is placed on the plate and 

the liquid photoresist is dropped on top on it. The plate rotates with certain 

velocity and acceleration until the photoresist is spread all over the sample; 
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2 – Photoresist lamination: dry photoresists are sandwiched between two 

protective layers. During the process of lamination, one protective layer is peeled 

off and is placed on the substrate. Then the obtained piece is placed between 

stamping sheets and in the laminator itself. This is formed by heated rolls that 

drive the attachment of the dry resist on the substrate. 

4. Prebake (soft bake):  – not always mandatory – after resist coating, the resist may 

still have some residues and present stresses. Thus the substrate is heated up on a 

hot plate under vacuum and the stickiness of the resist is increased. 

 

 

5. Exposure: this is the heart of the photolithographic process. This is performed in a 

machine called mask aligner in which the photo-mask is used to select the areas 

and transfer the pattern from the mask itself to the photoresist/substrate assembly. 

After the exposure another bake can be made, to promote the adherence of the 

resist. 

Figure 8 – Schematic representation of a photolithographic process. 

Negative and positive photoresists. 
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6. Develop: this step involves the use of chemical solvents reacting with the exposed 

photoresists, as already mentioned. Every photoresist has its own developer. After 

the developing process is completed some photoresist may need to be baked 

again. 

7. Profilometer: after all these steps measuring the thickness of the resulting pattern 

is an important step. There are different procedures to reach this goal. Either a 

contact and pseudo-contact processes or an optical one can be used. 

 

2.3.3.2 – Bonding Techniques 
 

The bonding between two substrates is a process that allows the joining of such substrates 

in a permanent way. The techniques to achieve this goal are different and there are 

several materials that can be joined to form a compact structure. 

The bonding is widely used in microfluidics, since with the manufacturing methods 

previously mentioned, one can just “dig” in a material and make a section of the channels 

or chambers. To form closed channels and chambers another substrate is placed on the 

patterned manufactured one. 

 

Table 3 – Crucial parameters for the optimization of bonding techniques. 
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Essentially there are two basic prerequisites to achieve a good bonding and reach a 

permanent connection between the substrates: 

-‐ The two substrates need to be placed in close contact; 

-‐ The two surfaces need to interact with each other. 

Surfaces must lack any kind of impurities as well as roughness and non-flat profiles. 

Important parameters are summarized in Table 3 58. 

 

Anodic bonding 

This technique is typically used to join in an irreversible way glass to silicon. 

The principle on which this technique is based is the formation of bonds at the interface 

between the two substrates through the application of a strong electric field. In the case of 

glass and silicon, characteristic applied tensions – positive pole is placed on the silicon, 

whereas the negative one is placed on the negative pole – are in the order of the kV. 

These tensions induce in the glass a flux of Na+ ions towards the cathode. The movement 

of these ions from the interface determines the production in the glass – at the interface – 

of a negative charge composed by O2- steady ions. To make this process faster it is 

possible to raise the temperature. Typical temperatures are comprised between 400-500 

°C. O2- ions are collected in the glass at the interface between the surfaces and this 

induces a positive charge in the silicon. So an elevated electric field is formed and the 

two substrates are linked together thanks to electrostatic interactions as shown in Figure 

9.  

 

Figure 9 – Scheme of the anodic bonding process. 
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Moreover the ionized oxygen atoms move from the glass to the silicon determining an 

oxidation in the silicon and so the formation of an irreversible bond between the 

substrates. As for the glass/glass anodic bonding, a thin layer of amorphous silicon, for 

instance, is placed on one surface or both. 

 

Plasma low temperature bonding 

Plasma bonding is usually exploited in microfluidics to irreversibly bond glass to PDMS 
59. A plasma activation of the surfaces is achieved by using an ICP-RIE (Inductive 

Coupled Plasma – Reactive Ion Etching). So the surfaces are made hydrophilic thanks to 

the action of ion plasma. Glass slides and PDMS systems are placed in the chamber of 

the ICP-RIE and the exposed systems are radicalized resulting in negatively charged 

surfaces. 

In particular the linear chains of PDMS contain silicon (Si) in the terminal groups. 

Therefore, after plasma activation, glass (SiO2) forms condensation bonds with PDMS 

thanks to the terminal siloxane groups (SiOH) formed on the surfaces of both materials 

with a subsequent removal of a molecule of water (Si-O-Si bonds are formed after its 

removal).60, 61 . A representative scheme of the reaction is shown in Figure 10. 

 

Figure 10 – Plasma bonding: representation of condensation bonds forming after the plasma activation of 

the surfaces in PDMS and glass. 
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Hot bonding 

The hot bonding technique is a purely thermic process used to permanently join two 

substrates. After an accurate cleaning of the substrates, these are aligned e go through a 

thermal cycle at a temperature close to the Tg of the material at the interface, while 

pressed by a mechanic press toward each other. After a sufficient time the two substrates 

are perfectly joined together. This technique is nowadays the most used to join substrates 

in microfluidics. This is because of its simplicity and the quality of the resulted systems. 

 

 

2.3.3.3 – Assembly (Microfluidic Interconnections)  
 

A fundamental step in fabricating microfluidic devices is represented by microfluidic 

interconnections. These connections need to seal the open boundaries of the microsystem 

and must offer a suitable interface for other external systems to be connected. 

The meticulous packaging of a microfluidic device is crucial to guarantee a totally 

efficient system. It safeguards the system from external factors, and these from the 

system as well, so that just the desired parameters are involved (measured and varied) 

during the experiment.  

Moreover, these interconnections consent a ready to use way of working between the 

microfluidic device and the external system 62.  

The most widely used interconnections in microfluidics are fluidic and optical 

interconnections 63, 64, 65. 

Fluidic interconnections can be permanent or removable. For the realization of the 

former, glue is usually used. Both kinds of interconnections consider the use of gaskets 

and frames for the interface with external systems that connect to soft or rigid tubes or 

both of them. Moreover needles are used to connect the tubes to systems of pumps and 

valves by means of which one can control the motion of the fluid inside the micro-

channels of the microfluidic device. 

Fluidic interconnections are crucial for the stability of the device, since flow rates and 

pressures can influence its way of working. So it is required being sure about the perfect 

sealing of the device. 
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Microfluidic systems are often used to perform optical analysis on samples, so they even 

need optical interconnections (such as microscopes, optical fibers, optical waveguides, 

coupling elements). 

 

2.3.4 – Active and Passive Mechanisms 

 

As already mentioned, the fluidic interconnections usually take advantage of systems like 

pumps and valves 66 to fully regulate the flows in the microfluidic device.  In this way it 

is possible to discriminate between active and passive mechanisms of fluid motion. 

An active mechanism considers using pumps with certain flow rates that are set up by a 

computer, usually in an iterative way.  

So pumps inject (or withdraw) different liquids, in order, for instance, to clean the device 

or to introduce the fluid of interest. This leads to the use of valves that automatically or 

manually stop (or allow) the fluid from passing through determined channels. 

As for fluidic motion in passive microfluidic systems it is necessary to design a device 

driven by a readily available force. Typical driving forces for passively moving liquids in 

microfluidic devices are, for instance, chemical gradients on surfaces, induced pressures 

or vacuums (as a consequence of a reaction of water with a drying agent for instance, for 

example) 67, osmotic pressure, permeation and absorption in materials and capillary 

forces. Microfluidic devices taking advantages of such characteristics fill naturally and 

they are attractive due to portability, small dead volume and low use of power 68.  

As for the height difference between an upper and a lower fluid reservoirs a pressure 

difference (that is the driving force) is created, and the force applied by the weight of the 

water column induces continuous flow. On the other hand, in passive pumping, the 

laminar flow inside the microfluidic channels and chambers is maintained by the pressure 

difference between the loading and reservoirs due to elevation and capillary effects 69. In 

passive pumps, liquid can be steadily delivered and driven by gravity, capillary force or 

evaporation 70. 
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Chapter 3 

Concept and Design of the Raman Flow Cytometer 
 

3.1 – Considerations on Cell Samples 
 

Once the scientific literature is taken into account for general notions about fluorescent 

flow cytometry, Raman spectroscopy and microfluidics, the concept of the device can be 

considered, by taking advantage of examples from the state of the art. 

The procedure to fabricate a whole new device is long and complicated, because there is 

always something to adjust and optimize.  

Since it is a microfluidic device, what matters the most is the study of the channels (and 

eventually the chambers) having particular shape and dimensions, due to the fact that 

they need to be used in a defined context and accommodate a certain type of sample, in 

this specific case living cells. What is thought, in fact, is that the channels must be of a 

dimension such that the cells flow one after another and are trapped at a certain point to 

be examined using Raman spectroscopy. Then a pressure is exerted and the cell that has 

been already analyzed is pushed out of the trap, causing a deformation in its shape, and it 

continues its path towards the outlet in a passive way. Following, another cell can be 

trapped thanks to the variation of pressure.  A description of the cells is considered in 

order to understand the potentiality of this device and how it can be exploited for 

analytical purposes. 

 

3.1.1 – Cells 

 

Ideally, every kind of cell can be analyzed in such device with appropriate variations on 

the dimensions of the channels. Nonetheless a particular study has been made about red 

blood cells.  



 49 

Red blood cells (even called erythrocytes) are cells composing the blood, along with 

leucocytes and platelets. Their main function is the transportation of oxygen from lungs 

to tissues and some parts of carbon dioxide from the tissues to the lungs, so that it can be 

expelled.  

These cells are provided with an external membrane and a cytoplasm, but they lack a 

nucleus and cytoplasmic organelles. The erythrocyte completely differentiated is 

practically composed just by a plasma membrane enclosing hemoglobin and a limited 

number of enzymes, necessary for the maintenance of membrane integrity and for the 

transport function of gases. Its color is red, because of the elevated content in 

hemoglobin, which is basic and links acid dyes that are themselves reddish. Its shape is a 

“biconcave disk” determining a greater surface to volume ratio rather than a spherical 

shape. This allows for an improvement in gases exchanges. 

The membrane composition possessing certain flexibility allows the erythrocytes to 

deform easily, so that they can pass even through small capillaries. 

Hemoglobin is a protein composed by four polypeptide chains, which are equal two by 

two. Each chain binds a radical heme that is a structure capable of binding a molecule of 

iron (F2). Therefore, one hemoglobin molecule containing four heme radicals is able to 

bind four molecules of iron. The iron binds oxygen, so from this knowledge it can be 

inferred that the hemoglobin is a protein capable of binding oxygen and releasing it to the 

tissues under physiological conditions according to their needs. 

Red blood cells have a thickness of 0.8 µm in the center and 1.9 µm in the external parts. 

Nevertheless dimensions are variable: in average they have a diameter of 7.5 µm, but 

they can have even a maximum diameter of 9 µm (macrocytes) and a minimum one of 6 

µm (microcytes). 

 

3.2 – 2D and 3D Modeling of The Device 

3.2.1 – Channels Shape and Dimensions: Design of The Mask for Photolithography 

 

Schematically the channels are thought as composed by four main areas, which are 

illustrated in Figure 11 along with the basic working principle of the device. 
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(a) 

 
 
 
 
 
 

 

 
The first area is the inlet (I) from which the fluid, composed by cells and medium, goes 

into the device; then there is the trap (T) in which the cell should be trapped by means of 

a halt in its motion for a time such that the laser from Raman spectroscopy can perform a 

valid analysis; the trap is made possible thanks to the following area (C) that represents a 

constriction in width of the channel so that, after the trap, the cell deforms a bit because 

of an increase in the pressure of the fluid and continues its motion. Once the cell passes 

the constriction there is a variation in pressure, the fluid is expelled through the last area 

(O), which is the output, and another cell approaches towards the trap. Studies are made 

regarding the size and the shape of the channels and the trap. It is important not to deform 

the cells prior to the analysis and this is why manufacturing wider channels is better than 

Figure 11 – (a) schematic representation of a channel. General shape. (I) represents the inlet; (T) 
represents the position of the trap; (C) represents the constriction in width of the channel; (O) represents 
the outlet; (b) ideal mechanism of working. 

( T ) ( C ) ( O ) ( I ) 

(b) 
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fabricating thinner ones. In fact the scientific literature has some examples about how 

cells may vary in the composition when deformed (because of the cellular stress 

response), giving consequently possible misleading results during Raman measurements 
71, 72. The substrate on which the pattern of the channels has to be made is a calcium 

fluoride (CaF2) slide, a square with the following dimensions: 20mm (length) x 20mm 

(width) x 0.5mm (thickness). Above this slide a resist to be impressed with 

photolithography is placed. So the first step for the design of the device is drawing the 

mask with the pattern of the channels for photolithography. Obviously photolithography 

– which has a resolution up to 1 µm – is not absolutely precise, even because of intrinsic 

errors like diffraction. Therefore several channels have been made with different 

dimensions in order to test the lithographic work and eventually the viability of the cells. 

By using CAD applications, such as AutoCAD and SolidWorks, the whole project is set 

up. As for the mask, the borders dimensions were fixed by the size of the CaF2 slide, so 

the channels need to have a total length of 20 mm. This can be seen in Figure 12 (a). At 

the beginning 9 channels to be tested are placed in the 20 mm x 20 mm square. 

 

  

Figure 12 - (a) Full pattern on the mask; (b) Magnification; (c) Further magnification to show the 

details of the channels. 

20 mm 

20 mm 

(a) 

(b) 

(c) 
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In Figure 12 (a) the complete mask is shown. It is composed by 9 channels placed at a 

fixed distance (2200 µm) between the center of a channel and the center of the 

consecutive one. This distance is significant, since the gaskets and the external frames are 

to be built in consequence of it. Figure 12 (b) shows a magnification of a channel and 

Figure 12 (c) a further zoom that leads to the center of the channel itself. Before the trap, 

the channel has 3 main widths (14 µm, 16 µm, 18 µm), which should ideally obligate the 

cells to pass one-by-one.  

The schematic representation of a channel stressing the main dimensions of the channels 

is shown in Figure 13 and the relative sizes used in the mask are reported in Table 4.  

 

 

 

 

 
Channel 

width 
Constriction 

width 

Constriction 
length 

Figure 13 – Schematic representation of a channel reporting the main dimensions.  

Table 4 – Dimensions in the nine channels (first mask). Sizes are in micrometers. 
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The mask is fabricated by Electron Beam Lithography (EBL) using a positive electro 

resist – which means the exposed area is removed. In this sense, the parts that need to be 

hit by the electron beam in the pattern of the mask will be everything but the channels 

(black parts in Figure 14 (a)). In this way, once the electron beam hits the sample, these 

parts will be transparent on the mask after post-EBL procedures (Figure 14 (b)).  

 

 

Successively, thanks to a photolithographic process in which a negative photoresist is 

used – meaning that the exposed area remains – the parts being finally removed from the 

photoresist are the sections of the channels themselves. The light beam hits the photo 

resist through the mask (Figure 14 (c)). After the developing the channels are formed, 

whereas the transparent parts in the mask will correspond to a “fully safe” photoresist 

(a) (b) 

(c) (d) 

Figure 14 – Schematic representation of the development of a mask by EBL (a-b) and its use in 

photolithography (c-d). 
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(Figure 14 (d). The first fabrication tests showed that it was convenient to decrease the 

number of the channels to reduce the surface of contact for the following bonding 

technique in order to lower the probability to have inhomogeneity on the surface of 

contact that could lead to a failure of the bonding. Moreover greater pressures are reached 

for relatively smaller force values at the hot press when the contact area is reduced.  

In figure 15 (a) the final pattern of the mask is depicted. The figure shows the 

microfluidic device layout used in the experimental part of the work. Figure 15 (b) and 

Table 5 show the characteristic dimensions used to design it. 

 

(a) 
(b) 

Figure 15 – (a) Final pattern of the mask for photolithography (five channels compose it); (b) Schematic 

representation of a channel reporting the main dimensions 

Table 5 – Dimensions in the five channels (second mask). Sizes are in micrometers. 
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3.2.2 – Design of The Entire Device 

 

For the 3D design of the device SolidWorks is used. 

To be specified: the pattern of the mask with 9 channels is taken into consideration.  

 

3.2.2.1 – Gasket 
 

The thickness of the chip, composed by two slides of CaF2 between which a very thin 

layer of photoresist is placed, has a total thickness of approximately 1 mm. A 3D model 

of the chip with the channels is shown in Figure 16. 

 

In particular, as for the fabrication of the gaskets, the mold in which PDMS is poured into 

is drawn. The mold is to be produced by means of a micro-milling machining on a 

PMMA slide, 3 mm thick. 

Figure 17 shows the 2D sketch (top view) of the mold for the gaskets, with the 

correspondent dimensions and distances. 

Figure 16 – Exploded view of the 3D CAD drawing of the envisioned microfluidic chip. In the figure two 

transparent CaF2 slides and a photoresist layer, in between them are ideally represented. 
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The gasket works as a smooth bag to accommodate the fragile chip and to shelter the chip 

from possible mechanical stresses. 

 

Specifically the small concentric circles form ultimately little pads after the pouring and 

the solidifying of PDMS. These pads are important to give stability to the sealing. In 

Figure 18, three views of the mold are shown. 

The following dimensions are the depths of the several layers in the mold with which the 

micro-milling machine would work: 

- The piece denoted by (1) does not have to be worked, so it has a total height of 3 

mm; 

- The piece denoted by (2) is worked for 2 mm in depth, so it has a 1 mm height 

from the base; 

- The piece denoted by (3) is worked for 0.5 mm in depth, so it is 2.5 mm high 

from the base; pieces (2) and (3) form, eventually, the shape of the gasket itself, 

by supplying a “bag-like” shape. 

- The bigger circles are worked in depth for 0.75 mm; these little pockets will form 

the pads in the gasket. 

- The smaller circles are not worked, so they have a total height of 3 mm; these 

little cylinders will form, in turn, the holes in the gaskets. 

 

Figure 17 – Mold for the gasket: 2D sketch. Top view. All the sizes are in millimiters. 
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Figure 18 (c) shows a 3D view of the mold in which the information described above can 

be further appreciated. 

 

 

 

 

 

 
 

 

Figure 18 – Mold for the gasket: 2D sketch. Front view (a) and top view (b). 3D model (c).  

(a) 

(b)  
(2) 

 
(1) 

 
 

(3) 
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(3)   3 mm 

(c) 



 58 

3.2.2.2 – External Frame 
 

The external frame is the interface between the gaskets and the syringe pumps. Since it 

must accommodate the gasket, it contains a pocket with holes in correspondence of the 

gasket’s holes that match, in turn, the inlets (and outlets) of the channels in the chip.  

The external frame, just like the mold for the gasket, is to be fabricated by means of a 

micro-milling machine from a PMMA plate (6 mm thick).  

Figure 19 shows the 2D sketch (top view) of the external frame, with the correspondent 

dimensions and distances. 

 

 

In Figure 20, three views of the external frame are illustrated. 

The dimensions reported below are the depths of the layers in the external frame with 

which the micro-milling machine would work: 

- The piece denoted by (1) is to be worked manually in a second following 

procedure, after the micro-milling machine would fabricate the frame itself. It has 

a total height of 4 mm, because the piece is cut from the bottom part for 2 mm in 

order for a screw 3 cm long to reach the other frame and be locked by a nut; 

- The piece denoted by (2) has a height of 6 mm, so it is not worked. 

- The piece denoted by (3), representing the space in which the gasket is to be 

accommodated, is 4 mm high and so, the micro-milling machine works in depth 

for 2 mm – which is in turn the total thickness of the PDMS gasket; 

Figure 19 – External frame: 2D sketch. Top view. All the sizes are in millimiters. 
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- In correspondence of the circles the piece is completely perforated, because these 

hollow cylinders would work as ways for the fluid to come in (come out of) the 

gaskets and eventually the channels in the chip; 

- The bigger circles, finally, are fully perforated too and would accommodate the 

screws to hold the different parts in the device together. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20 (c) shows a 3D view of the external frame. 

 

 

Figure 20 – External frame: 2D sketch. Front view (a) and top view (b). 3D model (c). 
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3.2.2.3 – Alignment Mold  
 

An alignment mold is, moreover, designed. This covers an important role during the 

bonding technique to ensure a proper alignment between the slide of CaF2 with the 

photoresist layer and the other CaF2 slide. 

The alignment mold is shown in Figure 21. The small semi-circles (stressed in Figure 21 

(a)) are functional for the micro-milling machine working, so that the tool can perform 

the cut. The thickness of this piece is 0.8 mm (PMMA slide). 

 

 

 

 

 

 

 

 

 

 

 

3.2.2.4 – Assembly 
 

Once the 2D and 3D drawings have been designed, an assembly of the 3D prototype has 

been sketched as well. 

In Figure 22 the assembly of the external frame, the gasket – which is sketched as the 

negative of the mold – and the chip are placed close to each other. Different orientations 

are shown to fully describe how the several parts are to be assembled. 

(b) (a) 

Figure 21 - Alignment mold. (a) 2D sketch, top view - sizes in micrometers; (b) 3D model, transversal 

view. 

Functional semi-circles 
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Figure 23 (a) and 23 (b) shows all the pieces used to assemble the device, whereas Figure 

23 (c) shows the complete assembly of the device.  

  

Figure 22 - 3D model of the device: different orientations (from left to right a clock-wise rotation with 

respect to the top view – transverse plane – is performed). 

Figure 23 – Device: 3D model. (a) top view; (b) isometric view; (c) complete assembly.  

(a) 

(b) 

(c) 
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Chapter 4 

Fabrication: Materials and Methods 

 
4.1 – Mask 
 

The production of the mask is a very important step of the fabrication process of the 

device. Obviously, every piece has a fundamental and unique role in it, but the chip with 

its pattern of microfluidic channels covers a major central one. 

Masks for photolithography are made by means of EBL procedures or, in a faster way, by 

using laser writers. As already explained, photo-masks can be positive or negative just 

like resists according to the pattern drawn on them.  

The mask useful for this work have a negative pattern, so that everything but the channels 

are transparent. In this way, during photolithography, by using a negative photoresist, the 

channels are formed. 

 

4.1.1 – Materials 

 

Mask 

Masks for photolithography can have several sizes and can be made of different 

materials.  

As for the work treated in this thesis, two types of masks for the two different patterns are 

used. 

The first mask used, with the pattern containing 9 channels, is a 3 inches square, 

composed by chromium and glass. The other mask is a 5 inches square composed by the 

same materials. 
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PMMA A2 electro-resist (by Microtech) 

The mask to be worked at the EBL has to be coated with a resist so that the pattern can be 

transferred to the mask itself thanks to an electron beam imprinting the defined pattern on 

the mask.  

PMMA A2 is a positive resist, meaning that the exposed parts are removed after 

developing. The chosen resist is characterized by the acronym “A2” where ‘A’ indicates 

the solvent anisole and ‘2’ stands for the weight percentage of PMMA (2%). 

 

4.1.2 – Methods  

 

Two different procedures are followed to produce the masks. 

As for the first one EBL is used, whereas the second one is fabricated by means of a 

direct laser writing process.  

All the described processes are made in a clean room. 

 

4.1.2.1 – EBL Procedure 
 

The mask, well cleaned, is placed on a spinner, in order to spin coat the electro-resist on 

it. The spinner is shown in Figure 24 (a).This tool is used to coat a thin liquid, usually 

polymeric, solution as a layer on a solid flat substrate.Briefly, an amount in excess of a 

very diluted solution to be coated is deposited on the substrate; successively this substrate 

is put in rapid rotation thanks to an appropriate rotor in order to spread the fluid on the 

substrate because of a centrifugal force. Since the solution is very diluted, the film 

becomes thinner and thinner and the solution in excess goes out from the substrate. 

Rotation is usually stopped when the desired thickness is reached. In the scheme in 

Figure 24 (b) the process is shown. 

Spin coating process is generally divided into four steps. 

1. Deposition of the solution on the substrate (as shown in Figure 24(b)-1).  
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This can be done by using a pipette, which pours few drops of solution in excess 

with respect to the effectively required amount (this causes the solution to be 

projected out of the substrate). 

The substrate is anchored to the rotating disk of the spin coater, the pressure is 

lowered through a little vacuum pump (which surfaces on the rotating plate as a 

hole) and it is then covered to avoid a part of the solution to be thrown out of the 

disk. 

 

 

2. Acceleration of the substrate until a chosen rotational speed. 

This step is characterized by the expulsion of the liquid in excess because of a 

high shear rate (in Figure 24(b)-2). 

3. Rotation of the substrate at constant velocity. 

The layer of solution becomes thinner and thinner because of the centrifugal force 

opposed to viscous forces. 

(b) 

Figure 24 - Spin coating. (a) Machine; (b) Process: 1) pouring of the solution; 2) rotation; 3) 

possible final results. 
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4. Rotation of the substrate at a constant velocity and evaporation 

At this point the viscous forces increase rapidly because of the evaporation of the 

solvent and the process ends. Possible results of a spin coating process are shown 

in Figure 24(b)-3.a, Figure 24 (b)-3.b and Figure 24(b)-3.c): in the first, either the 

rotation is not enough or the amount of solution is too much; in the second, the 

right amount of solution and the right values for rotation are considered; in the 

third, either the rotation is too much or the amount of the solution is not enough. 

Finally the substrate is baked on a hot plate to fully let the excess solution evaporate and 

to make the layer more compact. 

As for the photo-mask related to this work, it is placed on the plate of the spin coater with 

the top face showing the chromium. After having switched on the vacuum pump, a 

consistent amount of PMMA A2 is poured on the mask.  

Once the lid is closed the following parameters are set: 

 

Rotational speed – 2000 rpm 

Total process time – 60 s 

Acceleration – 100 rpm/s 

 

Then the mask layered with the polymeric film is baked on a hot plate following the 

parameters: 

Temperature – 170 °C 

Time – 10 min 

 

The mask is now ready to be worked by means of an EBL. 

In particular, after having drawn the pattern of the mask by using AutoCAD, as shown in 

Chapter 3, the sketch is converted in order for the CAD application included in the EBL 

system (CABL by CRESTEC) to read it. In fact, the “.dxf” file, once imported is 

converted in a “.con” file. 

When CABL is opened, a window, shown in Figure 25 (a), appears. 

The operator normally chooses the field size and its choice is a compromise between 

decreasing stage movements and gaining the necessary resolution from the system. The 
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resolution for EBL is usually very high and it allows for the fabrication of nanoscale 

devices. On the contrary, as for the pattern with the microchannels, the smallest feature 

has a size of 5 µm and this is why the field size setting is set at 1200 µm / 20000 dot. 

 

 

 

 
Figure 25 – (a) Starting window in CABL (EBL system by CRESTEC); CABL, pattern data 

creation: (b) particular of the fields and (c) magnification. 

(a) 

(b) 

  (c) 
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As for the pattern data creation, the sketch with the channels is loaded and converted and 

the fields, in which the electron beam writes, are set as shown in Figure 25 (b) and (c).  

In Figure 26 (c), a magnification of the pattern with the fields is shown. It is taken in 

consideration that the trap of the channel needs to be inside of a field rather than in the 

middle of a line of a field itself in order to avoid stitching issues (frequent in EBL 

processes). 

It can be observed that the blue part in Figure 25 (b) is the area that the electron beam 

hits. Being the electro-resist a positive one, this area will be transparent after post-EBL 

procedures. 

The mask is then loaded in the chamber of the EBL and is placed under vacuum in 

correspondence of the electron column of the lithographic system. The EBL system is 

shown in Figure 26 (model: EBL, Crestec Cabl 9000). 

 

The electron beam lithography is a technique that takes advantage of a focalized beam of 

electrons with high energy to write a pattern at a high resolution on a resist. The beam 

Figure 26 – EBL system. 

Chamber to 

load the sample. 

CABL interface 

Commands to adjust 
magnification, focus 
and astigmatism. 
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scans the area to be exposed in accordance with a pattern previously defined. This kind of 

lithography does not need a mask – it is indeed maskless – and different parts compose it. 

As for the general structure for an EBL system, it is formed by three major components: 

1. An electron gun: from which a filament of tungsten (generally) is used to provide 

electrons in several possible ways; 

2. A column: which is composed by a series of electromagnetic and electrostatic 

lenses that focus the electron beam and controls the exposure, and let the operator 

fix the beam from possible issues (such as astigmatism, aberrations and stitching). 

3. A stage: that is a moving stage. The electron beam has a fixed position and what 

makes the drawing of the pattern possible on the resist is indeed the stage. There 

are two options for the stage to move and for the beam to write (raster scan and 

vector scan).  

Moreover the EBL system is provided with alignment tools in order to align the 

pattern at a specific area of the substrate. 

 

Since it is a relatively big pattern to make by means of an EBL procedure, it is curious to 

calculate the approximate time for the work to be finished. 

The parameters listed in Table 6 are taken into account. 

 

 

 

In the following equations “Tp” is the time to expose one single pixel, whereas “T” is the 

time to expose the whole pattern.  

Table 6 – Parameters used to fabricate the photo-mask during the EBL process. 
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𝐷   ∙   𝐴𝑝 = 𝑇𝑝   ∙   𝐼 

 

 

𝑇𝑝 =   
𝐷   ∙   𝐴𝑝

𝐼    

 

 

#𝑝𝑖𝑥𝑒𝑙𝑠 =   
𝐴
𝐴𝑝 

 

 

𝑇 =   #𝑝𝑖𝑥𝑒𝑙𝑠   ∙   𝑇𝑝 

 

 
 
From these calculations Tp = 2.88 µs and T = 3.7 days. 

Eventually less than four days is the actual time the EBL took to finish scanning and 

writing the photo-mask. 

 
Post- exposure procedure 

By now, the mask is ready to follow a post exposure procedure contemplating steps such 

as the development of the resist, the etching of the chromium and the stripping of the 

resist.  

As for the development, the mask is sunk in IPA for one minute and then rinsed in 

deionized water. Since resist is still observed on it, MIBK IPA (1:3) – which is a stronger 

developer – is used for 15 seconds, then the mask is rinsed in IPA and in DI H2O 

(deionized water) and dried with a N2 gun. 

At this point the bigger features of the mask are quite visible, but the chromium has to be 

etched in order for the mask to have opaque and transparent features useful for the 

photolithographic process. 

 

(4.1) 

 

(4.2) 

 

(4.3) 

 

(4.4) 



 70 

Two beakers are prepared to achieve the etching of the chromium from the mask: one 

with DI H2O and another one with a solution composed by 40 ml of DI H2O and 20 ml of 

chromium etching. The mask is placed for 7 minutes and half in the mixed solution. 

Every 2 minutes, it is washed in DI H2O and checked at the microscope to evaluate the 

feature development and the transparence of the mask. 

The mask is later dried with N2 and the possible remaining resist is stripped by using 

acetone for 20 seconds. 

The mask is now ready to be used for the mask aligner. 

 

4.1.2.2 – Direct Laser Writer 
 

The second mask is fabricated by means of a laser writer – a process requiring certainly 

less time than the EBL procedure but with a less accurate resolution with respect to EBL. 

Direct laser writing is also known as multiphoton lithography and it is a maskless 

lithography working with a focalized light beam. In particular, this technique takes 

advantage of a photosensitive resist resulting transparent at a defined laser wavelength 

involved to create the pattern.  

In laser writers the light beam moves and scans the substrate to be written and the stage is 

fixed, as opposed to the EBL way of working.  

As for the machine involved in this thesis to fabricate the second mask (model: 

DLW2000 Heidelberg), a laser with a wavelength of 405 nm (in the blue) is used. The 

minimum resolution of the machine is ~0.7 µm. 

A multilayered (glass – chromium – AZ1518 photo resist) 5 inches mask is placed in the 

chamber in order for the beam to hit it. 

The “.dxf” file is first converted in “.gds” and then it is converted – directly by the 

machine itself – in a language that the laser writer can read in order to proceed with the 

writing of the pattern. Usually the internal conversion can take from few minutes up to 

some hours. For this pattern 5 minutes are taken for the conversion and one hour and half 

is required for the exposure (which is much less than the time taken by the EBL 

procedure). The post-lithography procedure is similar to the one used after EBL.  
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So firstly the resist is developed, then the chromium is etched and the remaining resist is 

stripped. This time the stripping is made by exposing the mask again at light and by 

pouring the developer on it again until the resist completely disappears from the surface. 

Then the mask is washed with deionized water and dried with nitrogen and it is ready to 

be used in photolithographic processes. The resulted mask is shown in Figure 27. 

 

 

 

 

 

 

 

 

 

 

 

 

4.2 – Chip 
 

To fabricate the chip several materials and methods are used.  

In particular reaching the desired thickness of the photoresist after spin coating it on glass 

and on slides of CaF2, choosing the right values for photolithography (exposure to UV 

light and development) and setting the suitable parameters for bonding the two slides 

require many efforts and time. 

 

4.2.1 – Materials  

 

Calcium fluoride 

Calcium fluoride is the calcium salt of the fluorhydric acid. At room temperature it 

appears as a white solid. It is transparent like glass even though it is more fragile.  

Figure 27 – Resulting mask after direct laser writing process. 
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CaF2 slides have been chosen as suitable materials to act as substrates for the chip since 

Raman spectroscopy has to be performed on it and calcium fluoride produces a negligible 

background signal. So the results given consequently by the analysis depend just on the 

cells trapped in the channels’ chip and eventually – to be avoided – on the resist of which 

the channels are made 73. 

Being very fragile, glass slides are used before finally proceed with the fabrication of the 

chip in calcium fluoride. 

 

Photo-resist SU-8 50 (by MicroChem) 

As outlined in Chapter 2, SU-8 is a polymeric material that works as a liquid negative 

photo-resist widely used in microfluidic applications. 

It is biocompatible, transparent and allows for the manufacture of thick structures having 

defined vertical edges. 

After the photolithographic process, it forms a well compact structure giving stability to 

the chips being durable against chemicals and radioactive solutions. 

 

Photo-resists FP425 and SY330 (dry resists by ElgaEurope) 

After having tested SU-8, it has been thought to use dry photo-resists rather than liquid 

ones in order to have a flat film without heterogeneity in the profile. These dry resists are 

chosen according to their standardized nominal thickness (25 µm for FP425 and 30 µm 

for SY330). 

They are both negative photo-resists and they are made of polymers. 

Contrarily from SU-8 they require less steps in order to reach the final result. 

 

4.2.2 – Methods  

 

Since liquid and dry photo-resists are used, different methods are followed to fabricate 

the chip. In particular SU-8 needs to be coated on the substrate by means of a spin 

coating procedure, whereas dry photo-resists are attached on the substrate thanks to a 

lamination process. 
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4.2.2.1 – SU-8 50 Manufacturing 
 

Slides of glass (later CaF2) are well-washed in acetone in a sonicator for 15 seconds, 

rinsed with IPA and dried with an N2 gun and eventually on a hot plate at 180°C. These 

are then placed on the spin coater support and vacuum is provided. Different parameters 

(shown in Table 7) have been set to achieve the desired thickness value (~30 µm). 

 

 

The thickness of the resist is measured by means of a profilometer (shown in Figure 28).  

Table 7 – Parameters used to spin-coat SU-8 on the substrate and relative thickness. 

Figure 28 - Profilometer. 

Moving stage 

Microscope 
Tower 
and arm 
with 
diamond 
tip. 
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This is composed by a tower – which can move in the vertical direction – and a little arm, 

which releases a very small tip made of diamond. The tip makes contact with the 

substrate and records the differences in height of the features on the substrate while 

moving on it. Then, by calculating the height variations through several algorithms, the 

computer gives the resultant thickness of the features – layer of resist, in this case – on 

the substrate. 

After the spin coating process, edge effects are observed. In fact, on the borders of the 

slides the resist appears thicker than the internal parts. 

This issue can be avoided either by increasing the rotational speed or by decreasing the 

amount of SU-8 poured on the slide itself. Moreover it is observed that undesired 

inhomogeneity in the layer’s thickness is avoided by cleaning the plate of the spinner in 

correspondence of the perimeter of the slide from the resist in excess before taking it. 

Once the resist is coated on the slide, it must go through a heating step in order to have a 

compact dry film: 

 

Pre-bake: 

1. 65°C for 10 minutes 

2. 95°C for 30 minutes 

 

The slide with photoresist is now ready for photolithography so it is placed on the wafer 

support of the mask aligner (model: Mask Aligner, MA 45, KARL SUSS). The machine 

is shown in Figure 29. It is mainly composed by a wafer support, a lamp with a defined 

controlled power, a support in order for the mask to be loaded and an automatic system to 

ensure the contact of the sample to be enlightened with the mask itself. 

After switching the machine on, the mask is placed on the proper support, so that the 

colored part of it is seen on the top face. A vacuum system is then activated to fully fix 

the mask to the support.  
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The slide of glass with SU-8 is placed in order for the layer of resist to be in contact with 

the mask and in such a way that the pattern of the mask is well-aligned – the inlets and 

the outlets of the channels are in correspondence with the borders of the slide. Moreover, 

a dark background is placed over the mask and the sample in order for the 

photolithography to succeed in writing.  

The system is assembled so that the mask with the sample and the column with the lamp 

providing UV light are aligned and the lamp is activated. 

The exposure time along with the power of the lamp associated to the mask aligner is 

something that needs to be studied, checked and optimized as well as the successive 

development time. 

In fact too much exposure – that means there is too much energy diffusion – can cause 

the light to reach places in the resist that should have not been reached, whereas when the 

diffusion in energy is low the resist will be completely dissolved during the development. 

On the other hand, a long development time generally causes the dissolution of the resist, 

so appropriate values for exposure time are to be found in accordance to suitable 

development times. 

Figure 29 – Mask aligner for photolithography. 

Switcher for 
the lamp. 

Mask with 
sample, placed on 
its support. 

Place in which the mask with 
the support, the wafer’s support 
with the sample and the column 
containing the lamp are aligned. 
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As for SU-8 50 after the exposure it must be heated up again in order for the 

photolithography to be efficient: 

 

Post-bake: 

1. 65°C for 7 minutes 

2. 95°C for 33 minutes 

 

Once this step is completed, the slide with the resist – in which the contours of the 

channels are already visible – needs to be placed in a beaker filled with the SU-8 50 

developer for some controlled time.  

Then the slide can be rinsed in IPA for 15 seconds and dried with N2. 

Table 8 summarizes some of the countless experiments performed to find the right values 

of exposure time along to their development times. 

 

 

The best result, as a compromise between exposure dose and development time has been 

found for 30 seconds of exposure (for an exposure energy of 250 mJ/cm2) and 5 minutes 

for the development.  

Table 8 – Parameters SU-8 50. Exposure time vs. Development time vs relative results. 
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Samples are checked in a faster way with an optical microscope and then with a more 

complex one capable of capturing the showing image.  

In Figure 30 (a), it is shown how the chip appears after the development process.  

Moreover, examples of over-exposed samples and well-shaped channels are shown, 

respectively, in Figure 30 (b) and Figure 30 (c).  

In Figure 30 (b) it can be observed how the borders of the channels are much darker with 

respect to the background. The reason why this happens is that the resist sticks to that 

place and it is not dissolved properly during the development because too much light hits 

the sample and diffracts in farther places than the patterned ones. So the polymeric chains 

of the resist polymerize even if they should not. 

Figure 30 (c) shows, on the contrary, a defined channel, with appropriate shape and sizes. 

 

 

(a) (b) 

(c) 

  5 mm 

    5 μm 

  

       5 μm 

Figure 30 - (a) chip after photolithographic process; (b) over-exposed channel – 35 s; (c) well-shaped 

channel – 30 s. 
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4.2.2.2 – Dry Resists Manufacturing 

 
Dry resists involved in the chip fabrication (FP425 and SY330) differ from each other 

mainly because of the thickness.  

Dry resists are purchased as rolls where a long sheet of resist is wrapped around a 

cylinder. The sheet is composed by three layers: two external protective layers, and the 

real effective photo-resist in between them. 

As for the procedure used for the fabrication of the chip, slides of glass are well cleaned 

and then they go through a lamination process. 

A laminator (shown in Figure 31) is a machine equipped with heated rolls and the 

operator can choose the temperature of the rolls and the pressure to be impressed on the 

sample.  

 

 

These are the steps to be followed to laminate the resist on the slide: 

 

- Placing two layers of printer’s sheet on the work table; 

- Cutting an appropriate area (so that it can cover the whole slide) of dry resist from 

the roll; 

- Placing one slide of either glass or CaF2 on the printer’s sheets; 

- Removing one protective layer from the multilayer resist sheet; 

- Placing the resist with one protective layer on the slide, so that the resist is in 

contact with the slide’s surface; 

Figure 31 - Laminator. 

Printer’s 
sheets. 

Temperatu
re 
controller. 
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- Placing two other layers of printer’s sheet on it; 

- Putting the resultant multilayer system in the laminator as shown in Figure 40. 

 

Once the lamination is completed, the piece is detached from the printer’s sheets. Now 

the sample is ready for photolithography.  

This time the sample is placed with the remaining protective layer in contact with the 

mask and it is then exposed to UV light. 

Appropriate values for exposure doses have been found to be 21.5 seconds (with an 

exposure energy 250 mJ/cm2) for FP425 and 35 seconds (with an exposure energy 250 

mJ/cm2) for SY330.  

After this process, FP425 needs to be developed in K45 developer for 25 seconds, rinsed 

in deionized water and then dried with nitrogen; on the other hand SY330 needs to be 

baked for two minutes after exposure, then developed in Ordyl SY300 developer for four 

minutes and rinsed in Ordyl SY300 rinse for 30 seconds. 

It can be seen how the procedure to achieve the same result with the dry resists is much 

faster than the one with SU-8 50. 

After many experiments, SY330 has given the best results to better achieve the 

appropriate sizes and parameters for the channels. 

Results after photolithography are shown in Figure 32. Figure 32(a) depicts optical 

images of the five channels that result well defined; Figure 32(b), (c) and (d) illustrate 

Scanning Electron Microscope (SEM) images of channel 1.  

Resist remains in the channel after post-photolithographic processes, due to the different 

ways of light diffusion and absorbance through the thick layer of resist. The features in 

the channels have different shape and dimension and this can be the reason why the resist 

behaves differently in some areas.  

This is, however a good result and it is accredited by the Raman spectra in Chapter 5, 

since the amount of the remaining resist is so small that does not influence the 

measurements. 
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(a) (b) 

(c) (d) 

Figure 32 – Results after photolithography for the resist SY330. (a) Optical microscopy showing the 5 

channels – very well shaped; (b) SEM image of channel 1; (c) Magnification of (b); (d) different 

orientation of (c). 
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4.2.2.3 – Bonding 
 

After the photolithography, a lid is bond on top of the fabricated microchannels. The 

bonding is obtained by means of a hot press, shown in Figure 33 (a). 

 

The hot press is a machine in which the piece to be pressed is placed in between two 

plates that can be heated (Figure 33 (b)). The temperature is controlled as well as the 

applied force.  

As previously explained, in order to achieve a well-suited bonding between the two 

pieces, an alignment mold needs to be used. 

Thi s piece is fabricated by means of a micro-milling machine, shown in Figure 34 (a). 

The “.dxf” file is loaded in a CAM application able to convert the file in a language that 

the micro-milling machine can interpret. The CAM application allows the tools of the 

machine to perform different tool paths: in order to make holes, contours and chambers.  

 

Figure 33 - Hot press. (a) Machine. (b) Schematic representation of its way of working. 

(a) 

(b) 
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For the alignment mold, a sheet of PMMA, 0.8 mm thick, is chosen and a contouring tool 

path – 0.8 mm deep – with a tool diameter of 2 mm is performed. The resultant piece is 

shown in Figure 34 (b). As the alignment mold is fabricated, the bonding technique can 

be executed. A slide is placed on the slide with the resist and in the center of the 

alignment mold, then this system is placed in between two substrate made of glass and 

between the hot plates. Figure 36 illustrates some results of the bonding for SY330 dry 

resist whereas in Table 9 a summary of the values found for the three resists is reported. 

Several experiments – reported in Figure 35 (one for each resist) – are conducted in order 

to find the right parameters for a suitable hot bonding technique. The visible bonded area 

is evaluated thanks to optical microscopy by making a difference between bonded areas 

and not-bonded ones (some not-bonded areas are shown in Figure 36 (d)).  

Figure 34 – (a) micro-milling machine and computer interface; (b) fabricated alignment mold. 

(a) (b) 

  

   3 mm 

 

Table 9 – Appropriate values for hot bonding with the three different resists involved in this work. 

180    3   
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Figure 35 – Bonding experiments for (a) SU-8 50, (b) FP425, (c) SY330. On the x-axis the parameters used 
are reported; on the y-axis the resulted bonded area is shown (100%* indicates that even the channels are 
bonded and they collapse; the ideal resulted value for a well-structured chip is 100%). 

(a) 

(b) 

(c) 
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Figure 36 – Bonding process. (a) Device on the hot press before bonding; (b) Picture of a device in which it is 

clear a good quality of bonding; (c) Picture of a device in which not-bonded areas are visible; (d) Optical 

image: magnification of (b) in which a small not-bonded area is present; (e) magnification of (d). 

(a) 

(b) (c) 

(d) 

(e) 

not-bonded areas 
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4.3 – Gaskets 
 

In a microfluidic device, gaskets have the crucial role to seal the interfaces – between the 

chip and an external frame – and allow for a smooth motion of the fluid inside the 

channels. Since they have to be made of a soft material, PDMS has been chosen as a 

well-suited one. 

In particular, as previously mentioned, a mold in PMMA is first fabricated and then the 

gasket in PDMS has been produced as negative of the mold itself. 

 

4.3.1 – Materials 

 

PMMA 

A slide of PMMA, 3mm thick, is used to fabricate the mold. 

It is solid and transparent. 

 

PDMS 

PDMS is produced by mixing silicone elastomer and curing agent. Both materials are 

liquid, but once mixed and heated they become soft and solid, forming finally the PDMS. 

A noticeable resistance to the temperature, chemicals and wear characterizes this 

polymer. It is moreover transparent and biocompatible. 

 

4.3.2 – Methods  

 

A PMMA plate is worked by means of a micro-milling machine.  

Recalling the sizes written in Chapter 3 and referring to Figure 17, the parameters used in 

the micro-milling machine are reported in Figure 37 and in Table 10 and the resultant 

piece is shown in Figure 38: 
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Area Tool diameter Depth 

A 1 mm 2 mm 

B 0.25 mm 0.5 mm 

C 0.25 mm 0.75 mm 

   B    C    A 

Figure 37 – Mold for the gasket. Three different working areas for the micro-milling machine are 
highlighted. 

Figure 38 – Molds for gaskets. (a) Fabricated pieces; (b) Magnification. 

(a) 

(b) 

Table 10 – Parameters used at the micro-milling machine. Mold for gaskets. 
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These are the steps followed to fabricate the gaskets: 

 

1. To produce PDMS, curing agent and silicone elastomer are mixed in a beaker in a 

1:10 proportion, respectively; 

2. The solution is well stirred and poured in a container under vacuum to get rid of 

the possible bubbles; 

3. As the air is withdrawn from the pump, the vacuum is formed in the chamber and 

bubbles start concentrating on the surface of the solution; 

4. After 30 minutes the bubbles disappear and the PDMS is ready to be poured onto 

the mold. Then a slide of glass is pressed on the mold so that the still-liquid 

gasket is well-sealed and shaped in the mold; 

5. The system is pressed by clamps and placed in the oven either for 3 hours at 80°C 

or overnight at 60°C (Figure 39(a) show the system in the oven). 

6. Once the process is completed, the slide of glass is removed and the gaskets result 

attached to it (Figure 39(b) shows the final resultant gasket).  

 
 

 

 
Figure 39 – (a) system of mold, liquid PDMS and glass slide well pressed by clamps in oven; (b) 

fabricated gasket. 

   1 mm (a) (b) 
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4.4 – External Frames 
 

External frames represent the interfaces between the microfluidic chip and the exterior 

environment.  

They are usually provided with holes and needles able to let the fluid pass from a 

container (usually thanks to syringe pumps) through the gaskets to the channels and the 

chambers in the chip. 

As for the device treated in this thesis, external frames are fabricated by using a slide of 

PMMA 6mm thick worked by means of a micro-milling machine. 

 

4.4.1 – Methods 

 

Recalling the sizes written in Chapter 3 and referring to Figure 19, the parameters used in 

the micro-milling machine are reported in Figure 40 and in Table 11: 

 

 

  C   B   A   D 

 

Figure 40 – External frame. Four different working areas for the micro-milling machine are highlighted. 
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To fabricate the external frames a two-steps procedure is needed. In fact pieces A, B and 

C (shown in Figure 40) are fabricated with the PMMA slide having the same orientation 

with respect to the micro-tool of the micro-milling machine; on the other hand, piece D is 

worked later by placing the same piece upside down (this step is shown in Figure 41(a)).  

 

 

This groove is useful in order for the screws to reach both frames and seal the chip 

between the gaskets. 

Area Tool diameter Depth 

A 1 mm 2 mm 

B 0.625 mm 4 mm 

C 3 mm 6 mm 

D 3 mm 2 mm 

Table 11 – Parameters used at the micro-milling machine. External frame. 
 

(a) 

(b) 

(c) 

Figure 41 – Last steps in the fabrication of the external frames. (a) Groove for the screws; (b) Enlargement 

of the holes with the manual micro-milling machine; (c) Magnification of (b). 
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Moreover the little circles in the frame are enlarged, from the external part, by using a 

manual micro-milling machine with a tool diameter of 0.8 mm for a depth of 1 mm in 

order to later accommodate the needles having such diameter (this step is shown in 

Figure 41(b) and (c)). 

The resultant pieces with the screws are shown in Figure 42. 

 

 

 

 
 

 

4.4.2 – Assembly 

 

Once the external frames are fabricated, hollow needles need to be placed in 

correspondence of the small holes in the frames so that tubes can be connected to these.  

In such a way syringe pumps can be connected to the tubes and thus to the device itself. 

As for the needles, they are fabricated from common syringe needles.  

Each hollow needle has an approximate length of 5 mm and, as previously written, a 

diameter of 0.8 mm (Figure 43(a)). 

The so-formed needles are positioned in the holes of the external frames and epoxy resin 

is poured at the interface in order to fix and seal the needles to the frames (Figure 43(b)). 

The epoxy resin is composed by two components. Once these components are in contact 

Figure 42 – Fabricated external frames with screws. 

Groove for 

the screw. 
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and mixed together in the same proportion they form a glue which solidifies in 5 minutes 

(Figure 43(c)). 

 

(a) 

 (b) 

 (c) 

Figure 43 – Steps after the fabrication of the external frames. (a) Syringe needles ready to be cut; (b) 

Positioning of the needles in the holes of the frames; (c) Pouring of the epoxy resin. 
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The completed device is shown in Figure 44. 

 

 

  

Figure 44 – Completed device: (a) different views; (b) comparison in size with a common coin. 

(a) 

(b) 
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Chapter 5 

Raman Measurements 
 

5.1 – Experimental Setup 
 

Once the hollow needles are placed in the enlarged holes of the external frames and they 

are fixed to them, tubes and syringe pumps are to be connected. To finalize the 

experimental setup, the preparation of the biological sample is treated and the connection 

of the device to the Raman setup to proceed with the analysis is explained. 

 

5.1.1 – Syringe Pumps 

 

Syringe pumps are widely used in microfluidics since this deals with the providing of a 

fluid to be injected in channels or chambers. The amount and the flux of the fluid are to 

be checked and controlled and they usually have to be really precise in order to better 

analyze the samples and above all to avoid the deterioration of the devices (strong fluxes 

could damage the bonding – and so the device – for instance). 

In order for the syringe pump to be connected to the device a series of tubes are used. 

Figure 45 – (a) Tubes connected to the external frames of the device; (b) Syringe with system of 

silicone and Teflon tubes connected to its needle. 

Teflon tubes. 

Silicone tubes. 
(a) (b) 
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In particular, a piece of a Teflon tube is connected to the hollow needles and then a 

bigger silicone tube is connected to this, so that the needle of the syringe can be 

accommodated in it. Figure 45(a) shows the small Teflon and silicone tubes connected to 

each other and to the device. A syringe (capacity 1 ml) is connected to a similar system of 

tubes (silicone at the interface with the syringe’s needle and then Teflon). The result is 

shown in Figure 45(b). 

A syringe pump is basically an automatic device useful for the injection or the 

withdrawing of fluids. There are different types of syringe pumps on the market, the 

simplest ones are usually composed by a common syringe for injection mounted on an 

automatic infuser. This is useful to carefully and precisely adjust the velocity of the 

infusion in a slow and constant way. 

The syringe pumps system used for this work is depicted in Figure 46. 

 

 

 

This machine is easy to use and above all it is portable and can be placed in proximity of 

Raman system. Once one chooses the syringe to be used, two parameters need to be set: 

the diameter of the syringe itself and the desired flux with which it must inject (or 

withdraw) the fluid.  

Figure 46 – Syringe pumps system. 

Moving syringe 
support. 



 95 

5.1.2 – Biological Sample  

 

Red blood cells are chosen as the biological sample of study to proceed with the 

experiments and test the device. 

The treatment of the sample before the analysis with Raman spectroscopy is simple and it 

does not require any particularly time-consuming step. 

Red blood cells are contained in the blood and they can easily be separated from the other 

cells comprised in it by means of a centrifuge process.  

In particular, the blood sample is provided by a healthy donor (100 µl) and it is placed in 

a phial with ethylenediaminetetraacetic acid (EDTA) in order to avoid its coagulation. 

Then it is diluted with a phosphate buffered saline (PBS) solution. 

By this time the biological sample is ready to be processed in a centrifuge device so that 

erythrocytes can be collected from the whole blood. 

During this procedure, strong centrifugal forces are exploited in order to separate 

materials with different densities that are inserted in rotors with an elevated rotational 

speed. 

In the centrifuge, the phial with the sample of interest is inserted in the appropriate rotor. 

In an opposite rotor to this, another phial – having the same mass – is inserted so that the 

rotation is homogeneous. 

 

(a) (b) 

55% plasma 

~1% white cells and 
platelets 

45% red blood cells 

Blood sample in 
EDTA coated phial 
diluted with PBS 

Figure 47 – Centrifuge process (a) before and (b) after. 
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To separate the particles a rotational speed of 3500 rpm is used for 15 minutes. 

Once the process is completed a clear separation in layers of the liquid sample can be 

appreciated. In fact, in the lower part of the phial red blood cells (the heaviest) are 

observed. Above this level quasi-transparent layers (composed by plasma, platelets and 

white cells) appear. 

An example of centrifuge process result is shown in Figure 47. 

The layer of red blood cells result in a strongly concentrated solution of erythrocytes that 

need to be diluted (in desired proportions) with PBS in order to properly analyze them. 

  

5.1.3 – Raman Renishaw and Connection of the Device 

 

The instrument used to perform Raman spectroscopy on the red blood cells is a 

“Renishaw inVia Raman Microscope” (shown in Figure 48(b)). 

It is composed by: 

- a laser source which emits a monochromatic light beam that is coherent and 

collimated in a single light beam. Raman signal in the resulted spectrum is 

proportional to the excitement power of the laser. Its power strongly depends on 

the wavelength of the light involved in the measurements, but it even depends on 

the properties of the sample to be analyzed.  

In fact, a high-energy laser can damage the sample, so the right compromise in the 

choice of the wavelength of the laser must be found. This laser needs to be 

focused on the sample in order to collect the scattering of the light. 

- A notch filter that eliminates the Rayleigh component in the scattered light from 

the sample due to the Raman effect. In this sense, the frequencies similar to that 

of the laser light are blocked. 

- A confocal microscope that is an optical microscope with the function to improve 

the spatial resolution of the sample, by erasing the possible interferences due to 

the scattered light in the different planes out of focus. 

The spatial resolution depends on the uniformity of the sample and on the kind of 

objective lens involved in the inspection. The Renishaw is equipped with a 
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DMLM LEICA microscope with five lenses: 5x (NA-0.12), 20x (NA-0.40), 50x 

(NA-0.75), 100x (NA-0.9) and 200x (NA-0.95). 

- A spectrometer that is an instrument allowing for the measurement of the 

spectrum of the electromagnetic radiation generated by the sample. In this Raman 

spectroscope there are two diffraction gratings, composed by sheets made by a 

specific material on which a pattern of parallel lines is. These lines are identical in 

the shape and size and equidistant from one another at distances comparable with 

the wavelength of the laser. 

 

 

 

Figure 48 – Experimental setup: (a) microfluidic device placed on (b) RENISHAW Witec Alpha 
300s.connected to (c) the syringe pump system through tubes. 

(a) 

(b) 

(c) 
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- A charge-coupled device (CCD) is a detector composed by a matrix of 

photodiodes made of silicon sensitive to light. Each of this is connected to a 

capacitor. This device is able to detect the noise in the registered signal where the 

ratio between the signal and the noise in it determines the quality of the 

measurement. 

The syringe pumps system (Figure 48(c) is placed close to the Renishaw in order for the 

tubes to reach the device and for the syringe to facilitate the flow (vertical position). On 

the other hand, the microfluidic device is placed in correspondence of the appropriate 

sample support of the Renishaw.  

The complete experimental setup ready for the experiments is shown in Figure 48. 

 

5.2 – Raman Analysis 
 

The biological sample composed just by red blood cells is well diluted (1:700) with PBS 

and is inserted into the syringe. This is, then, loaded on the support for the syringe in the 

syringe pump system so that the injection can be controlled. Tubes are connected to the 

syringe and to the device, one channel per time. 

The internal diameter set for the syringe is 0.8 mm and the initial flux is set at 1.00 

µl/min but it is later increased. 

The optical microscope of the Renishaw is focused on the activated channel and the first 

red blood cells appear once the flux is increased up to 5 µl/min in a controlled way 

(Figure 49). 

Unfortunately the sizes of the chosen channel (channel width: 16 µm, constriction width: 

8 µm) do not lead to a proper trapping of the cell. However the flow rate is decreased so 

that the red blood cells can proceed very slowly in order for Raman analysis to be 

performed on them. 
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For the measurements, a laser with a near-infrared wavelength (830 nm) is chosen. Once 

the microscope is well focused on the cell, any possible source of light is switched off so 

that it cannot interfere with the Raman laser. The power used to analyze the sample is 10 

mW and the signal collection time is 5 seconds that is a very well suitable time for the 

Raman measurements in this device. In fact the cell can be easily taken under the laser 

for 5 seconds and good results can be reached as shown in figure 50. 

Several measurements are performed: measurements of control for the dry resist through 

the CaF2, measurements of control on the trap and finally measurements on the cells. 

The resulted Raman spectra for the red blood cells and the resist are reported in figure 50. 

As it is shown, CaF2 does not interfere with Raman signal, and moreover, even if some 

channels are not completely clear from the resist, this does not influence the measure. 

 

 

  (b) 

  (c)   (d) 

  (a) 

Figure 49 – Experiment. (a) The first red blood cell appears in the channel; (b) another blood cell is visible; 

(c) red blood cells approach towards the trap; (d) several blood cells proceed towards the outlet. 
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The scientific literature reports a study about Raman analysis of oxygenated and 

deoxygenated red blood cells in which several characteristic peaks are listed. By 

comparing the various Raman shifts, it is possible to state that the Raman measurements 

in this thesis about red blood cells are in accordance with the reported ones and so the 

device works as designed – as for the materials involved in the fabrication. In particular 

neither calcium fluoride nor the dry resist disturbed the signal. 

Representative peaks for red blood cells are assigned in Figure 50 and they find 

correspondence with those studied by Wood et al. in 2006. In fact, the spectra in Wood’s 

work have the same representative peaks and the same shape as the one in Figure 50. 

What characterize most the erythrocytes are the porphyrin macrocycle and the proteins 

that, in turn, compose and describe the heme group inside these cells. As stated by 

Figure 50 – Raman spectrum for a red blood cell. Characteristic peaks for these cells are highlighted. 
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Wood’s group: “the proteinaceous bands include the amide I at 1650 cm−1, the CH2/CH3 

deformation modes from primarily amino acid side chains at 1446 cm−1, and the 

phenylalanine band at 1003 cm−1”; all these peaks are annotated in the Raman spectrum 

being analyzed in Figure 50.  Moreover, three more Raman shifts are reported in order to 

understand if the red blood cell is oxygenated. In fact, the peaks at the frequencies 1372 

cm−1, 1621 cm−1 and 1639 cm−1 can be found only (or are more pronounced) in 

oxygenated cells 74. 

 

The signal for the chip background shown in Figure 50 is in accordance with the 

spectrum registered for the resist itself (Figure 51) meaning that the channel is not totally 

free from the resist. 

Nevertheless, the signal derived from the resist is weak and does not influence the 

measurements on the red blood cells. This means that even if tracks of resist can still be 

found in the channels (suggesting that the photolithographic process may be further 

optimized), the surplus of resist is negligible as for the analytical significance. 

Figure 51 – Raman spectrum for dry resist SY330. 
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Furthermore, the Raman spectra in Figure 50 is an evidence about how the resist is 

polymerized both in the channel (denoted as Chip channel in Figure 51), in 

correspondence of the trap, and outside of it (denoted as Resist in Figure 51), proving that 

the photolithographic process worked. In particular the peaks at frequencies 1608 cm-1 

and 1637 cm-1 identify the vibrations of C-C and C=C bonds, respectively, that are 

characteristic for polymeric photoresists.  

After the experiments, the chip is washed by injecting pure PBS and then deionized water 

and the fluid in outlet is collected and discarded in the proper way. 
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Chapter 6 

Conclusions and Future Outlook 

 
The goal to create a LOC is achieved. The so-fabricated Raman flow cytometer is 

capable of supporting the operator in his work by facilitating the process of the analysis 

with Raman spectroscopy. 

The chosen materials are proved to be well suitable for the aim of this project. After 

having tested different materials and methods, it is believed that the most direct and 

efficient photosensitive resist suited for this context is the dry resist SY330 (less time, 

very good features) and as for the mask fabrication, direct laser writers are extremely to 

be preferred rather than EBL procedures. 

However the fabrication process needs to be optimized in order to achieve the best 

results. In particular, it is believed that some tracks of resist in the channels could be 

avoided by better studying its dependence on the exposure time during photolithography 

and the following development time. 

Raman measurements on red blood cells gave good results and helped in the final 

characterization of the device. 

To be further studied in the future is the passive mechanism by which the cells are 

trapped one-by-one and move naturally over the trap after being analyzed. Other tests can 

be performed on red blood cells and moreover, since the channels are designed in order to 

accommodate cells with different dimensions, additional experiments and analyses on 

nucleated cells (such as monocytes, cancer cells, etc.) can be executed by using the 

Raman flow cytometer.  

It is believed that this microfluidic device can really be helpful for faster and easier 

Raman spectroscopy analyses. Many are the advantages of the Raman flow cytometer in 

analyzing biological samples. Thanks to further optimization, it will possibly become a 

valid alternative to the fluorescent flow cytometry. In fact, even if fluorescent flow 

cytometry can analyze many cells, it could never give as much information as Raman 
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spectroscopy analyses. Plus, the time-consuming process regarding the choice of the 

well-suited fluorescent markers with which cells need to be labeled needs to be taken into 

account. Fluorophores have to be chosen according to the context of the analysis because 

they link to specific features on the cells and just those marked features will be analyzed. 

This issue can be widely overcome by the label-free approach of the Raman flow 

cytometer taking advantage of Raman spectroscopy. Indeed this new microfluidic device 

allows analyzing the complete biochemistry of samples even without knowing the nature 

of them thanks to the resultant characteristic peaks recorded on the spectra after Raman 

analysis.  
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