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Abstract 

Microbial Geotechnology is a recent branch of geotechnical engineering, whose focus is to apply 

microbiological methods to geological materials used in engineering. Microbially Induced Calcite 

Precipitation (MICP) originated one of the first patents on ground improvement and focused on the 

biocementation process.  

 

Biocement refers to a CaCO3 deposit between the particles of a granular material, formed due to 

microorganism activity in a system rich with urea (substrate) and a calcium ion solution. The cement 

acts as a binder to aggregate the individual grains to form a solid mass. 

 

This work came about because of a need to monitor, in situ, the biocementation process. To 

accomplish the task, a lab-on-a-chip device that involves a biochip with spin valve sensors, a 

movable/reusable microfluidic system and an electronic platform designed to work in tandem with the 

biochip, utilizing technology based on the giant magnetoresistance effect, was proposed and is now 

being optimized. 

 

What this device aims to monitor is the urease enzyme produced by the microorganism. This enzyme 

has a direct correlation with the quantity of biocement produced.  

 

The first tests were carried out on silicon dies with gold pads, designed to mimic the biochips surface. 

The biochip was used with a magnetoresistive platform developed at INESC-MN/INESC-ID capable of 

detecting a signal from magnetized nanoparticles. 

Various concentrations of urease (10, 15, 20, 25 and 30 mg/L) were used to calibrate the biochip 

sensor, arriving at a value of R
2
 = 0.9854. The microfluidic integration was completed and used as a 

proof of concept. 
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Resumo 

 

“Microbial Geotechnology” é um ramo recente da engenharia geotécnica, cujo objectivo é a aplicação 

de métodos microbiológicos a materiais geológicos usados em engenharia. A precipitação de calcite 

induzida por microrganismos (Microbially Induced Calcite Precipitation) originou uma das primeiras 

patentes sobre melhoramento do solo e o seu foco era o processo de biocimentação.  

 

Biocimento refere-se ao depósito de CaCO3 entre partículas de uma material granular, formadas 

graças à actividade de microrganismos num sistema rico em ureia (substrato) e uma solução de iões 

de cálcio. O cimento comporta-se como um elemento de ligação para agregar grãos individuais numa 

massa sólida. 

 

Este trabalho surgiu da necessidade de monitorizar, in situ, o processo de biocimentação. Para 

desempenhar esta tarefa foi proposta uma abordagem lab-on-a-chip, que se pretende otimizar e que 

envolve: um biochip, sensores (spin valves), um sistema de microfluídica amovível/reutilizável e uma 

plataforma eletrónica concebida para funcionar em conjunto com o biochip, baseada no efeito 

magnetoresistivo. 

 

Este aparelho pretende monitorizar a enzima intracelular, urease, produzida pelo microrganismo. Esta 

enzima tem uma correlação directa com a quantidade de biocimento produzido. 

 

Os primeiros testes foram realizados em superfícies de silício com secções de ouro, desenhadas para 

reproduzir a superfície de um biochip. O biochip foi integrado numa plataforma desenvolvida pelo 

INESC-MN/INESC-ID capaz de detectar o sinal emitido por nanopartículas magnetizadas. 

Várias concentrações de urease (10, 15, 20, 25 e 30 mg/mL) foram usadas para calibração do sensor 

biochip, obtendo-se um R
2
 = 0.9854. A integração da microfluídica foi completa e usada como prova 

de conceito. 
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Chapter 01: Introduction 

 

Knowledge is acquired through experience by perceiving, learning and discovering. 

Researchers take upon themselves to perceive what are the demands of the modern world, to learn of 

new approaches to old problems and discover methods to implement new solutions. 

 

What was asked: to come up with a new method to enhance the mechanical (stiffness and strength) 

and hydraulic (permeability) properties of soils, in order to make them more adequate for several 

applications in Civil Engineering.  

 

The solution: inject certain species of bacteria in the soil, along with a feed solution to keep them alive, 

capable of producing a type of natural cement (biocement) that will bind the grains and will improve 

soil cohesion. This process is called biocementation and it is responsible for inducing calcite 

precipitation, filling pores, flaws and cracks in the material where the microorganisms are injected. 

The process of monitoring the biocementation process, in situ, entails collecting a liquid sample from 

the treated soil and using a biosensor to detect the concentration of a specific protein, urease. 

Quantifying said enzyme equates to quantifying the amount biocement (calcium carbonate) generated, 

and also serves as an indication of the state of the biocementation process.  

 

This kind of approach, where a product of the organism’s metabolism is used for detection purposes, 

and not the organism itself, is an example of indirect monitoring. Overall, the methodology described is 

akin to the fundamentals of a lab-on-a-chip (LOC) approach. LOC refers to the scaling of one or more 

laboratory process down to chip format.  

 

Applications of LOC are still a growing field that has managed to capture the interest of companies 

and applied research groups alike. For now, the bulk of the applications envisioned are of an analytical 

nature: chemical analyses, environmental monitoring and medical diagnostics [1]. Adapting and 

optimizing this technology for Civil Engineering applications is a completely new research field, filled 

with opportunities for the rise of new technologies and methodologies.  

  

For this thesis work, the LOC apparatus involves a biochip with spin-valve sensors, a 

movable/reusable microfluidic system and an electronic platform designed to work in tandem with the 

biochip, utilizing technology based on the giant magnetoresistance effect. 

 

1.1 – A Multidisciplinary Knowledge 

The application of microorganisms (living beings) as work tools also presents its own challenges that 

require a cooperation between civil and bioengineers. 
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The concentrations of the dosages (microorganisms and nutrients) have to be optimized, as well as 

the feeding times. Monitoring the biological process, everything from the lag phase (the time that a 

culture needs to adjust to a new environment), to the growth phase and the stationary and death 

phases, is also an important characteristic when working with living beings.  

 

It is from those needs that an exchange of knowledge between the two areas, Civil and Biological 

engineering, arises. The Biological engineer is responsible for keeping the tools alive, while the Civil 

Engineer knows how to apply them 

 

1.1.1 An Ongoing Project 

This thesis is developed in the context of an ongoing project between IST (CERIS, at Civil, IBB, at 

Bioengineering) and INESC-MN.  It follows the work on the development of a biochip for urease 

detection for field applications, started by Sara Cardoso in 2015 [2]. It is focused on providing a solid 

methodology, as well as the means, to obtain the desired signal from a biochip that would indicate the 

presence of urease in a sample. 

 

1.2 – Structure of the Thesis 

The thesis presented is divided in the following chapters: 

 

- Chapter 2 will introduce the process of biocementation and the underlying concepts of the 

detection mechanism used to monitor said process. 

 

- Chapter 3 begins by framing the biological background and know-how needed to understand 

the workings and goal of the tests performed in later chapters. It will end with an 

overview/summary of the work that came before and what carried over for this thesis. 

 

- Chapter 4 will start with an overview/summary of the previous work on this topic. It will then 

go on to address every test performed without the use of the biochip platform. It will show 

the tests that served as a basis for the work performed with the platform. 

 

- Chapter 5 addresses the physical modifications done to both the platform and every other 

component that interact with the devise. As well as the fabrication of the biochips. 

 

- Chapter 6 will show the work and results achieved when using the biochips and microfluidic 

systems in conjunction with the biochip platform developed at INESC-ID. 

 

- Chapter 7 will feature the conclusions arrived at the end of the thesis’ work period as well as 

future developments. 
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Chapter 2: Biocementation & Biosensors  

 

Microbial Geotechnology is a recent branch of geotechnical engineering, whose focus is to apply 

microbiological methods to geological materials used in engineering. The goal of these applications is 

to improve the mechanical properties of the soil, making it more suitable for construction or 

environmental purposes. Of all the potential applications for microorganisms in the geotechnical 

engineering field, this thesis will focus on just one: biocementation.  

 

This chapter will consist of a description of what is the biocementation process, followed by an 

explanation about bacterial detection that links to how the biocementation process can be monitored. 

The topic of monitoring will be focused on biosensors, which are a prominent feature of this thesis’ 

work. 

 

2.1 – Biocementation 

In civil engineering, mineralization entails producing minerals, more specifically carbonate products. In 

biomineralization, living organisms have an active role in the production of said minerals. Calcite 

precipitation can occur by two different mechanisms: BCI or induced MICP. Biologically controlled 

biomineralization (BCI) makes use of living cells (microbial), organic matrices/vesicles, to “incubate” 

the minerals, relinquishing all control over the growth of the minerals to the living organisms. 

 

In the case of Microbially Induced Calcite Precipitation (MICP), however, it’s the byproducts resulting 

from the microorganisms present on the sample that react with the environment (ions and other 

compounds) to create mineral deposits. These deposits are an uncontrolled consequence of the 

microorganism’s metabolic activities and are often addressed as “biocement”. 

 

MICP is the fruit of bio-geochemical reactions commanded by two enzymes, urease and carbonic 

anhydrase, produced by the microbes that use urea as a substrate and calcium as a source for 

mineralization. Of all the known mechanisms used by bacteria to induce calcium precipitation, only 

one is relevant to the scope of this thesis: urea hydrolysis. 

 

The process begins when one mole of intercellular urease is hydrolyzed to 1 mole of ammonia (NH3) 

and 1 mole of Carbamic acid (NH2COOH). 

                                 (1) 

 

The resulting mole of Carbamic acid can spontaneously hydrolyze to form an additional mole of 

ammonia and carbonic acid (H2CO3). 

 

                              (2) 
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In the presence of water, ammonium and carbonic acid react to form 2 moles of ammonium (NH
+

4) 

and hydroxide (OH
-
) ions. 

                  
 

 
        (3) 

            
         (4) 

 

The hydroxide ions created are responsible for increasing the overall pH of the medium, shift the 

bicarbonate equilibrium in favor of the formation of carbonate ions (CO3
-2

). 

 

    
             

             
                    (5) 

 

In the presence of calcium ions (Ca
+2

), the carbonate ions precipitate as calcium carbonate crystals 

(CaCO3). 

 

          
             (6) 

 

A monolayer of calcite is formed. The monolayer will increase the affinity of the bacteria to the soil 

surface which will result in the production of additional calcite layers. 

 

A representative illustration of the process described by the equations presented above can be seen 

in Figure 2.1, along with a detailed, microscope view of the formation of CaCO3 crystals and the 

bonding between grains of sand. 

 

 

 Figure 2.1 – The mechanisms of biocementation. 1) Calcium carbonate precipitation mechanism induced by urease 
enzyme activity in microorganisms. 2) Scanning electron micrograph (SEM) showing the formation of CaCO3 crystals. 3) 
Grains of sand bonded by slime [3] [4]. 

Biocement refers to a CaCO3 deposit between the particles of a granular material, formed due to 

microorganism activity in a system rich with urea (substrate) and a calcium ion solution. An enzyme, 
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urease, produced by the bacteria hydrolyses urea and uses calcium as an energy source to form the 

biocement. The cement acts as a binder to aggregate the individual grains to form a solid mass. 

In short, biocementation applications consist of injecting bacteria in the area to be treated and then 

add a feeding solution (urea and calcium chloride) to induce carbonate production.  

 

Microorganisms play the important role of raising the medium’s pH (establishing an alkaline 

environment) through their varied metabolic activities.  

 

Biocement has already been used in applications concerning soil stabilization, earth construction, 

restoration, sealing (as in water channels) and remediation (lead immobilization by chelation with 

MICP) [5] [6]. 

 

Ghosh et al. [7] showed that biocementation can be used effectively to improve (a 25% increase in 28 

days) the compressive strength of cement mortar by adding 10
5
 cell/ml of mixing water to the mortar. 

The strength improvement was due to growth of filler material within the pores of the cement-sand 

matrix (figure 2.1). The microorganisms used were Shewanella sp., a family of marine bacterias, 

isolated from a hot spring. 

 

In 2010 an American architect was able to manufacture bricks in a way that lowered carbon dioxide 

emissions, by using microbial-induced calcite precipitation; the achieved success led to the foundation 

of a company, bioMASON, that employs microorganisms and chemical processes to manufacture 

building materials [8]. 

 

To close this short list, it would be a disservice not to mention that ground improvement by MICP, over 

a large area of 100 m
3
, has already been patented and showed capable of producing positive results 

[9]. 

 

Other possible applications of biocement in Geotechnology are presented in Table 2.1. The table also 

shows which group of microorganisms can be used, and what conditions have to be met for the 

biocementation process to occur. 
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Table 2.1 – Microbial processes that can lead to biocementation [10]. 

 

 

 There are, however, some disadvantages when recurring to processes that involve MICP, like 

biocementation. Microbes are living beings. Obtaining a homogeneous distribution of bacteria along a 

designated area is a challenge. Without an even distribution, the calcium carbonated will be deposited 

in clumps, instead of a layer. There is also the need to provide an energy source, in the form of 

nutrients inside a feeding solution, for the microorganisms, otherwise the whole process will stop and 

the organisms will die before producing enough biocement. 

  

 It is a more complex process. The microbial activity is dependant of many environmental factors like 

temperature, pH, concentrations and diffusions rates of nutrients and metabolites. Also, to design a 

biocementation process, there is a need to know and collect data on the biological process (microbial 

growth, biosynthesis, biodegradation, bioreduction, biooxidation and specific enzymatic activity), the 

chemical reactions associated with the generation of insoluble compounds, and other physic-chemical 

processes like precipitation, crystallization and adhesion. 

 

Even so, applications of MICP for small scale projects, like for the restoration of historical landmarks, 

don’t pose such drawbacks and can be attempted and concretized with relative ease. Biocementation 

applications may be of small scale for now but, as evidenced by Figure 2.2, the process can be 

upscaled. It can be used for small laboratorial applications, in the millimeter level, like the MICP 

cementation of two sand particles(Figure 2.2 – c) to field-like applications like the treatment of large 

volumes (100 m
3
) of sand (Figure 2.2 – i). 
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Figure 2.2 – Overview of experimental upscaling of MICP. (a) microbe impression in precipitated calcite, (b) amorphous 
calcite on silica sand particle surface, (c) MICP cementation of two sand particles, (d) X-ray CT scan of MICP-treated sand, 
(e) triaxial element laboratory testing, (f) one-dimensional column experiments, (g) 1-G model testing of shallow 
foundation, (h) centrifuge testing of systems supported on MICP, (i) MICP treatment of 100 m

3
 sand and (j) possible 

structure for field implementation [11]. 

 

2.1.1 Bacterial Species 

There are some aspects to consider when choosing which bacteria to use for MICP applications. The 

microorganisms should be viewed as tools, each with their own specifications. In general, the species 

chosen should have small sizes (from 0.5 to 2 μm) and have the ability to grow inside the soil. The 

type of cell wall the bacteria has (Gram positive or negative) is also an important screening factor. 

Gram positive type bacteria are more resistant to changes of osmotic pressure, a typical soil on 

construction sites. Biosafety must also be taken in consideration, as to diminish the risk of 

accumulation and release of pathogenic bacteria during biocementation. 

 

Cyanobacterias can grow in the soil as far as the natural light reaches, usually only a few millimeters. 

As such, they can produce a rigid crust on the surface level, thus diminishing soil infiltration rates and 

improving slope stability [10]  

 

Many species of facultative anaerobic bacteria, like the Shewanella sp., referenced in section 2.1, can 

produce big quantities of exopolysaccharides, which can promote the formation of cell aggregates, 

and can strive with or without oxygen presence. An essential characteristic for in situ applications, 

where the soil porosity limits the oxygen supply [10]. 

 

Other species used in previous soil treatment experiments include: Sporosarcina pasteurii, 

Pseudomonas sp., Vatiovorax sp., Leuconostoc mesenteroides, and many more [12] [13] [14]. 
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2.2 – Bacterial Detection 

Sensing systems are used as diagnostic tools, and have three main ways of detecting bacteria: 

bacterial morphological visualization, whole cell detection and specific detection of bacterial 

components. 

 

More complex identification methods entail going down to the genetic level to look for genome 

sequences able to distinguish one species from another. Without going in to many details, the 

vanguard of this type of technology focuses on sequencing the 16s ribosomal RNA. 16s rRNA 

sequences have a region that is highly conserved across species, as well as a highly variable specific-

specific regions that can be used for species-specifical bacterial detection. An example of this 

technique is depicted in Figure 2.3, 1. In short, the RNA is first extracted and amplified, converted to 

DNA and captured by beads before being hybridized with the magnetic nanoparticles. Finally the 

sample is analyzed by a micro NMR system. 

 

 

Figure 2.3 – Magneto-DNA assay for the detection of bacterial 16s-RNA. 1) Schematic representation of the procedure. 2) 
Detailed view of the hybridized probe complexes (1, middle picture) from different types of microscopy. Left: 
transmission electron microscopy (scale bar = 100 nm). Center: scanning electron microscopy (scale bar = 300 nm). Right: 
atomic force microscopy (scale bar = 100 nm) [15]. 

 

Researchers at Institute for Systems Engineering and Computers – Research and Development 

(INESC-ID) developed an MR sensor for detection of specific DNA hybridizations [16]. This platform 

will be further discussed in Chapter 4. 

 

It is clear to see that those techniques, despite their efficiency and documented results, aren’t suitable 

for working outside of a laboratory. A geotechnical engineer requires a system that can read a sample 

collected from the site where MICP was applied and give out a clear indication about the state of the 

process. To do a way to observe the microbiological process without the requirement of growing 

cultures, under controlled conditions, in a laboratory, needs to be established. 

 

If the microorganisms are too challenging and too time consuming to identify, one must find a way to 

identify the presence of a microorganism of interest without actually looking at it. Living bacteria used 
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to produce biocement consume urea. They do it by producing an enzyme, urease, capable of 

degrading it. And lastly, the urease produced by the bacteria is expressed in the concentration of the 

precipitated biocement. 

 

Bacterial presence in a sample collected from the soil will be quantified by the amount of urease 

found. In doing so, one eliminates the need to cultivate live bacteria. The detection of other elements, 

like carbonate or urea, would only give general information about the soil with no information on where 

did the carbonate came from. 

 

On this same note, it is worth mentioning that the urease to be detected is a protein, and as such 

resides inside the bacteria. A sample collected from the soil, before it can be analyzed, needs to be 

prepared (liquefied, for example) and undergo a physical process, like sonication, to rupture the 

bacterias and release the urease into the medium.  

 

If one can quantify the amount of urease in a sample, one can also monitor the progress of the MICP 

process. The main focus of this thesis will be the optimization of a device, a type of biosensor, which 

can be taken to the field and used, without the need of a bio-laboratory, to monitor the MICP progress 

by analyzing the quantity of urease present in a sample.  

 

2.3 – Biosensors 

2.3.1 Working Principles 

A biosensor is a device that combines a biological component, like an antibody, for example, in the 

role of the detecting agent with a detector component whose role is to report the occurrence of 

biological events. The key aspect of a biosensor, what makes it valuable in the field of research and 

commercial applications, is a suitable biological recognition element that is also highly sensible. Not 

only that, but the structures and materials used for the construction and assembly of a biosensor have 

to be compatible for biological molecules (like enzymes, antigens and antibodies). One example of a 

biocompatible surface is gold (Au). Many of the existing biosensors use Au as the surface on which 

the biological events occur, since gold can be easily immobilized with biomolecules through thiol 

linkers. 

 

Figure 2.4 shows a schematic representation of the events that occur in a biosensor, from analyte 

binding to the final results. The sample containing the analyte to be detected is put into contact with 

the sensor and gets recognized by the appropriate receptor (enzyme, antibody, etc.). A signal is then 

produced and transformed, by the transducer, into a signal that can be processed by the biosensor 

interface and finally shown to the user.  
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Figure 2.4 – Schematic representation of the workings of a biosensor [17]. 

 

A biosensor normally consists of a bio-recognition component, a biotransducer, and an electronic 

system (including a signal amplifier, processor and display). The bio-recognition component, also 

called a bioreceptor, uses either biomolecules or engineered receptors to interact with the analyte (in 

this work the analyte is always urease) of interest. The biotransducer is responsible to measure the 

interaction between the receptor and the analyte and to produce a signal proportional to the presence 

of the analyte in the sample. In other words, the transducer transforms the signal from the interaction 

between the analyte and the receptor (electricity, pH change, heat, light, mass change) into another 

signal that can be more easily measured and quantified.  

 

Using biosensors based on magnetoresistive (MR) technology to detect surface binding reactions of 

biological molecules tagged with magnetic nanoparticles is an emerging field of research and 

opportunities to develop new techniques. The biosensor used for this thesis work falls in that precise 

category. These sensors are explained as follows. 

 

2.3.2 Magnetoresistive Biosensors 

Magnetoresistance is defined as the change in the resistance of a material in response to an 

externally applied magnetic field. The first announcement of the “giant magnetoresistive” (GMR) effect 

was reported in 1988 (Baibich et al., 1998) [18].  

 

Magnetoresistance is the dependence of the electrical resistance of a sample on the strength of an 

external magnetic field. Numerically: 

 

   
         

    
   (7) 

 

Where R(H) is the resistance of the sample in a magnetic field H, and R(0) corresponds to H = 0. 

It was discovered that the resistance of a sandwich type multilayer (Fig 6, 1) with magnetizations 

aligned initially (in the magnetic field H = 0) antiparallel decreased more than 50% after applying an 

external magnetic field. Such a large decrease of resistance earned the effect the adjective “giant”. 
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Figure 2.5 – Structure of a GMR film. 1) Sandwich. 2) Spin valve. 3) Multilayer [19]. And resistor model of GMR [20]. 

 

The GMR effect is a quantum mechanical effect observed in the film structure consisting of 

ferromagnetic layers separated by nonmagnetic layers (Fig 2.5). A typical GMR-based sensor is made 

of seven layers: silicon substrate, binder layer, sensing (non-fixed) layer, non-magnetic layer, fixing 

(pinning) layer, antiferromagnetic (fixed) layer and a protective layer. 

 

This effect relies on the fact that electron spin is conserved over distances greater than that of the 

multilayer. The electric current in the trilayer in two channels, each corresponding to different electron 

spin orientations, up ( ) and down ( ). Imagining that the two channels have the up orientation. An 

electron with the same orientation passing through will be weakly scattered in both ferromagnetic 

layers, whereas the electrons with the opposite spin orientation, down, will be strongly scattered in 

both layers. This explanation is illustrated above in Figure 2.5, using a sensor known as a spin valve. 

 

The basic idea of detecting magnetic nanoparticle tags is to excite the superparamagnetic 

nanoparticles with a magnetic field and then to detect their magnetic responses (moments or fields) 

with the GMR sensors. One particular type of MR sensor is the spin valve (SV). Researchers have 

been implementing SV sensors in biological applications that use magnetic beads to tag the probes. A 

SV is a device, consisting of two or more conducting magnetic materials, whose electric resistance 

can change between two values depending on the relative alignment of the magnetization in the 

layers. This change in resistance is, as stated in the paragraphs above, a result of the GMR effect. 

 

A spin valve, as shown in Figure 2.5 on the right, consists of a non-magnetic (NM) material trapped 

between two ferromagnets (FM). One of the ferromagnetic layers is fixed (pinned, hard layer) and the 

other layer is free (unpinned; soft layer). When a magnetic field of appropriate strength is applied, the 
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free layer switches polarity, and two different states are produced: a parallel (low resistance) and an 

antiparallel (high resistance). 

 

GMR sensors have a wide variety of applications where a contactless measurement of position and 

orientation is required [21].  For example, in the automobile industry, GMR can be used to detect 

vehicles for traffic counting applications, and to sense the speed of wheels and engines, without 

having a physical sensor come into contact with the parts to be analyzed. In robotics, it can be used to 

detect exact positions and angles of an arm or a leg. Other known uses are compass applications and 

reading data from hard-disk drives. 

 

GMR technology is very flexible, capable of being adapted to serve the requirements presented by 

various fields of work, it is also cheap to fabricate and consumes very little power. Another advantage 

of the combination of this technology with biological tests is the time-saving aspect.  

A GMR, when combined with magnetic field-generation chip structures, as the ability to attract/focus 

magnetically tagged biomolecules where the sensor is, reducing hybridization times as well as 

circumventing biological/chemical problems associated with said process. 

 

Regarding the last point, it should be pointed out that repeat contact between the sensor and the 

sample can lead to spin valve corrosion, which can be greatly delayed by careful handling of the 

sensor and proper cleaning/sample removal methods. The topic of sensor reutilization is covered with 

more detail in Chapter 5.  
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Chapter 3: Biology 

3.1 – Introduction 

Before tackling the tests that brought this thesis’ results, it is vital to have an understanding of the 

inherent framework and biological concepts at play. The main goal of the tests is to detect an enzyme 

produced by a microorganism: urease.  

 

This protein will be immobilized, with the help of a crosslinker agent, on top of a gold covered sensor 

on the biochip’s surface. Next, a solution of magnetic tags, magnetic nanoparticles linked to anti-

urease antibodies, is added to the system. The anti-urease will form bonds with the immobilized 

protein, marking it in the process with a magnetic tag. In the end, these tags interact with the magnetic 

field generated by the biochip platform, emitting a signal that can be translated and quantified by the 

appropriate software. The chain of events described in the paragraph above is in line with an already 

well established diagnostic test: the Enzyme-Linked Immunosorbent Assay (ELISA). 

 

3.2 – ELISA 

To understand how an ELISA works, an example of its use as a diagnostic tool can be seen in Figure 

3.1: The first step consists of allowing the antigens from the collected sample, like viruses infecting a 

patient’s tissue, to attach to a plastic surface. Supposing it is suspected that the patient from whom the 

sample was collected is infected with a hypothetical Disease-H (D-H). To confirm the hypothesis, 

known antibodies, specific to D-H antigens, will be conjugated with an enzyme and added to the 

sample. Afterwards, a substrate for the enzyme conjugated to the antibodies will be added. This 

substrate, upon interacting with the enzyme, will change color. A strong color change is indicative of a 

high concentration of D-H antigens on the sample. 

 

Summing up: 

- Antigens from a sample adhere to a surface; 

- Antibodies, specific to the antigens believed to be on the sample, are conjugated with an 

enzyme and added to the sample; 

-   A substrate for the enzyme is added; 

- The substrate changes color (assuming the diagnostic is positive and detection occurred); 

- The color intensity is directly proportional to the concentration of the antibody-antigen 

present in the sample. 

 

 

Figure 3.1 – Schematic representation of an ELISA assay. Pink – antigen; Green – antibody; Purple – enzyme; Blue/Orange 
– substrate before and after a positive detection. 
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When compared to other immunoassay methods, the ELISA tests proved to be more accurate, 

sensitive and specific. Also, when compared to similar tests, like the radioimmune assay, the ELISA 

benefits from not requiring radioactive labels, which are costly and require expensive detection 

equipment. 

 

The high sensitivity stems from the reporter group: the enzyme. The enzyme is an organic catalyst, 

needing only a small sample amount (down to the nanogram level) to trigger a cascade of catalytic 

reactions that ultimate will produce a higher signal. 

 

The specificity of the assay comes from the fact that the formation of the antibody-antigen complex 

only occurs in the antigen’s epitope, the part of the antigen that is recognized by the immune 

system/antibody. It may be easier to imagine the antigens as locks and the antibodies as keys, 

designed uniquely and specifically for those locks. The antibody and the antigen, their respectfully 

binding sites, complement each other in spatial configuration and chemical structure. 

 

However, such a degree of sensitivity and specificity has its drawbacks. For the ELISA to be optimal, 

one has to find a specific antibody to target the antigen to identify but these antibodies are not always 

known. Also, if the spots where no antigen is attached are not efficiently blocked, the final results may 

be skewed by false positives. Another factor to bear in mind is that the enzyme/substrate reaction is 

short lived, meaning that the results have to be read and cataloged as soon as possible. 

 

3.2.1 Direct ELISA 

Direct ELISA is, by far, the simplest detection method and the one that is more seldom available to the 

public in general. It was chosen in accordance to the main goal of this thesis: confirming the presence 

and measuring the concentration of the desired analyte. At the end of the test, the amount of 

antibodies bound to the antigen will give out a signal. The absolute difference between the signal 

measured at the beginning and at the end gives the user an approximate idea of the quantity of 

antigen present in the sample; large absolute differences equals to a large presence of antigen. 

 

In Figure 3.2 there is a schematic representation of urease recognition by a magnetically labeled anti-

body, the expected end result of a direct ELISA assay. The bond between the magnetic nanoparticle 

(orange) and the antibody (green) is achieved through the interaction of the streptavidin (blue circles) 

with the biotin (red circle). This interaction is further explained in the next paragraphs. 
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Figure 3.2 – Schematic representation of the final result of a direct ELISA assay (side view) next to its typographical 
illustration. The colors on the figure on the left correspond directly to the colored words on the right. 

 

Until the final stage of the process is achieved, several different biological reactions must occur: 

- The antigen must bind to the gold surface; 

- The antibodies have to be marked with the magnetic tags; 

- Protein-antibody interaction. 

 

Gold was chosen to serve as a coating agent because it has been the go to element to use as a 

support for different applications. Proteins tend to adsorb to macroscopic gold surfaces via 

electrostatic and hydrophobic interactions.  

 

However, there is a certain degree of randomness when it comes to the immobilization process. For 

instance, a protein can bind strongly to a specific crystallographic surface and, at the same time, bind 

with much less affinity to another surface of the same material. The resulting layer can only be 

randomly oriented and heterogeneous. Suffice it to say that such conditions are neither suitable nor 

desired for biological work. 

 

The solution for the challenge posed by the randomness of orientation came in the form of a 

crosslinker agent. Crosslinking is the name given to the process of chemically establishing a covalent 

bond between two or more proteins. Crosslinking reagents contain reactive ends which interact with 

specific functional groups (primary amines, for example) on proteins or other molecules. Strictly 

speaking, the crosslinker is nothing more than a liquid coating material, poured over the gold substrate 

to ensure that whatever becomes functionalized on its surface will stay attached with a fixed 

orientation and strength. 

 

In the work done by Sara Miranda Cardoso in 2015 [2], the ideal crosslinker agent was determined to 

be Sulfo-LC-SPDP (Sulfosuccinimidyl 6-(3'-[2-pyridyldithio]-propionamido)hexanoate). It is water-

soluble and formed by a long chain. Its reactive groups, NHS ester and pyridyldithiol, are reactive to 

amine and gold, respectfully. 

Figure 3.3 depicts the formation of a bond between a primary amine attached to a gold bead and a 

peptide. During the reaction, the crosslinker loses both its sulfo-NHS and pyridine-2-thione to establish 

a bridge between the two species. 
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Figure 3.3 – Crosslinker acting mechanism, in which a peptide is linked to a gold bead. Adapted from [22]. 

Concerning the antibodies and magnetic tags, an antibody is a protein shaped in the form of a Y, 

mainly produced by plasma cells. In the context of the immune system, antibodies are used to identify 

(and neutralize) bacteria and viruses. They do so by recognizing specific antigens in the pathogenic 

agents. All antibodies share the same basic structure: four polypeptide chains held together by 

disulfide bonds that form a symmetrical molecule. The antibodies used in these work add an extra 

element to this basic structure: biotin. 

 

Biotin is very popular in biotechnology when it comes to conjugate proteins for biochemical assays. Its 

small size guarantees that the biological activity of the protein attached to it will remain unchanged. 

Biotin also has an extremely high affinity (Kd of 10
−14

 mol/l to 10
−15

 mol/l) towards another protein, 

streptavidin [23]. The binding of biotin to streptavidin is one of the strongest non-covalent bonds 

known to date; in biotechnology, this bond is exploited to isolate biotinated proteins. 

 

However, biotin is not without a couple of disadvantages worthy of note. The main one pertains to the 

fact that there is virtually no control when it comes to choose the biotin binding sites on the antibody. 

As such, there is a chance that the biotin can change the three-dimensional structure of the antibody 

or affect the specific binding properties of the target molecule (Jokiranta and Meri 93) [24]. 

 

Magnetic tags also present an advantage to the process. For instance, the magnetic properties of the 

tag stay stable over time, unaffected by reagent chemistry or by photo-bleaching. Adding to these, 

there is also the fact that biological samples lack of any significant magnetic background. 

 

When it comes to tagging the biotinated antibodies with the streptavidin coated magnetic 

nanoparticles it is important to have the right concentrations of each reagent. To have a concentration 

of 4.9 x 10
7
 nanoparticles/μL for each sample, 1 μL of are collected from the original container and 

diluted 10 times with PB Tween20. Assuming that one magnetic nanoparticle hast 450 to 500 
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streptavidin molecules attached, and that there are 4.9 x 10
8
 nanoparticles in the 10 μL solution, the 

number of streptavidin molecules rises to 2.45 x 10
11

. As for the biotinated antibodies, a solution was 

prepared to obtain 1.32 x 10
11

 particles per 1 μL, the same volume added to the 10 μL of 

nanoparticles. This ratio, 1:1:10, of magnetic nanoparticles to biotinated antibodies to PB Tween20, is 

always maintained when preparing a solution of tagged antibodies [2]. 

 

The antibody has two distinct regions, as it is shown in Figure 3.4. The first is the fragment 

crystallizable region (Fc), which is the straight line of the Y. It allows the antibody to interact with cell 

surface receptors (Fc receptors) and some proteins. The second region, comprising the two branches 

of the Y, is called the fragment antigen-binding fragment (Fab). 

 

 

 

Figure 3.4 – Antibody structure. 1) Typical antibody representation. 2) 3D Model of an antibody [25]. 

The antibody, as a whole, is composed of a constant domain, the heavy chain, and a variable domain 

(light chain). The paratope, the antigen/antibody binding site, is located in the variable domain. In 

short, the binding of the antibody to the antigen will occur in the tip of each arm of the Y shaped 

structure. 

 

3.2.2 Sandwich ELISA 

This method was pitted against the direct ELISA to determine which of the two could yield better 

results. It is also a more selective method than the direct ELISA, capable of maximizing the number of 

immobilized antigens, eliminating the need to purify the antigen and overall improvement the 

sensitivity of the assay.  The main difference between the two is that in the Sandwich ELISA the 

antigen to be detected is not spotted directly on top of the gold coated surface, but on top of probe 

antibodies. 

 

Essentially, the Sandwich has three layers (see Figure 3.5), not counting the gold surface:   

The first layer is a combination of the crosslinking agent and probe antibodies (non-biotinated). The 

second layer is simply the antigen. The third and final layer is composed of the biotinated antibodies 

linked to the magnetic nanoparticles. 
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Figure 3.5 – Schematic representation of the final result of a Sandwich ELISA assay (side view) next to its typographical 
illustration. The colors on the figure on the left correspond directly to the colored words on the right. 

 

Antibody adsorption on a solid surface occurs through hydrophilic and/or hydrophobic interactions. If 

nothing is added to both antibodies and spotting surface to mediate the adsorption, meaning that the 

antibodies will be random oriented (Figure 3.6, 2), there is a more than likely chance for non-specific 

binding to occur. This type of binding will most likely reduce the number of active binding sites and 

also create steric hindrance. To promote a stronger attachment of the antibodies to the gold, and also 

to somewhat mitigate the randomness of the immobilization, the same crosslinker used on the direct 

ELISA, Sulfo-LC-SPDP, was employed (Figure 3.6, 3). 

 

 

Figure 3.6 – Antibody immobilization on a generic surface. 1) Ideal orientation. 2) Random orientation, real case scenario. 
3) Acceptable orientation, immobilization mediated by a crosslinking agent. Adapted from [2]. 

 

As explained before, the antibodies, target (biotinated, attached to the magnetic nanoparticles) and 

probe (attached to the surface), recognize the antigen via special regions on the tips of the Y 

branches. What they recognize on the antigen surface is the epitope. The key to trapping the antigen 

between two antibodies is to ensure that the antigen has more than one epitope on its surface (one for 

each antibody, probe and target). For this purpose polyclonal antibodies, capable of binding to the 

same antigen but different epitopes, are used.  
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3.3 – Magnetic tags and ELISA tests 

3.3.1 Magnetic labeling 

Unlike the conventional ELISA, the reporter group used in this work is not biological in nature. By 

using a magnetic label, nano-sized iron oxide beads, some hurdles of the standard ELISA can be 

overcome. A magnetic label will not will not degrade over time, nor will be affected by the sample’s 

chemistry. Parameters like sample turbidity or magnetic background will not have any ill affect on the 

magnetic nanoparticles. It will also reduce overall costs, since a magnetometer is less expensive than 

the materials needed for an ELISA (fluorescence microscope and fluorescent markers). 

3.3.2 Detection 

The overall framework for the process can be divided into four phases. 

 

Phase one deals with how the antigen was immobilized. It was established that, no matter if direct or 

sandwich ELISA tests are adopted, there is a need to use a crosslinking agent to mediate the bonding 

between the biological components to the gold surface. At the end of this process, the sample is 

subjected to a wash cycle to remove any unbound crosslinker. 

 

In phase two, the antigen is deposited over the sample. Depending on the test (direct or sandwich 

ELISA), it will either bind to the crosslinker covered gold surface or the epitopes on its surface will be 

picked up by the antibodies spotted on the sample surface. In the end, another wash cycle will make 

sure that any unbound antigen will be removed. 

 

The third phase consists of adding a pre-prepared solution of antibodies tagged with magnetic 

nanoparticles to the sample with the immobilized antigen. The antibodies’ Fab regions will recognize 

and attach themselves to specific antigen’s epitopes, thus tagging the antigens with magnetic 

nanoparticles. Once more, a washing procedure serves to remove from the sample’s surface all 

unbound material. 

 

Phase four, the final phase of this framework, concerns on how the tagged antigens can be detected. 

For both strategies, the samples are subjected to an external magnetic field that will interact with the 

magnetic nanoparticles to create a fringe field that can be picked up by the sensor. The more particles 

there are immobilized over the sensor, the bigger the fringe field produced, the bigger the signal 

detected. 

 

The detection of the magnetic tags is accomplished with the help of a biochip platform developed in 

collaboration between INESC-ID and INESC-MN [26]. The biochips used in tandem with the platform 

had six groups of five sensors each, resulting in a total of thirty sensors (further details on this will be 

presented in Chapter 4). Each group, shown in Figure 3.7, has four active sensors and a fifth one that 

serves as a reference and validation method.  
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Figure 3.7 – Microscope photo of a group of five sensors on a biochip. The sensor on the far left, whose surface isn’t 
covered with gold, is the reference sensor and the other four sensors are active. 

When the magnetic nanoparticles are added to the biochip, there will be a shift in the established 

baseline and when the biochip is subjected to a washing process to remove all unbound magnetic 

nanoparticles, the baseline will shift again and settle on a different tier than the one it was prior to 

being in contact with the magnetic nanoparticles. The graphical representation of this process can be 

seen on Figure 3.8 on the right, where the difference between the initial and final tier was ∆v = 7 μV. 

This result can be validated if the reference sensor returns to its original baseline tier, Figure 3.8 on 

the left, ∆v = 0 μV. 

 

In this work, the absolute difference between the starting and final baseline values (∆v) is related to 

the concentration of urease in the sample, the place-holder for the biocimentation process. 

 

 

Figure 3.8 – Readout from a biochip inserted in the biochip platform [2]. 

 

As described above, on the right, sensor 17 shows a different baseline value at the end of the 
washing phase, than the initial value registered in the first 10 minutes, an indication that magnetic 
nanoparticles were able to bind to the urease on top of the gold pads. On the left, sensor 16 
represents a reading from a reference sensor. 

 
A more detailed analysis and overview of these graphical representations will be given in Chapter 7, 
where the thesis’ results will be presented and analyzed. 
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Chapter 4: Surface Functionalization 

 

4.1 – Introduction 

The first set of tests was performed manually instead of using the biochip platform. This served both to 

confirm past results, and to acquire the necessary techniques to reproduce the tests on different 

substrates (Figure 4.1). As such, there are three distinct test phases classified by the surface where 

functionalization occurs: 

- Phase one: gold covered substrates; 
- Phase two: silicon dies with gold pads; 
- Phase three: biochip; 

 
Tests using a gold covered substrate were a repeat. Since the functionalization of these dies had 

already been reported [2], these tests served more as a means to acquire the skills needed for the 

upcoming tests, all the while serving as a confirmation of past results. 

 

 

Figure 4.1 – The three different test substrates (on top of a 1 cent coin for scale) above their schematic representations. 
From left to right: gold, silicone with gold pads, biochip. 

 

The substrates used for the experiment were gold coated, 7 x 5 mm rectangles (Figure 4.1), obtained 

by deposition of a thin (500 Å) film of gold on top of a 16 in silicon wafer that had been, previously, 

coated with 50 Å of chromium to promote gold adhesion. The circular wafer was then cut, using a 

dicing saw, into the appropriate size to perform the tests. To assure statistical relevancy, each test 

was done in triplicate. 

 

This constituted the first phase of testing. The samples used for phase one, dies with one surface 

covered entirely with gold, provided a low-level challenge for manual spotting, assuring that the 

antigen would bind anywhere in the sample. However, such a large surface area is far removed from 

what is expected of the practical applications. Ultimately, these samples are only useful to prove the 

bioassay right and to test what is the range of the appropriate volumes and concentrations to employ. 

All of which was already known [2]. 
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 New test surfaces were needed. Ones that would be a better approximation of the biochip’s work 

surface. The new test samples were silicon dies with fifteen small gold pads on its surface. In Figure 

4.1, center, the gold pads appear as yellow rectangles in the purple surface of the die. Figure 4.2 

serves to show how similar is the Phase Two test surface (silicon die) compared to Phase Three’s 

surface (biochip). 

 

Figure 4.2 – Side by side comparison of the gold pads on a silicone surface (left column) and on the biochip (right 
column). 

The smaller rectangles inside the gold frame (Figure 4.2, bottom left) were designed to be an accurate 

representation of the work surface of the actual biochip (Figure 4.2, bottom right). This allowed not 

only to experiment with a surface area very similar to the biochip, but also to experiment safely, 

without using up chips that could be integrated with the biochip platform. 

 

4.2 – The Reagents 

Previous research indicated that the Canavalia ensiformis, also known as the Jack Bean, would be 

used as the source of urease [2]. Canavalis ensiformis is not the microorganism used in field 

applications of biocementation, that role belongs to the Sporosarcina pasteurii. The two species share 

a 59% homology. The former was considered over the latter due to its commercial availability and 

documented literature about its uses in biocementation applications.  

 

The reagents used were all of analytical grade:  

- MmilliQ water from Millipore® (ultra-pure water).  

- Photoresist stripper, Microstrip®2001, was purchased from Fujifilm electronical materials. 

-  Isopropyl alcohol (IPA) was bought from Pronalab.  

- Phosphate buffer (PB) 0.1 M was obtained by combining NaH22PO4 and Na2HPO4 in an 

aqueous solution and adjusting the pH to 7.4.  

- PB Tween20 was obtained adding 0.02% (v/v) of Tween 20 from Promega to a known volume 

of the previous buffer.  
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- Sulfo-LC-SPDP (Sulfosuccinimidyl 6-(3’-[2-pyridyldithio]-propionamido)hexanoate) and BSA 

(Bovine Serum Albumin) were acquired from Pierce. 

- The blocking agent, SH-PEG, was obtained from Sigma. 

- From Micromod (Germany) came the streptavidin magnetic nanoparticles, Nanog®-D. With 

250 nm in diameter, 75 – 80% (w/w) magnetite in a dextran matrix (40 kD). Also, these 

particles have a magnetic moment of 1.6 x 10
-16

 Am
2
 when exposed to fields of 1.2 kAm

-1
 ~ 15 

Oe and have a susceptibility of X ~ 5. 

- Urease from C. ensiformis was bought from Sigma-Aldrich. 

- Rabbit polyclonal biotin conjugated anti-C. ensiformis urease was purchased from Rockland 

- Rabbit polyclonal purified IgG anti-urease was acquired from Agrisera Antibodies. 

 

4.3 – General overview of the tests 

In all of the tests performed in phases one and two there was only one constant: the concentration of 

urease. A newer calibration curve, based on the magnetic signal measured in the biochip with the 

platform, is presented and analyzed in Chapter 7. The concentration of urease used in all the tests 

was 10 mg/mL, which corresponds to a linker concentration of 2 mg/mL. This value was taken from a 

calibration curve (Figure 4.3) taken from the previous work on this subject [2]. 

 

Figure 4.3 – Variation of the optical signal with the concentration of spotted urease [2]. 

This choice of a 10 mg/mL concentration of urease represents a compromise between a stable 

monolayer signal and the level of urease usage, once the excess is discarded. A monolayer of 

immobilized particles is something one must strive to achieve, because of the prospect of lowering the 

signal emitted from non-specific binding, i.e. antibodies connected to magnetic nanoparticles that were 

able to bind to spots on the gold film where there was no urease immobilized. 

 

Two types of ELISA tests were performed.  In the first type, the standard ELISA, the antigen (urease) 

was immobilized in a solid support (gold die), while on the second test, “sandwich” ELISA, the antigen 

is trapped between two antibodies, one linked to the die and the other linked to a magnetic 
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nanoparticle. All the tests performed in these work and their respective purposes are summarized in 

Table 4.1. 

Table 4.2 – Test description and respective goals. 

Test Purpose 

Gold Die Silicon die 

Direct ELISA Perfecting test techniques Determine (visual) surface area 
coverage 

Control ELISA Comparison (visual) with Direct ELISA Comparison (visual) with Direct 
ELISA 

Sandwich ELISA Determine surface area coverage; 
comparison (visual) with Direct ELISA 

Determine surface area 
coverage 

Control Sandwich ELISA Non applicable Determine surface area 
coverage; comparison (visual) 

with Sandwich ELISA 
 

As stated before, the tests using the gold die surface would mainly serve as a teaching tool. Even so, 

the comparison of a Direct ELISA and a Sandwich ELISA on a gold die gave a general idea of what to 

expect, in terms of area coverage, when switching to the silicon die surface.  

 

The tests on the silicon dies, performed for the first time in this thesis, served as a place holder for the 

functionalization of the biochip surface. Depending on the surface coverage result, one of the two, 

Direct ELISA or Sandwich ELISA, was chosen to be used in phase three. Still in regards to the silicon 

die, the Control tests were performed in order to have a comparison for the other two tests, Direct and 

Sandwich. The Control tests represent the worst possible case in which the magnetic particles 

immobilized in the gold surface are a result of non-specific binding (meaning there was no urease in 

the sample’s surface). By comparing these false positive results to the results of an actual test, a test 

where the antigen was spotted, its efficiency could be ascertained. 

 

4.3.1 Phase One and Two – Sample Preparation 

For the preparation of these tests, the samples were removed from the diced wafers manually with the 

help of a pair of tweezers, placed in a container and left immersed in microstrip for a period of 2 h, in 

60 ⁰C water. The goal of this step was to remove the protective layer of photo resist. Afterwards, the 

samples were further cleaned by being rinsed with IPA and water, to remove leftover traces of resist, 

and finally dried with compressed air. The final step of sample preparation consisted of submitting the 

samples to 11 min on the UVO-Cleaner. Ultraviolet light and ozone acted together to remove 

molecular organic contaminations, while at the same time also prepared the sample’s surface for the 

biological tests to be performed.    

 

4.3.2 Phase One: Gold die Assays – Direct and Sandwich 

Figures 4.4 and 4.5 illustrate every step of both tests. 
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In figure 4.4, the initial gold die (G) (1) is spotted with the linker (L) (2), then, after a washing phase 

(3), the die (4) is spotted with urease (U) (5); another washing step occurs (6) and the sample (7) can 

finally be spotted with a magnetic nanoparticle (MP) solution (8). After a final washing step (9), the 

final sample (10) is ready for observation under the microscope. 

 

 

Figure 4.4 – Schematic overview of the direct ELISA assay performed on a gold die. 

In Figure 4.5, Sandwich ELISA, the assay begins with spotting a linker (L) solution over a gold die (G) 

(2) and then washing the unbound molecules (3). The second phase begins with the spotting of a 

probe antibody (AB) solution over the die (5) and ends with a washing step (6). Afterwards two more 

solutions, urease (U) and magnetic nanoparticles (MP), need to be spotted (8 and 11) followed by the 

respective washing steps (9 and 12). In the end, the sample with the urease sandwiched between the 

probe antibodies and the magnetic nanoparticles (13) is ready for observation under the microscope. 

 

 

Figure 4.5 – Schematic representation of a Sandwich ELISA performed over a gold die. 
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The workflow, for the Direct ELISA starts with spotting 1 μL of the crosslinker agent on top of the 

sample. After a waiting period of 20 minutes, the sample is washed to remove any unbound 

crosslinker molecules. When dry, the test continues by spotting 1 μL of the antigen to be detected and 

storing the die on a humid environment at room temperature (23 ⁰C, in this case) to prevent sample 

evaporation, for a minimum period of 1 h. 

 

The Sandwich ELISA proceeds in the same manner, only there are extra steps between spotting the 

linker and spotting the urease. After the first cleaning phase, to remove the unbound linker, 0.5 μL of 

antibodies were spotted and left to settle for 2 h in the same conditions used in the Direct ELISA 

assay. After another cleaning step using PB buffer, the antigen is spotted on top of the antibody layer 

and left to settle in a humid atmosphere for 1 h. From this point onwards, both tests proceed in the 

same manner. 

 

The inactivity time provided (after spotting the urease in both tests) should be used to prepare the 

magnetic nanoparticles solution to spot over the immobilized targets. This solution is composed of two 

equal parts of magnetic nanoparticles and biotin coated antibodies, and a third part, PB Tween 

(salinated water with a small percentage, 0.02%, of a detergent), with a volume ten times greater than 

either the nanoparticles or the antibodies. For every test performed, it was ensured that each die 

would be spotted with 10 μL of the three part solution of magnetic-nanoparticles, streptavidin coated 

antibodies and PB Tween. Such volume proved to be sufficient to cover the entire sample without any 

spilling over the die.  

 

With that in mind, and keeping the same 1:1:10 ratio, previously explained on section 3.3.2, the 

volumes prepared varied with the quantity of dies to be tested. For example, if 9 dies had been 

spotted with urease, they would require a detection solution made up of 12 μL of magnetic 

nanoparticles, 12 μL of streptavidin coated antibodies and 120 μL of PB Tween. Slightly bigger 

volumes that the one needed were prepared to prevent unforeseen circumstances. 

 

One begins by removing the necessary volume (12 μL, in accordance with the previous example) of 

magnetic-nanoparticles from their original vial to an empty eppendorf. The eppendorf is then placed in 

contact with a magnetic concentrator. Because of their physical properties, the particles will group 

together and stick to the side of the eppendorf that is in contact with the magnet. This allows the 

collection, and subsequent discarding, of the suspension medium. The eppendorf is then taken away 

from the proximity of the concentrator and the pellet of magnetic nanoparticles is resuspended in 12 

μL of PB Tween (buffer solution). This process is repeated two or three times more. While this process 

goes on, an eppendorf containing the antibodies needed for the solution should be taken out of the 

fridge and left to defrost. 

 

Then, after collection of the suspension medium, 12 μL of streptavidin coated antibodies is added 

instead of adding another 12 μL of PB Tween to the pellet, and finishes by adding 120 μL of PB 
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Tween. The solution is left on an automatic mixer for 45 minutes after which the eppendorf is put in 

contact once more with the magnetic concentrator for one last medium substitution, to ensure that the 

only antibodies in the solution are the ones coupled to a magnetic nanoparticle. With the detection 

solution prepared, all that is left to do is to manually spot the desire quantity over the sample, ensuring 

complete coverage, and let it settle for 45 min in a humid environment at room temperature (same 

conditions as the antigen spotting).  

 

The final steps consist of manually washing the samples and observation using a microscope. Holding 

them on their sides with tweezers, the gold dies are dynamically dragged across a solution of PB 

Tween, contained in an appropriate receptacle, briefly dried on a piece of paper (just the base, never 

the spotted top), and dragged once more across a solution of distilled water. The dies are then left to 

dry at room temperature. 

 

Observation under the microscope should reveal one well defined black dotted (how the eye perceives 

the magnetic nanoparticles) round spot. For every test performed at this stage, the microscope was 

always set up with the same values of exposure time (170 ms), gain (1) and color saturation (1). There 

was one other setting that was not as easy to control as the aforementioned ones: the intensity of the 

microscope light. Since the light did not have a numerical dial, its intensity was left for the user to 

judge. Just like with an optical camera, too much light would burn the picture and too little would make 

it too dark to make out any details. It is worth mentioning that either the exposure time, gain or color 

saturation can be set to a wide range of combinations in accordance to the user sensibility, what 

matters is that, once found, the combination should remain the same throughout every assay. 

 

 

Figure 4.6 – Microscope interface while visualizing a gold die. 

In addition to these two assays, a Control ELISA was also performed. This test follows the same 

protocol of the standard ELISA with one crucial difference: urease is never spotted. This test was 
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performed to observe how the detection solution would react to the functionalization surface in the 

absence of an antigen. 

 

4.3.3 Phase Two: Silicon die Assays – Direct and Sandwich 

These two assays are carried out in the exact same manner as the Direct and Sandwich tests 

described in section 4.3.1. It is to be expected since the only difference between the two is the aspect 

of the sample’s surface. 

 

Figure 4.7 illustrates de Direct ELISA. The gold pads (G) on a silicon die (1) are spotted first with a 

linker (L) solution (2), then with a urease (U) solution (5) and finally with a magnetic nanoparticle (MP) 

solution (8). After each spotting phase there’s a washing step (3) (6) (9) to remove any unbound 

particles. When the final stage is reached (10), the sample is ready for microscopy observation. 

 

 

Figure 4.7 – Schematic overview of the direct ELISA assay performed on a silicon die. 

 The Sandwich ELISA for the silicon die with gold pads surface can be seen in Figure 4.8. After 

washing away the unbound linker (L) molecules (3), probe antibodies (AB) are spotted over the linker 

on top of the gold (5) and then go through the same washing step (6). Afterwards the order of the 

processes remains the same. Urease (U) is spotted (8) and washed (9), magnetic nanoparticles (MP) 

are spotted (11) and washed with the appropriate buffers (12), and finally (13) the sample is ready to 

go under the microscope for observation. 
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Figure 4.8 – Schematic representation of a Sandwich ELISA performed over fifteen gold pads on a silicon die.  

Observation of the final results with the help of a microscope and computer software (Figure 4.9) is 

done in the same manner as in Phase One’s tests. 

 

 

Figure 4.9 – Observation of a silicon die achieved through the Jasc Paint Shop Pro software. 

4.4 – Results 

4.4.1 Phase One 

As it was stated previously, there isn’t much to be gained from these tests. Their main purpose was to 

service as a practise stage for Phase Two testing. The Control ELISA, Figure 4.10, a test were the 

magnetic nanoparticles were spotted on a gold surface without the presence of urease, only the 
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crosslinking agent, served as proof that non-specific binding occurs and must be either prevented, 

using a surface blocker, or accounted for. The latter approach will be addressed in section 4.1.2. 

 

 

Figure 4.1 – Control ELISA on a gold die. 

Nevertheless, even with these practice tests, there was one piece of useful information to obtain. By 

comparing the results of a Direct ELISA against a Sandwich ELISA, Figure 4.11, a significant 

difference between the covered area and intensity of the magnetic nanoparticle spot is clearly 

noticeable. 

 

 

Figure 4.11 – Comparison between the two assay results. 

The direct ELISA on the left displays a clear spot of magnetic nanoparticles, while the sandwich ELISA 

on the right shows small islets of magnetic nanoparticles and an incomplete circular spot on the 

center. 

4.4.2 Phase Two 

For these tests, since the surface of interest, the gold pads, is much smaller than the gold die, the 

Control assays, tests performed without the presence of urease, play a bigger role in evaluating the 

efficiency of a test. It is because of this reason, which will be further explained in the next section, that 

the results for the Direct and Sandwich assays are presented side-by-side with their Control 

counterparts.  

 

Figures 4.12 and 4.13 compare results from two different Sandwich ELISA assays against the same 

Control Sandwich ELISA. The difference between the two figures is in the volume of urease used to 

functionalize the surface. The respective quantities are 0.5 μL and 1 μL, respectively.  



31 

 

 

Figure 4.12 – A comparison between the Control Sandwich ELISA (on the left) and a Sandwich ELISA (on the right) where 
0.5 μL of urease were used (160x magnification). 

 

Figure 4.13 – The Control Sandwich ELISA (on the left) in comparison with a Sandwich ELISA (on the right) spotted with 1 
μL of urease. 

The results for the Direct ELISA presented in Figures 4.14 and 4.15 are presented in the same way as 

the results for the Sandwich assays. This time, the volumes of urease used were 1 μL and 2 μL, 

respectively. 

 

Figure 4.14 – Comparison between the results of two ELISA assays; the Control ELISA is on the left and the Direct ELISA is 
on the right. The volume used for the urease solution was 1 μL (160x magnification). 
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Figure 4.15 – A Control ELISA (left) is compared to a Direct ELISA spotted with a volume of 2 μL of urease solution (160x 
magnification). 

The next section will explain the reasoning behind these comparisons, the evaluation criteria for the 

tests and present the methodology to be carried out in Phase Three. 

 

4.5 – Data Analyses and ELISA Comparisons 

Before beginning analyzing the data, it is important to clarify just what was considered as a positive 

result in regard to these tests. A test was considered successful if, at the end of the ELISA procedure, 

one could observe, with a microscope, significant area coverage of the spotted surface. To the human 

eye the detection solution, the magnetic nanoparticles linked to the biotinated antibodies, is seen as 

black dots. So, the more dots there are on a gold covered area, the more successful was the 

functionalization. 

 

In this context, the Control ELISA represents the number of dots that will appear on the gold surface 

despite the test that is being performed; a background noise inherent to every test. Since there is no 

viable way to subtract the dots of the Control ELISA to the Direct and Sandwich assays, a side-by-side 

comparison is an acceptable compromise. 

 

4.5.1 Software Analysis 

The examination of the tests results brought a new challenge to overcome: how to quantify the spotted 

areas. Several image processing programs were used with varied degrees of success. ImageJ, being 

the most accessible, recommended and inclusive of all the software tried (like MIPAR and 

CellProfiler), was unable to perform the desired analyzes. 

 

Very succinctly, ImageJ allows the user to draw, with good precision, the area to be analyzed and then 

the program would count the objects contained within it. With this strategy one could determine the 

percentage of area covered by the nanoparticles. This analysis, in theory, would work for the circular 

spots on the gold dies, as well as for the gold strips on the silicon dies.  
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However, due to the small size of the object one wants to detect, the program was not able to pick up 

on the individual particles. In the best case scenario, even after image treatment and manipulation, 

ImageJ would only detect agglomerates of nanoparticles. Worst case scenario, and also the most 

reoccurring, on an area with a high density of particles the program would only catch a small amount 

of the spotted particles. 

 

 

Figure 4.2 – A test result on the left, a direct ELISA spotted with 1 μL of urease, next to its image analysis carried out in 
the ImageJ software. 

As shown by figure 4.17, the ImageJ software claims that only 28.964% of the whole surface (the red 

areas) is covered with nanoparticles. Furthermore, the software only counts a total of 813 elements, 

appearing as yellow dots on the program window. 

 

Figure 4.17 – Detailed of the summary window (ImageJ interface) featured on figure 18. Count refers to the yellow dots a 
%Area to the area said dots cover over the totality of the red surface area. 

While it is true that counting every single particle present on the image to confirm ImageJ’s results is 

an extremely time consuming process, if not altogether unfeasible, even a rough estimate, relying on 

common sense and what one’s eyes can see, on just how many particles are covering the gold pads 

in figure 4.15 would put the number somewhere in the thousands, never less. 

 

The ImageJ software offers the possibility to edit the image to fit the user’s needs. One such addition 

is the possibility of adding a noise filter, i.e. create a static effect in the picture. While it is true that this 

addition would help raise the Count and %Area values from Figure 4.17, the user does not have a way 

to differentiate what percentage of that value is caused by the software’s filter and what percentage 

correspond to the actual particles. As such, the best way to judge the results is by color intensity, in a 

gold die, a darker spot translates directly in a higher number of spotted particles in that area, and 

comparison, when looking at the gold strips in the silicon die. 
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4.5.2 Results Discussion 

The Control ELISA proved that even without any antigen on the surface the detection particles were 

still able to attach themselves to the gold. Since the volume of detection solution spotted over the dies 

was the same in all the performed tests, it can be inferred that the number of magnetic nanoparticles 

that will bound to the surface without having an antigen in between will remain constant throughout the 

tests. In fact, in regards to the Sandwich ELISA, the number of these particles on the surface should 

be even less on account of the space taken up by the antibodies spotted on the gold surface, the first 

layer of the sandwich. 

 

 

Figure 4.3 – Control ELISA. A test performed without spotting urease as a way to account for non-specific binding in the 
worst case scenario. 

Overall, the tests where urease was spotted directly on top of the gold showed better results. They 

show a higher density of magnetic nanoparticles in the pads, displaying almost a total area coverage 

when the volume of urease spotted was raised from 1 μL to 2 μL. 

 

 

Figure 4.19 – Results from two Direct ELISA assays. The one on the left was spotted with 1 μL of urease and the one on 
the right with 2 μL of the same antigen. 

Not surprisingly, all tests showed better results when the concentration of the antigen was raised, 

barring some irregularities that come from the fact that is virtually impossible to perform two manual 
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assays in the exact same way. One of the spotted drops just needs to fall at a slightly different angle 

to highly influence the final results. Looking at the assays performed on the gold pads etched on the 

silicon chip, since the spotted area per chip does not ever change, spending a higher volume of 

antigen particles translates into better chances of spotting the desired surface area. 

 

Because of the fact that the antibodies that compose the first layer of the Sandwich assay were 

purposefully picked to be specific to the spotted antigen, results were expected to rise above the ones 

achieved in the standard tests, at least for low (1 μL and fewer) spotting volumes of the antigen. 

However, the actual results differed greatly from the predictions. Sandwich assays for low volumes (1 

μL) of spotted antigen showed a significant decrease in area coverage when compared to the direct 

ELISA. 

 

 

Figure 4.20 – Side by side comparison of the results of the direct ELISA assay (left) and Sandwich assay (right). In both 
tests the spotted volume of urease was 1 μL. The volume of probe antibodies spotted for the Sandwich assay was 0.5 μL. 

 It is worth mentioning that the Sandwich test, despite a comparative lack in performance, was able to 

produce good results on its own. There is one hypothesis that could explain the plain lack of results. 

First, recalling the structure of the antibody: a large, Y-shaped protein.  

 

Figure 4.4 – Schematic representation of an antibody; the main chemical interactions are highlighted as well as the 
antigen binding sites [27]. 
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The antigen binds to the antibody via structures located on the two tips of the “Y”. The tips are, 

essentially, the antigen recognition sites, i.e. the only part of the whole antibody that can recognize the 

antigen. However, this condition is only valid for the antibody-antigen recognition/connection. The 

antibodies that form the first layer of the Sandwich ELISA can bind to the surface with any random 

configuration, including ones that leave the tips of the antibody unavailable to the antigen. Whereas 

the antigen in the standard ELISA assay can bind to the gold surface with no regards to aspects such 

as configuration, in the Sandwich assay only the right antibody orientation will yield the expected 

results. On its own this random aspect of the manual spotting procedure is accountable for the 

discrepancy between the predicted and observed results.  

 

Figure 4.22, on the left, illustrates the ideal case where the antibodies spotted on top of the gold 

sample (either die or pad) are all orientated and available to interact with the antigen. On the right side 

is the illustration of what is more likely to happen: the antibodies attaching randomly to the surface and 

the antigen binding sites getting blocked. 

 

Figure 4.5 – Antibody immobilization on a gold surface.  

Finally, it is worth mentioning that there is another incumbrance inherent to both assays in regard to 

the manual spotting of the nanoparticle solution. Due to the size and configuration of the detection 

particles, it is likely that steric hindrance effects come into play. What this means is that the physical 

space occupied by a magnetic nanoparticle linked to an antibody that is, in turn, connected to an 

antigen, be it spotted on the gold surface or connected to an antibody on the surface, can collide with 

other detection particles, preventing them to connect to the immobilized antigen. This result is in 

agreement to previously obtained results, albeit for a different surface area. Figure 4.23 provides an 

illustration on how steric hindrance can affect a test. 

 

 

Figure 4.6 – Illustration (side-view) of the steric hindrance phenomenon in a Sandwich ELISA assay.  
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4.6 – Conclusion 

Overall, the observed results were in accordance with what was predicted by the literature. Both 

ELISA assays brought forth good and reproducible results. By comparison of a spotted sample without 

an antigen, a control sample, against a sample spotted with said antigen, it was proved that the 

differences between the results of the assays were relevant. It also became clear that the overall 

biology translated well when scaled down from a 7 x 5 mm gold covered rectangle to 2.8 x 40 μm
2
 

rectangular pads inside a gold frame on a silicon die.  

 

In regards to the Sandwich assay, in which the antigen is caught by specific antibodies spotted on top 

of the gold pads, its behavior was not in accordance with what was expected. The antibodies chosen 

to perform this test offered the antigen a surface that was more preferable for attachment than the 

gold pads. It is believed that the lack of a directional spotting method for the formation of the first layer 

of the sandwich, in conjunction with significant steric hindrance interference when spotting the 

magnetic nanoparticles, is to blame for the dissonant results. As such, the Sandwich method was not 

chosen to be carried out in Phase Three. However, due to its documented potential, the Sandwich 

methodology should be reconsidered once Phase Three has been fine tuned to work with the less 

complex, Direct ELISA assay. 

 

The direct ELISA spotted with a 1 μL solution of urease (Figure 4.24) proved to be the assay that 

showed better overall results, even on repeat tests. Even with the lack of bias-free means to quantify 

the particles spotted in both cases, the difference between the two was visible under microscope 

(160x magnification). As such it was chosen as the method to follow for Phase Three of the tests. 

 

 

Figure 4.7 – Direct ELISA, with a spotted volume of urease of 1 μL. 

Before entering Phase Three, the tests performed on a biochip integrated with the biochip platform, 

the next Chapter will address what was changed and what was improved in the platform for optimizing 

the tests, as well as providing more insight on its workings. 
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Chapter 5: Platform & Upgrades 

 

5.1 – Introduction 

This chapter is focused on the practical aspects of the biochip platform. After a general view of the 

platform’s components and the software interface, the chapter will focus on the fabrication and 

reutilization of the biochip. It will end by showing what was changed and added to the system to 

improve the microfluidic integration. 

 

5.2 – The Biochip Platform 

The platform was developed by Germano et al., [26], and it’s used for its ability to detect variations in 

the resistance of a MR sensor if a magnetic field is applied.  As presented in Figure 5.1, a power 

supply (a battery -1), a control and acquisition board (which serves to encrypt the data collected from 

the sensors and to act as a bridge between the devise and the user interface/PC-2), a magnetic field 

generator (inductor -3), together with the biochip (comprised of the PCB plus biochip, shown in Figure 

5.2), make up the main components of the system. 

 

 

Figure 5.8 – Photograph of the biochip plantform. 1 – power supply/battery 2 – control and acquisition board 3 – 
inductor. 

The platform is able to detect variations in the resistance of the MR sensor in the presence of an 

applied external field. When in proximity with the surface of a sensor, a magnetic nanoparticle is able 

to create a fringe field (a peripheral magnetic field outside the magnet core) big enough to change the 

magnetization direction, changing the resistance in the device, and thus detecting the 

superparamagnetic nanoparticles. 

 

Superparamagnetism is a form of magnetism, which appears on small ferri/ferromagnetic 

nanoparticles. If the particles are small enough, magnetization can randomly flip direction under the 

influence of temperature. As such, the magnetic nanoparticles have the ability to become uniformly 

magnetized over an applied field. On the flip side, when a field is not applied, the particles have zero 

magnetization.     
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Figure 5.9 – Biochip sensor mounted on a green printed circuit board (PCB) ready to be read by the biochip platform. 

One of the selling points of this system is how intuitive it is to use, even to someone who hasn’t had 

any previous experience in the field. The platform also allows for real-time signal processing, shown to 

the user in graphical form via the platform software. Since the tests are performed in an automated 

matter (if the biochip is used together with the microfluidic system), one that only requires the user to 

load the right reagents in the syringe pump and set the desired flow-rate, they have higher 

reproducibility and are less time consuming, because the system set up lessens the time taken by the 

magnetically labeled target molecules to reach the surface. 

 

5.2.1 Biochip Platform Software Interface 

The platform connects to a computer via a regular USB port. Installation software and platform drivers 

are available online in a Dropbox folder, accompanied by an installation guide. Once installed, the 

user has some settings to configure before starting the experiment. Figure 5.3 shows the interface 

screen after the transfer curves of the biochip sensor had been read (Matrix Transfer Curve). More 

information on these curves will be provided in the next chapter. 

 

 

Figure 5.10 – Biochip platform Interface, software version 3.2. Graphical representation of the transfer curve 
corresponding to the 17th sensor of a biochip. 
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For the electric drive, the DC current value can be adjusted from 0.0 to 1100.0 μA with a 12-bit 

resolution. Current AC was always left set to 0 in all experiments. The Field DC value, magnetic drive 

configuration, can be set in the interval of -250.0 to 250.0 Oe, with a 16-bit resolution, and was always 

left at 0; Field AC as a maximum of 30 Oe rms and during the experiments was set to 13.5, a value at 

which the magnetic nanoparticles become magnetized. 

 

In the Sensor section, the user sets a number for a valid sensor (any number from 1 to 30) and the 

type of biochip (written on the PCB). Finally, the Shunt button is left to “Off” for the measures to be 

valid. For every configuration, the values are only accepted after the user clicks on the “configure” 

button. If a valid configuration is inserted an error message will pop-up to warn the user.   

 

Figure 5.11 – Details of the platform’s software. 1 – Connect platform button, electric drive, magnetic drive and sensor 
type; 2 – Results given by the software regarding the sensor read out, Mn Resistance (Ohm) and MR (%) 3 – Sensor List 
(32 total); the blue squares represent live sensors and the grey squares show which ones are offline. 

 

5.3 – The Biochip 

Each chip has a total of thirty sensors, of which five are references, i.e. they are not covered by a gold 

layer and therefore are biological inert. These 30 sensors are divided in 2 rows, each with 15 sensors, 

divided in three groups of 5.  

 

 

Figure 5.5 – AutoCAD design of the biochip (6.3 X 7.4 mm) next to three microscope pictures (40X, 160X and 800X 
magnifications) of the fabricated piece.  
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In figure 5.5, the first microscope pictures shows the two rows of 15 sensors, the second shows a 

single row with 15 sensors divided in 3 groups and the last picture shows one group of 5 sensors: four 

active and one (the topmost) inert. The fabrication of the biochip (further detailed in annex A) is here 

presented as a list of tasks that make up the fabrication process (illustrated in Figure 5.6): 

- Spin valve definition; 

- Metallization of spin valve region; 

- Gold pad deposition; 

 

 

Figure 5.6 – Biochip fabrication process. The top row shows the steps from the optical microscopy view point; a) spin 
valve definition, b) metallization of spin valves, c) gold pad definition. The bottom row shows the same process, but 
applied to a 6” wafer; d) spin valves definition, e) electrical contact definition, f) before gold deposition. 

All that is left to do is to take the wafer to the dicing saw and cut the pieces into the appropriate size. 

With the individual dies fabricated, there is still more work that needs to be done until a functional 

biochip is obtained. The printed circuit board (PCB), upon which the biochip is glued, needs to be 

smoothed out to fit inside the platform’s slot. After the die is glued onto to the PCB, the electric wiring 

is accomplished through a process called wire bonding; said wires are then, in the final step of this 

encapsulation phase, coated with silicone in order to protect the wiring from physical harm. 

 

The PCB has a frame to delineate the area where the die must be placed. Using super glue and a 

small brush, the area is coated with a very thin layer of glue and the die is placed. Too much glue may 

cause spillage over the frame and onto the PCB’s gold pads. If the spilled glue cannot be removed it 

may make wire bonding over those pads to be impossible, turning unfunctional the affect parts of the 

system. 

 

With the die mounted on the PCB, the next step to perform is wiring. Wire bonding is the method that 

allows one user to interconnect the integrated circuit to its package, i.e. connect the silicon die to the 

printed circuit board. This connection was managed via wedge bonding. Succinctly, this method uses 

ultrasounds to connect the gold pad on the chip to a gold pad on the PCB with a 25 μm diameter 

aluminum wire. In total, the biochip is wired to the PCB by 40 connections like the ones from the figure 

below. 
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Figure 5.7 – Example of the wire bonding procedure [28]. 

The wire bonding connections are strong, but not enough to withstand continuous usage without 

breaking. A layer of silicone is applied over the wired pads in order to protect them. The silicone is 

added manually, with a syringe, using a low magnification microscope to ensure that the silicone is 

well placed and no wires are knocked over by the tip of the syringe. The biochip is then left to dry for, 

at least, one hour at room temperature. 

 

 

Figure 5.8 – A completed biochip, ready to be used in experiments with the biochip platform.  

Before the biochip can be used for testing, its surface has to be prepared like the dies (gold and 

silicone) in Chapter 4. In the same manner, the surface preparation  involves rinsing the chip with IPA 

and water and drying it with compressed air, followed by an eleven minute cycle in the UVO cleaner, 

the biochip is ready to be used for either manual or platform tests. 

 

5.3.1 Biochip Sensor – Electronic Read-Out 

Figure 5.9 and 5.10 illustrate how the biosensors work. In Figure 5.9 is depicted how the biochips 

surface is functionalized. As stated in Chapter 4, the functionalization method chosen to be applied on 

the biochip (Phase 3) is the Direct ELISA. The test begins by spotting 1 μL of a linker (L) solution over 

each column of gold pads (2). After 20 minutes, the chip’s surface is washed to remove any unbound 

linker molecules (3). Afterwards, 1 μL of urease (U) is added in the same manner as before, and the 

biochip is left to settle for 1 h in a humid environment. After another washing step with PB Buffer (6), 
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only the urease molecules that were able to bind to the gold pads will remain (7). 10 μL (4.9 x 10
11

 

locals of binding/μL) of a magnetic nanoparticle solution (MP) is added (8) and left to settle for 45 

minutes, after which the biochip is washed over with PB Tween20 and D2O (9). After drying, the 

biochip functionalization reaches its final stage (10). 

 

 

Figure 5.9 – Functionalization of a biochip surface. 

Steps 1 to 6 occur without the need for the biochip platform. The biosensor comes into play on steps 7 

through 10, and then the process can be followed with the platform’s software, like it is shown in 

Figure 5.10. 

 

 

Figure 5.10 – Example of a biosensor read-out. I: Baseline acquisition; II: Injection of magnetic nanoparticles; III: 
Nanoparticles setting over the sensors; IV: Signal saturation; V: Washing steps; VI: New established baseline after three 
washings [26]. 
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The biochip, as it is presented in Figure 5.9 – 7, is inserted inside the biochip platform. The system is 

turned on and over a short period of time (5 to 10 min) a baseline is acquired (Figure 5.10 – I). Then, 

the magnetic nanoparticle solution is loaded over the biochip (Figure 5.9 – 8) and the sensor responds 

by showing a shift in the acquired baseline. This shift is represented in Figure 5.10 – II and III. As soon 

as the magnetic particles come into contact with the gold pads, the baseline will move until it settles on 

a new value that corresponds to a saturation of the signal (Figure 5.10 – IV). This saturation line gives 

the user a visual cue to start the washing phase (Figure 5.9 – 9). After each consecutive wash (Figure 

5.10 – V), the sensors are no longer saturated and the signal starts to shift once more. After some 

time has passed, the biochip reaches its final stage (Figure 5.9 – 10). At the same time, the signal 

from the biosensor settles in a new baseline (Figure 5.10 – VI). 

 

Because of the magnetic nanoparticles that were able to bind to the antigen immobilized in the chip’s 

gold pads, the voltage measured in the final baseline will be different from the one measured in the 

sensor before adding the magnetic particles. Using Figure 5.10 as an example, the difference in 

voltage between the final and last stages (∆v) is 0.2 mV (              ). The bigger the absolute 

value of ∆v, the more particles will be bound to the biosensor. This topic will be further developed in 

Chapter 6, where a calibration curve of a sensor read-out for varying concentrations of urease will be 

shown. 

 

5.3.2 Biochip Reutilization 

After being used for experimental work, the biochip’s surface will not only have a mixture of linker, 

urease and nanomagnetic particles over the gold sensors (Figure 5.9 – 10), but also other impurities, 

such as PDMS debris and dust particles from the workroom (Figure 5.11 – left column). Since the 

biochip is an expensive piece of technology that takes time and specialized work to bring it to a 

functional state, it would be extremely wasteful to have it be a onetime use item. 

 

Recycling the biochip is a possibility. Each biochip is a labor of money and the user’s time so, even 

though reutilization is a possibility, the user should still take heed in handling every single biochip. 

Furthermore, after a certain number of reutilizations (the number varies greatly because it depends on 

the state of the biochip, the very building materials, and on how it was handled during the 

experiments).  

 

Contrary to what it may be believed, removal of the analytes is not the biggest challenge to overcome. 

There are a huge range of chemical, both acids and bases, able to perform the task with sterling 

results. The obstacle to overcome is to how one can remove the analytes from the biochip without 

damaging the spin-valves underneath the gold layers. Figure 5.11 shows a biochip after a Direct 

ELISA assay (left column) and after it had been treated to be reused (right column). 

 

To remove the analytes, dust particles and other impurities, the biochips were put in an appropriate 

recipient, a glass vat, large enough to fit multiple biochips. The vase was filled with Alconox, a 
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homogeneous blend of sodium linear alkylaryl sulfonate, sodium xylene sulfonate, alkanolamide, and 

ethoxylated alcohol solution. The biochips were left to soak in an ultrasonic bath, with a water 

temperature of 60 ⁰ C, for a period of 5 minutes. Afterwards, each biochip was taken from the vat and 

had its surface rinsed with IPA and D2O. The chips were then dried with a compressed air-gun. The 

last step consists of submitting the biochips to a 20 minute cycle inside the UVO-Cleaner. 

 

 

Figure 5.11 – Results of biochip recycling (160x magnification).  

 

One method to ascertain the success of the cleaning procedure is to check the surface of the chip 

under a microscope. At the end of an experiment, the gold pads, as well as part of the chip’s surface, 

are spotted with black dots (the magnetic nanoparticles). After this cleaning procedure, those black 

dots should not be visible. Else, the cleaning process should be repeated. It is also worthy of note that 

prolonged emersions in the “sonic bath” may cause the gold and silicon to peel off. 

 

With that said, the final state of the sensor, of the spin-valves under each gold rectangle, can only be 

seen by measuring the transfer curves of each sensor with the biochip platform. It is possible to see a 

perfectly clean chip surface and gold pads and no functional sensors. Figure 5.12 shows what a 

functional sensor-curve should look like (on the left) next to two measurements of “dead” (not usable) 

sensors (middle and right). 

 

 

Figure 5.12 – Three transfer curve read-outs from three different sensors, on the same biochip, after being prompted for 
reutilization. 
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As a closing regard, one should note that the experiment can be run with 30 active sensors or with just 

1. A larger number of active sensors give the user a better spotting chance and a wider result pool. 

More active sensors equal more information gathered. It is up to the user to evaluate the state of each 

biochip, the surface degradation and active sensors, and decide if it’s still usable or not. 

5.4 – The Microfluidic System 

The microfluidic system, a U-shaped microchannel placed on top of the biochip, was designed to 

guide the solutions (linker, urease, magnetic nanoparticles) over the gold pads, as illustrated in the 

picture below. 

 

 

Figure 5.13 – U-shaped channel filled with a nanoparticle solution, placed over a biochip surface. 

It should be noted that Figure 5.13 was taken just as an illustrative example. In a functional biochip, 

the silicone coating the gold pads, coupled with the new lid and holder securing system (presented 

later in this chapter), would force the malleable U-shaped channel to fit over both rows of sensors. 

Figure 5.14 offers a more detailed view of how the channel rests on top of the sensors. It can be seen 

how the inlet branch (Figure 5.14 – left), even with the misalignment, covers the gold pads completely. 

 

 

Figure 5.14 – Detailed view of the inlet branch (left) and outlet (right) from Figure 5.13. 
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When the platform was first used in conjugation with the biochip and the microfluidic system, it 

became clear that in order to achieve optimal results and to avoid underperformance, some changes 

would be required. In the previous works [2] the microchannel placed over the sensors was bonded 

permanently. While such a binding technique guarantees that the system will not have any leaks, it 

also negates the ability to reuse the biochip. It denies visual access to the gold pads, making it 

impossible to capture images at the end of a test. As such, the goal of this section is to describe the 

steps taken to create a new, mobile microfluidic system as sturdy as the permanent bonded channel. 

 

Taking up priority on the list was the mold for the polydimethylsiloxane (PDMS) piece. This piece, akin 

to a small rubber cube, is composed of a U shaped channel with two holes (an inlet an outlet) on the 

end of the arms of the U. A photograph is shown in Figure 5.15. Fixed on top biochip, the PDMS 

microchannel is responsible for guiding the flow of reagents (every solution: linker, antibody, urease 

and magnetic nanoparticles) along the microchip and over the sensors. 

 

 

Figure 5.15 – Detail of a PDMS U-shaped microchannel.  

 

The fabrication of these microchannels consists of injecting a PDMS solution into an acrylic (PMMA) 

mold and letting it to harden for a set amount of time. It never took less than one hour. The best way to 

judge is to leave some PDMS solution in a corner of the mold and use it as a guide. When that portion 

of PDMS has hardened, it’s safe to assume that the PDMS in the molds also did. 

 

Previously, a three part mold was used. This mold only allowed to make four pieces at a time and had 

a poor alignment, resulting in many defective micro channels. Even if the solution was loaded perfectly 

inside the four molds, there were no guarantees that the final pieces would come out usable after 

baking in the oven. It is not unusual to see four seemingly perfectly loaded molds enter the oven only 

to yield, after the baking time, four unusable microchannels. This was because there was no way to 

secure the three molds, which had to be perfectly aligned, in the right place. This mold, as it appears 

on Figure 5.16, was held together with binder clips. 
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Figure 5.16 – Assembled PDMS mould with a makeshift securing system to guarantee the right alignment.  

The second version of this component followed the same three part structure and principle, while 

improving on the form of the u-channel, making it wider, the alignment method, to drastically improve 

the stability of conjoined molds. In this new version the number of pieces in the mold was increased 

from four to twenty four to increase the yield of the process. Figure 5.17 provides a side-by-side 

comparison of the two assembled molds. 

 

 

Figure 5.17 – Side to side comparison of the two assembled PDMS molds. On the left there is the old model, capable of 
producing 4 microchannels with each baking, and on the right is the new model, capable of baking 24 u-shaped channels 
at a time. 

Three separated molds are needed to form one PDMS cube. All three molds were made of a 15 by 15 

cm PMMA piece. The three molds have in common nine, 3 mm wide (diameter) holes (eight along the 

perimeter and one in the center), as seen in the figure below. 
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Figure 5.18 – Adapted AutoCAD design of the top piece of the mold with the alignment holes highlighted in red. 

The goal of these holes is to guarantee a perfect alignment of all three pieces, via the use of nine 

screws and an equal number of nuts. By using the entirety of the 15 by 15 cm PMMA piece and the 

same coordinates for the zero point in the three molds. As such, the 9 alignment holes didn’t shift 

significantly across the three molds, and the alignment of the three pieces was guaranteed. 

 

The bottom part of the mold consists of twenty-four squares (0.9 by 0.9 mm) with a u-shaped salience, 

with a 0.3 mm height. The middle part has twenty-four squared holes that align over the saliencies of 

the bottom mold. The top part contains twenty-four sets of two holes (forty-eight holes total, in pairs) 

with a 0.8 mm diameter, that make up the inlets and outlets. These PMMA molds were made in 

INESC with a milling machine. The whole fabrication process took approximately seven hours to 

complete and used two different drills (0.8 and 3 mm in diameter) and two different endmills (2.5 and 1 

mm in diameter). 

 

A solution of poly(dimethylsiloxane) is weighted inside a plastic cup on an analytical scale (according 

to the amount required by the user); the scale is then reseted to add 15% of a curing agent. After 

careful mixing, the resulting solution will need to be set to rest under vacuum for at least one hour, in 

order to remove the bobbles stemmed from the mixing. A bobble free solution is then injected in the 

molds, via the inlet until the solution starts spilling from the outlet. Once filled, both holes are plugged 

with two hollow tubes with a 22 ga diameter (approximately 0.794 mm).  

 

After filling the twenty-four shapes, making sure that the channel is bobble free, the mold is set to bake 

for one hour in an oven at 70 ⁰C. After baking, the hollow tubes are removed and the three part mold 

is uncoupled, first the alignment nuts and bolts and then the three PMMA pieces. The PDMS pieces 

are then peeled off from the bottom layer, using a pair of tweezers to grab a thin layer of PDMS 

around the actual piece that was included in the design for this exact purpose. 
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Figure 5.19 – Finished PDMS cube. The one on the left was made with the old mold, and the one on the right was made 
with the new one.  

In previous works, the PDMS cube, as it was described in the last section, would’ve been permanently 

bound to the microchip surface. It was an infallible way to assure a perfect alignment of the channel 

over the chip’s pads and to prevent any leakage. However, the permanent bond negates the potential 

reusability of the chip. Continuing with that train of thought, the biochip would prove to be a wasteful 

and expensive piece of useful equipment. 

 

 

Figure 5.20 – Photo comparison of disassembled mold. The first row shows the bottom part, the middle row shows the 
middle, and the last row shows the top part. The column on the left shows the old design and on the right is the newer 
one. 

The U shape was design to specifically drive the solutions (linker, urease and nanoparticles) over the 

sensors, keeping every other part of the chip free of contact from the varied liquids. Making the bond 
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between the biochip and the PDMS temporary, but at the same time sturdy and capable of preventing 

leakages, would entail certain challenges.  

 

Since the micro channel would have to support liquids traveling at speeds ranging from 0.5 μL to 50 

μL, the pressure applied to the PDMS has to be enough to secure it in place, i.e. both arms of the U 

shape have to cross over the sensors, and prevent leakages. A failure to comply with these 

specifications would render the microchannel ineffective. The implemented upgrade took advantage of 

the already existing structures of the biochip platform and it was based on the structure previously 

devised to functionalize the biochip without the platform. 

 

A rectangular PMMA piece designed to be mounted over the platform’s PCB and to mimic the way the 

PCB is aligned with the biochip drawer and the platform. Underneath the new PMMA lid fits a 

rectangular piece designed to “hold” the PDMS cube. Both pieces have a pair of holes (0.8 mm in 

diameter) that coincide with the inlet and outlet of the microchannel.  

 

 

Figure 5.21 – PMMA Lid (32.4 x 50 x 3 mm, the rectangular holes are 10 x 5 mm and the square hole is 4 x 4 mm) 
designed in AutoCAD next to the actual built piece.  

In Figure 5.21, Part of the top of the built piece (right) had to be cutoff because of an alteration done to 

the biochip platform: a new sensor was added and the PMMA piece had to be refitted.  

 

 

Figure 5.22 – PMMA Holder (40 x 10 x 2 mm) designed in AutoCAD next to the first iterations of the built piece.  

After some minor problems with the structure shown in Figure 5.22, the piece was prone to breaking 

when used in conjugation with the dummy set-up (further discussed in the next chapter), a second one 

was build to be more robust (Figure 5.23). 
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Figure 5.23 – Second PMMA Holder (40 x 10 x 2 mm) designed in AutoCAD and its built counterpart. 

Figure 5.24 shows just how the PMMA Lid and Holder fit together and how do they fit with the PDMS 

U-shaped cube. For the PDMS cube to stay properly attached there is a need for the two hollow pins, 

the inlet and outlet, to hold it in place. 

 

With this piece assembled all there is left to do is place it over the biochip (Figure 5.25 – first two 

pictures). Applied pressure is controlled by two plastic nuts that rest, side by side, on top of the bigger 

PMMA piece, along the two alignment bolts that serve as guides to the platform’s PCB (Figure 5.25, 

bottom). The amount of pressure applied was not monitored. Two metallic, adjustment nuts would be 

tighten in order to apply pressure on the two bigger plastic nuts until it became impossible to toughen 

the metal nuts further. In order, the pressure on the nuts would apply pressure on the top PMMA piece 

that would, in turn, force the PMMA holder to push the PDMS against the biochip’s surface. The 

overall pressure assured that the fluids would enter through the inlet and exit via the outlet without any 

liquid spilling over the chip. 

 

Figure 5.24 – PMMA Lid+ Holder + PDMS Cube (held in place by the inlet/outlet hollow tubes). 
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Figure 5.25 – Placement of the PMMA Lid + Holder + PDMS Cube in the biochip platform (top). Detail of the plastic and 
metal nuts used to apply pressure on the PMMA Lid + Holder + PDMS Cube (bottom).  

The holder depicted on figure 5.22 (and the one on Figure 5.23) was also used with a drawer (figure 

5.26) in order to test the PDMS microchannel (Figure 5.9, right) against leakage. The test consisted of 

filling a syringe with a blue colored dye and pumped the solution through the U-shaped channel with 

different speeds. Afterwards, and with the channel still filled, the pumping stopped and the whole 

system was taken to the microscope for observation. The last phase of the test consisted of pumping 

all the liquid out of the channel and, finally, pumping only air to try and clean the microchannel. After 

this, the system was observed again under the microscope. 

 

 

Figure 5.26 – U-shaped channel filled with blue dye observed under the microscope (40X magnification). On the left the 
channel is filled with blue die and on the right is the final state of the channel, after air had been pumped through.  

Flowrates more than four times greater (200 μL/min) than the flowrate that will be used on the 

upcoming tests (50 μL/min) were used to pump both the dye and the air through the U-shaped 

channel. In the end, the PMMA holder was able to secure the PDMS cube without any sign of leakage. 

This served as confirmation that the new upgrades were built right and were usable.  

 

The last upgrade made was not the creation of a new piece, but the fabrication of a spare one. The 

drawer that guided the biochip inside the platform was showing signs of usage. Single pieces were 

broken in two, and some were missing all together. So a new drawer was made in compliance with the 

original design. 
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Figure 5.27 – PMMA drawer designed to simulate the way the biochip is secured inside the platform. Top row: front 
view. Bottom row: side view. 

This drawer can also be used in conjugation with the PMMA Holder + PDMS Cube, as shown in 

Figure 5.28.  

 

 

Figure 5.28 – PMMA Holder + PDMS Biochip coupled with the PMMA drawer. 

This set up allows, for example, to run functionalization tests with the microfluidic system on “dead” 

biochips, chips whose spin-valves stopped working but still have clean gold pads, without the need for 

the platform.  

 

The idea for the final modification came about when it was observed that during the tests, when there 

was a need to remove the hollow tubing from the inlet to load the syringe with a new solution, the inlet 

tube wouldn’t separate easily from the tube. By removing the inlet completely, separating it from the 

hollow tube, and then place it again in the Lid + Holder + PDMS assemble, there was the risk of 

clogging the inlet or damaging the PDMS cube. 
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The solution for this predicament is shown in Figure 5.29. 

 

 

Figure 5.29 – New inlet format. 

The inlet was cut shorter and a hollow pin was lodged in both holes of the tube. One pin would 

connect to the platform and PDMS, while the other would serve as a bridge between the tube leading 

to the PDMS and the tube leading from the syringe. This way, whenever the need to load the system 

with a different solution, the syringe tube can be uncoupled by the bridge hollow pin, eliminating the 

need to touch the inlet directly connected to the PDMS. 
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Chapter 6: Platform Testing 

 

6.1 – Introduction 

This chapter introduces Phase Three of testing. In accordance with the conclusions arrived at the end 

of Chapter 4, Phase Three of the tests will focus on applying the Direct ELISA methodology to the 

system comprised of the biochip and the biochip platform. 

 

By using this system, there is no longer a need to do comparative tests. At the end of each ELISA, the 

platform’s software will provide a graphic representation of the experiment, like the one in Figure 6.1. It 

can be seen that the Vsensor value at the end (red area of the graphic labelled ‘Washing’) is different 

from the Vsensor value at the beginning (green are labelled ‘Baseline Acquisition’). It is that difference 

(Δv) that will be the deciding factor in evaluating the final result. The bigger the difference, the bigger 

the final signal, which would mean that a large number of magnetic nanoparticles were able to bind to 

the antigens on the surface of the gold pads. 

 

The concentration of urease is proportional to the number of magnetic particles attached to the gold 

pads, while the sensor signal is also proportional to the number of magnetic particles attached on the 

pad above. Therefore, the final baseline signal read by the sensor is proportional to the magnetic 

particle/urease concentration. 

 

 

Figure 6.1 – Read-out of a single biochip’s sensor at the end of a Direct ELISA. 

Table 6.1 provides a summary of the tests that were made and of what purpose did they serve. 
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The initial objective of this work was to perform just one type of test: surface functionalization and 

detection with the sole use of the microfluidic system. However, the first set of tests performed did not 

show promising results. As such, a manual test to provide a calibration curve for the sensors was 

proposed (Table 6.1 – Direct ELISA Manual), as well as two other tests to ascertain if the lack of 

visible results was due to the initial functionalization step (Table 6.1 – Direct ELISA Microfluidics)  or in 

the last (Table 6.1 – Direct ELISA Manual & Microfluidics). 

 

Table 6.1 – Overview of the intended purpose of the tests performed. 

 Test 

Direct ELISA 

Manual   - - 

Microfluidics - -  - 

Manual & 
Microfluidics 

- - -  

Purpose Establishing a 
calibration curve 
for the sensors 

Background 
noise 

detection 

Surface 
Functionalization 

Surface 
Functionalization 

 

6.2 – Sample Preparation for Microfluidics 

Before being used for testing, the biochips went through a cleaning phase. To get the chip’s surface in 

the optimal conditions to run the biological tests, they had to be rinsed with IPA and D2O, dried with an 

air gun and finally left for a 11 minute cycle inside the UVO-Cleaner. 

 

It’s worth mentioning that until the time comes to inject the magnetic nanoparticle solution, the platform 

doesn’t need to be connected to the computer, unless it needs to recharge, or used at all. In fact, the 

following protocol steps could be performed on the mock set up (Figure 5.28), i.e. one can leave the 

platform running on its own while preparing another biochip with the available, unattended set up. 

However, using the mock set up would require extra attention while moving the biochip to the platform, 

if the user would wish not to have to readjust or realign the PDMS channel or remove the inlet and 

outlet. That being said, removing the microchannel once it has been used should always be avoided. 

Upon restarting the process, be it in a new set up or with a new microchannel system, one must 

assure that the PDMS channel is where it once was, otherwise the affected areas will be different and 

the results will hold no significance. 

 

As expressed in the previous paragraph, changing the PDMS is a meticulous task. Furthermore, the 

uncoupling/coupling of the inlet and outlet pins could damage the PDMS cube, be it by a tear in the 

mold or an obstruction in the inlet or outlet. Therefore, it is highly advised that the experiment be 

conducted solely on the platform. The system that employs the microfluidic system (Figure 6.2) is 

made up of a syringe pump (set to a 10 μL/min flowrate in the picture), hollow tubes that connect the 

syringe to an inlet inserted in the PDMS and the outlet to a collection vat, and a biochip placed in a 

dummy drawer with a PMMA holder and a PDMS microchannel. 
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Figure 6.2 – Photo of the mock set up that recreates what happens with the biochip in the platform, except for signal 
acquisition/reading.  

With the biochip inserted in the platform, the inlet and outlet pins are used to prop the PDMS cube in 

the PMMA holder and prevent it from slipping away when the PMMA lid is lowered over the biochip 

(Chapter 5, Figure 5.25). The user has to be sure that the PDMS surface is clean (swabbing it softly 

with a piece of paper damped with ethanol), that the inlet and outlet at the base of the piece aren’t 

obstructed (sometimes, when clearing the inlet/outlet hole, tiny pieces of PDMS cling to the rim of the 

hollow tube) and that the film that helped to remove the cube from the mold is completely cut off on 

the sides and trimmed on the front (the edge closer to the inlet and outlet) and back (Figure 6.3 – the 

‘smaller cube’). 

 

 

Figure 6.3 – Two U-shaped PDMS microchannels from the same mold.  

The PDMS cube on the left in the above figure is shown as it appears when separated from the mold, 

and the one on the right shows how the PDMS cube needs to be in order to fit on top of the biochip. If 

an untrimmed PDMS was placed on top of the biochip and held down with the PMMA Lid + Holder, the 

PDMS film that surrounds it would interfere with the biochip’s silicone coating and allow for the liquid 

inside the channels to spill out. 
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6.3 – Workflow Overview 

6.3.1 Direct ELISA – Manual 

The first steps taken to perform this test were already detailed in Chapter 4 and illustrated in Chapter 

5, Figure 5.9. The only difference between this Direct ELISA and the one performed in Phase Two on 

the silicon dies is in the detection step that now is performed with the biochip platform and software. 

This topic will be discussed further in the chapter. 

 

6.3.2 Direct ELISA – Microfluidics 

This test, despite being simple in concept, is more complex to put into practice. 

In order to minimize any variability caused by the user and to assure that the reagents are loaded onto 

the system always in the same manner, an automated delivery system was sought out. The quantities 

of the reagents used (linker, urease and magnetic nanoparticles) are very small; experiments with 

varying volumes determined that a quantity of 20 μL is more than enough to fill de PDMS all the while 

leaving the reminder of the reagent level above the inlet and outlet tube. Such small volumes can be 

pushed by a syringe pump alone, but not without the proper setting up. 

 

To successfully push the reagent along the tubing, one must first load the syringe with the washing 

solution (PB buffer for washing the linker and urease and PB Tween to wash the magnetic 

nanoparticle solution). Then one purges the solution along the inlet tube into an appropriate container. 

After filling an Eppendorf with 20 μL of the reagent that’s going to pass through the PDMS, the syringe 

tube is used to manually collect the reagent. The final stage of this collection process is illustrated in 

Figure 6.4. 

 

 

Figure 6.4 – Example of how to prepare the syringe pump system to inject low volumes inside the PDMS cubes. The red 
dye, closest to the tube’s end, represents the solution to be pumped into the PDMS and the blue dye represents the 
buffer solution that will push the former. 

In all experiments where the syringe pump mechanism was employed, the reagents were pumped at 

0.5 μL/min. After the last droplet had left the outlet tube, the washing solution was set to flow at 5 

μL/min. Before loading the syringe with the next reagent on the list, it is advised to pump air into the 

system to remove any liquid that remains inside the tube and also serves to dry the biochip surface, 
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upping the chances for a successful functionalization of the next reagent. To do so it is only needed to 

switch the syringe filled with the washing solution for one filled with nothing but air.  

 

The last point one needs to be considerate of is the presence of air bubbles inside the U channel. 

When collecting the buffer or the reagent, one has to be mindful of air bubbles inside the syringe. 

Small as they may seem to be, if a single air bubble makes it into the channel it will be more than 

enough to cover half the sensors, preventing any kind of functionalization. To make up for the air 

bubbles, the 20 μL suffices to provide enough liquid volume to fill the U channel more than two times 

over, enough to remove any air bobble and still keep the PDMS flooded. 

 

6.3.3 Direct ELISA – Manual & Microfluidics 

This test borrows from the two tests presented in section 6.3.1 and 6.3.2. Surface functionalization, 

until the detection phase, is done manually, just like in the tests from Phase One, Two and Three 

(6.3.1). The detection phase is carried out with the use of the microfluidic system. This test, when 

compared to the one performed solely with the microfluidic channel, will be helpful to judge how 

efficient it is to use the U-shaped microchannel for the entirety of the process. 

 

6.4 – The Tests 

Due to their complexity as well as novelty, this section will be focused more on the tests that involve 

the microfluidic channel (6.3.2 and 6.3.3). This is because the Direct ELISA – Manual test was already 

used as an example to explain how the biochip/biosensor and platform worked, back in Chapter 5. 

Nevertheless, this test was an important one, for it was used to create a calibration curve for the 

sensor’s signal. These results will feature heavily on the next chapter. 

 

6.4.1 Microfluidic – Platform Testing 

Figure 6.5 represents the sequence of events that will occur in the biochip’s surface in accordance 

with the order in which they pass through the U-shaped microchannel. 

 

In accordance to the scheme below, the test begins by loading the syringe with PB buffer, enough to 

fill the syringe while leaving enough free space to pull the piston, then drawing into the inlet tube 20 μL 

of the linker solution (Figure 6.5, blue L) from an Eppendorf. The syringe is placed in the syringe 

pump, the inlet tube connected to the first inlet hollow tube, and the system is set to run with a flow 

rate of 0.5 μL/min (Figure 6.5, 1). After seeing that the linker solution is above the inlet and outlet 

tubes, the pump is switched off and the system is left alone for 20 minutes (Figure 6.5, 2 and 3). 
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Figure 6.5 – Schematic of a biochip test using the U-shaped channel. 

After the stipulated amount of time has passed, the pump is set to run at the same flow rate until the 

linker solution is expelled via the outlet tube. Without turning off the pump, the flow rate can be turned 

to 5 μL/min for 5 minutes. After that, the syringe, which should still have some buffer solution inside, is 

replaced by an empty one. Using flow rates between 5 and 50 μL/min, air is pushed through the tubing 

and U channel until there are no more droplets inside the tubing (Figure 6.5, 4). 

 

The experiment then proceeds in the exact same manner, only difference now being that the solution 

that’s drawn from the Eppendorf is urease [10 mg/mL] (Figure 6.5, purple U), the same 20 μL, instead 

of linker. After pumping the new solution at 0.5 μL/min until the U channel is completely flooded and 

bobble free, the pump is turned off and the experiment is paused for a period of 1 h (Figure 6.5, 5 and 

6), after which the pump is turned on again to remove the urease solution and to wash out any 

unbound protein (Figure 6.5, 7).While the urease is left to set for 1 h, it’s advised to undertake the 

preparation of the magnetic nanoparticle solution.  

 

This protocol already was explained in detail in Chapter 4; the steps to follow are exactly the same.  

The 20 μL volume discussed for the previous phases of the experiment will work just as well on the 

current one. Assuming the user only has time to run one experiment, and accounting for possible 

unforeseen, adverse circumstances, it is advisable to prepare a 40 μL solution (4:4:40, magnetic 

nanoparticles, biotinated antibodies and PB Tween, respectively). After the biochip has been cleaned 

of any remnant of unbound protein and properly dried, the platform can be connected to the computer 

and turned on (Figure 6.6) 
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Figure 6.6 – Biochip platform (on the right) connected to a computer via an USB cable. 

 

The software should be set with the following values: 

- Current DC = 1000 μA 

- Current AC = 0 μA 

- Field DC = 13.5 Oe 

- Field AC = 0 Oe ms 

- Number = any between 1 and 30 

- Matrix Type = Uchip V21r2_sorted 

- Shunt = Off 

 

 

Figure 6.7 – Platform configuration.  

 

Next one has to select “Matrix Transfer Curve”, input a sweep range for the biochip. The one used in 

this work was between -140 and 140 Oe, taking measurements every 10 points. So the input string 

looked like -140,10,140. By pressing “Measure All”, the platform starts to read every sensor on the 

biochip and displays a transfer curve for each sensor. 

 

 

Figure 6.8 – Readout of three sensor curves. 

The picture above depicts two graphs presented by the biochip platform software in accordance with 

the configurations set by the user (Figure 6.7). From the result on the left (sensor 9), one can see a 

magnetoresistance,    
          

    
 

       

   
      with a linear response centered at zero field 
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(H=0 Oe), with a sensitivity of 0.126 %/Oe, which are in line with the standard biochip sensors. Sensor 

16, however, is considered a “dead sensor” as its resistance remains constant throughout the 

measurement without dependency on the magnetic field.  From the excessively high resistance 

(kOhm) one can assume there was some electrical problem with the connections. Then the user can 

choose which sensors he desires to keep and which to remove before starting the experiment. During 

the course of this work, every sensor that didn’t exhibit a well-defined transfer curve was removed 

along with the dead ones. 

 

 

Figure 6.9 – Choosing the sensors. 

Dead sensors (gray squares) can be removed by clicking on the square that corresponds with the 

number of the dead sensor with the right mouse button. In the case presented above, after measuring 

the resistance curves for all 30 sensors, 8 were removed. 

 

Lastly, the “Matrix Experiment” tab was selected and set as such: 

- Bandwidth = 4 Hz 

- AC Drive Type = Magnetic 

- Samp. Per Sensor = 2 

- Ref. Sensor = 0 

 

Pressing “Measure All” sets up the platform to start acquiring a baseline value, Vsensor (uV rms), for 

every active sensor. Baseline acquisition happens within the first 10 minutes of starting the reading. It 

is up to the user to monitor the noise associated with each sensor reading and decide if its values are 

acceptable or not. However, it is worth bearing in mind that the biological material is sensible. It could 

very well lose its functions, on account of evaporation, for example, if it’s left exposed/idle for too long. 

In the tests that were performed, baseline acquisition never passed the 15 minute mark. 

  

Having obtained a stable baseline, the magnetic nanoparticle solution (Figure 6.5, orange MP), 20 μL 

drawn from an Eppendorf, is pumped at 0.5 μL/min (Figure 6.5, 8). Unlike the previous steps, the 

platform’s user interface provides a visual signal as to when the nanoparticles enter and interact with 

the system; nonetheless, the criteria to stop the syringe pump was the same as it was discussed in the 

experiment overview. 

 

When the antibodies attached to the magnetic nanoparticles interact with the urease immobilized on 

the gold surface, a shift on the baseline, towards either higher or lower values of Vsensor, will be 

observed. Once the pump has been stopped the platform will continue its measurements until it settles 

on a new baseline. In the experiments performed, the time between injecting the nanoparticles and 



64 

 

acquiring a new baseline was about 30 minutes. Regardless, if by the half an hour mark a new 

baseline hasn’t been found, the system should be left running until it stabilizes. 

 

With the final cleaning step (Figure 6.5, 9), performed the same way as the previous two, the only 

exception being that the cleaning solution should be PB Tween followed by ultra-pure water, the 

baseline while shift once more. During the cleaning phase the baseline will start to move towards 

values close to the original baseline values (as seen in the example in Figure 6.3). After a certain 

amount of time, around 5 minutes or more, the baseline will stop shifting and even out at a value of 

Vsensor different from the first measured baseline and the biochip reaches its final stage (Figure 6.5, 

10). 

 

A graphical representation of a successful test should look similar to the graph presented in Figure 

6.1. Once the data has been collected by the platform, the files can be saved to the computer to either 

be examined without needing the platform (the program, Biochip Platform, can be used like regular 

software) or used to export the data in a XML format to be edited in Microsoft Excel and presented like 

it was shown in the beginning of this chapter. By tracing a line along each of the baselines obtained, 

like in the figure shown below, and reading the correspondent result in the graphic or in Excel, Δv can 

be calculated. 

 

 

Figure 6.10 – Sensor behavior during a successful test. 

6.4.2 Manual & Microfluidic – Platform Testing 

Like it was explained before, this test resembles a Direct ELISA from Phase Two of testing, with the 

only difference being that the detected solution is introduced in the biochip via the microfluidic 

channel. Figure 6.11, below, schematizes the process. 
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Figure 6.11 – Schematic representation of a variant of the test depicted in Figure 6.5. 

The first variant entailed spotting the linker (Figure 6.11, blue L), 1 μL for each row of sensors, with a 

micropipette and let it rest for 40 minutes in a humid environment (Figure 6.11, 1 and 2). The excess 

and unbound linker was cleaned off the chip with PB (Figure 6.11, 3). After leaving it to dry, urease 

(Figure 6.11, purple U) 1 μL, just like it was for the linker, was spotted over where the linker had been 

and the biochip was left inside a Petri dish with humid walls for 1 h (Figure 6.11, 5).  After repeating 

the cleaning step with PB buffer (Figure 6.11, 6), the biochip is inserted in the platform and the PDMS 

U shaped channel is placed over the sensors, securing it in place (Figure 6.11, 7 and 8). After running 

the software for 40 min, assuring a stable baseline, the syringe pump is employed to pump the 

nanoparticle solution through the U channel at 0.5 μL/min. The syringe pump is turned off after the first 

shift in the baseline and only turned on back again when it finished stabilizing. For the last step, PB 

Tween and water, in turn, are pushed through the channel to remove unbound nanoparticles (Figure 

6.11, 9) and the process stops only when the baseline stabilizes in a new tier. 

 

6.4.3 Manual – Platform Testing 

This is Phase Three of the tests first discussed in Chapter 4. It begins by spotting 1 μL of linker in 

each row of sensors and then leaving the biochip stored in a humid atmosphere for 20 minutes. Then 

the biochip is rinsed with PB buffer, left to dry, and is spotted with 1 μL of urease in the same spot 

where the linker was. After performing another wash cycle with PB buffer, the biochip is inserted in the 

platform to acquire the baseline. Once it has stabilized, 10 μL of the magnetic nanoparticle solution 

are spotted over the sensor (Figure 6.12). 
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Figure 6.12 – Detail of the magnetic nanoparticle solution spotted on top of a biochip inserted in the platform. 

After the subsequent shift and stabilization of the baseline, the biochip is cleaned by dropping droplets 

of PB Tween and water over its exposed surface, collecting the overflow with a piece of paper, making 

sure not to touch or scratch the chip’s surface. If too many droplets are added at once, there is a risk 

of water infiltrating the silicone coating, causing damage to the electrical wiring and invalidating the 

test results. 

 

Following the methodology chosen (Phase’s Two Direct ELISA) a “background noise” test was 

conducted. A biochip with 1 μL of a linker solution spotted over its sensors was inserted in the platform 

and a baseline was acquired. The magnetic nanoparticles were added and, as expected, there was a 

shift in the signal. The test then proceeded as normal. In the end, a numerical value that corresponded 

to the non-specific binding phenomenon was calculated. 

 

6.5 – Results and Discussion 

6.5.1 Background Noise and Direct ELISA  

The Direct ELISA performed without spotting the antigen was able to determine a “background noise” 

signal of approximately 7 μV, as shown by Figure 6.13. 

 

Figure 6.13 – Biochip platform; background noise test result. 
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The final, quantified, result (∆v) is the difference between the two baselines: the last one acquired 

(Figure 6.13 – orange line) and the first one measured (Figure 6.13 – black line).The result obtained 

was: ∆v ≈ 7 μV. This behavior was observed in other sensors on the biochip, as shown by Figure 6.14. 

 

 

Figure 6.14 – Sensor read-outs of a background noise test. 

All subsequent tests will assume that 7 μV out of the total difference between the final and first stage 

of the acquired baselines is due to non-specific binding. In other words, 7 μV will have to be 

subtracted to all tests involving urease spotting. The first Direct ELISA with platform detection, where 1 

μL of urease [10 mg/mL] was spotted, originated the result depicted in Figure 6.10. Other results from 

that test are presented in Figure 6.15. 

 

 

Figure 6.15 – Direct ELISA platform read-outs. 

After subtracting the background noise, the results from the Direct ELISA read-outs showed an 

approximate value of Δv ≈ 8 μV. Microscopic images of the two biochips at the end of each respective 

test were also obtained (Figure 6.16). As it was expected, the picture corresponding to the Direct 

ELISA where urease was used (Figure 6.16 – right) has a higher number of magnetic nanoparticles 

linked to the gold covered sensors than the Direct ELISA where there was no urease present. In both 

cases, the magnetic nanoparticles didn’t bind to the reference sensor, the leftmost sensor in the two 

pictures without a gold surface. Another indicator that the methodology chose for these tests was the 

correct one.  
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Figure 6.16 – Comparison of the final result of a background noise test (left) and a Direct ELISA test on a biochip surface.  

The next step consisted of finding a calibration curve for the sensors. To do so, the methodology for 

the Direct ELISA was applied to different concentrations of urease. The concentrations chosen were: 

15 mg/mL, 20 mg/mL, 25 mg/mL and 30 mg/mL. Examples of the read-outs from these tests can be 

seen in Figure 6.17, while Figure 6.18 depicts a visual representation of the sensors at the end of 

each experiment. 

 

 

Figure 6.17 – Direct ELISA readouts for different concentrations of urease. Top row, left to right: 15 mg/mL and 20 
mg/mL. Bottom row, left to right: 25 mg/mL and 30 mg/mL. 
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Figure 6.18 – Microscope image (800x magnification) of the biochip sensors for different concentrations of urease. Top 
row, left to right: 0.5 mg/mL and 1 mg/mL. Bottom row, left to right: 5 mg/mL and 30 mg/mL. 

After adding to these values the results obtained from the readings where the concentration of urease 

spotted was 10 mg/mL, a calibration curve for the biochip sensors was found (Figure 6.19). 

 

 

Figure 6.19 – Calibration curve of the biosensors: Δv in function of urease concentration. Included are the curve equation 
and standard deviation error bars. 

The calibration curve was obtained by analyzing three sensor read-outs from a test with a given 

concentration of urease. The points corresponding to the minimum and maximum were obtained by 

using Microsoft Excel’s average formula. The average value corresponding to the final baseline was 

calculated and subtracted to the first baseline (calculated in the same manner). This process was 
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repeated for the other two readings. Having obtained three points in this manner, the final point 

corresponding to that concentration was obtained by calculating the average of those three. This 

process was repeated for every concentration, having obtained, in the end, a total of 5 points. In short, 

each concentration was tested on its own biochip, from which three sensor curves were chosen.  

 

In general, the results from the various readings were in accordance with what had been predicted. 

The difference between the final and initial stage of the sensors, Δv, rose as the concentration of the 

spotted analyte rose, which supports the claim that the concentration of urease is proportional to the 

final baseline signal read by the biochip sensor. 

 

It is worthy of note that the signal read by the platform, and the Δv obtained, was not always in 

accordance with what was observed with the microscope. For example, using the results obtained for 

a urease concentration of 5 mg/mL and 10 mg/mL. The microscope observations are compared in 

Figure 6.20. 

 

 

Figure 6.20 – Comparison between two biochip sensors after being spotted with 5 mg/mL (left) and 10 mg/mL (right).  

The sensor on the right (urease concentration of10 mg/mL) has two heavily spotted sensors while the 

one on the left lacks such density. Also, by looking at the shape of the particles on the sensor on the 

left, they seem to be more the result of a lacking washing step than actual surface functionalization. 

And despite those facts, the sensor spotted with 5 mg/mL of urease registered a bigger signal during 

platform detection. 

 

This discrepancy could be attributed to variations in the manual functionalization process. Each 

biochip surface behaves differently from one another. In some, the droplets of the various solutions 

can stay fixed in the spot where they’re spotted, while in other surfaces the droplet slips towards the 

center of the biochip or away from the gold pads. The washing step also becomes more complicated 

when the biochip is inserted in the platform. Since the biochip cannot be taken out without stopping 

the reading, and losing the data, and because large volumes of cleaning solutions can infiltrate de 

silicone coating and ruin the wiring, the only washing procedure that can be performed is less than 

ideal. 
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Other than chip/execution variability, there is also another factor that should be considered. The very 

first test performed in this section, the Direct ELISA without urease, proved that the magnetic 

nanoparticles can bind to the gold pads without the presence of an antigen and that the unspecific 

binding accounted for a Δv equal to 7 μV. While this background signal is inconsequential for assays 

performed with large urease concentrations (for the 30 mg/mL assay, the calculated Δv value was 

around 139 μV), for smaller concentrations it could skewer the results greatly. 

 

Nevertheless, the calibration curve still showed a value of R
2
 of 98.54% (0.9854) and the microscope 

images also showed how the number of magnetic nanoparticles bound to the sensors rose in 

accordance with the rise of urease concentration. As such, it becomes clear that a system capable of 

guiding the varied solutions to and from the sensors is of a great importance. 

 

6.5.2 Direct ELISA and Microfluidics 

Associating the U-shaped microchannel and the syringe pump to the process of biochip testing was 

done in order to remove some of the inherent frailties of the manual platform testing procedure. The 

first tests carried out where surface functionalization and signal detection was done solely in the 

biochip platform, using the new pieces fabricated for the purpose (the PMMA Lid and Holder system 

presented in Chapter 5), yielded no results. When the functionalization (linker and urease spotting) 

was done manually and the detection carried out with the microfluidic system, the platform did not 

show any change in the acquired signal (as shown below in Figure 6.21). 

 

 

Figure 6.21 – Software read-out of a biosensor fully functionalized with the microfluidic system. 

After a few more tests with identical results, the objective of the tests shifted from acquiring a signal 

from the biosensor to attempting to spot the biochip with magnetic nanoparticles and urease with the 
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microfluidic devices. As such, the chips used were no longer active, but sensors that had become 

damaged during the fabrication process. As previously explained, these damaged sensors still have 

the same surface properties than their working counterparts, so they are still useful for surface testing. 

 

Tests were performed using the biochip platform as well as the mock set up. This not only allowed to 

perform more than one test at the same time, but also served to test if the fact that the platform was 

turned on would influence the functionalization. The flowrates used were the same ones presented 

earlier in this chapter, section 6.4.1. Figure 6.22 shows the results of a Direct ELISA where the 

microfluidic system was used to spot the surface and to administer the magnetic nanoparticle solution. 

 

 

Figure 6.22 – Syringe pump functionalization and detection. Left – Support piece (800x magnification); Right – Platform 
(160x magnification). 

Image comparison shows that, although there was no leakage when it came to the U-shaped channel, 

the gold pads remained spotless. Any spot on the biochip surface was caused by the pressing the 

PDMS cube on top of the sensor. Even a completely clean U-shaped channel is bound to leave some 

residue/debris when in constant contact with the biochip surface. With these set of results in mind, the 

next test purposed only made use of the microfluidic system to run the magnetic nanoparticle solution. 

Figure 6.23 shows the results. 

 

 

Figure 6.23 – Manual functionalization and syringe pump detection. Left – Support piece (800x magnification); Right – 
Platform (800x magnification). 
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When the linker solution and urease were spotted manually, some magnetic nanoparticles were able 

to bind to the gold pads. Manual functionalization showed a clear improvement over the tests where 

only the microfluidic system was used. The difference between the number of particles on the picture 

on the left and the one on the right are most likely due to variability in the manual functionalization 

(Figure 6.22, despite not showing the desired results, shows uniformity between the two tests). 

 

Although the microfluidic system was used successfully to spot magnetic nanoparticles on top of 

manually functionalized sensors, Figure 6.24 shows how big of a difference there is between manually 

and microfluidic spot of magnetic nanoparticles. 

 

 

Figure 6.24 – Manual spotting (top) vs. Microfluidic spotting (bottom). 

The results for these tests proved that is possible to use the microfluidic system to functionalize the 

biochip’s gold pads with magnetic nanoparticles. It also proved that the microfluidic spotting is not on 

par with manual spotting. 

 

 

 

 

  



74 

 

Chapter 7: Conclusion and Future Developments 

 

The work performed in this thesis started out to optimize a lab-on-a-chip device to be used to study 

the biocementation process in soils. And in the end, the goal was achieved. 

 

Chapter 4 pitted two different methodologies on how to functionalize, using magnetic nanoparticles 

(250nm), first, a gold surface, second, gold pads on a silicon die and third, a biosensor: the Direct 

ELISA and Sandwich ELISA. The tests performed on the gold surface predicted the outcome of the 

same tests on a different surface, gold pads on a silicon die, designed to mimic the biochip’s surface. 

The Direct ELISA was proven to be the better methodology. It showed good results with low quantities 

of reagents (1 μL of linker solution [2 mg/mL] and 1 μL of urease [10 mg/mL]) and good reproducibility. 

 

Chapter 5 introduced the lab-on-a-chip device, the biochip platform and showed what optimizations 

were done to take full advantages of the capabilities offered. 

 

New equipment was created. The first was a new set of three acrylic molds to build new U-shaped 

microchannels. Instead of just being able to fabricate 4 at a time, the new mold was designed to 

fabricate 24 in one baking. Also, to avoid unusable cubes because of misalignment in the mold, the 

new one featured 9 points of alignment (8 around the perimeter and 1 in the center) instead of the 

binding clippers used to secure the old design. This improvement greatly improved work efficiency.  

4 PDMS microchannels can easily be used up in a single experiment, for they are frail and could 

always rupture when the hollow tubes, to guide the solutions through the channel are being inserted. 

24 U-shaped channels offer the user more leeway. 

 

But the PDMS’ were not improved only in number. The new design of the mold was extended to the 

channels as well. The U-shaped channel was made larger (from 7 x 8 x 0.1 mm to 9 x 9 x 0.3 mm), 

fitting in perfectly with the gold frame around the biochip’s gold pads. The PDMS cube became larger 

and more robust, the channel’s inlet and outlet were pushed away from the border of the cube to avoid 

tearing when fitting in the inlet/outlet tubing. 

 

As a last improvement, two PMMA pieces were created to fit with the biochip platform and help secure 

the PDMS cube on top of the biochip with no leakage. The system was tested with flowrates more 

than ten times greater than the ones required to run the tests and showed no structural/functional 

weakness. 

 

An external set up, meant to mimic the way the biochip and PDMS are held inside the biochip 

platform, was assembled. This allows the user to test microfluidic conditions without the need to use 

the platform or a functional biochip, improving the number of tests and conditions that can be tested. 

However, the biggest achievement of this new system is the fact that the bond between the PDMS 

cube and the biochip is temporary. Previous works made use of permanent bonds. A PDMS piece 
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bonded permanently to a biochip cannot be removed without damaging it. A temporary bond that 

relies only on a manual pressure system (plastic and metal nuts and bolts) assures that the 

microfluidic system can be safely removed and the biochip can be reused until the sensors stop 

working. 

 

And finally, Chapter 6 put the Direct ELISA assay, optimized in Chapter 4, and the new platform’s 

upgrades, created in Chapter 5, to the test. 

 

The Direct ELISA assay was able to show that a correlation between the signal detected by the 

platform, the magnetic nanoparticles that create said signal and the urease to which the magnetic 

nanoparticles attach to. 

 

Using different concentrations of urease, 10, 15, 20, 25 and 30 mg/mL, a calibration curve, with a 

value of R
2
 = 98.54%, was obtained for the biosensors. The correlation between the concentration of 

urease and number of magnetic nanoparticles/signal strength was confirmed both by the platform and 

by visual confirmation with a microscope. 

 

A complete functionalization of the biochip surface using the microfluidic system proved to be 

ineffective. During this work’s time none of the flowrates and concentrations used was enough to 

functionalize the biochip surface. However, microfluidic tests carried out in the platform and the 

external set were able to produce visible results, as long as the linker and urease are functionalized, 

manually, first. This is a good first step towards an even greater system optimization and served to 

remove one degree of “user variability” (variations caused by the user when manually handling the 

spotting process) from the system. 

 

To conclude, the system has been optimized, but it is still not ideal. Using the microfluidic system to 

load the magnetic nanoparticles was shown to be less effective than manual spotting. The Direct 

ELISA, albeit being able to provide a calibration curve for the biosensors, still lacks when it comes to 

dealing with non-specific binding and accounting for that signal at low concentrations of urease. 

 

With that in mind, future perspectives should focus on an automated system, microfluidic or something 

new, to remove completely or minimize greatly the user’s manual interactions with the system, for 

even the most skilled user will inadvertently introduce an element of variability to the test. A sure way 

to guide the magnetic nanoparticles over the spotted surfaces would go a long way in improving the 

platform read-outs and learning more about how the “background noise” affects readings. 

 

It would also be interesting to see how does the biochip platform/sensors behave when urease is 

spotted from a field sample instead of a commercially solution. The same can be said about using 

other type of microorganisms as the source of urease. All of these steps would certainly help to bring 

the system closer to its desired field use.    
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Annex A – Biochip Run Sheet 

 

This run sheet was adapted from the previous work that used the same type of biochips [2]. 

The biochips were microfabricated in a 10 and 100 class clean room in INESC-MN, Portugal. Both 

followed run sheet and all the details regarding the process of fabricating the biochips can be found 

attached below. 

 

Run Sheet for Spin Valve biochip fabrication process 6inch 

 

Step 1: Spin Valve Deposition 

Spin valve stack was deposited by ion beam deposition, using the Nordiko 3000 machine. The SV 

stack corresponded to 20A° Ta / 38A° NiFe / 23A° CoFe / 25A° Cu / 23A° CoFe / 81A° MnIr / 30A° Ta 

/ 100A°TiWN, as shown below. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1 – Spin Valve layers. 

 

Step 2: Definition of Sensors (Mask exposure in DWL) 

This step will use a mask to define the sensors, in size and shape. For that, a photo sensitive polymer 

- photoresist (PR) - is used to coat the wafer and when exposed to optical lithography will developed 

into the mask pattern (Figure A2). The excess of the sensor film will be later removed by an etching 

process. 

 

 

Figure A2 – Overall process of the second step. 

 

1) Coating Photoresist: Vapor Prime 30 minutes (Recipe 0) 
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Vapor prime improves photo-resist adhesion on sample surface and it’s made before coating the 

sample. 

 

Step description Conditions 

Wafer dehydration 

Priming 

Purge primer exhaust 

Return to atmosphere 

Vacuum, 10 Torr, 2 min; N2 inlet, 760 Torr, 3 min; Heating to 130 _C 

1 Torr, 3 min; HDMS, 6 Torr, 5 min 

Vacuum, 4 Torr, 1 min; N2 inlet, 500 Torr, 2 min; Vacuum, 4 Torr, 2 min 

N2 inlet, 3 min. 

 

2) Coat 1.5μm PR (Recipe 6/2) 

The wafer is coated with 1.5μm photoresist. This resist is made of a resin and a photoactive 

compound dissolved in a solvent that is also a dissolution inhibitor, that become unstable when 

exposed to light eith a determined wavelength, allowing to dissolve it by developing. 

 

Coating Parameters 

 

First Step 

 

Second Step 

 

Third Step 

 

Dispense PR on the sample and spinning at 800 rpm for 5 sec 

 

Spin at 2500 rpm for 30 seconds to obtain 1.45 μm thickness 

 

Soft bake at 85 _C for 60 seconds 

 

 

3) Machine: DWL - Direct Writting Lithography 

The optical lithography exposure is performed with a direct-write laser system DWL 2.0 by Lasarray, 

using a 442nm Helium-Cadmium Laser. The sample is then exposed, meaning that the laser sweeps 

the sample according to the mask designed in the AutoCAD software [73]. 

There is a total of 30 sensors, each one sizes 2.8 x 40 μm2 and has the shape of tho parallel lines. It 

was used the mask represented below, with appropriated parameters. 

 

Energy: 55 J, Power: 100 mW, Focus: 0. 

 



81 

 

 

Figure A3 –  Mask for first litography: sensor’s definition. 

 

 

4 ) Develop: Recipe 6/2 

Bake at 110 _C for 60 sec 

Cool for 30 sec 

Developer for 60 sec 

 

Step 3: Physical Etching (Ion Milling) 

Nordiko 3600 is used to perform a physical etching to remove the excess of the sensor film, shaping 

all the sensors and alignment mark. 

 

Figure A4 –  Exemplification of physical etching. 
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Assist 

gun 

Power V+ I+ V- I- Ar Flux Pan Rotation 

Set 

Point 

Read 

Values 

197 W 

197 

735 V 

723.9 V 

- 

104.3 

mA 

-350 V 

-344.5 

V 

- 

3.8 mA 

10 

sccm 

10.2 

sccm 

60o 

rpm 

60o 

rpm 

30o rpm 

30o rpm 

 

Figure A5: Resist Stripping 

 

Step 4: Resist Strip 

The layer of resist was removed using a microstrip and ultrasounds. This step took 2 hours, 

guarantying and the resist was stripped. The chips were then rinsed with IPA and deionized water for 

easier dry. 

 

 

Step 5: Contacts Definition (Second lithography) 

This step performs the definition of the electronic contacts. The overall step is similar to the previous 

lithography, excepting a pre-developed step to occur before exposing the sample to the optical laser, 

consisting on developing the sample for 20 seconds (with no baking). Then, the lithography exposure 

takes place, using the mask and parameters presented below. 

 

Figure A7 represents this fifth step. 

 

Figure A6 – Mask for contact deposition. 
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Figure A7 – Second lithography process. 

 

Energy: 75 J, Power: 100 mW, Focus: 0. 

Figure A6: Mask for contacts definition 

 

Step 6: Contacts Deposition 

Nordiko 7000 was responsible for depositing 3000 A° Aluminum and 150 A° of TiWN2 over the sample 

to create the contacts, by sputtering. O soft etch is firstly performed in order to remove the oxide layer 

that naturally forms in metallic layers. 

 

Soft sputter etch, 60 seconds 

#18011 Power 1 Power 2 Gax flux Pressure 

Standard Values 

Read Values 

60 W 

59 W 

40 W 

39 W 

50 sccm Ar 

50,3 sccm Ar 

3 mTorr 

3 mTorr 

 

 

Aluminum, 3000A° , 80 seconds 

#18011 Power 1 Voltage Current Gax flux Pressure 

Standard 

Values 

Read Values 

2 kW 

1,98 kW 

- 

391 V 

- 

5,12 A 

50 sccm Ar 

49,8 sccm Ar 

3 mTorr 

3,1 mTorr 

 

TiWN2, 150A° , 27 seconds 

#18011 Power 1 Voltage Current Gax flux Pressure 

Standard 

Values 

Read Values 

0,5 kW 

0,5 kW 

- 

421 V 

- 

1,2 A 

50 sccm Ar+ 

10 sccm N2 

3 mTorr 

2,7 mTorr 

 

TiWN2 provides protection to physical damage on the micro-structures and it also protects 

Aluminum layers from chemical substances. Moreover, it works as a anti-reflective coating in the 

optical lithography. 

 

The scheme of this step is presented below: 
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Figure A8 – Thin film deposition process. 

 

Step 7: Aluminum Lift-off 

Stripping aluminum consisted on immersing the sample into a microstrip solution which dissolves the 

PR under the deposited material and the material itself. Microstrip should be at 65oC, improving this 

process when submitting to ultrasounds, which facilitates the microstrip penetration trough the 

photoresist. After that time, the sample was rinsed with IPA and water. A dry N2 gun was used to 

clean the surface of the sample. 

 

This sample was kept in the hot microstrip overnight, to make sure stripping was completed. 

 

Lift-off scheme process is presented below: 

 

Figure A9 – Photoresist and metal lift-off in wet bench. 

 

Step 8: Si3N4 deposition, passivation layer 

3000 A° of Si3N4 was deposited as passivation layer. It was used the machine Electrotech for 30 

seconds (holder: 300 ⁰C / showerhead: 350 ⁰C). 

 

 Set Values Read Values 

Deposition time 

SiN thickness 

NH3 gas flux 

SiH4 gas flux 

N2 gas flux 

Pressure 

Power source RF 

30 s 

3000 A° 

500 sccm 

300 sccm 

3500 sccm 

850 sccm 

500 W 

30 s 

3000 A 

500 sccm 

300 sccm 

3470 sccm 

850 sccm 

500 W 
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Figure A10 – Si3N4 deposition: passivation layer. 

 

Step 9: Passivation layer (third lithography) 

This step will perform the definition of the passivation layer. The overall step is similar to the first 

lithography (no pre-developing). This lithography uses the mask and parameters presented below. 

Figure A12 represents this ninth step. 

Energy: 55 J, Power: 100 mW, Focus: 9. 

 

 

Figure A11 – Mask for passivation layer. 

 

Figure A12 – Third lithography process. 

 

Step 10: Reactive ion etching 

Pads were opened in LAM Rainbow 4400 at a rate of 6.7 A° /s, with the following conditions: 
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 Expected Observed 

Pressure (Torr) 

Etch time (s) 

Power(RF) 

Ar flux (sccm) 

CF4 flux (sccm) 

O2 (sccm) 

Reflected Power (W) 

140 m 

300 + 300 (over-etch) 

100 W 

200 

100 

10 

 

140 m 

4 x 150 (15 s for cooling) 

102 W 

200 

1000 

10 

5.7 

 

Figure A13: Reactive ion etching for pads opening 

 

Step 11: Resist strip 

This step removed the unetched PR on top of the patterned structure, immersing the sample for 3h in 

a ultrasonic bath in microstrip at 70 _C. Samples were then rinsed with IPA, deionized water and then 

dried with the air gun. 

 

Figure A14 – Resist stripping. 

 

Step 12: Lithography for gold pads 

This step was performed to define the gold pads over the sensors. The overall step is similar to the 

second lithography, with a pre-developed step before exposing the sample to the optical laser, 

consisting 

on developing the sample for 20 seconds (with no baking). Then, the lithography exposure took place, 

using the mask and parameters presented below. 

Figure D16 represents this step. 

Energy: 80 J, Power: 100 mW, Focus: 0. 
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Figure A15 – Mask for contacts definition. 

 

 

Figure A16 – Forth lithography process for gold pads. 

 

Step 13: Au deposition 

In this step a gold thin film of 200 A° were deposited over the sample, using Alcatel SCM-450, at a 

deposition rate of 50 A° /min. For better adherence, 50 A° of chromium is firstly deposited. The 

conditions of the deposition are presented below, as well as the sketch of the step (Figure A17). 

 

 

Material Cr Au 

Power (DC) 

Gas flux (Ar) 

Pressure 

Time 

Base pressure 

20 W 

20 sccm 

2.86 mTorr 

1 m 15 s 

10−6 

20 W 

20 sccm 

2.98 mTorr 

3 m 30 s 

10−6 
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Figure A17 – Gold deposition. 

 

Step 14: Au lift-off 

The next step consists on removing the non exposed resist using a hot ultrasonic bath with microstrip, 

for 2 h at 65 ⁰C. After this time, the sample was rinsed with IPA and water, and was blow-dried. 

 

Figure A18 describes this process. 

 

Figure A18 – Au lift-off. 

 

Step 15: Wafer dicing 

The sample were then diced in the Disco DAD 321 machine in order to individualize each chip, as 

shown in Figure A19. 

 

Figure A19 – Sample was cut into individual dies. 

Step 16: Annealing 

This last step consisted of annealing each individualized chips at 250 ⁰C for 30 minutes, and let for 

naturally cooling down with a constant magnetic field aligned with the easy axis of the pinned layer. 
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