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Resumo 

A monitorização e controlo da qualidade da água vem sendo uma preocupação há já algum tempo. 

Recentemente, tem surgido a necessidade de uma deteção rápida, com métodos portáteis e de fácil 

manuseamento. Os aparelhos com base em microfluídica integrados com sensores magnetorresistivos 

podem ser a resposta ideal para esta necessidade. 

Para confirmar o potencial destes aparelhos, este trabalho foca-se na produção e desenvolvimento de 

sensores Spin Valve para integrar com uma unidade de microfluidos, formando assim um microchip 

para a deteção de células marcadas magneticamente. Dado que Escherichia coli é o bastião do controlo 

de qualidade de águas, células de E. coli DH5α (106 UFC/mL) foram usadas como alvo de deteção. 

Estas células foram marcadas com nanopartículas magnéticas de 100 nm, usando um anticorpo anti-

E. coli. Para a compreensão do comportamento das células dentro dos canais de microfluídica, foram 

utilizadas microesferas poliméricas como modelo inicial e foi simulada a capacidade dos sensores de 

detetar a variação de campo magnético provocada pelas nanopartículas magnéticas. 

As dimensões dos sensores Spin Valve desenvolvidos são 100×3 µm2, com uma MR na ordem dos 

5%-6% e sensibilidades de 0,4-0,6 Ω/Oe. Os canais microfluídicos de PDMS fabricados têm uma altura 

de 20 µm e uma largura de 100 µm. 

As microesferas e células marcadas foram analisadas utilizando uma plataforma de aquisição de sinal 

que integra o microchip fabricado e a deteção das células foi alcançada com sucesso, situando-se na 

ordem dos 1,5%-2% para todas os ensaios realizados. Embora não tenha sido atingida uma 

quantificação precisa, foi conseguida uma valiosa perspetiva de quais os passos a tomar e pode-se 

considerar este método de deteção como sendo promissor para a monitorização de E. coli em águas.
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Abstract 

Water safety and monitoring has been a concern for a long time. Recently, a need for portable, rapid 

and easy-to-handle devices has arisen and microfluidics-based devices integrated with 

magnetoresistive microchips can be the solution. 

To confirm the potential of these devices, this work focused on the production and development of Spin 

Valve sensors to be integrated with a microfluidics unit thus forming a microchip for the detection of 

immunomagnetically labelled cells. As E. coli is the bastion of water quality control, cells of E. coli DH5α 

(106 UFC/mL) were used as a detection target. These cells were labelled with 100 nm magnetic 

nanoparticles (MNPs), using an anti-E. coli antibody. Polymeric microspheres were used as an initial 

model to understand the cells’ behavior inside the microfluidics channel and simulations were performed 

to assess the sensors capability of detecting the magnetic field variation provoked by the MNPs. 

The dimensions of the Spin Valve sensors developed are 100×3 µm2, with MR in the range of 5%-6%, 

and sensitivities around 0,4-0,6 Ω/Oe. PDMS microfluidics channels were fabricated with a width of 100 

µm and a height of 20 µm. 

The magnetically labelled cells were analyzed with an acquisition platform that integrated the microchip 

and a successful detection was achieved, in the range of 1,5%-2% of the expected for all experiments. 

Although a precise quantification was not reached, valuable insight on future steps to take was obtained 

and this method can be considered very promising for the monitoring of E. coli content in water.
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Chapter 1 – Introduction 

Water quality and safety is a very important issue nowadays, as over a third of the world's population 

lack access to modern sanitation facilities, and 780 million individuals lack access to improved drinking 

water [1]. The access to safe drinking water is essential to health, a basic human right and a component 

of an effective policy for health protection. If a contamination in water is not detected soon enough, the 

attack rates of waterborne illness among water consumers can be extremely high [2]. 

Investments in water supply and sanitation can bring great health benefits to populations, while also 

yielding a net economic benefit, as the reductions in adverse health effects and health-care costs 

outweigh the costs of undertaking the interventions. This is true for investments ranging from major 

water supply infrastructures through to water treatment in rural and underdeveloped areas [3]. 

Furthermore, considerable resources are spent every year to test the quality of water in recreational 

areas.  

One of the main focal points in the determination of water quality is the detection of possible fecal 

contaminations, that are one of the most common sources of biocontamination. The fact that Escherichia 

coli is present in very high numbers in human and animal feces and is rarely found in the absence of 

fecal pollution makes this microorganism the ideal indicator for detection of fecal contamination in water. 

In fact, the World Health Organization Guidelines for Drinking Water Quality states that “Escherichia coli 

is considered the most suitable indicator of fecal contamination” [3]. 

The detection of E. coli in water is a very important factor when it comes to determine if a water sample 

is safe for consumption or interaction. The aim of this work is to detect and quantify the presence of 

these microorganisms and thus prevent a contaminated water sample from being consumed or used 

before further treatment. Several techniques have been developed to identify and detect biological 

specimen in liquid samples. From culture-based methods, to enzyme assays, to the most recent portable 

methods based on fluorimetry and colorimetric labeling. In this thesis, these techniques will be discussed 

and compared with the proposed alternative that is the use of magnetic labelling.  

In the proposed method, magnetic particles are bound to the targets, and generate small variations in 

the magnetic field, that can be detected with magnetoresistive (MR) sensors, such as Spin Valves. Given 

their small size and low detection limit, these sensors are ideal to perform these tests and are already 

being used for several applications within this scope. These sensors also have the advantage of being 

scalable and consuming little power and resources, which is an extremely relevant factor in terms of 

attracting the interest of industrial partners. The detection on E. coli has been attempted using a MR 

immunosensor [4] and has proven to be a possibility. This shows that the use of MR sensors, combined 

with magnetic labelling provides a valid alternative for detection without the need for bulky equipment. 

INESC-MN has been pioneer in developing MR sensors and in combining this technology with magnetic 

biolabeling. Two biological detection platforms have been developed, one focusing on static 
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biomolecular recognition (Biochips platform), and another platform that functions as a dynamic cell 

counter for labelled cells (MicroCytometer platform). The Biochips platform works with probes that are 

immobilized on top of the magnetoresistive sensor, thus trapping the targets over the sensors where 

they will be detected and distinguished from the remaining solution. The MicroCytometer platform works 

with magnetically labelled cells that can be detected as they pass over the sensors and inside a 

microfluidics channel. 

1.1 Goals and main tasks 

The present work follows the research previously done at INESC-MN with the MicroCytometer platform 

for dynamic cell detection and counting. The main goal of this thesis is understanding the possibility of 

using this platform to detect and quantify E. coli cells in water samples. The detection scheme used 

relies on the MR sensor’s sensitivity to count cells in flow, detecting bacterial cell events as these pass 

over the sensor. The sensors used are Spin Valve (SV) sensors that are adapted from previous works 

at INESC-MN with the MicroCytometer. The labelling of the targets is done using magnetic nanoparticles 

(MNPs) and the properties of these particles are discussed and analyzed in this work. Several tests with 

different targets and different nanoparticles are performed before testing the system with the E. coli 

cells. This allows to better understand the behavior of sensors and the mechanics of the microfluidics 

channel. Data from more than one sensor is acquired simultaneously to provide more information on 

the sensors reaction and some of the behaviors of the cells inside the microfluidics channel. 

The main tasks that are key to the development of this work are: 

• Fabrication of the SV sensors and the microfluidics structures, followed by the respective assembly 

with one another. 

• Simulation of the sensors response to the interaction with a MNP and understanding of the 

relationship between this response and the possible detection of a magnetically labelled cell 

• Immunomagnetic labelling of microspheres and of E. coli cells  

• Validation of the capability of the assembled device to detect and quantify different magnetic 

particles and eventually the magnetically labelled E. coli cells. 

1.2 Thesis Structure 

This thesis is organized according to the following structure: 

• Chapter 2 presents an overview of the current technologies used for the detection and quantification 

of E. coli in water samples.  

• Chapter 3 contains a review of the important concepts that underlie the method studied in this work. 

• Chapter 4 describes the experimental procedure for the microfabrication and characterization of the 

most important piece of the detection platform: the spin valve sensors. 

• Chapter 5 presents the results obtained and the explanations that facilitate their comprehension 

• Chapter 6 summarizes the conclusions of this work and points to possible future research directions.
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Chapter 2 – State of the Art 

2.1 General overview of E. coli detection methods in water 

samples 

Standardized culture methods are commonly used for detecting E. coli in potential drinking water [2]. 

The most common E. coli detection methods that are currently being used rely on a selective growth 

media that contains either inhibitors that prevent the growth of other bacteria, or certain indicators that 

pinpoint the existence of a species-specific molecule (Section 2.2). The problem with these methods is 

that they can give very ambiguous results, requiring further confirmation [5], and can be very time 

consuming, since the techniques used for the detection and enumeration of total coliforms (TC) and 

fecal coliforms (FC) require between 18 and 96 hours to perform [6] while the changes in water bacterial 

levels in nature occur in a much shorter time scale [7] [8]. Another limitation of these techniques is the 

inability to detect viable but non-culturable bacteria [9] [10]. These limitations have led to the use of a 

new and faster E. coli detection method that can be an alternative to the current methods in use. This 

method is based on the determination of β-galactosidase (β-gal) [11] and β-glucuronidase (GUD) activity 

[12] (Section 2.3). However, this method too has some flaws that sparked the development of newer, 

faster methods. 

Several rapid detection methods are detailed in Section 2.4. These methods have two separate phases: 

the capture phase and the detection phase. Each phase can be performed with three main different 

ways. The three types of capture methods are: Molecular recognition methods, Nucleic acid methods, 

and Enzyme/substrate method; and the three types of detection methods are: Optical methods, 

Electrochemical methods, and Piezoelectrical methods. 

Recently, the need for portability has been one of the main focal points. The possibility to test the quality 

of a water sample while on site, at a location with no appropriate laboratory nearby, is something that 

could prevent many diseases and contaminations. 

2.2 Traditional detection methods 

Approved traditional methods for coliform detection include the multiple-tube fermentation (MTF) 

technique and the membrane filter (MF) technique, using different specific media and incubation 

conditions. 

2.2.1 Multiple-tube fermentation technique 

The method consists of inoculating a series of tubes with appropriate dilutions of the water sample [13]. 

The tubes are incubated for 48 hours at 35 ºC and checked for the production of gas, formation of acid 

or abundant growth. Any of these results is considered a possible positive reaction and is subjected to 
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subsequent testing [13]. The so called “fecal coliform test” (using an Escherichia coli medium) can be 

applied to determine which of the total coliforms are fecal coliforms [14]. This test gives a positive result 

if there is a production of gas after 24 hours of incubation at 44,5 ºC in an Escherichia coli broth medium. 

In the MTF technique, results are expressed in terms of the most probable number of microorganisms 

present. This number is a statistical estimate of the mean number of coliforms in the sample and gives 

a low precision result, since it is based on an estimation that can vary according to the number of tubes 

used. For example, according to [14]: “if only 1 mL is examined in a sample containing 1 coliform/mL, 

about 37% of 1-mL tubes may be expected to yield negative results because of the random distribution 

of the bacteria in the sample. But, if five tubes, each with 1 mL sample, are used, a negative result may 

be expected less than 1% of the time”. 

One of the main drawbacks of the MTF technique is that there are many factors that can alter the coliform 

detection, usually giving results that underestimate the number of bacteria. The main factors are the 

interference by high number of non-coliform bacteria [15][16] and the inhibitory nature of the media [17]. 

Combining this lack of qualitative and quantitative precision with the fact that it takes at least 48 hours 

just to obtain preliminary results, it is possible to see that this technique is severely flawed in terms of 

determining water safety. However, it remains useful, especially when the conditions do not allow the 

use of the membrane filter technique, for example in turbid or colored waters. It is also easy to 

implement, and can be performed by technicians with basic training at a relatively low cost [13]. 

2.2.2 Membrane filter technique 

This method consists of filtering the water through a sterile filter that retains bacteria. The filter is 

incubated on a selective culture medium and the colonies that appear are counted. Depending on the 

bacteria that is being monitored, the media can change. For coliform detection on drinking water analysis 

m-Endo-type media and Tergitol-TTC medium are the most used [13].  

Coliform bacteria can be counted knowing the following, according to [13]: Coliform bacteria form red 

colonies with a metallic sheen on an Endo-type medium containing lactose (incubation 24 hours at 35 

ºC for total coliforms  and at 44,5 ºC for fecal coliforms) or yellow-orange colonies on Tergitol-TTC media 

(incubation during 24 hours at 37 ºC for total coliforms and during 48 hours at 44 ºC for fecal coliforms). 

These incubation temperatures have been optimized to prevent the development of non-fecal coliforms 

[14], and are higher when screening for fecal coliforms exclusively since these are more resistant to 

temperature. The addition of rosolic acid salt reagent is also a possibility to prevent the appearance of 

non-fecal coliforms. 

When using the MF technique there is the possibility of atypical colonies appearing. Depending on their 

color, size and shape they may or may not be counted as coliforms. Usually blue, pink, white or colorless 

colonies lacking a sheen are not considered as coliforms. This however, is a very difficult assessment, 

and may result in miscounts and improper estimations. 

When a high number of heterotrophic bacteria are present, the coliform count is affected as it makes 

the distinction between coliforms and non-coliforms harder. It also affects the recovery of coliforms from 

the sample [18] [19]. When there is excessive crowding of colonies there may be a reduction in the 
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production of the metallic sheen by the coliform colonies [18] [20], which can make the identification 

harder. 

2.3 Enzyme-based detection methods 

Given the issues pointed out for the traditional techniques, new methods were developed that try to 

excel in the areas where the previous methods had their biggest flaws: quickness of results and 

precision. The enzyme based methods for the detection of coliforms and E. coli focus mainly on 

detecting the activity of two enzymes: β-galactosidase (β-gal) and β-glucuronidase (GUD). 

β-gal and GUD are specific enzymes that function as indicators of coliforms and E. coli, respectively. 

These direct enzyme-based assays circumvent the time-consuming culturing period and enable the 

exploitation of a range of enzyme substrates to improve both sensitivity and practicality of the detection 

of pathogens [21] [22] [23]. 

These methods are not constrained by the inability to detect viable not-culturable bacterial cells, like the 

traditional methods [24] and were specifically developed to diminish background effects of heterotrophic 

bacteria and circumvent the need for a confirmation stage required by both multiple tube fermentation 

and membrane filter techniques [25].  

β-gal and GUD methods are simple to perform and do not require expensive instrumentation. These 

assays have been exploited by waterworks for early warning of high fecal coliform concentrations in raw 

water, and also recently for daily monitoring of beach water quality [26].  

Both enzymes are hydrolases that catalyze the breaking of the glycosidic bonds in an array of 

substracts. Given that β-gal is present in almost all coliforms it can be used as an indicator of their 

presence. Similarly, GUD is present in more than 95% of all isolates of E. coli [27] and can be used as 

an indicator of its presence in a sample. 

The hydrolytic capacities of these enzymes have been exploited to facilitate their detection given that 

they hydrolyze a wide range of chromogenic and fluorogenic substrates yielding products which can be 

monitored spectrophotometrically or fluorometrically [24]. By adding a detectable substract to the 

sample it is possible to correlate the color or fluorescence intensity with the quantity of enzyme in the 

sample. This allows detection and quantification of the enzymes and consequently detection and 

quantification of the bacteria of interest [10]. 

These methods are useful because they are simple and rapid. However, by choosing rapidity (detection 

within one to six hours) we are compromising the specificity of the detection. Both β-gal and GUD are 

found in numerous microorganisms and are not totally coliform-specific or E. coli-specific. Additionally, 

six-hour assay time is not enough to observe any effect of selective growth, and the specificity of the 

methods is dependent on the specificity of the marker enzyme [26]. 

Although the issue of quickness has been addressed with this method, there is still a need for a more 

precise system that can give more accurate results while still maintaining the swiftness of the enzyme 

based methods. Furthermore, the need for portability and on-line detection starts arising, given that a 

rapid-detection system becomes quite slow if the tests cannot be performed in the place of need. 
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2.4 Rapid detection methods 

A detection method is considered to be rapid when the detection time associated is lower than four 

hours. These methods usually involve two steps: target capture and the actual detection. 

In the target capture step the microorganism of interest or its signature molecule is removed, tagged, or 

amplified to differentiate it from the remainder of the sample. There are three target capture methods, 

according to [6]: 1) Molecular recognition methods, including immunoassay techniques and molecule-

specific probes; 2) Nucleic acid methods, including polymerase chain reaction (PCR), quantitative PCR 

(Q-PCR), nucleic acid sequence based amplification (NASBA) and microarrays, among other PCR 

variations; and 3) Enzyme/substrate methods utilizing chromogenic or fluorogenic substrates. 

The detection step can be performed using optical, electrochemical or piezoelectric technologies, and 

allows the recognition and quantification of the captured, tagged or amplified substances or organisms. 

The detector typically acts as a transducer, translating the biological, physical, or chemical variations 

into a measurable output signal that can be analyzed and correlated with the concentration of a species 

[6].  

2.4.1 Capture methods 

2.4.1.1 Molecular recognition methods 

Molecular whole cell and surface recognition methods are developed to capture or label the desired 

specimen by recognizing a specific molecule in the surface of the cell or within its interior. Among these 

methods are immunoassay techniques, bacteriophages and molecule specific probes. Molecular 

recognition approaches have the potential for being more rapid, more sensitive and adaptable to a wider 

class of indicators and pathogens. These approaches can be based on antibodies, since these have 

specific affinity for certain molecules at the surface of the cells. Antibody methods can be used for 

species detection or even to detect a specific strain or serotype. Once produced and tested for 

specificity, antibodies are typically mounted onto a support system such as polystyrene waveguides, 

nylon supports, glass slides, and cantilevers.  

Immunomagnetic capture, in which organisms are captured using an antibody-antigen-magnet complex, 

can also be employed [28]. With the use of an external magnet, the bound material can be effectively 

separated from the remainder of the sample. This antibody-antigen-magnet complex can lead to very 

interesting possibilities, as will be detailed later in Section 3.3. The advantage of targeting the cells with 

antibodies is that they remain viable and can continue to be processed and studied. 

There have been developed systems to detect the pathogenic strain of E. coli O157:H7 from raw sewage 

[29]. Using an optic fiber probe with attached antibodies it was possible to detect the target antigen using 

a sandwich immunoassay. The captured target is then illuminated by a fluorophore-labelled antibody 

and is detected with a laser light that excites the fluorophore, generating a detectable signal (see Figure 

2.1). The binding of the antibodies to the surface is done by biotin-streptavidin interactions. Biotin-

streptavidin interactions are the strongest non-covalent biological interactions known and have been 

widely employed in immunoaffinity assays [30]. This assay has the additional advantage of allowing the 
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recovery of live bacteria from the fiber optic waveguides after the assay, allowing the confirmation with 

other analysis techniques (e.g. nucleic acid methods such as PCR), if necessary [31]. 

 
Figure 2.1 – Biosensor sandwich assay. Target antigen is bound by a capture antibody on the fiber optic waveguide. 
A fluorophore-labelled detection antibody is then attached to form a sandwich assay. The fluorophore is excited by 
a laser to generate a detectable signal [6] 

Another immunoassay, with a different detection method (electrochemical instead of optical) was 

recently developed for the detection of E. coli in tap water samples [32]. In this study, specific antibodies 

were labelled with gold nanoparticles (AuNPs) which shows that new possibilities are being developed 

in terms of immunoassay detection. AuNPs are known as being excellent labels in electrochemical (e.g. 

differential pulse voltammetric) detection of DNA and proteins as explained in Section 2.4.2.2. In this 

study the separation/concentration step was done using superparamagnetic nanoparticles, that were 

attached to the E. coli cells and used as a separation factor in a magnetic separation. This method 

allowed the detection of 309 CFU/mL and the time needed for an assay was approximately 9 to 10 hours 

[32]. 

2.4.1.2 Nucleic acid methods 

Nucleic acid methods, also known as nucleic acid priming rely upon the affinity of specific nucleic acid 

sequences, or primers, to a complementary sequence of interest in the genome of the target specimen. 

The methods take approximately 2 to 3 hours to perform and have been studied as they offer the 

possibility to reduce the assay time, to improve the detection sensitivity and specificity, and to identify 

multiple targets and pathogens, including new or emerging strains [33]. 

These methods, specifically those based on the PCR technique, amplify in vitro specific segments of 

the genome from the indicators or pathogens. This is a very specific method given that the primers can 

be designed in order to be complementary to a sequence that is unique which confers a high sensitivity 

and specificity to this method. 

Given its specificity and complexity, this method started by being used mostly for the detection of certain, 

very punctual microorganisms such as Vibrio cholerae [34] [35], or when there was a need to confirm 

the result obtained with another technique [31]. More recently, its use for the detection of E. coli has 
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been seen more as a viable option and several studies have been conducted. Samples of several 

different types of water have been analyzed and sensitivities as low as 10 cells/mL have been achieved 

in assays of less than 3 hours [33]. The main advantages and limitations of these techniques, that 

comprehend standard PCR, real time PCR (rtPCR), reverse transcriptase PCR (RT-PCR) and NASBA-

rtPCR were assessed by many authors and resumed in a table that is partially reproduced here to Table 

2.1 [33]. 

Table 2.1 – Summary of the main advantages and limitations observed in PCR-based methods for microbiological 
water quality monitoring (adapted from [33]) 

 

On its own, the development of NASBA can be considered a major effort that was made toward the 

portability of water quality control devices. Since this is an isothermal based method of RNA 

amplification, it does not require a thermal cycler [36]. This is the main advantage of this method in 

regard to the more common PCR given that it improves portability. 

2.4.1.3 Enzyme/substrate methods 

Enzyme/substrate methods are enhancements of the previously detailed enzyme based methods 

(Section 2.3). Several new technologies that are being developed pair this existing method with, for 

example, high-sensitivity fluorescence detection instruments to reduce the time required for each assay. 

These methods are the ones in a most advanced state of development given that they are based on an 

already established technology. Most advances in this area are being made with the goal of reducing 

the size of the equipment (to make it portable) while at the same time increasing the precision and 

sensitivity of the detection by using slightly different enzymes and substrates. 

One example of these methods is described in a study [37] that uses 4-methylumbelliferyl-β-d-

glucuronide (MUG) as substrate, being hydrolyzed rapidly by the action of E. coli GUD to yield a 

fluorogenic product named 4-methylumbelliferone (4-MU). This product can be quantified and related to 

the number of E. coli cells present in water samples. The detection time required for the biosensor 

response is between 20 minutes and 2 hours, depending on the number of bacteria in the sample. The 

results of this study showed that the fluorescence signals generated in samples using specific substrate 
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molecules can be further explored and soon be utilized to develop a bio-sensing platform for the 

detection of E. coli in drinking water. 

The sensor used in this study is the Fluorescence Biosensor BDS1000 (Figure 2.2) which is quite 

smaller than the previously used fluorescence detectors. This reflects the mentioned trend toward 

portability [37]. 

 
Figure 2.2 – Custom Designed Fluorescence Biosensor BDS1000 – fluorescence biosensor used to detect E. coli 
in [37] 

Another example of the portability trend is the production of hand-held device based on fluorescence 

assays [23] with the goal of eliminating the requirement of bench-top fluorimeters for the measurement 

of fluorescence resulting from the enzyme–substrate reaction. This device has proven to allow simple 

and rapid detection, potentially suitable for on-site monitoring where previously laboratory facilities were 

required. 

2.4.2 Detection methods 

The signals generated by the mentioned capture methods can be of different types, e.g. chemical, 

optical or biological. These signals can be converted into an analyzable signal that is usually optical, 

electrochemical, or piezoelectric. 

2.4.2.1 Optical detection methods 

Optical methods are the most frequently used detection approach, and instruments such as fluorometers 

or spectrometers have the advantage of being portable to a certain extent. Some optical detection 

alternatives that reduce the need for extensive separation steps is are fiber optics and laser-based 

interferometry. Both these techniques are used to measure the effectiveness of immuno-based capture 

approaches that rely on the binding of fluorescent antibodies to a fiber surface (see Figure 2.1). 

Interferometric approaches are highly sensitive and can detect down to 1 cell. 

One recent example of a technology that steered away from the more classical fluorometry and 

spectrometry is the development of an optical sensor that is based on 3D image recognition by a moving 

digital microscope [38]. This sensor obtains 3D pictures of the sample which are then analyzed with 

algorithms considering 59 quantified image parameters. So far, this sensor can only distinguish between 

“bacteria” and “abiotic particles” that may be suspended in the sample. This is a rapid, chemical-free 
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method that for now only allows on-line monitoring of non-specific bacteria, but has a 10-minute time 

resolution already which is a major achievement already. The workflow for these experiments is detailed 

in Figure 2.3, as described in [38]. 

 
Figure 2.3 – The various steps in determining the concentration of bacteria and abiotic particles. (A) Schematic of 
flow cell, light source, lens, and camera. (B) Image stack of a particle coming into focus and out again as the tilted 
image plane moves across it. (C) Extraction of parameters from recorded image stacks and comparison to library 
data. (D) Classification of particles as “Bacteria” or “Abiotic particles” [38]. 

between 

2.4.2.2 Electrochemical detection methods 

Electrochemical detectors can measure three types of responses, according to the property that is 

suffering a change: conductance, electrical potential, or redox potential. A change in the conductance 

of a bacterial cell between two electrodes, which can be associated with a change in the cells 

metabolism, leads to a conductometric response; a potentiometric response happens when there is a 

difference in electrical potential between the sample and a reference electrode; and the oxidation or 

reduction of a chemical substance at constant applied potential leads to an amperometric response. 

Electrochemical approaches have the advantage of not being as susceptible to turbidity interference as 

optical-based methods and typically have very low detection limits. However, the presence of salts and 

ions in water can alter some electrochemical properties and affect the measurements. 

One possibility of this type of detection was explored in the detection of E. coli in tap water samples [32]. 

The use of gold nanoparticles (AuNPs) and their electrocatalyitic properties was the method chosen in 

this study. AuNPs present several properties that make them ideal to use as a detection label (electron 

dense core, highly resonant particle plasmons, direct visualization of single nanoclusters by scattering 

of light, catalytic size enhancement by silver deposition, and electrochemical properties). When these 

particles are conjugated with antibodies they can be used to detect proteins in biological samples in the 

field of light and electron microscopy, but also in electrochemical detection, given the electrochemical 

properties of the AuNPs. A built-in magnet graphite-epoxy-composite electrode was used for the 

electrochemical quantification of the specifically captured AuNPs by differential pulse cathodic stripping 

voltammetry. This method is used since the intrinsic electrochemical properties of the AuNP labels are 

proportional to the concentration of the attached protein [39].  
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2.4.2.3 Piezoelectric detection methods 

Piezoelectric-based biosensors are based on quartz crystals that oscillate due to the application of an 

oscillating voltage is applied. This applied voltage generates a defined frequency of and allows high 

sensitivity. The microorganisms are immobilized on the surface of the crystal using specific antibodies, 

and the set is then placed under the influence of the electrical field. The quartz begins oscillating with 

increasing amplitudes, until it reaches a point in which the antigen is released, since the vibration force 

overpowers the binding force. The noise generated by this release is proportional to the number of 

antigens previously attached to the crystal surface and can be quantified [6]. 

2.5 Recent attempts toward different detection methods 

Some new approaches that explore different angles have been attempted. One study concluded that 

the amount of E. coli could be proportionally related to the amount of residual chlorine in the water, 

although this study also concluded that this method couldn’t detect bacteria at the level of under 105 

CFU/mL [40]. Furthermore, some companies have developed sensors for on-line detection of E. coli. 

Sensors such as Hach GuardianBlue (Hach Company, Colorado, USA) event detection system, the 

BioSentry technology (JMAR Technologies Inc, SanDiego, USA), the S::CAN spectrolyser technology 

(scan Messtechnik GmbH, Vienna, Austria), and the GE 5310 (GE Infrastructure, Colorado, USA) online 

total organic carbon (TOC) unit have been tested with different concentrations of E. coli bacteria (103 – 

106 CFU/mL) [41]. These sensors, although, monitor parameters such as water turbidity, TOC and 

conductivity. These parameters can have a good correlation with the concentration of E. coli but are not 

as good as trying to detect the actual bacteria or one of its specific molecules. 

Flow cytometry is another method that also has shown great potential. In this method cells are analyzed 

based upon characteristics such fluorescence or light scattering [42] [43] [44]. These systems have also 

been combined with immunomagnetic capture. However, flow cytometry systems are generally too 

robust to be portable and require advanced training to operate [6]. 

To overcome this portability issue related to this technique, it can be combined with microfluidics. Given 

the size of these devices and easiness of handling, when microfluidics is combined with a portable 

detection method it has the potential to be the exact response to the main issues encountered so far 

and provide a fast, portable, easy to handle and precise detection of cells or molecules [45]. 

One option is the integration of magnetoresistive sensors in conjunction with the microfluidics channels. 

These sensors have already been used for the recognition and detection of biomolecular targets, using 

magnetic particles (MPs) as labels, and are now being integrated in flow cytometry platforms [46]. 

Magnetic particles have been successfully used for labelling of E. coli cells in microfluidics devices, both 

for separation [5] and detection [11] [4]. The combination of immunomagnetic labelling (see Section 3.3) 

with microfluidics, and with flow cytometry has the potential to be the future of cell detection in liquid 

samples in general [47] [48] [49] and of E. coli detection in water samples in particular [4] [50] , as will 

be discussed in this work. 
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Chapter 3 – Theoretical Background 

3.1 Magnetoresistance 

Magnetoresistance (𝑀𝑅) is the property of a material by which its electrical resistance changes when it 

is under the influence of an externally-applied magnetic field. It is defined by equation 3.1, where 𝑅𝑚𝑖𝑛is 

the minimum resistance and 𝑅𝑚𝑎𝑥 is the maximum resistance under said applied magnetic field. 

𝑀𝑅 =
𝑅𝑚𝑎𝑥 − 𝑅𝑚𝑖𝑛

𝑅𝑚𝑖𝑛

=
∆𝑅

𝑅𝑚𝑖𝑛

 3.1 

There are several effects that fall under the denomination of MR, such as ordinary magnetoresistance, 

anisotropic magnetoresistance (AMR), giant magnetoresistance (GMR), tunneling magnetoresistance 

(TMR), colossal magnetoresistance (CMR), ballistic magnetoresistance (BMR) and extraordinary 

magnetoresistance (EMR) [51]. 

The applications of MR devices can be seen in several commercial products such as hard disks for 

magnetic recording, current sensors, magnetic compass, or biosensors. Their major impact of magnetic 

field detectors (when comparing with conventional field sensors) is their great spatial resolution and their 

reduced dimensions. These features make the MR sensors excellent candidates to any application 

aiming full integration in chip, contactless detection, and aiming a large-scale production, compatible 

with microelectronics [52]. 

In this thesis, the magnetoresistive sensors used consist of a device named Spin Valve (SV), that 

operates with GMR effect. Sensors based on this effect have received increasing interest for biomedical 

applications because they have been proven to exhibit higher sensitivity at low fields than other MR 

based sensors. The ability to operate with low fields makes them suitable for the detection of biological 

targets by means of immunomagnetic assays, for example in combination with magnetic nanoparticles 

(MNPs) [53] [54]. Given their importance for this thesis, the functioning specificities of both the GMR 

effect and the SV device will be explained in further detail. 

3.1.1 Giant Magnetoresistance 

It was observed that two ferromagnetic layers separated by a non-magnetic layer (called spacer layer) 

could display a spontaneous antiparallel alignment of the magnetizations, at zero external field. This is 

known as the antiferromagnetic interlayer exchange coupling [55] and is the basis for a GMR structure. 

Not long after, it was discovered that when this antiparallel alignment is changed to parallel (or vice-

versa), due to an externally-applied magnetic field, a large change in resistance could occur. This was 

first observed in Fe/Cr multilayers [56] and Fe/Cr/Fe tri-layers [57]. 

When the magnetizations of the ferromagnetic layers face opposite directions, under no externally 

applied magnetic field, the device presents a higher state of resistance. If an external field is applied the 

orientation of the magnetizations of these layers tend to a parallel alignment and this leads to a lower 
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resistance state. Figure 3.1 represents a MR curve and the magnetic moment orientation of each 

ferromagnetic layer in each of the magnetization states. 

 
Figure 3.1 – Magnetoresistive curve of a Giant Magnetoresistance effect with the orientation of each ferromagnetic 
layer 

This correlation between the orientation of the alignment and the resistance can be explained by the 

“two-channel conduction model” which treats spin-up and spin-down electrons (that transport current in 

FM materials) as different [58]. In this model, two ferromagnetic layers of a tri-layer structure are 

represented by a resistor – see Figure 3.2. At the interfaces, two electrons with distinct spins have 

different scattering probabilities. The probability of an electron being scattered when it passes into a 

ferromagnetic conductor depends on the direction of its spin. In general, electrons with a spin aligned 

with the majority of spins in the ferromagnets will travel further with less scattering, thus leading to a 

lower resistance state. On the other hand, if the electron spin is not aligned with the spins in the 

ferromagnets, scattering events will be more frequent, conferring higher resistance to the GMR device 

[59]. 

 
Figure 3.2 – Sketch view of scattering effects of a parallel and an antiparallel state within the framework of the 2 
channel conductive model 

3.1.2 Spin Valve Sensors 

A Spin Valve is a device that is based on the GMR effect and that consists of 4 extremely thin layers 

that are: two ferromagnetic (FM) layers, one being the free layer and the other the pinned layer, 

separated by a conductive nonmagnetic spacer layer, and an antiferromagnetic (AFM) pinning layer. 

Spin valves were introduced in 1991, the first sensors designed and tested in 1994, and first head 

prototypes in 1995 [60]. Figure 3.3 shows a scheme of the typical composition of a Spin Valve [54]. 
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Figure 3.3 – Typical device structure: the two ferromagnetic layers separated by a nonmagnetic spacer, with an 
antiferromagnetic layer pinning one of the ferromagnetic layers. The arrows define the magnetization of each layer, 
upon the material acquires a shape. 

The AFM layer has the purpose of immobilizing the orientation of the magnetization of one of the FM 

layers. This immobilized layer is denominated as pinned layer, since its orientation is restrained, 

meaning that it doesn’t change in the presence of an external magnetic field. This happens due to its 

strong exchange interaction with the AFM layer. This AFM-FM interaction can be interpreted as if there 

is the presence of a strong local magnetic field – an exchange bias field (𝐻𝑒𝑥). This 𝐻𝑒𝑥 must be large 

enough to ensure that the orientation of the pinned layer remains fixed under the chosen external 

magnetic field [61]. 

The structure of spin valve that was used in this thesis is as represented in Figure 4.3 and represents a 

top-pinned SV. What this means is that the pinning layer is the layer at the top, as opposed to a bottom-

pinned SV, in which the pinning layer is the bottom layer.  

Since the pinning layer immobilizes the orientation of the pinned layer, the pinned layer will act as a 

reference layer. As opposed to the pinned layer, the free layer does indeed change its magnetic moment 

as a response to an external magnetic field, acting as a sensing layer. The thickness of the spacer layer 

will influence the MR ratio and exchange coupling between the two FM layers. 

3.1.2.1 Spin Valve Multilayer Composition 

In this work were used typical SVs with a multilayer composition (see Figure 4.3 for further detail). The 

layers were deposited on top of a Silicon substrate covered with aluminum oxide (AL2O3). The SV stack 

used in this work is Ta/NiFe/CoFe/Cu/CoFe/MnIr/Ta and to each layer can be assigned a purpose, 

according to the previously explained composition of a SV: 

• Bottom Ta layer: serves as a buffer to allow the ideal crystalline growth of the superior layers.  

• NiFe and CoFe layers: free FM layer, acting as one single layer. 

• Cu layer: nonmagnetic conductive spacer layer. 

• CoFe layer: pinned FM layer. 

• MnIr layers: AFM pinning layer. 

• Top Ta layer: cap layer, to protect from corrosion and oxidation. 

Other SV structures have been developed, that aim to improve the performance of standard SVs. These 

include layers such as synthetic antiferromagnetically pinned (SAF), synthetic free-synthetic pinned (SF-

SAF), and symmetric and nano-oxide layers (NOL) [52]. These structures fall outside of the scope of 

this work and will not be detailed in spite of their promising potential. 
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3.1.2.2 Spin Valve dimensions considerations 

Crystalline materials are magnetically anisotropic as the main axis of the structure provides a preferential 

direction for the orientation of the magnetic dipoles. This direction is called easy direction (easy axis).  

The patterning of the SV in a rectangular shape with a certain width (W) – that should be in the direction 

of the easy-axis of the pinned layer - and length (L) is known as shape anisotropy. The free layer will 

tend to align its magnetization through the longer dimension of the SV shape. The shorter the SV width 

(W) the higher demagnetizing field, and the more stable the free layer will be. However, the sensitivity 

of the sensor will be lower. Spin valve resistance also depends on the dimensions of the device, 

increasing with the length and decreasing with width. 

3.1.3 Sensitivity 

Sensitivity is the capability of the sensor to transduce a magnetic field into a voltage or resistance 

variation and is one of the most important properties of a Spin Valve sensor. It is defined by equation 

3.2 and represents the slope of the transfer curve (see Section 4.2.1) in the linear central region [62]. 

The sensitivity of a sensor can be approximated by the ratio between the resistance variation (∆𝑅) and 

the magnetic field variation (∆𝐻), assuming linearity. 

𝑆 =
𝜕𝑅

𝜕𝐻
≈

∆𝑅

∆𝐻
 [Ω/𝑂𝑒] 3.2 

The sensitivity of a sensor can be normalized dividing the variations ratio by 𝑅𝑚𝑖𝑛 (equation 3.3), which 

makes it a representation of the MR, instead of the actual resistance. This property facilitates 

comparison among several different sensors. 

𝑆 =
∆𝑅

𝑅𝑚𝑖𝑛∆𝐻
=

𝑀𝑅

∆𝐻
 [%/𝑂𝑒] 3.3 

3.2 Microfluidics 

The study of fluid motion in microsystems is denoted microfluidics. It is the science and technology of 

systems that process or manipulate small (10–9 to 10–18 L) amounts of fluids, using channels with 

dimensions of tens to hundreds of microns [63]. Microfluidic systems have the potential to do for 

chemistry and biology what microfabricated integrated systems did for computation [64]. They allow the 

possibility of numerous experiments performed rapidly and in parallel, while consuming little reagent. 

Besides the most obvious difference between a microfluidics channel and a macroscopic one: their size, 

there are several new possibilities that become easily available with a microfluidics system. The 

possibility to easily work with a laminar flow or even Stokes flow is one of the main advantages of 

microfluidics. Effects such as surface tension and viscosity, that tend to be overlooked in macro-scale 

systems, are some of the most important at a micro-scale. This can be very helpful when trying to 

simulate living systems.  
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More considerations about the flow inside a microfluidics channel are explained in Section 4.10, in which 

the microfluidics system used in this thesis is detailed. The materials and methods used for the 

production and fabrication of microfluidics devices are also assessed, and are described in Section 4.3 

3.3 Antibodies, immunoaffinity and immunoassays 

Antibodies are glycoproteins of the immunoglobulin family that consist of a structure with two identical 

heavy polypeptide chains and two identical light chains, which are connected to the heavy chains by a 

single disulfide bond (see Figure 3.4 for reference). An antibody has two distinct fractions: the Fc fraction 

and the Fab fraction [65]. 

 
Figure 3.4 – Schematic diagram of the structure of immunoglobulins derived from amino acid sequence analysis. 
Adapted from [65] and complemented with Fab (orange) and Fc (green) region annotation. 

The Fc fraction is known as the constant fraction and is used to classify the antibodies into classes and 

subclasses (isotypes). On the other hand, the Fab fraction varies from antibody to antibody and is the 

region where the antigen will bind. The specific chemical affinity between an antibody and an antigen is 

known as immunoaffinity [65]. 

Immunoaffinity is the main chemical factor behind an immunoassay, which is a biochemical test that 

uses an antibody to measure the presence or concentration of a molecule in a solution. An antibody that 

has detectable or quantifiable label or reporter will attach to the target molecule. This reporter is 

quantified, and its signal correlated with the amount of target molecule present. The most used reporters 

are: 

• Enzyme reporters (ELISA assays) - enzyme-linked immunosorbent assays (ELISA) are the most 

common immunoassay and work with an antibody that has an enzyme attached. The activity of this 

enzyme it then measured by adding its preferred substract; 
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• radioactive isotopes – radioactive isotopes are inserted in the reagents of the immunoassay and 

later quantified through radioactivity measurements; 

• Fluorogenic reporters – in these assays the antibody is attached to a molecule with a fluorescent 

dye and the detection is done by fluorescence spectroscopy or microscopy; 

A more recent type of immunoassay reporters named immunomagnetic labelling makes use of magnetic 

nanoparticles as magnetic labels. This assay involves the binding of an antibody to its antigen, where a 

magnetic label is conjugated the antibody (or in some rare cases, to the antigen). These labels are then 

detectable as they produce a magnetic field that can be detected with a magnetometer. This method 

has been used for cell separation by conjugating antibodies to magnetic particles and allowing the 

antibodies to bind to their antigens on the surface of specific cells. For example, when passing these 

cells through a column with a ferromagnetic metal, those cells that bound to the magnetic particles can 

be held onto the mesh in the column [65].
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Chapter 4 – Materials and Methods 

4.1 Chip Design 

Figure 4.1 shows the AutoCad® design of a microchip containing 28 SV sensors, that had been in use 

at INESC-MN when the present work started. This design comprises 4 arrays of 7 sensors. The 2 sets 

in the center of the chip were the ones used and are detailed in Figure 4.2. Each array has 6 sensors 

aligned with the microfluidics channel and 1 sensor displaced to the left. The 6 aligned sensors will be 

placed directly under a microfluidics channel, while the remaining sensor will stay outside of the channel. 

The 2 other sets of sensors, have a different configuration, but were not used in this work. 

  
Figure 4.1 – Detailed design of the biochip mask in AutoCad®: sensors displayed in red vertically in the center of 
the chip, the contact leads are represented in blue and the frame for electrical contact (vias) at the end of each 
contact lead is displayed in green. 

The sensors used have an active area of 100 µm × 3 µm and the total area of the chip is 19.000 µm × 

17.000 µm. The microfluidics channels that will later be placed on top of the sensors as represented by 

the pink vertical lines in Figure 4.2 c). 

1 mm 
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Figure 4.2 – Detailed design of the spin valve sensors of biochip mask in AutoCad®: a) detail of one SV sensor and 
its dimensions; b) detail of the disposition of a group of sensors without the representation of the microfluidics 
channel; c) detail of the disposition of a group of sensors with the representation of the microfluidics channel (in 
pink) and with the identification of the 3 sensors (8, 9 and 10) whose signal is acquired in the experiments performed 
in this work 

4.2 Microfabrication of the SV Sensors 

This section describes the microfabrication process used to produce the devices used for the detection 

of the labelled cells and particles. MR sensors have dimensions smaller than most airborne particles, 

microorganisms and impurities and so their fabrication must be done in a clean environment where 

these impurities are reduced to a minimum. 

This process was thus performed in INESC-MN’s clean-room facilities, which guarantees a temperature, 

humidity and impurity-free controlled environment. This clean-room has two areas that are respectively 

classified as class 100 (ISO 4) and class 10 (ISO 3) according to the maximum number of particles 

larger than 1 µm per cubic meter of air. Around the clean-room there is also an area called “Gray Area”, 

classified as class 10 000 (ISO 7).  

This clean environment is achieved using HEPA (High-Efficiency Particulate air) filters and ULPA (ultra-

low penetration air) filters to filter the air that enters the clean-room from outside as well as the air that 

is recirculated.  

The process that is here described is a regular microfabrication process that was previously optimized 

at INESC-MN throughout many years, by several colleagues. The run sheet that describes this process 

in full detail can be found in Appendix A. 

Step 1 – Alumina Deposition (Al2O3): A 6-inch Si wafer was cleaned and a thin layer of Al2O3 was 

deposited. This material, being an electrical insulator, prevents current leakage from the device, since 

the Si wafer is a semi-conductor and its contact with the magnetic device could alter important 

properties. 

Step 2 – Spin Valve Stack Deposition: The Spin Valve (SV) stack was deposited in the Nordiko 3000 

by Ion Beam Deposition (IBD). This method consists in applying the desired materials to a target by 

sputtering ions. These ions are accelerated and converged into a beam on the deposition gun. The 

material sputtered from the target is deposited onto the substrate. The substrate table has a permanent 

magnet array producing 40 Oe magnetic field that defines the easy axis of the films during the deposition. 
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The SV stack that was used in this thesis was Ta 30 Å / NiFe 28 Å / CoFe 23 Å / CoFe 30 Å / Cu 27 Å / 

CoFe 23 Å / MnIr 70 Å / Ta 100 Å and can be seen in Figure 4.3.  

 
Figure 4.3 – Spin Valve multilayer composition with description of each layers’ function 

Step 3 - Spin Valve Sensors Definition: This step consists of a photolithography that will imprint the 

desired mask design (Figure 4.4) on the sample. The necessary steps for this procedure are here 

explained in detail: 

Step 3.1 – Vapor Prime pre-treatment: This is a pre-treatment that is performed in a vapor prime 

machine, and that consists in the deposition of an organic compound named HDMS 

(hexadimethylsilane, or C6H19Si2) in a temperature of 130 ºC and under vacuum. This compound will 

help in the adhesion of the photoresist to the wafer, as will be explained in Step 3.2. 

Step 3.2 – Photoresist Coating: This step consists in covering the wafer with a layer of a photosensitive 

material called positive photoresist (PFR7790G27cP – JSR Electronics), with a thickness of 1,5 µm. The 

deposition of this layer is made easier by the previously described HMDS because this compound turns 

what was a previously polar and hydrophilic surface into an apolar hydrophobic one, which is more 

suitable for the adhesion of the photoresist (PR). 

The spin coating is performed in a Silicon Valley Group (SVG) coating system at a rotation speed of 

3200 rpm for 30 seconds, being baked afterwards at 85 ºC for 1 min to evaporate the solvents and 

improve PR uniformity. 

  Step 3.3 – Lithography: In this step, the SV shape is patterned by photolithography according 

to the design drawing in AutoCad® mask (Figure 4.4). This is done by Direct-Write Laser System 

(Heidelberg Instruments, 2.0 DWL) which uses a diode laser (405 nm wavelength) to write over the 

sample. The areas of the PR that are irradiated by the laser suffer chemical and structural modifications 

that lead to a different solubility in the developing solution. The fact that the used PR is a positive PR 

means that the exposed areas are more soluble than the non-exposed ones, due to the break of the 

connections that make the polymeric chains of the PR. Essentially, the only areas that that have not 

been exposed, and that are thus not soluble in the developing solution are the spin valves with the 

designed shape. 
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Figure 4.4 – Detailed design of the spin valve layer of the used mask, in AutoCad® 

Step 3.4 – Development: To develop the patterned design, the sample is baked at 110ºC, for 1 minute, 

to finish the incomplete PR reactions. Then a developer solution is poured over it to dissolve the exposed 

regions while the non-exposed areas remain intact. The development is made in the SVG developing 

system and the developer used is JSR Micro PTH70EG. After the final step of the spin valve sensors 

definition, the result is observed in the microscope (see Figure 4.5). 

 
Figure 4.5 – Microscope observation of the result of the first lithography step – Spin Valve sensors definition. Four 
spin valve sensors are visible in this image 

Step 4 – Spin Valve Etch: This process removes the material that is not protected by the PR. This way, 

what remains in the sample is what is covered in PR (see Figure 4.6), as was patterned by the 

photolithography. There are several etching methods that can be use, among which: ion milling, reactive 

ion etching, and wet etch. The one used in this thesis, and more specifically in this step was ion milling, 

and the equipment used was Nordiko 3600. 



23 
 

 
Figure 4.6 – Etching process: a) patterning of the PR by photolithography b) etching of the non-protected thin film 
layer c) removal of the PR [62] 

This etching technique consists on a high energy Ar+ ions bombardment of the sample. The material on 

the sample is removed by physical impact of the Ar+ ions. These ions are provided by the Assist gun 

(see Figure 4.7) and hit the target at an angle of 60o.  

 
Figure 4.7 – Ion beam system configured for the ion milling and O2 bonding mode. In this configuration, only the 
assist gun is activated in order to etch the substrate surface. 

Step 5 – Resist Stripping: The PR is stripped from the sample, leaving only the layer of thin film that 

was under the patterned PR. This is done by immersing the sample in a Microstrip 3001 solution. 

Step 6 – Contact Leads Definition: This step consists of a photolithography that is similar in everything 

to the one described in step 3, except that in this case the AutoCad® mask (see Figure 4.8) is non-

inverted. This means that in this case the PR will remain outside the structure area designed, instead of 

inside, like in the first case. Finally, the result of this step is observed under the microscope where it was 

possible to the contact leads layer placed on top of the spin valve layer, as expected – Figure 4.9. 
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Figure 4.8 – Detailed design of the contacts layer of the used mask, in AutoCad® 

  
Figure 4.9 – Microscope observation of the result of the second lithography step – contact leads definition. Four 
spin valve sensors are visible in this image, as well as the contacts that connect each spin valve sensor at their 
extremities 

Step 7 – Deposition of Aluminum: In this step, 3000 Å of aluminum and 150 Å of TiWN2 are deposited 

on the sample by sputtering deposition in the Nordiko 7000 machine. The scheme for the result of this 

procedure can be seen in Figure 4.10. 

 
Figure 4.10 – Aluminum deposition scheme 

Step 8 – Aluminum Lift-Off: This process consists in the removal of the aluminum that is directly over 

the PR and of the PR itself, unraveling the final contacts leads. The scheme for the result of this 

procedure as the microscope observation can be seen in Figure 4.11.  

 
Figure 4.11 – Scheme and microscope observation of the final result of the aluminum lift-off 

100 µm 

100 µm 
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Step 9 – Silicon Nitrite Deposition:  In this step, a thin film (3000 Å of thickness) of Si3N4 (silicon nitrite) 

is deposited on the sample in the Electrotech Delta Chemical Vapor Deposition System. Si3N4 protects 

against corrosion caused by the fluids while enabling a surface compatible with irreversible chemical  

bonding with a microfluidic channel material [66]. 

Step 10 – Vias Definition: This step consists of a photolithography that is similar in everything to the 

one described in step 3, except that in this case (like in step 6) the AutoCad® mask (see Figure 4.12) 

is non-inverted. This means that in this case the PR will remain outside the structure area designed, 

instead of inside, like in the first case. Finally, the result of this step is observed under the microscope 

where it was possible to the vias placed on top of the contacts layer, as expected – Figure 4.13. 

  
Figure 4.12 – Detailed design of the vias layer of the used mask, in AutoCad® 

 
Figure 4.13 – Microscope observation of the result of the third lithography step – via definition. 

Step 11 – Via opening: This step consists of the opening of the vias that were defined in the previous 

step, by reactive ion etching on the LAM Rainbow Plasma Etcher 4400. The goal is to allow the access 

to the Al metal lines.  

Step 12 – Resist Stripping: The PR is stripped from the sample, leaving only the layer of thin film that 

was under the patterned PR. This is done by immersing the sample in a Microstrip 3001 solution. 

Step 13 - Wafer Dicing: Since the same silicon wafer usually results in the production of several 

identical dies, it is necessary to separate each one of them by cutting the wafer. This process is called 

dicing and is performed by an automatic dicing saw (Disco DAD 321). 
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Step 14 – Annealing: The annealing of the individualized chips was performed in the 21100 Tube 

Furnace of BL Barnstead Thermolyne (Figure 4.14) at 250ºC for 15 min and naturally cooled with 

constant magnetic field of 1 kOe in vacuum environment. 

 
Figure 4.14 – Annealing setup (21100 Tube Furnace of BL Barnstead Thermolyne) and placement of the chips 
inside the setup 

The process of annealing is used to induce homogeneous orientation for the magnetization alignment 

at the interface between the pinned layer and the AFM layer. The samples are heated at a temperature 

that is higher than the blocking temperature, and then the aligning magnetic field is applied while they 

cool down, thus providing the desired orientation to the samples. 

This way, annealing can be described as a heat treatment where the crystalline structure of the materials 

is changed followed by cooling under a strong magnetic field in order to align or re-align the easy axis 

of the pinned layer, improving the degree of magnetization alignment between the FM and AFM layers 

(exchange) at their interface [67]. 

Step 15 – Characterization: After the annealing the microfabrication process is over, and the 

microchips are ready to be used (Figure 4.15). However, it is first necessary to characterize their 

magnetic behavior - see Section 4.2.1 for further explanation 

 
Figure 4.15 – Example of one magnetoresistive microchip produced and ready to use 
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4.2.1 Electrical Transport Characterization of Spin Valve sensors 

It is important to characterize the behavior of the sensors used because there are several parameters 

that can affect the detection performance and quality. The main parameters that are obtained from the 

electrical transport characterization are the magnetoresistance, the minimum resistance, the coercive 

field, the bias point, and the sensitivity. 

The result of the characterization of the sensors is, aside from the mentioned parameters, the sensor’s 

transfer curve (curve of the sensors resistance versus the applied external magnetic field), which can 

be seen in Figure 4.16. This figure shows an example of a transfer curve that was measured for one of 

the spin valve sensors used in this work (sensor 9), with an applied bias current of 1 mA. 

 
Figure 4.16 – Electrical Transport Characterization: magnetoresistive transfer curve of one spin valve sensor 

(sensor 9 of the microchip used in the acquisition experiments). MR=5,34 %; 𝑅𝑚𝑖𝑛=666 Ω; 𝐻𝑓=5,40 Oe; 𝐻𝑐=0,01 

Oe; Sensitivity=0,47 Ω/Oe 

The MR is probably the most important parameter to be taken from this characterization, since it 

represents the variation in the resistance of the sensor between the parallel and antiparallel orientations 

of the pinned and free layers. It basically represents the maximum resistance variation that the sensor 

can suffer, and therefore detect. The characterization of the sensors fabricated gave MR values in the 

range of 5%-6% and 5,34% for the sensor represented in Figure 4.16. The resistances were in the range 

of 650 – 750 Ω for all sensors, while the 𝑅𝑚𝑖𝑛 for the sensor represented in Figure 4.16 was 666 Ω. 

The bias point or effective coupling field (𝐻𝑓) is a parameter that quantifies the deviation that the sensor’s 

transfer curve suffers from the zero field. This variation should be in the range ±20 Oe since this 

parameter can severely affect the detection because it is performed by detecting a resistance change 

from the resting state, which is at zero field. Ideally the curve should be centered at 0 Oe, but in most 

cases it is shifted by 𝐻𝑓 due to the interlayer magnetic coupling between the ferromagnetic layers. The 
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characterization of the sensors fabricated gave 𝐻𝑓 values in the range of ±12 Oe and 5,40 Oe for the 

sensor represented in Figure 4.16. 

The coercive field (𝐻𝑐) measures the intensity of the magnetic field that is necessary to reduce the 

magnetization back to the zero field, after the sensor has been led to saturation, and can be visually 

represented in the characterization curve by a horizontal distance between the two loops of the curve. 

The characterization of the sensors fabricated gave 𝐻𝑐 values in the range of ±0,5 Oe and 0,01 Oe for 

the sensor represented in Figure 4.16. 

The sensitivity of the sensor represents its capability to detect small magnetic fields. A high sensitivity 

is therefore desirable but can only be achieved if there is a significant variation of resistance for a small 

field. The higher the sensitivity, the smaller the fields it can detect, and less magnetic particles are 

necessary to produce such a field, thus lowering the detection limit. The characterization of the sensors 

fabricated gave a sensitivity value in the range of 0,4-0,6 Ω/Oe and 0,47 Ω/Oe for the sensor represented 

in Figure 4.16, using equation 3.3 for the calculations. 

4.2.2 Characterization system 

To perform the electrical characterization of the Spin Valve sensors a two probes system was used 

(Figure 4.17). This system comprises: two micro-positioning probes with TiW needles (with a 10 µm 

resolution); a voltmeter (Keythley 182); two Helmholtz coils; two current sources, one to create the 

biasing of the sensors (Keythley 220, with a range of 1nA to 100mA) and one to generate the applied 

magnetic field in the Helmholtz coils (Kepco BOP, with a range of −4 to +4 A). 

 
Figure 4.17 – Photograph and schematic diagram of the characterization setup employed for the electrical 
characterization of the sensors 

The extremities of the probes were placed on top of the pads of the sensor to establish electrical contact, 

thus applying a bias current. The current was defined as 1 mA. The probes simultaneously measured 

the output voltage of the established circuit. 

Once the probes were in place and the bias current was applied, the external magnetic field was 

generated by the Helmholtz coils, with the sample placed in the middle of the both coils with its easy 
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axis being parallel to the generated field (see Figure 4.17 for a scheme of the setup). The coils generate 

a varying magnetic field, that goes from -140 to 140 Oe, sweeping the magnetic field applied along the 

easy axis of the sensor. All the setup components are connected to a computer through a GPIB (General 

Purpose Interface Bus) connector, where a custom software controlled the current source and acquires 

and interprets the signal received. 

4.3 Microfluidics channels fabrication 

The main material used for the fabrication of the microfluidics channels in this thesis was PDMS 

(polydimethylsiloxane). Its empirical formula is (C2H6OSi)n, with “n” being the number of monomers (see 

Figure 4.18 for the detailed chemical structure) in the structure. Depending on the number of monomers, 

the non-cross-linked PDMS may be almost liquid (low n) or semi-solid (high n). The siloxane bonds (Si-

O-Si) result in a flexible polymer chain with a high level of viscoelasticity. 

 
Figure 4.18 – Detailed chemical structure of a PDMS monomer 

For the fabrication of microfluidic devices, the liquid PDMS is mixed with a cross-linking agent (also 

known as curing agent) becoming a hydrophobic elastomer. This cross-linking agent is usually added 

in a weight ratio of 1:10 (which was the case for this work), but other ratios can be used depending on 

the desired properties. PDMS has several properties that make it ideal for microfluidics fabrication and 

that will be described in detail given their importance. 

4.3.1 PDMS Properties  

• Transparent at optical frequencies – allows the user to see what is happening in the micro-channels; 

• Low auto-fluorescence – important in fluorescence studies, because it is important to have a low 

background fluorescence so as not to interfere with the results; 

• Deformable and easy to mold – since it remains liquid at room temperature for several hours, even 

after being mixed with the cross-linking agent. This is also relevant because it molds structures with 

high resolutions. With some optimization, it is even possible to mold structures of a few nanometers 

[68]; 

• Permeable to gases [69] – can be important when working with cell cultures, since it is usually 

necessary to guarantee an oxygen flow to the cell culture; 

• Durable and relatively inexpensive; 

• Chemically stable, but easy to alter interfacial properties – can be important in cases where there 

may be a need to make the surfaces more hydrophilic, for example; 

• Biocompatible; 

• Thermally stable; 
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• Low surface and bulk conductivity [70] – this can be relevant for applications that require the 

application of an electric current under the microchannel. 

The mentioned properties allied to its easy fabrication by soft lithography techniques make PDMS the 

material of choice for the fabrication of microfluidics structures. This fabrication will now be detailed in 

its different steps. 

4.3.2 Hard Mask Fabrication 

The fabrication of a PDMS structure begins with the fabrication of a Glass Hard Mask. This process 

starts with the designing of the desired structures in an AutoCad® file( Figure 4.19). This design consists 

of 4 sets of 4 structures each, to pair with the 4 sets of SV sensors in the magnetic chip. Each structure 

will originate a microfluidics channels with 10.000 µm length and 100 µm width. The design is imprinted 

onto an aluminum covered glass sample (with an aluminum thickness of 1500-2000 Å), by 

photolithography. The several steps that were involved in this process are described below and the run 

sheet that describes this process in full detail can be found in Appendix B. 

 
Figure 4.19 – Detailed design of the microfluidics channels mask in AutoCad®: a) full mask design: b) detail of one 
of the 4 sets of channels; c) detail of one of the 4 individual channels in each set 

Step 1 – Glass cleaning and preparation: The glass sample was cleaned with Alconox for 30 minutes, 

under the effect of ultrasounds. 

Step 2 – Aluminum deposition: In this step, 2000 Å of aluminum are deposited on the sample by 

sputtering deposition in the equipment Nordiko 7000. The scheme for the result of this procedure can 

be seen in Figure 4.20. 

 
Figure 4.20 – Schematic illustration of the sample after the aluminum deposition step. The total area of the glass is 
covered with a layer of 2000 Å of aluminum 
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Step 3 – Exposure in DWL (photolithography): This step started with a vapor prime at 130ºC in 

vacuum with HDMS spraying, followed by a PR coating performed in a SVG coating system at a rotation 

speed of 3200 rpm for 30 seconds, baked afterwards at 85 ºC for 1 min to evaporate the solvents and 

improve PR uniformity. Finally, the exposure was done by Direct-Write Laser System (Heidelberg 

Instruments, 2.0 DWL) which uses a diode laser (405 nm wavelength) to write over the sample, and was 

developed in the SVG developing system, using the developer JSR Micro PTH70EG. After this step the 

sample had the appearance shown in Figure 4.21. 

 
Figure 4.21 – Schematic illustration of the sample after the DWL exposure. The photoresist covers the aluminum 
except in the areas where it was hit by the laser beam 

Step 4 – Aluminum Etch: The sample, now covered with aluminum and already exposed to the laser 

suffered a chemical etch with an Aluminum Etchant solvent (Acetic Acid 3,3%, Nitric Acid 3,1 % and 

Phosphoric Acid 3%) for 5 minutes (at an etch rate of approximately 6 Å/s). The result of this step is 

schematized in Figure 4.22. 

 
Figure 4.22 – Schematic illustration of the sample after the aluminum etch step. Here the aluminum has been 
removed from the sections that were not covered in photoresist 

Step 5 – Resist stripping: The PR was stripped from the sample, leaving only the layer of aluminum 

that was under the patterned PR (Figure 4.23). This was done by immersing the sample in a Microstrip 

3001 solution. 

 
Figure 4.23 – Schematic illustration of the sample after the resist stripping step. After the resist stripping, only the 
aluminum remains on top of the glass, with the previously created gaps. 

4.3.3 SU-8 Mold Fabrication 

Once the Hard Mask is complete, it is followed by the fabrication of a mold. This mold is made of SU-8 

PR, which is an epoxy-based negative photoresist that has been originally developed and patented by 

IBM®. Being a negative PR means that areas exposed to UV light become cross-linked and harden, 

while unexposed areas remain soluble in a developer solution. There are now available several different 

SU-8 products, that vary in relation to the film thickness desired by the user, as well as the final 

application. In this thesis, the SU-8 used was the SU-8 2050 (MicroChem) which is usually used for the 
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fabrication of microfluidics PDMS molds as well as structural components such as micro arrays, fluidic 

channels, display pixel walls and dielectric layers, and dry etch masks. 

The SU-8 structures are a negative of what will be imprinted on the PDMS and this is the moment in 

which the height of the microchannels is defined. In this work the height was set as 20 µm. The steps 

required for the fabrication of the SU-8 mold are described below [71], and the exact conditions used 

can be consulted in the SU-8 mold run sheet in Appendix C. In short, a hard mask was used in a UV 

lamp system to expose 20 µm-thick SU-8 50 photosensitive negative PR with microchannels. After 

development with propylene glycol monomethyl ether acetate (PGMEA), the mold for the microchannels 

is defined in SU8. 

The height chosen for the SU-8 structures was 20 µm because some attempts with 5 µm and 10 µm 

yielded non-satisfactory results regarding the stability of the PDMS channels, as will be explained in 

Section 4.3.4.1. 

Step 1 – Substrate Preparation: The substrate (6’’ silicon wafer of International Wafer Service, cut into 

a 5cm x 5cm square) had to be prepared to receive the SU-8 photoresist. This process consisted of 

immersing the wafer in microstrip 3001, washing, and then heating it in a hot plate (Stuart digital hotplate 

SD160) at 100 ºC for 10 minutes. This was done to increase adhesion, as it removes all surface moisture 

and allows the SU-8 PR to stick better to the surface. 

Step 2 – Sample Coating and Spinning: The liquid SU-8 was poured over the substrate and spun (in 

a spinner MZ-23NNP/LITE) to achieve the desired thickness of 20µm. The rotation speed, the 

acceleration and the SU-8 photoresist viscosity will define the thickness of the SU-8 photoresist layer. 

Step 3 – Soft-Baking: The aim of this step is to evaporate the solvent to make the SU-8 photoresist 

more solid and prepare it to be exposed to the UV light. This step was performed in a hot plate (Stuart 

digital hotplate SD160), following the temperature profile shown in Figure 4.24. 

 
Figure 4.24 – Temperature profile of the soft baking process (adapted from [71]) 

Step 4 – UV Exposure: The aim of the UV exposure is to initiate the cross linkage in some parts of the 

SU-8 photoresist. This activation will change the local properties of the SU-8 which after baking will be 

soluble (non-exposed areas) or not (exposed areas) into a solvent. The exposure was done using a 

contact lithography system (detailed in Figure 4.25) which consists in placing the glass hard mask over 

the SU-8 layer, with nothing interfering in between. Once the contact is done the sample is exposed to 
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UV light (wavelength exposure of 365nm was used), as shown in Figure 4.25, in order to promote the 

cross-linking reactions in the PR.  

 
Figure 4.25 – Schematic illustration of the contact lithography system, in which the Glass Hard Mask (aluminum 
covered glass sample) is placed on top of the silicon sample covered with SU-8; scheme of the exposure of the 
samples to the UV light 

Step 5 – Post Exposure Bake: After being exposed to UV light the substrate was baked again, following 

the temperature profile shown in Figure 4.26, to accelerate the SU-8 polymerization. The UV exposure 

enables the activation of the photoactive components in the SU-8 PR, but it needs energy to continue 

the reaction and this baking process brings that energy. This step was performed in a hot plate (Stuart 

digital hotplate SD160). 

 
Figure 4.26 – Temperature profile of the post exposure baking process (adapted from [71])  

Step 6 – PR Development: The development is the step where the non-crosslinked SU-8 is diluted in 

solvent. The SU-8 was developed using SU-8 developer, from MicroChem, which is mainly composed 

of PGMEA (propylene glycol monomethyl ether acetate). The result of this process was the substrate 

with the SU-8 PR on top, but only in the areas that were exposed to the UV light, as illustrated in Figure 

4.27 a). The final result of the SU-8 mold is shown in in Figure 4.27 b) 

 
Figure 4.27 – a) Schematic illustration of the SU-8 sample in the end of the process; b) SU-8 mold fabricated and 
used in this work 
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Step 7 – Confirmation measurements: Once the sample was finished, the thickness was confirmed 

by using a profilometer (DEKTAK 3030ST) to measure the height of the SU-8 structures and confirmed 

the expected result of 20 µm. 

4.3.4 PDMS units Fabrications 

Once the mold was prepared, the fabrication of the PDMS units started. The desired amount of PDMS 

was measured using digital weight scale (SCIENTECH SA 80) and the curing agent was added in a 

1:10 (w/w) ratio. The mixture was stirred and placed in a degasser for one hour to remove air bubbles 

that were created during the process. Once the PDMS is gas-free it can be placed on top of the SU-8 

mold in order to define the microfluidics structures. There are two alternatives when it comes to 

fabricating the PDMS channels, that differ in the way the connections to the outside (inlets and outlets) 

of the microfluidics channels are made. This is important so that the fluid can enter and exit the 

microfluidics structures. Both alternatives were used, and results compared. 

The first alternative is the simplest, consisting of simply pouring the PDMS on top of the SU-8 mold. This 

was done by placing the SU-8 mold on a petri dish, pouring the PDMS over it in a way that the entire 

SU-8 was covered with a layer of approximately 0,5 cm to 1 cm of PDMS. The petri dish was then placed 

in an oven at 70ºC, for one hour. The high temperature of the oven hardens the PDMS, leaving the 

structures well defined. The sample was then removed from the oven, separated from the SU-8 mold 

and cut accordingly. Finally, the inlets/outlets must be defined by “punching” the PDMS with a syringe-

needle in the desired places. This technique is sometimes flawed and can result in misplaced inlet holes 

and can damage the microfluidics channels. 

The second alternative solves the problem of opening the inlet holes and makes the PDMS fabrication 

easier. This alternative requires PMMA plaques to be used as outside molds. The 3 PMMA molds used 

were previously fabricated by A.R. Soares [72] and are shown in Figure 4.28. 

 
Figure 4.28 – PMMA plaques used for the PDMS fabrication. Also represented is the SU-8 mold, on top of the 
rightmost plaque 

The plaques and the SU-8 mold were placed on top of each other to form an assembled module (Figure 

4.29 a)) according to the following order: bottom plaque with an encasing to fit the SU-8 mold, SU-8 

mold, middle plaque with a large void area to fit the PDMS, top plaque with several small holes that will 

be used to define the inlets/outlets. 
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Figure 4.29 – a) Schematic illustration of the set of PMMA plaques (grey) and how they fit with the SU-8 mold; b) 
photograph of the assembled module 

The PDMS was then injected from the top through the holes using a syringe. It covered the SU-8 

structures and stayed well defined within the bounds of the PMMA plaques. The plaques were attached 

to each other using screws and office springs (Figure 4.29 b)). Small metallic pins were placed in each 

hole to create a PDMS void to define the inlets/outlets (Figure 4.30 a)). The entire set was placed in an 

oven at 70ºC, for one hour. The high temperature of the oven hardens the PDMS, leaving the structures 

well defined. The set was removed from the oven and every plaque detached, leaving the PDMS 

structures well defined and ready to use (Figure 4.30 b)), since the holes were already opened. 

  
Figure 4.30 – a) Schematic illustration of the set of PMMA plaques, SU-8 sample and of the way these are used for 
the fabrication of the PDMS structures. On left side the scheme of how the syringe pours liquid PDMS onto the 
holes of the top plaque, and on the right side the closing of the holes with the metallic pins; b) PDMS microfluidics 
channels 

4.3.4.1 PDMS structures – considerations on the width/height ratio 

The ideal height for the PDMS structures would be the smallest size that permitted the unhindered 

passage of the cells. With this in mind, SU-8 molds of 5 µm and 10 µm height were fabricated at first, 

and the corresponding PDMS units were produced. However, these microfluidics channels presented 

an issue regarding the stability of the channel. Since the width:height ratio for these cases is higher than 

10:1 the channels tend to collapse [73] [74], making the flow of the liquids difficult. As illustrated in Figure 

4.31 a) the top of the channel tends to bend if the walls are far from one another, and this happened for 

the 5 µm channels and for some areas of the inlets and outlets of the 10 µm channels. In Figure 4.31 b) 

a) 

b) 

b) 

1 cm 
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it is possible to see one 5 µm microfluidics channel in which the top is indeed in contact with the bottom, 

indicating a collapsed channel. 

 
Figure 4.31 – a) Schematic illustration of the collapsing of the PDMS channels; b) microscopic verification of the 
collapsing of the PDMS channels for a channel with h=5µm. 

The ideal solution to this situation would require a hard mask with a new design, contemplating pillars 

to assure the stability of the channels. Since this would be a very time-consuming endeavor, the 

alternative chosen was to increase the height of the channel to 20 µm. This way the width:height ratio 

is 5:1 and the channels have proven to be stable. 

4.4 Bonding 

 
Figure 4.32 – a) plasma bonding machine, with microchip and PDMS unit placed inside; b) final aspect of the 
bonded microchip; c) schematic illustration of the chemical interactions responsible for the permanent bonding of 
the PDMS unit to a glass sample (same principle applies for a PDMS-chip bonding) [75] 

20 µm  

10 µm  

5 µm  

a) 
b) 

100 µm 
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The plasma bonding is the step that finishes the fabrication of the microfluidics/MR chip. In this step the 

PDMS unit is permanently bonded to the MR chip. This is a key step given that if the bonding is slightly 

misplaced or the structures don’t bond perfectly the device can have leaks and completely jeopardize 

the experiments. One thing that also needs to be considered is that the PDMS can’t cover the area of 

the pads, that will be used for the wirebonding (see Section 4.5). Since the PDMS produced would cover 

this area, each PDMS unit was split in half before the bonding, and this way it could be easily paced in 

the middle of the chip (Figure 4.32 b)). 

The oxygen plasma is generated by a high frequency electromagnetic field, which leads to an excitement 

of the gas molecules, causing them to lose electrons. When the PDMS is exposed to the oxygen plasma, 

it develops silanol groups (Si-OH) at the expense of methyl groups (-CH3), as the positively charged 

free molecules tend to react with the surrounding material. Since the -OH groups are polar they make 

the exposed surface highly hydrophilic. When two layers under these conditions are brought into contact 

the silanol groups condensate with those on other forming a covalent Si-O-Si bond at the expense of a 

water molecule (Figure 4.32 c)). The device is now definitely sealed and can withhold pressure of up to 

5 bar. The reaction that occurs on the PDMS surface also happens for the Si3N4 passivation layer over 

the MR chip or on the surface of a glass sample [76] [75] [77].  

The PDMS unit and the MR chip were first cleaned with IPA, to ensure that there were no airborne 

particles in their surfaces. All contaminations will highly affect the final results of the treatment, since 

they interfere with the ability of the surfaces to contact with one another. The samples were placed in 

an Oxygen Plasma Cleaner machine (Harrick Plasma – Plasma Cleaner PDC-002-CE, Figure 4.32 a)), 

with the bonding surfaces facing up, for 35 seconds. The attachment of both samples and their alignment 

was performed under a microscope to guarantee that the PDMS channel is perfectly aligned with the 

Spin Valve sensors of the chip (Figure 4.33 and Figure 4.32 b)). This process took some attempts before 

the ideal expertise was achieved, as the alignment in the microscope required some practice and the 

time that the samples stay in the Oxygen Plasma Cleaner was adjusted from initial attempts at 30 

seconds to the final 35 seconds. 

 
Figure 4.33 – Alignment of the microfluidics channel with the SV sensors 
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4.5 Chip mounting 

The chip is mounted on a Printed Circuit Board (PCB) to allow a better and easier handling. The copper 

contact pads of the PCB are drilled and soldered to connection pins to later connect the PCB to the 

electronic platform (Figure 4.34). 

 
Figure 4.34 – a) Drilling and soldering of the connection pins; b) Final aspect of the chip 

The metal contacts of the chip are connected to the contact pads on the PCB by thin aluminum wires 

as the ones shown in Figure 4.35 b) [72]. This technique is known as wirebonding and is performed in 

a wirebonding machine (Figure 4.35 a)). The aluminum wires are then covered with silicon to protect 

them from corrosion during the biological experiments and the handling of the chip. Figure 4.34 b) 

represents the final aspect of the chip. After performing the wirebonding, the SV sensors are 

characterized again to confirm that the connects were made correctly. 

 
Figure 4.35 – a) Wirebonding machine; b) microscope picture of the wirebond connections between sensors 
contacts and the copper contacts of the PCB [72] 

4.6 Magnetic Particles and Labelling 

In this work, the detection of the cells is done using magnetic nanoparticles as labels, which are small 

ferromagnetic particles (ranging from 10 nm to 10 µm). Due to their size, they present a 

superparamagnetic behavior, that is characterized by magnetic fluctuation leading to a net 

a) b) 



39 
 

magnetization of zero [78]. While bulk ferromagnetic materials present multiple magnetic domains, these 

small particles present only one domain. In each particle, the magnetic spins are aligned unidirectionally 

and the coercivity is zero. While large particles can still exhibit a ferromagnetic behavior (depending on 

the temperature), particles that are below a critical size are superparamagnetic [78]. Other than 

determining the superparamagnetic behavior of a particle, the particles’ size can also be correlated with 

the moment of each particle, as larger particles will generally have larger magnetic moments. 

According to [79], “Superparamagnetism occurs in ferromagnetic particles smaller than a critical 

diameter, when the magnetocrystalline energy barrier is less than thermal energy at room temperature”. 

The superparamagnetic particles used in this work do not have a defined magnetic moment unless they 

are exposed to an external magnetic field, in which case they will align with said field [79] (Figure 4.36). 

The fact that the particle’s dipolar moment fluctuates is key in avoiding the formation of clusters of 

particles, since they have no permanent tendency towards one another. 

 
Figure 4.36 – Behavior of the superparamagnetic particles in the absence and presence of an external magnetic 
field [80] 

To magnetize the particles, one can generate an external field using either a permanent magnet or a 

field inducing coil. In this work the external magnetic field has been imposed by a permanent magnet, 

that is placed below the surface of the chip, on top of which the particles flow (Figure 4.42). 

The magnetic nanoparticles, besides being superparamagnetic, must present other characteristics to 

be suitable for the biolabeling. Since the role of these particles is to attach to the cell surface, they must 

be coated with a layer of molecules that allow the bonding to the cell. Furthermore, it is important to 

ensure that the MNPs present several other properties to ensure the correct behavior of the particles 

during the experiment and to guarantee a proper labelling: 

• Biocompatibility – The MNPs will be in close contact with biological samples, so it is crucial that they 

do not react with or degrade any biological component. 

• Hydrophilicity – Since the samples are in an aqueous solution, in which the particles will also be 

mixed, it is essential that these are hydrophilic so that their behavior is predictable during the flow 

inside the microfluidics channel. This property also ensures the monodispersing of the particles over 

the sample and helps prevent the formation of clusters, since they do not have more affinity toward 

each other, as they would have if they were hydrophobic. 

• Spherical surface – This facilitates the monodispersing of the particles over the sample, and a 

random and even distribution around each cell. 

In this work, the magnetic labelling is done with magnetic nanoparticles BNF-Dextran micromod® 

(diameter=100 nm), which have a surface covered in protein A, making them appropriate for antibody 
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binding and thus immunoaffinity conjugation. The anti-E. coli antibody (with conjugated biotin) ab68451 

by abcam® is used. This antibody recognizes the O and K antigenic serotypes in the surface of the E. 

coli cell and has an igG Fc fraction that has affinity toward protein A. In preliminary tests, polymeric 

microspheres micromer® were also used in place of the cells. These have a labeling method similar to 

the case of the cells. Aside from the BNF-Dextran micromod® (diameter=100 nm) MNPs, another type 

of magnetic particles was used: Estapor® M1-070/60 (diameter=0,87 µm). These particles are useful 

because thehy have a larger size than the ones used for the labelling, which makes it possible to detect 

them individually, as will be shown in Section 4.9.3. 

4.6.1 E. coli immunomagnetic labelling 

The immunoaffinity labelling of the Escherichia coli cells with the magnetic nanoparticles is done using 

an antibody that binds to the magnetic nanoparticles due to the Protein A affinity toward the Fc fraction 

of the igG, while recognizing the O and K antigenic serotypes in the surface of the E. coli. The existence 

of these two affinities originates the complex cell-antibody-nanoparticle that is illustrated in Figure 4.37. 

A high number of magnetic particles can bind to each cell, generating a high magnetic response from 

the MR sensors, unlike one single magnetic nanoparticle, since the magnetic moment of the complex is 

the sum of the moments coming from each magnetic nanoparticle attached (as will be explained in 

Section 4.7). 

 
Figure 4.37 – Schematic illustration of the immunoaffinity functionalization of the MNPs on a E. coli cell, that is the 
basis for the labelling 

To perform this immunolabelling were used BNF-Dextran (micromod®) magnetic nanoparticles, E. coli 

DH5α and anti-E. coli antibody (with conjugated biotin) ab68451 (abcam®), according to the following 

protocol: 

1. Washing of the magnetic nanoparticles, by removing the supernatant and resuspending in deionized 

water (DI water), using a magnetic separator XDynaMAg™-2 (invitrogen™). 

2. Addition of the antibody and subsequent mixing for 1 hour in an agitator IKA® MS 3 basic. 

3. Removal of the supernatant to remove the excess unbonded antibody, using a XDynaMAg™-2 

(invitrogen™) and addition DI water. 

4. Addition of the E. coli cells to the magnetic particles suspension prepared in step 3. 

5. Mixing for 2 hours in a spinning wheel (J.P. Selecta) 



41 
 

Magnetic separation is demonstrated visually in Figure 4.38 since it is an essential procedure in this 

process, being the main responsible for attracting the MNPs (and consequently the cells) from the liquid 

matrix. 

 
Figure 4.38 – Visual schematization of the magnetic separation performed 

4.6.2 Microspheres immunomagnetic labelling 

Polymeric microspheres micromer® (diameter = 1µm) with a polystyrene matrix and a streptavidin-

covered surface were used in place of the E. coli cells to, in a sense, mimic their behavior in preliminary 

tests. This is done as a first step toward understanding the magnetic behavior of a labelled complex. 

Given that the antibody used is conjugated with biotin, which has a strong affinity toward streptavidin. 

this biotin-streptavidin ligation will substitute what would have been the antibody-antigen ligation in the 

E.coli-antibody complex. Figure 4.39 represents this microsphere-antibody-nanoparticle complex. Since 

a high number of magnetic particles can bind to each microsphere, each complex can produce a high 

magnetic response, similar to the case of a labelled cell. 

 
Figure 4.39 – Schematic illustration of the functionalization of the MNPs on the surface of the polymeric 
microspheres, that is used as a model for the real cell immunoaffinity functionalization 

To perform this functionalization were used BNF-Dextran (micromod®) magnetic nanoparticles, 

micromer® (01-19-103) polystyrene microspheres and anti-E. coli antibody (with conjugated biotin) 

ab68451 (abcam®), according to the following protocol: 



42 
 

1. Washing of the magnetic nanoparticles, by removing the supernatant and resuspending in DI water, 

using a magnetic separator XDynaMAg™-2 (invitrogen™). 

2. Addition of the antibody and subsequent mixing for 1 hour in an agitator IKA® MS 3 basic. 

3. Removal of the supernatant to remove the excess unbonded antibody, using magnetic separator 

XDynaMAg™-2 (invitrogen™) and addition of DI water. 

4. Washing and dilution of the polystyrene microspheres, by removing the supernatant and 

resuspending in DI water, using a centrifuge LabNEt (LabNet International), for 5 minutes. 

5. Addition of the microspheres suspension prepared in step 4 to the MNPs suspension prepared in 

step 3. 

6. Mixing for 2 hours in a spinning wheel J.P. Selecta 

4.7 Magnetic field created by one magnetic nanoparticle 

(dipolar model) 

The magnetic nanoparticles create a magnetic field that can be detected by the SV sensor. To better 

understand the magnetic field created when a MNP passes over the sensor, each MNP is approximated 

to a magnetic dipole. This is an assumption that considers that each particle is spherical and that the 

center of the dipole is at the center of the particle. It is important to mention that the calculations here 

made for the case of one MNP can be extrapolated for the case of a labelled cell. In this case the 

magnetic moment of a labelled cell is the sum of the magnetic moments of all the particles that are 

bonded to it and the center of the dipole is assumed to be at the center of the cell. The particles are 

assumed to be distributed uniformly over a spherical cell surface, thus maintaining the assumption of 

the dipolar model. 

Since the MR sensors lie in the XY plane, the sensors detect only the 𝑥 and 𝑦 components of the 

magnetic field. Therefore, to detect a MNP resting on a MR sensor, a magnetic field is externally 

generated in the 𝑧 direction. The external magnetic field that the particles feel is generated by the 

permanent magnet placed under the sensor (see Figure 4.42) and was calculated to be 150 Oe by 

INESC-MN colleague A.R. Soares in [72]. 

Equation 4.1 shows the field created by a magnetic particle with a moment 𝑚 at a position (𝑥𝑝, 𝑦𝑝 , ℎ), 

according to the coordinate system shown in Figure 4.40. In this system, the distance from the particle 

to the center of the sensor is given by equation 4.2. 

𝐻𝑠(𝑟) =
1

4𝜋
(

3𝑟 ∙ (𝑟 ∙ �⃗⃗⃗�)

|𝑟|5
−

�⃗⃗⃗�

|𝑟|3
) 4.1 

𝑟 = (𝑥 − 𝑥𝑝)�̂� + (𝑦 − 𝑦𝑝)�̂� + (𝑧 − ℎ)�̂� 4.2 

To know the average field (𝐻𝑠
̅̅ ̅) – average over the free layer volume – created by a particle when passing 

over the sensor, equation 4.1  must be integrated in the volume of the free layer (𝑙 × 𝑤 × 𝑡), taking the 

form of equation 4.3 [81]. This is called the fringe field. 
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𝐻𝑠
̅̅ ̅ =

1

4𝜋𝑙𝑤𝑡
∫ ∫ ∫ (

3𝑟 ∙ (𝑟 ∙ �⃗⃗⃗�)

|𝑟|
−

�⃗⃗⃗�

|𝑟|
) 𝑑𝑥𝑑𝑦𝑑𝑧 

𝑡/2

−𝑡/2

𝑤/2

−𝑤/2

𝑙/2

−𝑙/2

 4.3 

 
Figure 4.40 – Schematic view of a particle flowing over the SV sensor showing the fringe field of the particle (due 
to the external magnetic field). The coordinate system is also depicted. 

In this work, the only component of the fringe field that is studied is the 𝑦 component. Since the sensors 

lie in the XY plane and the current flows through them in the 𝑦 direction, they only detect the 𝑦 component 

of the magnetic field [82]. To have a MNP with a detectable 𝑦 component the external magnetic field 

was applied in the 𝑧 direction. To solve equation 4.3 an approximation was made that the thickness of 

the free layer is much smaller than the other dimensions of the sensor (𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ≪ 𝑤, 𝑙, ℎ ⇒

𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 ≈ 0). Therefore, the fringe field in the 𝑦 component is given by equation 4.4. 

𝐻𝑠𝑦
̅̅ ̅̅ ̅ =

1

4𝜋

𝑚𝑦

𝑙𝑤
[

𝑦𝑏

𝑞2
2

(
𝑥𝑟

𝑟2

−
𝑥𝑙

𝑟1

) +
𝑦𝑡

𝑞4
2

(
𝑥𝑙

𝑟4

−
𝑥𝑟

𝑟3

)] +
1

4𝜋

𝑚𝑧

𝑙𝑤
[

ℎ

𝑞2
2

(
𝑥𝑙

𝑟1

−
𝑥𝑟

𝑟2

) +
ℎ

𝑞4
2

(
𝑥𝑟

𝑟3

−
𝑥𝑙

𝑟4

)] 4.4 

The terms of equation 4.4 are given by the following expressions: 𝑥𝑙 = −𝑙/2 − 𝑥𝑝; 𝑥𝑟 = 𝑙/2 − 𝑥𝑝; 𝑦𝑏 =

−𝑤/2 − 𝑦𝑝; 𝑦𝑡 = 𝑤/2 − 𝑦𝑝; 𝑟1 = √𝑥𝑙
2 + 𝑦𝑏

2 + ℎ2; 𝑟2 = √𝑥𝑟
2 + 𝑦𝑏

2 + ℎ2; 𝑟3 = √𝑥𝑟
2 + 𝑦𝑡

2 + ℎ2; 𝑟4 =

√𝑥𝑙
2 + 𝑦𝑡

2 + ℎ2; 𝑞1 = √𝑥𝑙
2 + ℎ2; 𝑞2 = √𝑦𝑏

2 + ℎ2; 𝑞3 = √𝑥𝑟
2 + ℎ2; 𝑞4 = √𝑦𝑡

2 + ℎ2 [81]. 𝑚𝑦 and 𝑚𝑧 are 

the  𝑦 and 𝑧 components of the magnetic moment of the particle and 𝑚𝑥 has been assumed as being 

equal to 0, since the sensor is not sensitive to that component. 

In theory, there are two relevant directions for the application of the external magnetizing field: parallel 

to the sensor plane or perpendicular to the sensor plane, which result in equaling to 0 the terms 𝑚𝑧 and 

𝑚𝑦, respectively. Depending on the configuration chosen, different pulse shapes will be measured. In 

this work the external magnetic field has been applied the 𝑧 direction (perpendicular to the plane) by 

placing a permanent magnet placed under the PCB, as mentioned before (see Figure 4.40). This 

perpendicular magnetization originates an average field with a bipolar configuration in which the 
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amplitude is dependent on the height at which the particle flows as well as the speed at which it flows. 

The pulse shape that results from this is shown in Figure 4.41. 

 
Figure 4.41 – Bipolar pulse shape that is expected as a result of the passage of one particle with perpendicular 
magnetization over the sensor 

 
Figure 4.42 - Schematics of the various positions of a magnetic particle that is flowing above an MR sensor. In this 
scheme the sensor is placed on top of a PCB, which is above a permanent magnet inducing a vertical magnetic 
field that gives the particle a perpendicular magnetization 

As a particle flows along the sensor’s width it constantly changes its position. The field produced by the 

MNP is sensed at the sensing layer and the sensor response depends on the position of the magnetic 

MNP. The sensor starts detecting the horizontal component of the fringe field  as the particle gets closer 

to it (position (a) of Figure 4.41 and Figure 4.42); if we assume that the sensor’s pinned layer is right-

oriented, the first horizontal component that it will detect is oriented to the left, resulting in a negative 
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peak (position (b) of Figure 4.41 and Figure 4.42); once the particle reaches the center of the sensor 

the right and left components of the fringe field will cancel each other out, which results a zero magnetic 

field (position (c) of Figure 4.41 and Figure 4.42); when the right-oriented component of the field is over 

the sensor, then the result will be a positive peak (position (d) of Figure 4.41 and Figure 4.42); and finally 

the particles has passed over the sensor entirely and its detection ends (position (e) of Figure 4.41 and 

Figure 4.42) [37].  

The sensor then converts this variation in magnetic field induced by the particles in a variation of 

resistance (∆𝑅) that can be electrically acquired. It’s with equation 4.5 that the average field for each 

particle (𝐻𝑠𝑦
̅̅ ̅̅ ̅) is converted into ∆𝑅. 

∆𝑅 = 𝑆 × 𝐻𝑠𝑦
̅̅ ̅̅ ̅ 4.5 

In equation 4.5 the sensitivity of each sensor is taken into account and is calculated according to the 

method described in Section 3.1.3. The result used for the sensitivity value was 0,47 Ω/Oe, which is the 

result of the measurements made for the sensor mentioned in Section 4.2.1. The resistance variation is 

can finally translated into ∆𝑉, using Ohm’s law (equation 4.6).  

∆𝑉 = ∆𝑅 × 𝐼 4.6 

4.8 Characterization of the Magnetic Nanoparticles 

Two different kinds of magnetic particles were used for tests and are therefore considered in this 

characterization: BNF-Dextran Particles (diameter=100 nm) and Estapor® M1-070/60 (diameter=0,87 

µm). 

4.8.1 BNF-Dextran Particles: 100nm 

The magnetic moment of each particle is related to the external magnetic field, but also depends on the 

composition and size of the particle itself. The moment increases linearly with the increase of the 

external field until a certain point at which it is saturated [66]. The magnetization of monodisperse non-

interacting magnetic nanoparticles under an applied field can be modelled by a Langevin function 

(equation 4.7). In this function 𝑀 is the magnetization, 𝑀𝑠 is the saturation magnetization, 𝜇0 is the 

vacuum permeability, 𝑚𝑝 is the magnetic moment of the nanoparticles inside the matrix, 𝐻 is the applied 

magnetic field, 𝑘𝐵 is the Boltzmann constant and 𝑇 is the temperature. 

𝑀 = 𝑀𝑠 (𝑐𝑜𝑡ℎ (
𝜇0𝑚𝑝𝐻

𝑘𝐵𝑇
) −

𝑘𝐵𝑇

𝜇0𝑚𝑝𝐻
) 4.7 

To know the magnetic moment of each particle, a sample containing a known volume of particles (10 

µL of BNF-Dextran MNPs) was analyzed in a VSM (Vibrating Sample Magnetometer) system. This 

system measures the magnetic moment of a material as a function of an applied magnetic field and is 

shown in Figure 4.43. 

In the VSM system (see also Figure 4.43 b) for schematic detail), the external magnetic field is generated 

by 2 coils. This field will define the magnetization orientation of the sample. The sample is mounted at 
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the end of a quartz rod, that is connected to a piezoelectric crystal which makes the sample vibrate 

when excited. Near the sample we find 2 smaller coils that are used to collect the field produced by the 

sample’s material. Since the sample is vibrating, and not static, the magnetic flux crossing the plane of 

the smaller coils is constantly varying and this will induce a current. It is this current that will be 

proportional to the magnetic moment of the sample. 

 
Figure 4.43 – a) VSM system used, at INESC-MN; b) Schematic illustration of the of a VSM system 

The measurement was performed using a magnetic field in the range of ±10 kOe, and the resulting 

magnetization curve for one particle is represented in Figure 4.44. Besides measuring the sample’s total 

magnetic moment, it is also important to measure the magnetic behavior of the quartz reservoir. The 

reservoir shows a diamagnetic response (see Figure 4.45) that must be taken into account and 

subtracted from the measurement obtained, in order to correct the readings.  

 
Figure 4.44 – Magnetic moment raw measurement of 10 µl of MNPs (BNF-Dextran: 100nm) when applying an 
external magnetic field varying from -10 kOe to 10 kOe. 
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Figure 4.45 – Diamagnetic behavior of the quartz reservoir. This influence measurement was subtracted from the 
magnetic measurement of the particles. The trendline that fits the data points is given by the expression: Magnetic 
Moment = -8×10-8×(Magnetic Field) + 9×10-6, with a coefficient of determination: r2=0,9995 

The corrected measurements (accounting for the diamagnetic behavior of the quartz reservoir) are 

represented in Figure 4.46. These values were fitted with a Langevin function (equation 4.7) and were 

also represented in Figure 4.46. From this fit, the magnetic moment of one particle can be obtained: 

𝑚𝑝 = 1,21 × 10−15 𝐴𝑚2 = 1,21 × 10−12 𝑒𝑚𝑢. 

 
Figure 4.46 – Corrected measurement of the BNF-Dextran (100nm) MNPs. The behavior shown is 
superparamagnetic. In orange is shown the Langevin curve that best fits the experimental data 

4.8.2 Estapor® M1-070/60 – 0,87 µm 

To know the magnetization of one of these particles, the graphic given in the information sheet of the 

particles can be used (see Figure 4.47) since it represents the magnetization per gram.  

Considering linearity in the low field region, a value of 4,5 emu/g is obtained for a 150 Oe magnetic field 

(which the external magnetic field applied). Knowing the parameters in Table 4.1 it is possible to 

calculate the number of particles in one gram and thus the magnetization per particle (expressions 4.8, 

4.9 and 4.10). 

Magnetic Moment = -8E-08×(Magnetic Field) + 9E-06
R² = 0,9995
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Table 4.1 – Parameters used to calculate the number of particles in one gram of sample and the magnetic moment 
of one Estapor® M1-070/60 particle (0,87 µm) 

Diameter 

(∅) 

Composition (𝜂) Solids 

concentration (𝑐) 

Density (𝜌) Magnetization 

(𝑀) Ferrite Polystyrene Ferrite Polystyrene 

0,87 µm 59,6 % 40,4 % 10 % 5 g/cm3 1,04 g/cm3 ≈4,5 emu/g 

 
Figure 4.47 – Hysteresis curve obtained with Estapor® Superparamagnetic Microspheres containing low, medium 
and high magnetic pigment content. The external magnetic field varies from -25 kOe to 25 kOe. The particles used 
in this work are represented in brown (60%Fe). 

𝑉(𝑠𝑜𝑙𝑖𝑑𝑠) = 𝑐 ∙ (
𝜂(𝑓𝑒𝑟𝑟𝑖𝑡𝑒)

𝜌(𝑓𝑒𝑟𝑟𝑖𝑡𝑒)
+

𝜂(𝑝𝑜𝑙𝑦𝑠𝑡𝑦𝑟𝑒𝑛𝑒)

𝜌(𝑝𝑜𝑙𝑦𝑠𝑡𝑦𝑟𝑒𝑛𝑒)
) = 0,1 × (

0,596

5
+

0,404

1,04
) = 0,051 𝑐𝑚3 4.8 

#(𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠) =
𝑉(𝑠𝑜𝑙𝑖𝑑𝑠)

4
3

𝜋𝑟3
=

0,051 × 1012

4
3

𝜋 (
0,87

2
)

3 = 1,47 × 1011 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 
4.9 

𝑚(𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) =
𝑀

#(𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠)
=

4,5

1,47 × 1011
= 3,06 × 10−11 𝑒𝑚𝑢 

4.10 

4.9 Simulations of the sensors response in variation with the 

particles height 

Considering the values obtained for the magnetization of the particles, sensor output simulations for 

particles detection were performed to better understand the capability of the sensor to detect a particle 

or a labelled cell according to the its distance from the sensor and velocity at which it flows. Since one 

of the variables in equation 4.4 is the height at which the particle flows (ℎ) this will affect the signal 

obtained. It is important to know at which values of ℎ can a particle no longer be detected, since the 

signal may be masked by the noise that is characteristic of the acquisition system. The average of the 

noise threshold values for all the experiments was 9,14 µV (see Chapter 5 for detail on the noise of each 
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experiment). Given this average noise value, for these simulations 10 µV is assumed as being the 

minimum voltage value that the sensors can distinguish from the noise. 

4.9.1 BNF-Dextran Particles – 100nm – Single particle 

The parameters used for these simulations are described in Table 4.2, where the magnetization of one 

particle was obtained using equation 4.7 for an applied field of 150 Oe. 

Table 4.2 – Parameters used for the simulation of the magnetic field created by a single magnetic particle (BNF-
Dextran: 100 nm) 

Sensor Dimensions 

(µm) Sensor Sensitivity 

(Ω/Oe) 

Bias Current 

(mA) 

Particle 

Diameter (nm) 

Particle 

magnetization at 

150 Oe (emu) Width Length 

3 100 0,47 1 100 2,72×10-13 

The simulations were performed for the following particle heights: 1, 2, 3, 4, 6, 8, 10, 15 and 19,95 µm 

(the last simulation is made at 19,95 µm instead of 20 µm to account for the fact that the maximum 

channel height is 20 µm and the radius of the particle is 50 nm, which places the center of the particle 

at 19,95 µm maximum). The resulting magnetic field intensity profiles are in Figure 4.48 and the 

maximum signal for each height (ℎ) is given in Table 4.3. The first conclusion from these simulations is 

that the furthest the particle flows from the sensor, the lower are the magnetic field intensity and the 

measured output signal. 

Table 4.3 – Maximum ∆𝑉 value obtained for each simulation at a different height (heights of: 1, 2, 3, 4, 6, 8, 10, 15 
and 19,95 µm). Relative to a BNF-Dextran particle 

ℎ (µm) 1 2 3 4 6 8 10 15 19,95 

∆𝑉𝑚𝑎𝑥 (µV) 0,77 0,30 0,16 0,09 0,04 0,03 0,02 0,007 0,004 

 
Figure 4.48 – Simulation of the average of the magnetic field sensed by the sensor relative to position of the 
magnetic particle along the y-direction (heights of: 1, 2, 3, 4, 6, 8, 10, 15 and 19,95 µm). Relative to a BNF-Dextran 
particle 

Since none of these values is higher than the 10 µV that are considered detectable, it is important to 

simulate for lower heights, to understand at what height can the sensor detect one single MNP. 
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Simulations were made for the following particle heights: 85, 100, 200, 300 and 500 nm and the results 

are represented in Figure 4.49 while the maximum signal for each height (ℎ) is given in Table 4.4. 

Table 4.4 – Maximum ∆𝑉 value obtained for each simulation at a different height (heights of: 50, 100, 250 and 500 
nm). Relative to a BNF-Dextran particle 

 

 
Figure 4.49 – Simulation of the average of the magnetic field sensed by the sensor relative to position of the 
magnetic particle along the y-direction (heights of: 50, 100, 250 and 500 nm). 

Looking at these results, it is possible to see that for a height of 85 nm the magnetic field intensity is 

already >10 µV. This means that only the particles that flow at a height of 85 nm or lower can be 

singularly detected by the sensor. The probability of a particle flowing in heights lower than 85 nm is 

given by expression 4.11, assuming an even distribution of particles along the height of the channel 

(assuming that it is physically impossible for the particle to go lower than 50 nm and higher than 19,95 

µm, given its radius of 50 nm). 

𝑃(ℎ < 85 𝑛𝑚) =
85 − 50

20000 − 100
= 0,002 = 0,2% 4.11 

However, given that the calculated height is so low, to a point in which the MNP is practically in contact 

with the bottom, this probability is considered to be null, as the 0,2% chance of a particle being at said 

height or lower, allied to the fact that the velocity in this region is close to zero (see Section 4.10.2), the 

probability of a MNP being detected is virtually zero. 

4.9.2 Cell/Microsphere labelled with BNF-Dextran Particles 

The magnetization of a labelled cell or microsphere is equal to the sum of the magnetizations of the 

MNPs that surround it. Since the surface targets for the immunoaffinity ligation are abundant, the only 

restrictions for the labelling are geometrical. Given this, the maximum number of MNPs that can cover 

a 1 µm microsphere is 484 and the maximum number that can fit around an E. coli cell is 980 (assuming 

the average dimensions of an E. coli cell 1 µm diameter and 2 µm length). Considering this, it was 

possible to determine that the maximum height for the detection of a labelled cell and microsphere is 

-15

-10

-5

0

5

10

15

-5 -4 -3 -2 -1 0 1 2 3 4 5

Δ
V

 (
µ

V
)

yp (µm)

h = 85 nm

h = 100 nm

h = 200 nm

h = 300 nm

h = 500 nm

ℎ (nm) 85 100 200 300 500 

∆𝑉𝑚𝑎𝑥 (µV) 10,1 8,51 4,242 2,81 1,66 



51 
 

12,7 µm and 8,9 µm respectively, and that the maximum voltage that each can generate is 1339 µV and 

661 µV. 

To know the percentage of labelled cells/microspheres that can be detected, the probability of the 

labelled complex being lower than their respective maximum height was calculated using expressions 

4.12 (labelled cells) and 4.13 (labelled microspheres). 

𝑃(ℎ < 6,6 µ𝑚) =
12,7 − 0,6

20,0 − 1,2
= 0,644 = 64,4% 4.12 

𝑃(ℎ < 4,6 µ𝑚) =
8,9 − 0,6

20,0 − 1,2
= 0,441 = 44,1% 4.13 

4.9.3 Estapor® M1-070/60 – 0,87 µm 

Knowing the magnetization of one 0,87 µm particle, simulations were performed using the parameters 

described in Table 4.5, for channel heights of: 1, 2, 3, 4, 6, 8, 10, 15 and 19,565 µm (the last simulation 

is made at 19,565 µm instead of 20 µm to account for the fact that the maximum channel height is 20 

µm and the radius of the particle is 435 nm, which places the center of the particle at 19,565 µm 

maximum). The resulting magnetic field intensity profiles are in Figure 4.50 and the maximum signal for 

each height (ℎ) is given in Table 4.6. 

Table 4.5 – Parameters used for the simulation of the magnetic field created by a single magnetic particle (Estapor® 
M1-070/60: 0,87 µm) 

Sensor Dimensions 

(µm) 
Sensor 

Sensitivity 

(Ω/Oe) 

Bias Current 

(mA) 

Particle 

Diameter (nm) 

Magnetization 

(emu) 
Width Length 

3 100 0,47 1 870 3,06×10-11 

 
Figure 4.50 – Simulation of the average of the magnetic field sensed by the sensor relative to position of the 
magnetic particle along the y-direction (heights of: 1, 2, 3, 4, 6, 8, 10, 15 and 19,565 µm). Relative to a Estapor® 
M1-070/60 particle 

Table 4.6 – Maximum ∆𝑉 value obtained for each simulation at a different height (heights of: 1, 2, 3, 4, 6, 8, 10, 15 
and 19,565 µm). Relative to a Estapor® M1-070/60 particle 

ℎ (µm) 1 2 3 4 6 8 10 15 19,565 

-100

-80

-60

-40

-20

0

20

40

60

80

100

-15 -10 -5 0 5 10 15

Δ
V

 (
µ

V
)

yp (µm)

h = 1 µm

h = 2 µm

h = 3 µm

h = 4 µm

h = 6 µm

h = 8 µm

h = 10 µm

h = 15 µm

h = 19,565 µm



52 
 

∆𝑉𝑚𝑎𝑥 (µV) 86,3 33,3 17,6 10,6 5,0 2,8 1,8 0,8 0,5 

Looking at these results, it is possible to see that for a height of 4 µm the magnetic field intensity is 

already >10 µV. Simulating for ℎ = 4,1 µm the value obtained is ∆𝑉𝑚𝑎𝑥= 10,0 µV. This means that only 

the particles that flow at a height of 4,1 µm or lower can be singularly detected by the sensor. The 

probability of a particle flowing in heights lower than 4,1 µm is given by expression 4.14, assuming an 

even distribution of particles along the height of the channel (assuming that it is physically impossible 

for the particle to go lower than 0,435 µm and higher than 19,565 µm, given its radius of 0,435 µm). 

𝑃(ℎ < 4,1) =
4,1 − 0,435

20 − 0,87
= 0,192 = 19,2% 4.14 

4.9.4 Simulation assumptions and considerations 

It is important to notice that a large number of particles flow at the same time. This means that at any 

given moment there are many particles flowing on top of the sensor. Consequently, the average 

magnetic field sensed by the sensor in each instant is given by the sum of the magnetic field of all 

particles travelling over the sensor. This can lead to the appearance of peaks when they were not 

expected – case in which many particles with similar fields flow at the same time; it can also lead to the 

hiding of peaks that would otherwise be detected, since the total field may be small due to positive and 

negative contributions of different particles cancelling each other. 

Another assumption that is important to notice is that in these simulations the particle is always 

considered to be passing precisely in the center of the sensor (at 𝑥 = 0), and that it does not change its 

height or position. In reality, the particles can suffer rotation due to the flow and obviously not all particles 

will pass directly over the middle of the sensor. All these factors will influence the peak’s amplitude and 

duration. 

4.10 Simulations of the sensors response in variation with the 

particles flow rate 

4.10.1 For the approximation that any 𝑣 = 𝑣𝑎𝑣𝑔 

The peak generated by one particle is bipolar, and the acquisition software is working with sample 

frequency of 50 kHz (see Section 4.11), which means that one data point is acquired every 20 

microseconds. It is also known that the acquisition software needs 10 data points to be able to 

reconstruct a peak and that the sectional area of the channel is 20×100 µm2.  Knowing this, it is possible 

to simulate the flow rate at which the particles need to be passing in order to be correctly detected by 

the system. By equaling the velocity terms of equations 4.15 and 4.16, we can get the flow rate that 

must be used in order to achieve the needed data points per peak. In these calculations it is considered 

that the particles flow with the average velocity that is independent of their position. This is a rough 

approximation that does not take into account the velocity profile inside the channel. 
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𝑣 =
𝐹

𝐴
 4.15 

𝑣 =
𝑑

𝑡
 

4.16 

4.10.1.1 BNF-Dextran Particles – 100nm 

According to Figure 4.49 the length of a peak with enough height to be detected is approximately 5 µm 

(from -2,5 µm to 2,5 µm). Therefore, the maximum flow rate at which 10 data points can be acquired is 

given by expression 4.17. 

𝑄

𝐴
=

𝑑

𝑡
⇔ 𝑄 =

𝑑 × 𝐴

𝑡
=

5 µ𝑚 × (20 × 100 µ𝑚2)

10 × (20 × 10−6 𝑠)
= 5 × 107 µ𝑚3/𝑠 = 3 µ𝐿/𝑚𝑖𝑛 4.17 

4.10.1.2 Labelled cell/microsphere 

The length of a peak caused by a labelled cell with enough height to be detected is approximately 40 

µm (from -20 µm to 20 µm). Therefore, the maximum flow rate at which 10 data points can be acquired 

is given by expression 4.18. 

𝑄

𝐴
=

𝑑

𝑡
⇔ 𝑄 =

𝑑 × 𝐴

𝑡
=

40 µ𝑚 × (20 × 100 µ𝑚2)

10 × (20 × 10−6 𝑠)
= 4 × 108 µ𝑚3/𝑠 = 24 µ𝐿/𝑚𝑖𝑛 4.18 

For the case of a labelled microsphere, the peak length is 30 µm (from -15 µm to 15 µm), the maximum 

flow rate at which 10 data points can be acquired is given by expression 4.18. 

𝑄

𝐴
=

𝑑

𝑡
⇔ 𝑄 =

𝑑 × 𝐴

𝑡
=

30 µ𝑚 × (20 × 100 µ𝑚2)

10 × (20 × 10−6 𝑠)
= 3 × 108 µ𝑚3/𝑠 = 18 µ𝐿/𝑚𝑖𝑛 4.19 

4.10.1.3 Estapor® M1-070/60 – 0,87 µm 

According to Figure 4.50 the length of a peak with enough height to be detected is approximately 20 µm 

(from -10 µm to 10 µm). Therefore, the maximum flow rate at which 10 data points can be acquired is 

given by expression 4.20. 

𝑄

𝐴
=

𝑑

𝑡
⇔ 𝑄 =

𝑑 × 𝐴

𝑡
=

20 µ𝑚 × (20 × 100 µ𝑚2)

10 × (20 × 10−6 𝑠)
= 2 × 108 µ𝑚3/𝑠 = 12 µ𝐿/𝑚𝑖𝑛 4.20 

4.10.2 Calculating the velocity profile and the velocity for each ℎ 

Since the calculations performed in section 4.10.1 are dependent on very inaccurate approximations 

that don’t consider the existence of a velocity profile inside the microchannel, it was important to go one 

step further and try to understand if this approximation is valid, according to what are the fluid dynamics 

inside the microchannel.  

The first fundament equation of fluid dynamics is the continuity equation (equation 4.21) that describes 

the conservation of mass [83]. In this equation, 𝜌 represents the density and 𝑣 represents the velocity 

vector of the fluid, which is dependent of the position and time.  

𝜕𝜌

𝜕𝑡
= −∇ ∙ (𝜌𝑣) 4.21 
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In this work it is assumed that the fluid density is independent of time and place and the fluid is therefore 

incompressible. This reduces the continuity equation to its simplified form: equation 4.22. 

∇ ∙ 𝑣 = 0 4.22 

The second fundamental equation of fluid dynamics is the Navier-Stokes equation (equation 4.23) which 

is the fluid dynamics equation of motion and is derived from the second law of Newton. In this equation 

are represented the forces that act on the fluid, which are pressure (−∇𝑝), viscous force (𝜂∇2𝑣), 

gravitational force (𝜌𝑔) and electric force (𝜌𝑒𝑙𝐸)  

𝜌(𝜕𝑡𝑣 + (𝑣 ∙ ∇)𝑣) = −∇𝑝 + 𝜂∇2𝑣 + 𝜌𝑔 + 𝜌𝑒𝑙𝐸 4.23 

Assuming that the regime is stationary, which makes all the time derivatives equal to zero; assuming 

that all experiments are performed in an horizontal channel that is perpendicular to the effect of gravity, 

which results in mutual compensation between gravitational force and normal force (applied by the 

bottom of the channel); assuming that no electrical force is applied; and assuming an incompressible 

fluid, which means that the stress tensor is reduced considerably: the Navier-Stokes equation can be 

simplified and written as equation 4.24 [52]. 

𝜌(𝑣 ∙ ∇)𝑣 = −∇𝑝 + 𝜂∇2𝑣 4.24 

It is also considered that the fluid follows with a no-slip boundary condition, which means that the velocity 

is equal to zero in the interface between the fluid and the walls of the channel (solid-fluid interface). 

In this work, the flow used in the microchannel is a Poiseuille flow, which means that it a pressure driven, 

steady state flow. The solution of the Navier-Stokes equation for Poiseuille flow in a rectangular cross-

section channel with a non-slip boundary condition gives the velocity for these conditions. The velocity 

field is given by equation 4.25, and the velocity profiles are shown in Figure 4.51 [83].  

𝑣𝑥(𝑦, 𝑧) =
4ℎ2Δ𝑝

π3𝜂𝐿
∑

1

𝑛3
[1 −

cosh (𝑛𝜋
𝑦
ℎ

)

cosh (𝑛𝜋
𝑤
2ℎ

)
]

∞

𝑛,𝑜𝑑𝑑

sin (𝑛𝜋
𝑧

ℎ
) 4.25 

 
Figure 4.51 – (a) Contour lines for the velocity field 𝑣𝑥(𝑦, 𝑧) for the Poiseuille flow problem in a rectangular channel. 

The contour lines are shown in steps of 10% of the maximal value 𝑣𝑥(0, ℎ/2); (b) A plot of 𝑣𝑥(𝑦, ℎ/2) along the long 

center-line parallel to the y axiz; (c) A plot of 𝑣𝑥(0, 𝑧) along the short center-line parallel to the z axis [83] 

The equation for the flow rate is obtained by integrating the velocity profile equation and is given by 

equation 4.26 [83]. 

𝑄 =
ℎ3𝑤Δ𝑝

12𝜂𝐿
[1 − ∑

1

𝑛5

192

𝜋5

∞

𝑛,𝑜𝑑𝑑

ℎ

𝑤
tanh (𝑛𝜋

𝑤

2ℎ
)] 4.26 
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With the approximation that 𝑤 ≫ ℎ the term tanh (𝑛𝜋
𝑤

2ℎ
) can be considered tanh(∞) = 1. The result of 

this approximation is equation 4.27 and is an approximation that gives really good results. For the worst 

case (the square with 𝑤 = ℎ) the error is just 13%; while already at half the aspect ratio (𝑤 = 2ℎ) the 

error is down to 0,2% [83]. In this work the ratio is 𝑤 = 5ℎ, so this approximation is valid and the error 

associated to it is low. 

𝑄 ≈
ℎ3𝑤Δ𝑝

12𝜂𝐿
[1 − 0,630

ℎ

𝑤
] 4.27 

Using the same approximation, the equation that describes the velocity profile is equation 4.28. The 

assumption that the velocity does not change with y is not problematic for these calculations, since it is 

assumed that y=0, which represents the case where the velocity is higher. Since the goal is to calculate 

the maximum flow rate that can be applied, admitting y=0 is a representation of the worst-case scenario, 

as intended. At every other value of y, the velocity is lower than the maximum and therefore still within 

the limits for detectability. 

𝑣𝑥(𝑧) =
Δ𝑝

2𝜂𝐿
(ℎ − 𝑧)𝑧 4.28 

Given these new equations, it was possible to calculate the actual flow rates that can be used. Using 

equation 4.28, solved in order to Δ𝑝, and substituting this result in equation 4.27 it was possible to find 

the maximum flow rate that can be imposed in order to still acquire a good signal. The equation obtained 

is equation 4.29. 

𝑄 ≈
ℎ3𝑤

2𝜂𝐿𝑣
(ℎ − 𝑧)𝑧

12𝜂𝐿
[1 − 0,630

ℎ

𝑤
] 

4.29 

4.10.2.1 BNF-Dextran particles – single particle 

According to Figure 4.49 the length of a peak with enough height to be detected is approximately 5 µm. 

Therefore, using equation 4.29, the maximum flow rate at which 10 data points can be acquired at a 

height of ℎ = 0,085 µ𝑚 is 𝑄 = 146,1 µ𝐿/𝑚𝑖𝑛.  

This result is extremely different from the one obtained with the rough approximation made earlier. This 

is because in this case the detectable height is so close to the channel wall that the actual velocity is 

much lower than 𝑣𝑎𝑣𝑔, since it is near the boundary at which a non-slip condition is assumed. 

4.10.2.2 Labelled cell/microsphere 

Since the length of a peak corresponding to a cell detection event is approximately 40 µm, while the 

length of a peak corresponding to a microsphere detection event is 30 µm, it is possible to calculate the 

maximum flow rate at which 10 data points can be acquired for each case.  

For a cell detection event the maximum flow rate is 𝑄 = 14,81 µ𝐿/𝑚𝑖𝑛 and for a microsphere detection 

event is 𝑄 = 15,81 µ𝐿/𝑚𝑖𝑛.  
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4.10.2.3 Estapor® M1-070/60 particle – single particle  

According to Figure 4.50 the length of a peak with enough height to be detected is approximately 15 

µm. Therefore, using equation 4.29, the maximum flow rate at which 10 data points can be acquired at 

a height of ℎ = 4,1 µ𝑚 is 𝑄 = 8,04 µ𝐿/𝑚𝑖𝑛. 

4.10.2.4 Considerations 

In the single MNP case it is possible to see that the result obtained is extremely different from the one 

obtained with the rough approximation made earlier. This is because in this case the detectable height 

is so close to the channel wall that the actual velocity is much lower than 𝑣𝑎𝑣𝑔, since it is near the 

boundary at which a non-slip condition is assumed. 

In the other cases, the results are quite similar to the ones obtained with the approximation that 𝑣 =

𝑣𝑎𝑣𝑔. The particles are flowing at a height that is far enough from the walls of the channel that their 

velocity can be assumed equal to 𝑣𝑎𝑣𝑔. 

The closest a particle is to the wall of the channel, the more inaccurate is the approximation that its 

exact velocity is equal to the average velocity. For heights that are more distant from the wall, and 

especially around 1/4 of the maximum, the velocity is more accurately described by 𝑣𝑎𝑣𝑔.  

4.11 Signal acquisition 

Measurements of the signal detected by the sensor were acquired using a multi-channel PCB setup 

platform developed at INESC-ID. This system is composed by 15 channels for parallel measurement of 

signals from 15 SV sensors. In this work, only the signal from 3 sensors was measured simultaneously, 

and these correspond to the sensors connected to the channels 8, 9 and 10, on the multi-channel PCB 

setup platform. These channels can be connected to different sensors, but in the majority of the 

experiments they were connected to the sensors labelled as 8, 9 and 10 in Figure 4.2 (with the exception 

of the case explained in Section 5.3). 

The platform includes a high-pass filter of 350 Hz and a low-pass filter of 10 kHz. 

The platform performed real-time signal processing for detecting variations in the resistance of MR 

sensors, when an external magnetic field is applied. The output of the sensors is acquired on a computer 

through a commercial digital-to-analogue converter (DAC) board (DT9836-12-2-BNC), with an 

acquisition frequency of 50 kHz. A MATLAB® program developed by INESC-ID is used to acquire the 

sensor signal versus time. 

Figure 4.52 represents the setup platform used, with a description of each component.  

The acquired signal was analyzed with another MATLAB® software developed with the goal of counting 

the peaks obtained and plotting the voltage versus time acquired signal. Voltage peaks are counted only 

if they appear above a given threshold and to each of these peaks is attributed the meaning of a 

“detection event”, that consists in the passing of a MNP or labelled cell over the sensor, thus varying the 

magnetic field above the sensor triggering a magnetic response from the sensor. These voltage peaks 
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are the basis of this dynamic detection, as counting the peaks corresponds to counting the number of 

detection events, and therefore the number of cells detected. 

 
Figure 4.52 – Setup platform for signal acquisition. Components: 1) digital to analogic conversion board (Data 
Translation, 16-bit DAC); 2) Syringe pump to impose flowrates (New Era Pump Syringe Inc NE-300; 3) 1 mL syringe 
4) 6 V batteries for power supply and portability; 5) Black box that overs the sensors to reduce noise; 6) electronic 
platform that provides all the electronic circuit to address and readout; 7) microchip mounted on a PCB and 
connected to the acquisition board. 

4.12 Scanning Electron Microscope 

A scanning electron microscope (SEM) was used in the last step of this work, to visualize the samples 

that were being analyzed with the acquisition setup and better understand the results obtained. 

SEM uses a focused electron beam with high energy to scan the surface of a sample and create the 

image of the material. The interaction between the electrons in the beam and the atoms in the sample 

leads to the release of secondary electrons that produce signals which reveal information about the 

sample and allow to reconstruct its image using a software. Among the properties that can be analyzed 

by these signals are surface topography, chemical composition, orientation of materials and crystalline 

structure. 

Living cells are not visible with a SEM analysis, since this technique is performed under vacuum and 

biological material is not naturally resistant to vacuum. The high water content combined with water 

permeable membranes result in a rapid evaporation of water and consequent distortion of biological 

tissue morphology. 

To circumvent this issue these samples were fixated and dehydrated, to then be coated with a thin 

metallic layer through sputter coating. Fixation consists of two steps: termination of normal life functions 

(killing of the cells) and stabilization of the tissue structure. 

The fixation step is performed with a glutaraldehyde or formaldehyde solution, that promotes the cross 

linking between the proteins on the surface of the cells and the surface of the material. The most 

common method is the use of glutaraldehyde, as it still allows the fixation, but is a less strong fixative, 

which allows to maintain the cells’ structure as intact as possible.  The dehydration step is usually 

performed with a gradient of ethanol solutions, which gradually remove the water from the cells while 
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maintaining its components intact. To avoid shrinkage of the cells, plasmolysis, and the removal of 

ethanol-soluble components, it must be conducted rapidly enough to prevent excessive component 

extraction, but slow enough to prevent plasmolysis [84]. 
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Chapter 5 – Results and Discussion 

All experiments were performed using the experimental setup and MATLAB® software described in 

Section 4.11. To allow the counting of the peaks it was necessary to define a threshold value that would 

mark the limit between what is considered noise and what is considered an actual peak associated with 

the passing of a labelled cell or microsphere – a so called “detection event”. 

A positive and negative threshold were defined by checking the values of signal acquisition for a control 

sample that does not have any magnetic material in its composition. Since the samples that were 

analyzed in this work were always majorly constituted of DI water, this was used as a control sample. 

Once the threshold was defined, every value that was obtained outside its boundaries was assumed to 

be caused by changes in the magnetic field due to magnetic nanoparticles flowing above the sensor 

and was therefore counted as a detection event. 

Since single, isolated, magnetic nanoparticles have a very low probability of causing a detectable 

response (see Section 4.9.1) all events are attributed to clusters of MNPs. These clusters can be 

desirable and expected, such as those that form around a cell or a microsphere, or just random clusters 

of MNPs that can lead to false positives. Also, if these clusters (both desired and random) flow above 

the detection height they won’t be detected, since their signal can be “hidden” within the noise values. 

The simultaneously acquired signal from the three sensors will never be exactly equal, but since the 

threshold values are defined individually for each sensor, the number of events detected by should not 

have a high variation from sensor to sensor. 

To better understand the behavior of the sensors and the validity of suppositions made, other control 

samples have been used, namely a sample consisting of isolated 100 nm MNPs, and a sample of 0,87 

µm particles were tested to confirm the suspected results: that the 100 nm MNPs do are almost 

undetectable, and that the 0,87 µm particles indeed trigger a response from the sensor, since these 

particles are much larger (as predicted in Section 4.9.2). 

At the end of each experiment the sensor was always washed with deionized water until the signal 

returned to the baseline and a microscope check was performed to confirm that the microfluidics channel 

was clean and could be used in further experiments. This cleaning procedure prevents the appearance 

of false positives (from particles that would have stayed behind between experiments) and ensures that 

there is no clogging of the channel that stops the normal flow of the samples. 

5.1 Control sample and threshold definition 

To define the mentioned threshold values for the noise, 20 µL of DI water were analyzed at a flow rate 

of 3 µL/min. Figure 5.1 shows the plot of voltage versus time that was obtained, and Table 5.1 represents 

the standard deviation values and corresponding threshold values for each of the three sensors used, 

as well as the number of counted peaks. 
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Figure 5.1 – Acquisition signal obtained for each of the 3 sensors used (8, 9 and 10) in the acquisition tests with 
the first control sample (DI water) 

The noise band is assumed to be in the interval [−𝑥𝜎 , 𝑥𝜎], where the 𝜎 is the standard deviation 

calculated for each sample and each sensor. 𝑥 is defined assuming a normal distribution of the noise 

values in the control samples and imposing a maximum number of 10 peaks as acceptable. This leads 

to a threshold interval of [−5𝜎 , 5𝜎] and results in a probability of finding a peak resulting from noise of 

less than 0,000057%. The fact that the acceptable percentage is considerably low leads to higher 

probability of missing the detection of events since the signal of some events can be in the defined noise 

region. 

Table 5.1 – Standard deviation values, threshold values and number of peaks observed for each of the 3 sensors 
used (8, 9 and 10) in the acquisition tests with the first control sample (DI water) 

Sensor # 8 9 10 

Standard deviation: σ (µV) 1,75 1,84 1,61 

Threshold: 5 × σ (µV) 8,77 9,20 8,04 

Peaks counted 10 4 3 

As it is possible to see from the data in Table 5.1, the number of peaks that were found are indeed 10 

or less for each of the sensors, which validates the assumption of a normal distribution and shows that 

the [−5𝜎 , 5𝜎] interval is appropriate. This interval has therefore been chosen as the threshold interval 

for all the following acquisition experiments.  

5.2 Magnetic detection of isolated MNPs – 100 nm BNF-

Dextran (micromod®) 

As the cells and microspheres are labelled with the small MNPs it is important to assure that the peaks 

obtained during the acquisition tests are only due to the labelled cells/microspheres and not to free 

MNPs, which is expected given the low probability that these particles have of yielding a response from 
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the sensor. To test this hypothesis a sample of 5 µL of BNF-Dextran (micromod®) was diluted in DI 

water to a total volume of 100 µL and tested at a flow rate of 10 µL/min. This corresponds to a final 

concentration 3×1011 MNPs/mL (from a stock concentration of 6×1012 MNPs/mL) and a total number of 

3×1010 of MNPs in the sample. Figure 5.2 shows the plot of voltage versus time that was obtained, and 

Table 5.2 represents the standard deviation values and corresponding threshold values for each of the 

three sensors used, as well as the number of counted peaks. 

 
Figure 5.2 – Acquisition signal obtained for each of the 3 sensors used (8, 9 and 10) in the acquisition tests with 
the second control sample (isolated particles BNF-Dextran – micromod®) 

As expected, the number of peaks that was observed above the device’s noise is just slightly higher 

than the number observed in the first control case. This slight increase can be due to the formation of 

clusters or lumps of particles. These potential clusters can be detected by the sensor since they are an 

aggregate of particles, and therefore have a magnetization equal to the sum of the magnetization of all 

the particles in the cluster, making it detectable. 

Table 5.2 – Standard deviation values, threshold values and number of peaks observed for each of the 3 sensors 
used (8, 9 and 10) in the acquisition tests with the second control sample (isolated particles BNF-Dextran – 
micromod®) 

Sensor # 8 9 10 

Standard deviation: σ (µV) 1,75 1,83 1,63 

Threshold: 5 × σ (µV) 8,77 9,17 8,13 

Peaks counted 25 26 24 

The most probable cause for the formation of the clusters is a potential deficient performance of the 

washing step during the preparation of the sample. This step consists of removing the MNPs from their 

storage buffer and substituting it with DI water and is performed using a permanent magnet that attracts 

the MNPs. When the separation of the particles has been done and the water is being applied it is 

sometimes difficult to completely disaggregate the pellet of MNPs and separate it into single particles. 
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Given the low number of peaks counted for a sample with such a high number of MNPs it is possible to 

say that this control test was successful in proving what was expected and assumed. The free MNPs 

used for the labelling do not have a significant interference with the number of peaks that are counted 

when a labelled cell sample is being tested, since a sample with MNPs behaves almost identically to a 

sample with no magnetic material. 

5.3 Magnetic detection of isolated MNPs – 0,87 µm Estapor® 

M1-070/60 

Having proven that the small MNPs used for labelling aren’t individually detected by the sensors it was 

important then to verify if the sensors do indeed detect larger MPs, as expected. Another control test 

was performed to with large magnetic particles that have a diameter of 0,87 µm (Estapor® M1-070/60). 

In this acquisition test two hypothesis are being checked: if these particles do indeed produce a 

response from the signal as should be expected, and if the response obtained is a result of the particles 

and not from an outside disturbance.  

To test the first hypothesis, the sample used in this acquisition was constituted of 5µL of a suspension 

of Estapor® M1-070/60 MPs (dilution 1:1000), in a total volume of 100 µL and tested at a flow rate of 

30 µL/min. The number of particles in this sample cannot be exactly known, as the information given by 

the manufacturer is very unspecific. But knowing that the solid concentration is 10%, and assuming that 

this concentration is in %(v/v) an estimation for the number of particles was calculated. The estimated 

final concentration is approximately 7×105 MPs/mL, and a total of 7×104 MPs in the sample. 

To test the second hypothesis, the acquisition channel number 8 connected to a sensor that is placed 

not inside the microchannel through which the particles flow, but instead is connected to the extra sensor 

that is located outside of the microchannel (see Figure 5.3 b) for reference). Sensor 8 acts as control 

sensor. Since it will not be in proximity of any magnetic material, this sensor should demonstrate a 

behavior that reflects this fact, so a low peak count is expected, similar to that of the obtained with the 

non-magnetic control sample (DI water). 

The sample used was tested at a flow rate of 30 µL/min, which is a higher flow rate than the maximum 

calculated in Section 4.10.2.3: 8,04 µL/min. The fact that the flow rate used here is considerably higher 

than the calculated maximum is because this acquisition test was done before the simulation had been 

completed. Nevertheless, the goal of this test was to understand if the sensor these MPs particles, so 

this factor was deemed non-relevant. It would, although, indeed be relevant if the purpose was the 

precise quantification of the number of MPs.  

Table 5.3 – Standard deviation values, threshold values and number of peaks observed for each of the 3 sensors 
used (8, 9 and 10) in the acquisition tests with the third control sample (isolated particles Estapor® M1-070/60) 

Sensor # 8 9 10 

Standard deviation: σ (µV) 1,84 2,63 2,07 

Threshold: 5 × σ (µV) 9,21 13,2 10,4 

Peaks counted 12 161 142 
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As it is possible to see from Figure 5.3 a) and Table 5.3, sensors 9 and 10 show a large number of 

peaks, corresponding to a large number of detection events, while sensor 8 shows a behavior similar to 

that of the non-magnetic control sample.  

Both hypothesis presented were therefore confirmed. The sensors detect the magnetic field variation 

corresponding to the flow of a magnetically detectable MP, and the peaks counted do indeed come from 

the sensors reaction to the passing of a MP, and not due to any external disturbance or unpredicted 

magnetic impurity.  

  
Figure 5.3 – Acquisition signal obtained for each of the 3 sensors used (8, 9 and 10) in the acquisition tests with 
the third control sample (isolated particles Estapor® M1-070/60) and schematic indication of the sensors whose 
signal is being acquired 

However, the average number of peaks counted per sensor is only 152 which is significantly lower than 

the number of MPs estimated in the sample (of which, according the calculations made in Section 4.9.3, 

19,2% should be detectable). This discrepancy can be because the used flow rate was too high, leading 

to a high number of particles going undetected by the acquisition system, or also because the stock of 

particles used was relatively outdated and some particles might have lost their magnetic properties or 

aggregated with other particles thus masking the signal.  

5.4 Magnetic detection of labelled microspheres 

A sample consisting of polymeric microspheres labelled with MNPs (see Section 4.6.2) was tested and 

analyzed. The experiments were performed with 5 µL of BNF-Dextran (micromod®) magnetic 

nanoparticles, 15 µL of micromer® (01-19-103) microspheres diluted 1:1000, 2,5 µL of anti-E. coli 

antibody (with conjugated Biotin) ab68451 (abcam®) and DI water. This corresponds to a total of 

6,9×105 microspheres and 3×1010 MNPs in a final volume of 100 µL.  

Table 5.4 – Standard deviation values, threshold values and number of peaks observed for each of the 3 sensors 
used (8, 9 and 10) in the acquisition tests with the immunomagnetically labelled microspheres micromer® (01-19-
103) 

8 

9 

10 

a) 

b) 
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Sensor # 8 9 10 

Standard deviation: σ (µV) 2,23 2,40 2,08 

Threshold: 5 × σ (µV) 11,2 12,0 10,4 

Peaks counted 2620 2543 2580 

Table 5.4 represents the results from these acquisition tests, that were performed with a flow rate of 3 

µL/min. From the data in this table it is possible to see that although the sensors did not detect the exact 

same number of events (since the peak counts are different) they give very similar results, with a 

standard deviation of only 2%. 

 
Figure 5.4 – Acquisition signal obtained for sensor 8 in the acquisition tests with the immunomagnetically labelled 
microspheres micromer® (01-19-103) 

Figure 5.4, Figure 5.5 and Figure 5.6 represent the acquisition signal obtained for sensors 8, 9 and 10, 

respectively. It is possible to see in these plots that the peaks corresponding to detection events and 

are distributed throughout the experiment’s time frame, which suggests that the formation of aggregates 

or clusters was minimal and that there were no relevant clogging issues, as the peaks don’t appear all 

close together. However, it is possible to see a larger concentration of peaks, and with higher amplitude, 

at around the 1200 second-mark. This can point to a formation of a cluster but is most likely due to a 

clogging issue that led to the formation of a “lump” of labelled microspheres, since there are so many 

peaks close together and not just a single, very high peak. The formation of this agglomerate caused 

the events to be detected sequentially by the sensor once the particles became dislodged. 
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Figure 5.5 – Acquisition signal obtained for sensor 9 in the acquisition tests with the immunomagnetically labelled 
microspheres micromer® (01-19-103) 

 
Figure 5.6 – Acquisition signal obtained for sensor 10 in the acquisition tests with the immunomagnetically labelled 
microspheres micromer® (01-19-103) 

Analyzing in the same plot one detection event given by the three sensors (Figure 5.7), it is possible to 

see that the detection at each one of the sensors does not occur simultaneously but instead with a slight 

delay from sensor to sensor. This was to be expected given the distance from one sensor to another. 

The flow passes first by sensor 10, followed by sensor 9 and finally by sensor 8, so every event is 

detected in this order. From this, the velocity inside the channel was calculated by simply dividing the 

distance between sensors by the time between each detection event. The objective of calculating the 

velocity at which each particle flows inside the channel is to obtain the actual value of the flow rat inside 

the channel and thus confirm if the imposed flow rate is indeed the one being experienced in the 

microchannel. 
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Figure 5.7 – Signal acquired from the 3 sensors used (8, 9 and 10) for the detection of the same event in the 
acquisition tests with the immunomagnetically labelled microspheres micromer® (01-19-103) 

The distance between sensor 10 and sensor 9 is 153 µm, while the distance between sensor 9 and 

sensor 8 is 14 µm. To more accurately calculate the velocity and the flow rate, 10 detection events have 

been chosen at random, and the velocities associated to each of them have been calculated. Table 5.5 

shows the results of the time at which each sensor counted the same event and the calculated velocity 

that results for each event. 

Table 5.5 – For 10 detection events chosen at random from e acquisition tests with the immunomagnetically labelled 
microspheres micromer® (01-19-103): time of occurrence of a peak maximum as detected by each of the 3 sensors 
used (8, 9 and 10), velocity value associated to each event and respective voltage value. 

 Sensor 
Time at peak max (s) 

Event #1 Event #2 Event #3 Event #4 Event #5 

8 24,10826 314,41544 512,93166 3,43408 133,24016 

9 24,10782 314,41488 512,9313 3,43376 133,23984 

10 24,10296 314,40824 512,92664 3,42696 133,23502 

Velocity (m/s) 0,0288 0,0212 0,0303 0,0210 0,0294 
 

 Sensor 
Time at peak max (s) 

Event #6 Event #7 Event #8  Event #9 Event #10 

8 1189,43002 1036,36782 1211,19368 1051,91946 872,19574 

9 1189,42966 1036,3674 1211,1934 1051,91898 872,19534 

10 1189,4246 1036,36144 1211,18898 1051,91398 872,1903 

Velocity (m/s) 0,0279 0,0237 0,0321 0,0280 0,0280 

These velocity values were then used to confirm if the flow rate imposed by the pump is indeed the one 

that is being applied inside the microchannel. For this, one more variable has to be considered: the 
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height at which the microsphere is flowing. To find the height of the microsphere that corresponds to 

each event, the average amplitude of the 3 peaks that mark the event was calculated. Once the 

amplitude is known it can be translated in height using equations 4.4, 4.5 and 4.6. Finally, using equation 

4.29, the flow rate was calculated for each of the events, and the average of these values taken as being 

the calculated flow rate inside the channel. The result obtained was 2,92 µL/min, which, since the 

imposed flow rate was 3 µl/min, represents an error of 2%. Considering the approximations made in the 

calculation, this is admitted as a good result. 

5.5 Magnetic detection of labelled E. coli cells 

Having tested the detection system with several control samples, and with a preliminary model with 

microspheres substituting the cells, the detection and quantification of immunomagnetically labelled E. 

coli cells was attempted. Three samples were tested, as will be explained. 

5.5.1 First sample 

The first experiments with a sample containing E. coli cells were performed with 5µL of BNF-Dextran 

(micromod®) MNPs, 10 µL of E. coli DH5α (106 CFU/100µL), 2,5 µL of anti-E. coli antibody (with 

conjugated Biotin) ab68451 (abcam®) and DI water. This corresponds to a total of 105 CFU and 3×1010 

MNPs in a final volume of 100 µL. Table 5.6 represents the results from these acquisition tests, that 

were performed with a flow rate of 3 µL/min. 

Table 5.6 – Standard deviation values, threshold values and number of peaks observed for each of the 3 sensors 
used (8, 9 and 10) in the first acquisition tests with the immunomagnetically labelled E. coli cells 

Sensor # 8 9 10 

Standard deviation: σ (µV) 2,16 2,19 1,85 

Threshold: 5 × σ (µV) 10,8 11,0 9,3 

Peaks counted 584 412 471 

Figure 5.8, Figure 5.9 and Figure 5.10 represent the acquisition signal obtained for sensors 8, 9 and 10, 

respectively. In these plots, the existence of many peaks corresponding to detection events is apparent 

and, like in the previous case, they are well distributed along the timeframe of the experiment and fall 

within the predicted range of amplitude. 

The number of peaks detected by each sensor is, again, not exactly equal from sensor to sensor, which 

was expected. Although, comparing the three plots it is visible that the peaks represented in one plot 

have, in most cases, a corresponding similar peak in the other sensors, at approximately the same time. 

However, the counted peaks for each sensor are unexpectedly low, in comparison with the number of 

cells and MNPs that are present in the sample. 
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Figure 5.8 – Acquisition signal obtained for sensor 8 in the acquisition tests performed with the first water sample 
containing immunomagnetically labelled E. coli DH5α cells 

 
Figure 5.9 – Acquisition signal obtained for sensor 9 in the acquisition tests performed with the first water sample 
containing immunomagnetically labelled E. coli DH5α cells 
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Figure 5.10 – Acquisition signal obtained for sensor 10 in the acquisition tests performed with the first water sample 
containing immunomagnetically labelled E. coli DH5α cells 

Since the number of MNPs that can cover each cell (980 MNPs per cell) is considerably lower than the 

ratio used in the experiments (300.000 MNPs for 1 UFC), the cells were considered to be entirely 

covered by the MNPs. With this in mind, and knowing that the simulations made in Section 4.9.2 show 

that the sensors should be able to detect 64,4% of the labelled cells, the expected number of peaks 

would be around of 64.400, and not 2 orders of magnitude lower, with the average number of peaks 

counted staying at a mere 489. The first impression from these results is that the device could only 

detect approximately 0,76% of the expected events.  

To confirm that this conclusion – detection of only 1,5% of the expected events – was not due to an 

anomaly, the experiment was repeated twice, with two new samples: a second sample was prepared 

with the exact same conditions that were as the first sample, and a third sample was prepared, 

containing twice the concentration of E. coli cells (2×105 UFC), whilst maintaining the other reagents’ 

concentrations. 

5.5.2 Second sample 

The second set of experiments with a sample containing E. coli cells mimicked entirely the conditions 

described for the first sample (Section 5.5.1): 5µL of BNF-Dextran (micromod®) MNPs, 10 µL of E. coli 

DH5α (106 CFU/100µL), 2,5 µL of anti-E. coli antibody (with conjugated Biotin) ab68451 (abcam®) and 

DI water, for a total volume of 100 µL. Corresponding to a total of 105 CFU and 3×1010 MNPs.  

Table 5.7 represents the results obtained from the second set of experiments. The average number of 

peaks counted was 535, which differs from average number counted in the first experiment (489) by 

only 9%. This shows that the results obtained in this duplicate are in conformity with the ones obtained 
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in the first experiment as once again the device detected a low percentage of the expected events: 

0,83%. 

Table 5.7 – Standard deviation values, threshold values and number of peaks observed for each of the 3 sensors 
used (8, 9 and 10) in the second acquisition tests with the immunomagnetically labelled E. coli cells 

Sensor # 8 9 10 

Standard deviation: σ (µV) 2,14 2,30 1,85 

Threshold: 5 × σ (µV) 10,7 11,5 9,2 

Peaks counted 466 546 592 

Figure 5.11, Figure 5.12 and Figure 5.13 represent the acquisition signal obtained for sensors 8, 9 and 

10, respectively. Once again, it is possible to see that the peaks are well distributed along the duration 

of the experiment and their amplitudes are within the expected range. The peaks detected by one sensor 

have, like before, a corresponding equal peak in the other sensors, at approximately the same time, 

which means that the sensors are functional and the detection, when occurring, is happening according 

to expectations.  
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Figure 5.11 – Acquisition signal obtained for sensor 8 in the acquisition tests with the immunomagnetically labelled 
E. coli DH5α – first duplicate trial 

 

 
Figure 5.12 – Acquisition signal obtained for sensor 9 in the acquisition tests with the immunomagnetically labelled 
E. coli DH5α – first duplicate trial 
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Figure 5.13 – Acquisition signal obtained for sensor 10 in the acquisition tests with the immunomagnetically labelled 
E. coli DH5α – first duplicate trial 

Since the data from the first two samples shows similar and unexpected results, a last attempt was 

made to try to confirm if the detection capability of the sensors is capped at the 0,8% range, and if these 

values still hold true for different concentrations and MNP-to-cell ratios. To test these two ideas. A third 

sample was prepared, with a different cell concentration, and a different MNP-to-cell ratio (since the 

MNP concentration was not changed). 

5.5.3 Third sample  

This attempt was performed in the same conditions as the previous attempts but with the difference that 

the E. coli concentration in the sample was doubled from 1×105 to 2×105. With this increase in 

concentration, the MNP-to-cell ratio is now half of what it was in the first attempts but still much higher 

(150.000) than the calculated maximum number of MNPs per cell (980). Therefore, the assumption that 

the cells are entirely covered in MNPs is still valid. 

Table 5.8 – Standard deviation values, threshold values and number of peaks observed for each of the 3 sensors 
used (8, 9 and 10) in the third acquisition tests with the immunomagnetically labelled E. coli cells 

Sensor # 8 9 10 

Standard deviation: σ (µV) 2,13 2,24 1,83 

Threshold: 5 × σ (µV) 10,7 11,2 9,2 

Peaks counted 1152 1353 1538 

Table 5.8 represents the results from this experiment, where the average number of peaks counted was 

1348. This result comes to confirm the predictions that the acquisition setup was only detecting a very 

low percentage of the expected events. With 2×105 cells, and a 64,4% detection expectation, the number 
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of counted peaks should be around 128.800, but is instead 1348. This represents 1,05% of the expected 

events. 

c

 
Figure 5.14 – Acquisition signal obtained for sensor 8 in the acquisition tests with the immunomagnetically labelled 
E. coli DH5α – second duplicate trial (with doubled E. coli concentration) 

 
Figure 5.15 – Acquisition signal obtained for sensor 9 in the acquisition tests with the immunomagnetically labelled 
E. coli DH5α – second duplicate trial (with doubled E. coli concentration) 
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Figure 5.16 – Acquisition signal obtained for sensor 10 in the acquisition tests with the immunomagnetically labelled 
E. coli DH5α – second duplicate trial (with doubled E. coli concentration) 

The slight improvement that was seen in the detected percentage (from 0,8% to 1%), cannot be 

considered relevant. This data is aligned with the obtained in the two previous attempts and highlights 

an obvious need to understand where the discrepancy between the obtained and expected results is 

coming from. 

5.6 Considerations on the detection experiments results 

With the idea that the sensor detects only about 0,8%-7% of the expected events, it was relevant to look 

back at the results obtained in section 5.4, which corresponds to the experiments made with the 

microspheres, to see if it also holds this tendency.  

The total number of microspheres in the analyzed sample was 6,9×105. Assuming a totally covered 

surface and an expected detection percentage of 44,1%, the expected number of events detected 

should be around 304.290. The average number of peaks counted in this experiment was 2581. This 

confirms what was taken from the experiments with E. coli, as this represents a detection of 0,85% of 

the expected events. 

In summary, what these results show is that the system could not perform one of its intended goals: 

quantification. The detection of E.coli cells in water samples was achieved, as every sample containing 

cells produced a reaction from the sensor, with a considerable number of peaks being counted. But on 

the other hand, the number of peaks that was obtained could not be related with the number of cells (or 

microspheres, even). 

The fact that the detection percentage was similar for both the cells and microspheres, allied with the 

fact that this system had been previously used for the detection of other specimen, points in a promising 

direction: the issues encountered with the detection and quantification of E. coli cells using this system 
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seem to be related with the labelling protocol or with the MNPs and antibody used, but not with the 

system itself.  

5.7 SEM analysis 

To better understand why the quantification of cells and microspheres was being unsuccessful, the 

samples tested were analyzed in a Scanning Electron Microscope (SEM) with X-ray Spectroscopy 

(Hitachi TM 3030 plus) by INESC-MN colleagues A. R. Soares and P. Fonseca, in cooperation with 

“Linx – Laboratório de Imagem Nanomorfológica e espetroscopia de raio-X do Exército Português” 

5.7.1 Immunomagnetically labelled E. coli samples 

With this analysis, that is represented in Figure 5.17 and Figure 5.18, it is possible to see that the cells 

are totally buried in a large agglomerate of MNPs and that the concentration of cells in the sample is 

very low. One possibility for this is the use of too many MNPs, meaning that the MNP-to-cell ratio should 

be adjusted to be closer to the calculated values instead of using MNPs in excess.  

 
Figure 5.17 – Result of the SEM analysis (amplification of 10000 times and applied voltage of 15 kV) of the 
immunomagnetically labelled E. coli samples, and X-ray spectrometry with color identification of 3 chemical 
elements: red - carbon, yellow - iron, blue – oxygen 

In Figure 5.18, the cells that are visible in picture a) are not distinguishable in any of the other 3 pictures. 

The cells should be observable in picture c) since they have a high content of carbon, given that they 

are made of organic compounds (which are mainly carbon and hydrogen). In this picture it is possible 

to see a slight difference in color intensity in the middle region (which is where we know the cells are), 

but this difference should be much more apparent and clearly outline each cell. Ideally, the distinction 

between the cells and the free MNPs should also be possible in picture d), because if the cells were 

completely covered in MNPs and the number of free roaming MNPs were low, the amount of Fe near 

each cell should be enough for a high contrast. 

A deficient immunolabeling protocol can be a potential reason for the fact that a reduced number of cells 

and microspheres is seen in the SEM images. This labelling protocol (see Section 4.6.1) depends 

heavily on magnetic separations. The MNPs washing step and the excess antibody removal step are 
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both performed using a magnetic separator that attracts the MNPs. In the MNPs washing step the use 

of this magnetic separator should not present an issue, but in the antibody removal step it might be a 

source of error. When using the magnetic separator, we are assuming that it attracts the MNPs and, 

since these are (or should be) attached to the cells we are thus attracting the cells too, separating them 

from the supernatant. This may, however, prove to be not entirely true. It is assumed that the cells are 

entirely covered in MNPs, and if so, we have many MNPs being pulled toward the magnet ang dragging 

the cell along. But if, for some reason, the cells are not well covered with MNPs, the number of MNPs 

that are bonded at the surface of each cell may not be enough to attract it toward the magnet. The force 

with which the magnet attracts the MNPs can also be higher than the force with which the MNPs are 

attached to the cell, thus causing a break of the bonds and detaching the cell from the MNPs. 

 
Figure 5.18 – Deconstruction of the SEM and X-ray spectroscopy analysis result shown in Figure 5.17: a) image 
obtained with SEM analysis; b) X-ray spectroscopy result for oxygen; c) X-ray spectroscopy result for carbon; d) X-
ray spectroscopy result for iron 

5.7.2 Magnetically labelled microsphere samples 

For better understanding of the results, the sample consisting of immunomagnetically labelled polymeric 

microspheres was also analyzed by SEM. It is again possible to see that the number of MNPs largely 

exceeds the number of microspheres, similarly to the case with the cells, although here a large number 

of microspheres is visible (while very few cells were). In Figure 5.19 a “free” microsphere is visible 

among an undistinguishable mass of MNPs (also marked in Figure 5.20). This is indicated by the red 

spot that represents the presence of carbon (which is the main constitutor of the polystyrene matrix) that 

emerges from a large yellow shade that represents the iron MNPs. 
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Figure 5.19 – Result of the SEM analysis (amplification of 10000 times and applied voltage of 15 kV) of the 
immunomagnetically labelled microspheres samples, and X-ray spectrometry with color identification of 3 chemical 
elements: red - carbon, yellow - iron, blue - oxygen 

 
Figure 5.20 – Deconstruction of the SEM and X-ray spectroscopy analysis result shown in Figure 5.19: a) image 
obtained with SEM analysis; b) X-ray spectroscopy result for oxygen; c) X-ray spectroscopy result for carbon; d) X-
ray spectroscopy result for iron 

Another important result that comes from this analysis is the morphology of the microspheres. In Figure 

5.21 it is possible to see that these are not all identical and with a 1 µm diameter, but instead show a 

variation of sizes that was not mentioned by the manufacturer. The sizes of the microspheres measured 

vary from as small as 790 nm to as large as 2,01 µm. This may lead to some issues when defining the 

concentrations used the immunomagnetic labelling and can also result in unexpected variations in the 

signal resulting from each detection event, since the microspheres are not uniform. 

In Figure 5.21 b), a MNP is measured at 124 nm, which is also not what is specified by the manufacturer 

(100 nm). However, this measurement only differs in 24% from the expected value so it was considered 

a non-decisive factor in any of the issues obtained with the signal acquisition experiments. Only one 

measurement of the MNPs size was obtained due to difficulties in isolating a MNP among the many that 

were present in the sample, so no real conclusions can be taken from this value. 
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Figure 5.21 – Result of the SEM analysis of the immunomagnetically labelled microspheres samples with 
measurement results for some identifiable microspheres and for one MNP 

5.7.3 SEM analysis considerations 

From the SEM imaging it is possible to see that using a large quantity of MNPs with the goal of 

guaranteeing a total coverage of each cell is not the ideal method, as it results in fewer cells than 

expected, too many MNPs for an adequate detection and the unexpected appearance of free 

microspheres. 

These facts seem to align with what was proposed at the end of the detection experiments: a need to 

optimize and improve the labelling protocol, with the main focus being on the adjustment of the MNP-

to-cell ratio. Other possibilities to consider are the use of different MNPs (potentially smaller) and even 

a different antibody. 

Many microspheres covered with MNPs are visible, while few cells are. This can be because the 

streptavidin-biotin affinity that is responsible for the MNP-microsphere binding is a stronger bond than 

the antibody-antigen binding that is responsible for the ligation of the MNPs to the cells. It can also be 

due to the lack of recognition sites on the surface of the cells, so a confirmation with a different antibody 

would be important.
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Chapter 6 – Conclusions & Future Work 

This thesis focused on the development of an integrated microfluidics platform for the dynamic detection 

and counting of magnetically labelled E. coli cells. This project entailed two parts. First, the 

microfabrication of magnetoresistive sensors and of a microfluidics unit, and their unification in a 

microchip. Second, the immunomagnetic labelling of E. coli cells in water samples and their respective 

analysis with the microchip fabricated, integrated in an electronic platform. 

The sensors in this work were Spin Valve sensors and were successfully produced at the INESC-MN 

clean-room laboratory and later characterized. The magnetoresistance measured (5%-6%) was high 

enough to enable the adequate transduction of variable magnetic fields into a measurable variation in 

signal. Many batches of PDMS microfluidics units were produced, with increasing degrees of success, 

until optimal expertise was achieved. The hard-mask fabrication was properly done, as well as the SU-

8 molds, and the techniques involved in PDMS production gave good results. The bonding of the PDMS 

unit with the MR chip was challenging at first, but slight adjustments in the procedure resulted in a 

smooth operation from then on. The mounting of the chip on the PCB and respective pin soldering were 

also performed with ease. 

Contrarily to the SV sensors microfabrication and the PDMS production, the magnetic labelling of the 

cells is an area that still needs some considerable improvement. The protocol for the immunomagnetic 

labelling that was followed in this thesis is not ideal as it led to an overload of MNPs in the samples. This 

excessive amount of MNPs then makes it harder for the labelled cells and microspheres to be detected.  

The acquisition experiments performed with the free MNPs and with the microspheres were crucial and 

have the potential to be even more so in the future. Not only did these tests help to understand the 

behavior of the cells in the microfluidics channels but also their role in the efficiency of the labelling 

protocol.  

My suggestion for any future work is that these microspheres be used first and foremost. There is a 

need to understand what the ideal MNP-to-cell ratio is, in order to maximize the number of MNPs bonded 

to a cell while maintaining the number of MNPs in the initial solution as low as possible. Eventually, 

when this optimization has been achieved, the cells can be reintroduced in the problem.  

Despite all these issues regarding the cells and microspheres labelling, this detection system shows 

great promise in this application. Comparatively with the control samples, the microsphere samples and 

the cell samples produced a significant difference in response from the sensor. The capability to detect 

E. coli cells in water samples has been assured, now there is the need to make this detection precise 

and shift the research toward quantification. 

Another path for future work could be the study of the magnetic field created by the permanent magnet 

placed under the chip, here used to magnetize the MNPs. An inquiry on whether the magnetic field used 
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is ideal, or if a higher field could bring more benefits without affecting the sensors transfer curves, seems 

to be a logical next step that is feasible in a near future. 

The measurements were conducted after the integration of the MR chip with an electronic platform 

developed by INESC-ID 4 years ago. This system and the associated software were not a source of 

problems once their limitations were known. The electronic acquisition board could only process the 

signal coming from 3 sensors simultaneously, and not the 14 that it was initially built for, but this was 

not problematic for the work performed, as the 3 sensors proved to be enough. Nevertheless, for future 

work or different analysis it may be important to have all 7 sensors that are associated with each 

microchannel working at the same time. Even the signal acquisition from sensors in 2 different channels 

could prove to be crucial for parallel experiments with similar or comparable samples. 

Steps are already being taken towards the fabrication of a better electronic acquisition platform, as 

INESC-ID is developing duplicates of the used system. Improved PCBs for the integration of the 

microchip have also been recently developed and produced by INESC-MN. These advances show a 

commitment from both INESC-MN and INESC-ID to improving this platform. 

Overall, most of the goals of this thesis were achieved: 

• Fabrication of the Spin Valve sensors and the microfluidics structures, followed by the respective 

assembly with one another; 

• Simulation of the sensors response to the interaction with a MNP and understanding of the 

relationship between this hypothesized response and the possible detection of a labelled cell; 

• Validation of the capability of the assembled device to detect different magnetic particles and 

eventually the magnetically labelled E. coli cells. 

The proposed goals of achieving an optimal immunomagnetic labelling and performing a quantification 

of the labelled cells were not reached. However, important steps were taken in the directions proposed, 

and these advances should be seen as positive, even though they fell short of what was initially 

projected.  

In addition to improvements in the immunomagnetic labelling and the focus on the jump from detection 

to quantification, future work may include further optimization of the PDMS microchannels. New designs 

are being tested, with integrated mixing or hydrodynamic focus, with emphasis on a better cell dispersion 

and individualization. 

The development of a microtechnology-based platform for biological quantification needs input from 

many different people, from different environments and backgrounds. Luckily, this is exactly the 

environment that can be found at INESC, making it an ideal place to continue the development of a 

platform such as this one. This thesis provided one more step towards this development.
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Appendix 

Appendix A 

Run Sheet – Spin Valve sensor                    
Responsable: Rita Soares / Tomás Ribeiro 

Sample ID: SV 1461 

 

STEP 1: Substrate Preparation 

STEP 2: Spin-valve Deposition in Nordiko 3000 

STEP 3: Passivation Layer – 100A Ta 

Steps performed previously at INESC-MN between 3/10/2015 and 6/11/2015 

Batch: SV 1461 

Spin-valve structure:    
Ta 30 / NiFe 28 / CoFe 23 / Cu 27 /CoFe 23 / MnIr 70 / Ta 30 (Å) 

 

STEP 4: SV Sensors definition (Mask Exposure in DWL) 

Date:   19 / 06 / 2017     Operator: Eng. Virginia Soares 

Vapor Prime 30 min (Recipe – 0) 

Organic compound (Hexamethyldisilane, C6H18Si2 

Step Description Conditions 

Wafer dehydration Vacuum, 10 Torr, 2 min 

N2 inlet, 760 Torr, 3 min 

Heating to 130ºC 

Priming Vacuum, 1 Torr, 3 min 

HDMS, 6 Torr, 5 min 

Purge Prime Exhaust Vacuum, 4 Torr, 1 min 

N2 inlet, 500 Torr, 2 min 

Vacuum, 4 Torr, 2 min 

Return to atmosphere N2 inlet, 760 Torr, 3 min 

Coating conditions: 

Coat 1,5 µm PR (Recipe 6/2) – Positive pjotoresist (PFR7790G27cP – JSR Electronics) 

Coating Parameters 

First Step Dispense photoresist on the sample 

and spin at 800 rpm for 5 seconds 

Second Step Spin at 2500 rpm for 30 seconds to 

obtain ~1.45 μm thickness. 
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Third Step Soft bake at 85ºC for 60 seconds 

Conditions: 

Map: CitoINL 

Mask Name: 20170613_Cytometer_RSoares(INESC) 

LAYER: Cytom_RSoares_L1  (/h5) 

Mask: inverted 

Energy: 75 Focus: 30 Power: 100 mW  Total time: ~8 min per die 

Die dimensions: [X:19000.000 µm Y: 17000.000 µm] 

Alignment mark 1: X: 54.00 µm, Y: 54,00 µm 

Alignment mark 2: X: 54.00 µm, Y: 159,00 µm 

Alignment mark 3: X: 162.00 µm, Y: 54,00 µm 

Mask design: 

 

Development: 

AUTO 6/2 

Development Parameters 

First Step Bake at 110ºC for 60 seconds 

Second Step Cool for 30 seconds 

Third Step Developer for 60 seconds 

 

STEP 5: SV Etch in Nordiko 3000 (IBD) 

Date:   20 / 06 / 2017     Operator: Eng. Pedro Ribeiro 

Conditions: 
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B.P.: 8,8×10-8 Torr 

Batch: Etch_spin_valve 

Recipe: #3 Etch_spinvalve_70ppm 480’’@52W 

Read Values: 50 W / 489,3 W / 28,5 mA / 195 V / 1,7 mA / 7,95 sccm 

STEP 6: Resist Stripping in Wet Bench 

Date:   21 / 06 / 2017  

Conditions: Microstrip 3001 

Started: 13:21  Stopped: 16:10 

Rinse with IPA + DI water + dry 

Microscope observation of the SV: OK 

STEP 7: Contact Leads definition (Mask Exposure in DWL) 

Date:   21 / 06 / 2017     Operator: Eng. Virginia Soares 

Vapor Prime 30 min (Recipe – 0) 

Organic compound (Hexamethyldisilane, C6H18Si2 

Step Description Conditions 

Wafer dehydration Vacuum, 10 Torr, 2 min 

N2 inlet, 760 Torr, 3 min 

Heating to 130ºC 

Priming Vacuum, 1 Torr, 3 min 

HDMS, 6 Torr, 5 min 

Purge Prime Exhaust Vacuum, 4 Torr, 1 min 

N2 inlet, 500 Torr, 2 min 

Vacuum, 4 Torr, 2 min 

Return to atmosphere N2 inlet, 760 Torr, 3 min 

Coating conditions: 

Coat 1,5 µm PR (Recipe 6/2) – Positive pjotoresist (PFR7790G27cP – JSR Electronics) 

Coating Parameters 

First Step Dispense photoresist on the sample 

and spin at 800 rpm for 5 seconds 

Second Step Spin at 2500 rpm for 30 seconds to 

obtain ~1.45 μm thickness. 

Third Step Soft bake at 85ºC for 60 seconds 

Pre-development: 

Pre-development Parameters 

No bake 

Developer for 20 seconds 

Conditions: 

Map: CitoINL 
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Mask Name: 20170613_Cytometer_RSoares(INESC) 

LAYER: Cytom_RSoares_L2  (/h5) 

Mask: non-inverted 

Energy: 90 Focus: 30 Power: 100 mW  Total time: ~12 min per die 

Die dimensions: [X:19000.000 µm Y: 17000.000 µm] 

Alignment mark 1: X: 54.00 µm, Y: 54,00 µm 

Alignment mark 2: X: 54.00 µm, Y: 159,00 µm 

Alignment mark 3: X: 162.00 µm, Y: 54,00 µm 

Mask design: 

 

Development: 

AUTO 6/2 

Development Parameters 

First Step Bake at 110ºC for 60 seconds 

Second Step Cool for 30 seconds 

Third Step Developer for 60 seconds 

 

STEP 8: Al Contacts Deposition 

Date:   22 / 06 / 2017     Operator: Eng. Fernando Silva 

Machine: Nordiko 7000 

Expected Thickness: 3000 Å (Al) + 150 Å (TiWN2) 

Desposition conditions: 

 Mode 
Thickness 

(nm) 

Power 

(W) 

Ar Flux 

(sccm) 

N2 Flux 

(sccm) 

Pressure 

(mTorr) 

Expected 

Soft-sputtering: 

Mod2 F9 

contetch 30” 

- 
RF1: 70 

RF2: 40 
50 - 3 
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Metallization: 

Mod4 F1 

(Al98.5Si1.0Cu0.3) 

1’20” 

300 
2000 

(DC) 
50 - 3 

Passivation 

(TiWN2): Mod3 

F19 27” 

15 500 50 10 3 

 

Module 2 – f.9 (1’ soft sputter etch) 

 Power1 (W) Power2 (W) 
Gas Flux 

(sccm) 

Pressure 

(mTorr) 

Set Values 60 40 50 3 

Read Values 59 39 50.5 3.2 

 

Module 4 – f.1 (3000 Å Al, 1’20”) 

 Power (kW) Voltage Current 
Gas Flux 

(sccm) Ar 

Pressure 

(mTorr) 

Set Values 2 391 5.12 50 3 

Read Values 1.98 391 5.12 50.2 3.2 

 

Module 4 – f.1 (3000 Å Al, 1’20”) 

 
Power 

(kW) 
Voltage Current 

Gas Flux 

(sccm) Ar 

Gas Flux 

(sccm) N2 

Pressure 

(mTorr) 

Set Values 0.5   50 10 3 

Read Values 0.5 423 1.20 49.9 9.8 3.2 

 

STEP 9: Al Liftoff in Wet Bench 

Date:   22 / 06 / 2017     Operator: Eng. Fernando Silva 

Pre-treatment: No 

Conditions: Microstrip 3001 @65 ºC + ultrasounds 

Started: 14:00   Stopped: 17:00 

Rinse with IPS + DI water + dry 

STEP 10: Si3N4
 Deposition in Electrotech – Passivation Layer 

Date:   23 / 06 / 2017     Operator: Eng. Fernando Silva 

Equipment: Electrotech Delta Chemical Vapor Deposition System 

Expected Thickness: 3000 Å 

Time: 27 seconds 

 
Deposition 

Time 

SiN 

thickness 

(Å) 

NH3 

gas flux 

(sccm) 

SiH4 gas 

flux 

(sccm) 

NH2 gas 

flux 

(sccm) 

Pressure 

(mTorr) 

Power 

Source 

RF (W) 

Set 

Values 
27 s 3000 500 300 3500 850 500 
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Read 

Values 
27 s  498 296 3460 850 500 

 

STEP 11: Via Definition 

Date:   23 / 06 / 2017     Operator: Eng. Pedro Ribeiro 

Vapor Prime 30 min (Recipe – 0) 

Organic compound (Hexamethyldisilane, C6H18Si2 

Step Description Conditions 

Wafer dehydration Vacuum, 10 Torr, 2 min 

N2 inlet, 760 Torr, 3 min 

Heating to 130ºC 

Priming Vacuum, 1 Torr, 3 min 

HDMS, 6 Torr, 5 min 

Purge Prime Exhaust Vacuum, 4 Torr, 1 min 

N2 inlet, 500 Torr, 2 min 

Vacuum, 4 Torr, 2 min 

Return to atmosphere N2 inlet, 760 Torr, 3 min 

Coating conditions: 

Coat 1,5 µm PR (Recipe 6/2) – Positive pjotoresist (PFR7790G27cP – JSR Electronics) 

Coating Parameters 

First Step Dispense photoresist on the sample 

and spin at 800 rpm for 5 seconds 

Second Step Spin at 2500 rpm for 30 seconds to 

obtain ~1.45 μm thickness. 

Third Step Soft bake at 85ºC for 60 seconds 

Conditions: 

Map: CitoINL 

Mask Name: 20170613_Cytometer_RSoares(INESC) 

LAYER: Cytom_RSoares_L3  (/h5) 

Mask: non-inverted 

Energy: 75 Focus: 30 Power: 100 mW  Total time: ~6 min per die 

Die dimensions: [X:19000.000 µm Y: 17000.000 µm] 

Alignment mark 1: X: 54.00 µm, Y: 54,00 µm 

Alignment mark 2: X: 54.00 µm, Y: 159,00 µm 

Alignment mark 3: X: 162.00 µm, Y: 54,00 µm 

Mask design: 
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Development: 

AUTO 6/2 

Development Parameters 

First Step Bake at 110ºC for 60 seconds 

Second Step Cool for 30 seconds 

Third Step Developer for 60 seconds 

 

STEP 12: Via Opening - LAM 

Date:   26 / 06 / 2017     Operator: Eng. Virginia Soares 

Expected Thickness: 3000 Å 

Thickness to etch: 3000 Å 

Time: 4 × 150 seconds 

Recipe: Low-power – no O2 

Conditions: 

 
Pressure 

(mTorr) 
Etch time (s) 

Power 

(RF) 

Ar Flux 

(sccm) 

CF4 Flux 

(sccm) 

O2 

(sccm) 

Expected 140 
4 × 150 

Over etch: 300s 
100 W 200 100 0 

Observed 140 Over etch: yes 101 201 100 0 

 

STEP 13: Wafer Dicing in Disco DAD 321 

Date:   10 / 07 / 2017     Operator: Eng. Virginia Soares 

Conditions: 

Photoresist protecting the wafer (coater 6/2)  

Recipe #201 

 Work thickness = 0,68 mm    index 

 Tape thickness = 0,150 mm    CH1 = 17000 µm = 17 mm 
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 Blade height = 90 m     CH2 = 19000 µm = 19 mm 

 Speed = 5 mm/s 

 Kerf width = 150 m 

STEP 14: Resist Strip 

Date:   11 / 07 / 2017 

Pre-treatment: No 

Conditions: Microstrip 3001 @ 96ºC + ultrasounds 

STEP 15: Annealing 

Date:   11 / 07 / 2017 

Pre-treatment: Remove PR protecting the wafer (coater 6/2) 

Conditions: 

Place sample aligned with the magnetic field 

Annealing conditions: 

1. Heating the sample till 250ºC then leave it 15min @ 250ºC 

2. Annealing for 1h @ 250ºC, under a magnetic field of 1kOe 

Appendix B 

Run Sheet – Glass Hard Mask                     
Responsable: Tomás Ribeiro 

 

STEP 1: Substrate Cleaning and Preparation 

Substrate: Glass sample of 1mm thickness (50mm × 50mm) 

Conditions: 

- Washing with Alconox for 30 min in ultrasounds, followed by rinsing with DI water 

(particle and grease removal); 

- Drying with compressed air. 

 

STEP 2: Al deposition 

Substrate: Glass sample 

Equipment: Nordiko 7000 

Expected thickness: 2000 Å                           Deposited thickness: 2000 Å 

Deposition conditions:  

 Mode Power (W) 
Ar Flux 

(sccm) 

Pressure 

(mTorr) 

Expected Mod4 F1 metalization 40’’ 2000 50 3 

Observed Mod4 F1 metalization 40’’ 2000 50,1 3 
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STEP 3: Exposure in DWL 

Substrate: Glass sample with Al layer 

Equipment: DWL 2.0 

Vapor Prime 30 min (Recipe – 0) 

Organic compound (Hexamethyldisilane, C6H18Si2 

Step Description Conditions 

Wafer dehydration Vacuum, 10 Torr, 2 min 

N2 inlet, 760 Torr, 3 min 

Heating to 130ºC 

Priming Vacuum, 1 Torr, 3 min 

HDMS, 6 Torr, 5 min 

Purge Prime Exhaust Vacuum, 4 Torr, 1 min 

N2 inlet, 500 Torr, 2 min 

Vacuum, 4 Torr, 2 min 

Return to atmosphere N2 inlet, 760 Torr, 3 min 

Coating conditions: 

Coat 1,5 µm PR (Recipe 6/2) – Positive pjotoresist (PFR7790G27cP – JSR Electronics) 

Coating Parameters 

First Step Dispense photoresist on the sample 

and spin at 800 rpm for 5 seconds 

Second Step Spin at 2500 rpm for 30 seconds to 

obtain ~1.45 μm thickness. 

Third Step Soft bake at 85ºC for 60 seconds 

Exposure Conditions: 

Map: AMSION 

Mask Name: hard_mask_rita_2   (/h5) 

Mask: non-inverted 

Energy: 75 Focus: 30 Power: 100 mW  Total time: ~45 minutes 

Die dimensions: [X: 38000 µm Y: 38000 µm] 

Alignment mark 1: X: 54.00 µm, Y: 54,00 µm 

Alignment mark 2: X: 54.00 µm, Y: 159,00 µm 

Alignment mark 3: X: 162.00 µm, Y: 54,00 µm 

Mask design: 
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Development: 

AUTO 6/2 

Development Parameters 

First Step Bake at 110ºC for 60 seconds 

Second Step Cool for 30 seconds 

Third Step Developer for 60 seconds 

 

STEP 4: Aluminum etch 

Substrate: Glass sample with Al layer and PR 

Equipment: Wet bench 

Etch conditions (etch rate ~6 Å/s):  

Solvent: Acetic Acid 3,3%, Nitric Acid 3,1%, Phosphoric Acid 3% 

Rinse with DI water + dry 

Time: ~5min 

STEP 5: Resist stripping 

Substrate: Glass sample with Al layer and PR 

Equipment: Wet bench 

Conditions: Microstrip 3001 @ 65ºC 

Time: ~15min 

Rinse with IPA + DI water + dry 

Appendix C 

Run Sheet – SU-8 mold                    
Responsible: Tomás Ribeiro 
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STEP 1: Substrate Cleaning and Preparation 

Substrate: Silicon substrate of 50mm × 50mm 

Conditions: 

- Immersing in Microstrip 3001 

- Washing with IPS + rinsing with DI water 

- Heating in hot plate @ 100ºC for 10min + cool down 

STEP 2: Sample coating with SU-8 2050 

Substrate: Silicon substrate of 50mm × 50mm 

Equipment: Spinner MZ-23NNP/LITE 

Expected thickness: 20 µm 

Conditions: 

- Pour PR (SU-8) manually over the silicon sample,covering ¾ of the sample and letting 

it rest for 30 seconds before the next step. 

- Spin @ 500 rpm for 10 seconds, with 100 rpm/s acceleration 

- Spin @ 3000 for 30 seconds, with 300 rpm/s acceleration 

STEP 3: Soft-baking 

Substrate: Silicon substrate covered with SU-8 PR 

Equipment: Hot plate (Stuart digital hotplate SD160) 

Conditions: 

- Pre-bake for 3 min @ 65ºC 

- Increase temperature to 95ºC with sample still on top of the hot plate. When 95ºC are 

achieved, bake for 4 min @ 95ºC 

- Cool down for 5 min @ room temperature on top of a glass 

STEP 4: UV exposure 

Substrate: Silicon substrate covered with SU-8 PR 

Equipment: Contact lithography system 

Exposure conditions: 

- Make contact between glass hard mask and the sample with the aluminum covered 

side facing the SU-8 PR, trying to minimize the gap between them 

- Expose the sample to 155 mJ/cm2 (1st slot) for 25 seconds 

STEP 5: Post exposure bake 

Substrate: Silicon substrate covered with SU-8 PR 

Equipment: Hot plate (Stuart digital hotplate SD160) 

Conditions: 

- Bake for 1 min @ 65ºC 

- Increase temperature to 95ºC with sample still on top of the hot plate. When 95ºC are 

achieved, bake for 5 min @ 95ºC 
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- Decrease the temperature to 75ºC and then cool down the sample for 5 min @ room 

temperature on top of a glass 

STEP 6: PR development 

Substrate: Silicon substrate covered with SU-8 PR 

Conditions: 

- Development with PGMEA for 6 min with strong agitation 

- Rinsing with IPA and drying thoroughly but carefully 

- Hard-bake for 15min @ 150ºC and cool down with the sample still on top of the hot 

plate 

 

STEP 7: SU-8 thick confirmation 

Substrate: Silicon substrate covered with SU-8 PR 

Equipment: Profilometer DEKTAK 3030ST 

Conditions: 

- Check the PR profile and measure the thickness with the profilometer 
 


