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Abstract 

Nowadays the hospitals and the medical centres face a huge challenge finding solutions to improve 

the efficiency of medical diagnosis.  

The scope of this project was to develop a “Point-of-Care Diagnostic” (POCD) device, that can 

give a better alternative for genetic analysis, instead of the usual methods of PCR (polymerase chain 

reaction). 

This device is composed by three layers. The first layer which works as a transporter and filter was 

built on paper. The second layer is the substitute of the regular thermocycling phase in the PCR technique 

and the third layer incorporates an interdigital capacitor that works as a DNA (deoxyribonucleic acid) 

sensor with high sensitivity to detect DNA hybridisation. These last two layers were made in kapton film. 

The devices were produced with microfabrication methods using inkjet printing, lithographic and 

deposition processes. 

The device’s characterisation was based on impedance spectroscopy methods. 

With the purpose of testing the device, the capacitor was functionalised with the YWHAZ gene. 

However, this process can be performed with any other gene. 

Due to its characteristics, the device under study was designed to run RT-qPCR (Real time 

quantitative polymerase chain reaction) and presents itself as an effective way to substitute the traditional 

PCR techniques.  Even more, as the transport of samples to a laboratory and the recruitment of specialised 

personnel are not necessary, costs and response time are reduced. 

 

 

 

 

 

Keywords: POCD, RT-qPCR, bioelectrical read out, microfluidics on paper, biosensors, microheaters.  
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Resumo 

Um dos grandes desafios que os serviços de saúde enfrentam nos nossos dias é encontrar métodos 

de diagnóstico acessíveis e que permitam obter resultados fiáveis de forma rápida e eficaz.  

Neste trabalho apresentamos um protótipo de um dispositivo de Point-of-Care Diagnostic (POCD) 

que possa substituir as técnicas tradicionais de PCR (polymerase chain reaction) que são atualmente 

usadas nos testes genéticos. 

O dispositivo em análise é composto por três camadas. A primeira camada funciona como 

transportador e filtro da amostra e foi fabricada em papel. A segunda camada tem a função de substituir 

o habitual processo de thermocycling na técnica de PCR e a terceira camada incorpora um condensador 

interdigital que funciona como sensor de DNA (deoxyribonucleic acid) com elevada sensibilidade e que 

irá detetar a hibridização do DNA. Estas duas últimas camadas foram feitas em kapton film. 

Estas camadas foram obtidas através de métodos de microfabricação, utilizando designadamente 

inkjet printing, processos litográficos e de deposição. 

A caracterização dos dispositivos foi obtida utilizando métodos de espetroscopia de impedância.  

Para testar o dispositivo, o condensador foi funcionalizado com o gene YWHAZ. No entanto, este 

processo pode ser realizado com qualquer outro gene. 

Deste modo, o dispositivo em estudo pretende efetuar a leitura de RT-qPCR (Real time quantitative 

polymerase chain reaction) apresentando-se como uma alternativa aos atuais métodos laboratoriais, uma 

vez que não implica a necessidade de transportar as amostras a um laboratório, minimizando custos de 

transporte e tempo de resposta. 
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microresistencias.  
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Motivation and Objectives  

This project was developed at the University of Cambridge, in collaboration with CENIMAT in 

the scope of the BET-EU European project. The main goal of this work was to produce a multilayer 

flexible label-free, biosensor for use in Point-of-Care diagnostics. This biosensor is composed by three 

parts: the first one is the transport and filtering layer for biological sample, the second one acts as a spacer 

holding the microheaters and the third one will be the electrical transducer. Nowadays Point-of-Care 

diagnostic devices have gained importance for rapid disease detection and personalised health monitoring. 

The proposed objectives for the thesis are the following: 

1. Produce the resistance layer; 

2. Characterise the resistance and test the heater/temperature sensors for thermocycling; 

3. Fabrication of the capacitive transducer; 

4. Functionalisation with thiol-based SAM of the gold electrodes surface and grafting of 

the molecular sensing element (SS-DNA or antibody, or aptamer); 

5. Characterise the capacitor before and after the functionalisation as well as after the 

hybridisation process with complementary DNA; 

6. Analyze the changes made by functionalization and hybridization in the impedance of 

sensor; 

7. Product of paper-based holder/filter microfluidics; 



 

1 

1 

 

 

1. Introduction  
 

Nowadays the response time in medical care is one of the biggest problems of medical services, 

being directly related with efficiency of treatment and mortality, it is one of the most pressing issues to 

be solved. In-Vitro Diagnostics (IVD) platforms are widely used for a variety of analysis of biological 

samples to provide crucial information for making right medical decisions.  

Point-Of-Care Diagnostics (POCD) would benefit from IVD assays that can provide a quantitative 

analysis of given biomarkers: a) in a relatively short time (e.g. less than one hour), as needed to: i) prepare 

the sample, ii) process it with either manually-assisted or automatic operations, and iii) extract relevant 

quantitative information and raw data, that can be processed using a dedicated data analysis software on 

a generic computing platform, in order to provide an answer relevant to the specific infection disease, and 

b) with cost-effective solutions, this latter aspect being strongly influenced both by the cost of disposable 

cartridges where the sample is prepared and analyzed, and by the cost of reagents used to run the assay. 

Various attempts have been done and are known in prior art to develop technologies that can be 

used as effective IVD platforms for POC diagnostics.  

Present day technology for testing infection disease include antigen-related immunoassays, such as 

enzyme-linked immunosorbent assay (ELISA) and chemiluminescence immunoassays, and PCR 

(Polymerase Chain Reaction)-related molecular diagnostics. Antigen-based immunoassays require more 

amount of protein biomarker than molecular diagnostics. Molecular diagnostics is rapidly growing with 

the increasing adoption of this technology in place of antigen testing by immunoassays. Molecular 

diagnostics also have advantages such as high specificity which help to detect even a minimum amount 

of protein biomarkers in order to detect earlier infectious diseases. 

This is why, responding to an unmet clinical need, POCD (Point-of-Care Diagnostics) has gained 

high interest by the scientific and industrial communities. 

Point-of-Care testing (POCT) solutions are essential for the rapid detection of analytes near the 

patient, which facilitates disease diagnosis, monitoring and management [1]. Ideally Point-of-Care tests 

are made to be simple medical tests that can be performed at the patient bedside.  

In this concept of device, the biosensor is the most critical component in the POCD and is directly 

responsible for the bioanalytical performance of an assay. Several prospective label-free biosensors, based 

on electrochemical, surface plasmon resonance (SPR) and white light reflectance spectroscopy (WLRS), 

have been developed and are used to improve POCD [1,2]. In many cases a sufficient level of cost-

effectiveness and ease of operation is required to enable effective POCD, which in turns requires further 

development of the biosensor technology, not only to make the test possible but also to reduce its 

complexity. In fact, the envisaged miniaturisation of sensor chips and readout electronics pave the way 

toward completely new applications and markets in the field of bio-molecular diagnostics. Due to the ease 

of use of these highly integrated microsystems, Point-of-Care diagnostics, as in the doctor’s office, comes 

into reach [3].  

This can have even a bigger impact in the case of DNA (deoxyribonucleic acid) assays for 

molecular diagnostics, that require several amplification steps of targeted DNA sequences (amplicons) 

achieved through thermocycling via the well-known polymerase chain reaction (PCR) process. 

Additionally, prior to amplification, sample preparation is required, involving a series of steps to 

extract the DNA from the sample, and to remove the different inhibitory compounds present in clinical 

samples of biological fluids. These steps often require the use of complex laboratory equipment and highly 

trained personnel. This combination of factors causes a late access to the test results. A reduction in 



2 

mortality has been associated with rapid turnaround times. This is where it comes the advantages of POCD 

applied to this type of assays making them rapid, simple, noninvasive and affordable [4–6]. 

 The capacitance-based transduction is a very simple technique, resulting in simplification of the 

experimental procedure and the potential fabrication of portable systems, with lower costs reagents and 

smaller size, thus being suitable for Point-of-Care applications. 

Assays using short single-stranded oligonucleotide probes immobilised on an electrode surface 

(transducer) can be used as highly sequence-specific recognition elements for the detection of DNA. 

In this work is proposed a flexible POC device, for label free electric read out of Real Time 

quantitative Polymerase Chain Reaction (RT-qPCR), composed by three different layers as it is showed 

in Figure 1. The first layer will act as a medium of transport of the sample as the same time as it works as 

a filter and will use a paper substrate taking advantage of this material structure and using it as 

microfluidic device. The second layer - resistance layer - will take the fundamental principal of resistances 

and joule heating and thermoconducting detection to create microheaters and temperature sensors. The 

third layer the capacitive sensor uses micro fabrication technique to provide an interdigitated capacitor 

that will be functionalised to work as DNA sensor further on. The functionality of each layer and how 

they work will be explained in further detail, in the next chapters.  

This type of approach is intended not only to have a better solution for bedside situations, but also 

to provide a device with a better sensitivity and low detection limits as result of the use of a capacitor as 

a transducer. This device was designed to be able to replicate the multiple laboratory procedure in just 

one device and even more, it can be used whether as a diagnostic system or a monitoring one, as the 

assays RT-qPCR allows.   

1º 
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Microfluidics 

2º 
paper 

supor pore 200 

3º 

Resistance 

layer (70nm 

Au and 10 nm 
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4º Su8 well 

RT-qPCR 

sensor 

5º 
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Au and 10 nm 

Ti) Kapton 

Figure 1 Scheme of the sensor 
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 RT-qPCR 

With the increasing demand of clinical detection for DNA and RNA (Ribonucleic Acid) signatures 

in patients’ diagnosis and monitoring at the Point-of-Care, the Quantitative Polymerase Chain Reaction 

(Q-PCR) becomes an extremely powerful and useful technique. This process enables to amplify fragments 

of DNA and determinate the amount of PCR product in real-time (also known as Real Time quantitative 

Polymerase Chain Reaction, or RT-qPCR). Therefore it has a vast application and it is widely used as a 

tool for investigating gene expression and gene analysis, identification of infectious diseases and clinical 

diagnostics [7]. 

RT-qPCR is also applied to detect nucleic acids from food and other microbiological uses, as water 

quality [8], vectors involved in gene therapy protocols, genetically modified organisms responsible to 

detect GMOs [9–11]. Another frequent uses of RT-qPCR assays include diagnosing [12] and monitoring 

diseases. 

It is an important part of the assay to monitor the amount of PCR product over time and the effect 

that parameters such as melting temperature (TM) and primer concentration have on the reaction and that 

ultimately determine the detection threshold. The temperature at which the primer anneals is usually 

referred to as the TM. This is the temperature at which 50% of the oligonucleotide–target duplexes have 

formed [11]. The threshold cycle (Ct), represents the cycle when the sample fluorescence exceeds the 

background fluorescence. The Ct is used for quantifying the gene target copy number, however its value 

is entirely subjective, as the threshold can be altered at will [13]. 

The RT-qPCR uses the same principle as the regular PCR when it comes to the DNA amplification 

process. However, Real-Time qPCR methods allow for detection of PCR amplification during the early 

phases of the reaction. Measuring the kinetics of the reaction in the early phases of PCR provides a distinct 

advantage over traditional end-point detection-based PCR. Not only the overall time for analysis of the 

sample is shorter than it is for end-point detection, but, it also offers the unique advantage of focusing the 

detection phase during the exponential phase, which is the optimal point for analyzing the data, when all 

reagents are fresh and active and amplicons double effectively at every thermal cycle and no degradation 

mechanism occur, which in turn results in more accurate DNA or RNA quantification and does not require 

laborious post-PCR methods.  

It is the detection process that discriminates real time PCR from conventional PCR assays [11]. 

The main difference between them is the fact that PCR is just a DNA amplification tool. This means that 

its purpose is just to take a small piece of DNA and amplify it, in order to allow other methods of DNA 

detection to read it. Furthermore, RT-qPCR is an amplifying process which permits to track this 

amplification in real time, mostly due to DNA probes mixed in the process with a fluorescent label. 

Another function is to supply other types of information as if the sought gene is present in the sample or 

not, with no need for other methods, it also gives a quantification of gene expression. The more common 

fluorescent probes used in this method are SYBR Green and TaqMan [14]. 

However, this work will follow a different approach, which does not require use of fluorescent 

probes reagents. The aim is to enable electronic read out of the amplicons concentration during 

thermocycling, hence called “label-free” detection, which means no need for optical read out based on 

fluorescent molecules. This approach would permit a drastic reduction in the use of large readout 

machinery and its associated maintenance, besides a reduction of the cost of reagents and the time-

consuming data processing involved in the interpretation of fluorescence data involved in standard RT-

qPCR. A small amount of deoxyribonucleic acid (DNA) fragments are processed into a plurality of sample 

products during the thermal cycles as shown in Figure 2 c) and b) [7]. 

Using a polymerase enzyme that recognizes the DNA via primers, regardless of the method used 

to synthesize cDNA, the PCR step requires a specific target primer. These are usually designed in 

isolation, using single templates of very limited genetic complexity [13, 15]. 

https://en.wikipedia.org/wiki/GMO
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a) 

 

b) 

 

c) 

 

d) 

 
Figure 2 a) Shows theoretically the type of response that we will obtain with an optical RT-PCR. Adapted from[16]; b) 

One cycle of PCR; c) Thermocycler graphic; d) Schematic of an example of fluorescent assay TaqMan probe qPCR 

In a standard RT-qPCR assay the solution would contain a labelled DNA probe with a reporter 

fluorescent dye [FAM (6-carboxyfluorescein)] at the 5' end and a quencher fluorescent dye [TAMRA (6-

carboxy-tetramethylrhodamine)] at the 3' end, this probe would bind to the target gene after the primer. 

When the probe is intact, the photo emission dye usually reported is quenched due to the physical 

proximity of the reporter and quencher fluorescent dyes. However, during the extension phase of the PCR 

cycle, the DNA polymerase nucleolytic activity cleaves the hybridisation probe and releases the reporter 

dye from the probe. The resulting relative increase in reporter fluorescent dye emission is monitored in 

real time during PCR amplification using a sequence detector Figure 2 d) [15]. 

The Real-Time PCR requires a thermocycler in combination with an optical system to capture 

fluorescence and a computer with software capable of capturing the data and performing the final analysis 

of the reaction giving a graphic similar to the one shown in Figure 2 a) [11,14,15].  

 Capacitive Sensor  

A sensor is a device that detects a signal and converts it into a measurable quantity.  A biosensor 

consists in a biological recognition element in close proximity to a transducer, which will convert the 

binding event into an electrical signal [17]. 
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Figure 3 Schematic of sensor based on [18]. 

Biosensors can be defined as chemical sensors where the recognition system detect a biochemical 

mechanism. The biosensors can be repeatedly calibrated and are suitable for monitoring both the increase 

and decrease of the bio-analyte concentrations [19].The Figure 3 represents the schematic of sensor and 

how it works. 

Lately the capacitive transducers have become promising in the field of immunosensors and in the 

detection of bioavailable heavy metal ions, giving both high selectivity and low detection limits. It was 

therefore considered as a suitable transducer for DNA detection, which is in the scope of this work [20]. 

The use of interdigitated electrodes (IDEs) for the development of sensors has been receiving 

growing interest during the last two decades. The fabrication of the IDEs by means of lithography allows 

the development of sensitive, low cost and miniaturised chemical sensors and biosensors. 

In the field of interdigital capacitive (IDC) sensors, the principle of detection is based on the change 

of the dielectric constant in the medium of the interdigitated capacitor. The change in the dielectric 

constant of the medium is an effect of the electrical double layer theory, which can be described as a 

build-up of two conducting phases. One consists in a metal surface and the other in an electrolyte solution 

as it will be explained in further detail later. The capacitance of a sensor is a function of the dielectric 

permittivity, the materials of the sensor and the geometry as is shown by expressions (1) and (2). The 

modification of the interface between the metal surface and the solution by immobilising a recognition 

element will lead to a change in capacitance value, which will be dependent on the nature and coverage 

of the recognition element. Further change is expected when the analyte binds to the recognition element 

[20]. In the present work the principle of a capacitor device consists in changing the dielectric permittivity 

of flat capacitor structure under the influence of external factors [2]. 

A simplest view of the sensor type capacitance is to view them as two close-spaced parallel plates. 

Therefore, the capacitance between the two electrodes is given by:  

𝐶 = 𝜀𝑟𝜀𝑜

𝐴

𝑑
 (1) 

where A – the area of facings plates, d – distance between the plates,  ε0 – permittivity in vacuum, εr – is 

the relative permittivity of the dielectric layer [21,22]. 

However, capacitive devices working as biosensors like the case presented in this work whose 

operation is based on the changes of the permittivity of the biological material are subdivided into two 

categories: interdigitated electrodes (IDEs) and electrode–solution interfaces. In the simplified case where 

the electrodes are thin compared to the surface area (80 nm of thickness and 0.25 mm2) and where first 

fingers may be neglected and considering an infinite layer, the capacitance of an IDE sensor is given by: 

  𝐶 ≅  (
𝑛−1

2
) 𝐶𝑖L where 𝐶𝑖 =  𝜀𝑟𝜀𝑜

𝐾(𝑘 I∞)

𝐾(k’I∞)
 

(2) 

𝑘 I∞ = 𝑠𝑒𝑛 (
𝜋

2
𝜂)  𝑎𝑛𝑑 𝑘′ I∞ = √1 − 𝑘 
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𝜂 =
𝑊

𝑊 + 𝐺
 

where 𝑛 is the number of the fingers, K(k) is the complete elliptic integral of first kind with modulus kI∞, 

k’I∞ the complementary modulus, L is the length, η is an adimensional parameter, W the size of the finger 

and G is the distance between the electrodes as it is shown in Figure 5 b) [23]. This equation gives us the 

geometrical capacitance which is the sum of the capacitance of two other capacitances, one taking in 

account the medium on top of the electrode and the other one taking in account the subtract.  

 

1.2.1. Impedance 

The project enlightens the changes in the impedance of the device instead of capacitance 

measurement, being the impedance the ratio between voltage and current [24]. 

The electrochemical impedance spectrum is obtained by measuring the electrical current response 

in dependence of the frequency of the applied voltage. In any electrical circuit comprising capacitive and 

resistive elements exposed to an alternating voltage there will be a phase difference between the electrical 

current and the applied voltage in dependence of the frequency (f). This is conveniently represented by 

the complex impedance Z: 

𝑍(𝑓)  =  𝑍’+  𝑗 𝑍’’ (3) 

where j represents the imaginary unit j = √(-1). The data are typically displayed in a plot of – Z’’ against 

Z’, (Nyquist plot) [25]. While this does not show the frequency dependence of the impedance directly, 

the data points obtained at the highest frequencies, are in the most left part of the plot and those obtained 

at the lowest frequencies are at the right. 

 
Figure 4 Behaviour of each component in the Nyquist plot. Adapted from [26] 

It is worth of notice that the plot Z’, Z’’ showed in the Figure 4 is the typical behaviour of each 

electrical component.  

The curve obtained with the Nyquist plot can be fitted to a model of an electrical equivalent circuit 

(Figure 5), allowing interpretation of the surface properties of the device, in terms of electrical circuit 

elements. One drawback of this approach, is that interpretation of the data requires an iterative curve-

fitting algorithm and user input, which is not readily accommodated in a mobile device [26,27]. 

1.2.1.1. Electronic model  

According to the literature, the electronic model represented in Figure 5 is a good fit to represent 

what happens in the devices in study. A single capacitor is certainly too simple to mimic the impedance 
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found with real biomaterials at all frequencies. A much better fit can often be obtained by using a non-

ideal component which is frequency dependent.  

a) 

 

 
b) 

 

Figure 5 a) Cross section of EIS with electric equivalent circuit adapted from [29] b) Schematic of the top view and 

features adapted from [23] 

From an electrical point of view, the electrode solution interfaces are characterised by capacitive 

and resistive parameters, both sensitive to the state of the electrode surface followed by a constant phase 

element CPE. In this circuit, the addition of CPE on the circuit is necessary, which can be ascribed to 

block the diffusion process. Accordingly, the charge separation occurs and the interface acts as a non-

ideal capacitor (CPE) [30]. 

The additional capacitive impedance Z is due to the adsorption and desorption of species at the 

electrode surface. These species do not exchange electrons with the electrode surface but changes the 

surface charge density and cause a pure AC (Alternating current) current path. Under ideal conditions the 

concentration at the electrode surface is +45° and the voltage -45°out of phase with the applied current, 

independently of the applied frequency. The impedance of the constant phase element is given by: 

𝑍(𝜔) =
1

𝑄
(𝑗𝜔)−𝑛 (4) 

where 𝜔 is the frequency, 0 < n< 1 and Q is a constant with dimension F.sn-1. The case of n =1 it recovers 

as a perfect capacitor while the case n = 0 describes a pure resistor [31]. 

If this hosts a layer of probes that can form chemical bonds with complementary DNA targets in 

solution, such a reaction (selective hybridisation) affects the value of interface electrical parameters and 

this variation can be detected. Is expected, in particular, a decrease in the interface capacitance of gold 

electrodes due to DNA hybridisation [32]. 

1.2.1.2. Electrical double layer 

When a membrane has fixed charges in equilibrium with an electrolyte solution, an electric 

potential difference is generally established between the membrane and the solution [33]. In this model is 

envisaged that no electron transfer reactions occur between the electrode and the solution which is 

composed only of electrolyte. The interactions between the ions in solution and the electrode surface, 

were assumed to be electrostatic in nature and resulted from the fact that the electrode holds a charge 

density (qm) which arises from either, in excess or deficiency, of electrons at the electrode surface. In 

order to maintain the interface neutral, the charge held on the electrode is balanced by the redistribution 

of ions close to the electrode surface. 

The attracted ions are supposed to approach the electrode surface and form a layer which will 

balance the electrode charge. The overall result is two layers of charges (the double layer) and a potential 

drop in the solution. The outcome is analogous to an electrical capacitor which has two plates of charge 

separated by some distance, with the potential drop occurring in a linear manner between the two plates. 

https://en.wikipedia.org/wiki/Resistor
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The electrical double layer plays an essential role in various interfacial electrical phenomena observed in 

a suspension of colloidal particles. 

However, the physical models for this kind of system are still to be perfected and unified. For this 

reason, it will be considered the Stern model which takes into account diffusion/mixing in solution, the 

possibility of absorption on the surface and the interaction between solvent dipole moments and the 

electrode [34]. Now the ions are assumed to be able to move in solution and so the electrostatic 

interactions are in competition. The result of this model is still a region close to the electrode surface 

(10 nm) containing an excess of one type of ion with the potential drop occurring over the so-called diffuse 

layer. 

 Microheaters and heat sensors  

Microheaters are small high-power heaters with precise control that provide an accurate high 

temperature control. Generally speaking, the heating method for microheaters involves conversion of 

electrical work to high density heat. With the use of high temperatures, the microheaters need to be 

supported or enclosed with very high thermal-resistant materials often made from small grain and high 

purity. The main advantages of incorporating such kinds of devices are flexibility, rapid prototyping and 

great compatibility with existing flexible chips [35]. 

Microheaters and temperature sensors usually play important roles in biological processing and 

chemical reactions. Hence, microheaters have been widely applied to heat chemical in solution, providing 

rapid thermal cycling process in polymerase chain reaction PCR microfluidic devices [34,35]. 

 Microfluidics  

The need of development in Point-of-Care diagnostic tests (POC) and home-care medicine, where 

user-friendly, portable and low-cost systems can be used at the doctor's office or directly by the patients 

themselves to monitor their heath or detect bacteria and viruses from a blood prick led to Microfluidics 

[37]. Contrary to the conventional microfluidic solutions, the requirement for portability and low cost is 

associated to the development of passive or nearly passive solutions. Spontaneous capillary flow (SCF) 

is a capillary flow occurring spontaneously under the action of a negative Laplace pressure at its front end 

while the rear end is at zero (relative) pressure. Sometimes SCF can be a drawback in microsystems, other 

times it can be purposely used for fluid actuation [37]. 

It became obvious, the need for capillarity as a solution, for moving liquids under these conditions. 

In a capillary solution, the energy required for the motion of the fluids is the surface energy of the walls, 

which is built at the moment of fabrication or by appropriate functionalisation of the walls [38]. 

The term “Microfluidics” refers to a technology which manipulates small volumes of fluids, with 

the potential to miniaturise complex laboratory procedures into a small microchip. The great advantages 

of using smaller volumes of samples and costly reagents, compared to macroscale devices, are the time 

consumption (operating time is much shorter), the simplicity of the analyses process, a higher sensitivity 

and the possibility of mass production [37–39]. Microfluidics is used as an adequate transport, 

concentrating and filtering the biochemical targets or the biologic objects. 

The cellulose paper is naturally hydrophilic and allows the penetration of aqueous liquids within 

the matrix fibers, the process of spreading is explained with further detail in annex 1. However, the design 

of a path way for liquids is accomplished by coating the paper fibers with hydrophobic materials and this 

way is obtained channels that guide the fluid inside the paper [40,41].  

For a DNA probe assays, genomic molecules, infective bacteria, or virus particles are required in 

average a concentration range from 100 to 107 copies per milliliter. The relation between the sample 

volume V and the analyte concentration Ai can be calculated by the equation 7 present in annex 7 [39]. 
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2. Methodology 

In this chapter it will be explored the processes behind the fabrication, the materials and the 

characterisation of the devices proposed in this study, as well as how the results presented in the next 

chapter were obtained. 

 Overall view of layers of the device and the setup 

With following images, we pretend to show progress and the overall process of the device 

a) 

 

b) 

 

c) 

 
d) 

 

e) 

 
Figure 6 The different layers of the device 

The device presented in figure 6 is composed by three different layers: a)  the capacitive biosensor 

(a capacitor capable of detecting hybridization events by DNA probes); b) the resistance and 

thermosensors which replaces the thermocycle process; c) the first two layers are on top of each other and 

designed to link a ZIF connector; d) a transport layer and filter made by paper; e) the study of the two 

kapton layers, linked to the ZIF connector which was mounted already on a PCB, that could be installed 

with a controller that allowed the recording, managing and processing of the obtained data. 

 Microfluidic process 

 In order to obtain a transporter and filtering layer for the biological sample it was used paper 

subtract. This paper was then printed with the EMD6415 ink (bought from Sunchemicals Company) that 

was referred in the lecturer as able to produce hydrophobic walls in the paper [43]. Therefore, to build the 

hydrophobic walls, it was used an inkjet printer Dimatix 5200 from Fujifilm. The process would take 20 

2 
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layers of ink with a heated stage and direct UV light during the printing process, to avoid undesired 

spreading of the ink through the paper, was used a flashlight of 100 LEDs (Figure 7 b)). It was also studied 

different types of papers with different pores size to see which one would fit best the desired purpose. 

Results are displayed in the next section, linked to the results for hydrophobicity of the ink on each paper 

type. 

a) 

 

b) 

 

c) 

 
Figure 7 a) Inkjet Dimatix 5200; b) Waveform for EMD6415; c) Setup used to fabricate microfluidics 

The design was made using Adobe Illustrator software and it was based on previous biosensors 

with paper base microfluidics. 

 Contact angle technique  

Nowadays the most common method to determine the hydrophobicity of a material is the contact 

angle present in Figure 8. The term contact angle refers to the angle made by the interference of systems 

formed by materials with different physics states. The most common system is the gas-solid- liquid, where 

it is assumed that the interaction surface of the solid is flat. The contact angle is defined as the boundary 

condition on the solid surface that incorporates the physical properties that will govern the shape of the 

liquid-vapor interface. In an ideal system, a homogeneous solid surface, the formation of balance of forces 

in the contact line can provides a contact angle value based on the energy density of the tree interfaces of 

system [44]. This balance is generated by Young's equation, which can be derived by minimizing the 

mechanical energy of the system for the different areas of continuous, liquid and gaseous contact: 

cos(𝜃𝑐) =
𝛾𝑆𝐺 − 𝛾𝑆𝐿

𝛾𝐿𝐺
 (5) 

where θC represents the contact angle, γSG, γSL and γLG represent the surface tension of the solid-gas, solid-

liquid and liquid-gas interfaces, respectively. Through Young's equation it is possible to verify that there 

is a close relationship between the contact angle and the surface tension. Thus, in order to measure the 

contact angle, at least one of the three surface tensions presents in the equation 5 must be known [45]. 

If the contact angle is greater than 90° the substrate is considered as hydrophobic, as there is no 

good adhesion between the surfaces of the materials in contact. If the angle found is less than 90° the 

substrate is hydrophilic, as adhesion between the materials is favored. 
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Figure 8 FTA 1000 Analyser System 

 Fabrication 

All the fabrication process was performed in a clean room environment. To fabricate the devices, 

it was used a Kapton film substrate, due to the fact that polyimide-FEP fluoropolymer composite film 

with unique and excellent electrical balance, thermal durability and chemical resistance properties [46]. 

This polyimide film was then submitted to several cleaning processes. First, it was processed with the 

cleaning process which relay in bath of acetone for 5 minutes followed by a bath in IPA solution for 

another 5 minutes and after this, it was cleaned furthermore with an oxygen plasm treatment. Additionally, 

the films where put through a heating treatment before going into the lithographic process. This treatment 

had the objective to evaporate any solvent left or any water that could be remaining in the film, as a way 

to avoid disruption in the metallic films as first appeared in the fabricated devices, as it is shown in the 

annex 5. This treatment also prevents the bending during the baking process in the photolithographic 

steps. 

In order to fabricate the devices, it was used two types of Kapton film. However, as shown in the 

annex 4, in the first type kapton (25 µm of thickness) the surface to rough, with a lot of deep scratches 

which would result in disruption of the metal lines. Therefore, it was decided to use the thicker version 

which seems to have a smoother surface (with a thickness of 50 µm).  

With the help of Autocad and Cleawind software it was made the design of both the capacitors and 

resistances. To ensure that these designs would work, it was firstly tested using a laser writer tool LW405C 

from a Microtech Srl company represented in Figure 9 a). This tool allowed to test the features sizes and 

the design of the devices, by using a laser bean to write as a lithography method. This method does not 

require a photolithographic mask, since it works as printer, scanning the sample and exposing the desired 

parts according to the draws previously made in the Cleawind software.  

Its already known that, the fabrication and rentability of large area devices in flexible substrates is 

a challenging process. Moreover, the smoothness of the surface of this kind of substrates sometimes 

presents a challenge to the fabrication steps, as this are mostly optimised to silicon wafers. They were 

designed with pads to match a ZIF connecter (zero insertion force) which have a pitch size of 0.5mm, but 

to increase the current put through, the pads were made to cover two pitches. After this process it was 

commissioned a mask to JD company to increase the productivity of process. Then it was used Mask 

Aligner - MA/BA6 Figure 9 b) with the designed mask. 

The capacitor was designed with the same wide line of the resistances 50 µm, to have 25 fingers 

each electrode and a d value (space between fingers) of 50 µm. Also, it was made some tracks to the ZIF 

connector pads in order to allow the correct position under the well were all the reagents will be mixed. 

2.4.1. Photolithography with AZ photoresist 

After the cleaning steps, the Kapton film samples were spin coated with AZ5214E photoresist, 

using a 4000 rpm during 30s with an acceleration of 1000 rpm for a thickness of 1.4 µm, followed by a 

post bake of 100°C process for 1min. 
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a) 

 
 b) 

 

c) 

 
Figure 9  a) Laser writer; b) Mask Aligner - MA/BA; c) Photolithographic process 

The samples were then exposed in Mask Aligner - MA/BA6 from Suss Company using hard contact 

mode for 8 sec, with a 0.3 mbar WEC pressure. The UV light was turned on, at least 20min before being 

used to ensure maximum UV power. After 5 min, the sample was post baked at 125°C for 45 sec. 

However, between the post bake and the flood exposure the sample had to wait for 5min at least. 

The flood exposure (soft contact, no mask) took 29.9 sec. Development took 20 sec in AZ351B 

mix with deionised (DI) water in a ratio 1:4 an finally were rinsed in DI water. 

2.4.2. Metallization process 

The metals deposition was obtained with e-beam evaporator PVD200 from Kurt J. Lesker 

Company. First it was deposited an adhesion layer of 10 nm Ti with a rate of 1Å/s followed by a second 

deposition of gold with 70 nm Au with the same rate. 

Lift-off process was accomplished by putting the sample in a bath of acetone to remove the resist 

that was not cross linked and that remained after the development process. This process also removes the 

metals deposited on top of this resist, leaving only the metals in the paths that were opened in the 

development process. To avoid unwanted removal of materials, the samples where left over-night in the 

acetone bath allowing a slow lift-off process. The process of metallisation and the photolithography are 

represented in Figure 9 c). After the metallisation process the layers where characterised as shown in 2.2 

chapter. 

2.4.3. SU8 well  

In the Kapton substrate it was built a well to contain the solutions, on top of the capacitor necessary 

for the RT-qPCR assay. This well was obtained using a SU8 material, due to its properties and 

accessibility and it was designed to be as thick as possible using SU8 2100, which has a maximum 

thickness of 300 µm. 

In spite of the possibility to use a SU8 to produce a thicker film, this was limited by the 

photolithographic process and the use of lens 6 (the only lens capable of using the necessary 375nm wave 

length to cure a resist this thick) in the laser writer Figure 9 a)). 
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However, this means that the sample would have to pass through lens 5 which is the biggest 

magnification and physical structure. To ensure that lens would not crash with the sample it was necessary 

to consider this limit. For this reason, we were limited to 300 µm of thickness. 

The first step of the well fabrication was a cleaning process with acetone ultrasonic bath in for 5 

min and rinse with IPA. The SU8-2100 was first spin coated at 500 rpm for 10s, for a more homogeneous 

spreading, followed by 1000rpm for 30s giving the desired 300 µm. The samples were then pre-baked at 

65°C for 5 min and 95°C during 20 min. The process was followed by the exposition step with the laser 

writer tool, using lens 6 (375nm) with a setting of exposition, a gain of 20 and D-step of 4. 
After the exposition the samples were pos baked at 65°C for 5 min and then subjected to 95°C for 

15 min. However, a second exposition for thick film is recommended, hence a second post bake is required 

with a temperature of 150°C for 5 min.  

Before the development, the samples were left to wait 2-3h. To develop the devices were put in a 

solution of PGMEA for 10 min and then rinse with IPA and Acetone. 

The goal of producing a thicker film of SU8 was to contain the volumes of the solutions needed to 

realise the RT-qPCR assay. As it can be seen in section 2.5. (RT-qPCR process) this assay requires a 

volume of 20 µL with the design of a circular well with a diameter of 5mm given its geometry, the ideal 

thickness with this volume would be around 500 µm. It was possible to do the assay with the required 

volume using a well with just 300 µm thanks to the cohesion forces of the. 

 Characterisation 

After the fabrication step, the two layers of the device (resistance and capacitor), were characterised 

using a Cascade probe station represented in Figure 10 connected to a Semiconductor Device Analyser 

B1500A from Agilent Technologies Company.  

  

Figure 10 Cascade probe station. 

2.5.1. Impedance spectroscopy 

The impedance spectroscopy was obtained using the Cascade probe station (Figure 10) and with 

the Precision Impedance Analyser, 4294A from Agilent Technologies. The measurements were made 

with an oscillation voltage the 10mV and using a 4 probes method.  

 Functionalisation of the capacitor  

The process to functionalise the capacitor was made in different steps and it was based on the 

methods of Eleonora Macchia [47] and Andreas Kukol [28]. This two methods where used in combination 

with the propose of having a highly dense layer of small thiols that would make a hydrogen bond network 

as reported in Eleonora Macchia [47] method that would improve the sensibility. As well as longer thiol 

groups in the middle of the network of smaller ones that was reposted in the Andreas Kukol [28] also 

increase the sensitivity of the sensor. 
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2.6.1. Cleaning step 

The surface of the golden capacitor was submitted to a cleaning process. Firstly, the sample was 

cleaned by ultrasonic bathes of isopropanol for 10 minutes, then oxygen plasma and finally UV/ozone 

cleaned for 10 minutes [18,22]. 

2.6.2. Preparation and Functionalisation 

The thiol group provides a covalent bond with gold atoms in the surface of the electrode and the 

small alkali chain acts (depending on its length) to form a compact layer. Molecules can be deposited by 

microspotting, ink-jet printing [34], or deposited on the surface by immersion (dipping) in a micromolar 

concentration solution [22]. In this study it was used the dipping approach in order to functionalise the 

electrodes. 

The golden dielectrics were dried briefly in a stream of nitrogen and put after in a 10 mM solution 

consisting in a 10:1 molar ratio of 3-MPA to 16-Mercaptohexadecanoic acid that was prepared in ethanol 

solution. The devices immersed in the 3-MPA and 16-Mercaptohexadecanoic acid solution were kept in 

the dark, under constant Ar flux for 18 h at 22 °C. To ensure these conditions this process was performed 

in a glove box chamber covered in black foil. The carboxylic groups were activated afterwards in a 200 

mM EDC and 50 mM N-Hydroxysulfosuccinimide sodium salt aqueous solution for 2 h at 25 °C. The 

Primers capturing in the self-assembling monolayer (SAM) was generated, subsequently, through 

conjugation between the amine groups of the DNA single string and the activated carboxylic groups on 

the gate surface. This was obtained by immersing the electrodes in an DNA primers phosphate buffer 

saline (PBS) solution for 2 h at 25 °C. 

 The solution was composed by 1 μL (300mM at 20 μL) of DNA primers and 10mM (KCl 2.7mM 

and 137mM NaCl) of PBS with pH of 7.4 and an ionic-strength of 162 mM. Afterwards, to saturate the 

unreacted sulpho-NHS groups, the DNA primers SAM were further treated with ethanolamine 1M in PBS 

10mM for 1 h at 25 °C. This latter step act as “chemical-blocking”. Finally, the biofunctionalised electrode 

was immersed in a 1.5 μM (0.1 mg ml−1) BSA solution in PBS 10mM for 1 h at 25 °C. This step of BSA 

physisorption is addressed as the biological blocking of the electrodes surface.  

After each step of the functionalisation protocol, the electrode was rinsed thoroughly in water, to 

remove possible residues.  

2.6.3. Rinsing process 

The electrode was rinsed for 2 min in buffer (100 mM phosphate buffer [pH 7.2], 100 mM NaCl 

and 5 mM MgCl2) before measurement of the impedance spectrum.  

 Hybridisation Studies 

The septicity of a DNA probe depends on its length, composition and binding conditions such as: 

pH, salt content, solvent and temperature. The septicity of the binding will increase with increasing 

temperature and decreasing salt content. Oligonucleotide probes are chemically synthesized, with a length 

of up to 40 bases. To selectively detect a unique human DNA sequence, it has been reported that the DNA 

probe must have at least 16 bases. 

When a specific DNA sample hybridize to oligonucleotides immobilised on the surface of an 

electrode, water and electrolyte molecules will be displaced by the DNA sample thereby giving a change 

in capacitance. The detection principle is shown in Figure 11. Single stranded 178-base oligonucleotide 

self-assembled on the electrode surface gave rise to a decrease in capacitance when functionalised [20,47]. 
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Figure 11 The relation between the hybridisation and the impedance adapted from [2]. 

In this study it was used the YWHAZ gene primer (tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, zeta polypeptide) with the sequence (5'→3') 

ATGCAACCAACACATCCTATC GCATTATTAGCGTGCTGTCTT and a TM 60°C for 178 bp (base 

pair) [48,49]. The protein encoded by this gene on chromosome 8 is part of a member of the 14-3-3 

protein family and a central hub protein for many signal transduction pathways [50,51]. This protein is a 

major regulator of apoptotic pathways critical to cell survival and plays a key role in a number 

of cancers and neurodegenerative diseases [52,53]. 

  RT-qPCR process 

The RT-qPCR assay was obtained using a master mix from Thermofisher (Platinum Superfi PCR 

Master Mix). This solution would contain the polymerase enzyme and dNTP’s. The primes necessary to 

this process were obtained through Primer Design Company. In this study it was used the human reference 

ywhaz gene primers kit that would contain the primers for the gene as well as the double dye probe 

Taqman. Even though this double fluorescent probe is not useful for this study and when put in solution 

with the thiol groups on the gold surface is not supposed to bind. For this reason, it is expected why is 

expected to be washed away in rinse process. From this company was also obtained a positive control 

group, in order to study the hybridisation process.  

The procedure for this experiment, was to pulse-spin each tube in a centrifuge before opening at 

max rpm for 30 seconds. This will ensure that lyophilised primer and probe mix will be in the base of the 

tube and are not spilt upon opening the tube.  

The lyophilized primer was resuspended and probe by mix with 990 µL of DNAse free water (there 

is a 10% over pipette in each kit). To ensure complete resuspension, vortex each tube thoroughly, allowing 

it stand for 5 minutes and vortex again before use.  

Then it was pipetted 1 µL of this solution into the SU8 well and left, carried on with the 

functionalisation protocol that was already explained. 

For the human positive control template sample the process of and pulse-spinning each tube in a centrifuge 

at max rpm for 30 seconds was repeated. Afterwards, resuspended the positive control template in 500 

μL on the preparation buffer template. To ensure complete resuspension, each tube was vortex.  

This component contains a high copy number template and has a very significant risk of 

contamination. It must be opened and handled in a separate laboratory environment, away from the other 

components. 

  

https://en.wikipedia.org/wiki/14-3-3_protein
https://en.wikipedia.org/wiki/14-3-3_protein
https://en.wikipedia.org/wiki/Signal_transduction
https://en.wikipedia.org/wiki/Apoptotic
https://en.wikipedia.org/wiki/Cancer
https://en.wikipedia.org/wiki/Neurodegenerative_disease
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Table I Contents necessary for a qPCR as for the respective volumes 

Solution Volume 

Resuspended primer/probe mix 

(anchored to the gold surface by the thiol groups) 
1µL* 

Platinum Superfi PCR Master Mix 10µL 

RNAse/DNAse free water 5µL 

Final volume 16µL 

*working concentration of primers = 300nM in a 20µL reaction 

Then it was pipetted 15l (1µL of the primers was already used) the of this mix into each plus 5l of 

the positive control template. Making a final volume in each well of 20µL.  

After this solution was dropped on well made with SU8 to react with the primers anchored to the 

surface, the sample was put thought the thermocycling show in Figure 2 c).  

2.8.1. Thermocycling 

A PCR process goes through three major steps during the thermocycle process as it is demonstrated 

in Figure 2 c) and Figure 2 b) [7,11]: 

1. Denaturation - the double-stranded DNA (dsDNA) is separated into two single strands at about 

95ºC during denaturation for 10 sec (the first denaturation needs 30 sec);  

2. Annealing – the oligonucleotide primers bind specifically to their complementary site of the 

single-stranded DNA at about 60ºC for 20 sec;  

3. Extension - DNA strands are extended by a thermostable DNA polymerase at about 20 sec at 

72ºC during the extension.  

After each cycling process the device was taken to the probe station to get impedance values [5]. 

  X-ray photoelectron spectrometer 

The X-ray photoelectron spectrometer was an Axis Supra from Kratos Analytical, running a 

monochromatic AlKα source at 300 W. Surveys and images were collected at a pass energy of 160 eV 

and detail spectra at 20 eV. Since the DNA was only located on the 50 µm contact lines, the image mode 

was used to center the analysis location on one of the contact lines. Then the spectra were collected with 

an aperture of 55 µm. The total measurement time was around 20h. 
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3. Results and Discussion 

In this chapter, the results concerning the resistance characterisation, impedance spectroscopy of 

capacitors, contact angle values, films characterisation and electric characterisation of heat capacitance 

and calculation of the device sensibility will be presented and discussed. 

 Microfluidics  

By choosing the commercial ink EMD6415 the process of printing was only possible using a 

cartridge with a 10 pL nozzle and by introducing the wave form in Figure 7 b) into the Dimatix. It was 

also needed to configure the printer nozzles to be at 60 ºC and with a voltage applied of 18 V. With all 

this condition it was obtained the jetting observed in the images in Figure 12. 

a)

 

b)

 
Figure 12 Dimatix jetting and droplet formation a) Drop coming out of the nozzle; b) Jetting of the drops 

The Figure 12 shows what is to be considered a good jetting: Showing single drops with no satellites 

and straight jetting. To make sure of the hydrophobicity walls created inside the paper, it was performed 

a contact angle study. 

The surface energy of cellulose fibers and paper is a parameter that affects their performance in 

terms of liquid penetration and adhesion to other polymeric materials. The hydrophobic properties of the 

studied substrates were determined using FTA 1000 Analyser System equipment, shown in Figure 8. 

  
Figure 13 Contact angle 20 layers of ink a) Whatman nº1; b) Supor pore 200 by Pall Company 

3 
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With this equipment it is possible to visualise in real time the interaction of the liquid drop with the 

substrate and by using its software allow to calculate the contact angle. This calculation is based on the 

Young equation (5). 

After 10 min with the solution on top it was observed Figure 13 this time was used to ensure that 

liquid would be absorbed by the samples. The contact angle obtained in the papers was 47.2° for the 

Whatman and 51.5° for supor pore 200. This means that ink is does not show a hydrophobic behave since 

there is some spreading. Due to the nature of the ink being a UV curable polymer this is crosslinking and 

forming an impermeable barrier.  

After this step, a flux test was performed to ensure that the liquid could be contained inside the 

wells made for the sample. This is to be confirmed in the Figure 14 (the process was enhanced by using 

a food dye as well as UV light). 

 
Figure 14 Design and flux test of the microfluidic layer 

To improve the resolution and prevent unwanted spreading of the ink, a UV flashlight was mounted 

on the top of the printer during the printing process. Also, to ensure a better penetration of the ink in the 

paper substrate the stage was heated 60 ºC. Although the liquid is mainly contained, there is some 

spreading and it’s not hydrophobic for this reason other methods may be considered [55]. 

In this work, after considering the different types of paper, it was conclude that would be a better 

approach to use a 3D architecture of microfluidics devices, in order to obtain a filter able to contain the 

red blood cells and let the DNA pass through since it’s only desired for the assay the DNA [55]. We 

indented to obtain such properties by combining two different types of paper. A first one that would act 

as a transport (Whatman nº1) and the second one that acts as a filter super pore 200 by Pall Company. 

The first paper used has a pore size of 11 µm what makes it useful to retain sample as well as work as 

transport layer. The second paper, the supor pore 200 has a pore size of 0.2 µm which makes it ideal to 

filter after the cellular lysis. 

 
Table II All blood composition 

Blood composition size ref 

Red blood 6.2-8.2 µm [56] 

Platelets 2–3 µm [57] 

White blood cells 7 µm [58] 

Pair of nucleotide DNA 1nm [59] 

Unit 0.33 nm [60] 

Looking at the Table II, this would mean that if we could extract the DNA from the blood cells, the 

supor pore 200 would make possible filtering DNA from rest of the unwanted components. It was 

performed a test with a real blood sample in order to see the filtering process.  
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Front  Verse 

a) 

 

b) 

 
c) 

 

d) 

 
e) 

 

f) 

 
Figure 15 Sample of Whatman nº 1 pore size 10 µm - a) and b); Supor pore 200 pore size 0.2 µm - c) and d); Sandwich 

assay using the Whatman nº1 on top and the Supor pore 200 bellow – e) and f) 

With the assay presented in Figure 15, it was possible to see a separation between the blood 

composition. It is possible to verify a strong reddish colour in the samples using the Whatman and in the 

front side of the Supor pore 200 leading to believe that, in fact, the red blood cells were actually filtered 

a), b) and c). 

 Resistance /Heat  

As it is possible to observe in annex 2 and 3 the fabrication of features of 5 and 2 µm was every 

difficult to achieve using this fabrication methods. Also, we need to have in consideration the high aspect 

ratio and for this reason in-between the images shown in annex 2 and the ones presented in annex 3, the 

process was changed. This time instead of drying the samples after the development with a stream of 

nitrogen (which seems most likely the reason to cause de defects observed in annex 2) the samples were 

dried by quickly put them in the spin coater and applying a high rotation followed by a quick heating to 

evaporate some humidity. This allow us to pass through the problems presented in annex 1 and obtain the 

images presented in annex 3. 

For this reason, it was decided to use a mask with features of 50 µm and 10 µm and even though 

the features of 10 µm were very hard to obtain, since most of the time the lines were disrupted (annex 6). 

Thus, the results presented were focused in the devices with the features of 50 µm. 

As explained in the previous chapters, the resistance measurements were obtained with the use of 

a cascade probe station. For purpose of simplicity it was attributed to each line a code, as it can be seen 

in the Figure 16.  
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a) 

 

b) 

 

Figure 16 a) Resistance layer; b) Resistance measured in the capacitor   

The first resistance (R1) is the thermocycler, the second resistance (R2) is the thermo sensor to 

control the temperature in the thermocycler, the third resistance (R3) will act as thermolysis method for 

the sample and fourth resistance (R4) will be a sensor to control resistance R3. 

On the example of the Figure 16, an IV sweep was performed to obtain the measurements as shown 

in the following graphic: 

  
Figure 17 Example of the IV sweep taken to characterise the 

resistances 

 

Table III  Average values of the resistances 

presented in Figure 16 

R1 R2 

1.02 KΩ ± 0.07 1.01 KΩ ± 0.02 

R3 R4 

1.63 KΩ ± 0.11 1.48 KΩ ± 0.15 

Resistance from the 

pad to electrode 

Resistance between 

electrodes 

571 Ω 3.97×1010 Ω 

Based on this information we could easily obtain the resistance value by considering the slope of 

the line since this is an IV measurement as shown in Figure 17. The result of V/I by the Ohm law equals 

the resistance. The resistance was obtained using the trend line and taking out the slope value. The Table 

III presents the average values of the resistances.  

With this method it was also possible to observe a resistance between the electrodes and the pads, 

to ensure that the lines were not cut. Also, the resistance between electrodes was measured and as 

expected, it was in the order of 1010 Ω, which means that the circuit was open as pretended. In order to 

facilitate this study, and to make it closer to a final product, it was designed and ordered a PCB which 

was weld to the ZIF connecter.  
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a) 

 

b) 

 
Figure 18 Thermo image of the resistances before and after applying current through the resistance a) Room 

temperature; b) After applying current  

Once the montage was finished and the PCB was connected to a power source, was then possible 

to retrieve the images in Figure 18. The images were collected using a thermal camera and recoding the 

heating and cooling behaviour of the micro heaters, transduced in the following graphic:  

 

Figure 19 Thermocycler the increase of temperature for each current with and error of 0.1o 

Observing the graphics in Figure 19, it is clearly noticeable that resistances are acting as expected 

from a thermocycler with quick heating ramps and a slower but still a reasonable cooling behaviour. Used 

in parallel with the sensor line and with software would be possible to obtain a graphic as the one 

represented in Figure 2 c).  

Thermolysis has shown potential in becoming more common in large scale production. 

Thermolysis trigger the breakdown of cell walls and membranes at minimum of 85oC in a water bath for 

20–30 min. Improved protein release has been obtained after short high thermal shocks, which increases 

the process efficiency and decreases the necessary time for the complete lysis. [61]. 
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  Impedance 

As mentioned in the previous chapters this data was collected using a cascade probe station, 

connected to an Impedance Spectroscopy Analyser and we were able to gather the following results: 

a) 

 

c) 

 

d) 

 
Figure 20 Different plots obtained by impedance spectroscopy 

The graphics presented in the Figure 20 resulted from the measurements between the pads of the 

device with the SU8 well filled up with a PBS solution, in order to mimic the medium where the electrode 

will be working and avoiding the alteration in the behaviour not caused by the hybridisation event. 

It is possible to observe in Figure 20 a), that our capacitator magnitude starts with a slope which is 

a very typical behaviour expected from a commercial capacitor as presented in annex 8. However, the 

regime disappears for frequencies of 5×104 Hz and it became a constant line, a typical resistance behaviour 

due to the electrolyte relaxation. Even though, with higher frequencies it is possible to perceive a 

capacitive regime again.  

In Figure 20 b), it is possible to observe that in lower frequencies shows a -90o degrees of phase, a 

typical behaviour of a capacitor. At the same frequency 5×104 Hz but in -45o degrees (which represents 

the inversion of behaviour) the capacitor passes to a resistance phase with 0 o degrees.  

In conclusion, this type of changes is not typical of a commercial capacitor but are very known in 

electrolyte capacitors with electrochemistry in play. 
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With these previous results, it is possible to perform a fitting model with Zview software from 

Scribner company as shown in the Figure 21. 

a) 

 

 
b) 

 

 
Figure 21 Equivalent model and fitting a) Bode diagram b) Nyquist 
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Where Cg is the capacity caused by the geometry of the capacitor, Rbulk is the resistance associated 

to pads to electrodes CPE is a constant phase element where CPE-T is a pseudo capacitance which is 

called Q, CPE-P is related to the semi-circle in nyquist plot (depressed semicircle), normally used the 

notation `n`.[62] 

According to these values it is possible to observe a high value of n, that permits to approximate 

the CPE to a capacitor with value of 3.03×10-7 F resulted from the double layer effect. Although the value 

of the double-layer capacitance depends on many variables including electrode potential, temperature, 

ionic concentrations, types of ions, oxide layers, electrode roughness, impurity adsorption for example. 

As we can see this model gives a good fitting to what is obtain in the experimental process it is 

necessary to perform further studies and new assays 

It is expected to see similar behaviour in the capacitor when functionalized and with hybridisation 

process as shown in Figure 11 and with equivalate circuit shown in Figure 5, in this case the electronic 

components would represent: 

With a Rs solution resistance which is determined by the ion concentration and the cell geometry, 

the double-layer capacitance (Cdl) is given by the charge stored in the double layer at the interface also 

dependent on the electrolyte and the charge transfer resistance (Rct) originates from chemical reactions 

at the electrode or impurities accumulated on its surface. The impedance of the biological material in a 

sensor arrangement, that were immobilized on top of the working electrode will cause changes in of 

components Rct and Cdl of the electrode. This behaviour is similar to the one presented in Figure 20 and 

21, nonetheless we conclude that it is not what is shown in this figures, due to the frequency ranges and 

also the fact that these measurements were taken before the functionalization step, so we would not have 

a Rct because there is nothing attached to the golden surface. 

When analyzing the data retrieved from RT-qPCR cycles let us to believe that there were some 

measurements errors (shown in annex 9). With some other assays (shown in annex 10 and 11) we conclude 

that the problems presented were caused by the reading equipment and not by the fabrication of the device. 

As in the time window of this project there was no way to repair the equipment we used a second 

method to ensure that the functionalization step was successful. 

 X-ray photoelectron spectroscopy (XPS) 

As a second method to confirm that the functionalisation step was successful it was necessary used 

the XPS technique since it let us know what chemical elements are on the top of the electrodes golden 

surface. XPS spectra are obtained by irradiating a material with a beam of X-rays while simultaneously 

measuring the kinetic energy and number of electrons that escape from the top 0 to 10 nm of the material 

being analysed. The XPS spectroscopy survey spectra is presented in Figure 34 (annex 12). 

a) 

 

b) 
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d) 

 

c) 

 
e) 

 
Figure 22 Shows the XPS spectra of each chemical element were the points in blue represent a sample functionalized 

with SAM and dsDNA and the green points is a sample where it was removed the DNA with respective fitting 

adjustments (N – Nitrogen, C – Carbon, S – Sulfur, P – Phosphor, O – Oxygen). 
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The Figure 22 represents an X-ray photoelectron spectroscopy of two different samples, the blue 

contains DNA and the green surfer from a previous UV ozone cleaning step to eliminate the DNA.  

The green sample works as a control to better understand the DNA influence in the X- Ray spectre 

of both measurements. It is also important to underline the lower peak intensity of P 2p (Figure 22 b)) in 

the green sample compared to the blue one, which is justified by the DNA backbone. In Figure 22 c) it 

was verified a raise in the peak intensity explained by absence of the DNA resulted by UV ozone clean 

process. Nevertheless, the thiol groups bonded to the gold were not removed during this process, which 

led to a more direct exposition to the X-ray beam and consequently the increase of the peak intensity.  

The differences of the measurements in both samples are also traduced in Table IV. 

Table IV Distribution and concertation of elements in the samples 

 Blue sample  Green sample 

Elements  Position Raw Area 
%At 

Conc 

 
Position Raw Area 

%At 

Conc 

O 1s 531.47 374.232 32.03  532.22 113.444 7.36 

N 1s 400.47 41.0389 5.52  400.42 4.60866 0.47 

C 1s 284.97 259.843 58.55  284.72 528.443 89.65 

S 2p 163.27 9.68019 0.89  163.12 30.8526 2.08 

P 2p 133.97 23.8725 3.02  132.52 4.86179 0.45 

  
Figure 23 Nucleotides structure adapted from [60]. 

With the graphics obtained by the XPS using the blue dots sample we were able to produce the Table V: 

Table V shows a possible decomposition of the XPS spectra with binding energies collected from the graphics in the Figure 

22 

Orbital Position 
Binding Energies (BE) 

(eV) 

Reference values 

[32], [60–62] 
Chemical bonds 

O 1s 
1 531.57 531.1 

C-O-C cyclic ether (deoxyribose); N-(CO)-X 

(X = C or N) (bases) 

2 533.14 532-534 PO4
- (backbone) 

N 1s 
1 398.45 398.8 -N= conjugated 

2 400.26 399.9-401.0 -NH2 > N- (in C and A); N-(CO)-N (T) 

C 1s 

1 284.99 284.7-286.2 

-C-C- (deoxyribose); -C= (C5 in C); -CH 

(alkyl 

chain -C3SH, methylgroup in T and aliphatic 

contamination); (CO)-C= (C5 in T) 

2 286.35 286.0-287.0 

C-N and N-C=N (A and C6 in C and T); C-

O-C cyclic ether (deoxyribose); -CH2-O- 

(sugarsphosphate bond) 

3 288.4 287.8-289.1 
C-NH2 (C6 in A and C4 in C); N-(CO)-C 

(C4 in T); N-(CO)-N (C2 in C and T) 

S 2p 

1 161.72 161.9  S-Au 

2 162.9 163  

3 163.5 163.5   Thiol-S 

4 164.68 164  

P 2p 
1 133.75 133.9-134.2 -PO4

- (backbone) 

2 134.62 +0.87  
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Comparing the values of the binding energies with the ones reported in the literature, we can 

extrapolate and try to identify what those energies are related with. In order to analyze these values, first 

it must be considered that the DNA molecule is a sensitive biological target upon exposure to ionizing 

radiation.  

 C 1s, N1s, O1s and P 2p XPS spectra variation of DNA are reported to occur just after 1h of 

exposure to X-ray beam [66]. Although, in the paper where is reported this variation in the DNA spectra 

the XPS method used does not include a monochromator while the one presented in this study does. The 

use of the monochromator makes the intensity of the beam significantly less intense. Also, in the specific 

case of carbon is possible that the sample could be contaminated, so the C 1s spectra must be considered 

with care. Figure 22 b) shows the evolution of the C 1s spectra. Due to charge accumulation it was used 

a conventional method where we adjusted the binding energy of the bon C-C to a reported value for this 

effect the C 1s was calibrated to the value 285 eV and used to adjust the other elements values. From 

literature was being observed that energies in ranges of 284.7-286.2 eV that can be associated with 

carbons in the nucleotides structure. Being the first range for a peak 284.7-286. eV which is associated 

with -C-C- bond in (deoxyribose), -C= (C5 in C) and the (CO)-C= (C5 in T). The second peak between 

2286.0-287.0 eV that could be related with C-N and N-C=N (A and C6 in C and T) and C-O-C cyclic 

ether (deoxyribose). And the third one between 287.8-289.1 eV which could be caused by C-NH2 (C6 in 

A and C4 in C), N-(CO)-C (C4 in T) and N-(CO)-N (C2 in C and T). The Figure 23 as the chemical 

structure and the numeration of carbons.  
Even though N element is also damaged by X-ray, it is known to be quite robust against surface 

contamination during sample preparation and handling. Thus, its existence may indeed indicate 

adsorption of the DNA sample onto the substrate. 

The N 1s signal from the surface is reported in Figure 22 a) and has a binding energy distribution 

between 403.0 and 399.0 eV, consistent with published results for other DNA samples. Similar results 

have been reported by A. Opdahl, in reference  “Independent control of grafting density and conformation 

of single-stranded DNA brushes” [64]. where synthetic ssDNAs containing a controlled number of 

Adenine and Thymine chains where anchored selectively to a gold surface. In this paper where reported 
a single peak at 401 eV BE for dT, and the second peaks at 399 eV BE for dA. Looking at the results 

obtained in this study we can see two peaks at these two regions and a more intense peak in the region of 

the 401 eV. According to literature this would mean that we have a more Thymine than Adenine. Since 

the XPS was performed on a sample that only passed through the functionalisation step the only DNA 

presented in the sample is the one bind to the thiol groups. Looking to the sequence of the YWHAZ 

primers it is confirmed the number of Thymine bigger than Adenine which suggests that the 

functionalisation step was well succeeded.  

In the S 2p spectra it is possible to observe two types of behaviour. According with the literature 

the binding energy of sulfur to gold when these forms a covalent bond is 161.9 eV and a second spike at 

163 eV as for the unbound thiols they have energies between 163.5 and 164 eV [65]. Although this graphic 

had low intensity and presented a lot of noise, this can be caused by the fact that the sulfur is bonded to 

the golden surface making it lower than the rest of the elements. Keeping in mind that the XPS only have 

a rage of 10nm deepness this can provide an explication to the noise presented in graphic. 

The phosphor element it is characteristic of a backbone in the DNA structure so looking at P 2p 

spectra we can see an energy between 133.9-134.2 that is reposted as being associated with the DNA 

structure. 
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Table VI Chemical list 

Chemical Linear Formula 

3-MPA HSCH2CH2COH 

16-Mercaptohexadecanoic acid HS(CH2)15CO2H 

Tris–hydroxymethyl-aminoethane NH2C(CH2OH)3 

EDC N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride 
C8H17N3 · HCl 

Sulfo- NHS N-Hydroxysulfosuccinimide sodium salt C4H4NNaO6S 

Ethanolamine NH2CH2CH2OH 

BSA CH3C[=NSi(CH3)3]OSi(CH3)3 

Looking at the chemical’s we can also see that the P element its not present in any other compost 

of the solutions involved in the process. This led to believe that if there is any phosphor it must be from 

the DNA probes anchored with the thiol groups since the samples were washed and dried briefly in a 

stream of nitrogen. 

 
Figure 24 In this image it is shown the distribution of the elements in sample. 

Therefore, it was possible to produce the images presented in Figure 24 with distribution of the P 

and Au elements in the sample. We can see the mapping of the chemical elements and as expected there 

is an overlapped. The images also show that the elements form this kind of stripes, which are the fingers 

of the capacitor.    
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4. Conclusion  
As anticipated, the main goal of this work is to design, develop and optimize the fabrication process 

of a biosensor, towards the design and development of a fully functional POCD biosystem capable to 

perform a full qPCR-based assay, starting from the whole biological sample (e.g. blood), to the extraction 

of the DNA from the red blood cells by thermolysis, its biofiltration through the paper filter and transport 

layer, mixing with primers and probes to isolate the targeted amplicons, their amplification and detection, 

performed in the capacitive biosensor and thermocycler sections. 

Although preliminary, this study shows that it is possible to obtain an adequate thermocycler to 

achieve a fast and precise temperature control. Also, we can realise that, with further developments, it is 

possible to obtain a 3D microfluidic structure, acting as a transport layer and biofilter. On the other hand, 

for the capacitive biosensor layer, the results obtained in this work, point into the direction of a viable 

option for replacing all additional process steps required for sample preparation, fluorescence detection 

and data processing commonly performed in specialised laboratories performing qPCR-based assays. At 

this stage though the measurements were affected by considerable noise, which means that we cannot 

conclude whether the impedance changes observed and reported in the characterisation graphics are due 

to hybridisation and amplification events or not. This noise is most likely caused by the specific electrical 

probes used to take the measurements. In fact, we could observe the same source of noise when we try to 

measure a commercial SMD capacitor, in a control experiment, as reported in annex 10.  

Upon removing the source of noise, it is expected that the hybridisation events and the qPCR 

amplification cycles would produce a shift to lower frequencies of the impedance peak, related to the 

negative charges associated with the phosphate group of the DNA. This would cause a negative charge in 

both electrodes, which would may cause a delay in the charge of the capacitor and for the same reason a 

shift of the bell-shaped graphic toward lower frequencies. Another important aspect to consider in further 

studies is the device sensitivity that could explain the very low changes in impedance. 

Nevertheless based on the results observed in contact angle we were able to fabricate a microfluidic 

prototype as well as a flexible Thermocyler with quick rapid heating ramps based on the images recovered 

from a thermo camera and finally a flexible base electrolyte capacitor that was further functionalized to 

with thiol groups and sDNA this results are shown by the impedance results and reinforced by XPS data 

analyze.  
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5. Future perspectives 
Following the remarks presented in the previous chapter, it can be concluded that this area of 

investigation has a lot of factors that could have changed and altered the results. More work needs to be 

done, in order to optimize this technique and to bring this technology from the lab to the bedside of the 

patients. Some of this optimization process might involve: 

• Use techniques to improve the Kapton surface smoothness to improve the process reliability;   

• Do hybridisation test with negative control groups and blank control groups; 

• Do a sensitivity test using known concentration of targeted DNA sequences; 

• Use of nanofabrication tools as the e-beam lithography or nanoimprinting techniques, to allow 

smaller gaps between the fingers and therefore a more sensitive capacitor; 

• Use of ion labels to improve sensitivity of the device; 

• Use of single electrode functionalisation; 

• Design of an array of electrodes for multiplex qPCR; 

• More test studies and validation with real samples. 

This work is the starting point toward further research and follow-on investigation aiming to be 

published in the near future by the same group at Cambridge University, in collaboration with 

Universidade Nova de Lisboa, as a full working biosensor for electric read out of RT-qPCR. 

  

5 
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Appendix  

Annex 1 

The physics of the flows in microfluidic devices are governed by a transitional regime between the 

continuum and molecular-dominated regimes [39]. When analysing the physical properties of this micro 

systems it is very important to take in account the scale factors which express the variation of the physical 

quantities, according with the size of the system or the object in study, keeping quantities as pressure and 

temperature as constants. This way, it is possible to observe that some of the forces which usually have a 

bigger impact in macro scale like volume forces, at this scale they came to be less important while forces 

as surface tension and molecular interaction play a significant role [41]. 

According with Lucas-Washburn-Rideai (LWR), the hydrophobised filter paper samples can be 

strongly hydrophobic, and untreated cellulose has a contact angle of 25°. For porous materials which 

behave as a group of cylindrical capillaries, the equation that describes the penetrations of a liquid in time 

is: 

𝑙 = √
𝛾𝑟

4𝜂𝑣
𝑡 (6) 

This way the penetration of a liquid in tube by capillary force is directly related to the radius of the 

capillary, to ratio between surface tension and viscosity is inversely proportional to the path filled by the 

liquid. This web of randomly disposed fibers allows some space between them (pours) so they act as small 

capillary tubes [41,42]. 

Annex 2 

After the development process and before going into the metallization step the samples were 

observed Figure 25 and the fingers with features of 5 and 2 µm. 

 
Figure 25 Az photoresist with 5 µm features after development  

This was the defects observed in the capacitors with the fingers with features of 5 and 2 µm 
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Annex 3 

After the eliminating the problems presented in annex 1 the sample went to the metallization and 

development process. After those it was possible to observe Figure 26 

 
Figure 26 Capacitor features test 

As it is shown in Figure 26 the capacitors with the features of 5 and 2 µm when passing through 

the lift-off process the fingers disattached from the surface. And even the capacitors 10 µm had low 

ratability being most of them shorted or with lines broken.  

Annex 4 

First a thinner Kapton film was used in this work with a thickness of 25 µm. 

 
Figure 27 Sample of kapton with 25 µm 

The Figure 27 is shown clearly a very scratchy surface which made the fabrication unfeasible since 

the scratches were to deep and as result it would end up with open circuit cases.  
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Annex 5 

Some defects that kept appearing  

 
Figure 28 Defects found on the devices after the fabrication step 

Looking at the defects in Figure 28 we can see this can be the result of impurities in the subtract or 

also could be cause during the lift-off process. To avoid them the subtract was further clean and left for a 

slow lift-off process overnight also the samples were left in a straight position for the golden pieces 

resulting of the lift-off process, would not be adsorbed to surface of subtract. 

Annex 6 

Photolithographic mask for mask aligner 6’’ design with Autocad and Cleanwind and order to JD 

photodata. 

 
Figure 29 JD mask 

This mask presented in Figure 29 was designed to have an area for reverse image and direct 

exposition  



38 

Annex 7 
The relation between the sample volume V and the analyte concentration Ai is given by: 

𝑉 =
1

𝜂𝑠𝑁𝐴 𝐴𝑖

 
(7) 

where ηs is the sensor efficiency ( 0 ≤ ηs ≤ 1), NA is Avogadro number (6.02×1023 mol-1) and Ai is the 

concentration of analyte i. Equation (7) demonstrates that the sample volume or the size of the 

microfluidic device is determined by the concentration of the desired analyte [39]. 

Annex 8 

Impedance becomes a very useful consideration at higher frequencies because the capacitive effect 

disappears at certain frequencies, depending on capacitor design. The behaviour of practical capacitors 

with frequency resemble as the Figure 30. At the self-resonant point, in fact, they act entirely as a resistor. 

 

a) 

 

b) 

 
Figure 30 a) Typical behaviour of capacitor with Magnitude Vs Frequency a) linear scale, b) Log scale adapted from 

[27]. 

All capacitors look as a series circuit with all the three components: a passive resistance, inductance 

and capacitance as shown by equation:  

𝑍 =  √𝑅2 + (𝑋𝐿 + 𝑋𝐶) (8) 

Where Z is impedance, R is resistance associated with the resistive behaviour, XL is resistance 

associated with the inductance behaviour, XC is resistance associated with the capacitance behaviour. 

It should be reminded that, Xc decreases as frequency increases and also, XL increases as frequency 

increases. Hence, capacitors are built with a very little inductance and a lot of capacitance, but if the 

frequency achieve a high enough value, Xc is eventually overtaken by XL and the capacitive device now 

acts as an inductor [67]. 
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Annex 9 

a) 

 
b) 

 

c) 

 
Figure 31 Impedance spectroscopy through the thermo cycling process a) Magnitude, b) Phase and c) how the 

impedance changes with nº o cycles for a frequency of 55 MHz   

Although the image in Figure 20 and 21 shows promising results according to the literature [2], 

when we look at results obtained after PCR process in the graphics of Figure 22, the results were not what 

we would expect. Keeping in mind that the core porpuse of this study was to investigate if there was 

changes in the impedance related with PCR process.  The values presented in Figure 22 are the average 

of three measurements each cicle more five measurements by Agilent equipment, which perform a total 

of 150 measurements.   

The results shows systematic errors and for this reason we tried to find any visible changes in the 

obtained graphics.   

It was observed small changes in the values (Figure 31 a) and b)) when the device passed through 

the thermocycling process and the several cycles of the qPCR. Although it seems difficult to assume that 

these small changes of impedance are consequence of the hybridisation event (Figure 31 c)).  
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Annex 10 

Impedance stereoscopy  
a) 

 

b)  

 

c) 

 

d) 

 

e) 

 

f) 

 

Figure 32 Presented above it is the plote of the impedance magnitude with frequency. a) and b) Is the plot of the sample 

taken when the probes were working and showing results according with the literature. c) and d) It is the plote taken a 

few days after with same condition and from the plote it is possible to notice that some regions of the graphic where 

affected. e) and f ) Is a teste graphic made with the same parameters but to a SMD capacitor with a fixed value of 

capacitance 47pF. 
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Looking through the graphics in the Figure 32 we can see that this problem should be related with 

the bad shape of the probes used, and in absence of other probes and to keep the same kind of error in all 

the measurements the Thermocycling process used the same probes and the same method. 

Annex 11 

Results obtain form the sample after the UV ozone cleaning and using as electrolyte DI water. 

  

 

 

Figure 33 Bode diagram and Nyquist 
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Annex 12 

XPS spectroscopy survey spectra 

 
Figure 34 The complete spectrum obtained with XPS 


